TRANSACTIONS | 
& 


the 
American Institute of 
Klectrical Engineers 


\ 


\ \Y \ 
\ 


A 
AI 


\ 


? 
1) a) 1 tt i i il tt tt 


UNIVERSITY OF ILLINOIS 
UNDERGRADUATE DIVISION 
CHICAGO 


LIBRARY 


Ky 
1 


sos 


Hz 
> 


| 
| 
| 
| 
| 
L 
i 
I 
| 
| 
| 
I 
L 
| 
i 
I 
i 
! 
i 
! 
Cy) 


1 ttt et a a eH Hh HH — ii — 111 | 


ee 111 Hf |} }| | 8 Hh Hf ff ff | I 


_ TRANSACTIONS 
© AMMRICAN INSTITUTE 


ELECTRICAL ENGINEERS 


1944, 


PUBLISHED BY THE 


33 WEST 39TH STREET 
ORK 18, N.°* 


eth OR 
LIBRARY 


BY THE 


. 
AMERICAN INSTITUTE OF 


CopyRIGHT 1944 


Preface 


This 63d volume of the TRANSACTIONS of the American Institute of Electrical Engi- 
neers contains all approved technical-program papers and related discussions pre- 
sented at national and District technical meetings during the calendar year, in 
accordance with the improved publication procedure adopted in August 1940. 
Pages 1-318 and 501-960 comprise the papers published in the Transactions Sec- 
tions of the monthly issues of ELECTRICAL ENGINEERING, and pages 319-500 and 
961-1504 comprise papers and discussions that appeared in advance in the June and 
December 1944 “Supplements to Electrical Engineering—Transactions Section,’ 
respectively. 


The technical papers and discussions in this volume were presented at these 
meetings: 


1944 winter technical meeting, New York, N. Y., January 24-28, 1944. 
North Eastern District technical meeting, Boston, Mass., April 19-20, 1944. 
1944 summer technical meeting, St. Louis, Mo., June 26-30, 1944. 


wo Np 


. Los Angeles technical meeting, Los Angeles, Calif., August 29-September 1, 
1944. f 


In addition this volume contains: » 


1. A special report, “Recent Developments in Light Sources.” 
2. 1944 annual report of the AIEE board of directors. 
3. A complete listing of AIEE officers and committees for 1944-45. 


Full correlation of all material in this volume has been accomplished by means of 
the multientry index beginning on page 1539. Reference to any of the several sub- 
ject entries for a technical paper will lead directly to the paper and to any published 
discussion on that paper. . 


| 
Statements and opinions given in papers and discussions published in TRANSACTIONS 


are the expressions of contributors for which the American Institute of Electrical 
Engineers assumes no responsibility. 


7 eae Errata 


1. Page 552, Figure 7. The point for low-viscosity oil 
should be 37 degrees viscosity and 175 pes cent ionization 
voltage increase. | 


2. Page 698, the author’s pokes following the title of 
the paper at the top of the page and in the footnote at 
the bottom of column 1, should be Wayne J. Morrill. 


oy > 3. Page 882, column 3, third from last equation. | RCE. 
ue ioe ara should 1 read d 1,/N. a : ae 


ste = tg a a 


4, Page 973, Figure 9. ee Is should be used in 
Aan _ place of J, and a in place of ¢. 


5. Page 974. Figure 11. Symbol vi should be used in 
place of J,. 


SER. Sop ye 


Study of Artificial Respiration on 


Anesthetized Men 


W. B. KOUWENHOVEN 


FELLOW AIEE 


N anearlier paper! the authors reported 
the results of a study of the methods 
of artificial respiration when conscious 
subjects were used. In that study three 
methods of artificial respiration were in- 
vestigated: namely, the Schafer prone- 
pressure method, the modified prone- 
pressure method, in which the hands were 
_ rolled or snapped off the subject’s back, 
_ and the pole-top method.? A total of 15 
men was tested, and the volume of air 
moved by the three methods of artificial 
respiration was measured. All of these 
men were conscious, and the results indi- 
cated that all the methods were adequate, 
with the pole-top method in thelead. Al- 
though all of the subjects were intelligent 
and presumably capable of completely 
__ telaxed passivity, such results are always 
open to the criticism that the subject 
_ may have co-operated, perhaps uninten- 
tionally. 
The investigation was, therefore, re- 
peated, using anesthetized subjects in 


tive aid. One of the barbiturates, so- 
_ dium pentothal, was administered intra- 
venously. Tkis drug promptly effects 
unconsciousness and complete muscular 
relaxation. At tke outset it depresses 
the respiration, which quickly assumes 
a _ comparatively steady state. This can 
‘ be maintained safely for a considerable 
3 period of time by the judicious adminis- 
tration of repetitive doses of the drug. 
z subjects A, B, and C were studied and 
, Paper 44-22, recommended by the AIEE committee 
safety for presentation at the AIEE winter tech- 
| meeting, New York, N. Y., January 24-28, 


Manuscript submitted NRE 11, 1943; 
available for printing November 24, 1943. 


B. KouwennHoven is dean of the school of 
J eering; D. R. Hooxer is in the school of 
hygiene and public health; and J. A. York is in 
department of surgery, all in the Johns Hopkins 
ersity, Baltimore, Md. 
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D. R. HOOKER 


NONMEMBER AIEE 


whom there is no possibility of co-opera- - 


J. A. YORK 


NONMEMBER AIEE 


were carried through the procedure suc- 
cessfully. 


Experimental Procedure 


The subject’s breathing was first 
measured while he was in a conscious 
state. A mask was placed firmly over his 
nose and mouth and connected to a spi- 
rometer (gas meter) which measured the 
volume of air breathed. A pneumograph 
was placed around the chest to ascertain 
the amount of chest expansion and con- 
traction. A revolving smoked drum re- 
corded the amount of air passing through 
the gas meter,’the chest movement, and 
the time. 
to determine the amount of air breathed 
in the unit of time necessary to complete 
the experiment. 


The subject then placed himself in a 
prone position on a mat lying on the floor. 
After five minutes had been allowed for 
him to relax, a record of his natural 
breathing was taken. A trained operator 
then gave him artificial respiration, em- 
ploying the standard Schafer method, 
and then after a suitable interval, the 
modified Schafer method. The conscious 
subject, with the mask still in place, 
climbed a pole that was mounted in a 
laboratory, and seated himself astride 

%he safety strap of the operator. His 
position on the pole was similar to that of 
a lineman who had received a shock, ex- 
cept that his feet were only about one 
foot above the floor. 
natural breathing was recorded, and then 
the operator applied the pole-top method 
of artificial respiration. 

The anesthetic was then administered to 
the subject while he was still on the pole 
and astride the operator’s safety strap. 
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The data thus secured served - 


The subject’s 


The subject became unconscious quickly, 
and, after the elapse of a few minutes, his 
breathing reached a steady state. This 
was recorded. Then artificial respiration 
was administered by the operator, using 
the pole-top method. 


When this was completed, the subject 
was lifted down from the pole, while still 
in an unconscious state, and placed in a 
prone position on the mat. The gas mask 
was not disturbed in this operation. The 
subject’s natural breathing in this prone 
position and unconscious state was re- 
corded. Then the operator applied arti- 
ficial respiration by the standard and 
modified methods in turn. When the 
experiment had been completed, the ad- 
ministration of the anesthetic was 
stopped, and the gas mask and pneumo- 
graph were removed. The subject was 
made comfortable and allowed to rest 
until he was fully conscious. None of 
the subjects experienced ill effects from 
the procedure. 

Pauses of several minutes were inter- 
spersed between each operation in order 
that the subject’s respiration might be- 
come normal under the existing conditions 
before the next step of the experimental 
procedure. The results obtained in an 
experiment of this character are not 
strictly comparable to what might be 
expected in individuals in which all res- 
piratory activity has ceased, but they 
probably are as close as laboratory condi- 
tions can provide. : 


The data taken are presented in Table 
I. It will be noted that the imposed 
respiratory rate during artificial respira- 
tion is less than in natural breathing. 
This is particularly true of the subjects 
when they are in an unconscious condi- 
tion. The amount of air moved per res- 
piration is, however, considerably greater. 
It is thus evident that all three methods 
of artificial respiration are more than 
adequate to supply the necessary ventila- 
tion of the lungs. In the last column 
of Table I the average results reported on 
the 15 conscious subjects in the earlier 
paper! are given for the purpose of com- 
parison. 

In Table II the data are expressed as 
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Table | 
A B (o Average 
22 Years 38 Years 38 Years Average 15 
Conditions 139 Pounds 160 Pounds 167Pounds A,B,C Subjects 
ET cl i Sie cat tan wi eR Re ES a OEE Ee Ee 
Conscious 
Natural breathing in prone position 
Respirations per minute..........e..005 Tbe 140 tie tatens Sab oakeiae 13 
Cubic centimeters per respiration........ a0 aietntsl ate 625 er onae WidOeisteaste 590). freee 545 
Cubic centimeters per minute...... ANOS nee matonecnon aoucncdos ou Gi UOC Olscve ates 7,090 
Original Schafer artificial respiration* 
Respirations per minute.............+05 BU ec LOntvecsicr TO cretererste TOF ans 11 
Cubic centimeters per respiration........ 4O4T Sones TQOG i eececrets ter a Deri 845i was 868 
Ciipicicemtimetens Per. MIMUEE. 2, cjccic cv cisiees sselvislarei isis Aysle/hi wifaleler altos inlaleve/ airs perce Rirle antl 9,540 
Modified Schafer artificial respiration** 
Respirations per minute...........0.0005 IS erase LL eetarer ers 10... oh . Pres cestars 11 
Cubic centimeters per respiration........ tay Pee Hes U25O a iar DAU ieee 986...... 1,028 
Cibtercentimeters per minute. oc. civvies sto ciuje's 1c vousl ole eyntviace.c.e elele mie ol ¥(pia) viaje nintate 105850 crs wrens 10,300 
Natural breathing in trunk-vertical position 
Respirations per minute...........-.+55 LR eee GEES SSAe LO Laererote hs ath 15 
Cubie centimeters per respiration........ 4132 ope G25 aoe be 1000 ire, 0% Cyd eee 558 
ubieccentimeters:pér, minute’, o.c'ye'e ayrieleicle\e:vialb ies elvicielatsinisieisysiaye Votefelninxesyele(ora 8,830...... 8,370 
Pole top artificial respiration 
Respirations per minute............e00. VOR sek. LAT ie 10, Al: 10 
Cubic centimeters per respiration........ BGs aiemieis i Cee rt Seo IORI A A ars 1,363 
Chic centimeters: per minute! . <.<j..s/sjv\oiwic inser ose «ale ele/els eve(s a s/o¥elace nie) sin/oyethiwia)e/s 11,340...... 13,630 
Unconscious 
Natural breathing in prone position s 
Respirations per minute............004+ | aca 1S ice «ie Air. stirs 18 
Cubic centimeters per respiration........ D7 2. cwacee OSA. Biss eis y- BY RAID 264 
CHpicceaAtimeters® per, MIMHUt! hs cor ie/e le, 015) o\ci4 4s nlese) ole ielB tele a clele’s shetstals, raise: eysters nde 4,752 
Original Schafer artificial respiration* 
Respiration per minute............e0+- Da craxstade ee LL viers sty LZ eaves 11 
Cubic centimeters per respiration.,...... 230 viawhe ore TAO ae G25 )e mere 590 
Gubicrcentimeters¢per min Utes» aiere wiecdte(e di cie leave craton Rials ote ore fare lela taMwieTorern 6,490 
Modified Schafer artificial respiration** 
Respirations per minute..........-...0-+ SB cstacette LO crscsrete 12 10 
Cubic centimeters per respiration.,........ dese tave ote O10. te ae COS ators 746 
Cabic centimeters per: minite 7s seaetsiaseta¢ + 'cio's sinibale's a0 'ais ss sab maralel dial fs eet 7,460 
Natural breathing in trunk-vertical position 
Respirations per minute.......4........ li Wetate lore Uae ear LOT swaiarare 19 
Cubic centimeters per respiration........ ETO Stuer BO tharsterstee PAT UR Cy cine 272 
Cubie centimeters (pers MIB WES irs 15 0'Vsle. ale cseres nove e/ehacertrtan (elo mcw ajerctase, Diattasntarefahayy aren 5,168 
Pole-top artificial respiration 
Respirations per minute..............++ 1 rs ree Zi sare store Disielcate’e 12 
Cubic centimeters per respiration........ ee SRR BN O12 ree £10 es tetels 799 
Cuprercentimefers pers miT le 031. isce ays yoiovei cals iol ele aft ¥siarain ts Pfelel aistoha ataaetehe iaicieeatene a 9,588 


* Hands held in position between pressure strokes. 


** Hands allowed to slip off at the end of each pressure stroke. 


Percentage Difference in 
Air Moved Per Minute by 
Artificial Respiration 


Over Control Period— 
Air Moved Per 


Over Control Period— 
Air Moved Per 


Minute Respiration While Patient Is Anesthe- 
tized Compared With 
Anesthe- Anesthe- Normal Breathing While 
Conscious tized Conscious tized Patient Is Conscious 
Original Schafer artificial 
MESPILALION .cvcdiew essa tramieie CVA CE kd ie heer! accalre 43: (GO) Mie. LQS Screens 15 per cent decrease 
Modified Schafer artificial 
PESDIFAtION .2 5. wee a ews ae 41 (60) *..... BY fa oon a GT {89) Fores Sais vee retary ate 3 per cent decrease 
Pole-top artificial method ..29 (63) *..... SG GA: nee 52144) ¥ 4 Fa bGe een 9 per cent increase 
* Percentages for 15 conscious subjects, see reference 1. 
percentage increases or decreases of the subjects. The number of respirations 


amount of air moved per respiration and per minute is less for the artificial respira- 


per minute over the corresponding periods 
of natural conscious breathing of the 
three subjects. It is evident that the air 
moved per respiration under artificial 
respiration is equal to, or greater than, 
the natural breathing of the conscious 
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tion than for the natural breathing of the 
conscious subjects. In the cases of both 
Schafer methods there is a decrease in 
the air moved per minute in the uncon- 
scious state as compared with the normal 
breathing. The pole-top method records 
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a slight increase in the volume of air 
moved per minute. Had the tempo of 
artificial respiration been increased to 13 
times per minute, all three methods would 
have given equal or greater volume of air 
breathed per minute than for natural 
conscious breathing. 

The bracketed figures in Table II ate 
taken from the earlier paper.1 They 
show a higher percentage increase in the 
volume of air moved than was found for 
the three subjects reported here. This’ 
suggests that a psychological factor may 
be involved in working with conscious 
subjects. The results obtained with the 
unconscious subjects are, however, not 
subject to this factor. 


Conclusions 


These studies give evidence of the rela- 
tive efficiency of the three methods of 
artificial respiration studied, and so far 
as we know they represent the first effort 
to evaluate the worth of artificial respira- 
tion’ in subjects under general anesthesia. 

The data presented indicate that an 
equal or greater amount of air is moved in 
the tnconscious (anesthetized) than in 
the conscious subject with each respira- 
tory act. The modified Schafer method 
(hands allowed to slip off at the end of 
every stroke) is superior to the standard 
Schafer method, and the pole-top method - 
is more efficacious in the trunk vertical 
position than the Schafer methods in the 


prone position. 


It is apparent that all three methods of 
artificial respiration studied are more 
than adequate to supply the requisite 
pulmonary ventilation. ai 7 
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Avircraft Signal Systems 


yy RAYMOND A. RUGGE 


MEMBER AIEE 


Synopsis:\ Because the selection of air- 
craft warning devices has not, in most 
signal installations, provided the pilot with 
dependable warnings of dangerous condi- 
tions, this paper proposes that aircraft 
signal devices should be designed and in- 
stalled in compliance with the pilot’s re- 
quirements as expressed in three design 
principles. 

The publication describes the weaknesses 
of current signal devices; it recommends 
signal light indicators that are bright enough 
to be seen under direct sunlight; and it 
illustrates and describes an automatic 
dimming control that operates as a function 
of natural light, independent of pilot actions. 


ORGETFULNESS on the part of the 
| pilot to extend retractable-type land- 
ing gears initiated the requirements for 
positive-warning signal systems on air- 
planes. Malfunctioning of important 
equipment and co-ordination of crew 
activities brought about the requirements 
for informative signals in aircraft. 

' In addition to these requirements, pilots 
demanded warning signals for such items 
as gears ‘“‘not locked,’ flaps “‘not down,”’ 
fuel pressure “‘low,”’ fuel level “‘low,”’ oil 
pressure “low,” and cabin ‘“‘pressuriza- 
tion” “‘off.”” Informative signals were 

demanded for oxygen pressure ‘“‘low,” 
warning of icing conditions, bombing 
signals, paratroop ‘“‘jump’’ signals, pas- 
-senger call signals, crew call signals, and 

_ so forth. 

To provide these signals for the pilot’s 

use, it is necessary that the signal indi- 
cators should be designed correctly and 

3 that airplanes should be equipped with 

_ the necessary mechanical or electric pick- 

ups, consisting of easily serviceable 

_ actuating devices or limit switches, pres- 

sure switches, temperature switches, and 

control relays. These electric-signal 
pickup devices and controls have been 
available for some time as serviceable and 
reliable parts and are beyond the scope of 

_ this paper. 

The signal indicator is the only contro- 

ersial item in the airplane signal systein, 

nd manufacturers, in attempting to pro- 
suitable signal indicators, have re- 


aper 44-5, recommended by the AIEE committee 
ir transportation for presentation at the AIEE 
onal technical meeting, New York, N. Y., 


24-28, 1944. Manuscript submitted 
er 4, 1943; made available for printing 
‘ember 3, 1943. 


monp A. Ruccg is staff electrical engineer, 
s-Wright pceparstion; Missouri plant, St. 
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sorted to mechanical flags, vibrators, bells, 
horns, position indicators, indicator lights, 
telltale panels, and similar devices to 
serve as warning signals and as informa- 
tive signals. The selection of these de- 
vices for the signal indications on air- 
planes has been made, in too many cases, 
by compromise decisions which have been 
influenced by restrictions rather than by 
principles. The result of such selection 
of indicators is that many signal systems 
on airplanes are not serving the purpose 
intended. 

The purpose of this paper, therefore, 
is to outline the design principles that air- 
craft signal indicators should satisfy, to 
discuss existing signal indicative devices 
and to what extent they comply with 
these principles, and to suggest signal- 
system methods for improving the pilot’s 
“workshop” so as to relieve him of un- 
necessary duties and thereby lessen pilot 
fatigue. 


Design Principles 


The following principles usually are 
common to the design of all warning signal 
indicators and to the design of most of 
the informative signal indicators in air- 
craft signal systems. 


SIGNALS Must Be ABSOLUTE 


The first principle to be satisfied in 
providing signal indications is that the 
signal device should, by independent ac- 
tion, bring about decisive, positive, and 
effective action. Thus, aircraft-warning 
signal devices should, in themselves, pro- 
vide indications which incite the pilot’s 
reflexes in such a manner that he will 
change quickly and unquestionably to the 
obvious alternate course of action. Infor- 
mative signal devices complying with this 
principle should show, in addition, direc- 
tive indications. This directive-type 
indication is necessary to avoid creating 
any degree of confusion in the mind of 
the pilot or crew member, as the course 
of action may be perplexing for the 
moment. 


SIGNALS Distinct 


The second Basic rule to be followed in 
designing a signal indicator is to construct 
the indicative device so that it will emit 
signals which are distinct, abrupt, attrac- 
tive, inescapable, and in definite contrast 
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to everything in the proximity of the 
signal during any flight condition. 


SIGNALS Not A Hazarp 


The third principle to be observed in 
designing signal indications is to be sure 
that the signal does not constitute a 
hazard and thereby handicap the pilot 
in performing his operations. Violation 
of this principle is exemplified in installa- 
tions where the brilliance of light signals 
is not modulated as a function of the 
natural light. 

Thesé principles are not new, and they 
are seldom ignored by the commercial 
control engineer. Most aircraft engineers 
would like to follow these laws but can- 
not because ofthe inertia of the aircraft 
industry against cost of the correct de- 
vice in terms of weight, special design 
studies, and manufacturing or procure- 
ment complications. It is because of this 
cumbersome inertia and a desire for 
improvement of aircraft signal systems 
that the comparative description of signal 
devices is discussed in detail in the next 
section of this paper. 


Existing Systems 


VISUAL MECHANICAL SIGNALS 


Flags and mechanical indicators are 
the oldest type of warning and informa- 
tive signal devices. They have been used 
in the airplane industry on small air- 
planes for such items as landing gear, 
flap, and tab position indicators. Ex- 
amples of this type include push-rod and 
vane indicators on landing-gear mecha- 
nisms, spring- or cable-actuated scale and 
pointer combinations, solenoid-operated 
flags, and solenoid-operated targets that 
become visible by natural light or black 
light. 

These devices have been selected by air- 
plane manufacturers, because they are 
simple to design, install, and maintain, 
and because of the small number of parts 
that need to be replaced. ' 


Fundamentally, all of these visual-type 
indicators depend on their warning by 
reflected light. The dependence on auxil- 
iary light sources, and the fact that the 
signals are not abrupt or distinct enough 
to attract consistently the pilot’s atten- 
tion cause these signals to be considered 
undesirable warning signals. 

In general; it may be stated that flags, 
mechanical indicators, and solenoid-actu- 
ated indicators obviously comply with the 
third principle, but do not satisfy com- 
pletely the first and second principles 
discussed in the preceding section. These 
devices do not satisfy the first principle, 
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Figure 1. Lens-end signal lamps. General 
Electric Company T 11/4, 3 volts, 3 amperes, 
BM base 


because they are not self-sufficient in 
themselves, for the reasons that they re- 
quire auxiliary illumination, are not al- 
ways positive, and, therefore, do not 
bring about immediate action. This 
type of signal does not comply with the 
second principle, because its indications 
are not abrupt enough, are not inescapable 
from the pilot’s vision, and are not in 
sharp contrast to all other images meeting 
the eye. 


VIBRATORS 


Foot-pedal vibrator-type signals partly 
comply with all three design principles, 
but in most installations signals of this 

type do not fulfill the requirements of the 
first and second principles. Many pilots 
have expressed difficulty in interpreting 
the meaning of the signal, while others 
complained of the lack of contrast of the 
vibration signal with the normal vibration 
of the airplane. 


AUDIBLE SIGNALS 


On practically all large airplanes de- 
signers have installed audible-type signals 
such as high-frequency vibrators, bells, 
and horns as warning and informative 


Figure 2. Photoelectronic dimming control 


4 TRANSACTIONS 


signal devices. Although these audible 
signals, when properly installed, comply 
with all three of the design principles, the 
characteristics of this type of signal limits 
the installation to one or two signals (the 
distance warning signals can be installed 
from the pilot’s ear) and to the objections 
raised by air-line operators if warning or 
informative call signals can be heard by 
the passengers. 

The advantages claimed for this type 
signal include: 


1. The convenience of mounting in waste 
spaces. 

2. The fact that no modulation of the 
signal volume is required during flight opera- 
tions. 


3. The fact that the need of replacements 
is rare. 


> 


4. Convenience of electric wiring for remote 
actuation of the audible indicator. 


An example of audible warning or in- 
formative-signal indicator is the vibrator- 
type horn built to conform to Army-Navy 
specification A N-S-8. 2 


Figure 3. Telltale device as installed in Cur- 
tiss-Wright AT-9 airplanes 


This telltale is a visual warning device mounted 
on the instrument panel and contains 18 warn- 
ing and informative signals asshown. Constant 
checking and rechecking of the instruments by 
the pilots has been eliminated, as this device 
is electrically connected to necessary instru- 
ments, controls, and component operating 
parts of the airplane, in such manner as to re- 
port immediately and constantly on their opera- 
tion. These operations are shown by indi- 
vidual lighted signals on the telltale panel 
which are operated by limit switches, pres- 
sure switches, and so forth. The signals, as 
arranged, function as a ‘‘negative-warning” 
signal device, as a perfectly dark panel indi- 
cates correct operation of the items 


Rugge—Aitrcraft Signal Systems 


et 
A 
INSTRUMENT-TYPE SIGNAL INDICATIONS 


Position indicators in some cases have 
been used to provide warning or danger 
signals as well as informative signals. 
Many aircraft manufacturers have in- 
stalled indicators of this type for the pur- 
pose of combining warning or danger 
signals with informative position indiea- 
tions in a centralized location. 

These combination position and warn- 
ing-signal indicators are available with 
two types of warning signals. In one 
type the warning signals are manifest by 
mechanical flags which disappear when the 
landing-gear units are in the locked posi- 
tion. The other type indicator utilizes 
signal lamps as warning signals. 

This combination instrument, known 
as GE 8DJ4Y6, when equipped with the 
signal lights, is an excellent centralized 
signal and position device in that it satis- 
fies all three of the design principles, pro- 
vided that the brilliance of the light 
matches the natural light. As will be 
discussed under light signals, the bril- 
liancy of the signal lights should be con- 
trolled by an automatic modulating or 
automatic step-type control to maintain 
proper brilliancy of the signal lamp to 
satisfy night and day flight conditions. 


Licut SIGNALS 


Colored lights have been used very 
effectively as warning and informative 
signals on all types of airplanes. The 
installation of these lights as warning 
signals has been accomplished in the con- 
ventional industrial manner, that is, a 
colored lens shielding a clear electric 
lamp. 

The greatest disadvantage of light 
signals in any signal system is the neces- 
sity for controlling the brilliancy of the 


wk 


ELECTRICAL ENGINEERING ; 


LF 3g 


7 


signal light as a function of the natural 
light. It is this disadvantage that causes 
the criticism of light signals. This criti- 
cism is, of course, warranted, as light 
signals that are too dim to be distinct in 
bright sunlight do not comply with the 


second design principle, whereas light 


signals that are too bright at night con- 
stitute a hazard to the pilot. 

In view of this brightness factor, most 
airplane manufacturers have provided 
manually operated mechanical or elec- 
trical dimming devices to adjust the bril- 
liance of the light signal to correspond to 
the natural light in the cockpit or control 
room. These manual devices, however, 
do not solve the light-intensity control 
problem for the reason that the pilot or 
crew member is not reminded to turn up 
the intensity of the signal light to match 
the sunlight conditions. Thus, it often 
happens during daylight operation that 
the warning light is energized, but no 
signal warning is noticed by the pilot for 
the reason that the light had been dimmed 
previously for night intensity. Even with 
semiautomatic schemes this condition still 
exists. For example, in signal-light instal- 
lations where dimming is accomplished 

by the introduction of resistors by relay 
in the signal-light circuit by turning the 
navigation lights ‘‘on,” the failure to 


~ increase the signal intensity is not pre- 


vented. 
duced. 


Only the possibilities are re- 


BrRIGHT-BEAM LIGHT AND 
PHOTOELECTRONIC DIMMING DEVICE 


This year a signal-light system has 
been perfected that will satisfy all three 
design principles. Figure 1 shows the 
signal light itself, and Figure 2 illustrates 
the photoelectronic dimming device which 
controls the brilliance of any number of 


signal lights as a function of the natural 


; 


light without any attention on the part 


_ of the pilot or crew member. 


New SIGNAL LAMP 


The lamp shown in Figure 1, although 
similar to the General Electric Mazda 


_ 319 or 320 28-volt bombing signal lamp, 
is identified as a General Electric T 11/4, 
__ three-volt 0.30-ampere lens-end BM-type- 
_ base signal lamp.* This lamp was de- 


__ veloped to produce a high-candle-power 


light beam which would serve as a dis- 


tinct and inescapable light signal in direct 
_ sunlight. As of this writing, this lamp 
is the only unshielded signal lamp, suit- 
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; * BM-type base refers to the special lamp base de- ~ 
signed to match the Bardwell-McAlister lamp 
mp eocket. 


able for aircraft uses, with which off 
and on can be distinguished readily under 
the direct rays of the sun. 

This lamp was designed especially for 
low-voltage operation to insure long life 
(at least 250 hours) and to use a heavier 
and less-destructible filament. The lensin 
the lamp end is similar to the lens used 
in a “‘penlite’’-type flash-light lamp. The 
lamps have been supplied in red, amber, 


_blue, clear, and green. 


PHOTOELECTRONIC DIMMING DEVICE 


The photoelectronic dimming-control 
device shown in Figure 2 is referred to as 
General Electric 7505-L-108. This auto- 
matic-control unit can be obtained to 
actuate automatically a relay, to open or 
close resistor circuits, which dims or 
brightens any number of signal lamps in 
accordance with the requirements for 
twilight or daylight. 

As the photoelectronic tube is sensitive 
to any degree of light changes from one- 
foot candle and upward, the selection of 
photoelectronic units for any particular 
airplane canbe obtained for dimming con- 
trol in as many steps as desired. 

The photoelectronic device shown in 
Figure 2 consists of a photoelectric tube, 
amplifier tube, sensitive relay, resistor, 
and mounting. The unit, as pictured, 
weighs less than a pound and operates 
fromany 24-volt d-c supply. 


ELECTRIC CIGARETTE-LIGHTER-T YPE 
DIMMING CONTROL 


Another automatic device has been 
designed to control the dimming of signal 
lights, but the weight is about the same, 
and it does not offer complete control. 
This proposed device is a thermal time- 
delay switch which instantly dims the 
signal light for a five-minute period only, 
then snaps to the original bright position 
in much the same manner as an electric 
cigarette lighter. This device does not 
permit the signal-system installation to 
satisfy completely the third design prin- 
ciple, as it repeatedly constitutes a 
momentary hazard during night-flight 
operations, 


TELLTALE 


The telltale device shown in Figure 3, 
manufactured by the American Automa- 
tic Company GH-70,350, is a centralized 
signal indicator which incorporates all of 
the control-room signals into one com- 
pact panel. Installation, as made on 
many hundreds of airplanes, provides for 
18 light-signal indications with the cor- 
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responding illuminated-directive nomen- 
clature all arranged on a panel 3 by 31/2 
inches. 

This device, in addition to showing 
warning and informative signals, includes 
directive signals to indicate to the pilot 
incorrect setting of important controls 
such as propeller, mixture, manifold pres- 
sure, carburetor heat, and trim tabs. Ac- 
tuation of these directive signalsin the tell- 
tale panel is accomplished by automatic 
switching that is a combined function of 
the control setting and the flight regime. 

Considered as a whole, this device 
complies with all three signal-indication 
design principles, except those conditions 
under which the second principle is vio- 
lated. Like the manual-control shutter- 
dimmed signal lamps previously men- 
tioned, the telltale unit is susceptible to 
daytime operating conditions where the 
dimming shield could be partially closed 
for night operations, and the pilot would 
overlook the telltale signals. As was 
discussed under “‘Light Signals,” an auto- 
matic dimming device would correct this 
difficulty, and the telltale signal indicator 
would then satisfy all three design prin- 
ciples. 


Concluding Recommendations 


From the discussion given in this paper, 
it is recommended that all warning and 
informative signals should be light signals 
which are bright enough to be seen under 
direct sunlight. As part of this recom- 
mendation, it is suggested that the light 
intensity of the warning and informative 
signals should be controlled automatically 
as a function of day or night operation. 
For special requirements the light inten- 
sity should be modulated automatically 
or adjusted in steps to correspond with the 
natural light. Referring to the three de- 
sign principles mentioned at the begin- 
ning of this paper, it is believed that a 
signal indicator complying with these 
suggestions will provide, light signals 
which are absolute, always can be de- 
tected, and will not constitute a hazard 
to the pilot. 

It is further suggested that to reduce - 
pilot fatigue and to eliminate unnecessary 
searching of instrument indications more 
signals should be added to the airplane - 
signal system. By the same reasoning it 
is recommended that these additional 
signals should be grouped into a central- 
ized location in a manner similar to that 
utilized by the telltale panel shown in 
Figure 3. 
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| Cultural Training of the Engineer 


A. BOYAJIAN 


FELLOW AIEE 


T is generally recognized that a profes- 
sional man must have a certain amount 
of cultural training, in addition to the 
technical, so as to be better balanced, 
more useful to the society, and more suc- 
cessful; and engineering curricula gen- 
erally make provision for it. However, it 
appears questionable whether the cul- 
tural program is as well suited to its ob- 
jectives as the technical programs are to 
theirs. As a parent, the author had oc- 
casion to look into this matter during the 
past several years and was led to the con- 
clusion that the quality of the conception 
nnd execution of the cultural training of 
the engineer is definitely inferior to that 
of his technical training. 

Although the author would be pleased 
if this paper should stimulate a general 
discussion and careful review of the situa- 
tion by competent authorities, leading to 
its amelioration, yet his immediate pur- 
pose is more modest—to share some of his 
thoughts on this matter with the parents 
of prospective technical students.* 


A Basis for Planning 


Considering the great variety of cul- 
tural subjects and the wide divergence of 
tastes, it may be a question whether a 
generally acceptable cultural program can 
be planned. Think of the cultural value 
and fascination of the fine arts—music, 

painting, sculpture, architecture, dra- 
matics, dancing, and so forth. Of the 
classics—poetry, fiction, drama, essay, 
mythology, and so forth. Of philosophy 
-—logic, metaphysics, and so forth. Of 
the social subjects—sociology, anthro- 
pology, even archeology, politics, eco- 
nomics, and so forth. And history— 
political, social, revolutionary, and so 
forth. And—but why enumerate more? 

What shall we recommend to our sons 

_ specializing in science or technology? Is 
there a basis for choice other than indi- 
vidual taste? 

I think there is such a basis, and it is 
to be found in certain common and urgent 
needs of the average student. The short- 


Paper 44-3, recommended by the AIEE committee 
on education for presentation at the AIEE winter 
technical meeting, New York, N. Y. January 24-28, 
1944. Manuscript submitted May 11, 1943; made 
available for printing October 29, 1943. 


A. Boyaytan is electrical engineer for General Elec- 
tric Company, Pittsfield, Mass. 

* The views expressed here are those of the author 
himself and do not necessarily represent those of 
the company with which he is associated. 
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age of available time for this purpose 
makes it imperative to pass by most of 
the fascinating subjects mentioned, to 
assure that certain “‘must’’ subjects are 
properly taken care of first. 


Student’s Needs 


I think we can get general agreement on 
at least the following three cultural needs 
of the average student as fundamental: 


1. Knowledge of and skill ‘in studying 
efficiently. 


2. Knowledge of and skill in dealing with 
himself and others successfully. 


3. Ability to express himself well in speech 
and writing. 


Let us examine each item in its turn. 


1. How to study is perhaps the most 
pressing problem of the freshman. Little 
or no instruction is given in this matter 
by the faculty; in its place, frequent 
quizzes are given to “put the screws on”’ 
the freshman. He must discover for 
himself how to study or be eliminated. 
This should have been learned at the 
high school, but it was not. The fellow 
was then still a ‘darling boy,’’ and we 
regretted that he had to do homework at 
all, instead of being out in the fresh air 
or in bed, or having fun with other young 
people—boys and girls. Unprepared for 
serious study, the freshmen fret and 
swear, smoke and scribble and spit, and, 
finally, about half of them evolve some 
temporary modus vivendi whereby they 
survive for four years to receive their 
diplomas. After that, books and studies 
may go overboard. Four years of those 
things were too much already! 

2. How to deal with himself and others 
is another great problem of the student, 
but he is not generally aware of it, and no 
particular attention is paid to it by the 
faculty. 

Years ago, at a gathering of young engi- 
neers, a big engineering executive was 
asked for the key to success. ‘‘Boys,’’ he 
said, ‘‘Pay close attention to your mathe- 
matics; but, later, when the same ques- 
tion was put to him again, now by a 
friend of his and in the privacy of his 
home library, the answer was: ‘‘George, 
the key to success in engineering is 40 
per cent technology, 60 per cent diplo- 
macy.” 
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Whether it is called diplomacy, ‘or 
social psychology, or simply human rela- 
tions, a certain amount of proficiency in 
it is essential in the successful practice 
of engineering. More of itis required, 
of course, in managerial positions than in 
the ranks, but that the latter group fre- 
quently do not possess even the modicum 
that they need is indicated by the pub+ 
lished experience of one large organiza- 
tion to the effect that in a period of depres- 
sion the selection of technical men for 
layoff was more often for lack of co-opera- 
tiveness than for lack of technical 
ability.! 

It is probably safe to predict that the 
student who is brilliant in technology but 
just passable in human relations will in 
time work for the one who was just pass- 
able in technology but brilliant in human 
relations. 


3. As for self-expression, technical 
-schools pay only a limited attention to 
speech but are generally interested in 
writing, and in this the freshman is 
traditionally deficient. This deficiency is 
supposed to be due to lack of knowledge 
of the English language, and so the fresh- 
man is required to take English. But 
the principles of good writing are the same 
in any language, so good writing cannot 
be a matter of knowing the English lan- 
guage. Good writing can be done (fre- 
quently is done by the masters) in various 
dialects and slang; it can be done in 
basic English, even in pigeon English! 
Think of the gems in negro dialect! 
Knowledge of good English usage is of 
course highly desirable, but too much is 
expected of it when it is assumed that 
knowledge of English is the main a a 
in writing well. 


Just because writing is important, 
speaking should not be treated casually. 
Speaking ability is a greater asset for an — 
executive than writing ability. After all, 
should the necessity arise, it is possible 
to hire someone to write for you but not 
to speak for you. Furthermore, a good 
speaker can always produce a good manu- 
script by dictating as if he were giving 
a talk; but let a person talk as if he were 
writing a technical paper—what a disap- 
pointment that would be! Dr. Heiser 
has told us the secret of how he wrote his 
best seller, “An American Doctor’s 
Odyssey.”’ He realized that if he sat 
down to write his experiences, the prod- 


. uct would probably be “‘a dry Rockefeller 


Foundation report.” So he changed his © 
plan. He knew that through years of 
practice he could talk fairly interestingly, — 
so he hired an alert newspaperman to 
interview him, and a stenographer to — 
record the interview. A best seller was 
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thus produced in a short time and without 
the usual drudgery of book writing. 

I believe that for the average profes- 
sional man the ability to speak before a 
group clearly, convincingly, and grace- 
fully is a greater asset than ability to 
write well. 

yi 


Urgency of the Problem 


These three needs of the student can- 
not be postponed. He must acquire in his 
freshman year not only an efficient study 
technique, but also a variety of other 
habits essential to a successful personal- 
ity. The college term, particularly the 

_ freshman year, is the terminal period of 
transition from the plastic to the rela- 
tively nonplastic phase of life and may be 
looked upon as the student’s last oppor- 
tunity to shape his personality into a 
desirable pattern. Soon he will be “‘set’”’; 
he will become a mere ‘‘walking bundle of 

. habits,” to quote William James, the 
psychologist. A complex network of 
intellectual, emotional, and motor habits 
will then constitute his entire personality 
and will determine even the details of his 
professional style and judgment. If this 
complex of habits is developed haphaz- 

' ardly and unawares, what probability 
would there be of anything but a mediocre 
personality developing, unless an excep- 
tional heredity or a great inspiration or 
an exceptional set of circumstances should 
exist? : 

Credit units in classics and meta- 
physical speculation may be helpful but 
would not assure the kind of culture that 
a parent is likely to contémplate for his 
son. Furthermore, culture has not been 
acquired until it has become second 
nature through habit. The college years 

_ therefore should be utilized eagerly as the 
student’s last opportunity to form these 
habits by practice with reasonable ease 
and under competent guidance. 


Meeting the Needs 


The basic cultural course generally re- 
quired at the present time is English, but 
_ it is the opinion of this writer that if the 
_ foregoing needs of the student are true, 
4 they can be met best by practical 
_ psychology. It is not advocated that 

English be dropped but rather that it be 
_ approached as a problem in psychology 
father than one in language. 


__ Of course, a course in psychology is not 
necessarily cultural. It will not be so un- 
‘less it is competently planned and con- 

: ducted for this end. Let us note some of 
_ the features of such a course. 


_ (a). The most important topic in 


(9 
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practical psychology for our purpose is 
that of habit. The classic Chapter III on 
habit in James’s two-volume psychology 
(or its equivalent) should be used as the 
text for half a dozen lessons, coupled 
with a judiciously chosen set of exercises 
in habit formation. The student should 
realize that there is infinitely more to 
habit than nail-biting or smoking; that 
it is the one great principle of personal 
efficiency, because it is the principle of 
mechanization—automatization—of hu- 
man behavior; and that not the breaking 
of so-called bad habits but the building 
up of his idealized social and professional 
personality through conscious, systematic, 
and habitual formation of habits is the 
major interest of habit psychology. As 
the student is made habit-conscious and 
as he develops a few judiciously chosen 
pleasant and profitable habits as labora- 
tory exercises and gets the ‘‘feel’”’ of it, 
he will be incidentally forming the most 
important habit—the master habit— 
namely, the habit of soundly planning 
and promptly mechanizing as much of 
his routine life as possible so that his 
mind may be relieved of routine drudgery 
and be set free to engage itself in more 
pleasant tasks and greater achievements. 
With proper work, study, play, and social 
habits formed (or at least well started) in 
the freshman year, the student is prepared 
for the most efficient utilization of his 
time and abilities for the development of 
his professional skills and personality 
during the following three years. 


Habit psychology its a basic principle 


‘of any training, for training is primarily 


the conversion of knowledge into habit 
patterns by practice. If one thinks that 
the development of skill, rather than that 
of habit patterns, is the primary feature 
of training, he may do well to consult a 
good reference on habit psychology, in 
which he will discover that habit for- 
mation is the foundation of development 
of skills; for, after all, the major instru- 
mentality in the development of skills is 
practice, and practice is inseparable from 


habit formation. 


Many psychologists, engrossed in their 
specialties, do not seem to be actively 
aware of these things. The eminent 
psychologist, Dr. Link, has confessed as 
much—that he was not alive to these 
things until he observed the needs of his 
adolescent children.?” 


(b). The next most important topic in 
practical psychology is human motiva- 
tion. Properly taught, this should enable 
the student to see quickly the other fel- 
low’s point of view which generally 
amounts to his motivation. Much of our 
nontechnical reasoning, especially in 
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arguments, is nothing but rationalization, 
defense, and wishful thinking; in other 
words, biased or emotional thinking. 
That is why arguers never get anywhere 
with proofs. That is why an appropriate 
incentive convinces people so much bet- 
ter than logical evidence; .and, as Hitler 
has demonstrated it, if the incentive is 
there, people will easily believe the biggest 
lies. ‘The will to believe...” 

(c). The thought process and principles 
of clear thinking are naturally another 
important topic in psychology to be made 
clear to the freshman. Advertising 
psychology, political publicity, propa- 
ganda analysis, and scientific thinking, 
may be treated here in condensed form 
with great benefit and interest to the 
student. 

(d). Then the eyes of the student must 
be opened to the power of attention and 
its significance towards his academic suc- 
cess. He should be enabled to see that 
the marvels of hypnotism are merely the 
product of an undistracted and concen- 
trated attention; and that, if he wishes to 
be able to match the apparently superior 
power, intelligence, and memory of a 
hypnotized person, without the hocus- 
pocus of hypnotism, he can do so by cul- 
tivating his power of concentration. 
Would he then have any difficulty in 
studying at college or concentrating on 
creative work later? 


(e). Practical psychology naturally 
forms the foundation of successful public 
speaking also. Many teachers of public 
speaking preoccupy the class with voice, 
posture, and other details to the exclusion 
of a psychological analysis of why a 
given speech is good or bad. ‘‘Not what 
to say but how to say it” is the watch- 
word of some of them, the “how” being 
interpreted rather narrowly. But “what 
to say” is incomparably more important 
than “how to say it.” If the presenta- 
tions of papers at the AIEE meetings are 
frequently unsatisfactory, the basic 
reason, I think, is a lack of, understanding 
of the psychology of the audience. The 
speaker probably is talking to a few 
specialists like himself sitting near the 
front to hear him well. That is why the 
rest don’t hear him well; and when they 
do hear him, they do not understand 
what he is saying. I expect that if the 
psychology of the speaker is corrected, 
his voice and other important faults will 
automatically correct themselves. 

Out of the mass of thoughts that are 
always available within the scope of the 
subject and the knowledge of the speaker, 
the selection of those which are best 
adapted to the background of the audi- 
ence, the arrangement of those thoughts 
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in a logical sequence, the phrasing of 
them in graceful fashion, and their pres- 
entation in an audible pleasing manner, 
is the common sense of good speaking as 
the audience itself would define it; and 
the audience, as the customer, is right. 

It is well enough to have public 
speaking taught to technical students by 
professional public-speaking teachers, but 
in some cases it may be necessary to sup- 
plement such instruction by having one 
or more technical men gifted in public 
speaking and able to make psychological 
analysis of a given speech sit in at the 
classes as audience and critics. 


(f). The basis of good technical writ- 
ing also has to be practical—common 
sense—psychology. This requires” the 
selection of essential information, its ar- 
rangement in logical order, and its expres- 
sion in a manner that will be clear and 
interesting to the intended readers. How 
little the study of the English language 
has to do with this! The knowledge of 
English—vocabulary and grammar—of 
the average freshman is fully adequate for 
his needs. The training he needs is in 
organizing his thoughts and expressing 
them in the words he knows. Of course, 
the study of the masters of English style 
is helpful and to be recommended within 
the very limited time available for that 
particular purpose, but we must not also 
forget the desirability of developing the 
student's own individual style. Too much 
emphasis on masters can destroy the 
student's individual style. 

The merits of the student’s English 
composition or technical report should be 
analyzed and appraised not from the 
standpoint of language but from the 
standpoint of the psychological principles 
of holding the reader’s attention, impart- 
ing information to him and influencing 
his reaction in a desired direction. A 
course in English composition in which 
the instructor does no more than editorial 
corrections, I should consider a waste of 
student’s time. 


(g). The success of a course in English 
literature as a cultural medium depends 
on how it is selected and how approached. 
The point of view of a professional “‘lit- 
terateur’”’ can have little cultural value 
for the engineer. For instance, I pick 
up a book by an eminent literary critic, 
entitled something like ‘The Stories I 
Have Enjoyed.” I read a selection and 
am disgusted—no big idea, no real human 
interest in it. Then I find out that the 
critic selected it because the technique 
of that kind of a story is considered very 
difficult, and the author of this story “got 
away with it.” Over and over again I 
have observed literary critics (and musical 
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critics) discuss at length considerations 
that can be of very little interest to those 
with only a general cultural interest in 
the matter. 

What makes great literature great— 
the kind that lives through the centuries— 
is not its linguistic skill, but the profound 
insight into human nature that it exhibits; 
for instance, Shakespeare. But even the 
cultural value of a course in Shakespeare 
can be spoiled for the engineer by ap- 
proaching it from the standpoint of liter- 
ary technique. 

In order to serve best the interests of 
the engineer, the teacher of literature 
must bear in mind constantly that what is 
needed is primarily a literature-apprecia- 
tion course, carrying with it the following 
corollaries: 


va 


1, The teacher will have to work harder 
than the students. Especially in the compo- 
sition work, he should be able and willing 
to rewrite the student’s material and ex- 
plain to him why one was bad and the other 
one is good. 


2. Selections for reading must be chosen 
carefully and abridged to the limit to save 
the student’s time. It will be better to err 
on the side of making it a ‘‘snap”’ course, 
rather than a difficult course which will 
antagonize the student and make him hate 
literature ever after. I should consider it 
a highly successful course if in literature the 
teacher accomplished no more than infusing 
the student with such an appreciation of 
good literature that the student will con- 
tinue reading it in later years. 


3. Engineering students should not be 
combined with those majoring in literature 
and made to follow the latter’s volume of 
work and point of view. 


Broader Obligations 


The engineer is frequently criticized for 
not playing a leading part in the social, 
civic, and political problems of his com- 
munity. To remedy it may require 
more than one measure, but it appears to 
this author that the first step in effective 
preparation for such leadership is for 
the engineer to understand the psychol- 
ogy of himself and his fellowmen. That 
done, a course in sociology, or govern- 
ment, or economics, and so forth, may be 
added if time permits. In any case, if 
the graduate is well grounded in the gen- 
eral principles of human behavior and 
relationships and has had some systematic 
practice in college, he can obtain later, by 
private study, any additional knowledge 
needed for the civic activity into which 
he may wish to enter effectively. 

Life has many surprises, and we may 
at any time be thrown into unexpected 
problem-situations. In such cases, we 
may count on the engineer to solve the 
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technical problems involved, even though 
\they may be far outside of his specialty, 
and we may fear his failing on account of 
mismanagement of the human problems 
involved, unless he has had special train- 
ing or was born with an instinet for the 
human equation. War is such a situation. 
At the AIKE Northeastern District 
meeting in Pittsfield (April 1943), Colonel 
Beukema told us that the reports received 
from the officers in the field indicate that 
the soldiers with cultural training make 
better leaders, and therefore the Army 
specialized training program is making 
some provision for such training.’ I 
understand that the Navy program is 
even more generous in this respect. 
While I do not know whether the Army 
or the Navy has made any appraisal of 
the value of different cultural courses for 
its purposes, the type of basic cultural 
training here advocated would seem to 
be superior to classics, philosophy, and 
so forth, for the fighting man. 


Problem of Time and Place 


The minimum cultural training advo- 
cated here can certainly be had in the time 
now allotted for the humanities. It ap- 
pears to this writer, however, that those 
who are particular about the nature and 
quality of such training are likely to ask 
for more of it and for some additional 
subjects, thereby prolonging the curricu- 
lum by another half year or full year. In 
normal times and the long run, I think 
the student is likely to be well repaid for 
the extra time. A five-year curriculum 
for the engineer is not unreasonable com- 
pared with the seven years many chemists 
are putting in now (to secure a degree of 
doctor of philosophy), the eight years that 
physicians generally put in, and the five 
to seven years that the requirements of 


some of the graduate schools of engineer-— 


ing entail. : 
As to the place, as things stand now, 
some students may find it necessary to 
consider the advisability of dividing their 
time between two institutions, one for the 
cultural courses, the other for engineering, 


especially if an extra year is to be devoted 


4 


to the purpose. This naturally raises 


; 


questions of loyalty and the difficulty of — 


achieving advanced positions in the social 
and extracurricular activities in either 
institution, which in their turn work con- 
trary to the major goal. 1 think certain 
arrangements have less objectionable 
features than others. The most proper 
solution of the problem is that the cultural 
curricula of the engineering schools be 
made as efficient as their engineering eur- 
ricula. 9 
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Design of Starting Windings for 
Split-Phase Motors 


T. Cc. LLOYD 


\ ASSOCIATE AIEE 


LTHOUGH split-phase induction 

motors are built annually in millions 

of units, involving thousands of designs, 

little can be found in the technical litera- 
ture concerning the design processes. 

The usual procedure is to fix the main 
stator winding and the squirrel-cage 
rotor from specifications covering the 
maximum torque and the general running 
performance. The procedure for the di- 
rect determination of the stator winding 
to yield a required maximum torque is 
already available.! 

The problem presented in design, after 
the determination of the main winding, 
involves the selection of starting winding 
turns and wire size, It is generally neces- 
sary that the completed design meet speci- 
fied values of starting torque without 
exceeding limits of starting amperes. 
Such limits may be fixed by various stand- 
ards or by customer's requirements, 

It is very likely that some element of 
trial and error exists in the methods most 
commonly employed for starting winding 
design. An obvious approach is to assume 
a starting winding, calculate the circuit 
constants, and from these obtain the cal- 
culated values of starting torque and cur- 
rent, If the values are not suitable, a re- 
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adjustment of the winding is necessary. 
Such readjustment may result in satis- 
factory values for one critical factor but 
not another. Continued trial and error 
may result in a final, satisfactory design. 
In such a process, the designer has three 
variables which can be controlled, namely 
winding distribution, number of turns, 
and wire size. 

On the completion of a satisfactory de- 
sign, the designer may still be troubled 
by the suspicion that, had some other 
combination of factors been used, still 
better results might have followed. 

It is the purpose of this paper to pre- 
sent a method of design which will yield 
directly the starting winding turns re- 
quired: 


(a). For a given starting torque. 


(b). For a given starting current. 


If either is used as a criterion for design, 
it is always necessary to check the other 
characteristic. This can be done by re- 
ferring to a few simple curve sheets, re- 
quiring no complicated calculation. A 
number of other relationships are de- 
veloped, enabling the designer to apply 
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Figure 1. Vector relationships at instant of 
starting 
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proportion more intelligently in modifying 
existing designs. 

The writers have investigated the possi- 
bilities of making up a series of curve 
sheets covering all reasonable values of 
split-phase winding parameters to enable 
torque and current to be read more or 
less directly, with little calculation. Be- 
cause of the number of quantities in- 
volved, such an approach seemed imprac- 
tical 


Method of Approach 


The items determining starting per- 
formance are chiefly : 


(a). Rotor resistance and leakage reactance; 
‘ ee ; 

main winding resistance, and leakage re- 

actance. 


(b). Starting winding resistance and leak- 
age reactance, 


The rotor quantities, referred to the 
stator main winding, differ in value from 
those same quantities, when referred to 
the starting winding, by the square of the 
transformation ratio. The starting wind- 
ing reactance differs from the main by 
the same ratio squared. Hence, all start- 
ing winding parameters can be obtained 
in terms of the main winding, excepting 
the starting winding resistance. The 
method employed in this paper is to ob- 
tain the starting winding resistance in 
main winding terms. When that is done, 
all starting winding parameters can be 
expressed as a function of the main wind- 
ing, and it in turn has been fixed by previ- 
ous considerations. The resulting calcu- 
lations are greatly simplified. 


Expressions for Starting Torque 


Several formulas are available for 
starting torque. A simple form is: 
225.4 


y=———— png: sin 0; (ounce-feet) (1) 
Syn. rpm a 
All terms are defined in the list of 
symbols. 
This formula is conveniently expanded 
thus: 


Vy 
Iu=>- (2) 
M 
V 
le 
"7. (3) 
0, =O — 8s (4) 


By the trigonometric expression for the 
difference of two angles: 
XuRs—RuXy 


. ; ae 
sin 0, = —————— 


Zul. (5) 
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Using these items, we then have: 


_ 225.4V* 12 XyRe—RuXs 
ZuZs* 
(ounce-feet) (6) 


As shown here, the equation assumes 
that the equivalent circuits of the main 
and start windings are each simple series 
circuits, containing no magnetizing cur- 
rent component. Ifa magnetizing branch 
is assumed to be connected across the 
circuit midway between the stator and 
rotor constants, then the so-called theo- 
retically exact circuit results, with greater 
accuracy of calculation. To accomplish 
this greater accuracy, the flux factor K, 
will be used as shown. We then have 


Ry=tiutKr2=nutro (7) 
Xuext VE (8) 


It will be assumed, therefore, through- 
out this paper that the leakage reactance 
for the main winding of the stator and 
the rotor is expressed as shown in equation 
8, and that 1p is used in place of rz. This 
compensates for the effect of the magnetiz- 
ing current component. We can now 
write the following equation for the terms 
used: 

Total impedance in main winding 
items: 


Puen Ry X ie (9) 


Total resistance in starting winding 
terms: 


Rs=t3+(10/a?) (10) 


Total leakage reactance in starting 
winding terms: 
X-=(Xy/a*) (11) 


Total impedance in starting winding 
terms: : 


Z,= V R2+X,3 (12) 
The ratio of transformation: 
CuKkwu |X M 
e=———__ = 4/—_ 13 
CsK Ws Xs ( ) 


Some comment should be made con- 
cerning this ratio. Theoretically, the 
correct value would involve the turn 
tatio. It is customary to correct the 
leakage reactances as calculated by ap- 
plying a constant which is a function of 
the winding factor, Kw. One such cor- 
rection curve in common use? is nearly 
parabolic in shape. On that portion of 
the curve where it follows such a law, 
the ratio of transformation obtained from 
the effective turns is exactly the same as 
the ratio obtained from the leakage re- 
actances. For high values of Kw a slight 
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discrepancy results. This will be neg- 
lected here and the relationships of 
equation 13 assumed as uniformly ac- 
curate. 

If equation 6, with the expanded con- 
stants of equations 7 to 12 substituted, 
is differentiated with respect to starting 
winding resistance (treating a as a con- 
stant), the condition required for maxi- 
mum starting torque can be obtained. 
This condition is: 

1 
ns (niu tZm) (14) 

Since a may have any value, the condi- 
tions in equation 14 can be satisfied by 
an infinite number of starting windings, 
and, so long as a? times rs equals (r1a+ 
Zm), each will yield a different maximum 
starting torque. It is important to note 
that there is no single value of maximum 
starting torque. The significance of the 
solution for maximum rests in this fact: 
with the main winding fixed by running 


The ratio of turns willinluence “"? 
the magnitude but not the 7; 
position of Ig 7 


It Is 
Ot 


Figure 2. The angle @, is fixed for all maxi- 
mum windings which can be supplied 


conditions (7,4+Zy) isa constant. Any 
combination of turns, ratio, and resist- 
ance which does not satisfy equation 14 
does not represent the maximum starting 
torque. As an aid in identifying these 
conditions we will refer to any winding so 
designed as a ‘“‘maximum winding.” 

If it is assumed that a maximum wind- 
ing is always to be supplied in the deriva- 
tions which follow, we can write the fol- 
lowing equations: 


rimtZu Yo 


Re=tut gat (15) 
1 

Rs== (Ru t+Zu) (16) 
a 
1 es SS 

Zs=— V 22 Zu t-Bu) (17) 


These values can now be substituted in 
the starting torque equation, yielding 
the following: 


r 112.7roa uh Xv 
Syn.rpm Zy? Zy+Ry 


(ounce-feet) (18) 
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This is the maximum starting torque for 
a given ratio a. P 

The preceding formulas show two 
significant facts. 

As the starting winding is changed, 
keeping the product r,;sa? at the correct 
constant value, the starting torque will 
increase directly as the ratio of transfor- 
mation a. The current in the starting 
winding will vary directly as a. This 
follows from equation 17. 


Slot Space Required 


With the various sizes of wire and num- 
ber of turns available for maximum wind- 
ings, the question naturally arises as to 
the relative slot area required for the 
various combinations. This will be in- 


vestigated. 
In general: 
LG, 

113 =0.87 or (19) 

CuKwa : 
a=——— (from equation 13) 

CsK ws ¢ A 
Therefore 

0.871, Kwu?Cy? 
rsa? = = Os rey =(ristZa) (20) 
or 
0.87K w ecu i | 

ACs= (Sew 21) 

SV (nuwtZu) /LKws? ae 


The terms in parentheses all apply to 
the main winding and are not subject to 
change. The terms in brackets are fixed 
by the starting winding distribution but 
are independent of the number of starting 
winding turns. Hence, the right-hand 
member of this equation is a constant for 
a given starting winding distribution. 
The product ACs represents the circular 
mils per conductor times the number of 
starting winding conductors or the total 
useful slot area devoted to starting wind- 
ing Hence, regardless of the various com- 
binations of turns and wire sizes, if they 
result in maximum windings, the total 
slot areas required for the starting wind- 
ings are identical. 

Or, if the total slot area for starting 
windings is fixed by heating considera- 
tions or otherwise, the maximum winding 
becomes fixed as indicated previously. 
This does not preclude the possibility of 
obtaining a winding which is apparently 
better than the maximum winding if the 
slot area for the starting winding is al- 
lowed to vary. This point is illustrated 
in the discussion of the table of results 
which is presented later. - 

This conclusion is based on a fixed 
distribution for the starting winding. In 
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TIp=V (Ig sin 4,)?+(Is cos 0:+] 1)? 


ease the total area given by equation 21 is 
too large, can any other distribution re- 
sult in a satisfactory maximum winding 
which requires less slot area? To investi- 
gate this, it is first necessary to derive 
the expression for the slot area required 
for the largest starting winding coil. 

Circular mils of copper for the fullest 
starting winding coil 


= [0.87K wa? CxP/(timtZ uw) \[l-/Kws?S'] 
(22) 


where S’ is the equivalent number of full 
slots for the starting winding. (Thus, if 
a four-pole 36-slot motor had a winding 
distribution for the starting winding of 
two 100 per cent coils and two 50 per 
cent coils under each pole, S’ would be 
24.) The terms in brackets are all func- 
tions of the distribution. If it is assumed 


that Appleman’s® distributions for sinu- | 


soidal space waves are used, the bracketed 
quantity varies from 1.20 to 0.70 for the 
range investigated. The smaller quantity 
resulted from a wider distribution.» Hence, 
we can*conclude that, as more coils per 
pole are used, the maximum winding re- 
quired less slot area. 


Vector Relationships 


The starting torque varies directly as 


the sine of the time angle between the — 


starting and main winding currents. Re- 
fer to Figure 1. From equations 16 and 
17, it is obvious that 


¥ Xu 

Sin 6 ONS ly es Se erated 23 

ie N/ 27 (Zt Ru) a 

6 a (24) 
V2Z u(Zu+Ru) 


Since these terms are all functions of 
the main winding, it follows that for all 
maximum windings the angle 9, is fixed. 
Then as 7,¢ and a? are varied (keeping the 
same product), the point » moves from 
#i1=0 to p2= © as in Figure 2. 


Starting Currents 


The total starting current is: 

(25) 
or in terms of winding constants for 
maximum windings: 


a‘ 1+a? 


I7n=V4—-_—_-- + ——_ 
4 22 ZutRu). Zu* 


(26) 


The current in the starting winding is: 
Ig= V7 —Iy? sin? 0;—I yy, cos 6; (27) 


Since each maximum winding will re- 


- quire a different total starting current 
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and this current is limited usually by de- 
sign specifications, it is useful to deter- 
mine the ratio of transformation which 
will yield a required number of starting 
amperes. This can be obtained by solving 
equation 26 fora? Thus: 


a= V/ 22 u(Zu+Bu) x 


V I? —Iy? sin? 0,—Iy cos 1 
V. 


(28) 


A simpler method of determining a for 
a given starting torque is shown later. 


Starting Torque Per Ampere 


Faced with a limit on starting current 
and a starting torque value which must 


Constant for calculating starting 
torque 


Figure 3. 


often be kept high, the starting torque 
per ampere of starting current is an im- 
portant figure. For all of the maximum 
windings which the designer can apply to 
a given job, the question naturally arises 
as to whether any proposed winding is 
producing as much starting torque as is 
possible for the limiting current. For that 
reason an investigation of the conditions 
for maximum starting torque per ampere 
is of interest. 

Equation 18 expresses the torque ob- 
tained from a maximum winding. For 
simplicity, the square of the total starting 
current will be used in setting up the 
tatio. Then from equations 18 and 26 


St.T 112, 7roa 2X 


Tg?" Syn.rpm Woy Ral(l+o) PZ ya" 
(29) 


When this is differentiated with respect 
to a and the result equated to zero, the 
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maximum value for equation 29 is ob- 
tained. For this condition: 


(Zyt+Ru)?+ 
(Zu+Ru)+ 6Z u(Zu+Ru) 


t= 30 
sf 3Zu (30) 


Working Curves 


The formulas given up to this point can 
be simplified and the results plotted into 
useful curves by employing the ratio of 
constants Ry/Zy. Let 


b=Ru/Zu 
Then equation 18 becomes 


ars — = 


T aly? 
1+ 


a Syn. rpm 

The quantity in brackets is plotted for 
a range of b values and is designated By. 
This is of value in determining the starting 


l.2 T 
| 
'.1 ee t 
9=) 4 
y 
1.0 T 
} 
1.3 
0.9 
a sage 
0.8 lo 
ar ea ae 
0.7 
Lt 
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0.5 4 
a=0.9 
0.4 
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Figure 4. Relation between current in starting 
and current in main windings 


torque after a has been selected. See 
Figure 3. ' 

The ratio of currents in the two wind- 
ings: 


Is/Iu=Z 02! V/2Z x Zu-+Ru) 


If the 6 ratio is used, this can be ex- 
pressed: 


Ie/T ahee 
eet TALN/ bad 


The quantity in brackets will be desig- 
nated Bz and is plotted for a range of 
values of b in Figure 4. This is useful for 
determining the starting winding current 
after a has been selected. 

To determine the ratio of transforma- 
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tion required to produce a given total 
current the following ratio is useful: 


4 
oe -++1-+-a? 
The right-hand member, designated 
B3, is plotted in Figure 5. 
The equation for the ratio of transfor- 
mation which gives the maximum torque 
per ampere squared can be rewritten: 


2-| CHEV OHDOT | 
3 


The quantity in brackets, designated 
By, is plotted in Figure 6. This is so 
nearly a straight line that we can assume 


sai. 204 505, 06. HOt Oe. 09 
b= Ru/Zom 
Figure 5. Relation between total current and 
current in main winding 


it to be such for a useful approximation. 
It follows that the maximum torque per 
ampere is obtained for any maximum 
winding if the ratio of transformation is: 


a= 1.12+0.3(Ry/Z a) 
Procedure 


In the process of designing the starting 
winding for split-phase motors it is sug- 
gested that the curve data be used in the 
following manner. The main winding has 
been determined, and the constants have 
been calculated. Perform the operations 
listed. 


(a). In=V/Zy, b=Ru/Zy. 
(0). Select the starting winding distribution. 
(c). Calculate K ws, I, and S’. 


(d). As a check, determine if the slot area 
provided for the starting winding is sufficient 
for a maximum winding (equation 22). 


(e). If the starting current is the critical 
factor, use the allowable I7 and calculate 
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I7/Iy. Read the allowable value of a from 
Figure 5 which will yield this current. The 
a used can be less but should not be more 
than this value. 


(f). For the chosen value of a, calculate the 
starting torque from 


T=Iy? pits Rie B; 
Syn.rpm - 


(g). If the current and torque are satis- 
factory, determine the starting winding con- 
ductors, — 


Cet! 
K ws 


(h). Determine the nearest wire size to 
yield 7,5. ¢ 

(i). Calculate J, from JB, of Figure 4; 
determine circular mils per ampere. 


(j). Investigate if desirable, the effective- 
ness of the winding by comparing the a used 
with the a which would yield the maximum 
torque per ampere. 


Corrections 


Some designers may find it feasible to 
correct the starting torque equation by a 
factor taking into account the rotor bar 
skew and harmonic effects. Such a cor- 
rection has been neglected here as not 
being germane to the development given. 

It will be noted that all resistances are 
given for 25 degrees centigrade. This 
point requires some comment. From the 
standpoint of calculating starting cur- 
rents pessimistically, the ‘‘cold’’ value is 
recommended. Temperature increase will 
reduce the current; hence, this method is 
conservative. As to the temperature ef- 
fects on starting torque, an increase in 
resistance may reduce the current and 
the starting torque enough to yield less 
torque than desired. Temperature in- 
crease of the rotor and the starting wind- 
ing may be opposite in their effects. 
Rapid heating of the starting winding 
usually occurs; it is practically impossible 
to predetermine with any accuracy the 
temperature at which starting winding 
and rotor winding will be operating by the 
time several starting torque tests have been 
taken. There is also some evidence that a 
slight skin effect is present in the rotor 
bars, giving a higher apparent resistance. 
All of these factors cause discrepancies 
between calculated and test values. In 
general, experience indicates the extent 
of the mental reservations with which the 
designer must examine calculated per- 
formance. 


Typical Values 


In the usual design of 60-cycle single- 
phase motors, the ratio of resistances to 
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s ° v1 
total leakage reactances is somewhat a$ 
follows: 


riu/X w=0.3 to 0.4 ro/X 4 =0.3 to 0.4 


Substituting these values, we find that 
(imt+Zm) usually will be from 1.56 to 
1.75 times Xy. For maximum windings 
this fixes the angles within limits, yield- 
ing values as shown in the following: ,, 


rim /X m=%o/X y =0.8 tim /X yw =to/X y=04 


0 =59° 2! 6 =51° 20/ 
0g =380° 50’ 03 =26° 17’ 
- 6,=28° 12’ 0,=25° 3’ 


Example: A starting winding is to be 
designed for a motor rated at one-eighth 
horsepower, 60 cycles, 1,150 rpm, 115 
volts. The following constants are 
known: 


ro =reK , =4.85 Zy=14.1 


rim =4.41 b=0.657 

Ry =9.26 nmutZu= 18.51 

Xy=10.7 — V 

Cy =1,248 l= 
Kw =0.856 c 


37 


1.33 


1.27 


1.25 


1.23 


2 
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Figure 6. Ratio of transformation required for 
maximum torque per ampere squared 


The starting winding is to be designed 


to yield a starting torque of 15 ounce-feet © 


without exceeding 15 amperes of starting _ 


current. “(Lettered items identify the 
steps previously given in the procedure.) 


(b). A starting winding distribution will 
be selected for which 


(c). Kyg=0.8387 1,=4.45 S’=24 slots 


(d). From equation 22, it is seen that 
14,200 circular mils of slot area might be 
needed. :Adequate space has been provided 
in the slot so that the fullest starting winding 


coil can have this value of useful copper — 


cross section if required. 


(e). Ip/Iy=15/8.17 or 1.85 _ 


* 


= 
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From Figure 5 Table I. Contrasted Results 


= 1:27 A, : a 


This is the ratio of transformation which 
will yield a starting current of 15 amperes. 


Bi. 
: 


3 
ae 


Conductors, starting winding...... 1,056 1,056 10562742 as 850 .850 
‘ LE (oy Sa ee hi, Son Re oe 1.21 Lake a 1.21 1.5 1.5 
f). Read B, from Figure 3 as 51.2. Resistance, starting winding........ 12.7 16.0" .. TORO) rears DONT icon itttet ate 8.22 
1 27 x4 85 Starting torque, ounce-feet........ 16.80 16.10! 3 16. 15) sere 19.2 20.6 
: : Tota] starting amperes............ 14.4 1 ee ees BA 43 cetera 1 963 5 nce sero 3 17.9 
re 3 2 cm = A ied 
T=8.17 7200 51.2 or 17.5ounce-feet ci arting winding amperes.........- 6.53 5555... 7255 Tiare eee 10.13 
i i Torque per ampere.............-: 1.165... 1.208. . 1 SOK 2 ce ox! dee eo Career ee incor 1.15 
5 \ . Circular mils per ampere.......... 49 Bema f'! hen N.S eng BS Oi oa). aera Se 39.6 
Since only 15 ounce-feet of starting torque Commetiter.s chime ceanry eh ree ate Maximum... 71S too... 7S too...., New y Gp Gitta s New a 
are required, some leeway can be used in winding large small trial maximum 
the number of turns (reducing rather than design winding 


raising a) and in the starting winding wire 
‘size. If need be, @ could be as low as 
15/17.5X1.27 or 1.09. 


(g). 


The starting winding conductors: 


0.856 X 1,248 


ee Foote 1170 
0.837 X(1.27 to 1.09) 710° 


Ss 


‘Conductors in the fullest slot will be: 


1,010 to 1,170 


‘= 
Cs/S 5A 


=42 to 48,7 


The minimum value yields the highest start- 
ing torque. 

(h). The wire size can be determined 
readily by several different methods, but, 
since item d has shown that the circular 
mils. per slot should be 14,200, the circular 
mils per conductor are obviously: 


14,200/(42 to 48) =349 to 295 


Use number 25 with a cross section of 320 
circular mils. 


This will yield a starting winding resistance 
of from 12.1 to 14.0 ohms, depending upon 
the number of turns used. To satisfy the 
relationship of equation 14 the resistance 
should fall between 11.4 to 15.5 ohms with 
the variation in turns. We might assume 
‘that 44 turns will be used in the fullest coil, 
giving Csa value of 1,056. Thena=1.21 and 
fis = 12.7. 


Since 


ris =1/a%(r7,y+Z u) 


is still satisfied by this choice, the final 


winding is a maximum winding. Some lee- 


- way usually can be tolerated in this final 


check. 
(2). 
Tg=IuB2=8.17 X0.80 or 6.53. 


The starting winding current: 


By is read from Figure 4. The circular mils 
per ampere =320/6.53 or 49. 


(j). To check the design against the maxi- 
mum starting torque per ampere, use By, 
in Figure 6, or calculate. Then a=1.12+ 


- 0.380.657 or 1.317. From this viewpoint _ 


the winding could be more effective. 


ee The final value of starting current is 14.4 


amperes, yielding a starting torque of 16.8 


pe ounce-feet. 


_ Conclusions 


sy 7 
a 


= he advantages and disadvantages of 
this design procedure are well illustrated 
. by the numerical example and table of 


ing method and the accompanying curves 
yield at once the desired performance 
items. The tabulated results of the sample 
design are shown in column 1 of the table. 
As a further investigation the resistance 
of the starting winding was arbitrarily 
increased for the calculations of column 
2, and decreased for the calculations of 
column 3. Both changes showed a de- 
crease in starting torque, illustrating that 
the maximum winding yields a true maxi- 
mum of torque as previously indicated. 
Yet the actual change in torque is small, 
which indicates that the curve of torque 
versus starting winding resistance, under 
the other conditions maintained in this 
method, is comparatively flat. This is a 
useful fact, for it gives the designer some 
choice in starting winding conductor cross 
section without serious interference with 
final results. 

As pointed out previously, many com- 
binations of windings might yield the 
desired results. An example of this is 
seen in column 4. By trial and error, 
with the use of a different ratio of trans- 
formation, a winding was obtained to 
satisfy the limiting conditions, even 
though it was not a maximum winding. 
When the same number of conductors 
was adjusted in resistance until it resulted 
in a maximum winding, the design speci- 
fications were no longer met. These re- 
sults are shown in column 5. It should 
not be concluded that the calculation of 
another winding to yield the desired re- 
sults upsets the advantages of the pro- 
cedure shown here. Such a winding was 
obtained only by a lengthy trial-and-error 
process, with each step calculated without 
the benefit of the labor-saving curves 
resulting from maximum winding proce- 
dure, Furthermore, it will be noticed that 
such a winding is obtained without re- 
gard to the conditions set up as to the slot 
space to be utilized for starting winding 
conductors. 


List of Symbols 


r,u=the resistance of the main stator 
winding 
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r,s =the resistance of the starting winding 
r, =the rotor resistance in main winding 
terms 
ro=the corrected rotor resistance in 
main winding terms 
= Kom 
Ryue=riut+to 
Rs ="3+o/a* 
a=ratio of transformation, 
starting windings 
X y =total main winding leakage reactance, 
stator and rotor, in main winding 
terms 
Xg=total starting winding leakage re- 
actance, stator and rotor, in start 
winding terms 
Zy=total impedance, main winding and 


main to 


rotor 
Zs=total impedance, starting winding 
and rotor 
xo wr : 
K,= ~ = (all main winding terms) 
Ao 


X,)=total magnetizing and primary leak- 
age reactance 


Ty=current in main winding, rotor 
blocked 
Tg=current in. starting winding, rotor 

blocked 


Ip=vector sum of J, and Js 
6y =time angle of lag, VandJ yy 
6s =time angle of lag, Vand Js 
6,=time angle, Jy and Ig 
Cy =series turns, main winding 
Cs =series turns, starting winding 
Kya =winding factor, main winding 
Kyws=winding factor, starting winding 
1,=average length of starting winding 
conductor, in inches 
A =cross section of conductor in circular 
mils ' 
S’=effective number of full stator slots, 
using the largest number of turns in 
any starting winding coil as 100 per 


cent 
b ~ Ry /Z M 
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Some Aspects of Electric-Motor Design 


— Polyphase-Induction-Motor Design 
to Meet Fixed Specifications 


T. C. LLOYD 


ASSOCIATE AIEE 


CURIOUS gap exists in the technical 

literature dealing with electrical-de- 
sign methods. Procedures for determin- 
ing performance by various analyses and 
for various testing methods can befound on 
nearly all of the more common machines. 
Yet the novice or the intelligently curious, 
interested in the field of design, finds but 
few references in the technical literature 
concerning the procedure whereby the 
machine dimensions were first deter- 
mined and the completed design made. 
While it is true that a comparatively small 
group of engineers may be concerned with 
such design work, the philosophy and 
technique of approach could be of interest 
to an entire profession which is so pro- 
foundly influenced by the designer’s 
work. 

It is the purpose of this paper to ex- 
amine the task of the electrical designer 
and the modern approach to his problems. 
Because the field is too large for generali- 
ties to be understood readily in their com- 
plete significance, the polyphase induc- 
tion motor, only, will be considered. This 
field is covered in print, to a limited ex- 
tent, by reference or text books on design. 
The point of view, so presented, will first 
be analyzed to determine how adequately 


it meets the requirements of the design | 


engineer, and an additional approach will 
besuggested. This isin no way intended 
as a minute and detailed exposition of 
electrical design but rather a point of view 
from which the designer operates, with 
illustrative examples. 

The first step in considering the design 
of a polyphase motor is a matter of defini- 
tion. A motor has a certain rating be- 
cause 


1. At that rating, the breakdown torque is 
at least a certain minimum percentage of 
the full-load torque. 


2. The starting torque is a certain mini- 
mum percentage of the full-load torque. 


Paper 44-2, recommended by the AIEE committee® 
on electrical machinery for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944.. Manuscript submitted July 
26, 1943; made available for printing October 29, 
1943. 


T. C. Lioyp is chief engineer for Robbins and 
Myers, Inc., Springfield, Ohio. 
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3. The locked-rotor amperes do not exceed 
a certain definite value. 


4. The full-load temperature rise does not 
exceed a definitely fixed value. 


For general-purpose motors or some 
groups of special motors, these specifica- 
tions are fixed by standardization. How- 
ever, no recent standards are available 
on item 3 aside from the requirements of 
power companies, and the old National 
Electric Light Association rules, which 
appear to be considered rather generally 
by the motor industry. 

Only the addition of limits on full-load 
slip are needed to complete the list of 
important motor characteristics which 
must be met by a successful design. Even 
with no standards at present pertaining to 
this item, it is limited largely through 
having to deal with a competitive market. 
The same might be said of practically all 
items concerning motor performance. 
The type of application, the specifica- 
tions set by the customer, or the general 
understanding as to what is acceptable 
commercial practice are all of such im- 
portance that, even with no standardiza- 
tion on any of these items, in effect they 
are all fixed either exactly or between 
limits. 


<== 


Power [actots ciiegcss srnsiot O.900 Tet @.89%.%. 
FEMACIEHC YN, we so tet eae eee 059059 330k 0.90... 
Apparent efficiency........ OD 8945. Sere 0.801... 


t FP 
wherein vee ae | 
D=rotor diameter in inches 
I =axial length of the rotor stack in inches 
(assumed equal to the stator stack) 
K =a constant 
B,=flux density in the gap 
q=ampere conductors, stator or rotor, per 
inch of periphery 


This formula is theoretically correct*’ 
For any given design, if the correct values 
are substituted in the right-hand member, 
it yields a calculated value of D?Z in 
agreement with the physical facts. But it 
is when the process is applied in the form. 
for which it is intended that some am- 
biguity exists. Consider the terms mak- 
ing up the formula. 

The average gap density, B,, may fall 
between limits of 30,000 to 40,000 lines 
per square inch for 60-cycle motors, ac- 
cording to various writers. Actually this 
may be influenced by a number of factors. 
These would involve the proportion of 
tooth and yoke areas in the stator and 
also the rotor laminations. The radial 
length of air gap has some influence also, 
for higher gap densities are usually 
avoided on motors in which the stator 
bore is not ground after construction. 
These all influence magnetic side pull 
and hence reduce the allowable gap den- 
sity. In light of these facts, considerable 
variation in the density is logical and 
inevitable. ‘ 

The full-load power factor and effi- 
ciency are required in the equation. 
These are also terms which are subject to 
some variation, although not over so 
great a range. Suppose we select a 
25-horsepower, 1,725-rpm_ general-pur- 
pose motor as typical. From different 
sources we obtain values as follows: 


Tos DORs jamie OROS5 creates 0.87) cae 0.890 
SoS LOS pre otal ON S90 Cen sn ne 089 exe pte 0.895 
i ec O:S7TASi tie. ONS82 eet s rae eit 0.7965 


With known values of these character- 
istics required of the completed design it 
would appear that a satisfactory design 
procedure would- incorporate methods 
whereby the characteristics could be 
achieved. It is interesting at this point 
to examine the process most commonly 
published for initiating a design, namely, 
the use of the D*Z formula. This takes 
a form about as follows: 


DL= horsepower 
rpm 


K 
B,Xpower factor X efficiency Xq 
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These represent two published sources 
and four tests of different manufacturers’ 
motors. 2 

The remaining term, g, involving am- 
pere conductors, is one of the chief causes 
for uncertainty in this equation. It is 
related to circular mils per ampere and 
may appear’ in conjunction with other 
terms as ‘‘electric loading.” Ultimately, © 
it is intended to give a measure of heating 
or to control the temperature rise of the 
motor. Now if the D?Z equation is ex- 
pected to be widely useful, it is to be as- 
sumed that considerable data on prob- 
able values of g for standard open motors, 
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enclosed motors, intermittent ratings, 
and so forth should be available. - Actu- 
ally, suggested values are nonexistent 
except for a few average curves. 


It was approximately six years ago, 
that the writer’s interest in the D?L 
equation and the g factor was aroused 
to the extent of starting an active file on 
the, subject. Since then, the calculated 
values of g from various motors, repre- 
senting a wide range of manufacturers, 
have been accumulated. The results 
have been both astonishing and worth- 
less. _Even though such types as totally 
enclosed, totally enclosed fan-cooled, 
intermittent ratings and 25-cycle de- 
signs are segregated, no possible curves 
for suggested values of q versus horse- 
power could be drawn through the several 
hundred points obtained. One cause of 
discrepancy is the fact that while one 
group of motors was nominally 40 degrees 
centigrade rise, the actual temperature 
rise at full load for such motors varied 
from 19 degrees centigrade to 45 degrees 
centigrade. Typical values for the 25- 
horsepower rating previously mentioned 
were 635-, 790-, and 885-ampere conduc- 
tors per inch for three motors, against 
500 and 710 from reference-book recom- 
mendations. 


More must be said about electric load- 
ing, but let us first take stock of the in- 
fluence of these factors. It must be kept 
in mind that the whole purpose of the 
traditional design process is to assume 
reasonable values for these factors, to 
substitute in the D?Z equation and thereby 
to determine the armature dimensions for 
the given horsepower and speed. Let us 
consider the 25-horsepower rating, deter- 
mine D?L, using the lowest values of the 
factors, and recalculate, using the highest 
values of all terms as recommended or 
found on actual designs. Granted that 
this may be an extreme procedure, the 
results are none the less surprising. The 
designer is thereby offered a choice of 
approximately 2.6 to 1 for the rotor vol- 
ume. In short, if he has selected say ten 
inches for the rotor diameter, the D?L 
equation has ‘‘fixed’” the lamination 
stack between approximately 2.5 to 6.0 
inches. One does not need to be a very 
experienced designer to be able to esti- 
mate this closely and avoid the nuisance 
of calculation. ‘ 


Having gone through the calculation of 
the required D?L for a given horsepower 
and speed, it is well to re-examine those 
first items by which the motor has been 
defined. To repeat, a motor has a certain 
rating only because its maximum torque, 
its starting torque, its starting amperes, 
its temperature, and its slip are within 
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certain limits. Yet one finds no such 
items directly in the D?Z process, and one 
is forced to the conclusion that this de- 
sign approach has initiated a design pro- 
cedure with no regard to the items by 
which the design is defined. Several 
more subtle difficulties are present. 
When gq has been chosen for the design 
calculations, the number of conductors 
on the winding are thereby fixed, except 
for the possible changes of D relative to 
L. Working with a selected value of flux 
density and a relatively fixed number of 
ampere conductors per inch may fix the 
maximum torque but with no regard to 
the desired value. The final design may 
readily be one in which the chosen pro- 
portions actively prevent the designer 
from obtaining a characteristic demanded 
of the motor. 


Of all the terms in the D*Z equation, 
only one is assumed to be concerned 
directly with a desired characteristic. 
This is g, which, as a measure of electric 
loading, is intended to assure a safe value 
of temperature rise. Unfortunately, ex- 
perience tends to minimize the impor- 
tance of electric loading rather than em- 
phasizeit. Motor ventilation introduces an 
important factor which 1s taken into ac- 
count in no design process. Yet its effect 
is equally important, if not more impor- 
tant, than electric loading. 

The design office with which the writer 
is connected has just completed a new 
series of motors in which a thorough in- 
vestigation has been made of motor air 
delivery, velocity through the ventilating 
ducts, and air-flow paths. (All attendant 
heat runs were made by thermocouples, 


located at various positions throughout - 


the winding and on the core surface.) 
Conclusions, extreme as they may appear, 
can be summed up about as follows: A 
design using say 300 circular mils per 
ampere in the stator winding, with correct 
ventilation, may display lower tempera- 
ture rise than one with 600 circular mils 
per ampere and ineffective ventilation. 
The correct design of a cooling fan, or of 
baffles used with the fan may have more 
effect on motor*heating than a 75 per 
cent or even 100 per cent change in 
electric loading. On totally enclosed 
motors the use of properly located fans 
and in some cases fins to break up the 
vortex caused by these fans, may make a 
difference of from 20 to 30 degrees centi- 
grade on the temperature of the stator 
copper. 

If the classical theory for initiating a 
motor design is inadequate for meeting 
the specifications of a competitive mar- 
ket, by what method is a motor designed? 
Before attempting an explanation, it is 
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informative to look at the next steps 
which tradition has given us for the de- 
sign procedure. These are 


1. The design of the laminations and wind- 
ings, using the rotor diameter and stack as 
determined by the D?Z equation. 


2. The calculation of winding constants. 


8. The determination of performance. 


\ 


Note in this process that the defining 
items, determining the success of the 
design, cannot be calculated until the 
design is finished. Failure calls for ex- 
tensive redesign. Let us modify this 
traditional point of view, setting up a new 
criterion for a successful design method, 
namely, an ideal method for design is one 
built around a set of equations in which it 
is possible to supply the desired char- 
acteristics and solve for the physical con- 
stants. Note that this is a direct ap- 
proach to the defining items. 

Following this procedure, a polyphase 
induction motor could be designed by 
selecting any one of the defining char- 
acteristics as a means of determining mo- 
tor proportions and windings. But the 
process is greatly simplified if these are 
fixed by maximum torque. 

The maximum torque is influenced by 
only two of the winding parameters, 
stator winding resistance, and total 
leakage reactance. Once it is used to 
determine these winding parameters, in 
conjunction with the rotor resistance, it 
fixes 


(2). 
(b). Starting torque. 
(c). Full-load slip. 


Locked-rotor amperes. 


For these reasons the design process 
will be set up on the assumption that 
motor proportions and stator winding are 
fixed by the required maximum torque 
of the motor. 

An electric motor consists of both a 
magnetic and an electric circuit. Theoreti- 
cally, both need to be designed; actu- 


_ally, in the great majority of cases the 


contour (if not the area) of the magnetic 
circuit is fixed. This is because the motor 
industry may sell horsepower but actu- 
ally sets up to manufacture frames. Into 
these frames certain laminations can be 
built, and once the dies for producing 
them have been made, economy demands 
as wide a use of these laminations as 
possible. Changes in winding speci- 
fications represent no such investment, 
and hence the designer is constantly 
under the economic pressure to build as 
many ratings as practicable in the same 
laminations, achieving the desired char- 
acteristics by control of the electric 
circuit, 
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For these reasons the first example of 
design process shown here will be based 
on the assumptions that the laminations 
are already designed and that the stack 
has been chosen. In short, this is de- 
sign in a fixed magnetic circuit, using-a 
predetermined or fixed radial length of air 
gap. 


The Maximum-Torque Equation 


The equations to be used in these 
analyses will be based entirely on the 
approximate equivalent circuit for the 
three-phase induction motor. The writer 
does not consider them accurate enough 
for high-grade design work, but in this 
paper we are interested. in the principles 
involved and do not want to complicate 
the approach by a series of corrections 


necessary to the concepts of the exact 


circuit representation. 
On such a basis, a common equation 
for maximum torque is: 
7.05 nk? 
m be Ra f= = 
Syn. rpm oR +W Re+X 2] 


pound-feet 


r 
(1) 


The first requirement is to obtain, not 
torque in terms of circuit constants, but 


circuit constants in terms of torque. 
Then 
7.05nE? 
. 2 yy? ——_—__—_____ 
ait VR es 2(Syn.rpm)7,, 


There are two winding constants in 
this equation. It is difficult to obtain 
a winding in terms of both R; and_X, and 
for simplification we will make use of the 


ratio a, defined as R,/X. Now 


r 7.05nE* " Lae 
™ -2(Syn. rpm)X} gt +/a2+1 


pound-feet (2) 
or 
2 Foy 2 
es _3.52nE nN (3) 
Syn. rpm 7, 
where 
B seit (4) 
at V of +1 


There are two facts connected with 
this transformation which are highly im- 
portant. 


1. Through equation 3 we obtain an ex- 
pression for the reactance of the winding to 
yield a required value of maximum torque. 


2. This expression no longer contains the 
term A, but merely the ratio of R,/X. 
The ratio of stator winding resistance to 


total leakage reactance is independent of 
the winding for a fixed stack. This ratio is 
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a function of the lamination design and is 
constant except for the slight change 
brought about through winding pitch. 
It is upon this fact that the entire simpli- 
fication of the design process depends. 

It is now only necessary to obtain an 
expression for leakage reactance in terms 
of stator conductors to determine directly 
the winding necessary for a required value 
of maximum developed torque. 

To follow these steps in more detail: 

Resistance of the Stator Winding. If 
the area of each stator slot is A circular 
mils, of which the decimal fraction k is 
useful, the total cross-section area of 
copper available per phase is 
ARS, 


(circular mils) (5) 

If /, is the average length of conductor, 
the resistance of all copper per phase, 
with the slots full and all of the conductors 
in parallel, is 


CLAUS es 
AkSiet 


0.2 03 04 05 06 07 08 9 
oc=Ri/X 


Figure 1. Correction for stator resistance drop 


Split up into C series conductors, the 
resistance of the winding per phase at 
60 degrees centigrade will be 


lon 


= C? 
AkS, & 


Ri 


Leakage Reactance, Stator and Rotor. 
The form to be used for this equation is 


X =22fC?n 10-8 


wherein & is the permeance of the leakage 
paths for both stator and rotor, corrected 
for pitch. 

The equation 


Riv. i K103 


X ~ QnfARSO (8) 


is the development of the statement 
made previously concerning this ratio. 
The obtaining of an expression for wind- 
ing resistance as a function of C? is 
shown to be useful by the fact that this 
eliminates the number of conductors from 
the ratio, leaving it (as previously men- 
tioned) as a function of the laminations. 
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When R,/X is known, it is convenient to- 


obtain 6 by the curve of Figure 1. 

If this is substituted in equation 3, 
we obtain a value for X, from which it 
follows that the required series conductors 
are 
peas 

2xrfnP 


(C; (9) 


The total series conductors Cn will be 
divided into S,; slots. The approximate 
copper area ‘per slot is Ak, and hence 
the circular-mil area of each conductor is 


AkCn 
Si 


(10) 


This is adjusted to the nearest wire size 
and the number of parallel paths desired. 

We now have the stator winding, both 
turns and wire size, to give a prescribed 
maximum torque. When the rotor wind- 
ing has been calculated, it represents a 
completed design, except for all of the 
performance checks which a careful de- 
signer may wish to apply. Only one such 
check will be shown at this point. 

Flux Density in the Stator Teeth 
(Maximum) in Kilolines Per Square Inch. 


70.9EP108 


= (11) 
CXfX kw XtboXLXSi 


t 


Note that the weak point in this method 
lies chiefly in the fact that the initial 
steps in design are taken without regard 
to flux density. Only when the con- 
ductors have been determined can the 
density be checked. This is not often 
serious for an experienced designer, but 
it is confusing to the novice. The next 
step shown eliminates such uncertainty. 


Stack Necessary to Produce 
Required Torque and Density 


In the previous analysis the stack was 
fixed, and the flux density for the re- 
quired design was determined only as a 
final check. A method will now be shown 
whereby the stack and winding will be 


‘determined, simultatieously, to yield the 


required torque in a given set of lamina~- 
tions. The problem is complicated by 
the fact that there exists no simple rela- 
tionship between maximum torque and 
stack for a fixed flux density. Note that 
the maximum torcue depends upon both 
R,; and X. As the stack varies, R; be- 


comes a function of a changing length of 
-conductor, one portion of which (the 


embedded : part) varies as the stack; 
the end-coil length is fixed for all stacks, 
Also, as the stack varies, two components 
of X (the slot and zigzag components) 
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a 


‘4 


ee 


vary directly, while the end-leakage com- 
ponent remains independent of stack. 

The resultant variation of torque with 
stack depends upon the relative values of 

‘these components in any design. 

Now if it were possible to divide an 
electric motor into two imaginary parts, 
one made up only of the stacking and the 
constants resulting from the embedded 
conductors, and the other made up of the 
winding constants resulting only from the 
end coils, the former part would yield a 


tory 
t = 
: aa 
0.8 
FH 
06 
HH 
4 
: HH 
0.2 
aaee 
ro} 74a fal 
© Of 0? 03 04 05 06 O07 08 09 
oca=Re/X 


Figure 2. The ratio a represents starting torque 
+ divided by maximum torque 


_ torque as a simple function of stack. It 
_ would then be possible to vary the stack 
until the required flux density was 
achieved, adding the influence of the 
“end” motor to obtain the over-all per- 
formance. 

3 A polyphase induction motor can be so 
7 divided, and we can write: 

For a fictitious “stack” motor, having 
no end coils 


7.05n E78, 


~ 2(Syn. rpm) X, ste) 


where X, is made up of slot and zigzag 
_ leakage components only; 8, is the rela- 
_ tion of equation 4 resulting from the em- 


7.05nE*B, 


ere ee 
ae 2(Syn. rpm) X, 


(13) 
where X, is the end leakage only, 6, is 
the relation shown in equation 4, using 
id leakage and resistance of end coils 
ly. 

_ The actual maximum torque of a motor 
in terms of the two fictitious components 


—————— 14 
bo T,.. on 


relationship is useful because, when 
led, it can be solved directly for 
. Asa first step, from equation 14 


_ 3.53nE*B,B, 


To expand to permeances 


QrfC*n1O-*{P.By+Ps/LB, | 
; 3.53n HB By 
ee 5) 
Syn. rpm X 7", 
When the expression for stator tooth 
density shown in equation 11 is used, it 
follows that the required number of con- 
ductors are 


ea Ene 
SEL Bil + Syhokip 

Let the expression in brackets be C, and 
substitute in equation 15: 


(16) 


CeBs  Ps'Be__ 3.53E%88eX10§ _ yyy 
L? L 2nf(Syn. rpm) C,?7,, e 
To solve for L 
1 
L=—S——==— (18) 
VO+0-0 
wherein 
O5’Be 3 
ca 19 
20.8, Om) 
58.2 X 108 - 
___ B5BE*X108 8. en 


Pr (Syn. rpm)2xfC,2Tn '®, 


This value of L is the stack required to 
give the desired maximum torque, main- 
taining the desired flux density in the 
teeth. The series conductors per phase 
are then determined from C,/L. If this 
process appears too complicated, it should 
be kept in mind that many of the terms 
used are constant for the laminations and, 
if recorded with them, need not be re- 
calculated for each design. 

We have now reached the same point 
achieved in the first process and, with 
the stator winding fixed (by either of the 
two methods), are ready to complete the 
design. 


Examples 


The ideas expounded in the preceding 
material will be illustrated by an ex- 
ample. The problem is to fix the de- 
sign of a general-purpose motor rated as 
three phase, 60 cycles, four poles, 25 
horsepower, 220 volts. 

The specifications to be met are: 


Maximum torque, 210 pound-feet or 275 
per cent of full load. 


Starting torque, 122 pound-feet or 160 per 
cent of full load. 


Starting kilovolt-amperes per horsepower 
4.5to 5.6. 


Full-load slip, not over five per cent. 
Tempervature ‘rise, 40 degrees centigrade 
continuous. 


The frame in which this motor is to be 
built has a diameter such that it will 
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accommodate laminations with an outside 
diameter of 14.75 inches. In effect this is 
fixed by the fact that the standard 
National Electrical Manufacturers Asso- 
ciation frame for 25-hp 1,750-rpm rating 
has a mounting height of shaft above base 
of nine inches, thereby limiting motor 
diameter to 18 inches. Actually only a 
lesser dimension is available, still further 
reduced by the thickness of the shell or 
frame casing. Of several laminations 
which might be available, the one selected 
displays the following data: 


Stator 
Outside diameter... .14.75 inches 
BOK Ciriani cially ti 10.0 inches 
Slots. was ue sinew 48 
Tooth width........ 0.3125 inch 
Slot area. cn aiausg ri. 0.51 square inch 
Slot constant. .<.... 1.89 

Rotor 
Outside diameter.... 9.94 inches 
SIGS at eva ess Aeon 60 
Minimum tooth 

ICL earache sane 0.182 inch 

Slot constant... 4... 1.3 


Winding factor, for throw of coils (slots 
1 to 11), is k,,=0.925. 

The first step in the theory involved 
design in a fixed stack. We will assume 
at this point that a stack of five inches 
will be satisfactory. Later the work will 
be repeated, solving for both stack and 
winding. 

From the data we calculate the follow- 
ing permeances for an assumed pitch of 


02 03 04 05 06 O07 Oe 1.9 
a=Ri/X 

Figure 3. Locked volt-amperes equal 6 times 

the product of maximum torque and syn- 

chronous rpm 


83.3 per cent. These are the sum of both — 
stator and rotor values. 


Slot permeance =0.99 
Zigzag permeance = (655 
End permeance =(0.764 


Total leakage permeance =2.409 


Note that the leakage reactances dealt 
with are slot, zigzag, and end com- 
ponents for both stator and rotor. This 
method can be used regardless of the leak- 
age components preferred. Thus, one 
may choose to deal with slot, differential, 
end, and skew components, as calculated 
by formulas generally available. It is 
only necessary to modify these formulas 
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SO . 
RATIOS PER CENT STARTING TORQ 
By -PER CENT MAXIMUM TORQUE = 


if 


02 03 04 05 O06 O07 
oc=R,/X 


08 O09 


KILOVOLT-AMPERES PER HORSEPOWER 
b 


Figure 4. Relation between locked kilovolt- 
amperes per horsepower, starting torques, 
maximum-torques, and slip for various values 


of R,/X 


(regardless of their source) until they take 
the form 


2xfnP10-* 


X(any component) = 


The permeance @ must be corrected for 
pitch, using such methods as given by 
Adams or Alger. 

To calculate the stator resistance we 
know that the slot area is 650,000 circular 
mils of which about 28 per cent can be 
filled with useful copper. 

The length of conductor is calculated 
to be 16.95 inches, and there are 16 slots 
per phase. Therefore, the ratio of Ri/X 
for these laminations is 


16.95 X 108 
2af X 650,000 X 0.28 X 48 X 2.409 


or 0.213 


By referring to the curve of Figure 1 we 
find that 8 equals 0.815, and hence we 
know that the leakage reactance required 
to yield a maximum torque of 210 
pound-feet is 

3.538 X3 X 127? X0.815 


Kim 0.37 oh 
1,800 X210 a a 


From equation 9 it follows that the 
series conductors are 116. 

A total of 116 series conductors per 
phase cannot be wound into similar coils 
in 48 slots, and hence the actual number 
used will be 112 conductors resulting from 
14 turns per coil. 

As the useful slot area is 182,000 circu- 
lar mils, the area per conductor is 6,500 
circular mils requiring the use of number 
12 wire in a four-wye circuit. 

The stator winding is now fixed both as 
to number of turns and wire size. The 
final correct value of R,/X is still 0.213, X 
is 0.34, and the maximum torque is 227 
pound-feet. 

We should still check the flux density, 
using the stator tooth density as a cri- 
terion. From equation 11 we find 

70.9 X127X4X 108 


B= 77 
‘= 779x60X0.925 X0.3125x5x48 


This completes the first part of the de- 
sign by the method outlined here. _ It has 
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been a simple, direct process, giving at 
once a characteristic required by the 
specifications. 

In case, however, that the experienced 
designer has not been able to estimate the 
required stacking to give such character- 
istics, we will illustrate the second 
method already discussed, whereby the 
stack and winding are both determined 
for the maximum torque. 


Second Method 


The same motor is to be designed with 
the same laminations, but we will assume 
at the start that a flux density of 86,000 
lines per square inch in the stator teeth 
will be acceptable. (Values might vary 
from 75 to 100 kilolines.) The problem 
now is to determine the stack and the 
winding. m4 

It is assumed that the following data, 
pertaining to the laminations as used pre- 
viously, have been tabulated. 


(a). The slot permeance (both stator and 
rotor) per inch of stack for various pitch 
windings. This will be 0.198 for a pitch of 
83.3 per cent. 


(b). The combined zigzag permeance per 
inch of stack for various pitch windings 
and with a fixed radial length of air gap. 
This will be 0.181 for a pitch of 83.3 per cent. 
The sum of slot and zigzag permeances will 
be designated at @;’ and equals 0.329 for 
this example. 

(c). The combined end-leakage permeance 
for various winding pitches. For the ex- 
ample, this is 0.764. 

(d). The resistance of a fictitious conduc- 
tor, equal in area to the total cross-sectional 
area of all slots per phase, and one inch in 
length. 

(e). The length of end connection of one 
conductor for various throw of coils. 


(f). The resistance of a fictitious conductor, 
equal in area to that of item d but equal in 
length to the end connections of item e. 
From such tabulated data it is neces- 
sary to determine R;/X for the stack 
motor: . 


108 
2rf ARSC,’ 

108 
~ 377 X 180,000 X48X 0.329 


R 
= (stack) = 
or 0.0935 


R,/X for the end motor is 


lend) 108 11.95 108 
QrfARSiP, 377%X180,000X48X 0.764 
or 0.478 


Refer to Figure 1 and obtain 
6. =0.63; 6;=0.914 
From equation 16 


ae 127X4 70.9103 aa 
° 80X60 48X0.3125 X0.925 
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Calculate fs 
44 
0.329 0.63 
ee oe ITs 
2x0.76x0.914 % °° 
5 3.53 X 1272 108 0.63 
*" 1,800 377X5402X210 0.764 
or 0.103 


From equation 18 L=4.56 inches 
This can be rounded off to 4.5 inches. 
The series conductors per phase aré 

C,/L or 120. 

This needs no adjustment, as it reuilts 
in uniform coils of 15 turns each. Using 
number 12 wire provides a tight but us- 
able winding, increasing the circular 
mils of copper per slot to 197,000. The 
correct value of Ri/X is then 0.207; 
Bis 0.814, and the maximum torque is 212 
pound-feet. 


Fixing the Rotor Resistance 


Only one winding constant remains for 
determination, namely the rotor resist- 
ance. This will determine in part the 
starting torque, the starting amperes 
(or starting kilovolt-ampere per horse- 
power) and the full-load slip. Since all of 
these characteristics are determined by 
the value of R, it is obviously impossible 
to obtain, say, certain values of starting 
torque and then expect to obtain, in- 
dependently, values of slip or starting 
amperes. Their interdependence pre- 
vents such wide choice. 

In the analyses which follow we will 
see how rapid checks on the practicability 
of the characteristics can be obtained 
readily and the rotor resistance chosen. 


STARTING TORQUE 


Using the approximate caieetee 
circuit, the starting torque is 
7.05 nR2E? F 
TE Se 21 
*“ rpm (Ri-+R,)?+X? (21) 
The ratio of starting torque to maxi- 
mum torque will be 


_2R [RAV RIFX?] 


Tas (Rit-R2)?+-X? 


(22) 

If this is set up in terms of the ratios, 
R,/X=a and R2/X=a2, we obtain a 
relationship such that | 


T;=aTm (23) 
where 
_208 le+Va?+1] ey (24) 
(a-+a2)?+1 , 


This is plotted in Figure2. 
Note that the first steps in this process 
have fixed R,/X and the maximum 


ELECTRICAL ENGINEERING 


~ 


‘torque. Hence, with the starting torque 
chosen, the use of these curves immedi- 
ately fixes R,/X and hence Rp. 


STARTING KILOVOLT-AMPERES PER 
HORSEPOWER 


Since this ratio gives a measure of the 
starting current, it is subject to power- 
company limitation. A series of bands 
has ‘been set up as standard by NEMA 
each range being designated by a code 
letter to appear on the motor name plate. 
In general, the starting kilovolt-amperes 
have been fixed largely by the maximum 
torque, although the rotor resistance has 
some influence. The relationship can be 
derived as shown below: 


2 
Volt-amperes (start) =— i ge ee 
V (Ri +Rs)? +X? 
(25) 

bei Ratio 
— -Va_xpm [R4+-VRit+X?| 
Tm 3.53 9/(R,+Rs)? +X? 
K Si 
} ; 3.53-V (a-+on)?-+1 
“4 


The yalue in brackets is plotted as b 
in Figure 3. Obviously 


bXTXtpm=starting volt-amperes 


Once R, has been chosen by starting~ 
torque considerations, the value of 6 can 
_ be read to determine the volt-amperes 

at starting. 

It is interesting to note that the rela- 


a in the form: 


b=0.183 locked kva per hp 


27 
T/full-load torque (27) 


eg 


5. ae (ratio of maximum to full-load 
torque) =locked kva/hp 


By selecting various useful ratios of 

“maximum to full-load torques and start- 
‘ing to full-load torques, it is possible to 
assume a series of values of Ri/X, thereby 
- fixing the required values of R:/X. With 
these known, b can be calculated and 
the resulting kilovolt-amperes per horse- 
wer determined. , Such curves are 


L-LOAD SLIP 


s value is of special importance in 
cases and obviously has been fixed 
n as the maximum torque and rotor 

e are determined. Any fairly 


ARY 1944, VoLuME 63 


tionship of equation 26 can be rewritten » 


accurate check on the probable value is of 
interest before the final design is com- 
pleted. To obtain such check it is pos- 
sible to make use of a derivation based 
on the following: 

The slip at any torque is approximately 


Ry 
= 28 
5 V+R (28) 
En X 5,250 
—2(Ri+R 29 
Tae X TX rpm (Ri+R2) (29) 


Using the ratio of maximum to full- 
load torque, we obtain by substitution 


y m2 Col) 208+) 


From this it follows that 
a 


Mihi hiie 
pee eet 


ats (30) 


Refer again to the curves of Figures 4 
and 5. For each torque ratio chosen, both 
a, and a are fixed, thereby enabling the 
full-load slip to be determined through 
equation 30. A few of the slip curves have 
been added to these figures, and the value 
of such curves is apparent, as they indi- 
cate at once the limitations in design. 


Example Continued 


Before proceeding with the actual cage 
design, the réquired value of rotor re- 
sistance will be determined. 

Note that a starting torque of 160 per 
cent is required and that R,/X is 0.207. 
Reference to Figure 5 shows by interpola- 
tion that the slip would be slightly less 
than five per cent for these ratios and 
that the kilovolt-amperes per horsepower 
is approximately 4.68. These are within 
the limits set in the specifications. Hence 
the design is feasible. Had such values 
been different from the requirements, 
no amount of readjustment would have made 
at possible to have obtained all of these 
characteristics. It is often likely that 


. impossible) specifications can be written 


th 6.5 gene, 
9 RATIOS PER CENT STARTING TORQUE 5 
& 6.0 [TO PER CENT MAXIMUM TORQUE > Eo | 
& PL ete 9 
= 5.5 H 

5.0|-| 
g Be 
& as mae 
3 ‘ Bee 
i 4.0 Ae 
6 Oo O1 02 03 0.4 05 06 O07 08 09 
pa] a=Ri/X 
x i re 
Figure 5. Relation of locked kilovolt- 


amperes per horsepower, starting torques, slip 
and various values of R,/X for a fixed per- 
/ centage of maximum to-que 
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for simple squirrel-cage polyphase induc- 
tion motors. 

Calculating the ratio of T, to T,, indi- 
cates that a is 0.58. From Figure 2 we 
find that R./X must be 0.30, and hence 
R, is 0.11. This is the value required. 
A further check on slip by equation 30 _ 
indicates that it is 4.96 per cent. 


ReEQuiIrRED CAGE DIMENSIONS 
Common formulas for rotor resistance 

differ only in small details. A useful form 

is 

QAL XK C? XK ky? XK 10-5 


1.52D,C*k "10 * 
S, KP? 


=R, (31) 
The first term applies to the bars, the 
second to the end rings. These are set 
up for the conductivity of copper and 
should be multiplied by the appropriate 
resistivity ratio, if other materials are 
used, 

Because the laminations are already 
chosen, bar area and length are fixed, 
with only the resistivity left as a possible 
variable in some cases. It is therefore 
necessary to obtain the required resist- 
ance by adjustment of end-ring cross 
section, S, Let us call the first term 
Ry; hence 


1.52 D,C%hi210~° 


r= PA(R,— Ry) GF 


It is necessary to assume the probable 
end-ring shape or its radial thickness in 
order that the mean diameter of the end 
ring, D,, can be chosen for this solution. 
Once this is done, all other terms are 
known, so that equation 32 can be solved 
directly for the required square inches of 
area. 


Example Completed 


The 25-horsepower motor, used as an 
example, required a rotor resistance of 
0.11 ohm in stator terms, to meet the 
specifications. Slot areas are such that 
round copper bars having a cross-section 
area of 0.0655 square inch are used. 
Hence 

2.4% 4.5120? K0.856 X 10~° 


jot aban 
0.0655 X60 te! 


For an assumed average ring diameter 
of 8.8 inches, each end-ring section is then 
1.52 K 8.8% 120? XO. 856 107° 
Ee a ea 134 
4 42(0.11—0.0338) PEO 1838 
It is customary to check the copper 
loss in the ring, with the motor stalled, 
obtaining a value of loss per pound of 
end-ring material. To keep this to a 
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reasonable value, it is frequently neces- 
sary to use higher resistivity materials. 
In this case the use of 40 per cent con- 
ductivity alloy would increase the section 
to 0.1348/0.40 or 0.336 square inches. 


Summary and Conclusions 


In the critical examination made of the 
D*L analysis as a basis for polyphase- 
motor design there are several factors 
_ making this process inadequate as a de- 

sign procedure. It is based on supplying 
“average” or “‘reasonable’’ values which 
are subject to such variation as to lead 
to indefinite results. It exercises no 
direct control over any of the defining 
factors for the motor rating, except 
through the electric loading as a measure 
of temperature rise. Of all of the char- 
acteristics on which to base motor pro- 
portions, this is the least satisfactory, 
as temperature rise is so thoroughly de- 
pendent upon ventilation and the me- 
chanical design. Finally, no indication 
of the operating characteristics can be 
determined until the design work is com- 
pleted and the winding constants cal- 
culated. 

In contrast to that process, a design 
procedure has been set up in this paper, 
(based on a magnetic circuit of fixed 
contour) whereby the winding is fixed 
by direct solution. These equations in- 
volve the desired characteristics of the 
motor and physical constants of the 
laminations. The simplest approach has 
been found to be to fix the stator winding 
by the maximum torque, leaving the end- 
ring section of the rotor to supply all 
other performance items. This is a direct 
process, indicating almost at once whether 
the performance items can be met. Ad- 
justment of the final design values are 
usually necessary only through the un- 
fortunately gross steps of the standard 
wire sizes. 

Such a process fits the usual design 
office requirements inasmuch as the 
majority of designs are made in lamina- 
tions already available. Two procedures 
have been shown; one based on a fixed 
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stack with the disadvantage of no direct 
control over the resultant flux density, 
and the other based on the division of 
the motor into two fictitious parts con- 


sisting of a stack motor with no end coil, 


and an end motor with no stack. The 
resultant equations make it possible to 
solve directly for the stack required to 
obtain a desired maximum torque with a 
fixed flux density. 

The first step in this process is not 
original with the present writer, having 
been set up by the late-W. J. Branson a 
number of years ago and used successfully 
in several design offices. The point of 
view from which his work was done and the 
continuation of his work into other parts 
of the design procedure have not been 
widespread, if one can judge from the 
inadequacy of the literature in this field. 

On the matter of accuracy, no approxi- 
mations have been made in any of the 
derivations except that the torque and 
current equations are based on the ap- 
proximate equivalent circuit. The slip 
calculation does involve a slight approxi- 
mation, but practice bears out its general 
accuracy. Bear in mind that it has been 
the intention in this paper to present a 
design point of view rather than a highly 
refined process. As adjuncts to this pro- 
cedure, it is possible to make corrections 
in line with the more exact circuit theory, 


to consider skin effect and temperature * 


change at starting, as well as current dis- 
tribution in the rotor end rings. Neglect 
of these would constitute the greatest 
sources of error as indicated by practice. 
Throughout this development the sta- 
tor and rotor laminations have apparently 
been neglected although, obviously, their 
dimensions are of vital importance to 
the performance. A study of hundreds of 
laminations makes it possible to formu- 
late some rules for lamination proportions 
and design. As could be expected from 
the relation of lamination constants, 
maximum torque, and densities, lamina- 
tions of all sizes have an inherent maxi- 
mum torque. Such data are of import- 
ance in attempting to build various 
powers and speeds in a given frame. 
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List of Symbols _ ae 
A—area of one stator slot in circular mils. 
a—ratio of starting to maximum torques. 
b—ratio of starting volt-amperes to prod- 
uct of maximum torque and speed. 
By—gap density in lines per square inch. 
B;—maximum tooth density in kilolines 
per square inch. 
C —series conductors per phase. 
C,—series conductors per phase per inch of ~ 
stack. : 
D —rotor diameter in inches. 
D,—mean diameter of the end rings in 
inches. 
E—applied volts per phase. 
k—fraction of total slot area available for 
copper. 
ky—winding factor. 
1—length of conductor in inches. 
Z—length of stack in inches. 
n—number of phases. 
P—number of poles. 
(@—permeance of all leakage paths, stator 
and rotor. 
sS—slip as a decimal fraction. 
t,— width of tooth in inches. 
Tm—maximum torque in pound-feet. 
T,—starting torque in pound-feet. 
Tme—maximum torque of ‘‘end’”’ motor in — 
pound-feet. 


Tms—maximum torque of “stack’’ motor in 
pound-feet. 
X—total leakage reactance. 
X,—slot and zigzag leakage reactance. 
X,—end turn leakage reactance. 
a—ratio R,/X. 
ay—ratio R,/X. 
B—see equation 4. 
@,’—permeance of slot and zigzag leakage 
paths, or any components, which vary 


with the stack. 

@,—permeance of the end leakage flux 
paths. 

R,:—*tesistance of the stator winding per 
phase. 


R.—resistance of the rotor cage in terms 
of stator winding. 5 
R,— resistance of the rotor bars in stator 
winding terms. 
S;—number of stator slots. 
S:—number of rotor slots. : 
S,—cross-section area each rotor bar in 
square inches. 
- §;—cross-section area each end ring in 
square inches. 


a 
ELECTRICAL ENGINEERING 


’ bt 


Electronically Controlled Dry-Disk 


Rectifier 
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N spite of the practically universal use 
of alternating current for power gen- 
eration and distribution, there exists an 
_ ever-increasing demand for direct cur- 
rent. To obtain direct current from the 
available supplies of alternating current, 
means of rectifying the alternating cur- 
rent have been developed. While many 
types of equipment are available, three 
types, each supreme in its own range, are 
found to be in general use for heavy-duty 
d-c power applications. The mercury arc 
has proved most efficient for the higher 
voltages from 250 volts onup. The inter- 
mediate range from 60 volts to 250 volts 
is supplied by the motor generator set. 
In comparatively recent years the low- 
voltage range from 0 to 60 volts has been 
taken over more and more by dry-plate 

rectifiers. e 
The dry-plate rectifier was first intro- 
duced approximately 30 years ago when 
the copper-sulfide rectifier was developed. 
Later in the early 1920’s the copper- 
oxide rectifier was brought out. Re- 
cently, in fact during the last four years, 
~ selenium-oxide rectifiers have found wide 
usage in American industry. The sele- 
nium rectifier was developed and intro- 
‘duced in Europe in 1928. Continental 
acceptance of this rectifier has been wide- 
spread, for latest estimates indicate that 
88 per cent of the metallic-junction recti- 

fiers in use abroad are selenium. 


Rectifier Characteristics 


The selenium-oxide rectifier has much 
to offer in the way of stability, efficiency, 
P economy, dependability, compactness, 
light weight, and ability to take heavy 
_ overloads for periods of short duration. 
- Within the lower-voltage range it com- 
_ pares more than favorably with rotating 
- equipment. 

Similar to most electrical equipment, 
selenium rectifiers are designed for a tem- 
_ perature rise in continuous operation of 
~ 40 degrees centigrade above an ambient 
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On electronics for presentation at the AJEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1943. Manuscript submitted April 17, 
1943; made available for printing November 8, 
1943. 

ALLEN ROSENSTEIN and H. N. Barnett are in the 
engineering department, Signal Engineering Prod- 
ucts Company, Los Angeles, Calif. 


JANUARY 1944, VOLUME 63 


H. N. BARNETT 


NONMEMBER AIEE 


of 35 degrees centigrade. This means 
that up to the ultimate temperature there 
is no theoretical-limit upon current han- 
dling capacity, and, consequently, the 
rectifier has the ability to handle large 
overloads for a short interval. The prin- 
ciple components of the selenium rectifier 
are transformers, selenium stacks, and 
bussing. These are all static elements, 
each of which has an indeterminately 
long life. Because of this freedom from 
moving parts, bearings, and commuta- 
tors, the dry-plate rectifier offers com- 
pletely dependable maintenance-free 
operation. Selenium stacks readily lend 
themselves to compact space design and 
even the largest rectifiers require no 
foundation. 

The low forward resistance and high 
reverse resistance of the selenium stack 
combine to give the rectifier excellent 
economy and efficiency. Power - tests 
show rectifier efficiencies of between 65 
per cent and 85 per cent, depending upon 
the circuit and the load. The forward 
resistance of the stack is an inverse func- 
tion of the stack current. Consequently, 
the J and R loss will tend to remain con- 
stant, and the rectifier will maintain 
high efficiency with unusual consistency 
from 20 per cent to 150 per cent of full 
load. In the larger equipment the effi- 
ciencies of rotating equipment compare 
with that of the selenium rectifier at 
full load, but the efficiency of rotating 
machinery drops rapidly as the load 
deviates from full load. 

It is only in the matter of control and 
regulation of the output voltage that the 
average large selenium rectifier is sur- 
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Figure 1. Block diagram 
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passed by rotating equipment. Normal 
no-load to full-load voltage regulation for 
selenium rectifiers is 10 per cent to 18 
percent. While such regulation is satis- 
factory for most applications, there is 
still a great number of installations which 
require closer voltage control and regula- 
tion over a wide range. It was to meet 
this need. that the fully automatic elec- 
tronic control discussed in this article 
has been developed. The control makes 
it possible to obtain output voltages con- 
stant to one half of one per cent from 
selenium rectifiers even when the rectifier 
is subjected to widely varying loads and 
large changes in input line voltage. The 
design of the control is such that it can 
be used on either large or small rectifiers 
without any circuit changes. 


Regulated Rectifier Basic 
Elements 


The basic elements of a regulated 
rectifier (Figure 1) are a critically de- 
signed filter, a source of constant d-c 
potential, a high-gain d-c amplifier, 
thyratron-controlled saturating reactors 
and the selenium-oxide-rectifier disks 
with their associated transformers. In 
brief, the operation of these sections is as 
follows: The d-c voltage output of the 
selenium rectifier is passed through a 
filter to eliminate the a-c ripple and then 
compared against a constant d-c poten- 
tial. This difference between the filtered 
rectifier voltage and a constant potential 
is applied to the grid of a high trans- 
conductance tube used as a d-c amplifier. 
Such circuiting gives relatively large d-c 
voltage changes from the amplifier for 
small changes in rectifier voltage. These 
changes in amplified direct current are 
used to form the basis for a d-c phase- 
shifting network that controls the grids of 
a pair of thyratrons. The regulated out- 
put of the thyratrons is circulated through 
the secondary windings (connected in 
series with proper phase relationship so 
that reflected primary voltages cancel) 


OUTPUT 


Figure 2. Filter circuit to eliminate ripple 
from d-c output voltage before comparing 
against fixed voltage 


f= fundamental ripple frequency 


; 

Kam SFG 
= 

Xe= SFG, 
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of saturating reactors that are in turn in 
series with the primary windings of the 
rectifier power transformers. The com- 
ponents of the control are sequenced so 
that if, for example, an increase in load 
were to tend to lower the rectifier volt- 
age, the decrease in voltage would be 
amplified and used to shift the thyratron 
grids forward to cause greater saturating 
current to flow through the reactors de- 
creasing the drop across the reactors and 
increasing the voltage across the power 
transformer. 


Filter Design 


One of the greatest single problems en- 
countered in the development of the 
successful circuit was that of a suitable 
filter for the potential taken from the 
rectifier output to actuate the control. 
Because of the necessity for using a com- 
parison voltage and an amplifier, even 
the small a-c ripple present in the output 
of a three-phase selenium rectifier is 
amplified enough, if applied directly 
without filtering, to render the phase- 
shifting circuit of the thyratron com- 
pletely inoperative. The commonly used 
reactor-capacitor filters were found to be 
impractical. Their extremely high time 
constants make it impossible for such 
filters to follow rectifier voltage variations 
very closely with the result that they 
cause the rectifier to hunt and oscillate. 
The filter required therefore was one with 
a very high a-c attenuation factor, prac- 
tically no d-c attenuation, and an ex- 
tremely low time constant. The answer 
was found to lie in a variation of the Wien 
bridge (Figure 2). 

By proper selection of constants it is 
possible to have the a-c voltage from B to 
C equal in phase and magnitude to the 
a-c voltage from D to C. As these 
vectors then subtract, the a-c potential 
from B to D equals zero. Resistance 
R, across Xc, acts to keep the d-c poten- 
tial between B and C equal to zero. 
To hold the d-c attenuation at a mini- 
mum, X¢ should be very small as com- 
pared to Xq@; however, any decrease 
in Xc, will result in an increase in the 
time constant of the filter. The constants 
of the filter may be calculated and curves 
computed for the lowest possible time 
constant by use of the following equa- 
tions: 


RiX oy  , XeR2? 


SS eee 
POT RP+ Xo: 7 Ret Kort 


=Rgc—jX ec 


As the voltage across BC must be in 
phase with the voltage across AB, 


Ri/Rec=X c1/X ae 
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: 


The time constant of the filter is a func 
tion of C, and the resistance in series with 
it, thatis, Ri + Ro: 


Time constant < C,(Ri+R,) 


For example, if in a three-phase full- 
wave rectifier whose fundamental ripple 
frequency is 360 cycles, R:=100 ohms, 
Xe, equals 100 ohms (4.4 microfarads), 
and R» equals 2,000 ohms, the d-c output 


> +. SELENIUM STACK 


| 
SUL => RESISTOR 


Figure 3. Simplified 
control circuit 


T1P—Transformer 1 
primary winding 
T1S—Transformer 1 
secondary winding 
R1P—Saturable re- 
actor 1 primary 

winding =o 
R15—Saturable re- 
actor 1 secondary 

winding 


of the filter will be approximately 91 per 
cent of its input. If the time constant 
were to be cut in half by changing Xq 
to 200 ohms (2.2 microfarad), the output 
of the filter would still be approximately 
83 per cent of input. 


Comparison Voltage and Amplifier 


The output voltage of the filter is 
compared with a constant voltage ob- 
tained from potentiometer P (Figure 3), 
and the difference is applied to the grid 
of tube 2 for amplification. As we are 
taking the difference between two volt- 
ages, small changes in filter voltage mean 
relatively large percentage changes in the 
tube grid potential. For example, if 
the filtered voltage were 25 volts and the 
constant comparison voltage 24 the differ- 
ence or applied grid voltage would be one 
volt. Now if the filtered voltage increases 
four tenths of one per cent to 25.1 volts 
the grid voltage increases to 1.1 volts 
which, of course, is an increase of ten 
per cent. The variations in grid voltage 
of tube 2 cause-it to act as a variable re- 
sistance. The changes in internal resist- 
ance of the tube will naturally cause 
changes in the voltage drop across the 
tube. These voltage changes are such as 
to tend to limit the voltage amplification 
obtained. However, beam power tubes 
or pentodes which are little affected by 
plate voltage give excellent results. By 
operating tube 2 with a low screen grid 
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potential which is maintained constant 
and proper choice of load resistance it is 
possible to obtain d-c voltage amplifica- 
tion of 20 to 30 decibels with one tube. 
The constant voltage used for compari- 
son against the filtered potential can Be 
obtained by several methods. Probably 
the simplest source can be found in 


re 


3-PHASE 
POWER SUPPLY 


gaseous regulator tubes. Such tubes are 
readily available and are produced today 
with excellent characteristics and long life. 
The regulator tube shown as tube 1 in 
Figure 3 supplies constant voltage for two 
purposes. As the screen current of tube 
2 will tend to vary with changes in grid 
voltages, additional amplification and 
stability is obtained by using the constant 
drop across tube 1 for the screen grid 
bias of tube 2. A potentiometer P 
bridged across the regulator tube pro- 
vides the constant voltage to be compared 
against the filtered output. The poten- 
tiometer is the means by which the con- 
trol is set for any desired rectifier output 
potential. j 


Figure 4A. Phase relations of thyratrons with 
d-c component of grid voltage equal to zero 


Figure 4B. Phase relations of thyratrons with 
d-c component of grid voltage equal to nega- 
: tive quantity 
Vp—Thyratron anode voltage _ 
V4s—A-c component of thyratron grid voltage 
Vzr—D-c component of thyratron grid voltage 
VC—Critical thyratron firing voltage 
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Phase-Shifting Network 


As the ‘internal resistance of tube 2 
can be varied from extremely high values 
to very low ones, the potential across EF 
(Vzr) can be swung from positive through 
zero to negative. Vzr combined with 
the a-c output of transformer 72 forms 


_ a die phase-shifting network that con- 


trols the grids and consequently the out- 
put of the thyratron, tubes 3 and 4. The 
voltage across the secondary winding of 
transformer 2 has been shifted 90 degrees 
with respect to the secondary winding of 
the plate transformer of the thyratrons, 
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Figure 5. Single-phase network to obtain 
voltages shifted 90 degrees with respect to 
reference voltage 


Xc is much greater than R 


transformer 1. If Vp is the plate voltage 
of one of the thyratrons, and Vs is the 
grid voltage, Figure 4A shows that with 
Vzr=0 the grid-voltage curve intersects 
the critical grid curve at the point A 
where the tube fires and conducts 


- current until Vp=0. However, if Vzp is 


equal to a negative quantity, Figure 
4B, the tube will not fire until point B 


and will conduct correspondingly less 


than when Vgr=0. When Vgp goes 
positive, the critical grid voltage is inter- 
sected sooner, and more current is passed. 
The 90-degree phase shift required for 
Vrms may be obtained by two methods. 
For single-phase operation (Figure 5) the 
primary winding of transformer 2 is con- 
nected in parallel with a resistance and 
both the transformers and the resist- 
ance are in turn connected in series 
with a capacitor. By making the im- 
pedance of the capacitor considerably 
more than that of the resistor, the cur- 
rent through the circuit can be made lead- 
ing by almost 90 degrees. If this holds, 
then the voltage drop across the resistor, 
and consequently T2P will be shifted 
90 degrees also. For three-phase opera- 
tion the voltage shift between T1 and 
T2 is conveniently obtained by using the 
Scott connection for converting three- 
phase power to two-phase (Figure 6). 


Saturating Circuit 


_ Tube 3, tube 4, and transformer 1 
form a controlled rectifier, the output of 


which is used to saturate the reactors 
Ri, R2, and R3. The primary windings of 
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these reactors are in series with the 


-primary windings of the power trans- 


formers 73, 74, and 75. The secondary 
windings of the reactors are connected 
so that the a-c voltages induced from their 
primary windings are subtractive, and 
the a-c potential from G to H equals zero. 
The division of voltage across the pri- 
mary windings of the reactors and trans- 
formers is a function of the reactance of 
the reactor, the secondary loading of the 
reactor, the reactance of the transformer, 
and the secondary loading of the trans- 
former. The reactances of the elements 
are determined by their physical char- 
acteristics, namely, the number of pri- 
mary turns and lengths, area, and com- 
position of the magnetic path. The 


, secondary ‘oading of the transformer con- 


sists cf the rectifier stacks and the recti- 
fied pcewer load. The control of the en- 
tire unit is obtained from the secondary 
loading of the reactors, which is, of 
course, the d-c saturating current. Amaz- 
ingly large amounts of power may be 
controlled over wide voltage ranges by 
comparatively small amounts of saturat- 
ing power. For example, 1,500 watts 
of rectified direct current is being handled 
in a small installation by 50 watts of 
saturating power. 

From the designer’s standpoint the 
most difficult problem is that of deter- 
mining reactor sizes to meet voltage speci- 
fications under no-load conditions. This is 
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Figure 6. Three-phase network to obtain 
voltages shifted 90 degrees with respect to 
reference voltage 


particularly true in cases where there are 
large fluctuations in line voltage or where 
wide-range voltage control is desired. 
Using the simplest type of series circuit 
shown in Figure 3, the no-load output 
voltage may be controlled from one-half 
to full voltage when the reactance of the 
reactor is equal to the reactance of the 
power transformer. Economically, it is 
not practical to try to obtain more than 50 
per cent voltage control with the circuit 
shown. However, by proper circuiting it 
is possible to obtain zero to full voltage 
control without having to resort to the 
use of tap switches. 


Performance 
Although capable of extremely close 


control, the circuit as shown in Figure 3 
is quite simple and uses relatively few 
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Figure 7. Performance curve of 100-ampere 

24-volt electronically controlled selenium 

rectifier 


vacuum tubes. Tubes were chosen with 
large cathode areas and are operated well 
below their rated output resulting in ex- 
tremely leng service life. Tube 5 is a 
rectifier tube supplying direct current 
for the amplifier tube 2. In controls for 
most industrial installations this tube 
would be replaced by a small selenium- 
oxide high-voltage bridge rectifier. 
Figure 7 is a graph showing the voltage 
regulation underload of a _ controlled 
selenium rectifier which is being used for 
aircraft “transceiver” testing. The speci- 
fications call for a 100-ampere rectifier 
capable of having its output voltage 
varied smoothly from 20 volts to 30 volts 
and having very fine no-load to full-load 
voltage regulation at a normal operating 
point of 24 volts. The curve given was 
obtained with a primary power supply 
that had a five per cent to ten per cent 
voltage drop at fullload. While a slightly 
drooping voltage characteristic is usually 
desired, the circuit may be changed so 
that the rectifier exhibits either a con- 
stantly rising voltage or else a voltage 
characteristic similar to that of a com- 
pound generator. One very satisfactory 
method of obtaining an output voltage 
that is a function-of the output current 
is that of inserting a current transformer 
in the a-c primary power supply of the 
rectifier. The output of the current 
transformer is then rectified, filtered, and 
fed with proper polarity into the control 
circuit between the Wien bridge filter 
output and the comparison voltage. 
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Electric Circuits and the Magnetic 


Compass 


R. C. BURT 


FELLOW AIEE 


Synopsis: This paper will endeavor to show 
the deviations in the airplane magnetic 
compass caused by electromagnetic effects 
from the ship’s wiring and will suggest some 
means that can be used to correct them. 


LOBAL warfare has extended the 

field of operations of aircraft beyond 
radio beams, landmarks, highways, and 
beacon lights, and, hence, has made the 
magnetic compass of paramount impor- 
tance. Because of steel structures, armor 
plate, and single-wire electric circuits 
which carry increasingly larger currents, 
the magnetic disturbances at the con- 
ventional compass location have increased 
to such an extent that several remote indi- 
cating types of compasses have had to be 
developed. 

The marked trend in the use of remote 
indicating types of compasses has created 
a shortage in these instruments. One of 
the purposes of this paper is to point out 
some of the problems created in the de- 
sign of the air frame that can be solved 
by certain design techniques and the ap- 
plication of basic electromagnetic prin- 
ciples, thereby restoring the usefulness of 
direct-reading compasses and improving 
the accuracy of the remote indicating 
types. The scope of this paper will be 
limited to electromagnetic disturbances 
since the subject of ferromagnetism in- 
volving soft-iron effects, residual mag- 
netism and its control in design and manu- 
facturing processes, and other allied 
problems is too far-reaching to be treated 
other than in a separate paper. It can 
be noted that highly satisfactory results 
have been attained at Lockheed-Vega in 
the control of the ferromagnetic proper- 
ties of air frames, both through design and 
demagnetizing processes during manu- 
facture. 

Aircraft electric systems conventionally 
utilize d-c generators, motors, and storage 
batteries. Certain limited applications of 
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alternating current are found wherein 400- 
cycle inverters are utilized to supply small 
quantities of power for autosyn and simi- 
lar transmitters, as well as for certain 
radio applications. However, the d-c 
supply and field winding of these inverters 
often cause noticeable magnetic disturb- 
ances. Furthermore, as a weight-saving 
measure, the air frame has been used as a 
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Figure 1. Horizontal wire-placement pattern 
for H=0.1 gauss. D=1 degree 


ground return, leaving the electromag- 
netic field surrounding the single ‘‘hot 
wire” with little, if any, neutralizing field 
from a parallel ground-return conductor. 
Until the air frame is fitted with sources 
of alternating current to the exclusion of 
direct current, this problem must be faced 
by the electrical designer in his work on 
air frame electric systems and equip- 
ment. 

The magnetic field in which the com- 
pass functions is extremely weak in com- 
parison with the electromagnetic fields 
involved in power applications. The di- 
rective force utilized by the compass is the 
horizontal component of the earth’s field, 
and this varies greatly over the surface 
of the earth, being zero at the magnetic 
poles and increasing to a maximum of 
approximately 0.40 gauss at the mag- 
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netic equator. When it is pointed oul, 
that the horizontal component of the 
earth’s field along the North Atlantic 
ferry route varies between 0.15 and 0.10 
gauss, it becomes apparent that a rather 
weak field surrounding a single-wire con- 
ductor in an air frame can-cause devia- 
tions of a serious nature. Even in mod- 
ern combat aircraft the remote indicating 
transmitter, located as favorably as pos-" 
sible, is subject to serious errors from this 
source. Since space limitations in air- 
craft dictate compass locations, and since 
the electric conductors must be located 
within the fuselage and wing surfaces, 
some serious problems arise that must 
be solved by ingenious electrical design. 
The accepted practice in treating mag- 
netic-compass problems is to resolve the 
magnetic field in question into two com- 
ponents: the horizontal component, which 
produces a directive force on the compass, 
and the vertical component, which has no 
directive force under normal conditions. 
Since the directive force is confined to the 
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Figure 2. An illustration of angular asym- 
metry in split-wire neutralization 


horizontal component of the magnetic 
field at the compass location, it will be 
affected only by the horizontal component 
of the magnetic field produced by any 
electric circuit. Any electric circuit may 
be separated into finite sections, and, if 
well-known electromagnetic formulas are 
used, the field at the compass location can 
be calculated for each section. These 
fields combined vectorially will give the 
components of the electromagnetic field 
caused by the electric circuit. Of course, 
it is the resultant horizontalcomponent 
which directs the compass, and this will 
vary, not only with the intensity of the 
earth’s field and the current flowing in 
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each electric circuit, but also will change - 


with each heading of the aircraft. 

This deviation cannot be corrected by 
means of the regular compass compen- 
sator, and to allow for it in navigation 
would require a book full of deviation 
cards; consequently, these effects must 
be reduced to a certain allowable maxi- 
mum. For example, in Southern Cali- 
fornia, where the horizontal component 
of the earth’s field is 0.26 gauss, a certain 
current causes a deviation equal to plus 
two degrees, whereas the same current 
causes plus four degrees deviation in more 

- northerly magnetic latitudes, and if the 
current increases the deviation will in- 
crease still further. 

Present Air Force standards, as to devi- 
ation tolerances, are based on a horizontal 
component of the earth’s field of 0.18 
gauss, and a vertical component of 0.54 
gauss, but, with aircraft operation in- 
creasing in northerly latitudes and trans- 
polar air transportation a. near actuality, 
the electrical designer can well anticipate 
a narrowing of the tolerance limits for 
compass deviations. Table I sets forth 
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the calculated distances of a long straight 
horizontal conductor in a vertical plane 
above or below a compass location at 
which a deviation of one degree will be 
created by the currents designated for the 
three values of the earth’s horizontal 
components shown. 

_ The notable changes in these distances 
caused by weaker horizontal components 
of the earth’s field and increasing cur- 
ents are of serious importance. A use- 
ful family of curves, shown in Figure 1, 
an be plotted by drawing circles with 
their centers on a vertical line through the 
compass location, tangent to the compass 
cation with diameters equal to these 
istances. If a long horizontal north— 
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south conductor is placed directly above 
or below the compass at a distance equalin 
inches to 45 times the current in amperes, 
then the deviation will be plus or minus 
one degree when the horizontal component 
of the earth’s field is 0.10 gauss. This 
conductor can be placed anywhere on the 
circle with the same horizontal component 
at the compass if the current and direc- 
tion remain the same. Where these 
curves approach the compass location, 
positioning of the conductor becomes 
quite critical to slight vertical displace- 
ments, and allowance should be made for 
possible changes in the position of either 
the compass or the conductor. 

Figure 1 suggests a neutralizing tech- 
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Figure 3. 
straight conductors. 


nique where the removal of the conductor 
to a safe distance or the installation of a 
return ground wire is not desirable. The 
technique employs a division of the cir- 
cuit between two parallel conductors. 
Each one is placed on its circle, one above 
and one below the compass location. By 
extending the split circuit a distance of 
four times the diameter of the circle used, 
90 per cent of the disturbance will be_ 
neutralized. The use of this method will 
be confined to sections of the air frame 
which will give the necessary length and 
symmetry for properly aligning the con- 
ductors, such as in the fuselage, boom, 
or wing. Where space does not permit 
equal distances in each direction from the 
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compass location, the current can be split 
in proper portions by varying the wire 
cross section so that the conductors will 
fall on appropriate current circles. It 
should be noted further that, although 
the horizontal components of the two 
split conductors will be equal and op- 
posite, the vertical’ components will not 
be equal and opposite unless the conduc- 
tors are diametrically opposite. How- 
ever, the vertical components can be 
added vectorially, and should the result- 
ant exceed values to be discussed subse- 
quently, an effort should be made to 
achieve complete symmetry. 


Table Il. 


ponent that occurs when the aircraft 
changes attitude from horizontal flight 
position, either by “roll” or by changes 
in angle of attack due to loading or other 
causes. For instance, consider a circuit 
which produces only a vertical field of 
0.020 gauss at the compass location in 
flight attitude A. Now, let the flight 
attitude change to B, differing by five 
degrees from A. The former vertical 
field will now’ have a horizontal com- 
ponent equal to 0.00175 gauss which, over 
the North Atlantic, would produce a 
deviation of one degree. This vertical 
field of 0.020 gauss is produced at a hori- 


An Example of Angular Tolerances for Split-Wire Neutralization 


Data: R=36 inches, H=0.100 gauss, /=10 amperes, D=1 degree, 
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When it is impossible to arrange the two 
wires of the split-wire system in perfectly 
symmetrical positions, it is possible to 
allow relatively large amounts of asym- 
metry as to angle and still have a'result- 
ant field producing less than one-degree 
deviation of the compass. The angle of 
tolerance depends upon the distances, 
the current, and the position angle of 
the conductors, as shown in Figure 2. 
The tabulated values in Table II are ob- 
tained from the formula B.—B,=0.072 
(1/R) [cos 6—cos (6+) ], where B, and 
Bz are the horizontal fields at the com- 
pass of conductors 1 and 2. For ex- 
ample, Table II illustrates a 20-ampere 
conductér which lias been split at a dis- 
tance of 4R with each leg carrying ten 
amperes and R taken as 36 inches. 

After the horizontal component has 
been considered, the vertical component 
should be examined. A current-carrying 
conductor can lie precisely in a horizontal 
plane passing through the compass, and 
no horizontal component will exist to 
cause deviation of the earth’s field. How- 
ever, a vertical component of consider- 

able intensity can exist, which, if exces- 
- sive, can cause the compass card to dip 
into the vertical field. More important, 
however, is the resultant horizontal com- 
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zontal distance in inches equal to four 
times the current in amperes. That is 
to say, if 40 inches from a horizontal wire 
carries ten amperes, the field is 0.020 
gauss. From the foregoing it would 
seem that a desirable compass-perform- 
ance standard would be to limit the per- 
missible deviation to one degree where the 
horizontal component of the earth’s field 
is 0.10 gauss. 

Figure 3 has been prepared to permit 
easy calculations where data are in inches, 
amperes, and degrees instead of centi- 
meter-gram-second units. The formulas 
give the compass deviation D in degrees 
caused by straight conductors in various 
relationships to the compass location. 
All are based on a horizontal component 
of the earth’s field of 0.10 gauss. 

A complete compensation of any one 
circuit is possible by means of a compen- 
sating coil which carries the current equal 
or proportionate to the current in the dis- 
turbing circuit and is placed so that the 
magnetic field of this coil supplies a flux 
at the compass location which is exactly 
equal in magnitude and opposite in di- 
rection to the combined disturbance at 
that location of all the rest of the circuit. 

The disturbance which will be caused 
by any single-wire circuit can be approxi- 
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mated from electromagnetic formulas by 
taking the circuit in sections, but it is far 
more satisfactory to measure the dis- 
turbance with a magnetometer in a 
finished airplane. The principle reason 
for the unsatisfactory solution arrived 
at by the mathematical treatment alone 
is that the return circuit through the air 
frame is not uniform, but is distorted by 
joints in the skin, extrusions attached 
to the frame, openings, and even mag- 
netic fields. However, a direct measure- 
ment is relatively easy to make by use of 
a good magnetometer. The airplane is 
placed in flight attitude on a north mag- 
netic heading, and the magnetometer 
pickup element is placed in the compass 
location so oriented that it will measure 
a horizontal component of the earth’s 
field along the axis of the ship. The cir- 
cuit in question is then switched on and 
off, and the magnetometer readings are 
taken for both field strengths. The dif- 
ference gives the magnitude of this axial 
component of the disturbing electromag- 
netic field. The magnetometer pickup 
element is next oriented horizontally 
crosswise of the ship, and the same pro- 
cedure is repeated. The third observa- 
tion is made with the axis of the magne- 
tometer vertical, and from these three 
components it is quite easy to determine 
the direction and magnitude of the dis- 
turbing flux. A small series coil may then 
be arranged in the neighborhood of the 
compass so that the field produced by this 
coil will, at the compass location, be equal 
and opposite to that produced by the cir- 
cuit causing the disturbance. The coil 
then should be installed, and the result 
should be checked on all three axes with 
the magnetometer. 

From the foregoing it is evident that 
the electric circuits necessary to the opera- 
tion of the airplane are the cause of many 
compass errors. It is further seen that 
these errors can be anticipated by calcu- 
lation from the geometry of the ship’s 
wiring, and that the wiring can be rear- 
ranged so that the errors will be reduced ° 
to a negligible quantity, or, where it is not 
possible to move the wiring, it may be 
possible to find a solution by using double | 
conductors, or coaxial conductors, or even 
by dividing the circuit into symmetrical — 
paths. It is further shown that it is pos- 
sible to compensate for the disturbance 
caused by any given electric circuit by the 
use of a series compensating coil, pre- 


calculated and properly oriented, tocancel 


out all components of the disturbing flux a 
at the compass location. fs 
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| Asymmetrical Loading of Three-Phase 


: Three- Winding Transformer Banks 


‘ P. K. DENISSOV 


: \\ NONMEMBER AIEE 


_ Synopsis: It is accepted USSR practice to 
earry three-phase industrial load and single- 
phase traction load on a single three-phase 
three-winding transformer. For a given 
combination of loads it is necessary to deter- 
mine the proper capacity relationships of 
the three windings. 

This paper presents an analysis of the 
problem by the methods of symmetrical 
components. The data obtained from this 
analysis were used in setting up the stand- 
ards for selection of transformer size for 
combined three-phase industrial and single- 

_ phase traction loading. 


HE problem of unbalanced loading of 


practical importance both in industrial 
installations where single-phase equip- 
ment, such as welders, is supplied and in 
railway installations where single-phase 
traction loads are fed from industrial 
_ three-phase banks. The present investi- 
_ gation deals only with the case of single- 
phase traction loading. 

Since combination of symmetrical three- 
phase industrial load, and single-phase 
_ traction loading on three-phase trans- 
3 former banks is no different from other 
i types of asymmetrical loading, the solu- 
; 


__ tion to the one problem may be applied 
to all cases of asymmetrical loading 
_ practice. 

Es The condition studied is that of the 
_ three-phase bank of three-winding single- 
_ phase transformers loaded asymmetri- 
cally. The transformer winding connec- 


oi, The primary winding would be wye- 
connected with the neutral grounded. 


_ 2. The secondary winding would be delta- 

connected for symmetrical three-phase load- 
ing. 

m3. The tertiary winding would be wye- 

connected with the neutral ungrounded for 

asymmetrical loading. 


_ The most frequent type of loading for 
_ traction circuits is the two-phase asym- 
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three-phase transformer banks is of 


metrical loading such as is shown in 
Figure 1. 

In the solution of the problem of the 
capacity relationships of the separate 
windings, it is necessary to determine 
current distribution in the windings and 
effective voltage. The effect of magnetiz- 
ing current is neglected. 

The solution is for the equivalent star 
circuit as shown in Figure 2. The effec- 
tive impedances of the separate branches 
of the circuit corresponding to the im- 
pedances of the transformer phase wind- 
ings are 


_ZutZan —ZL3 


Z' 3 (1) 

gr eaten en (2) 
2 

Zi Sn ian os 3) 


where Z’, Z’’, and Z’”’ represent the ef- 
fective impedances of the branches of the 
equivalent circuit as shown in Figure 2, 
and 212, 2:3, and Z23, represent the leakage 
impedances between windings as ob- 
tained from short-circuit tests. 

The current distribution may be deter- 
mined by the application of symmetrical 
components. In so doing, it is necessary 
to consider the internal impedances of 
the system. Refer again to the circuit of 
Figure 1, and if the neutral remains un- 
grounded, the asymmetrical loading has 
no zero-sequence current components, 
that is, In=0. 

The current and voltage relationships 
for the See may be represented by the 


positive- and negative-sequence compo- 
nents 
h=h+h (4) 


b 


Figure 1. Method of connection of asym- 
metrical traction load to the star-connected 
secondary of a three-winding transformer 
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f, =i, +al, (5) 


I.=al,+a%, .- (6) 
and 

Vea=NUthre © (7) 
Vy=a°Vi+0V2 (8) 
V,=aVi+0V2 (9) 


where Y, and Y2 are the positive- and 
negative-sequence components of the 
voltage drop across the impedance of the 
external asymmetrical loads. Consider- 
ing equations 4 through 9, equations for 
the circuits based on Kirchhoff’s second 
law may be written as 


Vi(1 —a?) + Vo(1 —a) % 


I=h+h=-; aes 
Fries rotten 
Vi(1—a) + V2(1—2a*) (10) 
Zac 
Te ae 
Pewee Se ae 
Zap 
eee qpaes 
reek S Vi(a—1)+V2(a?—1) (12) 
Zac 


These equations, including the unknowns, . 
I, I, Vi, and Yo, are not sufficient to 
complete the solution of the problem. To 
obtain the necessary additional condi- 
tions, it is necessary to determine the 
internal impedance components Zo, Zi, 
and Z» of the transformer windings. 

Since it has been assumed that the 
applied primary potential is symmetrical, 
its zero- and negative-sequence compo- 
nents will be equal to zero. It follows that 
the effective electromotive force in the 
system of zero sequence and negative 
sequence will be zero, also, while in the 
positive-sequence system the electro- 
motive force will be Vy. These relation- 
ships may be expressed as 


O=hZo+Vo (13) 
Ve=hZitv (14) 
0=12Z2+Vs (15) 


to show the relationship of the effective 
electromotive forces of any system and the 
voltage drops in the internal and external 
impedances of the system. 

Solution of the equations 10 to 15, in- 
clusive, is in the form of 


Vk S Vo(Zav +Zac+3Z2) 
: ZavZact (Zi t+Z2) (Zan t+Zac) +8212: 
(16) 
and 
= Val Zave +7) 
a 
I, 


2 Zak (Ly 2a) Zor al ha ice 
- (17) 
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where 


I, =positive-sequence current 

I, =negative-sequence current 

Z1=positive-sequence impedance of the 
whole equivalent circuit 

Z2=negative-sequence impedance of the 
whole equivalent circuit 


Zq and Z,,= impedance of the asymmetrical - 


loads with reference to the primary wind- 
ing as obtained from 
y2 
Zan = == (cos 6+ sin A) 
Pav 


(18) 


where 


V=primary interphase voltage in kilo- 
volts 
Pap =capacity of the corresponding branch 
of the circuit, in megavolt-amperes 
cos 0=power factor of the asymmetrical 
load 


Z I 


Figure 2. Equivalent star circuit of a three- 
winding transformer 


By use of the principle of superposition, 
electromotive forces are assumed to be 
applied at this point, feeding the system 
by the positive- and negative-sequence 
currents. The effective negative-sequence 
voltage at the primary-winding terminals 
may be considered to be zero. 

To establish the true current distri- 
bution in the transformer windings, it is 
necessary first to establish the distribu- 
tion of currents of the positive’ /,, and the 


Table I. Load Distribution and Capacity Relationship for the Most-Loaded Phase of a Three- 
Winding Transformer With Asymmetrical Loading 


Winding Loads of the Transformer for the 
Most-Loaded Phase ‘‘a”’ 


Winding Capacity 


Asym- Ratio ; 5 
metrical of Asym- Tertiary (Single- Secondary Relationship According 
Load Sym- metrical Phase Traction) (Three- to Standard OCT 2,524 
Megavolt- metrical Load to —— Phase Estimated (Per Cent) 
Case Amperes Load Total Per Regional) Primary 
Num- Megavolt- Load Megavolt- Cent of Megavolt- Megavolt- Ter- Sec-  Pri- 


ber Pz» Pac Amperes Per Cent Amperes Primary Amperes Amperes 


tiary ondary mary 


Meare Ono ste Oe Oct eo wml s Oi traeer KOE 6 Hee OD eee ters Ae Se aes AOTSOF,.. sats 100... .67....100 
Dine D 39 028s, Wart gO esieteyens = Odie cpeavastt AD ree C2 a tans ee ye 13.00 735.5. O74... 07 5.42100 
DeseO sO SeOw ine LO. Once 55 SbO oh gccteene CE oye ahs 500% fc oe AV bard Woes ona Gi Odiate OO 
BOO 07, Bin Oise cea «ate AO wterete vere LOT soa 3 fore ae 2230 ae Asis TOE Sor Gena Chere Oleu en 00 
i One cea Oe GeO iota (eee nes atapeyitg D1 sick ecg DOs antes Booey sce O75, Otig 2-200 
Pree yeameO ns, yhenes a 


She mts orate she Cee ie TO kia tate Bhi lage 2 1P202 > ha COV Biche, st Ae apers E68) 


The internal, or applied negative-se- 
quence impedance of the system includes 
also the impedance of the symmetrical 
load taken for the corresponding branch 
of the circuit 

y2 
Zp= (cos 6+] sin 8) (19) 
Py 
where cos 8 is the power factor of the sym- 
metrical load. 

Since the positive- and negative- 
sequence impedances of the transformer 
are equal, Z; and Z2, the impedances of 
the whole equivalent circuit will differ 
only by the difference between the positive 
and ‘negative sequence impedances of the 
symmetrical load in the seeondary delta 
winding. 

To bring the total impedance in the 
positive- and negative-sequence system up 
to the point at which the asymmetrical 
load is to be applied, it is necessary to 
include the impedance of the parallel 
paths, both primary and secondary. This 
is expressed by 


_2'(Z,+2") 


Scope atte (20) 


‘referred to in Figure 3. 
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negative [, sequences among the paths of 
the corresponding system. Such distri- 
bution is, of course, inversely propor- 
tional to the impedances of the parallel 
paths. Such current in each path must 
be added to the normal symmetrical cur- 
rent, I,, of that path. 

Then the current of the most-loaded 
phase of the primary winding will be 


i,’ =i, th+h (21) 
In approximating the current compo- 
nents J; and I, of the asymmetrical load, 
only the normal no-load phase voltage, 
V4, at the terminals of the star-connected 
winding is considered. The corresponding 
phase voltage at the primary-winding 
terminals will be Vs+i,Z’ where [,2’ 
is the primary-winding voltage drop 
caused by the symmetrical load on the 
delta-connected secondary. “ 

After the application of the asymmetri- 
cal load, the tertiary-winding voltage will 
be less than Vz. It follows that conditions 
under which the currents J; and J. were 
first approximated will have been dis- 
turbed. In order that the terminal volt- 
age V, be maintained constant with load, 
it is necessary to increase the primary- 
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a) 
ft 


winding voltage to K(V4+i,Z’) where 
K is a correction factor greater than one, 
based on the voltage drop caused by the 
asymmetrical load. 

The voltage under asymmetrical-load 
conditions at the terminal of the tertiary 
winding, point III of the equivalent sys- 
tem of Figure 3, may be obtained by ap- 
plication of the methods of symmetric 
components to the equivalent system. 
The positive-sequence voltage-drop com- 
ponent, starting from zero potential at 
point I in Figure 3, is (—Z,’/Z’—i,Z’") 
where I’ is the component of the positive- 
sequence current in the path Z’. Simi- 
larly, the negative-sequence voltage drop 
at the same point is (—i,’Z’—1,Z'”) 
where /,’ is the negative-sequence current 
in the path Z’. 

It follows that, in Figure 3 


Vi=Ve—h'Z'-1h,2"" (22) 
and 
Ves — ly ZS (23) 


where VY; and V2 are positive- and nega- 


96-3 


Figure 3. Equivalent star circuit of a three- 
winding transformer showing balanced load on 
the delta-connected secondary . 


tive-sequence voltages, respectively, at 
point III. 
The actual phase voltage will be 


Va=VitV2 (24) 
Vp =02V,+aV2 (25) 
V,=aVi+e°Vs (26) 


and since 
a*= —0.5—7 0.866 
and 


= —0.5+ 0.866 


equations 25 and 26 may be rewritten as 


Vo= —0.5(Vit Vi) +7 0.866(Vi— Va) (27) 
V,= —0.5(VitV2) —j 0.866(Vi— Va) (28) 
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From these equations the interphase volt- 


ages may be calculated to be 


Var=Va-Vo=1.5(VitVa)+ 
‘ j 0.866( Vi— V2) 


Veq=Ve— Va = —1.5(Vi+V2) + : 
; j0.866(Vi—V2) (30) 


Dre Vo—Ve=i 1.732( Vi — V2) (31) 


(29) 


In the foregoing discussion a factor K 
was presented to correct for the difference 
between load and no-load conditions of 


- difference between terminal voltage at 


— Table Il. 


point III in Figure 3 and primary voltage 


Phase-Winding Load 


Phase-Winding Load in 
Per Cent of Phase Load 


Asymmetric Load in 
Per Cent of Total Load 


at point I. The value of K may now be 
obtained as the arithmetic mean value 
of the calculated voltage ratios for the 


two loaded phases. If 


(32) 


(33) 
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Relationship of Phase Load to 


then 
K’'’+kK" 
= 34 
9 (34) 
and 
Vq' =K(Vo+1,'Z’) (35) 


where V,’ is the primary voltage at point 
I in Figure 3. 


Conclusion 


The foregoing analysis of the loading 
of asymmetrical three-phase three-wind- 
ing transformer banks has been verified 
by laboratory observations of current 
distribution and effective voltages under 
such conditions. A thorough practical 
investigation has confirmed fully the cor- 
rectness of the conclusions arrived at 
mathematically. 

It appears to be reasonable that equa- 


tions established in this manner may be 


used in estimating the required capacity 
of the most-loaded phase of three-phase 
three-winding transformers subjected to 
such loading. 

The results of calculations made for 
different combinations of symmetrical 
regional and asymmetrical traction loads 
are given in Table I. 

In expressing the A-phase capacity in 
kilovolt-amperes, the transformer pri- 
mary-winding power for this phase is 


represented by 
Py =e Vor (36) 


The predetermined transformer loads are 
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represented in Table I. As a first ap- 
proximation, it is assumed that the phase 
load on the traction winding is the sum 
of the two path loads Py,/+/3+P,./+/3 
which fall on this phase, as shown in 
Figure 1. Actually this approximation 
will be higher than the measured wind- 
ing load. 

The symmetrical load of the delta- 
connected secondary is assumed to be 
the same in all three phases. 

The results of the foregoing analysis 
disclose a characteristic feature of load 
distribution in three-phase three-winding 
transformers under the conditions of 
asymmetrical loading. As shown in 
Table I, the A-phase primary winding 
does not carry the sum of the secondary- 
and tertiary-winding loads of this phase 
as it would in the case of symmetrical 
loading. A part of the load of the most- 
loaded A phase will be carried by the 
other less-loaded phases. . 

The portion of the total phase load car- 
ried by the phase winding varies with the 
relationship between asymmetrical load 
and total load. The relationship for the 
most-loaded phase is shown in Table II. 

According to Standard for Transformers 
of the Union of Soviet Socialist Republics, 
OCT 2,524, the size of the single-phase 
transformers of the three-phase bank will 
be determined by the relationships 
100:67: 100 and 100:67:67 corresponding 
to winding voltages of 110 kv, 35 kv, and 
11 kv, respectively. These relationships 
are used for practical application to this 
type of loading, 
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Electrification of Large Open-Pit 
Copper Mines 


L. W. 


BIRCH 


MEMBER AIEE 


Synopsis: The transportation problem of 
a large strip mine involves the loading, haul- 
ing, and dumping of both ore and waste. 
These materials are loaded with large elec- 
tric shovels operating on benches along the 
slope of a hill or pit. The ore is transported 
over main-line tracks to the reduction plant, 
while the waste is hauled to suitable 
dumps. All main-line tracks are permanent 
and are equipped with permanent overhead 
distribution systems (Figure 1): All bench 
and dump tracks are portable and are 
equipped with portable overhead distri- 
bution systems. 

Sixty per cent of the world’s copper is now 
obtained by open-pit mining of low-grade 
ore. Electrification of haulageways for 
open-pit mining is keeping pace with the 
expansion and is modernizing the transporta- 
tion of huge tonnages. Huge capacities 
necessitating heavy cars and heavy grades 
demanding short-period overloads have been 
responsible for the selection of the electric 
locomotive for motive power. From the 
standpoint of locomotive capacity, rail size, 
dump-car capacity, and density of traffic, 
most open-pit electrifications compare in 
size with our large steam-road installations 
and hold an important place in the field of 
heavy traction (Figure 2). 

In addition to describing the haulage 
problem of large open-pit copper mines, 
this paper discusses the design of permanent 
and portable distribution systems. 


PEN-pit mining, commonly called 

quarrying, is familiar to everybody 
and can scarcely be termed a new process, 
since materials for the many historic 
structures of Egypt, Rome, and China 
were obtained by ‘“‘pit qtiarrying.”” How- 
ever, open-pit mining, as applied to 
modern large tonnage operations, is a 
highly developed and highly mechanized 
process for recovering minerals from 
large ore bodies and is dependent on 
heavy haulage facilities, usually elec- 
trified. 

Our domestic mine output of copper, 
estimated in excess of 1,000,000 tons for 
1942 and representing 15 per cent in- 
crease over 1940, has been possible, 
chiefly because of the development of 
open-pit mining methods. Because of 
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January 24-28, 1944. Manuscript submitted 
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high costs, underground mining is greatly 
limited to high-grade ores and to com- 
paratively low tonnage. Deeper shafts 
and greater penetration increase the 
underground haulage costs, since access 
to the ore body must be made from the 
surface, and the shafts cannot be moved 
at will. Then, too, the depletion of 
easily available deposits of high-grade ore 
has influenced the expansion of open-pit 
mining. Therefore, either the mining of 
low-grade ores or the removal of large 
deposits involving considerable over- 
burden and waste rock is almost exclu- 
sively a stripping operation. Strip min- 
ing has not only given the operator an 
economical plant but has put an end to 
an important waste in his plant—the 
waste of natural resources. 

’ The Utah Copper Company is credited 
with originating the recovery of copper 
from low-grade ore on a large tonnage 
basis. Other companies, including Ne- 
vada Consolidated, Ray Consolidated, and 
Chino (Nevada Consolidated in New 
Mexico), furthered the development and 
commercialization of the process. South 
America and Africa are also large pro- 
ducers of copper from low-grade ores, 
the Katanga project in the Belgian Congo 
representing the most recent undertaking. 
At the present time 60 per cent of the 
world’s copper is secured from mammoth 
strip operations in low-grade copper. 

It has been only’ a short time since the 
bulk of our domestic copper was mined 
in Montana and Michigan, both states 
operating immense underground work- 
ings. Today the open pit mines in Ari- 
zona, Nevada, New Mexico, and Utah 
are producing large quantities of copper 
from low-grade ores, and, as a conse- 
quence, Montana and Michigan are third 
and sixth, respectively, on the list of 
copper-producing states, Some de- 


Table I. Copper-Producing States 
State Tons 
ALiZONE S22 01. o:/ncee Oe te oh camel 326,000 
ADEA B es 55 dojo ie oe weite sieve car aie eee etree! 267,000 
Montana occas nate eee gipiee ine abel nie 128,000 
Nevadans Ais seave. ec ewugislspett st venice ee aie 79,000 
New Mexico .08, ojacastteteattemoey ne 73,000 
Michigan sitet cassie clas ane pee Ee 46,000 
Other states itn. cenit tari ae 38,000 
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tailed. data for 1941 may be found iff 
Table I. 

It is interesting to note from Table I 
that Arizona and Utah produced 62 per 
cent of the domestic copper in 1941. 
Statistics also show that these states pro- 
duced 18 per cent of the world copper in 
1939, the last year for which accurate 
figures were available. Perhaps a de-,, 
scription of one of the most recent open- 
pit undertakings will acquaint you with 
modern large-scale stripping operations, 
and also with the importance of ade- 
quate transportation facilities for han- 
dling the thousands of tons of ore and | 
waste. This operation is the Morenci 
mine of the Phelps Dodge Corporation 
in Arizona. 


Typical Example of Open-Pit 

Mining : 

Early mining operations at Morenci 
were underground. Evidence of this 
early mining can be seen in several loca- © 
tions in the new pit, where stripping has 
broken through the old workings. Only 
the high-grade deposits attracted the 
first miner. Operations were restricted 
to the secondary enriched areas and to 
replacement deposits occurring in sedi-_ 
mentary rocks. The copper content of 
these ores was adequate to warrant the 
cost of mining, transporting, milling, 
and smelting. Following the exhaustion 
of these ores, mining operations were 
transferred to the monzonite porphyry, 
where rich ore was again found in fissures 
also as disseminations in the porphyry. 
Later, mining was extended to the lower- 
grade disseminated ores where operation 
by the block-caving method continued 
for many years. 

All of this early mining contributed 
to the development of the new Morenci | 
pit. Commercial mining uncovered the 
large deposits of low-grade porphyry ore. ~ 
Extensive exploration work with churn 
drills, diamond drills, and continued 
underground mining fixed the pit limits 
and determined the size and quality of 
the huge ore body. 

The low-grade ore of the Morenci pit _ 
consists chiefly of chalcocite dissemi- 
nated in monzonite porphyry. Chalco- 
cite, a sulphide ore, occurs in many of 
the western open-pit copper mines, such 
as the Bingham mine of the Utah Copper © 
Company, the Phelps Dodge Corporation — 
Ajo pit, and the open pits of the Nevada 
Consolidated Copper Corporation at 
Santa Rita, N. Mex., and McGill, Ne- 
vada. Rarely does the copper content 
of these large open-pit mines average 
more than one per cent. At Morenci, 
the ore averages 1.06 per cent copper. 


- 
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Economy dictates the amount of waste 
that can be removed in any stripping 
area (Figure 3). The cost of loading, 
hauling, and dumping must be main- 
tained within a definite figure. Too 
much waste removal, long hauls, and 
distant waste dumps increase mining 
costs. For all stripping operations the 
amount of waste that can be removed 
economically bears a definite relation- 
ship to the amount of ore recovered. 
For coal stripping, the miner’s rule of 
thumb is one foot of overburden for one 
inch of coal. In low-grade high-tonnage 
copper-stripping operations the ratio is 
one ton of waste for one ton of ore. 
Therefore, the hauling of ore is one half 
of the problem, and the hauling of 
wastes is the other half. 

At Morenci the waste includes an 
overburden, or capping, which has a 
maximum thickness of 500 feet and an 
average thickness of 216 feet above the 
ore body. Preliminary stripping  re- 
quired the removal of 50,000,000 tons of 
material, mostly waste, in order to assure 
the initial removal of 25,000 tons of ore 
daily. All material not used for truck 
highways was hauled to dumps or to the 
railroad right of way for fills. The pre- 
liminary digging in was accomplished 
with 18 large trucks capable of handling 
221/. yards of material. Many miles of 
excellent roadway were constructed for 
truck haulage, since the loaded truck 
weight was 65 tons, and grades were as 
high as ten per cent. 

The removal of ore at Morenci is 
accomplished by the establishment of a 
series of benches, the number depending 
on production requirements (Figure 4). 
Since each bench represents a separate or 
independent mining operation, this bench 
method of open-pit mining is usually the 
most economical. The benches are equiva- 
lent to a stairway, each tread repre- 
senting the floor where the shovels oper- 
ate to load dump cars, each riser repre- 
senting the working face where the ore 
is broken away. The height of the bench 
is determined by the shovel equipment, 
limitations to drilling, and the nature of 
the material. In this case the height of 


each bench is 50 feet, and its width, being 


_ determined by the requirements for shovel 


e 
4 


‘J 


operation and haulage facilities, is 100 
feet. 


The Haulage Problem 


Following the establishment of benches, 
the ore and waste rock are broken away 


from the face by blasting, the length of 


the blasted section often extending a dis- 
tance of 1,000 feet (Figure 5). For load- 
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ing purposes, secondary blasting is usually 
necessary for further fragmentation of 
the larger rocks. Additional blasting is 
also necessary for removing the toe where 
the face and floor intersect. Removal of 
the toe provides a vertical bank and re- 
duces overshooting and undershooting, 
thus permitting the burden carried by 
each drill hole to be estimated more 
accurately. The preparation of ore, 
therefore, becomes an important factor 
in the haulage problem. The track and 
overhead distribution system must be 
planned either for quick removal or for 
resisting a certain amount of flying rock 
fragments. 

The loading of ore and waste at Mor- 
enci is accomplished with a full-revolving 
electric shovel equipped with a 4!/.-yard 
dipper (Figure 6). A bulldozer aids in 
leveling the bench and scraping stray 
rock towards the reach of the shovel. It 
also serves to move the spillage from the 
area of the track. The ore is loaded in 
trains of ten 40-ton side dump cars, each 
equipped with axleless trucks and roller 
bearings, while the waste is loaded in 
trains°of nine 30-ton cars of equivalent 
design (Figure 7). Sufficient cars or 
trains are available at the shovels to 
maintain a shovel efficiency of 87 per cent. 
Clearance, then, is another important 
factor in the planning of the open-pit 
mining operation. There must be suffi- 
cient clearance and overhead to permit 
unrestricted operation of the shovel, and 
there must be sufficient track clearance 
to permit the unrestricted movement of 
the bulldozer (Figures 8 and 9). 


Naturally, the tracks on the benches 
and waste dumps cannot be aligned and 
surfaced as well as main-line tracks. 
Settlement on the fills and uneven- floor 
on the benches makes surfacing difficult. 
The constant moving of tracks on both 
the waste dumps and the benches pre- 
vents good track alignment. Asa result 
locomotives and rolling stock are de- 
signed to meet this problem, and the loco- 
motive, sete must successfully 
withstand short-time overloads when 
negotiating uneven track and severe 
grades. 


As explained in this description of the 
Morenci operations, open-pit mining 
consists of the removal of ore and waste 
from a series of shelves or benches, one 
above the other, and each operates as a 
separate mine. The operation may be 
either a pit operation or the tearing down 
of a,mountain. Benches are employed 
in either case. The actual mining con- 
sists of blasting down ore, loading in 
suitable dump cars, and hauling ore to 
the mill or reduction plant. The haul- 
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ageway includes permanent tracks and 
portable tracks. The permanent tracks 
are located between the mine and mill 
and also include the storage yards. The 
portable tracks are located on the 
benches and on the waste dumps. Switch- 
backs that are necessary for ascending 
from one bench to the next are usually 
permanent tracks.. The overhead trolley 
system must correspond to the track 
construction. It must be either perma- 
nent or portable. 


Progress of Electrification at Large 
Western Mines 


The four large open-pit copper mities 
located in the West and Southwest, that 
are either wholly or partially electrified, 
are moving a daily tonnage of approxi- 
mately 300,000 tons of ore and waste. 
This material represents more than 6,000 
carloads and is handled with 100 electric 
locomotives over 200 miles of track. 
The locomotives at the Utah Copper 
Company, and also the two Nevada Con- 
solidated Copper Corporation’s opera- 
tions at McGill, Nev., and Santa Rita, 
N.Mex., are 85-ton machines, whereas the 
16 locomotives at Morenci are 125-ton 
machines. All mines operate with an 
overhead trolley voltage of 750 volts 
direct current. The combined substa- 
tion capacity of the four electrifications 
for traction purposes is 15,000 kw, and 
the combined locomotive capacity is 
100,000 horsepower. 


Overhead Distribution System 


The overhead distribution system per- 
forms a very important part in the opera- 
tion of the open-pit mine, and is not 
merely ‘‘a place to park the pantograph.” 
The steam locomotive requires its coaling 
equipment, its water plant, and its cinder 
pits. The diesel-electric locomotive re- 
quires its fuel storage and its fuel dis- 
tribution system. The. électric locomo- 
tive requires its substations and its over- 
head . distribution system. Therefore, 
the electric distribution system becomes 
the auxiliary equipment for the electric 
locomotive. The distribution system is 
the fueling system. 

The specifications for the two types of 
overhead systems, permanent and port- 
able, are quite different. The perma- 
nent track is operated with the usual type 
of pantograph mounted on the roof of. 
the cab, while the portable track is oper- 
ated with a side-arm collector. The 
trolley wire is over the track center on 
permanent right of way and offset to the 
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Figure 1. Over 6,000 cars of ore and waste are hauled daily by electric locomotives 
in the large open-pit copper mines of the United States 


Figure 2. The electrification of openspit mines has become an important factor in 
the field of heavy traction 


Figure 3. During preliminary stripping at Morenci, waste material was used for 
roadways and railroad fills 


Figure 4. Each bench represents a separate or independent mining operation 


Figure 5. Ore is broken away from benches by blasting, the length of the 
blasted section often extending a distance of 1,000 feet 


Figure 6. Full-revolving electric shovels with 41/9-yard dippers loaded 
221 /9-yard dump trucks during preliminary digging in at Morenci 
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side of the track along the portable sec- 


tions. We will describe the portable 
overhead first. 


Portable Overhead System 


The portable overhead system is used 
at any location where it is necessary to 
move the track at frequent intervals. 
The tracks on the benches are moved 
towards the face as mining progresses, 
and the tracks along the waste dump are 
moved towards the shoulder of the dump 
as the dump is filled out. On the bench 
tracks, head clearance must be main- 
tained for loading, since the dipper of 
the shovel reaches over the center line of 
track. Crane equipment is frequently 
operated over both the bench tracks and 
the dump tracks; therefore, overhead 
clearance is necessary over these tracks. 
The usual offset of trolley wire from the 
center of track is from 10 to 16 feet. Of 
course, the offset on the benches is on the 
side opposite the shovel. 

Portable structures are usually steel, 
either constructed of fabricated shapes 
or pipe. Owing to the constant han- 
dling, a wooden structure does not have 
sufficient life and is easily splintered. 
The pipe structure is the simplest and re- 
quires less maintenance. 

One of the simplest pipe structures is 
used on the Utah operations at Bingham. 
This structure consists of a five-inch pipe 
embedded in a concrete footing and 
supporting, at its top, a bracket arm 
which in turn, supports the trolley wire. 
The concrete footing is elongated, as 
illustrated in Figure 10 and is equivalent 
to a sled or stoneboat in contour. It is 
equipped with a large eye bolt for pulling 
and can also be shoved into position with 
a bulldozer. This type of portable struc- 
ture is easily transported from one bench 
‘to another and can be moved easily as 
mining progresses. A similar structure 
is used by the Canadian Johns-Manville 
Company for the mining of asbestos at 
their open-pit operation at Asbestos, 
- Que., Can. This structure, however, is 

fabricated of lighter pipe. The illustra- 
tion in Figure 11 shows how the footing 
is spread and mounted on stringers. 
_. This structure does not require a bracket 
arm for supporting the trolley wire; 
the gooseneck upper end of the main pipe 
_ performs this function. This type of 
_ structure has no flexibility from the stand- 
oint of trolley-wire alignment. The 
entire structure must be moved along 
the ground to obtain this feature. Be- 
cause of its lightness it is easy to move, 
but the curved arm does not have ample 
_reach for some types of collectors. 
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One of the most recent and useful types 
of portable supporting structures is used 
at the new Katanga copper mine in the 
Belgian Congo. This structure, Figure 
12, employs a five-inch tubular pole, a 
base, a bracket arm, and a special pole 
collar. The pole is supported in a cast- 
iron socket. The pole band has a large 
vertical hole or socket into which a pin 
on the bracket is inserted. A pad on 
the lower end of the knee brace lays 
against the pole for additional support. 
Since the center of rotation of the bracket 
arm about the pin does not coincide with 
the center of rotation of the pad, very 
little swing can be obtained by the 
bracket arm. However, there is sufh- 
cient clearance between the pin and the 
socket in the pole band to permit some 
movement, thus providing relief in the 
bracket arm in case the trolley-wire 
tension becomes unequal on either side 
of the pole. 


To install the structure, the cast-iron 
socket is first placed in position. The 
socket may either be attached to a sled, 
in which case it is integral with the sled, 
or it may be spiked to extended cross ties. 
Next, the pole is inserted and keyed in 
the socket. This is usually a crane job 
with the locomotive crane pulling a flat 
car on which the structure material is 
loaded. The bracket arm is then lifted 
and its pin dropped into the socket in 
the pole band, the pole band having first 
been attached to the pole at the proper 
height before the pole is set in the base. 
The trolley wire is then strung and ten- 
sioned. 


When the portable structures are 
hauled to new locations, the assembly 
procedure is sometimes altered. An- 
other pole band is attached to the pole 
at a location about five feet above the 
ground. After the five-inch pipe has been 
dropped and keyed into the base, the pole 
bracket is then attached to this second 
pole band jnearer the ground. At this 
height the} lineman strings the trolley 
wire. After the wire is in place the brack- 
ets are lifted, one at a time, and placed 
on the pole bands at the top of the poles 
and at the proper height. Of course, the 
trolley wire is slack when the bracket 
arms are lifted; otherwise, the wire 
would tend to tip the poles. After the 
bracket arms are in place at the top of 
the pole, the trolley wire is tensioned 
and clamped. 

A special type of trolley clamp is used 
for portable structures (Figure 13). This 
clamp provides not only the usual jaws 
for clamping the grooved trolley wire 
but also an opening above the jaws where 
the wire can be supported but not 
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clamped. When the overhead system is 
in operation, the trolley wire is clamped 
in the lower part of the jaws and cannot 
be pulled through the jaws, but, while the 
structures are being moved, the trolley 
wire is held loosely in the opening above 
the clamps. Thus, the trolley wire is 
free to slide longitudinally when the 
poles are moved to a new position. After 
the structures are in place the trolley 
wire is tensioned by pulling the free end. 
The wire is then dropped into the lower 
portion of the clamps, and the jaws are 
tightened on the wire. The reverse of 
this operation is necessary when it is 
time to move the poles to another loca- 
tion. The jaws of the trolley-wire clamp 
are first loosened, and the trolley wire 
is pushed up and into the upper recess. 
The jaws are then tightened again in 
order to prevent the wire from falling 
out of the clamp. 

The trolley clamp is usually insulated 
with a composition hanger with a malle- 
able-iron protecting shell which~with- 
stands the flying rock fragments. 

The fabricated structure illustrated in 
Figure 15 supports both the 750-volt 
d-e trolley wire and the 5,500-volt a-c 
electric-shovel circuit at both Utah 
Copper and the Santa Rita operation of 
the Nevada Consolidated Copper Corpo- 
ration. In some instances the d-c feeder 
is also carried on the portable structures; 
however, the method of feeding the bench 
tracks does not require longitudinal 
feeder. 

The installation of over 2,000 portable 
structures at the Bingham mine of the 
Utah Copper Company has demon- 
strated the usefulness of this type of 
haulage. Some of the original locomo- 
tives at Bingham were equipped with 
storage batteries to be used for the sup- 
ply of energy in sections of waste dumps 
and other locations. It was thought 
that portable poles could not be used. 
Today all operations are supplied with 
an overhead trolley wire, batteries having 
disappeared from the scene. With ade- 
quate overhead clearance and properly 
designed structures there is no inter- 
ference with loading and unloading, and 
the portable system can be moved quickly 
and cheaply. With a force consisting of 
a crane, three pit crews for the track, 
and two electricians, Utah moves 3,000 
feet of track and portable overhead in 
five hours. . 


Permanent Overhead System 
} 
Two types of overhead are used on 
permanent track. Both types must pro- 


vide clearances for pantograph operation. 
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Direct suspension, usually requiring sup- 
plementary feeder, is selected for slow 
speeds and full load currents below 1,000 
amperes. Catenary overhead is selected 
to reduce initial cost and the number of 
supporting structures and to provide a 
better means for the supplying and col- 
lection of high currents. The choice of 
the distribution system, therefore, is 
based on the limitations and specifica- 
tions of each electrification. As ex- 
amples, the recent Katanga installation 
in the Belgian Congo with 66-ton loco- 
motives is constructed with direct sus- 
pension using a single 4/0 contact wire 
on permanent or main-line sections, 
whereas the Morenci mine of Phelps 
Dodge Corporation with 125-ton loco- 
motives is constructed with a compound 
catenary system consisting of a 350,000- 
centimeter hard-drawn copper main mes- 
senger cable, a 3/0 19-wire hard-drawn 
copper intermediate messenger, and 
4/0-grooved hard-drawn copper contact 
wire. As a general rule, yards are con- 
structed with light catenary in order to 
reduce the number of supporting struc- 
tures and provide greater visibility, as 
well as man clearance around cars. The 
Utah Copper Company and the Nevada 
Consolidated Copper Corporation have 
installed many miles of light catenary 
along permanent tracks including stor- 
age yards, crusher yards, and main haul- 
age out of the mines. The light cate- 
nary consists of a 7/16 Siemens-Martin 
messenger cable supporting a 4/0-grooved 
contact wire with flexible uangers. 


Simplified Catenary Span 


With reference to the Morenci mine of 
Phelps Dodge Corporation, the type of 
haulage made possible the selection of a 
modified type of catenary which, here- 
tofore, has not been applied to mine 
electrification. Ease of construction and 
maintenance are the chief advantages of 
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Figure 7. 125-ton 


_750-volt locomotive 


operating at Morenci 


this type of catenary, but it is designed 
also for good current collection and feeder 
characteristics. The catenary span is 
spaced 120 feet on tangent, and on ¢urves 
it is spaced 80, 60, and 50 feet, depending 
on the degree of curvature. Most of the 
curves, however, use 80-foot spacing. 

With reference to Figure 16, it may be 
observed that three main-line hangers 


Figure 8. Unrestricted overhead 
clearance must be provided for 
the operation of the electric shovel 


Figure 9. Side-arm collection pro- 
~ vides overhead clearance for the 
movement of locomotive cranes 


Figure 10. Portable 
structures consisting of 
tubular poles supported 
on concrete stoneboats 
are used on benches at 
Utah Copper Company 


Figure 11. Canadian 
Johns-Manville Com- 
pany, Ltd. portable pipe 
structure 


Figure 12. The port- 
able trolley structure 
designed for the Ka- 
tanga copper opera- 
tion in the Belgian 
Congo is assembled 
by dropping a five- 


inch tubular steel 
pole into a_ base 
socket and then 


hooking the bracket 
arm to the pole 


Figure 13. Whena 
portable structure is 
to be moved, the 
grooved trolley wire 
is removed from the 
jaws of the clamp 
and inserted in an 
upper groove where 
the wire will slide 
freely 


are used on the 120-foot spans. The 
end hangers are located 20 feet from each 
point of support, while the third hanger 
is located midway on the span. This 
main-messenger-hanger spacing divides 
the intermediate cable spans into 40- 
foot lengths. The trolley wire is sup- 
ported by three clips attached at equal 
intervals to the intermediate cable. The 
center clip is two inches in length, whereas 
the two end clips are three inches in 
length. With this type of construction 
good contact between fittings and cable 
is obtained for the flow of electric energy 
from the messengers to the contact wire. 
As explained in the preceding descrip- 
tion, a minimum number of hangers is 
required. The 120-foot span requires 
only two lengths of main-line hangers 
and two clips. The 80-, 60-, and 50-foot 
spans require additional lengths of main- 
line hangers, but the same two-clip con- 
struction is used throughout the entire 
line. With this type of catenary span 


_ the total number of main-messenger 


hangers will not exceed 9 for the spans 
indicated, whereas the total number of 
hangers for the conventional span might 
- easily exceed 50 when the special length 
_ spans are considered. 
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‘Figure 14. Portable structures mounted on 

truck wheels are moved over short sections of 

rail on dump tracks of International Nickel 
Company 


Figure 15. Fabricated structures support the 
750-volt d-c trolley wire and the a-c shovel 
circuit at Utah Copper Company 


Figure 16. This 
catenary span re- 
duces the number of 
main-catenary hang- 
ers to a minimum 
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Although tangent pole spacing on the 
Morenci electrification is only 120 feet, | 
and the nominal pole spacing on light 
catenary at the mines of the Utah Copper 
Company and the two operations of the 
Nevada Consolidated Copper Corpora- 
tion is 150 feet, the spacing of catenary 
spans is not limited to these dimensions, 
except by economy and physical limita- 
tions (Figure 17). These operations, 
from the standpoint of rolling stock, 
locomotives, and rail size (131 pounds at 
Morenci) are comparable to many large 
steam-road electrifications, and with 
sufficient main-line track would un- 
doubtedly be built with structures spaced 
at 300-foot intervals. 


A Bit of History 


The Utah Copper Company electrified 
the crusher yards at both the Magna and 
Arthur plants in 1925 (Figure 18). Two 
80-ton locomotives, formerly used by the 
Manufacturers’ Railroad of St. Louis, 
were installed in these yards. The total 
trackage was slightly over eight miles. 
During 1936 a large part of this crusher- 
yard electrification was torn down, and 
one of the mills was partially dismantled. 
During the following year, however, be- 
cause of improved market conditions, the 
mill was again placed in operation and 
this nine-year-old catenary system was 
rebuilt with scarcely any loss in line ma- 
terial. Naturally, the electrical de- 
partment was adept in taking down and 
rebuilding overhead systems, since this 
is daily procedure for the open-pit mine 
electrification. The original system is 
in operation today. 


Supporting Structures for 
Permanent Track 


Supporting poles are either wood or 
steel. At the Utah Copper Company 
mines, wood poles are used on perma- 
nent haulage, with the exception of the 
yards. Wood poles have been used ex- 
tensively at the Canadian Johns-Manville 


‘mines at Asbestos, Que. Long outside 


haulage tracks of the International 
Nickel Company, near Sudbury, Ont., 
are equipped with wood poles for sup- 
porting light catenary overhead. The 
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Figure 17 Compound catenary on permanent 
track at Morenci 


use of wood depends entirely on the 
permanency of the electrification and the 
cost of the poles; however, at the Ka- 
tanga mines in the Belgian Congo, wood 
is prohibited because of the destruction 
caused by ants. On tangent, the wood 
pole spaced 150 feet and supporting light 
catenary not 11/3 
pounds per foot can be used without 
guys, with 
heavier mechanical loads require guying, 

Some of the yards at Utah are built 


which does exceed 


whereas longer spacings 


with fabricated steel structures support- 
ing cross spans or cross catenary, whereas 
the large storage yard of the Nevada 
Consolidated at Santa Rita, N, Mex., is 
built with wide-flange beams. The en- 
tire McGill electrification of the Nevada 
Consolidated is also built with wide- 
flange beams (Figures 19 and 20). Tubu- 
lar steel poles, consisting of five-inch 
standard pipe, are used for permanent 
track on the Belgian Congo installation. 
These tubes are embedded in concrete. 
Steel poles, whether fabricated structures 
or shapes, are mounted on footings with 
anchor bolts at Utah and Santa Rita 


Figure 18. Crusher-yard catenary at Utah Cop- 

per Company was removed from this area after 

nine years of operation and later reinstalled 
with practically no loss of equipment 


(Figure 21). At McGill, all steel poles 
are embedded, the footings having first 
been cast with a center well into which the 
pole is placed and subsequently grouted., 
The Utah fabricated poles are galvanized, 


Substations 


The most modern substation equip- 
ment is to be found at open-pit electri- 
fications, At Santa Rita, the d-c sub- 
station includes two 1,000-kw rectifiers 
and an automatic switchboard.  Nor- 
mally, one rectifier operates on loads of 
1,500 amperes or less. When the load 
exceeds 1,500 amperes for a period of two 
minutes, the second rectifier cuts in and 
will remain on the line until the load 
drops below 1,500 amperes for a 50- 
minute period, The railway system is 
divided into four sections. Each section 
is fed separately and is protected with 
1,500-ampere breakers. At Morenci, 
four 1,000-kw rectifiers supply the trac- 
tion energy. The Katanga operation 
has two rectifier substations, one on 
each end of the pit. Utah has three 
substations with a total capacity of 9,000 
kw. These substations are located at 
the various load centers throughout the 
mine. 

The ratios of substation capacity to 
connected load for some of the large 
strip operations are: 


Utahi occet isa aanecenh 19 per cent 
Morenet civ snvacin tien ce doe ats 22 per cent 
Santa Rite és ts ch cn ee Wikamtatcs 24 per cent 


From these low ratios it can be seen 
that the various operations making up 
the haulage requirements are  inter- 
mittent, and, although a locomotive is 
in service 24 hours each day, it may ac- 
tually operate only 20 per cent of the 
time, As an example, the loading opera- 
tion for a train may require 60 minutes, 
but the total time required by the loco- 
motive for inching the cars in this 60- 
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Figure 19. Light catenary installed on wide- 
flange portal structures is used for permanent 
track at Santa Rita 


minute interval can be as low as three 
minutes, Consequently, the locomotive 
is in operation just five per cent of the 
loading time, Naturally, the haul from 
the mine to the ertisher increases the over- 
all ratio, but in the case of the Utah 
Copper Company at Bingham, Utah, the 
ratio is quite low, indicating low cost of 
conversion equipment, 


D-C Feeder 


Since each bench track and each dump 
track may be considered as a separate 
electrification, it may be concluded that 
a bench track that is served by only one 
locomotive cannot be equipped with 
feeder that has been calculated by ‘using 
the ratio of installed substation capacity 
to the installed locomotive capacity, 
The single locomotive operates alone. 
Its load cannot be averaged with the 


: aks 
Figure 20. Yard catenary at Santa Rita, fs 
Columns are bolted to footings 
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Figure 21. At McGill, Nev., wide-flange 
columns are embedded in concrete footings 
cast with center well 


loads of many other locomotives; there- 
fore, the ratio used in calculating d-c 
feeder is much higher than the over-all 
mine ratio. 
bench track or waste dump operate at 
very slow speeds, usually about three 
miles per hour, the current collected with 
the pantograph is not apt to reach any- 
thing like full load current. In fact, 
the current is ustially one-half to one- 
third full load current. As a conse- 
quence, the ratio considered, when a 
feeder is designed for the mine, is usually 
33 per cent, or as high as 50 per cent, if 
it is possible to increase current by in- 
creasing speeds. The usual ratio for 


underground coal operations for deter- 
mining d-c feeder for traction purposes 
varies from 33 per cent to 45 per cent. 

In general, comparatively little d-c 
feeder is necessary for the loads en- 


Since the locomotives on a, 


countered. Very little longitudinal feeder 
is installed, since the many paralleling 
tracks on benches and yards provide the 
necessary copper. However, transverse 
feeding is quite common and is necessary 
to cross connect the trolley wires on a 
group of paralleling tracks. 
sulation is inserted at advantageous 
points where it is necessary, either to 
break the feeding or to protect the system 
against interruption of service because of 
some fault on one of the benches or on the 
waste dump. 


Section in- 


It has been the practice at 
the Utah Copper Company mine to feed 
a group of six locomotives on three 
benches from two sources of power. With 
this arrangement an interruption is 
localized and does not affect the entire 
operation. Yards, as 4 rule, are fed as 
one unit—insulation is not placed be- 
tween tracks for segregation. 


Bonds 


Track bonds fall under two general 
For portable track a removable 
bond is used, and for permanent track a 
permanently attached i 


types, 


bond is used. 
The removable bond is either the wedge 
type, which is a low-resistance copper- 
terminal bond that extends around the 
splice bar and is attached by driving a 
wedge into the web of the rail, or a tem- 
porary bond which also surrounds the 


Figure 22 (left). 

Gas-weld 4/0 bonds 

are applied to tracks 
at Santa Rita 


Figure 23 (right). 


; Construction and 
he — maintenance cat at 
Morenci 


splice bar and attaches to the base of the 
rail with large set screws. 

The permanent track is bonded with 
short welded bonds, usually  electric- 
welded, since the d-c circuit may be 
utilized both for the initial installation 
and for maintenance. A 4/0 bond is 
sufficient for rails in the 90-100-pound 
class, while the heavy main-line rail, 
usually 131 pounds, is connected with 
two 4/0 bonds. Cross bonds are placed 
at 500- to 1,000-foot intervals, depending 
on the type of track, Closer spacing is 
used on the temporary tracks (Figure 22), 


Organization 


The operators of large open-pit elec- 
trifications are to be commended on their 
ability to Construct low-cost jobs. Funda- 
mentally, the mine operator is not a man 
to split hairs with respect to the cost of 
equipment. Enormous tonnage and the 
necessity for low-cost haulage will prompt 
him to install adequate and reliable equip- 
ment and that 
As a consequence, one of the 


equipment has been 
proved, 
usual high items of expense is missing— 
engineering cost. The average engineer- 
ing force for a large mine electrification 
rarely exceeds three, and these men are 
the regular electrical force of the mine. 
Outside consultation is secured from the 


manufacturer of equipment and from 
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other mine operators. The mine opera- 
tor does not insist on numerous gadgets 
and changes in design, but insists on de- 
pendable equipment as well as simple 
equipment. The job of moving thou- 
sands of tons of material daily is depend- 
ent on a minimum of breakdowns and, 
since mining has become a production- 
line process, transportation must func- 
tion satisfactorily. Simplicity, a syno- 
nym for low cost, is the first rule of 
mining. 

The nucleus of the construction forces 
is gathered from the mine. The foremen 
are usually acquainted with the designs 
and procedure before actual building 
starts. Therefore, the builders take an 
active interest in the equipment and in 
the construction and become trained 
maintenance men before actual operation 
is initiated. This procedure ultimately 
reduces maintenance costs and, to a 
great extent, the necessity for servicing 
(Figure 23). 


Costs 


When it is realized, that at one large 
strip mine the cost of water for steam 
locomotives paid the power bill after 
electrification, few additional data are 
necessary to convince the mine operator 
that electrification is economical. At 
McGill, Nev., the cost of haulage was 
reduced, by the substitution of electric 
energy for steam, from 10 cents to 3.4 
cents per ton. At Morenci the cost of 
electric haulage is only two cents per 
ton, or slightly less than one cent per 
ton-mile, a figure that compares with 
the average cost per ton-mile on class 1 
railroads. 


Advantages of Electrification 


A specific example of the advantages of 
open-pit electrification is found at Bing- 
ham. Here the number of loaded cars 
in an ore train has increased 25 per cent, 
and speed has increased 25 per cent. 
Therefore, fewer locomotives are neces- 
sary per shovel. 

In’ general, with electric operation, 
there is less track wear due to the articu- 
lated locomotive, and there are fewer car 
derailments. With electrification there 
is no burning of wood crossties, an ex- 
pense which was once tremendous in 
large mines. The electric locomotive 
does not require the transportation of 
fuel and water, an operation which 
added a large amount to the cost of haul- 
age. Enginemen have greater vision 
while operating in and out of the pits, 
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Synopsis: An arrangement of the measure- 
ment and oscillographic recording of large 
alternating currents, consisting of a special 
air-core transformer and an amplifier, is 
described. The air-core transformer is 
wound on a flexible core of small cross sec- 
tion, permitting its easy linkage with the 
current to be measured without disturbing 
the circuit. The underlying theory of the 
air-core transformer is discussed, and the 
modifications necessary to make it suitable 
for measurement purposes are described. 


HE measurement of large alternating 

currents, as required on the low-volt- 
age side of resistance and flash welding 
transformers for instance, is an important 
problem, and many suggestions for satis- 
factory solutions have been made, 

The ordinary current transformer, such 
as used in almost all a-c measuring cir- 
cuits, operates on the principle that in 
any iron-core transformer working with 
a low magnetic flux density in the iron 
core the total excitation resulting from 
the two windings is nearly zero. This 
means that the ampere turns produced 
by the meter winding equal the ampere 
turns or the amperes, in the case of a 
single conductor, of the current to be 
measured. Since the current density in 
the meter winding cannot, as a rule, be 
made higher than the current density in 
the primary conductor, which, it can be 
assumed, has been chosen as high as per- 
Paper 44-4, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE nationa! technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript sub- 


mitted August 23, 1943; made available for print- 
ing October 29, 1943. 

WALTHER RICHTER, now electrical engineer in the 
engineering development department of Allis- 
Chalmers Manufacturing Company, Milwaukee, 
Wis., was an independent consulting engineer at 
the time this paper was written. 

The author expresses thanks for the suggestions of 
W. E. Crawford, E. J. Limpel, and A. Paalu of the 
A. O, Smith Corporation, the laboratory in which 
the device described in this paper was developed. 


missible with regard to the heating of the-: 
primary conductor, the copper cross sec- 
tion of the meter winding must at least 
equal the cross section of the primary 
conductor; the total space taken by the 
meter winding will be increased further 
by the insulation of this winding. In 
addition to this, the two windings must 
be made to link with a closed iron core. 
In low-voltage welding circuits every ef- 
fort has been made usually to reduce the 
spread between the leads, or the “loop,” 
to a minimum, and the insertion of a cur- 
rent transformer, which, for the reasons 
previously mentioned, necessarily will be 
bulky, is usually out of the question. 


Suggestions have been made that a part 
of the welding circuit be used as a shunt 
for a meter. This scheme runs into dif- 
ficulty from skin effects, especially for 
distorted wave shapes such as those that 
occur in flash-welding currents, and re- 
quires very careful placement of the 
leads to avoid inductive pickup. The 
calibration also presents some problems. 


Air-core transformers have been used 
for the measurement of large alternating 
currents,? and this paper deals with a 
special arrangement of this type of trans- _ 
former. Any air-core transformer is 
unsuitable for the measurement of cur- 
rents without certain modifications, as 
will be evident from the following. Its 
operation is based on the fact that in the 
vicinity of a conductor carrying alter- 
nating current there will be an alter- 
nating magnetic field, the intensity of 
which will be proportional to the current, 
if no iron masses are close by. Ifa coil is 
placed in this field, a voltage will be in- 
duced in it, and this voltage may be used 
as an indication of the current. Since the 
induced voltage equals M X di/dt, where 
M is the mutual inductance between the 


and the elimination of smoke helps pit 
operation, since good visibility is a big 
factor in the operation of a mine. 

In conclusion, the electric locomotive 
is reliable. At the Bingham mine of the 
Utah Copper Company there are 65 
locomotives, and there is rarely a time 
when more than two are in the shop. 
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The electric locomotive is not affected 
by bad water, and its breathing apparatus 
is not susceptible to change in altitude. 
It consumes but one grade of fuel, and 
that is the best grade. The electric 
locomotive has proved a successful factor 
in the operation of large open-pit copper 
mines. 
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Figure 1. Circuit for electrical integration of 
an alternating voltage 

\\ 
primary conductor and the pickup coil, 
it is evident that the instantaneous values 
of this voltage are not proportional to the 
instantaneous values of the current, but 
rather to the instantaneous values of 
the rate of change of current. When a 
sinusoidal current of known frequency is 
dealt with, the voltage induced in the 
pickup coil will, of course, again be a 
sine wave, 90 degrees displaced against 
the current wave. In this case, the rms 
value of this voltage may be used safely 
as an indication of the current, as long as 
no phase relations are deduced from it. 
But let us assume now that the frequency 
of the current doubles, while its amplitude 
and rms value remain constant. Since 
di/dt doubles, the voltage in the pickup 
coil will also double. From this it is at 
once apparent that the air-core trans- 
former fails to indicate the current by the 
induced voltage if the current has a dis- 
torted wave shape, that is, has harmonics. 
This is especially true in flash welding, 
but even in plain resistance welding the 
current may change in wave shape if 
electronic tubes are used to control the 
firing point in the cycle. 

A second difficulty lies in the fact that 
the placement of the pickup coil deter- 
mines the value of M and with it the mag- 
nitude of the induced voltage. This dif- 
ficulty has been overcome to a large de- 
gree, however, by most of the workers in 
this field, by properly shaping and placing 
the pickup coil, and their method of ap- 
proach has been utilized also in the pres- 
ent arrangement. 

After the two essential problems of the 
air-core transformer have been stated 
thus, the methods of solving them will be 
discussed. : 

The voltage e,=MXdi/di, induced 
in the pickup coil, is a result of a differ- 
entiation of current, as the formula indi- 
cates. If the reversed operation, that is, 
. an integration, is performed on it, the 

resulting wave will be a replica of the 
original current wave. This integration 
-can be carried out electrically by the 
simple circuit shown in Figure 1. Let the 
periodic voltage e, be applied to the 
series combination of R and C, and let 
the value of C be such, that its reactance 
is small compared with the value of R, 


y 
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Figure 2. Linkage of toroid with current to be 
measured 


even at the fundamental frequency of 
és. Under this condition the current 
through R and C will be determined es- 
sentially by the value of R only; that 
is, we can write without serious error 


lM ae 
7 RoR w (1) 
The voltage across the capacitor will be 
Q fi'dt M ; M 

Omer Cuan CL RKC 
Figure 3. Amplifier and integrating circuit 
V1—6F5 tube RQ — 10,000-ohm 
V2—6N7 tube resistor 
V3—2A3 tube R3 —250,000-ohm 
V4—80 tube resistor 
C1—0.5-microfarad R4 — 5,000-ohm 

capacitor resistor 
C2—94-microfarad R6 — 50,000-ohm 

capacitor resistor 
C3—1-microfarad R7 — 20,000-ohm 

capacitor resistor 
C4—100-microfarad R8 — 10,000-ohm 

capacitor resistor 
C5—16-microfarad RQ — 10,000-ohm 

capacitor potential divider 
C6—50-microfarad R10— 375-ohm 

capacitor resistor 
R1 —150,000-ohm 

resistor 
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It must, of course, be realized that for 
this relation to be strictly true, the capaci- 
tor would have to be infinitely large, so 
that all the voltage e, appears across R. 
However, the larger C, the smaller the 
output voltage eo, and the higher the am- 
plification will have to be, before use 
can be made of this voltage. In the pres- 
ent instrument R=100,000 ohms, C= 
0.5 microfarad, which makes the react- 
ance of the capacitor at 60 cycles per 
second roughly five per cent of the value 
of the resistance; this seemed to be a fair 
compromise between accuracy and am- 
plifier requirements. 

To make the voltage induced in the 
pickup coil as nearly independent as pos- 
sible of the position of the coil, it must 
have the proper shape and must be placed 
according“to certain fundamentals. The 
basic law of electromagnetism states that 
the line integral of the tangential com- 
ponent of the magnetic-field intensity 
around any closed path equals 0.4 7 
times the exciting ampere turns linking 
with the path, that is 


f H,dl=0.Ani (3) 


where H, is the component tangential to 
the path around which the integration is 
to be performed. 

Suppose we surround the current with 
a toroidal* coil, wound on a flexible core, 
a length of heavy-walled rubber tubing, 
for instance. The winding is distributed 
uniformly over the whole length. Let 
n’ be the number of turns per centimeter, 
so that the total number of turns NV is 
equal to m’X1, where 1 is the length of 


*The terms toroid and toroidal are used here and 
in the following for the sake of brevity, although 
the coil described here does not have to be a true 
toroid. A toroid is defined as the surface generated 
by the rotation of a plane closed curve around an 
axis lying in its plane. In this paper we mean a 
coil wound on a surface generated by moving a 
plane closed curve along a closed path in such a 
manner that its plane is always perpendicular to the 
direction of the motion, which is a cumbersome way 
of saying: Take a heavy-walled rubber tube, make 
a “doughnut” out of it, and place a uniformly dis- 
tributed winding on it; then deform the ‘‘dough- 
nut’’ any way you like (as long as you do not 
squeeze its cross section). 
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the tubing. The cross section of the core, 
that is, of the tubing, is held small 
enough so that the average magnetic 
density over the whole cross section can be 
considered, without serious error, equal 
to the magnetic density existing along the 
axis of the toroid at any given point P. 
Since the plane of each individual turn is 
essentially at right angles to the axis, a 
voltage caused by a changing magnetic 
field will be induced only by the compo- 
nent tangential to the axis. If A is the 
area of one coil turn, which in most prac- 
tical cases will be very nearly equal to the 
cross section of the flexible core, in square 
centimeters, the voltage induced over the 
length di of the coil will be 


dH, 
=A Xn'xXdl X— 


s £1078 volts (4) 


and the voltage produced by the whole 
coil, forming a closed path, will be 


dH. 
=4xn"x fo dlX1078 volts (5) 


Differentiating equation 3 with respect 
to time results in 
dH, di 


poet ae ce 
now OATS. (6) 


and substituting this into equation 5 gives 
di z 
=AXn'X0.4x 7 X10°§ volts (7) 


which is independent of the position and 
length of the loop. 

To obtain an idea of the order of mag- 
nitude of the voltages that can be ex- 
pected, suppose we wind number 30 wire 
on a rubber tubing of one square centi- 
meter cross section (about °/;5 inch di- 
ameter). Number 30 enamel will give 
about 90 turns per inch, or 35 turns per 
centimeter, if we use a single-layer wind- 
ing. Suppose that a sinusoidal current of 
1,000 (rms) amperes with a frequency of 
60 cycles per second is made to pass 
through a toroid made of this tubing. 
Considering the fact that the maximum 
rate of change of a sinusoidally varying 
“quantity equals 2zf times the amplitude, 


the rms value of the induced voltage will 
be 


€s = 1X35 X0.42 X 1,000 X 2760 X 1078 


=0.166 volt (7a) 


The production of one volt will, therefore, 
require about 6,000 amperes at 60 cycles 
per second. 

However, the voltage calculated ac- 
cording to equation 7 under the assump- 
tion of a sinusoidal current, as in equa- 
tion 7a, is not the one to be measured, 
as explained earlier; the integrating cir- 
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Figure 4. Arrangement of return lead to 
eliminate effect of magnetic fields not due to 
current to be measured 


cuit not only reduces tne actual voltage 
available for measuring to about five 
per cent of the voltage induced in the 
toroid, but also makes it appear across a 
circuit element having a high impedance 
compared with the impedance of the 
usual low-range rms voltmeter. It is, 
therefore, quite obvious that an amplifier 
will be needed to accomplish the meas- 
urement. It is of importance that this 
amplifier have as flat a response as pos- 
sible, if the output of it is to be used for 
the operation of an oscillograph, although 
there is nothing gained by extending the 
frequency range beyond that of the os- 
cillograph. For a string oscillograph a 
flat response of the amplifier from 60 to 
3,000 cycles will, therefore, be entirely 
satisfactory. Figure 3 shows the diagram 
of an amplifier which has been found satis- 
factory for the purpose. Further re- 
finements, such as inverse feedback, can, 
of course, be introduced to increase the 
accuracy of the measurement or to im- 
prove the stability and permanency of 
calibration. The need for these will be 
dictated by the nature of the problem 
with which one has to deal. Examination 
of the diagram shows that the integrating 
circuit is incorporated into the input cir- 
cuit of the amplifier. The voltage across 
the integrating capacitor is applied to a 
6F5; the output of this tube is fed to a 
6N7 which serves as amplifier and phase 
inverter, so that the pair of output tubes, 
2A3’s, receives essentially a push-pull 
signal. The secondary winding of the 
output transformer has several taps, so 
that a proper match with the load can be 
accomplished. Any high-quality stand- 
ard amplifier, to which the special inte- 
grating circuit has been added, can, of 
course, be used in place of the one shown. 
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Calibration of the device is relatively 
simple. In contrast to a shunt method, 
it is not necessary to have a calibrating 
current available of the same order of 
magnitude as the currents to be meas- 
ured. By linking the calibrating current 
several times with the toroid coil, its 
magnitude can be reduced to almost any 
desired value. Thus, if, for instance, a 
shunt coil of a d-c machine with a known | 
number of turns is available, currents in. 
the order of a few amperes can be used 
for calibration. Instead of using a known 
current for calibration, it is also possible 
to calculate the voltage which will be in- 
duced by a given current of sinusoidal 
wave shape and known frequency, as 
shown in equation 7a. For the toroid to 
which this equation refers, we had found 
a voltage of 166 millivolts induced by a 
1,000 ampere rms, 60-cycle per second 
sinusoidal current. By applying 166 
millivolts, 60 cycles per second, obtained 
from any convenient 60-cycle source 
(such as a voltage divider) to the given 
integrating circuit and amplifier, and ob- 
serving the output of the amplifier, cali- 
brationis obtained. Because of the action 
of the integrating circuit, as explained pre- 
viously, the calibration will be correct 
for any wave shape. 

An interesting detail in connection with 
the leads of the toroid coil should be 
pointed out. During the initial experi- 
ments, when the leads were brought out, 
as in Figure 2, it was noticed that the 
voltage induced in the coil was not inde- 
pendent of the position of the coil with 
respect to the conductor. At first it was 
thought that this was due to the cross 
section of the toroid not being small 
enough. The true explanation, however, 
is that the toroid itself forms a loop, and 
any field will induce a voltage in it, re- 
gardless of whether a current passes 
through it or not. As soon as this was 
recognized as the cause, the remedy was 
obvious: one end of the winding should 
be brought back along or, ideally, on the 


axis of the helix, as shown in Figure 4. — ’ 


As soon as this was done, the position of 
the loop no longer had influence on the — 
magnitude of the induced voltage. An-— 
other way to accomplish the same result, 
at the same time increasing the output 
voltage, is to wind another layer of turns 
on the toroid, progressing with this layer — 
in the opposite direction. , 
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Design Features of Generators for Diesel- 
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Synopsis: Simplicity and reliability -have 
been kept foremost in generators recently 
developed for Diesel-electric switcher loco- 
motives ranging from ten to 80 tons. New 
motors and control equipment have been 
developed at the same time. This paper 
deals especially with the generators, their 
electrical and mechanical features, and per- 
formance characteristics, both as power 
generators and as motors for engine start- 
ing from the locomotive battery. Operating 


_ fundamentally as self-excited generators, 
_ separate exciters have been eliminated. 


The simplicity of the generator windings has 


_ allowed corresponding simplicity of control 


circuits. 


HE Diesel-electric-locomotive genera- 
tor is part of a portable power plant. 
This power plant is built into the loco- 
motive, and, if it does not function cor- 
rectly, the locomotive does not do its 
work properly. This power plant must 
be reliable and controlled easily under 
variable conditions of weather, location, 
motion, and frequently varying load. 
Mechanical and electrical simplicity 


* and durability are very desirable features 


4 
1 


if one wishes to obtain continued and 
reliable service with operators that are 
not always acquainted thoroughly with 
electrical equipment. Simplicity of the 
control scheme is also dependent mainly 
on the generator performance character- 
istics and windings. 

The purpose of this paper is to explain 


~ the electrical arid mechanical features of 


, Paper 44-25, recommended by the AIEE committee 


_ on land transportation for presentation at the AIEE 


~ 


a 
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< A Atwett is design engineer in the transporta- 


tion engineering department, Westinghouse Elec- 
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some of the recent generators that have 
been developed for industrial switcher 
locomotives and railway switchers up 
to approximately 80 tons.- 


Mechanical Requirements 


Generators with a single bearing at the 
commutator end have been adopted as 
standard for the sake of mechanical de- 
sign simplicity. The armature is sup- 
ported at the engine end by the engine 


Figure 1. Engine- 

generator unit ar- 

ranged for three- 
point support 


1,800 rpm, 140- 
horsepower net in- 
put 
crankshaft, This arrangement uses the 


smallest number of parts and provides 
for the closest coupling between the 
generator and engine. 

Steel-disk couplings, flexible to angular 
misalignment, are employed on the 
higher-speed engine-generator combina- 
tions, where the generator stator is bolted 
solidly to an engine bell housing. The 


- eoupling flexibility takes care of slight 


inaccuracies in machining that may pre- 
vent the engine shaft and the generator 
shaft from being exactly in line. The 
steel-disk coupling does not have rota- 
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tional flexibility. This is not desirable 
as the generator armature should act as a 
flywheel for the engine, thus allowing | 
the engine flywheel to be cut down in 
weight merely to what is necessary for 
coupling purposes. When the generator 
stator is rigidly connected to the engine 
by being ‘bolted to a bell housing, the 
whole power plant is mounted with a 
three-point support (see Figure 1). Two 
of these support points are at the sides of 
the generator frame, and the third point 
is at the opposite end of the engine. This 
three-point support makes it easy to 
provide a flexible mounting for the 
complete power plant when resilient sup- 
ports at these three mounting points are 
supplied. 

Another common method of combining 
the engine and generator into a unit 
power plant is that of supporting both on 
a rigid bedplate (see Figure 3). Means 


are provided for aligning the generator 
shaft accurately with the engine crank- 
shaft before the generator frame feet are 
bolted solidly to the bedplate and doweled 
in position. 

The first impression that the layman 
gets, in looking at the engine-generator 
set for a Diesel-electric locomotive, is 
that the generator is much smaller than 
the engine. This, however, is not some- 
thing for the generator designer to boast 
about. It is due to the inherent fact 
that the really active material of the 
engine requires a lot of attachments and 
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Figure 2. 


A generator used on 25- to 50- 
ton locomotives 


1,000 rpm, 170-horsepower net input 


auxiliaries for its proper functioning, 
whereas the electric generator is nearly 
all active material of either electric or 
magnetic circuits. 

How large should a generator be to 
operate with a given engine? One engi- 
neer expressed it by saying that the 
generator should be able to do anything 
that the engine will do. This is a rough 
but simple way of stating it and is a very 
general guide. The Diesel engine and the 
d-c electric generator are such different 
types of power machines, however, that 
there is more to it than such a simple 
statement. More specifically, the genera- 
tor size is determined usually by the 
torque and speed that the engine can 
supply to it continuously and by the 
maximum volts and maximum amperes 
demanded of the generator by the electric 
driving motors in order to meet the re- 
quired locomotive performance. The 
most economical generator size is ob- 
tained when both it and the driving 
motors are designed at the same time, 
with proper regard to voltage and am- 
pere values. 

Naturally, generators 


directly con- 
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nected to high-speed engines are smaller 
than those for slow-speed engines. Usu- 
ally, engines with operating speeds be- 
low 1,500 rpm are called slow-speed, and 
those above 1,500, high-speed, for loco- 
motive service. 

Generators designed for this service 
are usually all new, so that there is a 
freedom of choice of the ratio of di- 
ameter to length. The result is always a 
compromise between the short and fat 
and the long and skinny types. This 
compromise is the result of consideration 
of the economical ratio of diameter to 
length of the armature core, the diameter 
that will best suit mounting with the 
given engine and a minimum over-all 
length of the engine-generator set. An- 
other factor affecting this ratio is the 
critical speed of the rotating members of 
the engine and generator taken together. 
In some cases the diameter of the genera- 
tor armature has been made smaller than 
it would have been, for the other reasons 
just mentioned, in order to reduce the 
armature ]”R? and keep away from criti- 
cal speed vibrations that might cause 
dangerous stresses in the rotating parts. 


This type of generator is well suited to 
effective self-ventilation by a fan on the 
armature shaft. The generator is nearly 
always mounted in a protected compart- 
ment, so that it is mot necessary to en- 
close the space around the commutator 
other than to provide a cover over the 
top to protect the commutator and brush 
holders from falling objects. The ar- 
rangement shown in Figure 3 is especially 
effective in providing clean air for cooling 
the generator and using the air exhausted 
from it to assist in ventilating the engine 
compartment. A vertical partition in the 
enclosing hood (not shown in Figure 3) is 
located at the center of the generator body 
and prevents hot air from the engine 
compartment being used to ventilate 
the generator. In this case, the blower 


Figure 3. A loco- 

motive power-unit 

arrangement that af- 

fords easy access 

and good ventilation 

for both generator 
and engine 


1,000 rpm, 295- 
horsepower net in- 
put 
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for force-ventilating the traction motors _ 
and control, the air compressor, and the’ 
auxiliary generator are arranged cori 
veniently to be driven from a shaft ex- 
tension at the commutator end without 
in any way preventing easy access to the 
brush holders and commutator. : 

Electrically, the generator must act as 
a generator for supplying power to the 
motors and also as a battery-driven motor 
for cranking the engine. These two types» 
of electrical performance will be con- 
sidered under separate headings. 


Performance Characteristics as a 
Generator 


When the performance curves of a 
Diesel-electric locomotive generator are 
discussed, we must always keep in mind 
the fact that it is supplied with a rather 
definitely limited amount of power input. 
Unlike the ordinary powerhouse lighting 
generator, the voltage cannot be kept con- 
stant over a wide range of ampere load. 
This is due to the fact that an increase in 
amperes, without a corresponding decrease 
in voltage, means an increase in power be- 
yond the ability of the engine. “The ideal 
generator-regulation characteristic is one 
that supplies just the right voltage at any 
ampere load and speed, so that its output 
plus the losses will balance exactly the 
power supplied to the generator. In 
other words, the problem of the generator 
regulation is to make its power input 
balance the output of the engine at any 
ampere load demanded by the traction 
motors and at any speed and throttle 
opening of the engine. 

Many types of separate exciters and 
field-current regulators have been con- 
sidered for properly adjusting the genera- 
tor field strength at different ampere 
loads, so that just the right voltage is 
obtained. Many of these schemes are too 
complicated or introduce factors of un- 
reliability or additional cost or main- 
tenance to have found favor for use on 
small- and medium-size switcher loco- 
motives, ~ 

The type of generator that gives a 
close approximation of the ideal regula- 
tion, and at the same time an ultimate in 
simplicity, is a modification of the ordi- 
nary self-excited d-c generator. The modi- 
fications consist of adding a small per- 
centage of separate excitation from the 
locomotive battery and a special un- 
symmetrical shaping of the main pole 
faces. The unsymmetrical main-pole 
shaping is allowed, because the rotation is 
always inthe same direction. The object 
of this pole-face shaping is to change the 
load saturation curves with respect to the 
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railway 


Figure 4, 65-ton Diesel-electric 
locomotive 


no-load saturation curve, so that the field 
excitation provided by the self-excited 
and battery fields will approach closely 
that required for the ideal voltage 
regulation. This effect results from a 
compounding action that counteracts 
the effect of armature reaction to the 
desired degree, 

Figure 6 shows test voltage and speed 
regulations of a generator driven by a 
Diesel engine delivering 275 net horse- 
power to the generator at 1,200 rpm. 
From F to E on the speed curve, or C to 
B on the voltage curve, the generator is 
absorbing full-throttle power from. the 
engine. Over this part of the curve the 
engine speed is determined by the load 

_the generator demands from it. Since 
the speed is approximately constant, the 
horsepower input is also approximately 
constant. 

y At E the engine governor starts to 
operate, and the speed from E to D is 
determined by the governor and not the 
generator load. The part of the voltage 
curve BA is the voltage that the genera- 
tor will produce at this governed speed 
__-with the same field setting as for the full- 
_ throttle operation from C to B. Point 
Bis called the “‘unloading point.” Most 
of the operation of a switcher locomotive 
will be over the voltage range from C to 


are required over this range, the operator 


4 
we 
E will use wide-open throttle. Actually, in 


switching service, or even in so-called 
_ “transfer service,” full throttle is not 
used for a very long period of time. At 
 partial-throttle positions, both speed and 
é voltage are lower at any given amperes. 
z Since amperes represent locomotive trac- 
tive effort, partial throttle and lower 
_ yoltage simply mean lower speed at a 
given tractive effort. 

In cases where the locomotive is re- 


“ro 


quired to do high-speed service at light 


B, and, when maximum power and speed - 


tractive efforts, it is desirable to provide 
a second. field setting so that a higher- 
voltage unloading point will be obtained, 
as at J. This is obtained by decreasing 
the amount of resistance in the self- 
excited field circuit when the voltage 
has increased to G. This change is con- 
veniently made with a voltage relay. 
This permits full-throttle loading with 
speed H,—K and voltage G;-J. At K the 
engine governor begins to operate, and at 
lower ampere loads the speed is deter- 
mined by the governor, and the generator 
produces voltage J—L. 

It is obvious that, if full power were 
taken from the engine at very low am- 
peres, the voltage required would be very 
high. The minimum amperes for which 
the unloading point is set must be chosen 
with due respect to the maximum voltage 
that the generator commutator is good for 
and the voltage required by the traction 
motors to provide the specified high- 
speed performance of the locomotive. 

It should be kept in mind that the per- 
formance shown in Figure 6 is the maxi- 
mum performance of the power plant, 
and that most of the operation will be at 
less power and correspondingly lower 
speed and volts. This lower power per- 
formance will be a result of the operator 
not using full throttle. Diesel engines 
for locomotive service are not intended for 
full-throttle operation continuously. The 
generator could operate continuously 
between two limits of continuous rating. 
The upper limit of continuous ampere 
rating is determined by the heating of the 
main current-carrying parts, such as 
armature windings, commutating field 
windings, and commutator; the minimum 
limit, by heating of the self-excited field 
which has increased amperes and result- 
ing increased heating as voltage rises. 

The battery field uses only a few am- 
peres from the battery and is left on at 
all loads. The purpose of this separately 
excited battery field is to provide a posi- 
tive flux in the magnetic circuit and 
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Ten-ton Diesel-electric industrial 
switcher locomotive 


Figure 5. 


definite yoltages at the lower operating 
speeds. The special shaping of the main 
pole faces is of assistance to the battery 
field in this respect. 


Performance Characteristics as a 
Starting Motor 


The most convenient method of engine 
cranking is to use the generator as a 
starting motor. This eliminates the 
necessity for a separate starting motor, 
its mounting and gearing to the engine 
flywheel. 

A series motor characteristic is neces- 
sary to provide both high breakaway 
torque and the required firing speed and 
torque. A separate series main-field 
winding is built into the generator es- 
pecially for this purpose. At starting, 
this field winding is connected in series 
with the armature and commutating 
field. This starting-motor circuit is con- 
nected directly to the battery terminals 
until the engine fires. 

Engine builders are usually in a posi- 
tion to furnish information on the break- 
away torque required to start the engine - 
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AMPERES 
Figure 6. Typical generator-voltage and 


speed-regulation curves 
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Figure 7. Schematic control diagram showing 
simplicity of circuits 


from zero speed and the speed and torque, 
required at firing. The best method of 
obtaining this information, with all 
mechanically driven auxiliaries con- 
nected as in service, is by means of an 
oscillographic test recording volts, am- 
peres, and speed of the generator acting 
as a starting motor. The values of 
speed, torque, current, and volts during 
starting are such rapid transients that 
ordinary meter readings are very un- 
certain. 

Figure 8 is a tracing of a typical os- 
cillogram of such an engine-starting test. 
A 60-cycle timing wave was included in 
addition to the values of volts, speed, and 
amperes. In this case speed was recorded 
by a disk mounted on the engine shaft 
that made eight contacts per revolution. 
The speed at any point along the curve 
can be obtained by finding the number 
of cycles of the timing wave correspond- 
ing to a certain number of the speed- 
indicating impulses. For example, at 
the firing point, four speed indications or 
one-half revolution correspond to 8.4 divi- 
sions on the 60-cycle timing wave, or 
214 rpm. 

In this oscillogram the current record 
is used to measure instantaneous torque. 
The actual torque is obtained by referring 
to an ampere-torque curve, previously 
obtained from factory test of the genera- 
tor as a series motor. The initial inrush 


Figure 8. Typical oscillogram of test to de- 
termine engine-starting requirements 
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of current is not a measure of breakaway 
torque, since this current is limited only 
by the impedance of the circuit and would 
represent more torque than is required 


to start the engine turning. The ripples — 


in the current curve indicate variations 
of torque due to the cylinder compres- 
sions. The maximum value of the first full 
compression has been taken as the cur- 


rent corresponding to maximum break- 


away torque. This value, scaled from 
the oscillograph, is 355 amperes. From 
the ampere-torque curve for the generator 
used in this test, this current corresponds 
to a torque of 1,040 pound-feet. 

After breakaway, acceleration con- 
tinued up to a time of approximately 2.0 
seconds, after which the speed was nearly 
constant, as indicated by the equal spac- 
ing of the speed-indicator impulses. 

When the engine fired, a sudden de- 
crease in current took place. "he point 
is accurately determined when a tangent 
is drawn to the tops of the ripples of the 
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current curve just ahead of this decrease. 
The engine firing in this case started at 
3.18 seconds after 9.15 revolutions, at a 
speed of 214 rpm at 315 pound-feet 
torque. A number of such tests should be 
taken under varied conditions of tem- 
perature, engine-oil viscosity, and length 
of time the engine has been standing. 
This information is necessary to provide 
data for designing the series-field wind- 
ing of a new generator and to determine 
the characteristics of the battery that 
will be required to insure engine starting 
under these conditions. 

Figure 9 is a typical curve of a genera- 


tor operating as a series starting motor ob- ~ 


tained from factory test under steady- 
state conditions. The curve is plotted 
as shown so that either breakaway or 
firing torque can be read from it and also 
the voltages required. The torque curve 
was determined when pounds were read 
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Figure 9. Typical curve of generator operating 
as a series starting motor 


at the end of an arm clamped to the 
shaft under locked condition. This was 
checked when torque was calculated from 
inputs, speeds, and losses while it ran at 
30 volts. Theoretically, the torque, when 
running, should be slightly less than the 
locked torque, but the speed is low and 
the field strength comparatively low in 
comparison with the operating condi- 
tions as a generator, so that the rotational 
losses are practically negligible. The 
running and locked torques are, there- 
fore, plotted as one curve for simplifica- 
tion. 

To illustrate the use of this curve, let 
us use the values of torques and speed 
obtained from the oscillograph test and 
determine what values of volt and am- 
peres this generator will require to start 
the engine. (Incidentally, the oscillo- 


graph test was taken on a different type _ 


of generator prior to the development of 
this one.) The breakaway torque of — 
1,040 will require 640 amperes and 9.2 
terminal volts. The firing torque of 315 
at 214 rpm will require 335 amperes and 
a terminal voltage of 35. The latter 
value is obtained by interpolating be- 
tween the 30- and 40-volt speed curves. 
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Figure 10. Battery volt-ampere curve with 


volt-ampere points for a given engine’s starting 


requirements — 
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Figure 10 shows these volt-ampere 
points located on the same plot with the 
voltage of a proposed battery. The 
battery-voltage curves were obtained 

from the battery manufacturer’s data. 
Such data are usually given in volts per 
cell and amperes per positive plate. It is 


plotted here as total amperes and ter- - 


minal volts for the battery considered. 
The volts drop from battery to generator 
tetminals must be accounted for. This 
drop includes that of such switches and 
contactors as are in the starting circuit. 
It is advisable to utilize liberal cable size 

in this circuit and to keep the lengths as 
short as possible, because a few volts drop 
multiplied by the amperes required rep- 
resent a large percentage of the power 
being drawn from the battery. 

If the volt-ampere points for break- 
away and firing lie well below the genera- 
tor-terminal voltage curve, then the 
battery proposed can be considered as 
adequate. 

The question is sometimes asked as to 
why the commutating-field winding is 
not omitted when the generator is used 
as a starting motor at the comparatively 
low battery voltage. This would give a 
lower-resistance starting motor, and, at 
first thought, this would require less 


_ battery volts at a required speed and 
- torque. 


Actually, this is not the case. 
For example, tests on a generator, used 
to start an engine which required a 
firing torque of 200 pounds-feet at 200 
rpm, showed the volt-ampere require- 
ments given in Table I. 

Although the amperes required are 13 
per cent less, the voltage is 25 per cent 
greater with the commutating-field wind- 


* ing omitted and would require a higher- 
voltage battery. The reason for this is 


the familiar effect of an undercompen- 
sated commutating field reducing the 
speed of a motor. In the case of com- 
plete omission of the commutating-field 
excitation with the poles still in place, the 
undercompensating effect is very marked 
and produces the unfavorable change in 
required volts and amperes shown in 
Table I. 


-Conclusion 


- Generators having the mechanical 
features and the electrical performance 
described in this article are being applied 
to many sizes of industrial and railway 


switching locomotives at the present time. 


In addition to use on railroads and in 


industrial plants, many are being used by 

the “Army and Navy in the United _ 
= : States and overseas. 
supplied to our allies. Their simplicity 


Others are being 


FEeBRuARY 1944, VOLUME 63, 


Diesel-Electric Switching-Locomotive 


Application by Means of 
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Synopsis: The application of switching 
locomotives involves calculations of loco- 
motive performance under given conditions 
of grade, train weight, and length of run. 
Such calculations can be made quickly by 
nomographic charts. Equipment heating 
limitations on Diesel-electric and electric 
locomotives can also be checked by ele- 
ments added to the nomograms. The 
theory and the method of construction of 
such charts are described in the paper. 


N the process of determining appli- 

cability of Diesel-electric locomotives 
to railroad and industrial switching 
services, it is often necessary to deter- 
mine whether or not the haulage of a 
given train up a grade of known length 
and severity is possible without exceeding 
the locomotive-equipment heating limi- 
tations. 

The performance of such a haul is 
limited by wheel-to-rail adhesion, or by 
heating of the electric (traction motors 
and generators) or the engine equipment, 
or by both of these limitations. 

Since switching service—be it indus- 
trial or railroad—usually comprises rela- 
tively short movements at full-load rat- 
ing of the locomotive-engine equipment, 
coupled with idle periods, the engine 
Paper 44-27, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted Novem- 
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Nomographic Charts 


T. F. PERKINSON 
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equipment is, in general, applied on an 
intermittent-rating basis. Thus, a nomi- 
nal 500-horsepower unit is suitable for 
sustained operation of the engine equip- 
ment at 500-horsepower output for but a 
limited period of time. This may-be a 
period of one-half hour, or one hour, after 
which the load must be reduced to a 
fraction of the rating for a definite period 
of time before the nominal rating load can 
be carried again. 

Likewise, the traction motors and 
generators are limited to definite-period 
loading, depending upon the heating 
characteristics of the machines under 
various conditions of loading. 


The conventional speed—tractive-effort 
characteristic of the Diesel-electric 
switching locomotive, by itself, gives no 
information as to the service that can be 
performed with the locomotive without 
exceeding its equipment limitations, par- 
ticularly in the high-tractive-effort low- 
speed portions of the characteristic 
where electric-equipment heating is 
limiting. 

The speed—tractive-effort characteristic 
can be combined with the time-limitation 
characteristics, both of the engine and the 
electric equipment, on a nomographic 
chart which can be used to determine 
graphically and quickly whether or not a 
particular locomotive can handle safely a- 
given train under known conditions of 
grade and length of grade. 


The trailing tonnage that can be 


and reliability will be important factors 
in prompt movement of supplies and 
men in the many locations where they 
will be used. 
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Figure 1. Speed-tractive-effort characteristic 


for 80-ton 500-horsepower Diesel-electric 
switching locomotive 


handled by a locomotive at a definite 
speed on a given grade is determined by 
solution of the equation 


T— Wx(R, +206) 
(R;+20G) 


W;= @) 


in which 


7T=tractive effort in pounds of the loco- 
motive at the given speed 
Ry, =resistance of the locomotive in pounds 
per ton of locomotive weight at the 
given speed 
R;=train resistance in pounds per ton of 
train weight at the given speed 
W,=weight of trailing train in tons 
W,=weight of locomotive in tons 
G=grade in per cent 


The train resistance varies with the 
individual weights of cars in the train, 
but, since unjustifiable complications in 
the calculations would be involved were 
this variation considered, a fixed value 
of train resistance based on experience 
is assumed in the following. This is 
taken at 8.5 pounds per ton. The value 
of Rz, resistance of the lcomotive,? is, 
however, easily determined for different 
speeds by the equation 


0.00244 V? 


29 
Rp =1.3+—+0.03V 
Beg rt (2) 


in which 


Ry =resistance of locomotive in pounds per 
ton 
W =weight per locomotive axle in tons 
N=number of locomotive axles 
V=speed in miles per hour 
A=cross section of locomotive in square 
feet 
=105 for 50-ton locomotives 
=110 for 70-ton locomotives 
=120 for 100-ton locomotives 


By means of the two equations, given 
in the foregoing, and the speed—tractive- 
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effort characteristic curve applying to 
the particular locomotive (Figure 1 
shows such a characteristic for a 500- 
horsepower S0-ton locomotive), a speed, 
grade, and trailing tons can be indicated 
as in Table I. 

This table can be plotted in the form of 
a three-element nomogram with speed, 
grade, and trailing tons as the three 
elements. While the nomogram may be 
worked out analytically, the authors 
suggest that the graphical methed of 
constructing the mnomogram, as de- 
scribed in the following, is simpler and 
less tedious for those not skilled in setting 
up nomograms in general. 

On any convenient size of paper the G 
stale is drawn in at the left-hand side of 
the paper, perpendicular to the base 
ordinate, while the W scale is erected 
perpendicular to the base line near the 
right-hand ‘side of the paper (Figure 2). 
The authors suggest a minimum distance 
of 10 inches between the G and W’ scales 
and a length of 20 inches for the G and 
W scales for charts for locomotives up to 
1,000-horsepower rating. 

The W scale is marked off in a recti- 
linear stale, so that the maximum ton- 
nage shown in Table I falls near the top 
of the sheet with the value of 0 tons at 
the base line. 

On the G scale the value of 1.0 per 
cent grade is arbitrarily located one half 
of the length of the G-scale line above 
the base line. The value of zero per cent 
grade is taken at the base line. 

The S scale is located as follows: 

From the table select a value of ton- 
nage that can be handled at a low speed— 
5.0 miles per hour—on level grade, and 
draw the construction line 4B (Figure 2). 
From the table select a value of tonnage, 
corresponding to the same speed pre- 
viously used—5.0 miles per hour in the 
present case—, that can be hauled on a 
1.0 per cent grade. Draw the construc- 
tion line CD. The intersection of AB 
and CD determines one point on the S 
scale. A second point corresponding to a 
higher speed can be determined in a 
similar manner when two combinations 
of speed, tonnage, and grade are selected 
from Table I. The S scale is then drawn 
in, as shown, as a straight line. 

The G scale may be calibrated up to 
the maximum value of grade desired when 
the value of W is calculated for assumed 
values of G at 5.0 miles per hour by equa- 
tion 1, and when the values of G are 
located on the scale by means of a 
straightedge from the value of W on the 
W scale through the 5.0 mile-per-hour 
point on the S scale. 

Similarly, the S scale may be calibrated 


~ 
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by laying a straightedge between the ~ 
values of tonnage and grade given in , 


Table I. 
The upper end of the S scale may be 


taken at a speed point corresponding 


to 25 per cent adhesion tractive effort 
on the speed-tractive-effort character- 
istic. In the example selected 25 per 
cent of the locomotive weight is 40,000 
pounds and the speed corresponding to 
this tractive effort from Figure 1 is 2.2 
miles per hour. 


The elements of the chart, which are 


required to indicate engine- and electric- 
equipment heating limitations, are added 
as described in the following procedure. 
At the point on the S scale corre- 
sponding to 25 per cent adhesion speed, a 
perpendicular 4B in Figure 3 is erected. 
Another line CD, Figure 3, is erected 
perpendicular to the S scale at the loco- 


motive speed corresponding to the short-. 


time limitation on the electric equip- 
ment which corresponds to the short-time 
limitation on the engine equipment. In 
the example selected, the engine equip- 
ment is limited to operation at 500 
horsepower for 30 minutes, and the speed 
of 3.5 miles per hour corresponds to a 
30-minute rating on the electric equip- 


re 


ment for an initial winding temperature — 


of 100 degrees centigrade and a final 


winding temperature (at the end of 30 
minutes) of 160 degrees centigrade. — 

The point D is projected over to the 
line AB, parallel to the S scale to the 
point E. .The line AE is then laid off ona 
logarithmic scale in minutes with the 
value of one at A and 30 at E. 

The points F, G, and H are laid in on 
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Figure 3. Speed—grade - train - Table |. 
weight nomogram combined with 
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Tonnages do not include weight of locomotive. | 


electric equipment will be overheated in 
performing the given service. It may be 
noted that the line from 2.8 miles per 
hour onsthe S scale to X intersects the 
line FGH at 14 minutes. A straightedge, 
laid between the 14-minute point on line 


0.1 ze) i AB and the 2.8 point on JK, intersects 
he 2 S the M scale at 0.66 mile, indicating that 
#2 haulage of the 1,400-ton train on an 
i 0 E 0.8 per cent grade should be limited to a 
distance of 0.66 mile, if the electric equip- 
ment is not to be overheated. 
the 10-, 15-, and 20-minute lines at the in which 


speeds corresponding to the tractive 
efforts to which these short-time ratings 
conform. The line FGHD indicates the 
limitations imposed by safe heating of 
the electric equipment. 

The line JK is now drawn in as shown, 
perpendicular to the S scale at J, and 
calibrated in a log scale in speed in miles 
per hour with the value of one at J and the 
value of 30 directly opposite the 30- 
minute mark on AB. 

The line LM is erected midway be- 
tween JK and AB and calibrated in a 
log scale in miles fixing the 0.1-mile and 
10-mile points with a straightedge laid 
between JK and AB at the points three 
miles per hour and two minutes (for 0.1 
mile) and 30 miles per hour and 20 
minutes (for ten miles). 

The elements AZ, LM, and JK area 
nomographic plot of the equation 


M=0.01667XSXT (3) 


M =distance in miles 
S=speed in miles per hour 
7 =time in minutes 


The chart is now ready for use. 

As an example of its use, it is desired 
to determine whether the haulage of a 
1,400-ton train up an 0.8 per cent grade 
one mile long will cause overheating of 
the engine or electric equipment on the 
80-ton 500-horsepower locomotive for 
which the chart has been drawn. 

A straightedge laid between 0.8 on the 
G scale and 1,400 on the W scale crosses 
the S scale at 2.8 miles per hour. 

A straightedge laid across the points 
2.8 on line JK and 1.0 on line LM inter- 
sects the time scale at 21.5 minutes. A 
line drawn from 2.8 on, and perpendicu- 
lar to, the S scale intersects the 21.5- 
minute line at X, and, since this point 
lies above the electric-equipment heating 
line FGHD, the indication is that the 
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By obvious cut-and-try methods it can 
be determined that a train of 1,285 tons 
trailing is the maximum that can be 
handled on the 0.8 grade, one mile in 
length, without exceeding the permissible 
temperature rise in the electric equip- 
ment. 

If the intersection of the speed line 
from the S scale with the time line falls 
below the electric-equipment heating- 
limitation line, but to the right of the 
30-minute line, overheating of the engine 
equipment is indicated. 

If the straightedge between the G 
scale and W scale falls across the S scale 
at a point above and to the left of the 
point A, a high value of adhesion (greater 
than 25 per cent) and the likelihood of 
wheel slippage are indicated. 
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Synopsis: Symmetrical-components con- 
cepts are developed for the currents, volt- 
ages, and impedances of a four-phase system, 
and formulas are given for various types of 
short circuits. The idea of symmetry 
among the members of each set is based on 
the angular displacement between the mem- 
bers of the set, rather than that of phase 
rotation which fits the three-phase case 
very nicely but is inadequate for the four- 
phase case. 

Aside from its possible value for four-phase 
problems, which are rather rare, the paper 
is presented here in the expectation of an 
additional benefit, namely, that the parallel- 
isms and contrasts between the four-phase 
and the three-phase formulas may throw 
further light on the general theory and ap- 
plications of symmetrical components. 


HE highly developed automotive 

art—model of American efficiency in 
production—has taught the public to 
expect that the factory must be specially 
tooled up for each new model. The 
philosophy of tooling is such common 
knowledge in the mechanical arts that, 
even though many an operation could be 
carried out with hammer, file, and screw 
driver, many a mechanic will frequently 
be seen making a special tool for an odd 
operation, as requiring less time in the 
end. The same philosophic principle 
holds in all the arts, electrical as well as 
mechanical; and such an experience in 
electrical engineering, with a conscious 
philosophy of tooling, led to the work 
which forms the subject matter of this 
paper. 

The author had occasion to analyze the 
performance characteristics of an existing 
two-phase system if converted to a five- 
wire four-phase system. The attempt 
was made first by elementary methods, 
using such common tools as Kirchhoff’s 
laws, but the problem involved unknown 
mutual impedances, and additionally the 
equations tended to be lengthy and 
burdensome, and each new problem 
meant going through a similar distasteful 
operation all over again. It was then 
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thought that on the whole the work would 
be much less and the results more de- 
pendable if a tool was developed in the 
form of a four-phase symmetrical-com- 
ponents method of analysis. This was 
done, and the results fully justified the 
expectations. The analysis became very 
systematic and straight forward; the 
impedances, such as could be estimated 
with some confidence; and the resulting 
formulas, such as could be interpreted 
and checked physically. It was then 
thought that it might be worth while to 
put this sytem of analysis on public 
record, not only for use on those few oc- 
casions when four-phase system problems 
may be encountered, but also for its 
technical and educational value, as a fur- 
ther illustration of the power of the sym- 
metrical-components concept as a tool in 
the analysis of electrical systems. 

Those familiar with the three-phase 
technique will be interested in observing 
the resemblances and the differences be- 
tween the three-phase and the four- 
phase techniques, !~* 


Concept of Symmetrical Components 
in the Four-Phase System 


The conventional concept of symme- 
trical components of three-phase sys- 
tem—positive-negative-, and zero-phase- 
sequence components—is peculiar to 
the three-phase circuit and not very 
adaptable to a system with greater num- 
ber of phases, because a four-phase sys- 
tem must have four components (n- 
phase system » components), and the 
concept of positive-, negative-, and zero- 
phase-sequence components offers us no 
clue as to how to find an appropriate 
fourth component for the four-phase 


system, 
te 124-4 
lic Tin 
Figure 1. Symmet- 
trical set of vectors, 
lip I 
Figure 2. Symmet- 424-2 
rical set of vectors, Isp Toa 
I, T2B Tac 
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If, instead of considering the direction - 
of rotation as the distinguishing mark of , 


a symmetrical set of vectors, we consider 
the magnitude of the characteristic 


‘angle between the vectors of the adjacent 


phases as the distinguishing mark, we 
obtain a rule that enables us to define 
the symmetrical components of a system 
of any number of phases. Thus, if the 
angle between adjacent phases is @ for 
the normal symmetrical set of vectors of 
the system, then a set in which the vectors 
succeed each other at intervals of 2 0 
constitutes a second symmetrical set; 
one with intervals of 30, a third sym- 
metrical set; and so forth. The nega- 
tive-sequence set of the three-phase sys- 
tem corresponds to the set having the 
characteristic angle of 20. Since, in the 
n-phase system, @ equals 360/n degrees, 
the mth set of symmetrical vectors will 
have the characteristic angle 2(360/n), 
or just 360 degrees, which is equivalent 
to zero; that is, all of the vectors will be 
in phase with each other, like the zero- 
phase-sequence set of the three-phase 
system. The set (7 + 1) turns out to bea 
duplication of set 1, (n + 2) a duplicate 


~ of set 2, and so forth, so that the -phase 


system has only n distinct symmetrical 
components, 

Accordingly, in a four-phase system 
(Figure 5), the consecutive phases of 
the normal symmetrical set of vectors 
I, are spaced 90 degrees apart (Figure 1); 
those of set hh, 2X90 degrees or 180 
degrees apart (Figure 2); those of set Jj, 
3X90 degrees or 270 degrees apart (Fig- 
ure 3); and those of set J,, 360 degrees, or 
what is equivalent to it, 0 degrees apart 
(Figure 4). 

Evidently, the set %, (Figure 1) cor- 
responds to the positive-phase-sequence 
set of three-phase systems: the set J; 
(Figure 3), to the negative-phase-se- 
quence set; and the set J, (Figure 4), 
to the zero-phase-sequence set; but there 
is nothing like the set %, (Figure 2) in a 
three-phase system. The set J, has a 
similarity to the set 4, except for the 
important difference that, instead of a 
neutral return, the horizontal phases 
act as return to the vertical phases, and 
vice versa. 

The difference in concepts leads also to 
a difference in notation. If we wish the 
subscript to represent the characteristic 
angle, then the set of vectors in Figure 3, 


424-3 
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T3¢ 
Figure 3. Symmet- 
rical set of vectors, 
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Table I. Impedance Data 


é Primary 
Bank G Bank U Lines Total 
7,500- 7,500- 15,000-  —15,000- 
Kya Base KvaBase KvaBase Kva Base 
(Per (Per (Per (Per 
Cent) Cent) Cent) Cent) 
ie? Soe 6.4 
7 15 
Heaps Ore 
pate Infinity 


\\ 

with the characteristic angle 36, is cor- 
rectly marked as J;; whereas, if phase 
rotation were to be the guide, we would 
have had to mark it J,, and the set J, as 
Ih, conforming to the conventional nota- 
tion for the negative- and zero-phase- 
sequence components of the three-phase 
circuit. This author feels that the three- 
phase notation is about as poorly adapted 
as the three-phase concept to the four- 
phase circuit, but, inasmuch as J, has 
zero characteristic angle in all systems, 
we may use the conventional symbol J for 
it. So in what follows, we shall refer to 
I,and E,as I, and Ey. 


Impedances ‘to Sequence Currents 


The types of symmetrical sets of cur- 
rents already defined, and illustrated in 
Figures 1-4, define also the corresponding 
impedances (Zi, Zz, Zs, Zo) for a four- 
phase system. 

(a). Z is the impedance of the circuit 
to the normal balanced four-phase cur- 
rents of Figure 1. It is independent of 


_the condition of the neutral—whether it 


be grounded or isolated, and even whether 
the mid-point of the vertical windings is 
joined with that of the horizontal wind- 
ings. Phase A, however, must be joined 
with C, and B with D. 

(b). Z, is the impedance offered to 
currents like those in Figure 2. As the 
horizontal and the vertical phases act as 
return circuits to each other, their mid- 
points must be tied together. Otherwise 
2, will be infinity. The grounding or 
isolation of the common neutral makes 
no difference to Z. Z: can be measured 
with single-phase voltage, connecting A 
to C as one terminal, and B to D as the 
other. The result must, of course, be 
expressed per phase. 

To secure a low value of Z:, opposite 
phases must be well interlaced or closely 
coupled with each other. Depending on 
the presence or absence of such treat- 
ment in transformers, Z; may be as low 
as Z,/10, or as high as 10 Z. 
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424-5 Figure 5. Four- 
PRI. 
phase supply system 
—three-phase __ pri- 
mary, four-phase sec- 
ondary connections 
D 
SEC. 
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B 
D 
424-6 
SEC. 
N = 
Cc A 
Figure 6. Single- Zp 
phase load, line-to- 
neutral B 


(c). Z; is the negative-phase-sequence 
impedance and has the same value as Z 
for static circuits. 

(d). Z. If Figure 4 is compared with 
Figure 2, there is a certain similarity in 
the flow of currents, J, and Ih, by virtue 
of which, Z may have the same, or ap- 
proximately the same, value as Z;. The 
important case in which this would not be 
true at all is the case of the isolated neu- 
tral, in which case J) cannot flow, and 
Z, must then be set down as infinity, 
while Z, may still have a very low value. 

In most of the practical instances, 
therefore, the four-phase system is likely 
to have only two independent, imped- 
ances, Z; and Z; although, in the 
general case, the static system will have 
three independent impedances, Z:, Zo, 
and Zo; and the rotating machine, four. 

In all of these cases, it is necessary to 
assume that, for any one set of currents, 
the corresponding set of impedance drops 
are also symmetrical in the same sense 
as those currents. If this is far from true, 
the value of symmetrical-components 
method of analysis is greatly reduced. 


Symmetrical Components of 
Unsymmetrical Four-Phase 
Currents 


Representing the four phases by letters, 
the symmetrical components by num- 
bers, and with phase A as the reference 


_ phase, 


hh=Ng=(Ugt1p/90° + Ic / 1800+ 

Tp/270°)/4°> (1) 

Th=Ing = (Ig +1,/2 X90° +. Tp/2 X 180° + 
Tp/2X270°)/4 (2) 

Tp=Tya= (Ip tI p/3 X90° +1 /3 X 180° + 
Tp/3X270")/4 (3) 

To=Ty4 = (Ig +I p/4X 90° + Ig/4 X 180° + 
Tp/4X270°)/4 (4) 
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and inversely 


h=aNh+ht+h+h 
1,=1,/90°+L/2%90°+ 
T./3X90°+h/4X90° 
=1,/90°— f+ 1,/90+-1, 
T¢=1,/180°+b/2X180°+ 
T,/3X 180° +1o/ 4 180° 
== h+L—1,+h 
Ip=1,/270°+h/2X%270°+ 
1,/3X270°+h/4X270° 
=1,/90—[,—1,/90+-1, 


(4.1) 


These accord with Figures 1-4. 

Equations analogous to 1-4.1 apply 
also to voltages. 

We now apply these formulas to some 
representative unsymmetrical cases for 
use in short-circuit calculations. 


SINGLE-PHASE LOAD FRoM ONE LINE TO 
NEUTRAL: A-N 


As line A (Figure 6) is the only one with 
current, all others zero, 


I,=I,, (given); I ,=0; Ic=0; Ip=0 


Therefore, in applying formulas 1-4, 
only the first term on the right needs 
consideration, and we obtain the result 


NQh=14/4; =14/4; Ip=14/4; Ih=14/4 
(5) 


That is, in the loaded phase (phase A), 
all four components are equal and in 
phase. It can be verified that in the 
adjacent phases (B and D, idle), J, can- 
cels Jo, and J, cancels J;. In the opposite 
phase (C, also idle), 7, cancels 1, and J, 
cancels J, These relationships find a 
significance in the calculation of voltage 
drops. If the corresponding impedances 
are alike, where the currents cancel, so 
will the voltages; but, if the impedances 
are dissimilar, a net voltage change (with 
no net current) will result. 


Table II 


Grounded Bank 


Phase A Phase C 

(Per Cent) (Per Cent) 
Qin Zi" (8065/4) 828="3 76355, o00en 3.63 
(2) ~hZs (1.65/4) 75 =31 -.7.....° —31 
3) “nZa~ G..65/4).- 858 =238-63.2.5.2.. - 3.63 
(4) IoZo  (1..65/4)150 =62 (920.2... —62 
(6) Totals Drop. cana: LOG? sears —85'.7 

DOD 424-7 
SEC. 
N —_— 

c A 
Figure 7. Single- t Ze 
phase load, line-to- 
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SINGLE-PHASE Loap Across ADJACENT 
Lines: A—B 


It is seen from Figure 7 that 
I4=I, (given) ; Ip=—I43 Ig=0; Ip=0 


Hence, only the first two right-hand 
terms of formulas 1-4 count, and we ob- 
tain the results 


1 ete , 
hon (a) 
1 
h=5 I, (b) (6) 
Meee oes re 
h=7 5 1g /45) (c) 
h=0 (d) 


SINGLE-PHASE LoAp ACROSS OPPOSITE 
Lines: A-C 


From Figure 8 
I,=1, (given); Ig=0; Ie =—I4; In =0 


By equations 1-4 


(7) 


Formulas for Fault Currents and 
Voltages 


LINE-TO-NEUTRAL SHORT Circuit: A-N 


If the load in Figure 6 is treated as a 
short circuit, the entire phase voltage 
Enya is then consumed by the total im- 
pedance drop in phase A. Hence 


Eya= L2Z4+L,2.+12Z3+ILZo 


If the values of 4, and so forth, are 
substituted from equation 5, 


Eya=14(4+2,+2Z,+2Z)/4 (8) 
As I, is now Iraut, therefore 
Trout =4E y a/ (Zi +Z2+2Z3+Zp) (9a) 
and for static circuits 
=4Ey 4/(2Z,+2Z:+2Z) (9b) 


If the fault has an impedance Z;, an 
impedance Z, may be assumed in series 
with each one of the open lines also for 
symmetry, in which case each one of the 
impedances Z,..., Zo will be increased 


Figure 8. Single- 


opposite lines 


Zp 


50 TRANSACTIONS 


phase load, across 


by Z;, changing equation 9a into equa- 
tion 10 


I= 4Ey 4/(Z,+2Z2+2Z3+2)+4Zy) 


Another way of considering the fault 
impedance in this case is as one connected 
in series with the neutral, carrying a 
current 4%, in which case, Z;, Zz, Zs are 
not affected, but Z is increased by 4Z;, 
leading again to equation 10. 

This equation 10 may be compared 
with that of the three-phase case, namely 


(10) 


Tiaut =8Ey 4/(Zia+-Z2.+2Z1.+3Z;) in conven- 
tional notation (11) 


The equivalent-sequence network of 
the four-phase circuit under considera- 
tion is shown in Figure 9. It follows from 
equations 9 and 10. 

If we apply normal phase voltage (line- 
to-neutral) to this network, the resulting 
current is one of the sequence Currents 
(all alike in phase A); if we apply four 
times that voltage, the resulting current 
is the fault current. 

Equations 9 and 10 hold equally in 
absolute values or in per unit values, also 
in percentage values, in which latter case, 
however, the fault current is in terms of 
“times normal,’ 

To illustrate the calculation of the 
terminal voltages under fault condition, 
Vy will be seen to be given by equation 
12 as the open-circuit voltage minus the 
four impedance voltages of phase B 


Vys =Eya— (h/90°Zi+-h/180°Z2+ - 


13/270 °Zs+Io/360°Zo) (12) 


LINE-TO-ADJACENT-LINE SHORT CIRCUIT: 
A-B 


In the light of Figure 7, if the load is 
treated as a short circuit, it will be seen 
that the open-circuit voltage E,, is 
consumed by the impedance voltage in 
phase A minus the impedance voltage in 
phase B. And as Ej, is equal to 4/2 
Ex, /45°, therefore 


Ei = (hf + hZo+4:Z3+ Zo) a 
(21/90 °+ IeZ2/180°+IsZs/270°+ 
I,Z/360°) 
= V2hZ,/45°4 2h Z)+ 
V/2hZ;/45°+0 (13) 


Figure 9. Equivalent sequence network of 


Figure 6 
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0.5Z| Z2 


T FAULT E=EBa 
Figure 10. Equivalent sequence network of 


Figure 7 


Z| Zo 


F29-4/ 


E= EBA 


Figure 11. Equivalent sequence network of 
Figure 7 for static circuits only 


. » J are sub- 


If the values of h, . . 
stituted from equation 6 
Ep4=14(0.52Z,;+2Z2+0.5Z5) (14) 
“Hence 
Trait = Fg 4/(0.52Z1+Z2+0.5Z5) (15a) 


=Ex,/(Z:+Zs) for static circuits 
* (15b) 
If the fault itself has the impedance 
Z;, half of it may be assumed as in series 
with line A, the other half in series with 
line B; and for the sake of symmetry, 
a Z,/2 may be assumed as existing also 
in series with each one of the open lines 
C and D, so that each one of the four 
sequence impedances Z;, ..., Zo is in- 
creased by Z;,/2, and formulas 15 are 
transformed to 16. 


Traut =Eg 4/(0.52Z:+2Z2+0.5Z;+Z,) (16a) 
=Epa/(Zi+2Z.+Z;) for static circuits 
(16b) 
Z, could have been inserted in equa- 
tion 16 by inspection, without reference 
to symmetrical components, but the 
reasoning in the preceding patagraph is 
given to illustrate a principle and a 
method. 
The sequence network of this is shown 
in Figure 10 (and 11), except that it 


Figure 12. A quadrant short circuit 
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Figure 13A. Three-phase to quarter-phase 
connected transformer bank 


represents only J; or I, properly—I, if 
Epa is impressed, J, if half that voltage 
is impressed—but not J, or Jz, as a con- 
sideration of equation 6 will make clear. 
Sequence networks may have such limi- 
tations. 

If the resultant voltages under the 
fault conditions are required, the same 
reasoning as in equation 12 applies to 
the neutral-to-line voltages; and the 
line-to-line voltages follow from neutral- 
to-line voltages as in 


Vos =Vys—Vve (16c) 
LINE-TO-OPPOSITE-LINE SHORT CIRCUIT: 
A-C 
In the light of Figure 8 and equations 7 
Ena=hathZ+hZ;+hZ 


=0.514(Z:+ Zs) (17) 
Traut =2E y 4/(Zi+-Zs) (18a) 
' =Ey4/Z: for static circuits (18b) 


The last is an obvious result, though 
not equation 18a. 

The sequence network is evident from 
equation 18a. 


A QUADRANT SHoRT Circuir: A—B-N 


Case 2, involving lines A and B, did not 


involve the neutral, but, in this case, lines 


A and B are short-circuited to the neutral 
(Figure 12). Now there are three differ- 
ent fault currents: 7,, Is, Ty. As Iy is 
the (negative) vector sum of J, and Jp, 
and as I, and J, (as well as Ig and Jp) 
are the resultants of the sequence cur- 
tents, the independent unknowns may 


still be taken as I, ..., 4, and the 
equations defining them are 
 EyaHhZthZothZs+hZ (a) 


Ey, =1,Z,/90°—hZ.+ 
1,Z;/270°+rZ. (b) (19) 
/ TL+1/180°+I  (c) 
1p =0=1,/90°-1,4-1,/90° +I (d) 


“These can be solved perhaps more 


easily numerically, substituting the values 


of the impedances, the two known cur- 
rents (0), and the two known voltages 


_. (1 or 100 per cent). 


ve 


A 
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PRIMARY 
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The foregoing cases will illustrate how 
to proceed in the solution of other com- 
bination short circuits. Generally, the 
sum of the known voltages (consumed) 
and the known currents (zero) will be 
four, the same as the number of the un- 
knowns, %,..., 4o, and therefore sufficient 
to solve the problem. 


Example 


Each one of two banks of three-phase 
to two-phase transformers is connected 
up as in Figure 13a. The secondary 
(two-phase) windings of each single- 
phase transformer are seen to be two in 
parallel, connected up for 2,500 volts. 
We wish to investigate the character- 
istics of the system if the two-phase coils 
are connected up in series for 5,000 volts 
and arranged four phase (Figure 13b) 
with the neutral of only one bank (G) 
grounded, the other (U) ungrounded. 

The impedance data are as shown in 
Table I. The high value of Z, for the 
transformers arises from the fact that 
originally no loading of the mid-point 
of the secondary windings in 5,000-volt 
connection was contemplated, and there- 
fore no provision was made to interlace 
the two halves. No values are entered 
for Z, for the primary lines because there 
is no current in them corresponding to 
I, in the secondary lines. For bank G, 
Z) is entered as equal to Zs, while for 
bank U|it is entered as infinity because 
the neutral of this bank is ungrounded. 
While, in the design of the transformers, 
Z, and Zp are alike, yet in the system as a 
whole (last column) Zp has double the 

«value of Z, on account of the particular 
neutral treatment—one bank neutral- 
grounded, the other bank neutral-iso- 
lated. These figures are all reactance 
values, the resistance components being 
ignored here as relatively small. 


Currents: 


The value of the single-phase fault 
current, from one line to neutral, by 
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SECONDARY 2500-VOLT LINE TO NEUTRAL 


5000 
VOLTS 


Figure 13B. Two banks of transformers in 
three-phase to four-phase connection 


Bank G neutral-grounded; U ungrounded 


equatiom9 will be seen to be 


Traut = 4 100/(8.8+-75+8.8+ 150) 
= 400/243 
=1.65 times normal, based on 15,000 
kva 


The components h, kh, and J; divide 
equally between the two banks, but J 
flows. exclusively in bank A (with 
grounded neutral). As all components 
are equal in the fault, the current in the 
faulty phases (A) of the two banks will be 


Bank G, J4=2(5/8)1.65 times transformer 
rating 
=2.06 times transformer rating 
Bank U, 14=2(8/8)1.65 times transformer 
rating 
=1,24 


Voltages 


The important question about the 
voltages is particularly the drops through 
the large Z, and Z. <A view of all four 
sequence drops is given in Table II. 

In item 5 the negative voltage drop 
of 85.7 per cent means that, under the 
fault, the voltage of phase C rises to 
185.7 per cent. Evidently this implies 
supersaturation of the core leg of phase C 
in bank G. 

The voltages of the other phases of 
this or of the other bank can be similarly 
calculated (remembering that J) is zer 
for bank U). 
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Modern Electric Locomotives in Open- 


Pit Mine Haulage 


J. E. BORLAND 


NONMEMBER AIEE 


ARLY in 1942 Phelps Dodge Corpora- 

tion started production of copper 
from their new open-pit mine and reduc- 
tion plant at Morenci, Ariz. One of the 
eatliest mining districts of the state, 
Morenci had produced some 900,000 tons 
of copper since the beginning of opera- 
tions in the early 70’s, largely from ores 
of two to three per cent copper content, 
mined underground. 

The ore body now opened had been 
explored from the earlier underground 
workings, and by churn and diamond 
drilling. It is estimated to contain 
230,000,000 tons of ore averaging slightly 
over one per cent copper, capable of 
profitable recovery by open-pit mining, 
concentration, and smelting. The new 
operation, therefore, will produce more 
than twice the amount of copper pre- 
viously taken from the district. In the 
extraction of this ore, approximately an 
equal amount of barren capping and 
slightly mineralized rock throughout the 
ore body will have to be removed and 
hauled to lean-ore dumps or to waste 
dumps in canyons adjacent to the mine. 

Preliminary development to uncover 
sufficient ore and prepare the mine for 
the planned initial production of 25,000 
tons of ore a day was started in 1937. 
This preparatory development included 
the removal of some 50,000,000 tons of 
material, establishment of benches in the 
mine area, construction of truck haulage 
roads and standard-gauge railroad for 
ore and waste haulage. In the first 
stages this work was handled mainly 
with 4 4'/,-yard full-revolving electric 
shovels and 18 22/,yard end-dump 
trucks. Later, with the formation of 
benches and construction of roadbed, rail 
was laid in the mine, and the main-ore 
and waste haulage tracks were installed, 
permitting the work to be taken over 
largely by trains of 30-yard side-dump 
cars. Four 125-ton Diesel-electric Joco- 
motives with engines of 1,000 horse- 
power sea-level | rating, were put on n trial 


Paper 44-24, reconanibtided: pe the ASHE committee 
on land transportation for presentation at the AIRE 
winter technical meeting, New York, N. V., Janu- 
ary 24-25, 1944. Manuseript submitted Novem- 
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and used in this service, and in the latter 
stages the 125-ton electric locomotives 
that had been selected for main-ore haul- 
age were utilized. 

In the initial development, 11 mining 
benches were opened in the ore body, at 
a uniform height of 50 feet and average 
width of 100 feet, laid out at even eleva- 
tions above sea level, the lowest at 4,750 
feet and the highest at 5,250 feet. 
Benches vary in length up tg, approxi- 
mately 4,000 feet. Ultimately the pit 
will be developed to a maximum length 
of 5,800 feet and will cover 350 acres. 
The lowest level to be worked will be 
the 4,200 and the highest the 5,500. 


The nearest suitable location for the 
reduction plant in the rugged terrain of 
the district was a comparatively level 
section southeast of the mine. At this 
site the ore haulage tracks at the primary 
crusher were established at an elevation 
of 4,480 feet. From the nearest point 
of exit from the mine to the crusher the 
straight-line distance is about 1.8 miles, 
but the high hills and-the town of Mo- 
renci lying between these points necessi- 
tated a considerably greater length of 
ore haulage track. 

In the early part of the development 
period, analyses were made of the costs 
of ore and waste haulage for the planned 
maximum production of 40,000 tons of 
ore a day, based on operation on maxi- 
mum grades of 3.4, 4 or 6.5 per cent. 
With the decision to limit the maximum 
grade to four per cent, construction of 
the track roadbed from the mine to the 
crusher was started. 

The plan of ore and waste haulage 
tracks at the start of production was 
approximately as shown by Figure 1; 
some alterations have since been made. 
A. series of switchbacks on a descending 


grade of four per cent, compensated for, 


curvature, lead from the mine for nearly 
two miles to a section of 0.4 per cent 
descending grade a little less than a mile 
in length, terminating in a 0.4-mile level- 
approach track to the primary crusher. 
Successive mining benches are connected 
at the ends nearest the ore haulage tracks 
by switchbacks on four per cent grade. 
From the opposite ends of the benches 
tracks on maximum grade of 3.5 per cent 
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lead to approach tracks to four waste’ 
dumps in Coronado Canyon and one is’ 
Fairbanks Gylch, adjoining the pit. 
Dump tracks are on 0.25 per cent grade 
at elevations of 4,800 to 5,200 feet. 
Something over half of the total waste 
rock disposal during the life of the mine 
will be in Coronado Canyon, about 13 
per cent in Fairbanks Gulch, and the re- 
mainder in Chase Creek Canyon, along,, 
the main-ore haulageway. Although the 
track elevation at the crusher, 4,480 
feet, is about midway between the present 
and the final lowest mining bench, 4,750 
feet and 4,200 feet respectively, it is 
estimated that 85 per cent of all material 
will be hauled over favorable grades. 

Main-ore haulage tracks are laid with 
131-pound rail, standard-gauge; bench 
and waste-dump tracks with 90-pound 
rail. Double track provided on the 
main-ore haulage road and passing tracks 
are not shown in Figure 1. 

Comparisons were made of the amount 
of equipment required and the operating 
costs for ore haulage with solid-body or 
side-dump cars of different capacities, 


Toble I. Ore-Heulage Schedule anleee 
motives in Continuous Operation Between 
Mining Bench (4,950 Feet) and Crusher 


Number of cars in train............. 11 
Weight of empty car...........2000 38.5 tons 
Weight of ore load in car............ 90 tons 
Running time with loaded train, down ‘ 
hill, from end of temporary track on 
4,950-foot bench tocrusher........ 31 minutes 
Running time with empty train uphill, 
from crusher to start of temporary : 
track on 4,950-foot bench.......... 24 minutes 
. Delay of one minute at each of 4 
switchbacks in each direction...... 8 minutes 
Assuming locomotive switches to 
empty train at crusher and to } 
loaded train at bench: 5 
Switching time at crusher.......... 2 minutes 
Switching time at bench........... 2 minutes 
Total time of round trip...... 67 minutes 


and with trains of different numbers of 
cars. These analyses were based on haul- — 
ing 25,000 tons of ore in two eight-hour 
shifts, at the maximum train speeds con- 


sidered permissible on the several sections 


of permanent, semipermanent, and tem- 
porary track, on an expected maximum 
average loading capacity of 6,050 tons 
in eight hours by each 4!/,-cubic-yard 
electric shovel, and at a maximum dump- 
ing rate of 3,400 tons per hour at the 
primary crusher. Although they indi- 
cated a greater investment for equipment 


and higher energy consumption with % 


side-dump cars in ore haulage, there — 
were compensating advantages in sim- 
plification of mine operation and train 
dispatching by the use of cars of the 
same type in both ore and waste-haulage 
service, and in elimination of the large car 


“ELECTRICAL ENGINEERING . 


oe, 


_ ——~___ CORONADO ) 


CANYON \ 


45 on 


O 800 1600 2400 
(eee ————— ee 
“SCALE IN FEET 


dumper and its operating expense, in- 
cluding spotting locomotives and crews, 
' which would be required to dump solid- 
body cars at the crusher. The decision 
was made, therefore, to plan the ore- 
haulage program on the use of trains of 
11 side-dump cars of 40 cubic yards 
capacity each. 
Analyses were made also of the initial 
___ investments, operating costs and other 
features of ore and waste haulage with: 


oo. 
Li 


(a): Diesel-electric locomotives. 

(6). Electric locomotives for operation from 
a a 750-volt trolley circuit, using power from 
_ _ the projected 50,000-kw turbine generating 
plant at the reduction works. Previous 
-__ estimates on a 1500-volt system had shown 
no advantage over 750 volts in this service 
__and had confined further considerations to 
the lower voltage. 


Pe “ Electric Locomotives 


eS ~ In the final analysis, electric locomo- 
tives were selected for main-ore and 
__-waste haulage at Morenci. Nine loco- 
motives were placed in service during 
1941 for the initial production of 25,000 


i: tons of ore.a day, and seven more are in 


pte 
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Table Il. Maximum Train Speeds Considered 
Permissible on Various Track Sections 


Miles Per 
P Hour 

On temporury track and switchbacks........ 8 
Fast track from crusher to elevation 4,500: 

bie nee es a ee eee aoe 25 

SDGMERRE RE SIs SOI Se ne ae oe are Sans 18 
Other permanent track: 

RipRKOMe a ih. Se eee ee UCR Lo Ckeo we 15 

NIOWOETAMS CN rl one BO ee wee 12 


service for the 80 per cent extension in 
plant capacity, now nearing completion. 
Their general appearance in operation 


x 
) is indicated by Figures 3 and 4. 


Figure 1. Track layout map 
for Morenci mine 


Figures indicate elevation 
above sea level 


4480 
CRUSHER 


OPERATING VOLTAGE 


The locomotives are designed for opera- 
tion at a nominal-contact trolley-line 
voltage of 750 volts direct current and a 
maximum voltage of 900 volts at no load 
in the mercury-are-rectifier substations 
supplying the trolley circuit. 


LocoMOTIVE WEIGHT AND HAULAGE 
~ CAPACITY 


_ The locomotive weight of 125 tons was 
selected to permit hauling the maximum 


~ train of 11 38.5-ton empty cars up the 


four per cent grades with an estimated 
adhesion of slightly over 19 per cent, and 
to provide by electric braking over 40 
per cent of the retarding effort required 
with trains of 11 128.5-ton loaded cars 
descending the four per cent grades. The 
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cars in use have an empty weight of ap- 
proximately 45 tons and carry from 90 to 
100 tons of ore or waste. 

To insure adequate capacity for the 
most severe duty that might be imposed 
in haulage service co-ordinated with the 
maximum rates of loading by 4!/;-cubic 
yard electric shovels and dumping at the 
primary crusher, the locomotives are 
capable of maintaining continuous opera- 
tion between the mining bench at 4,950 
feet elevation and the crusher on the 
ore-haulage schedule shown in Table I. 

The maximum train speeds considered 
permissible on various track sections are 
shown in Table IT. 


BENCH OPERATION 


Although it is practicable to operate 
electric locomotives from temporary trol- 
ley structures on the mining benches, in 
order to free operations of any impedi- 
ment from such structures in the mining 
areas and to avoid the delay and ex- 
pense of maintaining and moving them 
in the progress of mining, it was deemed 
advisable to make other provision for 
train movements on bench track. Al 
ternative arrangements considered were: 


(a). Cable reel on the locomotive for power 
supply on bench tracks beyond the ends of 
electrified sections. Such operation was 
somewhat dubious because of the great 
lengths to which the mine benches will ex- 
tend, the slow speeds necessary when opera- 
ting on cable reel paid out from the loco- 
motive, and the probability of rapid wear 
and short life of cable in such service. 


(6). Auxiliary Diesel-engine-generator set 
on the locomotive to supply power for train 
movements on unelectrified bench tracks. 
Because of the increased cost of an auxiliary 
unit of sufficient power for satisfactory move- 
ment of loaded and empty trains on bench 
tracks, and the operating complications 
which would be introduced, this arrangement 
was concluded to be undesirable. 


(c). A storage battery on the locomotive of 
sufficient capacity for train movements at 
the desired speeds on the benches was de- 
cided to be worthy of trial. 


Each locomotive is equipped with a 
storage battery applied for an expected 
life of approximately five years. The 
most severe duty cycle on the battery 
for train movements on benches was 
estimated to be for power supply in the 
following operations: 


Hauling a train of 11 empty cars from the 
start of temporary track on the 4,950 foot 
bench to the far end, a distance of 4,000 
feet, in approximately 5'/; minutes. 


Spotting 11 cars at the shovel for loading at 
the rate of 15.75 tons per minute. 


-Accelerating the train of 11 loaded cars at 


@ maximum rate of Q.1 mile per hour per 
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second and hauling it back to the trolley at 
the start of permanent track in approxi- 
mately 6'/, minutes. 

Operating air compressor for braking sery- 
ice, and supplying lighting, heating, and 
control circuits. 


The 240-cell 500-volt lead-acid storage 
battery applied to each locomotive has a 
discharge capacity of 500 ampere-hours 
on a six-hour basis, approximately 70 
per cent of the estimated output required 
for six complete bench cycles in average 
duty. The complete battery weighs ap- 
proximately 14 tons, 

A large part of the battery output in 
each bench cycle is restored during the 
succeeding interval of time in which the 
locomotive is operating under the trolley 
to the crusher with loaded train, while 
dumping cars and when returning the 
empty train to a mine bench, Automatic 
charging equipment on the locomotive 
connects the battery to the trolley circuit 
through suitable resistors, providing at 
the start a high charging rate and later a 
reduced rate when the battery charge has 
been restored to a predetermined value. 

With the locomotives in service for 
three eight-hour shifts each day, the 
batteries automatically are returned to 
full charge during the runs to and from the 
crusher. Under other conditions, such as 
waste-haulage and dump operation, oc- 
casional lay-up for recharging is neces- 
sary. Periodic equalizing charging is 
also regular practice. A lay-up track is 
provided at the mine pit shops for re- 
charging from the trolley wire, and the 
batteries automatically are disconnected 
at full charge. Daily gravity readings 
are taken to check battery conditions. 

As it is expected that, after some years 
of further development of the mine, the 
frequency of movement of bench tracks 
will be less than that necessary in present 
operation, and it later may become ad- 
vantageous to operate from portable 
Figure 2. General view of the mine pit and 
benches, showing progress made early in 1943 
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trolley over the bench tracks, all locomo- 
tives are arranged for the addition of side- 
arm collectors, when desired, 


Eiecrric BRAKING 

Studies were made of the merits of 
regenerative braking or dynamic braking 
on the locomotives to assist the straight 
or automatic air brakes in retarding 
loaded trains on descending grades, and 
thereby reduce wheel and brake-shoe 
wear and maintenance and replacement 
costs. The decision to adopt dynamic 
braking was based mainly on the lower 
cost and relative simplicity of locomotive 
and substation equipment. 

The dynamic brake on each locomo- 
tive is capable of producing retarding 
efforts up to 50,000 pounds at train speeds 
between 8 and 18 miles per hour, 


Construction of Locomotives 


ve 
Haulage conditions encountered in a 


project such as the Morenci mine have 
led to the development of a locomotive 
specially adapted to this duty. Figure 5 
shows the general dimensions and con- 
struction, 

The running gear consists of two four- 
wheeled trucks, having welded steel 
frames supported by a combination of 
coil and half elliptic side springs, The 
trucks are permanently coupled to- 
gether with a mallet or ball hinge, and 
the drawheads are built into the truck 
bumpers, so that all draft and bumping 
stresses are continuous throughout the 
running gear and are not in any way 
transmitted to the cab structure. Articu- 
lated trucks are particularly suited to 
the severe duty on rough track, grades, 
and curves, and do not swing crosswise to 
the track in case of derailments. 

The cab has a rigid underframe which 
is supported on two center pins located 
in the middle of the truck bolsters. Side- 
spring restraining plungers carry a portion 
of the cab weight on the inner truck 
bumpers. One center pin is provided with 
longitudinal motion to compensate for the 
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changiig center distances on curves. 


Normal design for a locomotive of this: 


length and type would weigh consider-). 
ably less than 125 tons, The additional 
ballast required by the starting conditions _ 
has been built into the structural mem- 
bers and provides a large ma gin of 
mechanical strength. A novel structural 
feature is the use of heavy end plates 
and rock guards which protect the motors, 
journal boxes, and steps from damage 


e 
by loose rock and other track obstruc- 


tions. Clearance below the rock guards 
is one inch less than the motor clearance, . 

To provide maximum visibility for the 
operator, cabs are of the steeple type, 
with sloping hoods at each end, and an 


elevated operating compartment in the ° 


center, In addition to the control com- 
partment, there are five apparatus com~ 
partments, two at the ends for the 
battery, two adjacent equipment com- 
partments, and a central resistor space 
under the operating deck, 

Each of the two equipment compart- 
ments includes a blower for two traction 
motors and an air compressor, one for 
the air brakes and one for the car-dump- 
ing system. Wlectrical contra! apparatus 
for operation of the traction motors and 
auxiliaries is also housed in this space. 
Ventilating air is drawn in through air 
filters in the side walls and delivered to 
the traction motors through the hollow 
center bearings. 

The control station is so located that 
the operator has full vision in all diree- 
tions ‘and- by means of mirrors can see 
the blind side of the train. A double-shoe 
pantograph trolley is mounted on the 
roof of the operating compartment, 


PERFORMANCE 


Under present operating conditions, a 
typical round-trip run between loading 
benches and the crusher is nine miles, 
with 470 feet change in elevation and 


Figure 3. Electric locomotive spotting ore 


cars for loading at a bench shovel 


¥ 
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Figure 4. Locomotive and train unloading 
waste 


switchbacks involving four stops and 
reversals in each direction. The maxi- 
mum round-trip run is 15 miles, with 770 
feet change in elevation and several 
additional switchbacks. Numerous four 
per cent grades averaging 1,300 feet in 
length on switchbacks are with the load, 
which means that upgrade operation with 
the empty train is an important factor in 
determining locomotive capacity and 
schedule speeds. 

The average round trip from bench to 
crusher requires about one hour, to which 
must be added a 1- to 11/.-hour loading 
period on the bench. Under ideal 
scheduling of operation, nine round trips 
will move 7,000 to 8,000 tons of ore in 24 
hours. 

Train lengths are adapted to the length 
of tail tracks at the switchbacks. Nor- 
mally, trains are made up of nine 45-ton 
dump cars, each of which will hold 90 
to 100 tons of ore, making a trailing load 
of 405 tons upgrade, and 1,200-1,300 
tons downgrade. Safe downgrade speeds 
with full load are limited by curves and 
track conditions to from 12 to 18 miles 
per hour. Return speeds with empties are 
from 15 to 25 miles per hour, depending 
on the grade. 

Speed and tractive-effort character- 
istics of the locomotive are shown in 
curve data form by Figure 6. 


Moror ContrRou 


Because of the great variety of starting 
and running conditions, the three-speed 


Figure 5. Side view and general dimensions of 
125-ton electric locomotive 


system of motor control is used, involving 
series, series-parallel, and parallel con- 
nections for the four motors. The one- 
quarter and one-half speed connections 
are particularly useful in battery opera- 
tion where economy of ampere-hours is 
important. Spotting of cars at the 
shovels and crusher also makes use of the 
low-speed notches. 

There are a total of 22 starting notches, 
an ample number for starting a loaded 
train on grades and curves, without wheel 
slippage. Sand is used when rail condi- 
tions are abnormal. All motor combina- 
tions and resistor switching are managed 
with remotely controlled electropneu- 
matic switches. The motors are also 
switched from line to battery power with 
an electropneumatic transfer switch. 
The controls for all motor and auxiliary 
operations are centrally located so that 
the operator has full charge of the entire 
locomotive without moving from the 
control platform. 

Figure 7 shows the distribution of the 
starting notches in terms of speed and 
load, and also the dynamic-braking 
notches which control retardation. Maxi- 
mum current for acceleration can be held 
at 500 amperes per motor, and for braking 
400 amperes per motor. Motor currents 
are indicated on cab ammeters at all 
times. 

In the interest of simplicity and econ- 
omy of space, the traction motor switch- 
ing and resistor equipment are arranged 
for the double purpose of starting and 
dynamic braking. The additional equip- 
ment necessary for braking is thus held to 
a minimum, 

Figures 8, 9, 10, and 11 illustrate the 
switching circuit combinations used for 
series, series-parallel, parallel, and dy- 
namic braking. 

As the master controller is moved from 
the 8th to the 9th, and from the 15th to 
the 16th notches, the motors are re- 
connected in the different combinations, 
resulting in higher voltage per motor and 
higher speed. The process of reconnect- 
ing the motors is known as transition. 


In the ninth notch, the motors of each 


truck are in series but the two trucks are 
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MILES PER HOUR 


AMPERES 


LOCOMOTIVE PERFORMANCE CURVE 


Figure 6. Locomotive performance and trac- 
. _ tive-effort curve 


now in parallel, giving one-half voltage 
to each motor and its series resistance. 
During the interim between the eighth 
and ninth notches, the motors of the 
number 2 truck are by-passed, giving a 
momentary loss of tractive effort. This 
is known as shunting transition. 

Between the 15th and 16th notches, 
the motors in the two trucks are recon- 
nected in parallel, giving full voltage 
per motor circuit. The change in this 
case is made by the bridge method where- 
in the transition is set up by paralleling 
the two motor circuits without inter- 
rupting the flow of current in either’ 
motor and, consequently, without loss 
of tractive effort. 
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Figure 7. Power and brake-notching curves 
showing uniformity of current regulation 
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BRAKING 


Obviously, the control of braking 
speeds with loaded trains on four per 
cent downgrades is an important feature 
of safe operation. Three braking systems 
are provided, the standard automatic air 
brake, a separate straight air nonauto- 
matic train brake, and the dynamic brake. 

The total braking effort necessary to 
hold a loaded train on four per cent grade 
is approximately 100,000 pounds which, 
if developed entirely by the brake shoes, 
would result in overheating and rapid 
wear of shoes and wheels, with frequent 
replacements and excess maintenance. 

The dynamic brake, which is a generat- 
ing action developed by the traction 
motors, is designed to supply approxi- 
mately one half of the total retardation 
needed, or about 50,000 pounds. This 
relief of brake-shoe duty more than 
doubles the life of brake shoes, reduces 
the frequency of flat wheels, and pro- 
vides an important safety factor in the 
handling of trains. 

Series traction motors can be made to 


ae 


TRACTION MOTOR SERIES CONNECTION 


Figure 8. Motor-control schematic diagram 
showing series connection for slow-speed 
Operation 


PARALLEL CONNECTIONS SAME FOR 122 


Figure 9. Schematic diagram for series-parallel 
and parallel connections 
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COASTING CONNECTIONS 


Figure 10. Schematic diagram of coasting and 
dynamic-braking connections 


act as generators, and, when so doing, 
their torque is reversed, and they produce 
a braking action. This action, known as 
dynamic braking, is used to supplement 
the air braking to hold trains at constant 
speed on downgrades, The electrical 
output of the generators is absorbed by 
resistors. 

If a series motor is driven from some 
mechanical source of power (as a loco- 
motive axle) and a resistor is connected 
across its terminals, it will not build up 
to act as a generator because of improper 
direction of current in the series field. 
However, by using a pair of motors and 
connecting the resistor from a point be- 
tween the armature and field of one 
motor to a corresponding point of the 
other motor, as shown by the circuit 
through the BR switch on the main 
schematic, the armature of one motor 
feeds the field of the other, and braking 
is obtained. 
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fe, j 
Each pair of motors, therefore, acts as 


a dynamic-braking system feeding its 
output into the resistor through the BR. 


switches. Advance of the braking con- 
trol varies the amount of resistance in 
series with each motor and hence the 
speed at which full dynamic-braking ef- 
fect is obtained. 

A resistor is connected across the BR 
3 switch and is brought in circuit by the 
HS contactor, which is closed whenever 
the controller is in the ‘‘off”’ position, Its 
purpose is to set up a_high-resistance 
braking circuit during coasting. The 
amount of braking effort produced by 
this circuit is negligible, but the current 
flowing in the resistance serves to provide 
a voltage for actuating the overspeed 
relay. At speeds above approximately 
18 miles per hour, the voltage across the 
resistance is sufficient to cause the relay 
to lift, and this prevents the establish- 
ment of the full braking circuits. It is, 
therefore, impossible to obtain dynamic 
braking at excessive speeds, which would 
generate abnormally high voltages. 

The energy generated by retardation 
must be dissipated as heat in the resis- 
tors. This is also true of the starting 
losses. In the service described, all of 
the resistor load periods are of short 
duration, making an ideal application 
for grid resistors of large thermal ca- 
pacity, with natural ventilation. A small 
amount of air is diverted from the motor 
blower system to supplement ventilation 
of the resistors and to continue the cooling 
process while the locomotive is standing. 

To get the maximum benefits from the 
dynamic system in holding a constant 
speed on heavy grades, there must be 
facilities for building the dynamic re- 
tardation up to a‘predetermined amount 
and then supplementing this with suffi- 


426-0 


me I lola 
BOOM ee Mee) 
Hoot te a 


Cole) foie OOK tao 
[e)fele.fe}felfe' 


ELECTRICAL ENGINEERING 


ve 


Figure 12. General view of a 750-volt 375- 
horsepower traction motor 


Figure 13. Operator's station, show- 
ing the arrangement of control, brake, 
and auxiliary levers 


: cient air braking to suit the load, grade, 
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and the desired speed. In order to sim- 
plify the procedure of blending the two 
brakes, the dynamic load is regulated by 
series resistors to a constant value. 
Current-limit relays control the closing 
and opening of resistor switches to hold 
the braking effort between narrow limits 
over a speed range between 18 and 8 miles 
per hour. After the initial application, 
this regulation is automatic, leaving the 
operator free to give fullattention to the 
manual graduation of the straight air train 
brake as needed to hold the desired speed. 


Morors 


Four 750-volt 340-horsepower axle- 
mounted traction motors drive the four 
axles through single-reduction spur gear- 
ing. Mechanical and electrical design 
features are especially suited to the type 


_ of service encountered in mine haulage. 


A general view of the traction motor 


nN appears in Figure 12, which shows the 
frame as a heavy steel casting, with 


Figure 14 (right). 
assembled panel of motor- 


roller-type armature bearings and oil 
and waste axle bearings. Labyrinths 
on the armature shaft and housing retain 
the grease for the roller bearings, so that 
greasing is needed only at infrequent 
intervals. The air intake for forced ven- 
tilation is cast into the frame at the rear 
and obtains air from a vertical opening 
in the truck bolster. 

The inherent inductance of the motor 
is sufficient to smooth out ripples in the 


Pre- 


control apparatus 


current supply. In addition, laminated 
commutating poles are used to reduce 
sparking at the commutator with sudden 
changes of current due to interruption 
and reapplication of power. 

Armature and field coils are finished 
with class-B insulation, and the armature 
coils are heated and pressed before in- 
stallation. After being connected, they 
are banded while hot, wedged with Mi- 
carta, and rebanded with nonmagnetic 
banding wire. These features reduce 
operating losses, improve the continu- 
ous rating, and reduce sparking volts at 
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the commutator. Field coils are seated 
between machined pads in the frame and 
spring washers under the pole tip. Coils 
are fitted tightly on the poles. 

Commutating characteristics are such 
as to withstand the over-voltages en- 
countered in dynamic-braking service 
and hold the volts per bar on the com- 
mutator within conservative limits. 
Armatures are dynamically balanced both 
before and after winding. 


Similar operating margins have been 
incorporated in the design of the blower 
and compressor motors. Each blower 
motor is rated ten horsepower at 400 
volts and 2,100 rpm. The two are con- 
nected permanently in series, to take 
advantage of the resulting low-voltage 
commutator design. Compressors use 
direct drive from 25-horsepower, 800- 
rpm motors which are wound for full 


Figure 15. A typical 1,000-horsepower 125- 
ton Diesel-electric locomotive 
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Figure 16. A 66-ton 600-volt __ : 


mine-haulage locomotive for 


voltage and very generously proportioned 


to withstand the frequent starting service. 


OPERATING EQUIPMENT 


In arranging the operator’s cab, par- 
ticular attention has been given to con- 
venience and visibility needed for fre- 
quent reversals of train movement. 
Figure 13 shows the arrangement which 
has proved to be most satisfactory. 

All normal starting and braking func- 
tions are controlled by means of con- 
veniently located master control and 
brake handles as follows: 


22-notch motor controller. 
Reyversing-control lever. 

Motor cutout switch. 

- Dynamic-brake master controller. 
Automatic air-brake valve. 

Independent locomotive brake lever. 
Straight air train-brake valve. 

Disconnect switch for auxiliaries. 
Miscellaneous auxiliary switches and push 
buttons. 


Certain of the auxiliaries, such as 
lights and master-control supply are fed 
directly from the battery at all times. 
Other auxiliaries, such as blowers and 
compressors, are switched to line or 
battery by the main transfer switch which 
is thrown by the operator when passing to 
and from the trolley-wire sections. 

For convenience in maintenance, as 
well as in original manufacture, the 
motor-control equipment has been 
mounted in preassembled racks, as shown 
in Figure 14. One of these assemblies is 
mounted in each of the two hood compart- 
ments, which are isolated completely 
from the operator’s cab. All power- 
switching equipment is remotely con- 
trolled and is of the well-known electro- 
pneumatic type, particularly adapted to 
heavy duty. An important factor in 
service reliability is the use of 1,500-volt 
rated insulation for power apparatus. 
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use in the Belgian Congo 
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~ 33’-22” OVER PULLING FACES 


In constructing the second lot of 
Morenci locomotives, it has been possible 
to incorporate numerous details of ar- 
rangement for operating and mainte- 
nance convenience, based on experience in 
handling the original installation. The 
final design is, therefore, adapted to 
the operating conditions on this particular 
property and also establishes standards 
which can be applied universally wher- 
ever large quantities of material are to 
be handled. That these aims have been 
realized, is indicated by the high degree 
of locomotive availability which is being 
maintained at Morenci Mine. 


Other Modern Haulage 
Locomotives 


Figure 15 illustrates one of the 125-ton 
Diesel-electric locomotives used in waste 
haulage and for general duty at Morenci 
Mine. With skillful dispatching, it is 
practicable to make economical use of 
both types of motive power in the varied 
phases of haulage service. 

Stripping operations at present require 
the removal of approximately equal 
amounts of ore and waste. The Diesel- 
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electric locomotives of 125 tons are used — 


for a portion of the operation on the long 
dump tracks, which have light grades 
and no overhead wire. Line construction 
is being extended, with the addition of 
substation capacity, all pointing to the 


further general use of the electric loco- 


motives. 

The electric locomotive illustrated in 
Figure 16 is one of five 66-ton 42-inch 
gauge 600-volt units now under con- 
struction for use in open-pit copper min- 
ing in the Belgian Congo. The general 
characteristics are-quite similar to those 
of the Morenci locomotives, with the 
exception that, instead of a storage 
battery for bench operation, a cable real 
and side-arm collectors are to be used. 
Short benches, and other differences in 
the mine layout indicate that a battery 


is not essential to satisfactory per- — 


formance. 
Maximum grades on this property are 


two per cent against the load. The - 


empty train amounts to a trailing load 


of 220 tons, and the loaded train is 440 


tons. These locomotives will handle all 
of the ore and waste haulage and will be 
subject to diversified grade conditions. 
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A New Electric Hoist Bee ici Cranes. 


M. A. WHITING 


ASSOCIATE AIEE 


NEW system of electric hoist drive 

has been developed, and its success 
has been demonstrated in practical use. 
For the types of hoist for which it is 
particularly intended this system pro- 
vides a closer approach to the ideal char- 
acteristics than has previously been 
available. Although the system is not 
intended for use in all of the important 
types of hoist, it is expected that further 
experience and additional study of de- 
tails and refinements will broaden its 
field of application beyond that which 
has, to date, been established in practice. 


The Ideal Characteristics 


Among the several hoisting applica- 
tions for which the new system is be- 
lieved to be suitable, the high-grade 


* heavy-duty indoor cranes in steel mills 


and heavy machine shops may be con- 
sidered typical. A study of the require- 
ments indicates that the ideal character- 
istics for a crane of this type and of cer- 
tain other types are prinspally as 
follows: 


i The same manipulation of the controller 
to any position in the lowering direction 
should cause the motor either to deliver 
power for lowering an empty hook or to ab- 
sorb power for the proper lowering of a 
load, whichever is required by the conditions 
at that moment. 


2. Maximum hoisting speed at empty 
hook should be a definite value, approxi- 
mately twice the speed at rated load. 


3. At the full-speed hoisting position of 


the controller the stalled torque should be 
limited to a reasonable overload value. 


4. At the first-speed hoisting position the 

-torque curve should be relatively flat, 
having a very low speed at empty hook but 
a substantial stalled torque. 


5. The maximum lowering speed at empty 


hook should be a definite selected value, be- 


tween 160 per cent and twice rated hoisting 
speed. ‘ 

6. Maximum speed of lowering rated load 
should be substantially less than at empty 
hook, and maximum speed of lowering maxi- 
mum load should be less than that of lower- 
ing rated load. ; 
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7. The minimum lowering speeds, that is, 
the speeds at the first lowering-speed posi- 
tion of the controller should be nearly alike, 
irrespective of load. If readily attainable, 
it is preferable that this lowering speed be 
less at heavy loads than at partial loads or 
empty hook. 


8. The electric equipment must have in 
the lowering direction a substantial margin, 
so that, when the maximum load which can 
be lifted is handled, the torque capacity 
available in the lowering direction is ample 
to maintain dependable control of the load 
under the most adverse conditions. 


9. A safe and reasonably smooth retarda- 
tion and stop must occur automatically in 
the event of failure of incoming power and 
other emergencies. 


10. The regulating means by which the 
fifth, sixth, and seventh requirements are 
met must not be capable of stalling a load 
which is being lowered, however great that 
load may be, at any lowering position of 
the controller. 


11. The electric equipment should be self- 
protective against abuse, either of itself or 
of the mechanical equipment, under the 
condition of rapid and unrestrained move- 
ment of the controller handle. 


12. Itis usually important that the holding 
brake be so controlled automatically that in 
regular service it is not required to supply 
any large part of the retardation effort. 


The reasons for some of the items in 
this list of ideal requirement are probably 
evident. The reasons for some of the 
other items have been explained by J. A. 
Jackson.? 


Characteristics of Previous Systems 


The most highly developed crane-hoist 
system using an a-c motor consists of a 
conventional wound-rotor induction mo- 
tor and secondary resistance control 
with the addition of d-c dynamic brak- 
ing in the lowering direction. The 
d-c dynamic braking is obtained by 
exciting the motor stator with direct 
current and absorbing in a controlled 
resistor the power regenerated by the 
rotor when lowering a load. This sys- 
tem has proved very useful, particularly 
in shipyard cranes. Figure 1 shows 
typical speed curves at the various con- 
troller positions plotted against load on 
the hook, at an assumed mechanical 
efficiency of 87 per cent. Certain addi- 
tional speed-load characterist cs, not 
shown in Figure 1, are provided solely as 
automatic transition points for accelera- 
tion and retardation. The examination 
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of Figure 1 shows that this system ful- 
fills some of the ideal requirements stated 
in the introduction but departs consider- 
ably from this ideal in certain other 
respects. 

For use with d-c power, the most highly 
developed crane-hoist-motor system com- 
monly used is one in which the hoist 
motor is built as a series motor and is 
operated as a series motor in the hoisting 
direction. In the lowering direction a 
resistor of substantial capacity is con- 
nected to furnish a component of separate 
excitation to the series-wound field and 
to provide a dynamic-braking path for 
absorbing current regenerated by the 
armature when a load is being lowered. 
Several manufacturers build equipments 
of this type which are essentially similar 
but differ in some details, and whose 
characteristics are similar, with minor 
differences. This system has been in 
general and successful use for approxi- 
mately 30 years and is a radical improve- 
ment over earlier practice. A typical set 
of speed-load characteristics is shown by 
Figure 2, which is a combination of 
Figures 5 and 6 of Jackson’s paper.1 A 
study of this figure shows that it meets 
or approximates some of the ideal char- 
acteristics set forth in the introduction 
but departs widely from this ideal in 
certain other respects. 

That form of the Ward-Leonard sys- 
tem which uses a three-field ‘“‘shovel-type”’ 
generator™* has occasionally been pro- 
posed for the type of hoist here con- 
sidered. Although this has been the 
standard system for shovels and is an 
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Figure 1. Characteristics of a-c crane hoist 
motor with d-c dynamic braking 
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Figure 2. Characteristics of d-c series crane 
hoist motor with dynamic braking 


excellent choice for certain other appli- 
cations, its speed-torque curves differ 
widely from most of the ideal character- 
istics here considered. 


The New System 


The ideal characteristics for the appli- 
cations under consideration have been 
approximated closely by the develop- 
ment of a radical improvement of the 
Ward-Leonard system, the principal fea- 
ture of which is the addition of an ex- 
citer of unusual design embodying a 
cross-flux principle. By this means, a 
characteristic is obtained in which the 
voltage of this cross-flux exciter is re- 
sponsive in a unique manner to the varia- 
tions of magnitude and polarity of the 
current in the ‘‘loop”’ circuit, that is, the 
local circuit comprised by the armatures 
of the generator and hoist motor. At 
zero “loop” current the voltage of this 
exciter is at its maximum. At substan- 
tial increases of “loop” current, irrespec- 
tive of polarity, the voltage of this exciter 
decreases, and at the maximum overload 
values of the “‘loop’’ current the voltage 
closely approaches zero. The voltage 
generated by this exciter provides the 
excitation of the generator field and 
modifies the excitation of the motor field. 
By means of the generator and motor- 
excitation characteristics thus provided, 
characteristics of speed versus load are 
obtained of the kind illustrated later in 
the paper (Figures 6 to 9). 

The 9th and 12th requirements listed 
in the foregoing for the ideal crane hoist 
are met respectively by a simplified 
arrangement of an emergency dynamic- 
braking resistor in the hoist-motor 
armature circuit and by an improvement 
in the control details of the magnet 
brake. These two features are not de- 
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pendent upon the cross-flux-exciter prin- 
ciple. They were, however, developed 
as contributions to the same project, 
namely, the attempt to achieve the al- 
most perfect crane-hoist drive. Because 
of lack of space, these features are not 
described. 


Construction of the Exciter 


Figure 3 illustrates diagrammatically 
the principles of construction of the 
cross-flux exciter in its basic form. Al- 
though multipolar machines are possible, 
the exciters built to date are bipolar, by 
which is meant that the armature-winding 
and commutator connections are those of 
a normal bipolar machine. Four pole 
pieces are provided. In Figure 3 the 
two upper pole pieces constitute one 
“pole” insofar as relates to the generation 
of the output voltage. The two lower 
pole pieces constitute the other ‘‘pole.” 
For reasons which will appear, a degree 
of artificial saturation is introduced in 
the pole pieces, for example, by notches 
in the sides of the pole pieces as indicated 
in Figure 3. In one design which has 
been used, all pole pieces are duplicate 
(ordinary manufacturing variations being 
entirely acceptable). In another design 
which has also been used, the dia- 
metrically opposite pole pieces P1 are 
duplicates, each having a high degree of 
artificial saturation; the diametrically 
opposite pole pieces P2 are duplicates 
but have a much less degree of artificial 
saturation. For the general explanation, 
let all pole pieces and their respective air 
gaps be considered duplicate. 

Each pole piece carries a shunt main- 
field winding separately excited from the 
constant-voltage main-excitation bus, 
also a cross-field winding consisting of a 
few turns of heavy conductor connected 
in series in the “loop”’ circuit, that is, in 
the main armature circuit of the Ward- 
Leonard system. Corresponding wind- 
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Figure 3. Diagrammatic representation of con- 
struction of cross-flux exciter 
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Figure 4. Theoretical characteristic of cross- 
flux exciter 


re 


ings ordinarily have equal numbers of | 


turns upon all pole pieces. The polarity 


axis of the separately excited main field 


is shown by arrow m—m in Figure 3. 
Stated in another way, when. the sole 
excitation is by this main field the two 
upper ‘pole pieces are of like polarity, for 
example “north,” and the two lower 
pole pieces are of like polarity, “‘south.’’ 
The polarity axis of the heavy cross field is 
in quadrature to that of the main field, 
that is to say, if the sole excitation were 
that of the cross field, the two right- 
hand pole pieces would be of the same 
polarity, for example “north” at the 
normal direction of ‘“‘loop” current, and 


the two left-hand pole pieces corre- 


spondingly would be of ‘‘south” polarity. 
For the normal direction of ‘“oop’’ 
current, the polarity axis of the cross 
field is shown by arrow C-C. Asa result 
of this arrangement of coil polarities, at 
the normal direction of “loop” current, 
the respective field windings are of addi- 


tive effect upon both pole pieces Pl but — 


are opposed upon both pole pieces P2, as 
indicated by the small arrows located 
alongside the respective coils in Figure 3. 
The respective fluxes, although merged 
in parts of the magnet frame and arma- 
ture core, are separate in the pole pieces, 
air gaps, and armature teeth, in which 
almost all of the reluctance occurs; 


hence for all practical purposes it is sub- — 


stantially correct to consider the machine 
as having two independently saturable 
flux paths, one along line P1—P1, 
and the other along line P2—P2. : 
To avoid a possible misunderstanding, 
it should be noted that in Figure 3 the 
positions of the brushes as shown are 
diagrammatic only and represent the 


positions of the armature slot conductors. 


at which they undergo commutation. 


Commutation does not present any 
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greater problem than in an ordinary 


machine. Commutating poles are pro- 
vided in accordance with usual practice. 
The commutation and characteristics 
are not sensitive to brush position, 
brush fit, or ordinary manufacturing 
variations. 


Characteristics ‘of the Exciter 
Vi 

In the circuit arrangement in which 
this exciter is used in the system, arma- 
ture reaction and armature JR drop of 
the exciter tend, if not offset, to be of 
more than negligible effect, but they 
can be compensated sufficiently to make 
them almost negligible; consequently 
the explanation of the operation of the 
cross-flux exciter can be based upon a 
study of the no-load saturation curves 
of the respective flux paths. The upper 
part of Figure 4 represents the no-load 
saturation curve, not of the entire ma- 
chine but of each of the two duplicate 
and practically independent flux paths, 
Pi and P2, respectively. 

1 represents the selected field strength 


_of the separately excited main-field wind- 


ing which remains substantially constant 
throughout. When the current in the 
cross field is zero, each flux path of the 
exciter causes the generation of a voltage 
F,, and the total voltage generated is 
2E, plotted in the lower part of Figure 4 
at zero cross-field ampere turns. Now 
assume a cross-field strength of H2. 
In flux path P1 the value of H2 is addi- 
tive to H1, hence the voltage generated 
in this flux path is now F,. In flux path 
P2 the value of H2 is subtractive from 
#1; hence the voltage generated in this 
flux path is now F,. The total voltage 
generated is F,+), as plotted in the 
lower part of Figure 4. Since saturation 
increases beyond point E, and decreases 
below E,, voltage H,+ E is substantially 
less than 2H,. At a cross-field strength 
of 2H2 the further increment of voltage 
generated in path Pl is very small, but 
the decrement of voltage generated in 
path P2 is large—in fact the voltage of 
path P2 reverses. The corresponding 
total voltage #,+ Ey accordingly is much 
reduced. When the two magnetic cir- 
cuits are duplicate, and when the num- 
bers of turns of the respective wind- 
ings are equal upon all pole pieces, the 
negative voltage generated by path P2 


cannot become quite so great as the volt- 


age generated by path P1; hence the 
total voltage of the exciter never reaches 
zero. When the polarity of the cross- 
field current is opposite to the foregoing, 


_ path P2 behaves as did path PI in the 
foregoing and conversely. 


Hence the 
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Figure 5. Elementary diagram—circuit ar- 
rangement of Ward-Leonard system using 
cross-flux exciter 


characteristic of voltage generated versus 
cross-field (that is “‘loop’’ circuit) current 
tends to repeat symmetrically about the 
left-hand side of the vertical axis in the 
lower part of Figure 4. If compensation 
for armature reaction is not provided, 
this characteristic shows a departure 
from symmetry about the two sides of 
the vertical axis. The dissymmetry 
caused by armature reaction may or may 
not be practically disadvantageous, ac- 
cording to the specific design and appli- 
cation. To date, a design of exciter 
having closely symmetrical character- 
istics about the vertical axis has not been 
built. In the first design the armature 
reaction was not compensated. In a 
later design of a larger exciter the arma- 
ture reaction was compensated, but a 
dissymmetry of characteristics was pur- 
posely introduced by means of unlike 
proportions of the respective flux paths. 


MOTOR COUNTER 
ELECTROMOTIVE 
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ELECTROMOTIVE 


LOWER ——— VOLTS GENERATOR AND MOTOR 


Figure 6. Theoretical characteristics—genera- 
tor voltage and motor counter electromotive 
force of system of Figure 5 
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If a moderately greater value of sepa- 
rately excited field is held, represented by 
a higher value of H, in Figure 4, a voltage 
characteristic is obtained of similar shape 
having higher voltages throughout, and 
conversely. for a moderately smaller value 
of separately excited field. 

If the exciter of Figures 3 and 4 were 
only slightly saturated in each of its 
duplicate flux paths at the maximum 
cross-field current, its minimum output 
voltage (although substantially less than 
maximum) would not be so low as de- 
sired; hence a high degree of saturation 
is provided. This is done most suitably 
by providing a restricted section in each 
pole piece, for example by notches which 
are deep and also relatively long radially. 

For reasons which will appear in the ex- 
planation.of the system as a whole, it is 
usually important to offset or minimize 
the effect of JR drop of the exciter arma- 
ture. Although not strictly necessary, it 
is usually advantageous to compensate 
the exciter for its armature reaction. By 
itself compounding may be provided by 
turns about each pole piece connected in 
series with the exciter armature, having 
polarities coinciding with that of main 
axis m—m. Perfect compensation for 
armature reaction tends to require a wind- 
ing distributed over the pole arcs. Prac- 
tically, however, a concentrated compen- 
sation provides all the benefit which is 
important. Such compensation can be 
provided by turns about each pole piece 
connected in series with the exciter arma- 
ture, having polarities in line with the 
cross axis C-C. Itmightseem thatfor both 
of these improvements two field windings 
must be added to those of Figure 3. 
Actually only one added winding is re- 
quired. Upon two pole pieces the polari- 
ties of the individual compounding and 
compensating windings would be alike, 
hence only one winding per pole piece is 
added having the sum of the turns indi- 
vidually required. Upon the other two 
pole pieces the polarities of the individual 
compounding and compensating windings 
would be opposed; hence only one wind- 
ing per pole piece is added having the 
polarity and number of turns correspond- 
ing to the difference of the individual re- 
quirements. 


Design and Arrangement of System 


The generator is of normal design. Its 
main field is wound with the maximum 
practicable cross section of copper in order 
to provide the desired high no-load volt- 
age with the least oversize of generator. 
Such a field winding provides a generator 
time constant which, in combination with 
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velopmental sample equipment 


the circuit arrangement and cross-flux- 
exciter characteristics, limits the peak 
currents to values which are suitable for 
the electric equipment and the hoist sys- 
tem. 

The generator, cross-flux exciter, and 
an ordinary constant-voltage exciter are 
driven by an induction motor, or if pre- 
ferred for a sufficient reason by a syn- 
chronous motor ora d-c motor. Anengine 
drive tends to be animproper choice, since 
the engine is unable to reconvert the 
energy regenerated by a descending load 
and hence is unable to restrain the speed 
of a descending load. 

The hoist motor has a nonstandard 
main-field winding for a variable separate 
excitation but in other respects is of the 
type which is standard for high-class 
crane-hoist installations. 

If it were intended to use the cross-flux 
exciter solely to furnish a generator excita- 
tion of the desired characteristics, it 
would be appropriate to consider an ar- 
rangement which connected the generator 
field directly to the armature of the cross- 
flux exciter, whereupon the hoist could be 
reversed and controlled by reversing and 
controlling the strength of the separately 
excited main field of this exciter. How- 
ever, another important function of the 
cross-flux exciter is to provide an advan- 
tageous variation of the hoist-motor ex- 
citation. In order that one cross-flux 


exciter shall serve both of these purposes ° 


(by virtue of the unusual circuit arrange- 
ment used), it is necessary that the main- 
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field excitation of this exciter be main- . 


tained nonreversible and at a substantial 
value which is not far from constant. Ac- 
cordingly, a conventional reversing control 
is provided between the exciter armature 
and the generator field, as indicated in the 
elementary diagram of Figure 5. 

In order to provide the desired varia- 
tion of the hoist-motor field, the cross-flux 
exciter is designed for a maximum voltage 
substantially less than that of the con- 
stant-voltage main-excitation bus. One 
terminal of the cross-flux exciter, negative 
as shown in Figure 5, is connected per- 
manently to the main-excitation bus 
terminal of like (that is negative) polarity, 
Thus between the positive terminals of 
these two sources of excitation a variable 
voltage is available which is the difference 
of the two voltages. The hoist-motor field 
is connected permanently between these 
two terminals. The excitation voltage 
thus made available may be visualized by 
referring to Figure 4 and’ considering the 
ordinate between the lower and the upper 
base lines as the main-excitation bus 
voltage. Thereupon the height of ordi- 
nate from the curve “‘volts total” upward 
to the upper base line represents the volt- 
age applied to the hoist-motor field. 
Thus the hoist-motor field is weakest 
when the “loop” current is substantially 
zero, Which occurs when the empty hook 
is being hoisted and lowered and when the 
motor is at standstill at the ‘‘off’’ position 
of the controller. As the “loop” current 
increases, the decrease of the cross-flux- 
exciter voltage causes an increase in the 
motor-field strength. Normal field 
strength occurs at approximately rated 
armature current of the hoist motor. 
Typically the minimum field current is ap- 
proximately 60 per cent of normal, and the 
maximum is approximately 11/2, normal. 

This scheme of motor-field excitation 
provides three benefits: 


1. Most important: an ample margin of 
torque stability is provided at all loads, 
both steady-state and transient. 


2. A maximum speed of the empty hook is 
obtained which is moderately greater than 
that corresponding to the maximum no-load 
voltage of the generator. 


3. Without any complication of contactors, 
relays, or the like in the motor-field circuit, 
the motor field continues strong at the 
“off” position of the controller during a 
retardation but is reduced to a value moder- 
ately less than normal while the hoist con- 
tinues to stand at rest at the ‘‘off”’ position. 


Because the cross-flux exciter is used for 
two purposes, its armature current is the 
difference of the generator-field and motor- 
field currents. Thus at zero “loop” cur- 
rent the exciter armature current is at its 
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maximum value as output. At rated - 
“Joop” current the generator-field current, . 
and motor-field current are nearly equal; 
hence the exciter armature current is not 
far from zero, At maximum “‘loop” cur- 
rent, when the exciter voltage is low ac- 
cordingly, most of the hoist-motor field 
current becomes input into the exciter 
which accordingly acts regeneratively, 
The uncorrected effect of armature IR 
drop would be to decrease the maximum 
effective voltage of the exciter by a more 
than negligible percentage, but also to in- 
crease the minimum voltage of the exciter 
by a large percentage over the desired low 
value. It is principally for these reasons. 
that the exciter is compounded as has been 
mentioned. 

Certain optional features were added in _ 
the developmental sample, and tests were 
made both with and without their use. 
It was decided that the modifications of 
characteristics provided by these addi- 
tions were not of suflicient importance to. 
justify their inclusion in typical equip- 
ments. For this reason and because of 
space limitations these features are not de-~ 
scribed. 


Speed-Torque Characteristics 


The characteristics of the system are 
determined principally by the manner in 
which the generator voltage varies, sub- 
ject, however, to the modifying effect 
of the TR drop of the “loop” circuit and 
the additional modifying effect of the 
motor-field variation. When the genera~ 
tor field is excited and controlled as 
described, the characteristics of generator 
voltage and of motor counter electro- 
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Figure 8. Calculated characteristics expressed 
as load on hook, from tests as in Figure 7 
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motive force with respect to ‘‘loop” 
current will resemble those of Figure 6, in 
which the curves of generator voltage 
represent not terminal voltage but volt- 
age generated within the generator. In 
the upper right-hand quadrant, represent- 
ing the hoisting of loads, the effect of 
“loop” circuit TR drop is subtractive from 
that of the generator voltage, but in the 
lower, right-hand quadrant, representing 
the regenerative lowering of loads, this 
IR drop is additive. Hence the curves 
of motor counter electromotive force 
are not symmetrical in the hoisting and 
lowering direction, and upon any lower- 
ing position of the controller a stalled 
condition never occurs at any load, how- 
ever large. If the hoist motor field were 
constant, the curves of motor counter 
electromotive force in Figure 6 would 
represent also the speed of the hoist 
motor. The effect of the variable motor 
field upon the speed-torque curves is to 
increase moderately the hoisting and 
lowering speeds at loads less than normal 
and to decrease slightly the speeds at 
overloads. 

Figure 7 shows a set of speed-load 
characteristics from factory tests of the 
first equipment of this type. This equip- 
ment was a developmental sample for 
which only the cross-flux exciter, the 
control equipment, the brake magnet 
coil, and the hoist-motor-field winding 
_ were made for the purpose, the remainder 
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Figure 9. Characteristics of hoist of cantilever 
gantry crane, from tests of installation at 
Fontana Dam 
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of the equipment being borrowed from 
stock. The loading arrangement pro- 
vided a “‘live” counter torque, produced 
electrically and adjustable over a wide 
range, which provided an authentic 
simulation of the various loads upon a 
hoisting hook. In accordance with 
typical crane practice five speed-control 
positions were provided in each direc- 
tion. The characteristics shown by 
curves LH to 5H and 1L to 5L drawn in 
solid lines were obtained when using the 
optional features mentioned. The sim- 
pler arrangement, omitting the op- 
tional features, provided the character- 
istics shown in dot-dash lines, labeled 
“alternative.” The corresponding ‘‘al- 
ternative” characteristic for slowest hoist- 
ing was almost identical with the curve 
1H shown. From the test data the 
characteristics of speed versus load on 


the hook were calculated for the slowest 
and fastest speeds, as shown in Figure 8. 
These characteristics were calculated on 
the basis of an assumed mechanical 
efficiency of 87 per cent. In the author’s 
opinion the ‘‘alternative’’ characteristics 
shown by \the dot-dash lines are to be 
preferred. | 


The i em shown in Figure 7 
and Figure 8 are considered to be particu- 
larly suitable for cranes in steel plants 
and heavy machine shops, subject to the 
possible exception that the highest-speed 
lowering characteristics there shown may 
be faster than considered desirable. It 
is a simple matter to readjust so as to 
reduce the speeds of the fastest lowering 
characteristic and to redistribute the 
intermediate characteristics accordingly. 


The speed-torque characteristics upon 
the lowest-speed lowering position, curves 
1L in Figure 7 and Figure 8 show a 
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moderately higher speed when lowering 
rated load or overloads than when lower- 
ing the empty hook; hence they do not 
meet completely the sixth item in the 
list of ideal characteristics. However, 
these speed characteristics are su- 
perior in this respect to the character- 
istics 1Z in Figures 1 and 2, which rep- 
resent approximately the best of the 
standard practice heretofore. By im- 
provements in design it is not difficult 
to make a further improvement over the 
characteristic 1Z of Figure 7 without de- 
tracting from any other characteristics. 
This has been proved in the larger equip- 
ment of later design whose character- 
istics are shown in Figure 9. 

With the possible exception of an 
extraordinary combination of conditions 
a crane is never called upon to lower a 
hook load greater than that which it is 


Figure 10. Fontana Dam construction trestle 

equipped with two cantilever gantry cranes 

for handling four-cubic-yard concreting buck- 

ets, provided with variable-voltage hoist con- 

trol using Whiting cross-flux exciter system 

and variable-voltage rack motion with floating- 
flywheel exciter 


capable of picking up and hoisting. How- 
ever, in the factory tests of the develop- 
mental sample electric ‘‘live’” loads were 
applied equivalent to hook loads sub- 
stantially greater than any which could 
be lifted, as shown in Figure 8. At such 
excessive loads curves 1L show increases 
in speed. These, however, do not in- 
volve any tendency toward instability 
but are merely the result of increased 7R 
drop of the “loop” circuit throughout 
the excessive overloads at which the 
generator voltage is at a nearly constant 
minimum. Throughout the entire over- 
load range the hoist-motor excitation 
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increases until at maximum overloads 
including those which are impossible in 
practice the motor is highly saturated, 
and hence in a very stable condition. 

A large installation comprises two high- 
speed high-lift cranes used in the con- 
struction of a dam on the Little Tennes- 
see River at Fontana, N. C. Although 
these cranes are very different from a 
typical steel-mill or heavy factory crane, 
the ideal characteristics enumerated in 
the introduction are especially desirable 
in this application. Because of the unu- 
sual character of these cranes certain 
additional requirements are imposed upon 
the speed-load characteristics of the 
hoist. Accordingly the electric equip- 
ment for the hoist was designed in accord- 
ance with the same principles but with 
certain changes in proportions and one 
additional feature. 

These cranes are of a type sometimes 
called ‘‘hammerhead” but more aptly 
named cantilever gantry cranes. They 
have a maximum lift of 295 feet and at 
the extreme outward travel of the rack 
(that is trolley) motion the overhang of 
the hoisting hook at the end of either 
cantilever is 128 feet beyond the support- 
ing tower. The hoist drive of each crane 
has a rms rating of 187 horsepower. 
These cranes are used at times for roust- 
about work, but their principal duty is 
the ‘“‘pouring”’ of concrete. 


During the earlier part of the construc- 
tion schedule the crane picks up a bucket 
of freshly mixed concrete from a railroad 
car running between the legs of the crane 
tower, hoists the bucket sufficiently to 
clear the side rails, racks out the bucket 
to the required distance, and lowers it to 
the upper surface of the “‘block”’ being 
poured. When the bucket has been 
dumped, it is hoisted, racked in, and 
landed on the car. When the dam reaches 
nearly its maximum height, the loaded 
bucket will be lifted from the car a maxi- 
mum of about 50 feet, and, after racking 
out, dumping and racking in, the empty 
bucket will be lowered to land on the car. 

The purchase specification required 
that the speed of hoisting the loaded 
bucket be a relatively high percentage of 
the speed of hoisting the empty bucket 
but required also protection against an 
excessive overturning moment. Although 
the loaded bucket at its maximum over- 
hang is entirely incapable of overturning 
the crane, it is possible when the crane is 
engaged in roustabout work that a hoist- 
ing hitch may be taken about an ex- 
cessively heavy piece or an immovable 
object. Under the latter circumstances 
it is imperative that the hoisting effort 
shall be self-limiting to a value sub- 
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stantially less than the overturning mo- 
ment of the crane. 

In order to meet these requirements 
and at the same time retain the various 
other desirable characteristics, a cross- 
flux exciter was designed in which the 
two flux paths were purposely dis- 
similar whereby a set of speed-load curves 
was obtained as shown in Figure 9 based 
upon tests of the installation. In order to 


limit the stalled torque of the hoist motor 


to a value only moderately greater than 
its value for hoisting the maximum load 
in regular service, a simple addition was 
devised which causes the characteristics 
of the cross-flux exciter to break abruptly 
from the normal characteristic for which 
it is adjusted and at higher values of 
“loop” current to provide the stalling 
characteristic shown in Figure 9 by the 
broken lines S—S. a 

In addition to its adaptation to the 
special requirements just mentioned, the 
characteristics of this equipment provide 
two improvements over those of the de- 
velopmental sample. The first-speed 
hoisttng characteristic, curve 1H, is 
flatter. The first-speed lowering char- 
acteristic, curve 1L, goes all the way in 
meeting the seventh item in the list of 
ideal characteristics ‘“. . . that the lower- 
ing speed be less at heavy loads than at 
partial loads or empty hook.” 


Transient Characteristics 


As was predicted when the system was 
first devised on paper, the superior steady- 
state characteristics and the means by 
which these characteristics are obtained 
contribute to the creation of favorable 
transient operating characteristics during 
the course of ordinary accelerations, re- 
tardations, and reversals, and during 
emergency stops, Because the maximum 
speed when lowering a heavy load is 
mutch less than when lowering a light load 
or the empty hook, the kinetic stored 
energy of the hoisting system is in- 
herently reduced whenever increased 
hook loads are being lowered. Under 
these conditions the generator-field cur- 
rent is also much less than maximum; 
hence at a quick movement of the con- 
troller from full speed to the ‘‘off” posi- 
tion (or to a hoisting position) the initial 
rate of decay of generator field is much 
less than maximum. At the heavier loads 
the motor field is strong, and an increase 
of “loop” current for the retardation 
causes a further increase of motor-field 
current. From the combination of these 
phenomena it comes about that the re- 
tardation of heavy descending load re- 
quires a “loop” current only moder- 
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ately greater than that of the speed from ~ 
which the retardation is begun and only, 
alittle greater than that for retarding the 
empty hook from its maximum speed. — 
This combination of phenomena is 
similarly and equally beneficial with re- 
spect to the retardation and stop under 
emergency conditions such as failure of 
incoming power. It has been observed 
that when maximum load is being lowered 
at its maximum speed an emergency stop” 
requires only slightly more current from 


‘the hoist motor than is required for the 


corresponding emergency stop of the 
empty hook and little more than for a 
normal retardation at the maximum rate. 


Conclusion 


The hoisting-machinery art includes 
many different types of equipment for 
widely different applications. Some of 
these types of hoist have relatively un- 
exacting requirements which are met 
acceptably by various simple systems of 
electric drive. Several systems of electric- 
hoist drives have been developed, each 
of which has certain specialized modifica- 
tions which are particularly advantageous 
for certain exacting applications but 
which are irrelevant or disadvantageous 
for certain other hoisting applications 
whose requirements are equally exacting 
but different. The electric system de- ~ 
scribed in this paper is not to be con- 
sidered as preferable or even applicable for 
every important type of hoist, but it 
is intended for use in several types of 
hoist in which, notwithstanding certain 
substantial differences of design and use, 
the speed-torque requirements are simi- 
lar. : a 

No installations have yet been made 
in large heavy-duty indoor cranes such 
as are typical of steel plants and heavy 
machine shops. However, the results” 
first demonstrated by the developmental 
sample and confirmed in practice by the 
Fontana Dam installation indicate the 
suitability and advantages of the system 
for heavy-duty indoor cranes. It seems 
reasonable to expect that with further 
experience and additional study of de- 
tails and refinements the field of applica- 
tion will be broadened further. 
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Synopsis: The mechanical power delivered 
by the motors of electrically propelled 
vehicles is almost always transmitted 
through gears to axles. The few exceptions 
are some gearless electric locomotives de- 
signed many years ago. Although the top 
speeds of vehicles and locomotives have 
increased materially since the inception of 
electric drive, the very nature of the service 
requires high tractive efforts in starting 
from standstill and at low speeds. In the 
case of transit vehicles, frequent stops re- 
qtiire operation at relatively low speeds a 
large percentage of the time. 

~The history of traction-motor design dis- 
closes a trend toward higher and higher 
motor speeds. These higher speeds have 
resulted in reduced motor weight and space 
requirements, which are two most important 
considerations in traction apparatus. In 
order to use motors of higher speed eco- 
nomically, greater gear reductions are 
required. As developments in gear design, 
gear materials, and heat treatments pro- 
gressed, greater gear reductions became 
practicable, and the higher-speed motors 
came into general use. Modern double- 
reduction gear units and hypoid gears per- 
mit greater gear reductions and, hence, 
higher motor speeds than the single-reduc- 
tion spur gears which were once employed 
in all traction applications. 

The reductions in weight and size of 
traction motors are not only advantageous 
in themselves, but they permit features in 
vehicle construction which add to the 
comfort and convenience of passengers and 
to over-all economy of operation. This 

paper discusses some of the elementary 
considerations of gear design and includes 
a specific example of the effect of change in 
gear ratio on traction motors. 


HE electric motor is extremely well 

adapted to high-speed operation. 
The higher the speed at which it can be 
operated, within limits, the lighter and 
more compact the motor. The wheel 
speeds of electrically propelled vehicles 
and locomotives are quite low by com- 
parison, because they have to start from 
zero speed at frequent intervals, and even 
at top vehicle speeds the wheel speed is 
_ still too low for economical gearless motor 
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design. As a result, practically all pro- 
pulsion motors are geared to the axles, the 
gear reduction serving the usual two-fold 
purpose of reducing the speed and multi- 
plying the torque. As improvements in 
gear materials, heat treatments, and 
designs have made greater reductions 
practicable, it has been possible to utilize 
economically motors of higher speed. 
Streetcar motors serve as a good example 
of this trend, because they were the earli- 
est traction motors, and continued prog- 
ress has been required to keep streetcars 
competitive with other forms of transpor- 
tation. ; 


Early Motor Designs 


All early traction motors were sup- 
ported at one side by bearings on the 
axle and on the other by a connection to 
the car or locomotive truck. The dis- 
tance between the center of the pinion, 
mounted on the motor shaft and the cen- 
ter of the gear, mounted on the axle was 
fixed for each motor frame. This gear- 
center distance is SA in Figure 1A. This 
distance is, divided into two parts, SB and 
BA, so selected that BA divided by SB 
gives the speed reduction desired. The 
two circles shown with A and S as centers 
are known as pitch circles of the gear and 
pinion, respectively. The gear teeth are 
laid out around these circles. 

Let us assume that the gear-center dis- 
tance of a particular motor was 14 inches 
and the diametral pitch of the gears three. 
The total number of teeth in gear and 
pinion was 3X2X14=84. The values 
selected are typical of the gears used on 
40- and 50-horsepower 500-volt streetcar 


‘motors 35 to 40 years ago. At that time 


a 15-tooth three-diametral-pitch pinion 
was the smallest in general use, because 
a smaller pinion did not have sufficient 


‘strength between the root of the tooth 


and the bore, or at the keyway, with the 
best material available at that time. 

In the example selected there must be 
84—15=69 teeth in the gear. The diame- 
ter over the ends of the gear teeth was 
(69+2)/3=23.67 inches. With new 
wheels a clearance of four inches between 
top of rail and bottom of gear case was 
considered essential to avoid hitting the 
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gear case on obstructions in the street. 
The outside diameter of the gear case was 
approximately one inch greater than the 
diameter over the ends of the gear teeth 
to allow for clearance in the gear case and 
thickness of the gear case. Therefore, the 
diameter of the new wheel could not be 
less than 23.67-+1-+8= 32.67 inches, and 
33-inch wheels were in common use. 
They were worn to a minimum diameter 
of 30 inches; thus, the clearance under 
the gear case was reduced by 1.5 inches. 
The limitations of pinion and gear de- 
sign made gear reductions of 4.6:1 general 
and 33-inch wheels a standard for city 
cars. 

The streetcars of this period weighed 
50,000 pounds and were propelled by four 
40- or 50-horsepower 500-volt motors, 
depending to a great extent on the grade 
conditions of the city in which they were 
operated. The clearance between the top 
and the rail and the bottom of the motor 
frame, with 33-inch wheels, was also ap- 
proximately four inches. The 40-horse- 
power motor weighed 2,800 pounds, com- 
plete with gear and gear case, and 2,400 
pounds without gear and gear case. The 
maximum safe speed of the motor was 
1,900 rpm, which resulted in peripheral 
speeds of 7,000 feet per minute of the ar- 
mature and 5,100 feet per minute of the 
commutator. 

There was not much change in motor 
speeds for a number of years, although 
progress was made along other lines. 
Motors with commutating poles became 
standard, and ratings were based on 600 
volts with a resulting increase in horse- 
power of 20 per cent. Bearings and 
shafts were improved. Better gear mate- 
rials were used, and heat treating became 
general. Progress was made in insulating 
materials. During this period the trac- 
tion motor progressed from the state 
where normal life of pinions, bearings, 
windings, brushes, and commutators was 
short to where life of these parts was in- 
creased several times. 


New Motor Designs and 
Low-Floor Cars 


The year 1912 marked a traction-motor 
and streetear development which radi- 
cally changed the appearance of streetcars 
and the ease with which passengers could 
board and alight from them. The Pitts- 
burgh Railways Company designed a car 
with 24-inch wheels and correspondingly 
low-car floors. The car seated 55 passen- 
gers, and its weight was only 34,000 
pounds. Four 35-horsepower 600-volt 
motors were adequate for even the severe 
grade and traffic conditions of Pittsburgh. 
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The design of a motor for 24-inch wheels 
was an undertaking of considerable mag- 
nitude at that time. The motor de- 
veloped was known as the Westinghouse 
type 328. It was self-ventilated by means 
of a fan on the armature shaft, and in the 
original design the coils were “bakelized.” 
Gears of 3.5 diametral pitch were used, 
and the face of the gears was four inches 
instead of five inches, as used previously. 
The use of the 3'/;-pitch gears made it 
possible to get the required reduction in 
the space-available. Because of progress 
in gear construction, these gears proved 
entirely satisfactory. The clearance 


2 


under the motor frame was 3'/,; inches 


® 
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A. Motor with single-reduction gears 


B. Motor with double-reduction gears 
Figure 1 


and under the gear case three inches. 
This sacrifice of one-inch clearance meant 
that, for parallel street conditions, the 
wheels could not be worn to the same ex- 
tent as on the older cars. Actually, the 
24inch wheels were later superseded as 
standard by 26-inch wheels, thus increas- 
ing clearances one inch. 

The gear-center distance Sijthe new 
motor was 10.43 inches, making a total 
of 73 teeth. A 15-tooth 3.5-pitch pinion 
was the minimum permissible. The maxi- 
mum reduction-gear ratio was 58:15 or 
3.87:1, but this gear reduction with 24- 
inch wheels is equivalent to a reduction of 
5:32:1 with 33-inch wheels. 

The maximum safe armature speed of 
the motor was?,600 rpm. At this speed 
the peripheral speed of the armature was 
6,300 feet per minute and of the commu- 
tator 5,800 feet per minute. While the 
maximum safe speed of the armature was 
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raised 37 per cent, the peripheral speed 
of the armature was held essentially the 
same by reducing the diameter, and the 
peripheral speed of the commutator was 
increased only 14 per cent. The motor 
complete with gear and gear case weighed 
1,680 pounds or a reduction of 40 per cent 
compared with the 50-horsepower 500- 
volt (6Q-horsepower 600 volts) motor 
used on the heavier cars. The total 
weight saving, due to the four lighter 
motors, was 4,480 pounds. The saving, 
due to using 24-inch instead of 33-inch 
wheels and the resulting Lighter truck 
structure, was 4,000 pounds. Other 
weight economy was effected in the car 
body. 

For the next 15 years street-railway 
motor design followed the trail blazed by 
this first motor suitable for low-floor cars. 
In a few vears ventilated motof$ suitable 
for 26-inch wheels were available in 25-, 
4Q-, and 5Q-horsepower sizes. A gear re- 
duction of 5.7:1 was used on 25-horse- 
power motors, gears of 4'/, diametral 
pitch being employed. Again, there wasa 
period of perfecting of details and con- 
solidation of advances. 

One of the latest axle-hung motors 


Table I. 
Maxi- 
Wheel mum 
Diam- Total** Sefe 
Horse- Gear eter— Reduc- Speed— 
power Volts Ratio Inches tien Rpm 
40... 300 ...46:1....33 ~..0.0213.__.1,900__.. 
30... 600 . 4.6: 1....33 0.0213... . 1,900... 
35... G00 ._.3.87:1_...24 = -.0.0185. ._ 2.6002. 
30... 600 ...3.78:1....26 ._ 0.0204... .3,000_.. 
35. ..300/600...  9:1__..22*___0.0073._..5,000_. 
35- ..300/600. ..7.27:1_._.25 ._ .0.0104..__5,000. 


* With WN double-reduction drive. 


** Rpm X total reduction = miles per hour 


developed had a one-hour rating of 50 
horsepower at 1,000 rpm. It weighed 
1,940 pounds without gear and gear case 
and 2,185 pounds with gear and gear 
case. It had a gear reduction of 53:14 or 
3.78:1 when gears of three diametral 
pitch were used. The maximum safe 
speed of armature was 3,000 rpm. The 
corresponding péripheral speed of the 
armature was 8,650 feet per minute and 
of the commutator 7,060. The car speed 
corresponding to 3,000 armature rpm was 
61 miles per hour. While the peripheral 


speeds were raised at the maximum safe ~ 


armature speed, the corresponding car 
speed was so high that it was rarely, if 
ever, reached in urban service. 
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Comparison of Traction Motors 


Total reduction = 


Separate Gear Units 


In 1927 a radical change in method of 
transmitting motor torque te the street- 
ear axles was tried ax 1 
Worm gears were used. The time 
ored axle-hung motor, sleeve bearings, 
grease-lubricated spur gears and split gear” 
case was a crude noisy arrangement by 
private automobile standards. It did 
function successfully. Two cars were 
constructed using worm-drive axles, in- 
cluding differential gears, which were an 
outgrowth of bus and truck axles. Oik | 
lubricated gears in a dirt-tight case were 
employed. The gears were silent. Gear ~ 
ratios of 10:1 were available. The separa- 
tion of the gear unit from the motor re- 
moved the restriction of gear center dis- _ 
tance as a determining factor in™ gear 
ratio and allowed the most Na 
motor speed to be selected. 

On the first experimental cars high- 
speed motors, developed primarily for 
gas-electric bus service, were applied. 
These motors were soon superseded by a — 
high-speed railway motor specifically de- 
veloped for the service. This motor rated 
35 horsepower and had a maximum safe 


Bare Miles 
Motor Per 7’ 
Peripheral Speed Weight— Hour Clearance 


Feet Per Minute Pounds at 
Sanna axi- 


Armature tator power 
7,000... 5,100. . 60.0... 
7,000... 5,100... .47.8. .-.40 
6,800... .5.800_.. .42.6.... 
- 8,650... 7,060... 38.8. ... 
~ 12,100. _ _ 9,500. : . 16.3. 

~. 12,100. 9.300. ...12.7.-..52 


wheel diameter 
X gear ratio 


armature speed of 5,000 rpm. The maxi- 
ll .100 feet per minute, and the maximum _ : 
commutator peripheral speed was 9,500 
feet per minute. The motor weight was 
570 pounds. Since the motors were en- 4 


Car A. 48,000 pounds empty, 


6,000 pounds passenger load, 


four 40-horsepower 500-volt 
motors, 69:15 sear ratio, 33 
inches wheel diameter 


Car B. 38,800 pounds empty, 


6,000 pounds passenger load, 
four 50-horsepower 600-volt 
motors, 53:14 gear ratio, 26 


inches wheel diameter 
Car C. 33,000 pounds empty, 


' The application of worm drive to 
streetcars was followed very quickly by 
the development of a double-reduction 
and a single-reduction seli-contained gear 
_ unit which possessed most of the advan- 
‘tages of the worm drive. When the gear 
teeth were ground, the accuracy of tooth 
contact wasimproved. Antifriction bear- 
_ ings maintained gear-center distances 
_ accurately. As a result, the gear noise 
_ _ was reduced so greatly that the average 
"passenger was not conscious of it. Also, 
¢ gears of higher diametral pitch were used 
‘ successfully. The double-reduction unit 
_ employed high-speed gears of 4'/, diame- 
_ tral pitch and the low-speed gears four. 
: Phenomenally, long gear and bearing life 
_- was obtained. The spur gear units were 
O more efficient than the worm drive. 
__ The double-reduction drive permitted 
the use of wheels having a diameter of 
_ 22 inches with 4.5 inches clearance under 
___the gear case. Figure 1B illustrates the 
__ double-reduction gear arrangement. The 
_ maximum gear reduction was 9:1, al- 
_ though most applications were made with 


less reduction in order to obtain the higher 


ee Tek 


a. 
car speeds which were coming into gen- 
= eral use. The single-reduction drive pro- 


vided a maximum reduction of 7:1 and 
"required 26-inch wheels to give 3*/, inches 
_ clearance between top of rail and bot- 
tom of gear unit. 


_ Presidents’ Conference 
Committee Car 

< = Just at the time that these drives were 
i proving their worth in service, the Electric 
_ Railways Presidents’ Conference Com- 
mittee was engaged in designing a com- 
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6,000 pounds passenger load, 

four 55-horsepower 600-volt 

motors, 7.17:1 gear ratio, 25 
inches wheel diameter 


pletely new streetcar. New standards of 
performance in rates and smoothness of 
acceleration and braking, speed, passen- 
ger comfort, heating, ventilation, and 
lighting were established. Entirely new 
ear body and ear trucks, including rub- 
ber-cushioned wheels, were developed. 
A right-angle drive (motor shaft at right 
angles to axle) was selected, because it 
was better fitted to the truck design, was 
believed to be inherently quieter than the 
double-reduction spur gears, and was less 


expensive. The drive selected consisted _ 


of hypoid gears with 7.17:1 reduction. 
Antifriction bearings and oil lubrication 
were used. This drive embodied the ad- 
vances of automotive-gearing design and 
has operated most successfully. 

The new standards of performance re- 
quired the design of a new motor having 
a one-hour rating of 55 horsepower. The 
four motors not only propel the car but 
do most of the braking dynamically. The 
dynamic braking is supplemented by 
electrically operated track brakes and 
ait-operated brakes on the car wheels or 
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Figure 3. Distance—time curves 
Cars A, B, and C as in Figure 2 
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electrically operated drum brakes on the 
armature shaft. The energy dissipated 
in the accelerating and braking resistors 
is used for heating the car during cold 
weather. 

The new motor weighs 700 pounds and 
has a maximum safe speed of 5,000 rpm. 
At 5,000 rpm the peripheral speed of the 
armature is 12,100 feet per minute and 
of the commutator 9,300. The corre- 
sponding maximum car speed is 52 miles 
per hour. Wheels of 25-inch diameter are 
used. The clearance under the gear 
housing is 4*/, inches. The motors are 
completely spring-born, and, therefore, 
their height above the rail varies some- 
what with passenger load. Normally, it 
is Six inches. 

For convenience of comparison Table 
I shows the principal characteristics of 
the various motors which have been dis- 
cussed. They are typical of the street- 
car motors used at various times m the 
past 40 years. Worthy of note are the 
increase in total reduction, the consistent 
increase in maximum safe speed, and in 
armature and commutator peripheral 
speeds. Although these changes did not 
accompany improvements im gearing step 
by step, they were in large measure the 
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Cars A, B, and C as in Figure 2 
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MILES PER HOUR . 


result of gradual gear evolution. Cast 
iron and malleable iron were superseded 
by cast steel, forged steel, and alloy steels. 
The 14'/>-degree involute tooth form was 
superseded by 20 degrees involute, thus 
increasing strength. Long and:short ad- 
dendum pinions and gears were adopted 
with resulting greater pinion strength 
and more metal between root of tooth 
and pinion bore. Therefore, smaller 
pinions can be used. Water quenching, 
oil quenching, case hardening, and flame 
hardening were introduced. 

Figure 2 shows the comparative speed 
attained in a given time by three types of 
cars. Car A is one typical of those in use 
40 years ago. Car B represents the best 
type of car with axle-hung motors avail- 
able in the late 1920’s. Car Cis the mod- 
ern PCC car. To attain a speed of 25 
miles per hour requires 48 seconds for car 
A, 16 seconds for car B, and 10 seconds for 
car C. 

Figure 3 shows the distance covered by 
each car for various moving times. A 
distance of 1,000 feet is traversed in 39 
seconds by car A, 31 seconds by car B, and 
27.5 seconds by car C. 

Figure 4 shows the schedule speed in 
miles per hour and the energy consump- 
tion in kilowatt-hours per car-mile for 
various stops per mile between 3 and 12. 
The comparison at eight stops per mile 
is shown in Table IT. 

It should be understood that these 
values are theoretical, and, that, in ac- 
tual practice both schedule speeds and 
energy consumption are lower for all 
three cars than calculated. Although 
the energy consumption of car C is rela- 
tively high, it affords a superior service 
which requires more power. High-sched- 
ule speeds not only appeal to the pa- 
trons, but the wages of car operators per 
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car-mile vary inversely, as schedule speed 
and operators’ wages are the principal 
item of operating expense. 


Trolley-Coach Performance 


The trolley coach is selected as the 
means of illustrating the effect of gear 
ratio on traction-motor performance for 
a given set of conditions. Modern 
streetcars are standardized to such ex- 
tent that the same gear ratio is used in 
all applications. Various gear ratios are 
applied on trolley coaches. Figure 5 
shows the comparative speeds of a typical 
trolley coach with gear ratios of 9.2:1 and 
11.4:1.  Trolley-coach gear ratios are 
greater than streetcar ratios, because 
the rubber-tired wheels have an effective 
diameter of 40 to 43 inches instead of 25. 

Figure 6 shows the schedule speed and 
energy consumption for a typical trolley 
coach with each gear ratio. Not only are 
schedule speed and energy consumption 
increased by decreased gear reduction, but 
also motor rms current is increased. At 
six stops per mile the comparison is as 
indicated in Table III. The percentage 
increase in schedule speed is small com- 
pared with the increase in energy con- 
sumption and rms current. 


Conclusion 


It is apparent that great progress has 
been made in the performance of vehicles 
on the street as the direct result of prog- 
ress in motor and gear design. There 
has been equally great progress made in 
car design as a result of less space and 
weight required for motors. When wheel 
diameters are reduced from 33 inches to 
25 inches, car floor height is reduced a 
corresponding amount. This results in 
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Trolley coach with 9.2:1 and 11.4:1 gear 
ratios 


one less step, which, in turn, means - 
greater safety, less boarding and alighting 


time, shorter stops, and, hence, higher | 


schedule speeds. 

All are familiar with the outward 
changes in streetcars and trolley coaches. 
Unfortunately, too many examples of old 
street cars are in evidence for one to for- 
get their outstanding characteristics. 
The more pleasing appearance, smoother 
and quieter operation, and better ven- 
tilation and heating in new streetcars are — 
indirect results of progress in motor de- 
sign. \ 

Higher motor speeds brought with 
them improved commutator and arma- 
ture construction and dynamic balancing, 
Better insulating materials, notably the 
general use of class-B instead of class-A 
insulation, and more effective ventilation, 
have made important contributions to re- 
duced size and weight. Greater gear re- 
duction has been essential to the eco- 
nomic application of these higher-speed 
motors. « 


References 


1, ApvANTAGES or Hiocn-Sprrp Traction Mo- 
rors, C, A. Atwell. AIEE Transactions, volume 
62, 1948, July section, pages 508510. 


2. Moprrn TRANSPORTATION Motors, H. W. 


Gouldthorpe. Mass Transportation, volume 36, 
March 1940, pages 64-6, i‘ ; 


rae 
ELECTRICAL ENGINEERING 


~ 


Ae 


- Fepruary 1944, Votume 63 


The Effect of Kilovar Supply on the 
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i 
HE benefits that can be obtained by 
the use of shunt capacitors in electric 
power systems have been discussed many 
times in the technical literature. Their 
ability to improve voltage and power fac- 
tor in the distribution areas, thereby re- 
ducing losses and postponing the need for 
additional circuit capacity by reducing 
loading on existing equipment, has been 
used many times where the economics 
have justified such use. 

Again, other discussions have shown 
that the greatest use of a given total 
system investment may be obtained when 
the basic kilovar requirements are sup- 
plied near the load by either capacitors or 
condensers. It is the purpose of the pres- 
ent paper to combine these two major 
thoughts by investigating the place of the 
capacitor in providing for load growth ona 
specific system. This approach will give 

some indication of the economics and the 
benefits to be gained on an over-all sys- 
tem basis, which in the final analysis is 
the most logical view to take. 

In many cases kilovar supply by capaci- 
tors, for a single purpose, such as voltage 
improvement, reduction in transformer, 
line or cable loading, may not be justi- 
fied, as other means may permit a lower 
first cost (as will be shown), but when 
-these effects are viewed jointly and evalu- 
ated on a system-wide basis, a different 
conclusion may result. 


Basis of Analysis 


To permit a study of the possibilities of 
capacitors as a stepping stone in system 
growth, a type of power system using 
modern design principles was assumed. 
Although a synthetic system, electrical 
details of the circuits were worked out 
from the residential customer entrance 
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and commercial and industrial customer 
transformer secondary circuits back to 
the generating plant. This was called the 
present system. Then each portion of 
the system was redesigned to enable it to 
carry a load increase which would be ob- 
tained at some future time, the new load 
and system being designated as future. 
The kilowatt portion of the load increase 
viewed at the generating plants amounted 
to 67 per cent, although this percentage 
varied somewhat for each individual por- 
tion of the system. The necessary design 
changes made in the present system to 
derive the future system capable of carry- 
ing the increased loads, were made to 
each of the various parts in two ways: 


1. By replacing present conductors, trans- 
formers, and regulators with larger ones, or 
adding to such equipment. 


2. By supplying part of the future load 
kilovars by capacitors, thus reducing the 
extent to which other equipment had to be 
increased. 


Estimated installed cost figures were ap- 
plied to the two methods for economic 
comparison, and the future system was 
set up both ways on the network analyzer 
to permit a comparison of over-all operat- 
ing performance. 

In general, the various feeder circuits 
were designed in either case with the same 
amount of margin for a still further in- 
crease in load, or so-called slack. 


Conclusions 


It will be realized that the area, within 
the system in which the use of capacitors 
shows an) economic gain, depends very 
greatly on the character of the system in 
question.’ Where the unit or small. sub- 
station principle is applied making the 
low-voltage heavily loaded circuit runs 
comparatively short, the gains are less in 
the distribution areas by themselves. 
This principle of system design tends to 
shift the major benefits from the distri- 
bution to other parts of the system. 

The type of system selected in this 
study employed the unit- or small-sub- 
station principle quite extensively, as 
will be discussed more in detail later; so 
this fact should be borne in mind in 
considering the following conclusions. 
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These conclusions must, of necessity, 
apply rigorously only to the system 
studied, although certain generalizations 
will be apparent from them. 


1. Exclusive of the increased generating- 
plant facilities to care for the future require- 
ments (which were the same in either case), 
the use of capacitors resulted in an over-all 
saving of approximately $262,400 on a 
$2,500,000 investment, or about 10 per 
cent. 


2. The total estimated cost of changing 
only the feeder circuits to accommodate the 
increased loads, either with or without 
capacitors, was about the same. In one 
type of feeder the cost of using capacitors 
would be greater than that of increasing the 
materials or adding feeder voltage regula- 
tors, and so forth, whereas in another the 
relative cost would favor the capacitor, and, 
in the aggregate, on the system studied the 
cost was about a standoff. 


38. The greatest differential in cost of in- 
creasing the capacity of the feeder circuits 
favoring the capacitor method occurred in 
the residential-type feeders, where the im- 
provement of the first-to-last customer volt- 
age of the single-phase lateral circuits with 
capacitors precludes the need of adding 
conductors and reconnecting for three- 
phase, which must be done for voltage pur- 
poses, if capacitors are not used. 


4. The greatest differential in cost favoring 
not using capacitors was on the 33-kv feeders 
supplying industrial power at 33 kv where 
strictly no change to the feeder was required 
to enable it to carry the future load. A 
large capacitor bank was added, however, at 
the end of each of these for the capacitor 
case, because this would be a logical location 
in this system for a kilovar source in such a 
program. 


5. The total estimated cost of changing the 
substation and subtransmission facilities, if 
capacitors were used on the feeders, was 
$139,500 as compared with $383,700 if 
capacitors were not used. 


6. The operating margin in the generating 
plants under future load with capacitors 
was increased by a reduction in system losses 
of 7,900 kw and 34,000 kilovars on a 
system-delivered peak load of 255,000 kw. 
The additional margins provided would al- 
low the system to operate with one less 
hydrogenerating unit under emergency con- 
ditions, if steam and prime-mover capacity 
were available. This is seen clearly in 
Figure 11. 


7. It is well known that in systems using 
long heavily loaded feeders, capacitors offer 
the largest gains. This study indicates that 
in systems where such feeders are eliminated 
mainly by employing the unit- or small-sub- 
station principle of design, the use of kilovar 
source near the load still is justified on an 
over-all economic basis, from the standpoint 
of both first cost and operating efficiency. 
Thus, systems using modern design exten- 
sively may use to an advantage a co- 
ordinated system program of kilovar plan- 
ning. 


8. System incremental load losses are 
twice the actual per-unit load losses in the 
regions of practical system operation. This 
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All 33 kv is overhead. Six-mile circuits from 
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Circled 
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RVligeatte once ok tink 13,000. ...11,500 
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applies for circuits that maintain voltage 
by kilovar supply at either end, as well as 
for circuits using a regulator at the sending 
end to maintain receiver voltage. 


Statement of the Problem 
DESCRIPTION OF SYSTEM 


1. General. The system was set 
up and studied, as shown in detail in 
Figures 1 and 2. It is composed of three 
major load areas, each with a present 
load of about 50,000 kw and each con- 
nected to the other by a double-circuit 
33-kv belt line 12 miles in length. Two 
of the load areas are supplied by a local 
steam-generating plant each, and the 
third by a hydroelectric plant 150 miles 
distant supplying its kilowatt require- 
ments over a two-circuit 138-kv line, 
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needed for transient stability. Kilovar 
requirements of this load area are sup- 
plied by a synchronous condenser feeding 
the 33-kv substation bus. Each generat- 
ing plant is capable of carrying the load 
requirements of its own area; hence, 
power flow over the belt lines is restricted 
to emergency conditions. Most systems 
would generally operate part of its sub- 
transmission facilities loaded during nor- 
mal peak-load conditions, the effect of 
which would be to favor the capacitor 
case; so the results are considered very 
conservative. 

2. Feeders. Types, loads, and dis- 
tribution among substations: Feeder 
types and loads are classified in the tabu- 
lations accompanying Figures 1 and 2 for 
present and future loads, respectively. 
The design and performance details of 
each type of feeder, for present load, 
future load without capacitors, and 
future load with capacitors, are given 
in Figures 3 to 9, inclusive. 

Table I indicates the distribution of 
types of loads and feeders among the 
three substations. 

For purposes of this study it was 
deemed satisfactory in the interests of 
simplicity to use the same feeder of each 
type at all three substations. This, of 
course, is not a condition that would oc- 
cur in practice, but if the feeder length 
and load are considered an average value, 
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Figure 2. System layout. Future loads with 
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Figure 1 
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Kilovars 
Circled With 
Number Type Kilowatts Kilovars Capacitors 
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the results. produced should reasonably 
approach those that would obtain on an 
actual system. 


ALTERNATIVE MertTHops oF HANDLING 
Loap GRowTH 


Figures 3 through 9 indicate the alter- 
native methods of providing for future 
load growth in the various feeders, and 
the detailed changes required for each 
method are listed in Table II. For the 


a 


ft 


vr 


no-capacitor case the addition or enlarge- _ 


ment of circuits and transformers and/or 
voltage regulators was resorted to in 
order to overcome the voltage drop or 
thermal-capacity limitations. For the 
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capacitor case these limitations were 
overcome entirely or in part with capaci- 
tors, depending upon the details of each 
individual case. 

These feeders were then represented 
as loads on the system, as shown in Figure 
2, set up on the network analyzer. The 
normal and emergency performance of the 
system could then be studied with and 
without capacitors, and the effect of 
these capacitors on the system evaluated 
in terms of subtransmission system and 
distribution substation capacity needed. 
Table III and Figure 2 summarize the 
detailed changes needed to the system to 
enable it to carry the future loads of the 
feeders designed with and without capaci- 
tors. 


PRESENT AND FuTURE LOADS 


Details of individual feeder designs are 
given in the figures; hence, they need 
not be discussed here. It may be noted 
that the margin for growth beyond present 
loads is not necessarily the same in each 


of the feeders, nor is the percentage of 


growth to future loads exactly the same 
among the feeders. This fact does not 
affect the qualitative result of the eco- 
nomic comparison between the use of 
capacitors and the use of other means to 
provide for the load growth, but it obvi- 
ously might affect the degree of the eco- 
nomic unbalance of the two methods. 
The values of present and future loads 
were taken at random; since, on an actual 
system they could, of course, be any value 
over a given period of time and would 
probably not be the same on each of the 
different types of feeders. 

It is fair to expect, however, that 
feeder and system capacity be reasonably 
equally used up, that is, the margin for 
growth beyond future loads be the same, 
regardless of the method used to provide 
for the load increases. This is, in general, 
true, as will be shown by the following 
brief comparative comments on the 
margin remaining in each type of feeder, 
for the two methods. The numbers 
identifying the feeder types in Figure 3 
through 9 correspond to the following 
numbered sections: 

1. Residential Feeder. Changing 
single-phase laterals to three phase to 
cut down unregulated voltage drop in 
these sections reduces the voltage drop 
more than the simple addition of enough 
capacitors at the end of existing single- 
phase laterals to make the voltage drop 


acceptable, as was done in the capacitor 


case. This is not the discrepancy it first 
appears to be, however, because the future 
load is about the ultimate for the load 
area (as indicated by the load density) 


served by the feeder, and, even if this 
were not the case, the cost of achieving 
the same voltage drop with capacitors, 
as compared with changing over to three- 
phase laterals, would still be less. 

2. Commercial Feeder. Cable am- 
pere capacity is the limitation to increased 
load. If a parallel cable equal in size to 
the original were run, the capacity would 
be increased from 275 amperes to 550 
amperes, whereas the capacitors added 
simply brought the future uncorrected 
load current of 312 amperes back to 275 
amperes. Thus, by adding the cable, pro- 


itor case to hold the voltage drop to the 
adopted values. No margin is thus left 
for additional load without adding equip- 
ment for either case. 

4. Commercial Network. Capaci- 
tors are added in capacitor case at the 
four-kilovolt network supply busses with- 
out changing the network design; hence, 
there is no difference in margin between 
the two cases. 

5a. 13.8-Kv Consumer Fed From 33 
Ky. Additional transformer capacity 
was added for a 50 per cent load increase 
such that, with the addition of fans, a 


Table 1. Types of Feeders, Feeder Loads, and Distribution of Load Among Substations 
Load of This Type at This Substation 
Present 2 Future 
Num- 
ber Without Capacitors With Capacitors 
at = 
Feeder Feeder This Kilo- Kilo- Power Kilo- Kilo- Power Kilo- Kilo- Power 
Number Type Station watts vars Factor watts vars Factor watts vars Factor 
Substation A 
1....Residential .. 6 .. 6,000,. 2,890..0.91 ..10,900.. 5,370..0.896..10,870.. 2,044. .0.985 
2....Commercial.. 2 .. 1,988.. 1,496..0.80 .. 3,620.. 2,760..0.795.. 3,600.. 1,740. .0.90 
3. ... Industrial 3 . 8,030.. 2,610..0.758.. 4,490.. 3,370..0.80 .. 4,870... 1,210..0.975 
4...,Commercial 
network .. 0 
5a....Industrial : 
AI Per 6 2 . 24,880. .21,560. .0.756. .39,800. .34,500. .0.755. .39,000. .18,300. .0.895 
5b. ..Industrial 
HTP oe 4] 
6....Industrial 
HTP sae . .13,970. .12,190. .0.753. .21,200. .18,300. .0.755. .20,900.. 9,900. .0.904 
STOR led oe Repeats X sys cals hat yp 555 49,868. .40,746. .0.774. .80,010. .64,300. .0.778. .78,740. .35,396. .0.914 
Substation B 
1....Residential ..12 ..12,020.. 5,860. .0.898..21,800. .11,200..0.89 ..21,900.. 4,008. .0.903 
2....Commercial.. 2 .. 2,018.. 1,506..0.30 .. 3,590.. 2,710..0.798.. 3,600.. 1,760. .0.897 
3....Industrial ..24 . .23,840. . 20,500. .0.758. .36,300. .27,000. .0.802. .36,000. .11,800. .0.95 
4...,Commercial 
network ..15/24*. .14,960..11,490. .0.793. .26,600. .19,700. .0.803. . 26,400. .12,800. .0.90 
5a, .. Industrial 
HTP a) 
5b... Industrial 
Ere oe 10 
6....Industrial 
ETP? oO 
Ota were sreteraraitintare pies 52,838. .39,356. .0.802. .88,290. .60,610. .0.823. .87,900. .30,268. .0.945 
Substation C 
1..,.Residential ..12 ..12,320.. 6,060. .0.896..22,100..10,800..0.897..21,900.. 4,208..0.90 
2....Commercial.. 3 . 2,992.. 2,239..0.80 .. 5,500.. 4,000..0.808.. 5,470.. 2,570. .0.904 
3....Industrial 0 
4....Commercial 
network .. 0 
5a...Industrial 
15,6) BD eg 0 
5b... . Industrial ° 
Le 2 . -26,080. .22,960..0.75 ..39,000. .34,500. .0.749. .38,900. .18,800. .0.90 
6....Industrial > 
HTP ages . 18,960. .11,890. .0.761. .21,200. .18,000. .0.762. .21,000. .10,200. .0.90 
| pS ag ee Re eS I SEE ESE gy 
POUR arise fas icra ste k dels aie 55,352. .43,149. .0.788. .87,800. .67,300. .0.795. .87,270. .35,678. .0.927 


*Number of feeders with future loads. 


vision would be made for an added load 
of 1,700 kva above the 1,000-kva increase. 

3. Industrial Feeder. Voltage drop 
limits load on this type feeder. A regu- 
lator of proper ampere capacity for future 
load is installed when the load grows. 
The regulator rating is the limiting fac- 
tor for further growth. Similarly, only 
enough capacitors are added in the capac- 
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**HTP stands for “high-tension (voltage) power.” 


100 per cent load increase could be taken 
on the basis of one line and one trans- 
former out; 2,600 kva, of capacitors 
could be added in the capacitor case with 
an emergency (one line and transformer 
out) full-load voltage drop of 12 per cent, 
but, in the no-capacitor case, emergency 
operation at 100 per cent load increase 
would result in a current through the 
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Figure 3. 


single line of about 600 amperes with a 
13.6 per cent voltage drop. 

5b. 13.8-Kv Consumer Fed From 13.8 
Ko. Voltage drop under emergency 
condition of one circuit out with future 
load is considered about maximum per- 
missible and nearly the same for either 
case; hence, there is no room for in- 
creased loads either way without addi- 
tional investment. 

6. 33-Kv Consumer Fed From 33 Ko. 
No change to this feeder was necessary 
for it to carry the future load, but for the 
capacitor case a bank was added arbi- 
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trarily at the end of the feeder because of 
the large load kilovar requirement. This 
would permit about 8,800 kva of load at 
the original power factor to be added after 
future load arrived in the capacitor case, 
but none could be added in the no- 


FIRST TO LAST TRANS- 
FORMER DROP =10.6 % 


4.16 KV 


__3MILES 4/0 COPPER ___ 
cm 5T EQUIVALENT A 
Ge Sas 5 300-KVA 


Gy fe i ‘" iP TRANSFORMERS 


METERED LOAD AT SYSTEM PEAK 
=1333 KVA AT 0.75 PF =!000-J882 KW 


(A). Present 


UNREGULATED 
DROP= 14% 
-3MILES 4/0 COPPER - 
~ 34.5-FT EQUIVALENT A 
yVOLTAGE REGULATOR (i144 KVA) 


nn KO Na aw 5 500-KVA 


WY 7 ¥ Hi AN ai eae 


METERED LOAD AT SYSTEM PEAK 
=2000 KVA AT 0.75 PF = I500-JI350 KW 


(B). 


Future—no capacitors 


TOTAL OF APPROXIMATELY 830-CA- 
10.4% PACLTIVE KVA FOR FEEDER 


3 MILES 4/0 COPPER 
~~ 34.5-FT EQUIVALENT A P| 


Lh re 
ye he te 


METERED LOAD AT SYSTEM PEAK 
=I580 KVA AT 0.95 P& = |500-J490 KW 


(C). Future—with capacitors 


Figure 5. 


OROP = 


Ah 2, 2007 KVA 
Sn ie 


Industrial feeder, 4,160 volts— 
type 3 
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B) ve 
(B). Future without capacitors. 
same 4s present 
Drops (at feeder peak): 
Secondary 1.5 per cent 
Distribution transformer 3.2 per cent 
Three-phase lateral II-Ill 1.3 per cent 
Three-phase lateral I-11 5.5 per cent | t 
Express section 12.3 per cent 
t Type 1 feeder future diversified load at 
system peak = 2,010 kva at 0.9 power factor =~ 
1,800 —j876 kw (neglecting losses) 


Otherwise 


\ | H ! 

5 a 3 2 i hi 
FS : 

(a). Present—15 primary (4 kv) feeders— 
three-conductor 350,000 circular-mil cable 
average metered feeder load at system peak= 
1,250 kva at 0.8 power factor. x indicates 
feed-in point to secondary network through 
500-kva 4,160/120/208-volt transformer. 
Secondary grid uses two 250,000-circular-mil 
single-conductor cables per phase 
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(b). Future with and without capacitors 
shows added feeders only. Add nine 
three-conductor 350,000-circular-mil feeders. 
Average load of added feeders=1,575 kva 
at 0.8 power factor. 0 indicates added 
feed-in points to added network through 
500-kva 4,160/120/208-volt transformer. 
For with-capacitor case add 2,340 capacitive 
kilovolt-amperes at each of the three 4,160- 
volt supply busses, A, B, and .C 


Figure 6. Commercial network—type 4 
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Table Il. Summary of Physical Changes in Feeder Circuits and Their Estimated Installed Costs to Handle Future Loads 


Total Cost 
(Thousands of Dollars) 
Feeder Total Number Changes to Feeder Cost Changes to Feeder Cost Without With 
Number Feeder Type This Type Without Capacitors (Dollars) With Capacitors (Doliars) Capacitors Capacitors 
TR mew atc Residential LreeaO. ....1l. ‘Split the secondary Split the secondary 
runs runs 
. Add 132 15-kva Same as for without 
4 2,400/120—240-volt capacitors . 24,000 
\ transformers .... 24,000 
Change 18 miles of Add 540-kva outdoor 
one-phase lateral to distribution capacitors 
three-phase and re- in 45-kva banks with 
connect half or origi- hangers and one cutout 
nal transformers oi ee, 10,500: per bank re 2,300 
Add 2,880 kva, 10 per Same as for without ca- 
cent induction regula- pacitors LOL0009 21 SU B3h Tale O89 
tor vata £0000 
De ead i's Commercial - a oct FG ....1. Add onesingle-conduc- Add 498 kva of 7.5 kva 
tor  350,000-circular 230 volts at 208-volt 
mil varnished-cambric capacitor units in nine 
lead-covered cable per banks of nine units each 
phase in existing one- with cutouts 9,300 
mile duct ..., 10,400 
Add 30 50-kva 4,160/ Add 30 50-kva trans- 
120-208 volt trans- formers Td SOON. LoSRS rae» 1456 
former with cutout 11,500 
evi a: « Industrial ene ....1. Add 1,400 kva 10 per Add 900 kva of outdoor 
cent induction regula- capacitors in 180-kva 
tor 5,500 banks with hangers and 
cutouts Ste OD 000K 22 pe MAS Ie pore = ue 
1 Commercial net work ....15 present....1. Add nine 3-conductor Same as without ca- 
24 future 350,000-circular mil pacitors . 60,300 
cable feeders 2,000 
feet long in new ducts.... 60,300 
Add 45 500-kva net- Same as without ca- 
work transformersand pacitors :.., 517,500 
protectors and vaults... .517,500 
Add three banks of 
2,340 kva of capacitors 
in housed racks at low 
side (1,460 volts) of 
feeder transformers 
with breakers para AG,000. O70 .Shm a O20c8 
ON Ate sly 13.8-kv customer fed by 2 Add two 10-megavolt- Add two 7.5 megavolt- 
6-mile 33-ky line ampere 33/13.8-ky ampere 33/13,8-kv 
transformers, includ- transformers, including 
ing installation and installation and station 
station additions . 44,000 additions Aeon 000) 
Add three 2,520-kva 
capacitor banks 49,600 S85. tO 
AYO esis 13.8-kv customer fed by 
\ 5-mile 13.8-kv lines...... 2 ....1. Add one 5-mile, 250,- Add three 2,520-kva 
000 circular mil copper capacitor banks fae 49,600 
13.8-kv line +». 26,500 
. Add two 1,000,000-kva 
15-kv circuit breakers, 
including station ad- 
ditions che 7TH O01 iteaat we canine cant et emtart hele wee hearer Seer Ree Rone Si ear. SOi th. tee 99.2 
6.......33-kv customer fed by 
6-mile 33-kv lines rts OR Peete Sie Olt te ONT a) «ME I ea 1. Add 8,280-kva capaci- 
< SEBO sr, wieder staves 108.6 


tor bank 


2,388.6... .2,370.4 


capacitor case because of voltage drop 
and conductor thermal limitations. 

It may be noted that for feeder type 2 
the no-capacitor case shows the larger 
margin, whereas in type 6 the reverse is 
true. Also a more favorable emergency 

operating condition obtains under ulti- 


mate load conditions for feeder type 5a 


for the capacitor case than for the no- 
‘capacitor case. 


Summary of Results 
SYSTEM INVESTMENTS TO PROVIDE FOR 


Loap GrRowTH fe 


In going from the present to the future 
system it was necessary to add the same 
amount of generating capacity at ‘sta- 
tions B and. C with either method of pro- 
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viding for load growth. In view of this, 
the cost of the plant additions was not 
included in the comparison. This addi- 
tion was one 25-megawatt unit at sub- 
station B ie two 25 megawatt units at 
substation) C. : 

The installed cost of changes to the 
feeders, substations, and subtransmission 
facilities to carry future loads with and 
without capacitors is itemized in Tables 
Il and III. It is realized that the costs 
selected may differ considerably from 
those which would obtain on specific 
actual systems because of local conditions, 
but it is believed that the costs chosen 
are representative. A brief over-all sum- 
mary of the investment results may be 
found in Table IV. 

It is again emphasized that the major 
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gains indicated in Table IV appear in 
parts of the system other than the feeders 
because of the principle of system design 
adopted. Small substations with rela- 
tively short feeders are the general prin- 
ciples involved. This has generally 
been called the unit-substation or load- 
center type of distribution. This prin- 
ciple results in a relatively efficient dis- 
tribution system with fewer of the prop- 
erties usually conducive to capacitor 
gains, and, as seen, any substantial bene- 
fit must necessarily appear elsewhere in 
the system. The loss data given in the 
following section further indicate the 
high efficiency of this system in relation 
to the average actual system being op- 
erated. The loss at time of peak for the 
future case without capacitors is only 
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Table I!!. Summary of Physical Changes to 


Transmission Facilities and Estimated Installed 


Costs 


Changes If 
Capacitors Cost 
Are Used (Dollars) 


Changes If 
Capacitors 
Are Not Used 

LoAdd 25 
megavolt - 
ampere 
syuchro- 
nous con- 
denser, 
trans- 
former, 
and circuit 
breaker. ... 212,000 

2. Add fans to 

two 3,750- 
kva trans- 
formers 
for 5,000 
kya at 950... 
Add six 
2,500 - kva 
33/4.16-kv 
transfor- 
mers. . 

4. Add six 
5,000 - kva 
33/4.16-kv 
transfor- 
MEFS. ..%.5- 

5. Add fans to 

three 5,000- 

kva_ units 

for 6,250 


Cost 
(Dollars) 


Add 12 

2,500-kva 

33/4.16- 

kv trans- 

formers. .... 102,000 
Add 5 2,500- 

kva 13.8 

4.16-kv 

transfor- 


WERSt i, 5k 37,500 


1,900 


oo 


. 51,000 


78,000 


2,500 -kva 
13.8 /4.16- 
kv trans- 
formers .... 37,500 


Total. ....... .383,700 Total. ........139,500 


0.13 per unit. Hence, one should not con- 
clude too hastily that the gains (as to 
magnitude and location) obtained in this 
system through a general kilovar program 
will apply to his particular system. 
Power systems having the more usual 
type of distribution, that is, longer feed- 
ers, will show comparatively greater bene- 
fit to the distribution system itself from 
the application of capacitors thereto. 


System Losses 


Table V summarizes the metered and 
generated loads and losses for the various 
cases. 

The difference in load or metered kilo- 
vars between the capacitor and no- 
capacitor cases represents the kilovars of 
capacitors employed on the feeders and at 
distribution substations. This is 91,100 
kva. The difference in kilovars supplied 
by generators for the two cases is 125,100 
kilovars, so a kilovar loss of 34,000 obtains 
for the no-capacitor case. 

The value of the reduction in losses of 
7,900 kw and 34,000 kilovars, resulting 
from the load kilovars being supplied near 
the load, was not accounted for in the 
economic comparison because of the con- 
siderable variation in what is considered 
a fair cost for losses among engineers. 
At any given rate, either on a capitalized 
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6MILES NO.4/0 COPPER 


4.5-FT EQUIVALENT A) ayer 


33KV J I38KV, 
7. 3%|_ METERED LOAD= 
Ez Sueare z=] ]17,300 KVA AT 0.75 PF 
=" | =13,000-J11,500 KW 
2-15 
MVA_ BANKS~2- 5% TAPS 
(A). Present. Drop with full load on one 


circuit=10.9 per cent 


6 MILES NO. 4/0 COPPER 
4.5-FT EQUIVALENT 4 ) 


33KV {3.8KV 
METERED LOAD= 


3 
eos AES: A Rr ae 


*" | 319,500 -J17,250 KW 
2-25 
MVA BANKS~3- 5°% TAPS 
(B). 


Future—no capacitors. Drop with full 
load on one circuit=13.6 per cent 


6 MILES NO.4/0 COPPER 
4.5—T EQUIVALENT A) 
33 KV / 


7740-CAPACITIVE KVA=—— 


13.8 KV 


METERED LOAD= 
21,700 KVA AT 0.9 PF 
7 | 19,500-J9,460 KW 


2-22.5 r 
MVA BANKS 
(C). Future with capacitors. Drop with full 
load on one circuit=9.1 per cent 
Figure 7. 13.8-kv industrial customer fed 


from 33 kv—type 5a 


investment or energy charge basis, the 
power losses may, of course, be evaluated 
readily. Similarly, the reactive power 
losses may be charged for on a basis of 
system investment required to supply 
them, or simply in terms of the cost of 
capacitors or condensers of ratings equal 
to the difference in losses. In any event, 
this difference in losses represents a dif- 
ference in operating margins, and may be 
evaluated accordingly. 


SMILES 250,000-CIRCULAR MIL 
COPPER 3.5FT EQUIVALENT A 


¢2a-3 


METERED LOAD= 
17,300 KVA-AT 0.75 PF 
=13,000-JII,500 KW 


(A). Present. Drop with full load on two 
circuits =13.7 per cent 


METERED LOAD= 
26,000 KVA-AT 0.75PF 
=19,500-JI7,250 KW 


EACH CIRCUIT=S5MILES 250,000-CIRCULAR 
MIL COPPER 3.5FT EQUIVALENT A 


(B). 


Future with no capacitors. Drop with 
load on three circuits =13.7 per cent 


METERED LOAD= 
21,700 KVA-AT 0.9 PF 
=19,500-J 9460 KW 


7740-CAPACITIVE KVA a 


EACH CIRCUIT=5 MILES 250,000-CIRCULAR 
MIL COPPER 3.5-FT EQUIVALENT A 


(©). Future with capacitors. Drop with full 
load on two circuits=14 percent — 
Figure 8. 13.8-kv industrial customer fed 


from 13.8 ky—type 56 
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GENERATING-PLANT MARGINS—NORMAL ,, 


AND EMERGENCY OPERATION Mt 


Table III shows no change in generat- 
ing capacity, because, for the system 
studied, the future kilowatt requirements 
demanded the same number of generators 
at stations B and C whether or not dis- 
tribution capacitors were used. Simi- 
larly, the hydroelectric plant capacity 


required would be the same, since eco- 


nomics and operating requirements nor- 
mally tend toward practically unity- 
power-factor long-distance transmission. 
However, at substation A a larger syn- 
chronous condenser is needed for the no- 
capacitor case to supply the required 
kilovars to this load area. 

The difference in kilovar burdens and 
system-loss requirements on steam-gen- 
erating plants B and C, therefore, evidences 
itself in this study in greater margins for 
future growth and for emergency condi- 
tions. The evaluation of this is left to 
the reader, but actually it could have been, 
and normally would be, evaluated in 
terms of the cost of generator or kilovar 
supply capacity installed at the station. 
If the generators can carry added kilowatt 
load when their kilovar load is reduced, 
it could be measured in terms of generator 
capacity costs. 

In future steam-station loads with no 
capacitors, normal margin is one machine 
(spinning reserve) of 25—7 18.75 mega- 
watts. (The minus sign on reactive 
quantities represents magnetizing reac- 
tive kilovolt-amperes throughout this 
paper.) 

In future steam-station loads with 
capacitors, normal margin is 31.7—7 61.9 
megawatts, which includes the unit held 
in spinning reserve. 

On this basis, if it is assumed that the 
boilers and steam-unit prime movers haye 
sufficient capacity, the generators can 
supply the load requirements urider low- 
water conditions with two hydroelectric 


Table IV 


With . 
Capacitors 


Without 


Item Capacitors’ 


Cost of changes to 

feeders for a A 

100,000-kw 

system load in- : 

CREASE see Wneye $2,370,400 ..$2,388,600 ~ 
Cost of changes to ; ys 

rest of system, 

exclusive of power 

plant for this load 

inqrease..Men ees $ 139,500 
Total cost, exclusive 

of power plant..... $2,509,900 
Cost per kilowatt of 

added transmis- 

sion- and distri- . 

bution-system ca- 


’ 


..$ 383,700 © 


. $2,772,300 
t 


25.10. .$ 27.72 
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Table V. Summary of Metered and Generator 
Loads 


Table VI. A Kilovars Per A Kilovolt-Ampere 
Per 0.05 Step in Power Factor 


Reactive 
Megavolt- 
Station Megawatts Amperes 


Present me- 
tered loads........ A vtuende 49.87..... 40.75 
Bis el en 52.84..... 39.36 
(1 (BS ris 55.35. .... 43.24 
BUORAN cit ncohs 158:06......... 123.35 
Present gener- 
(CST. Oe UY, Ugo toe Ba sage 8.2 
13 PRAMS 3 SLD pe oea 52.0 
Soares | 5S .8 aaa 46.0 
Candenser.):<<.%je ee ve 51.5 
CLotal..... | is ieee oe 157.7 
158.1 123.4 
Losses DOs vera ater 34.3 
Future’ with- 
out capaci- 
tors loads......... AS Ae svelte 80.012 F275 64.3 
Pte tere a 88.29..... 60.6 
(Oe ae STD Ta cns 67.3 
otal, ian a 2oOuLs ears, 192.2 
Generation.;........ Aer as OL Beeston 4.9 
| 6 BE eae 100:0'% 88.8 
Cee wd LEB UE Ac ai: 82.0 
Condexiser ys. 5\\sh00.- sires 76.0 
Metals css 289. Bi oi, cnc 251.7 
BGT vomisst 192.2 
Losses Bc fr Cae ee 59.5 
Future with 
capacitors 
loads....... Eval <n Anite ties ty Oa ae 34.19 
ES aN» Os) Wa ee 31.27 
jee Bi Oboea a 35.68 
A OtAL ys, or. 284:0 55.3 101.14 
Seneration..,....... CATS hep ats 86.2 . —10.9 
Bi etveiets S76" 2. os 44.9 
(Sit Aah e Ley Pans. 45.8 
Condensers) 26, 5.5)<100 <is.08 46.8 
Totaly. ... ee See 126.6 
254.0 ..... 101.1 
MOSSES, fe ah 208 O vfs) ula or 25.5 
Losses without capacitors..... 334) siete 59.5 
Losses with capacitors........ 25D cisiaxt 25.5 
Reduction in losses with ca- 
CCT eee PORE ic bor 34.0 
Metered kilovar load without capaci- 
EPMMMMMEIREING) (502, oare' os Ge xin nes cdidpe bie’ sepdce a 192.2 
Metered kilovar load with capacitors 
MIRON eo 8 ona calc. Sop.i0jn: ex ploud sfeck ieee dia 101.1 
Capacitor kilovolt-amperes added........ 91.1 


units off if capacitors are not used, and 
with three hydroelectric units off if they 
are used. This is seen readily from the 
data in Figure 11 and is an example of 
how the generating-plant margins may be 
evaluated in terms of operating condi- 
tions. 


Capacitors as a Stepping Stone in 
System Growth 


The analysis reported in this paper was 
_ made on the basis of considering the cost 
_ of an addition to a system, as though its 
load grew 67 per cent, and the changes 

were almost overnight. No account was 
taken of the effects of providing for this 

ultimate increase in steps, somewhat 
ahead of an increment of load growth. 
_ It was assumed that this effect would be 
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A Power Factor A Kilovars Per A Kilovolt-Ampere 


2 UL, UC SEI ek ae ae eee eee 6.2 
QR OO, ws Sas Sah gs ele o's 2.68 
WEOO-G Sot ase se caiers ois tate wie 2.05 
OSB AESOP s see nite anaes one 1.8 
080-07. BS fotos cusceans ye oe 1.59 


The increase in kilovar capacity per kilovolt- 
ampere capacity in going from 0.95 to 0.90 power 
factor is 2.68. 


Table VII. Generator Kilovolt-Amperes and 
Power Factor for Various Line Reactance and 
Load Values for Constant Kilowatts 


Circuit Reactance Circuit Reactance 


=0.20 =0.30 
Gen- Gen- Gen- Gen- 
Load erator erator erator erator 
Power Kiloyolt- Power Kilovolt- Power 
Factor Amperes Factor Amperes Factor 
1.0 ed OZ te OBL xe 1.042....0.96 
O06, 05-.4 11S 22). O88E) i. 1.18 ....0.848 
DOs yw 1d Ue eee |. A. Sei 127, « 2..; 0,788 
0.85...... ) er! Bese 8 at bie ees 1.36 ....0.736 
0.80. MSO cm Overs can 1.45 0.69 
ONT Boa pies py Ss. eee 1.54 ....0.648 


the same whether the capacitor or no- 
capacitor method were used in providing 
for the load increment. Obviously, this 
would be difficult of evaluation, unless a 
knowledge of the load growth or trend 
with time were available. Such knowl- 
edge is, however, available on actual 
systems and should be made use of for 
the purpose described. 

Actually, if this effect were evaluated, 
it would favor the use of capacitors, since 
they can be added in smaller quantities 
and follow the load growth more closely 
than regulators, transformers, lines, and 
cable circuits necessarily are able to do. 
Thus, there would be at any time some- 
what less unused capacity lying idle 
waiting for the load to grow and use it up. 

Another way of saying this is that the 
capacitor postpones the investment until 
such time as the larger equipment can 
be added justifiably, and it is in this way 
that capacitors may come to be used more 
in meeting system growth. Their high 
re-use value and great flexibility will per- 
mit them to be used on one part of a sys- 
tem for a time until it is enlarged and then 
to be moved elsewhere to repeat the proc- 
ess of following the load growth there. 


IMPORTANCE OF COMPLETE SYSTEM 
VIEWPOINT 


As were pointed out in the opening 
paragraphs of this paper, there are cases 
where, to meet a single requirement, and 
with alternate equipment available, the 
use of capacitors would not be justified. 
A study of the detailed feeder cost com- 
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PER UNIT LOSS 
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6 MILES No.4/o COPPER 


EQUIVALENT 4=4.5 FEET METERED LOAD 


PRESENT | FUTURE 
(B,7OOKVA 1 28,000KVA 
AT 0.75 PF= ' AT O.75PF = 


14-Jl2. 4M i2i- JIZ.6 MW 


DROP WITH FULL LOAD ON 1 CIRCUIT = 6.8 PER 
CENT PRESENT 10.2 FUTURE (490AMPERES) 


(A). 


6MILES NO.4/0 COPPER 
EQUIVALENT A=4.5 FEET 


Present and future without capacitors 


METERED LOAD= 
23,350 KVA AT 0.9 PF 
=21-J10.14 MW 


R360-CAPACITIVE KVA™ 


(B). Future with capacitors 


33-kyv customer fed from 33 kyv— 
type 6 


Figure 9. 


parisons will show examples of this. 
There are two cases (feeders 4 and 6) 
where capacitors were not needed on the 
feeders themselves, but they were added 
at this location, as it was the logical 
place for kilovar production in the co- 
ordinated program. 

This fact emphasizes the need for defi- 
nite correlation in power-system design 
groups between those responsible for dis- 
tribution-system design and those who de- 
sign and operate the subtransmission, 
transmission, and generation portions of 
the system—an over-all viewpoint taken 
by all of these groups will make for added 
system economy. 


How Far Should Load Kilovars Be 
Transmitted? 


In systems where the loads are rela- 
tively near the generating plants, the 
question may be raised concerning the 
wisdom of supplying kilovars with capaci- 
tors instead of with the generators. The 
analysis reported in this paper answers 


O——--© 


LINE 
h2="% =0.05 PER UNIT 
Xj2= Xj) =0.20 PER UNIT 
E, =Eo 


41371 


075 1-25 
PER UNIT aciguere POWER~Po 


Figure 10. Relation between incremental and 


actual power losses over a circuit. Voltages 
maintained equal at points 1 and 2 by kilovar 
control 
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this question for a particular system in de- 
tail. The following discussion presents a 
few additional notes from which a quick 
picture of the general problem may be ob- 
tained. 

As a basis for discussion and compari- 
son, the data in Table VI are first pre- 
sented. These figures give the incre- 
mental kilovar capacity per kilovolt- 
ampere required to be built into equip- 
ment stich as cables, transformers, and 
generators at constant kilowatt load for 
certain finite steps in power factor. 

On the basis that equipment costs are 
somewhat proportional to its kilovolt- 
ampere rating, these figures indicate the 
degree to which kilovar capacity becomes 
increasingly expensive at the lower power 
factors. This is another way of saying 
the well-known fact that power-factor 
improvement tends to become uneconomi- 
cal at the higher power factors. 


WHEN GENERATOR Output IS 
STEPPED Up THROUGH TRANSFORMERS 


A unity power-factor load supplied 
through a 0.30 per unit reactance requires 
that 1.0 kw +0.30 kilovar be supplied by 
the generator, corresponding to 0.96 
power factor. Following this reasoning, 
for several load power factors and two 
values of reactance, gives the data in 
Table VII. 

Since it takes only two transformers to 
total approximately 0.20 per unit react- 
ance, 0.30 per unit would not be uncom- 
mon for the total of a subtransmission cir- 
cuit where line loading is generally rela- 
tively heavy. And with 0.30 per unit 
it is required that the load power factor 
be 0.95 if the generator power factor is to 
be approximately 0.85. Thus, line 2X 
losses are not small and are to be re- 
spected. 


WHEN LOAD Is SUPPLIED AT 
GENERATOR VOLTAGE 


Under this condition for the case of 
overhead lines, one cannot readily make 


Table VIII. Dollars Per Kilovar Investment 
Chargeable Per 0.05 Step in Power Factor for 
Three Mileages 


A Power Factor 4 Miles 8 Miles 12 Miles 
1.0 -0.95...... by 4 lan ow VE VERE at 3.63 
0.95-0.9 0.2.2: S108 s5. wale CBP Bas 5 9.24 
0.9'-0.85....... ZN Sane ae 8:26250+ os 12.39 
(4a Ut er a Ry ape ae LOA ices 15.6 
0:80=0275 4.7.2.2. Gi220 Aes 0 OU rete 18.66 


At 0.95 power factor the investment chargeable per 
kilovar capacity for eight miles is $2.42, and the 
charge for the additional kilovar capacity required 
in going from 0.95 to 0.9 power factor is $6.18. 
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an analysis iff view of the difficulty of 
establishing the rating and the effect of 
power factor on the rating of such a line. 
Purely on the basis of line reactance, 
however, the data in Table VII are ap- 
plicable. 

Cable circuits, where thermal capacity 
is the limiting factor, may be approached 
as follows. A conservative figure for 3/C 
cable, being operated at the most economi- 
cal loading, is approximately $1.45 per 
kilovolt-ampere-mile. An additional 
charge of about $0.45 per kilovolt-ampere- 
mile for ducts brings the figure to $1.9 per 
kilovolt-ampere-mile total. When only 
these figures are used, and the costs of 
terminal equipment, such as generators 
are ignored, the data in Table VIII can 


Figure 11. Sum- 
mary of steam-plant 
loadings under nor- 
mal and emergency 
conditions 


KILOVARS 


Item Megawatts Megavars 


Rating of two plents...........--«.. OOS a en emty boy. 
Load on two plants, two hydro- 
electric units off 


Without capacitors..¢. 630.20. 000 935.2....161.6 
With capacitors... 20. pe2 cece eee y 228.8. 0 -101.6 
Loed on two plants, three hydro- 
electric units off 
. 97.6 


With capacitorsiecid.c cn scene sous oe 254.3.. 


be determined readily. These figures give 
the incremental cost chargeable to incre- 
mental kilovar per 0.05 step in power 
factor for three cable mileages. For other 
cable lengths costs at a particular power- 
factor increment are directly proportional 
to length. 

These figures give an indication as to 
how far loads at various power factors can 
be supplied by cables to balance the in- 
vestment necessary in capacitors to fur- 
nish the incremental kilovars, namely, 
approximately $5 or $6 per kilovar. For 
instance, from the table, at four miles, the 
load power factor should be improved to 
approximately 0.85, because below this 
the incremental kilovar costs favor capaci- 
tors, and at approximately eight miles 
the power factor should be 0.95, which 
somewhat indicates the limit of kilovar 
transmission through cable. 

The kilovolt-ampere loadings of the 
cables in this discussion correspond ap- 
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proximately to those whose I?X losses'’ 
will consume the cable charging kilovolt- 
amperes. Thus, the cable line-charging 
kilovolt-ampere is not ignored. 


Appendix 


Incremental Kilovar and Kilowatt 
Losses 


re 


Case I. Loap VoL_TaGe MAINTAINED BY 
RAISING SENDING-END VOLTAGE 


This case characterizes a circuit with a 
regulator or load-ratio control at the sub- 
station for maintaining voltage in a remote 
load area. 


=load kilowatts (1) 


KW MARGIN, i 
NO ADDED 
KVARS 


KVAR MARGIN 
NO ADOED / 
KW ‘ 


where Z,=magnitude of load impedance 
and 62=load power factor. Neglecting line- 
charging current 


Al 4 ° « . 
L= Zz =power loss in Z;, the line imped- 
% ance (2) 
From 1 
cos 8. 
Vim 2) S Oe 
Po 
so 
P*»Z, 


(3) 


L= 
2” cos* Oy 


and the incremental loss with respect to 
load kilowatts is 


Neg Me 2P2Z, 
dP, en? cos” G2 


(4) 


From 3 


Py, PL 2 xz 
— =———— = actual power loss in per unit 
P, €y% cos” 0 


of load kilowatts (5) 


If equation 4 is divided by equation 5, the 
ratio of the incremental to the actual power 
loss is found to be 2, a well-known result. 

This analysis also applies for the load-loss 
component of transformer and machine 
losses. 
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‘Case 2. TERMINAL VOLTAGES MAINTAINED 


BY KILOVAR CONTROL 


This case characterizes a subtransmission 
or transmission circuit utilizing kilovar 
sources, such as synchronous condensers, 
at either end for controlling voltage. 

The well-known power equations for such 
a circuit with power flowing from point 1 
to point 2 are 


2 E\E: 
P, sft! sin fee sin (812— a2) (6) 
Zu Zi 
Bis* E\E, 
Po=— sin ae——,— sin (82-+ar2) (7) 
22 Zi 
—Fy:2 Ey Fe 
Ou= cos ay + cos (512— ae) (8) 
i 12 
— F,? E\ Es 
Qs = cos ast} —— cos (dates) - (9) 


ae ra 


P,, P:=real power passing points 1 and 2 
Qi, Q2=reactive power passing points 1 
and 2 
Z\,.=ratio of voltage at 1 to current at 
2 when 2 is grounded 
% Z\, =ratio of voltage at 1 to current at 1 
with 2 grounded 
Z.=ratio of voltage at 2 to current at 
2 with 1 grounded 


Tu lye 
ay =tan-! — Q2=tan7~ = 
“Au Xo 


die=angle between voltage EH; and Ey 


Tia 
a@.=tan—! — 
12 


For a line section with no intermediate 
loads Z,;=Z»2, and when equal voltages 
held at either end are assumed, the equa- 
tions for power loss are 


2R- 2E? . 
P,=— sin ay—— sin aya Cos d42 (10) 
ll 12 
—2E? 2E? 
On cos ay+>— COS Q@)2 COS di (11) 
Zu Zi2 


It is desired to find the incremental power 
losses with respect to the receiving power 
Da: 


, Solving for cos 52 in equation 


- 


7, there is 


eos d2=cos (a+) (12) 


(7.2 sin =) 
Zu 
E2 E? 2'/3 
Sass Pee 
EB ( 2 Za sin ws) ] 


Substitute equation 12 in equations 10 and 
11 and differentiate to get 


y=tan! 


aPy ens (ai2+y) 


dP, cos w (13) 
and 

dQy _ -| sin fot) 
Ras des cosy 


Equations 13 and 14 give the incremental 
power losses with respect to the delivered 
power, and, if equations 10 and 11 are 
divided by Ps, the actual power losses in 


_ per unit of delivered power are obtained. A 
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A Multiplied-Deflection A-C 


Potentiometer 


R. B. MARSHALL 


ASSOCIATE AIEE 


HE power required for the operation 
le an indicating instrument frequently 
makes its use prohibitive because of the 
disturbing effect it has on the circuit 
being measured. If the measurement is 
in a d-c circuit, the difficulty is overcome 
readily by using a d-c potentiometer. 
In a-c measurements, the indicating in- 
struments have a much greater disturbing 
effect on the circuit, and the use of an a-c 
potentiometer is very desirable. Further- 
more, a-c potentiometers are very useful 
for measuring power in circuits where the 
power is too small to be measured with a 
dynamometer wattmeter. 

Most a-c potentiometers have the dis- 
advantage of being too complicated to 
be used by any but a skilled operator. 
They have the further disadvantage that 
they usually are not offered for sale as 
portable all-purpose instruments. In- 
stead, a special laboratory assembly is 
used for each task to be performed. One 
of these arrangements utilizes a calibrated 
phase shifter. A means. of phase de- 
tection must be used so that the scale on 
the phase shifter can be set on the proper 
value. In addition, the potentiometer 
current must be standardized for magni- 
tude, and the standardizing process is 
somewhat more complicated with alter- 
nating current than it is in the case of 
the d-c potentiometer. In another form 
of the laboratory arrangement, a mutual 
inductor is used to produce the quad- 
rature component of potentiometer volt- 
age. In this case, the phase angle between 
two currents must be adjusted to zero, 
and the magnitude of the potentiometer 
current must be standardized. 


Paper 44-21, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript submitted 
July 9, 1948; made available for printing November 
20, 1943. 

R. B. MaRSHALL is associate professor in the school 


of electrical engineering, Purdue University, West 
Lafayette, Ind. ~ 


simple relation for the ratio of the incre- 
mental to the actual power loss, as was ob- 
tained in case 1, is not evident; so, a nu- 
merical case is given, as in Figure 10, to 
enable a concept to be obtained as to their 
relative magnitudes. From the data in 
Figure 10 it is seen that the ratio of the 
incremental to the actual losses is approxi- 
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The multiplied-deflection a-c potenti- 
ometer eliminates all of these difficulties 
and makes the operation so simple that 
an inexperienced operator can make ac- 
curate measurements with ease. The 
instrument is portable and suitable for 
field work. Very little skill is necessary 
to make the null balance, and the operator 
scarcely can make a mistake in deter- 
mining the results, provided he reads the 
three indicating instruments (voltmeter, 
ammeter, and wattmeter) correctly. 


The designation multiplied deflection 
was adopted because indicating instru- 
ments are used, and their deflections are 
convenient multiples of the measured 
quantity. For example, 100 millivolts 
may be read as 100 volts on a 150-volt 
indicating instrument, but the reading 
then is divided by 1,000, as indicated 
on the potentiometer ratio dial. This 
potentiometer was developed for the pur- 
pose of measuring the impedance and 
power consumption of circuit elements 
having a fraction of an ohm of impedance. 
The current coil of a watt-hour meter 
was the first circuit element studied, and 
the results were so highly satisfactory 
that the instrument was rebuilt with a 
circuit-changing switch so that it also 
could be used for measuring high imped- 
ances. With this circuit, the impedance 
and core loss of a doorbell transformer 
or small radio transformer can be meas- 
ured easily. High impedances up into 
the megohms are measured as readily 
as low impedances, and the circuit may 
be guarded from leakage in the customary 
manner, if it is desirable to do so. Nu- 
merous other applications become ap- 
parent, and some of these will be de- 
scribed later. 


Figure 1 shows the scheme used for 
the measurement of a low-impedance cir- 
cuit element designated as Z,.. The four 
terminals (two for current and two for 


mately 2 for a large range of values of Po. 
This fact, coupled with the factor 2 obtained 
in case 1, strongly tempts one to draw the 
general conclusion that no matter how a 
circuit is operated with respect to holding 
voltages, the ratio of the incremental to 
actual power losses in regions of practical 
operation is always approximately 2. 
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Figure 1. Potentiometer circuit with circuit- 
selector switch set on LZ. Low-impedance 
measurements 


potential) of Z, are connected to the LZ 
posts. In the upper right-hand part of 
the figure an adjustable-ratio auto- 
transformer is connected to a two-circuit 
shielded transformer. The secondary 
winding provides a current through Z, 
in series with an ammeter and the current 
coil of a wattmeter. This particular 
potentiometer is designed to provide any 
current up to ten amperes, but there is no 
basic reason why a larger current could 
not be used. The current through the un- 
known impedance is adjusted to the value 
required for the test at hand. Major 
adjustments are made with the auto- 
transformer and minor adjustments are 
made with the rheostat marked “current 
vernier.”’ As a result of this current, a 
voltage drop Ez, occurs across Z;. 

In the upper left-hand part of Figure 1, 
another adjustable autotransformer is 
used to supply voltage to a phase shifter. 
The phase shifter is a simple uncalibrated 
network which is capable of having its 
output voltage shifted through a little 
over 120 degrees. An iron-core inductor 
L is used in this network, and, in addi- 
tion to having a functional part in the 
phase-shifting process, it offers a high 
reactance to any harmonics that may be 
introduced by the supply voltage. Asa 
result, the wave form of the phase-shifter 
output voltage is as good as, or better 
than, that of the supply voltage. The 
phase shifter is capable of supplying any 
output current up to one ampere. This 
is more current than is needed by its load, 
which consists of a voltmeter, a watt- 
meter, and a potential divider, but un- 
desirable voltage regulation during ad- 
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justment is thus made negligible. The 
magnitude of the output voltage of the 
phase shifter is varied with the adjust- 
able-ratio autotransformer and the volt- 
age-vernier rheostat. Major and vernier 
phase-shifting rheostats are provided as 
indicated. A potential divider is used 
in this circuit in very much the same man- 
ner as a volt box is used with a d-c poten- 
tiometer. The resistors that make up 
the potential divider are accurate to one 
tenth of one per cent and are noninduc- 
tive. 

To obtain a null balance the current 
through the unknown impedance is first 
adjusted to the correct value. The volt- 
age (left-hand) autotransformer is then 
adjusted, until a reading is obtained on 
the upper part of the voltmeter scale. 
A 150-volt range is very satisfactory for 
the voltmeter. The potential divider is 
then adjusted, point by point, until its 
output voltage is approximately equal to 
Ez,;. Exact balance is obtained by ad- 
justing the voltage in both magnitude 
and phase position, until a zero indication 
is obtained on a null detector. 

Any sensitive detector should be suit- 
able for determining the point of final 
balance. A cathode-ray oscillograph 
with a gain of 1,000 in the vertical am- 
plifier is quite satisfactory. Since the 
oscillograph is rather cumbersome, an 
electric-eye detector is more suitable for 
a portable potentiometer. Harmonics 


occurring in the voltage across Z; are not. 


balanced by the voltage from the poten- 
tial divider. These harmonics are elimi- 
nated by the use of a filter. It will be 
shown later that this does not introduce 
any error. 
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When the balance has been obtained, 
the three indicating instruments and the 
potential-divider ratio N are observed. 
The voltmeter and wattmeter indications 
are then divided by NV. The results are 
calculated from the usual formulas used 
with voltmeter, ammeter, and wattmeter 
data. Let E, J, and P indicate the in- 


strument readings. Then 
er 


Ezz=E/N 
Pz,=P/N 
Z,=E/NI 
Rzz=P/NI? 
Cos 6=P/EI= power factor 
Xz =Z, sin 6 


As an example of the use of these formu- _ 
las, assume that the following data are 
obtained 


E=90 volts 

J =5 amperes 

P =200 watts 

N=2,000 . 


Then Ez;=90/2,000 volts or 45 millivelts 


Pzz=200/2,000 or 0.1 watt 
Za =" =0.009 ohm ; 


oo =0.004 ohm 


R 
mae Ts 


200 
Gos bis 0 aad 
08 Y 5X90 


Xzz=0.00807 ohm 


There is no correction for the potential 
coil or current coil of the wattmeter, 
because the potential is supplied from a 
circuit that is independent of the current 
circuit. 

With reference to Figure 3, it may be 
seen that a switch is provided to change 
the circuits in the instrument. When the — 
switch is set in the LZ position, the circuit 
shown in Figure 1 is obtained. Figure 2 
shows the circuit that results when the 
switch is set in the HZ position. In 
Figure 2 the potential divider is recon- 
nected so that it becomes a current 
shunt. The unknown impedance is then 
attached to the HZ terminals and is, 
therefore, connected in series with the 
current shunt. A standard 0.2-ohm non- 
inductive resistor R, is in series with the 
ammeter and wattmeter current coil, 
and the drop across R, is compared with — 
the drop across the current shunt. 

In measuring a high impedance the 
voltage is adjusted to the value desired — 
for the impedance at hand. Actually, 
the voltmeter reads the voltage across 
both Z, and the current shunt. The error 
caused by this is negligible, since the 
current shunt is turned to the points of 
high resistance only when Z; is exceed- 
ingly high. The current-shunt resistors 
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Figure 2. Potentiometer circuit with circuit- 
selector switch set on HZ. High-impedance 
measurements 


are selected so that the error is less than 
0.25 volt. The current through R, is 
set at any convenient value, which causes 
the ammeter to read on the upper part 
of its scale. The current shunt is then 
adjusted until its voltage drop is equal 
approximately to the drop across R,. 
Final null balance is obtained by means 
of the current vernier and the potential 
phase shifter. 

The instruments used are the same as 
those used for measuring a low impedance, 
and none of the instrument connections 
are altered. The ratio n is the ratio of 
the current shunt resistance to the fixed 
resistor R,. Two engraved scales are 
provided on the ratio dial, and care must 
be taken to read the correct scale. Let 
E, I, and P indicate the readings of the 
instrument 


Iz, = /n 
eget 
Zz, =En/I 
Rzz=Pn/I* 
Cos 6=P/EI= power factor 
X7zz,=Z, sin 6 > 


As an example of a high-impedance 


measurement, suppose that a small trans- 


_ former is tested and the following data are 


obtained: 


‘E=115 volts 
I =4.5 amperes 
P =160 watts 


- . »=1,000 


Izz,=4.5/1,000 amperes or 4.5 milli- 
- amperes 
_Pzz,=160/1,000 watts or 160 milliwatts 


¥ 


_ Z,=115,000/4.5 or 25,600 ohms 


FILTER 
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= O00 or 7,930 of 
Zr= 20.2 or 7,930 ohms 
160 
Cos 6=—_——. = 0.31 
1154.5 


X zz = 25,600 X0.95 = 24,300 ohms 


In Figure 3 the two adjustable-ratio 
autotransformers are not shown. These 
are attached as auxiliary equipment. 
The ammeter and wattmeter are con- 
nected to the posts marked J. The volt- 
meter and wattmeter are connected to 
the posts marked FE. High-impedance 
circuit elements are attached to the two 
posts marked HZ, and low-impedance 
circuit elements are attached to the four 
posts marked LZ. The detector is con- 
nected to the posts marked D. The venti- 
lated compartment, mounted in the back, 
houses the phase-shifting network. Three 
fuses (upper center) protect the resistors 
in the current shunt when the circuit of 
Figure 2 is used. The fuses are inserted 
in such a way that the fuse resistance does 
not affect the calibration. 


Miscellaneous Applications 


To measure a low voltage it is necessary 
to connect it only across the two inner 
posts of the LZ terminals. The circuit 
selector is set on LZ, and the balance is 
made without switching on the current 
circuit. No current is drawn from the 
unknown potential at balance, and the 
voltage is determined by reading the 
voltmeter and dividing by the potential- 
divider ratio. 

To calibrate a millivoltmeter when only 
a standard 150-volt voltmeter is avail- 


able, the standard voltmeter is connected 
to the E posts of the potentiometer. The 
millivoltmeter may be operated from an 
independent source, and the values may 
be measured by connecting from the milli- 
voltmeter to the inner posts of the LZ 
terminals. 

To calibrate a. milliammeter when 
only a standard five-ampere instrument 
is available, it is necessary only to insert 
a rheostat with the milliammeter in 
series across the HZ terminals and to 
connect the standard ammeter to the 
potentiometer-ammeter terminals. 

To measure leading power-factor ele- 
ments of either high or low impedance, or 
to measure the capacitance and power 
factor of a capacitor, it is necessary to 
make a change in the range of the phase 
shifter. As previously stated, the phase 
shifter covers a range somewhat greater 
than 120 degrees. If a three-phase sup- 
ply is available, the left-hand autotrans- 
former can be connected to either phase, 
and ithe entire 360-degree range may be 
utilized. The phase shifter in the poten- 
tiometer described covers the range from 
in phase to 120 degrees lagging when both 
autotransformers are connected to the 
same phase. If it is desirable to measure 
leading power-factor elements in a loca- 
tion where three-phase power is not avail- 
able, the construction of the phase shifter 
should be altered so that the inductor L 
is replaced by a capacitor. The phase 
shifter will then cover the range from in 
phase to approximately 180 degrees lead- 
ing. The output voltage of the phase 
shifter then should be filtered to eliminate 
any objectionable harmonics that are 
amplified by the capacitor. 

The impedance and power loss due to 
leakage and dielectric hysteresis in lead- 
covered cables can be measured in the 
same manner as a capacitor. If it is de- 
sirable to guard the insulated ends of the 
cable, the guard wire should be attached 
to ground. 

The application for which this instru- 
ment was originally designed is that of 
measuring the burden occurring on a 
current transformer in a metering installa- 
tion. Since the potentiometer is portable, 
the burden may be measured at the site 
of the installation simply by disconnect- 
ing the current transformer. The trans- 
former then may be removed and cali- 
brated in the laboratory, if a duplicate 
burden is provided. 


Sources of Error 
Since the data on the multiplied-de- 
flection potentiometer are obtained from 


indicating instruments, the entire pro- 
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cedure is limited in accuracy to the ac- 


curacy of these instruments. If high- 
grade dynamometers are used, an over- 
all accuracy of one quarter of one per 
cent can be obtained. Errors in the re- 
sistors used in the potentiometer are re- 
duced so that they are negligible com- 
pared with the instrument errors. Insula- 
tion resistance within the potentiometer 
must be arranged carefully to prevent 
leakage across the HZ terminals. Since 
the high-impedance values sometimes 
run into the megohm range, the insulation 
resistance must be in the hundreds of 
megohms in order to realize maximum 
accuracy. If desirable, these leakage 
paths may all be eliminated by guarding 
in the conventional manner. All guards 
should be attached to ground. 

It should be noted that the transformer 
in the current circuit is shielded and 
grounded. A similarly shielded trans- 
former is incorporated in the phase-shift- 
ing network. This precaution is neces- 
sary in order to prevent capacitance cur- 
rents from feeding through the potenti- 
ometer from one autotransformer to the 
other. 
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Figure 3. Top panel 
view of the potenti- 
ometer, exclusive of 
adjustable-ratio trans- 
formers, instruments, 
and null detector 


The most irritating question pertaining 
to the accuracy of the instrument has to 
do with the handling of harmonics. This 
problem is not peculiar to this particular 
potentiometer. In fact, the problem is 
not a matter of potentiometer accuracy, 
but a question of just what is meant by 
the impedance and power factor of an 
iron-core coil which generates har- 
monics when a sine wave of current is 
passed through it. 

With reference to Figure 1, suppose 
that Z, is an iron-core reactor. The cur- 
rent passed through it is of good wave 
form, because the resistor R is the chief 
impedance in the circuit. The voltage 
drop across Z, probably will contain 
conspicuous harmonics. The voltage 
output from the voltage divider has a 
very good wave form. Thus, it may be 
seen that the output voltage from the 
voltage divider is adjusted actually to 
equal the fundamental component of 
voltage drop across Z,, and the harmonics 
are eliminated by the filter. Under this 
condition, the result obtained by divid- 
ing the voltmeter reading by N is the 
rms value of the fundamental component 
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of the impedance drop, and not the rms_ 
value of the actual voltage drop. The 
value of impedance obtained by dividing 
this voltage drop by the ammeter reading 
is the fundamental component of im- 
pedance. It is interesting to note that 
the harmonics do not cause any doubt 
about the wattmeter accuracy, for, even 
if the harmonics were impressed across 
the potential coil of the wattmeter, there 
would be no harmonic current in the’ 
current coil, and the reading would be 
the same. ; 

In Figure 2 suppose that Z, is a small 
transformer, the core loss and exciting 


current of which are to be measured. 


In this case, the voltage across Z; is of 
good wave form, but the current through 
Z, will contain pronounced harmonics. 
When the potentiometer is balanced, the 
harmonics are again eliminated by the 
filter, and the value of current deter- 
mined by the potentiometer is the rms 
value of the fundamental component of 
exciting current. The calculated im- 
pedance is the fundamental component 
of impedance. The divided wattmeter 
reading is the true value of power loss. 


Operation at Higher Frequencies 


The design of the multiplied-deflection 
potentiometer is made possible because 
the dynamometer wattmeter provides 
isolation between its potential coil and 
its current coil. Thus, the range of fre- 
quency is the same as that of a dyna- 
mometer wattmeter. This places the 
upper limit at about 1,000 cycles. A 
modified design, which utilizes a thermo- 
couple wattmeter, is being studied, but 
this calls for major changes in the entire 
circuit design. 
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Automatic Ticketing of Telephone Calls 


O. A. FRIEND 


MEMBER AIEE 


HERE has recently been placed in 

commercial service in the Bell Sys- 
tem a new arrangement of telephone 
switching equipment designed to enable 
telephone users in a metropolitan area 
to dial for themselves their calls to nearby 
points instead of placing them with an 
operator. This added _ central-office 
equipment has the distinctive feature 
that it automatically prepares an indi- 
vidual printed ticket showing the infor- 
mation needed for charging for the call. 
The initial installation serves some 8,000 
subscribers at Culver City, adjoining 
Los Angeles. It enables them to dial di- 
rectly, in the same way as local calls, 


their calls to various points within the . 


Los Angeles metropolitan area and 
thereby enlarges the scope of their dial 
service, with its attendant advantages in 
speed and convenience. 

This paper describes briefly the func- 
tions and design of this form of automatic 
ticketing, which is designed for use with 
central-office switching equipment of the 
step-by-step type. In addition to as- 
certaining and printing the information 

-needed for billing, the equipment also 
incorporates features for routing calls 


economically through the trunking net- 


work. The plan in some respects re- 
sembles and in other respects differs from 
automatic ticketing arrangements de- 
veloped abroad and used commercially in 
several networks in Belgium prior to the 
war. 


Present Methods of Handling Calls 


Before describing the operation of the 
new system it may be well to review the 
present ‘methods of handling telephone 
The methods 
outlined below are, in essence, those used 
Paper 44-49, recommended by the AIEE committee 
‘on communication for presentation at the AIEE 


winter technical meeting, January 24-28, 1944, 
New York, N. Y. Manuscript submitted Novem- 


ber 15, 1943; made available for printing Decem- 


ber 14, 1943. bass 
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at Los Angeles, the largest city in the 
United States employing step-by-step 
equipment. 

Figure 1 is an idealized map of a metro- 
politan area. The heavy circle represents 
the boundary of the city exchange; in 
general, it includes the closely built-up 
business, industrial, and residential re- 
gions, but is not identical with the munici- 
pal boundary. The city exchange may 
be divided into zones, shown dotted, used 
for determining toll rates for calls be- 
tween various parts of the city and the 
several suburbs, and in some cases _ be- 


Q OUTER 
SUBURBS 


Figure 1. Idealized map of metropolitan area 


tween the boties of the city itself. Sur- 
rounding the city are nearby suburban 
exchanges designated A to H; these may 
be well-separated communities, or may 
practically merge with each other or with 
the city. Farther out are other suburbs 
designated M to T. While such geo- 
graphical regularity is not to be found in 
any actual city, this picture will serve to 
illustrate principles. 

The lines serving telephone subscribers 
terminate in central-office buildings lo- 
cated in the various exchanges. The city 
exchange has a number of buildings, some 
of which may house as many as five or six 
central-office switching units, the con- 
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ventional central office having a capacity 
of 10,000 subscriber numbers. A subur- 
ban exchange may have one or several 
buildings each with one or a few central 
offices. 

The switching plan for completing calls 
between subscribers in such a metropoli- 
tan area may be visualized by consider- 
ing calls originating in a specific central 
office, for example, one in the suburban 
exchange designated F. Figure 2 shows 
in simplified form the switching plan of 
such an office. The subscriber lines are 
connected to dial switching equipment, 
which may be regarded as consisting of 
two parts designated ‘Originating’ and 
“Terminating.” The originating portion 
consists of the switching paths by which a 
call is routed to interoffice trunks. The 
terminating portion-consists of the switch- 
ing paths by which a call terminating in 
this office reaches the called subscriber. 

Of the calls originated by a subscriber 
in this office the great majority will or- 
dinarily be short-distance calls within 
what may be termed his local charge area, 
that is, the area within which his call is 
counted as one message unit if he sub- 
scribes to message-rate service, or is not 
counted if he pays for flat-rate service. 
This area may consist simply of his own 
exchange or may include certain nearby 
exchanges or zones. He dials these calls 
directly, if the area has been fully con- 
verted to dial operation. Such calls, in 
the typical case, go over direct trunks to 
the terminating office as illustrated at the 
lower left of Figure 2. 

On calls to the more distant exchanges, 
for which there is a toll charge or a charge 
of more than one message unit, the sub- 
scriber dials ‘‘O”’ and passes his call to an 
operator. The switchboard provided 
for handling this and certain other types 
of traffic is included in Figure 2. The 
operator may complete the call by one of 
several methods, of which two are illus- 
trated. If the called office is one for 
which there is enough traffic to warrant 
direct trunks, the operator extends the 
call over a direct trunk to that office and 
dials the last four digits of the called 
number. Many of the distant offices, 
however, receive too little traffic from 
this office to warrant an individual group 
of direct trunks and are reached through 
tandem switching equipment located at 
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some central point in the area.? The op- 
erator extends such a call over a trunk to 
the tandem office and dials the complete 
number, thereby causing the tandem- 
office switches to select a tandem-com- 
pleting trunk to the called office and the 
switches in that office to complete the 
connection. Whatever the method of 
completion, she writes a ticket showing 
the information needed for charging for 
the call. 


Subscriber Dialing of Ticketed Calls 


As previously stated, it is the purpose 
of the automatic ticketing equipment to 
make it unnecessary for the subscriber 
to place such calls with the operator but, 
instead, to permit him to dial them in the 
same way that he now dials local calls. 

Figure 3 shows in block form the ar- 
rangement of switching equipment in the 
originating office when automatic ticket- 
ing of the type to be described has been 
added. In comparison with Figure 2, 
the amount of originating switching 
equipment is increased somewhat to pro- 
vide paths for the added calls completed 
by dialing. The switchboard correspond- 
ingly is reduced. The direct and tandem 
trunks carrying ticketed calls, formerly 
appearing at the switchboard, are made 
accessible to the originating switches 
through added equipment which performs 
the two functions labeled “Routing” and 
“Recording.” 

The recording function presents the 
more novel features and will be considered 
first. The problems associated with it 
may be brought out by considering the 
form of record which the equipment is to 
produce. 


Form of Ticket 


Figure 4 shows a mechanically pre- 
pared ticket and a ticket of the type now 
written by the operator. On the opera- 
tor’s ticket the entry below the date is 
the calling party’s number, ARdmore 8- 
2345, given by the subscriber at the time 
he places his call. Below are the called 
number and the times of end and start of 
the conversation period. The operator 
recognizes the answer of the called sub- 
scriber and the disconnect of both sub- 
scribers by observing the supervisory 
lamps of the cord circuit used for com- 
pleting the connection and reads the cor- 
responding times from a clock at her po- 
sition whose dials show the hour, minute, 
and tenth of minute. The ticket pro- 
vides space for entering later the conver- 
sation time, obtained by subtraction. 

The automatically prepared ticket con- 
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tains essentially the same information, 
shown, however, entirely as numerals in 
order to permit using a simple type of 
printing mechanism. ‘The first entry is 
the calling number, the two letters of 
the office name being shown in terms of 
their numerical equivalents as they ap- 
pear on the dial. The following group of 
seven digits shows to the tenth of an hour 
the time at which the call was made. 
Next is a group of three digits provided as 
an aid to maintenance; it shows which of 
certain units of common equipment were 
involved in the handling of the call. The 
called number is shown similarly to the 
calling number. 

The following two digits, though 
printed together for space reasons, are 


Figure 2. Typical trunking methods 
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The first is the ‘‘class of 


independent. 
service” of»the calling subscriber. In 
some offices optional rates are offered to 
meet the needs of different types of sub- 
scribers, and the arbitrary digit showing 
this class is convenient for accounting 
purposes. 


The following digit labeled ‘‘message 
units for initialinterval” is the significant 


_ entry with regard to the charge for the 


call. The digit .3, for example, may 
represent a toll charge of 15 cents, or the 
addition of three message units to the 
subscriber’s message usage. The equip- 
ment determines this figure from the des- 
tination of the call and the rate schedule 
of the calling subscriber. The figure ap- 
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* 
LOCAL CHARGE AREA 


; 


plies to calls which do not extend beyond /, 
the initial five- or three-minute interval/’ 
on the relatively small percentage of over- 
time calls the overtime charge is stibse- 
quently added as anaccounting procedure. 
The information up to this point is 
printed on the ticket immediately after 
the subscriber dials his call. When the 
called subs¢riber answers, timing is 
started under control of a synchronous | 
timer. When the subscribers hang up, the 
elapsed whole and fractional minutes are 
printed as minutes of conversation time. 
The time is normally shown as a two- 
digit number, but provision is made for 
printing additional digits for the rare calls_ 
that exceed 99 minutes. 3 
On a call which is not completed be- 
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TRUNKS TO 

CAL TAREE TOR Figure 3. Trunking 

Roy rf, with automatic 
as ticketing 
cause of encountering a ‘““busy” or “don’t 
answer,” or.for any other reason, no con- 
versation time is printed and the resultant 
short ticket is eliminated in the account- 
ing process. 

The arrangement of information on the 
ticket was chosen with regard to conven- 
ience of accounting procedures and mini- 
mizing of holding time of the various cir- 
cuits involved in providing the informa- 
tion, Its size is that of the standard toll 
ticket written at long-distance switch- 
boards and was chosen for convenience 
in handling and filing as well as to pro- 
vide space for use with future mechanical 
accounting processes referred to later. 


Message Ticketer 
Figure 5 shows photographs of the 
machine, designated a “message ticketer,”’ 
which prints and cuts the ticket. Power 
for rotating the type wheel is supplied by 
a small a-cmotor through a frictionclutch. 
An electromagnet controlled through a 
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_ commutator stops the type wheel, presses 
the paper against the character to be 
printed, and on its release steps the paper 
forward. A second magnet operates the 
knife. Mechanical simplicity is obtained 
by vesting control in external circuits 
connected to the ticketer when required 
through some 20 connecting leads. The 
printing speed averages about seven 
chatacters per second. 


Functional Arrangement of Ticketing 
Equipment 


The relationship of the major circuits 
of the ticketing system, one of which in- 
cludes the message ticketer, is shown by 
the functional diagram, Figure 6. Each 
line of this diagram represents the total 
conductors comprising a connecting path; 
the path through the selectors normally 
consists of three conductors (the two 
wires of the talking circuit and a control 
wire), but other paths may consist of as 
many as 100 or more conductors. The 
symbols above the broken line represent, 
in very condensed form, the existing 
switching equipment of an office, while 
those below represent the major compo- 
nents of the equipment added for auto- 
matic ticketing. 
The selectors shown above the broken 
line form part of the originating equip- 
ment of Figure 3. They consist of first, 
second, and third selectors which respond 
f to the initial two or three digits of the 
" called subscriber’s number; these digits, 
which identify the office being called, are 
i termed the office code. Each office corre- 
sponds to a level of these selectors. The 
levels corresponding to offices within the 
local charge area are shown connected to 
direct trunks leading to the respective 
‘ offices. The levels corresponding to 
____ offices for which calls are to be ticketed are 
connected to ticketing trunk circuits and 
_ thence to the direct or tandem trunks over 
which the calls are to be completed. 

Each trunk circuit consists of a group 
of relays and other telephone apparatus 
together with a message ticketer. 

Associated with the trunk circuits there 
is provided a common group of senders 
whose functions will be described later. 
A sender is associated with a trunk cir- 
cuit during the setting up of the call by 
way of an eight-wire step-by-step switch 
used as a trunk finder. Each sender con- 
sists of some 200 relays and other tele- 
_ phone apparatus used for controlling 

switching and recording operations. 
_ The senders in turn have access to two 
or three ‘‘identifiers’” which are the heart 
‘ of the ticketing system. The identifier 
ba the function of ascertaining the calling 


number and other equally important func- 
tions having to do with the routing of the 
call. It consists of 400 to 500 relays, 
a number of vacuum-tube circuits, and 
various other apparatus. 

For ascertaining the calling number the 
identifier requires access to terminals cor- 
responding to the numbers of all sub- 
scribers whose lines terminate in the 
building and who have access to the tick- 
eting equipment. These terminals ap- 
pear on the ‘‘thousand-number”’ circuits, 
of which there is one for each thousand 
consecutive numbers in the building. 

Other paths for interconnecting various 
circuits for short periods during the es- 
tablishment of a call are indicated on the 
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Figure 4. Tickets 


diagram. They consist of multicontact 
relays which close through various num- 
bers of wires as required for control and 
interchange of information between cir- 
cuits. 

“Day-and-hour”’ circuits connected to 
the senders control printing of the time of 
placing the call. Various minor circuits 
are omitted for simplicity. 

The figures in circles show the quanti- 
ties of the major circuits installed at Cul- 
ver City for handling between 5,000 and 
6,000 ticketed calls daily. 


Method of Operation 


The general operation of the system 


may now be traced. A subscriber making 


a call to a point for which a ticket is re- 
quired dials the called number as listed 
in the directory. Dialing of the office code 
digits causes the call to advance through 
the selectors as on a local call, and to 
reach a level corresponding to the called 
office. This level, representing a des- 
tination for which calls are to be ticketed, 
is wired to a ticketing trunk circuit. 

_ The trunk circuit causes a trunk finder 
to attach a Sender, in which the further 
digits dialed by the subscriber are tem- 
porarily stored. The sender in turn calls 
in an identifier which performs two major 
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functions. It provides the sender with 
information for routing the call, where- 
upon the sender sends out over the trunk 
the necessary pulses for setting up the 
cal] through distant switches. Concur- 
rently, the identifier ascertains the calling 
number and furnishes the information to 
the sender. The sender, as an overlap 
with setting up the call, causes the mes- 
sage ticketer in the trunk circuit to print 
the initial information on the ticket. The 
identifier and sender are released when 
their respective functions have been per- 
formed. 

When the called subscriber answers, 
apparatus in the trunk circuit starts 
timing. Finally, when the subscribers 
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MECHANICALLY PREPARED TICKET 


disconnect, the trunk circuit causes its 
ticketer to print the conversation time, 
after which it is freed for the next call. 


Calling-Number Identification 


Identification of the calling number 
presents some features of interest. As , 
shown in Figure 6, the identifier has ac- 
cess, through a multicontact relay con- 
necting path, to the trunk circuit at which 
the call has arrived. It has access to all 
the thousand-number circuits through 
similar paths. The principle is simple. 
The identifier sends into the trunk cir- 
cuit a signal which finds its way back 
through the selectors to the terminal 
associated with the calling subscriber’s 
number in one of the thousand-number 
circuits. While sending the signal it 
rapidly scans these circuits, determining 
successively the thousand, hundred, ten, 
and unit digits of the terminal on which 
the signal appears. These digits are 
transferred to the sender, which controls 
their printing on the ticket. 

Figure 7 shows the process in more de- 
tail, The signal used is an a-c potential 
of about five volts at 270 cycles, impressed 
by the identifier on the control wire of the 
path through the selectors; this signal 
does not interfere with the normal func- 
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tions of this wire, nor affect the talking 
circuit. Connections of the control wires 
of the subscriber-line equipments to the 
thousand-number circuits are taken from 
terminals associated with the connector 
switches through which subscribers re- 
ceive incoming calls and which therefore 
determine. their respective numbers. 
These single-wire connections are cabled 
in numerical sequence to the thousand- 
number circuits, where each terminates 
in one contact of a multicontact relay and 
also in a capacitance-resistance network. 
One hundred consecutive networks may 
be connected in parallel to a ‘hundred’ 
coil, and ten such coils are conneeted to a 
“thousand” Therefore, when the 
a-c potential is applied to the control 
wire of the trunk, it follows the control 


coil. 


wire back through the switches to the call- 
ing line and causes a signal to appear in 
the output winding of the appropriate 
“hundred” coil and ‘“‘thousand”’ coil. 
Each identifier has ten amplifier—de- 
tectors which it can connect through the 
thousand-number connectors to ten 
“thousand” coils. Finding a signal in 
one of them, it registers the digit desig- 
nating that thousand on a group of regis- 
ter relays labeled TH. Through relay 
operations it then transfers its detectors 
to the ten ‘‘hundred” coils of that thou- 
sand. The hundred having been found 
and registered on the // register, the iden- 
tifier operates the proper multicontact 
relays of the thousand-number circuit to 
connect those 100 terminals directly into 
the identifier. There it first groups them 
by tens and finally looks at the individual 
terminals of the ten, registering the ten 
and unit digits. The record of the number 
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is transferred as received into the sender 
over a mmultilead connecting channel. 

The foregoing describes identification 
within a central-office unit of 10,000 
numbers. In buildings having more than 
one central office, the identifier first scans 
the central offices in succession, 10,000 or 
20,000 numbers at a time, a second set of 
ten detectors being provided where the 
load warrants. *The complete identi- 
fication time averages less than two 
seconds, 

The frequency of 270 cycles was chosen 
after a survey in working offices of ex- 
traneous potentials on control wires, 
The time and method of applying the de- 
tectors take account of the transients due 
to switching operations. Interlocks are 
provided to avoid conflicts when two or 


re 


Figure 5. Message 
ticketer (front and 
rear views) 


more identifiers are proceeding simul- 
taneously. Check tests indicate irregu- 
larities due to wiring faults and provide 
second trials to overcome any contact 
irregularities. 

Additional features are provided for 
differentiating between the two subscrib- 
ers on two-party lines. These involve 
arrangements at the stations to produce 
different electrical conditions on the line, 
depending on which station is making the 
call, and a test of the line by the central- 
office apparatus. Facilities are not now 
being provided for differentiating be- 
tween the stations on four-party or on 
rural lines, and calls from such stations 


will continue to go by way of the opera-- 


tor. Means are provided for preventing 
readily completion of calls through 
ticketing paths from these or other sta- 
tions which for any reason are not to have 
direct dialing, without the necessity of 
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segregating their lines in the switching 
equipment. Me be 


Class Identification : 


The a-c marking signal on the control 
wire of the switching path is used also for 
“class identification,’ which is not shown 
in Figure 7, in view of its similarity with 


the first stage of number identification. 


In a telephone exchange various classes 
of service may be offered, such as indi- 
vidual and party-line service with flat or 
message rates, or optional rate schedules 
differing in the extent of the local charge 
area. Some of these classes may require 
different types of equipment associated 
with the first selectors, or access to dif- 
ferent paths reached by the selectors, 
and are accordingly segregated into ap- 
propriate line groups having access to 
corresponding groups of first selectors. 
To enable the identifier to distinguish 
between classes, first selectors have 
networks of the type mentioned earlier 
associated with their control wires, and. 
these: are connected by selector groups 
to the proper ones of a few “‘class’’ coils. 
When a connection has been set up, this 
a-c path is therefore in parallel with that 
associated with the subscriber number/ 
While the identifier is making number 
identification, other detectors are con- 
nected simultaneously to the class coils. 


The class indication thus ascertained is — 


used for governing circuit functions and 
for printing the class on the ticket. 


Routing Functions 


As indicated in Figure 3, the second 


principal function of the ticketing equip- 


ment is to govern the routing of the call. 
This problem arises because of an inher- 


ent limitation of the simple step-by-step 2 


system with regard to the handling of calls 
through a comprehensive tandem system. 
Limited forms of tandem operation are 
possible through judicious choice of the 
numbering plan, and in fact such arrange- 
ments are extensively used in the Los An- 
geles network. The following, however, 
will indicate the nature of the problem 
of handling calls through a centralized 
tandem office such as was indicated in 
Figure 2. ; 

Assume that the subscriber is calling a 
distant office reached through tandem and 
has dialed the office code digits of) the 
number. These digits have controlled 
directly the various selectors and have 
caused the call to arrive at a selector 
level as:indicated in Figure 6. The se- 
lector level is connected to a trunk ter- 


minating on tandem-office switches which — 


must be supplied with the digits required 
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for directing the call to the terminating 
’ office; but these are the digits that al- 
ready have been used up in the selectors 
of the originating office. The equipment 
___ associated with the ticketing trunks must, 

_ therefore, be capable of reconstructing 
_ these digits, meanwhile storing the addi- 
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tional digits being dialed by the subscriber 
and repeating them after the call has been 
extended to the terminating office. 

It should be noted further that, in the 
originating office, the traffic to the ter- 
minating office we are considering is com- 
bined with the traffic to numerous other 
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Figure 6. Functional arrangement of ticketing 
equipment 
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terminating offices over the ‘common 
group of tandem trunks and that accord- 
ingly a given ticketing trunk may be 
reached from a number of selector levels. 
The equipment, therefore, has the prob- 
lem of ascertaining the selector level over 
which a given call has reached the trunk, 
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Figure 7. Schematic diagram 
of number identification 
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Figure 8. 


Ticketing trunk-circuit frames 


as well as the office code digits correspond- 
ing to that selector level. 


Code Reconstruction 


The determination of the digits already 
dialed in reaching the ticketing trunk is 
referred to as code reconstruction. It is 
performed by somewhat different means 
than number identification, partly for 
reasons of speed, since it is the first step 
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Figure 9 (right). Sender frame 
(capacity three senders) 


ay 


in completion of the call. Details being 
omitted, the identifier is equipped with a 
number of “‘route relays,’’ which it pre- 
sents to tlte various entrances of the tick- 
eting trunk by way of the relay connect- 
ing circuit. A d-c signal applied to the 
trunk causes operation of the route relay 
corresponding to the entrance in use. 
The route relay carries contacts repre- 
senting the various digits of the called 
office code, which can be cross-connected 
arbitrarily so that these digits may be 
given any desired numerical values. The 
routing information thus supplied through 
the route relay operates register relays in 
the sender. The code reconstruction 
process requires approximately one-half 
second, 


Translation Features 


The use of route relays in the identifier, 
with arbitrary cross-connections, makes 
it possible to provide translation; that is, 
to send out routing digits which may be 
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entirely different from the office code 
digits dialed by the subscriber. However, 
in areas for which this equipment is de- 
signed, it is generally unnecessary to pro- 
vide the equipment required for full 
flexibility. Provision is made for direct 
trunking, full or partial tandem opera- 
tion, and the automatic insertion of voice 
repeaters at the tandem office on calls re- 
quiring their use. 


‘ 


Automatic Alternate Routing — 


It will be noted that the sender receives 
its information as to routing of the call on 
the basis of the individual path over which 
the call has arrived from the selectors. 
This fact makes it possible to route calls 
from different terminals of the same se- — 
lector level over different routes; for ex- 
ample, the first two or three terminals of 
the selector level representing a given 
terminating office may be-connected to 
direct trunks to that office, whereas the 
succeeding terminals may be connected to 
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trunks to tandem. Calls which find the 
direct trunks busy therefore will overflow 
into the tandem trunks. The equipment 
will provide in’ each case the appropriate 
routing for reaching the same terminating 
office. This process is known as automatic 
alternate routing. It affords material 
economy in the design of the trunk plant 
becayse it permits provision of a small 
number of direct trunks used at high 
efficiency and combines the overflow 
traffic with that to other offices over the 
common tandem trunk group, also used 
at good efficiency. 


Nonticketed Calls 


There are cases where economy in 
trunk plant can be gained by taking ad- 
vantage of the trunking features of the 
ticketing equipment and routing through 
it certain calls dialed by subscribers or 
operators for which no ticket need be 
printed. The equipment is arranged, un- 
der control of the class indication, to omit 
the ticket on such calls, and if the call is 
from a message-rate subscriber, to cause 
operation of the message register instead. 

- Erunk circuits which omit the message 
ticketer entirely may be provided where 
economical. 


Equipment Arrangements 


Except for the message ticketer and an 
arrangement to facilitate cross-connec- 
tion changes in the thousand-number cir- 
cuit, the ticketing system employs no es- 


sentially new types of apparatus. The 
_. telatively complicated functions are per- 
_ formed by suitable interconnection of 


relays, small electromechanical switches, 
vacuum-tube circuits, and other appara- 
tus of the types commonly employed in 
dial switching systems. 

3 The frames carrying the ticketing 
P trunk equipment are arranged to bring 
4 the five ticketers of the frame together 
3 at a convenient height as shown in Figure 
s 8. Figures 9, 10, and 11, respectively, 
‘ show photographs of sender frames, an 
identifier frame_with the adjacent test 
and trouble indicator frames referred to 
later, and a group of thousand-number 
frames, as installed at Culver City. 


ie 


Maintenance Features 


a The sender and identifier circuits are 
of considerably greater complexity than 


switching systems. A test circuit accord- 
_ ingly is provided, capable of verifying 
_ numerous features for routine tests or 
for locating indicated trouble. In addi- 


4 have heretofore been used in step-by-step — 


Figure 10. Trouble-indicator “> 
frame, test frame, and identifier 
frame. 


TROUBLE INDICATOR 
FRAME 


tor’ patterned after that used in the cross- 
bar switching system. It includes a 
panel with numerous lamps indicating 
various stages of the progress of the call. 
It is brought into play when irregularities 
are detected in the operation of the ticket- 
ing circuits, and the record remains even 
though the second trial features may 
cause the call to be completed satisfac- 
torily. The information assists the main- 
tenance force in clearing out minor 
troubles before they become serious and 
major troubles with minimum reaction on 
service. 


General Design Considerations 


With the foregoing description of the 
equipment in mind, some of the general 
considerations entering into its design 
may be pointed out. 

In providing direct dialing to the more 
distant points of a metropolitan area, con- 
sideration was given to the automatic 
ticketing method in comparison with an- 
other method known as zone registration. 


Friend—Automatic Ticketing of Telephone Calls 


IDENTIFIER FRAME 


TEST FRAME 


This plan, which has been used to some 
extent in other dial systems, consists in 
operating the subscriber’s message regis- 
ter more than once on completion of a 
call to a distant zone in accordance with 
the rate schedule, and on overtime calls 
to operate it further for each overtime in- 
terval. One important consideration in 
the Los Angeles area, however, was that 
the percentage of subscribers having flat- 
rate local service is relatively high, par- 
ticularly in the suburbs, .and for these 
subscribers it would have been necessary 
to add message registers used only for 
recording the multiunit calls. In addi- 
tion, there were circuit problems in ar- 
ranging the existing registers for re- 
peated operation. Aside from technical 
considerations the individual] record pro- 
vided by the automatic ticketing method 
has commercial advantages which in- 
crease in importance as. the distance, and 
consequently the charge for the call, in- 
crease. 

The ticketing system has been de- 
scribed on the basis that a subscriber, 
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Figure 11. Thousand-number frames (capac- 
ity 2,000 numbers per frame) 


calling from anywhere in the metropoli- 
tan area, will dial the number as listed 
in the directory to reach any other sub- 
scriber in the area. This arrangement, 
known as a universal numbering plan, 
has been adopted as the ultimate plan 
for exchanges included in the Los Angeles 
metropolitan area, now embracing some 
975,000 telephones. This plan, in com- 
bination with automatic ticketing, will 
give the subscriber a uniform method of 
dialing his calls, as distinguished from 
the use of directing codes to be prefixed to 
the number on calls between different ex- 
- changes of the area. 

The choice of a numbering plan for any 
area is, however, a telephone problem in 
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itself, and it only need be pointed out 
here that the ticketing arrangement has 
capabilities for being used under various 
plans. Its use on calls between different 
cities, in cases where the traffic may be 
sufficient to warrant, would require, in 
general, some form of directing codes and 
suitable instructions to subscribers. The 
ticketing plan can be adapted to such ar- 
rangements as further experience may 
show to be desirable. 

Ease of application to existing offices 
was a primary factor in design. At Los 
Angeles all the city offices have been con- 
verted to dial operation as have also the 
majority of the suburbs. The ticketing 
equipment can be added to offices having 
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Figure 12. Ticket arranged for photoelectric 
scanning = — 


either line finders or line switches with 
only minor modifications of a few of the 
existing circuits. 

The technical problems of handling 
ticketed calls are in many ways similar to 
those encountered in handling traffic in 
large metropolitan areas in which crossbar 
equipment is now used.? The tech- 
niques employed in the ticketing system 
have taken advantage of the develop- 
ments and experience gained with the 
crossbar system. Some of these tech- 
niques may be pointed out. 

The concentration of complicated func- 
tions in a few common circuits has vari- 
ous advantages but requires high-speed 
operation and special safeguards. High 
speed is obtained by the use of simple 
quick-acting apparatus, chiefly relays of 
ordinary telephone types, and the liberal 
use of wires for interconnection between 
circuits within the building. Connection 
is made through multicontact relays 
which are carefully interlocked. 

Various safeguards are built into the 
circuits for detecting irregularities. To 
illustrate, registration of a digit which 
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may have any numerical value from zero 
to nine is commonly done over a group of 
five wires with combinations of two clo- 
sures out of five. The receiving relays are 
arranged so that if fewer or more than two 
closures are received, as may occur in 
case of contact failure or a wiring cross, 
the condition is instantly recognized. 
Where possible, the circuit makes a 
second trial, using other paths if avail- 
able. In any case the irregularity is reg- 
istered on the trouble indicator as an aid 
in preventive maintenance. 


Mechanical Accounting 


The design of the system provides for 
future application of mechanical meth- 
ods to the accounting processes. A pos- 
sible method is to arrange the ticketer so 
that, in addition to the digits which it 
now prints, it will print also their equiva- 
lents in code marks which can be rec- 
ognized by photoelectric scanning. A 
ticket so arranged is shown in Figure 12. 

Other forms of record produced by dif- 
ferent types of recording mechanisms may 
befound advantageous, and the equip- 
ment for use at the accounting center may 
be designed to mechanize the accounting 
processes to any degree found economi- 
cal, 


Conclusion 


Further application of ticketing equip- 
ment will, of course, have to await the 
end of the war. In the meantime the 
limited installation which the Southern 
California Telephone Company has been 
able to make at Culver City will provide 
useful experience and a basis for further 
development in this phase of the tele- 
phone art, 
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Fusing Practices on Distribution Systems 
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> aeaamel of fusing practices on 
distribution systems with numerous 
operating engineers gives the impression 
that there are almost as many practices 
as there are operating companies. To 
determine present fusing practices in this 
country, a questionnaire was submitted 
to some 200 operating companies, and 
replies were received from 168, indicat- 
ing a real interest in this subject. The 
data presented here apply only to systems 
operating below five kilovolts and were 
obtained from companies located in all 
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MINIMUM FUSE RATING IN AMPERES 
Minimum fuse rating employed by 
167 companies 


WUMBER OF COMPANIES IN PER CENT 


Figure 1. 
100 per cent = 167 companies 


parts of the country. All fuse link data 
are given on the basis of NV rated links. 


- The small amount of data which was 


received involving 65 per cent rated 
links has been converted to equivalent VV 
rating. No attempt is made to weigh 
the data by taking into consideration 
the size of the operating company, as it 
is the intention to show engineering 
thought on the subject. 


Distribution-Transformer Fusing 


In order better to understand the data 
obtained from the questionnaire, the 


- first question asked was, “Why do you 


fuse distribution transformers?’ The 
replies show that 80 per cent of the com- 
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panies fuse to protect the system from 
the transformer, 59 per cent fuse to 
protect the transformer, 17 per cent ‘use 
fuses to indicate the location of faults, and 
16 per cent use them as an isolating 
means. While a number of companies 
gave only one reason for fusing trans- 


Table I. 


caused by leakage currents across the 
fuse tube. 

The development of repeating fused 
cutouts naturally raises the question as 
to their use in conjunction with distri- 
bution transformers. Most companies 
use only single-shot fuses on their distri- 
bution transformers because of their 
lower cost and the fact that almost all 
internal transformer faults are of a per- 
manent nature. Repeating fused cutouts 
are used with distribution transformers 
to a limited extent, however, by eight 
per cent of the companies. 


Operating Companies Using Various Combinations of Transformer and Fuse Ratings 
9,400 Volts Single-Phase or 4, 
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formers, others gave two or more. Thus, Because of the wide variations in sys- 


as these percentages are based on the 
number of companies, the total will be 
more than 100 per cent. 

The enclosed indicating cutout is pre- 
ferred by 70 per cent of the companies 
for fusing the primary circuits of dis- 
tribution transformers. The enclosed 
nonindicating cutout is preferred by 
22 per cent of the companies, whereas 
only § per cent expressed a preference for 
the open type. The majority of opera- 
tors prefer the enclosed cutout at this 
voltage for safety considerations, Be- 
cause of the relatively close conductor 
spacing and pole-top congestion it is 
almost impossible for linesmen to avoid 
contact with live parts. For this reason 
it is common practice to insulate as 
much of the equipment and as many 
conductors as is practical. The marked 
preference for the indicating cutout is 
more difficult to explain, as in the 
majority of applications there is no 
fundamental need for the indicator. The 
most reliable indication of a blown fuse 
is the telephone of an affected customer. 
However, thé indicating cutout has the 
advantage of removing the organic ma- 
terial from across the gap left by the 
blown fuse, thus eliminating trouble 
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tems and in the locations of fused cutouts 
it is difficult to apply them so as to keep 
within their published interrupting rat- 
ings. It is interesting to note that ex- 
actly 50 per cent of the companies apply 
cutouts at locations where the calculated 
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Table Il. Operating Companies Using Various Combinations of Transformer and Fuse Ratings 
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Figure 3. Weighted average fusing ratio for 
all ratings of transformers plotted from data of 


Table | 
100 per cent = 144 companies 


to five kilovolt-amperes or even larger, 
other factors usually control the fuse 
rating. The question was asked as to the 
minimum-size fuse link used on the sys- 
tem and the factors determining it. 
Lightning, transformer rating, and me- 
chanical strength were the factors most 
frequently mentioned. The practice as 
to the minimum fuse rating employed is 
shown in Figure 1. The range of values 
is even wider than can be justified by 
variations in local conditions and in- 
dicates a lack of consistent practice. 
Table I gives the percentage of operat- 
ing companies using the various combina- 


short-circuit currents are above their 
ratings. 


Transformer Fuse Ratings 


In general the major factor in deter- 
mining the rating of a primary fuse for a 
distribution transformer is the kilovolt- 
ampere rating of the transformer. How- 
ever, in the case of small transformers, up 


40 > 


particularly the 1.5 and 38 kva, are fused 
much higher than the larger ones. 

The weighted average fusing ratio for all 
ratings of transformers has been plotted 
from the data of Table I and is shown in 
Figure 3. The ratio of the minimum 
melting point of the fuse link to the full- 
load current of the transformer will be 
twice that shown in the figure, as all 
these data are based on N rated links. 
Similar data gathered about ten years 
ago are plotted in dotted lines. Com- 
paring the data of the present question- 
naire with the previous data indicates a 
desirable trend toward higher fusing of 


Table IV. Operating Companies Using Various Combinations of Transformer and Fuse Ratings 


4,800-Volt Three-Phase Delta 
100 Per Cent=13 Companies 


30 


Single-Phase 
Transformer 


Fuse Link Rating—Amperes 


NUMBER OF COMPANIES IN PER CENT 


Rating—Kva 3 5 7 10 15 20 25 30 40 50 65 85 100 150 
(Multiply by 3 ; 
for Bank Kva) Number of Companies in Per Cent \ 
5 122% sSOs OL ewA mes 42.8 
MAXIMUM NUMBER OF LINE SECTIONALIZING NONE ras Rosey ee 2856. \soeareion Lt A) Wis A Sea tag 14.3 
FUSES IN SERIES UB ieeeeen ey 7.2.,21.4, 21.4. .28.6,..21..4 1 - 
Fi ~ ‘ . oe : BOF via crane ar eee QO Dh QQ Quite de eter G4 Sis isle Uy 
igure 4. Line-sectionalizing practice em- ET ee cn MER a Baby Bide ee 41.8,. 8.3,.25.0.. 8.3 . 
ployed by 123 companies SO), Aecibiatcareonyars a tee cys eet ene fests 7.7..15.4..15.4..30.7. .15.4 ry 
15, Uae a a ere, PovetwreG ove) duadha as wlepee ane aera one Wd Add, E12. 40S | cs HEME eu Gt 
100 per cent = 123 companies LOO i.e sighs Ria dc lalate teat alafo Pais se ehh eteho oie) Ae oy ais a CVn 8d, 20 Okura 33,3, .20,0.. 6,7 


90 TRANSACTIONS Parsons, Wallace—Fusing on Distribution Systems . ELECTRICAL ENGINEERING 


a 


A Short-Cut Method of Estimating 
Telephone-Influence Factor of Power 


Systems With Rectifier Load 


C. W. FRICK 


ASSOCIATE AIEE 


‘QN the planning of rectifier installa- 

tions it is often desired to study the 
effect of the rectifier on co-ordination with 
communication systems. The telephone- 
influence factor! (T7/’) is used in such 
studies as an index to the effect of dis- 
tortion of the voltage and current-wave 
shapes on the inductive influence. Both 
voltage and current 7// are involved, 
because there are two types of induction: 
1. Electric induction which depends upon 
the power-circuit voltage. 


2. Magnetic induction which depends upon 
the current. 


The current 7/JF is usually multiplied 
by the current in amperes, and the 
product is designated by J-7. In some 
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distribution transformers. The old data 
which were given in terms of the 65 per 
cent rated fuse links has been converted 
to the present NV rated links, and this 
explains the reduction in the width of the 
bars. One factor probably contributing 
to the increased fusing ratio is the change 
in method of rating fuse links. This 
automatically would increase the fusing 
ratio if the use of the same link ratings 
were continued, 
x Since the information contained in 
Table I applies to the majority of dis- 
tribution systems, it has been given 
graphically in other forms in Figures 2 
and 8 to bring out trends and factors 
~ which are not readily apparent from a 
table. Similar data are given in Tables 
Il, If, and IV for other systems and 
are subject to the same treatment. 
All companies replying use primary 
_ fused cutouts. Figure 3 shows the fusing 
~ ratios to be such, in most cases, that low- 
impedance secondary faults near the 
transformers will be cleared by the 


‘e Tarcn 1944, Votume 63 


cases of existing exposures, neither the 
voltage TIF nor the J-T product is 
significant, and the inductive effects in 
such exposures are negligible. In other 
cases one or the other or both factors are 
significant in connection with existing 
exposures, as illustrated by Table I. 
The study of rectifier circuits and 
power-system characteristics at harmonic 
frequencies has made it possible to obtain 
fairly good estimates of voltage and cur- 
rent TIF with rectifier operation, but 
the usual process is rather lengthy. This 
involves the calculation of system im- 
pedance for at least eight harmonic fre- 
quencies,? the harmonic analysis of the 
rectifier current wave** to obtain these 
eight or more harmonics, the weighting 
and summation of harmonic currents to 
get current TIF, the calculation of har- 
monic voltages from the values of current 
and of system impedance, and the weight- 


‘ ing and summation of harmonic voltages 


to get the voltage TIF. 


This paper describes a_ short-cut 
method of estimating the voltage and cur- 
rent T/F at the point where the rectifier 
is supplied, eliminating most of the steps 
just described by the use of curves based 
on average values of the factors involved. 
The method assumes that the supply sys- 
tem has an inductive reactance at har- 
monic frequencies, and the effect of 
resonance was neglected. The method 
does not give results that are close enough 
to justify its use in place of the detailed 
method where a thorough study is neces- 
sary, but, in most cases where it has been 
tried, it has given values that are near 
enough to test values to be representa- 
tive, as will be shown later. In a com- 
plete study of an inductive co-ordina- 
tion problem it may be desirable to 
estimate the voltage 7/F and I-T prod- 
uct at points on the power system re- 
mote from the rectifier location, and the 
method described herein is not generally 
suitable for this purpose, except where 
the power system is relatively simple. In 
more complicated cases the use of the 
more detailed methods is suggested. ° 

The method has been set up so that 
it can be applied to rectifiers with 
various numbers of phases, including 6, 
12, 24, and up to 72 phases. The trend 
toward larger numbers of phases for the 
larger rectifier installations*4 may be 
seen from Figure 1 which represents some 
recent rectifier installations with a com- 
bined rating of over 2,000,000 kw. This 
group does not include all of the large 


primary fuses. It is not surprising there- 
fore, to find that only 12 per cent of the 
companies use fuses in secondary leads 
of some of their distribution transformers. 


Line Sectionalizing 


The ‘questionnaire revealed that 85 


per cent of the companies use cutouts for 


line sectionalizing, Of these, 54 per cent 
use them on the main feeders, 76 per 
cent on the three-phase branch feeders, 
and 83 per cent on single-phase laterals. 
The repeating cutout is most popular on 
the main feeders where 50 per cent are of 
this type, as'contrasted with 41 per cent 
on the three-phase branches and 387.5 
per cent on the single-phase laterals. 
About 70 per cent of the cutouts used for 
line sectionalizing, regardless of their 
location, are of the enclosed indicating 
type. Beyond the agreement that line 
sectionalizing is desirable, however, there 
is very little uniformity of practice. This 
is illustrated in Figure 4.where the maxi- 
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mum number of line-sectionalizing fuses 
employed in series, between the source 
interrupter and the distribution-trans- 
former fuse, varies from one to eight. 
In those cases where the use of seven and 
eight fuses in series was indicated, it is 
probable that the source interrupter and 
the transformer fuse were included. If 
this is true, these cases should appear in 
the bars for five and six fuses. 

A large amount of material can be 
found in the technical literature dealing 
with this subject, and much of it is of 
real value. It is recognized that this is a 
problem to which the most satisfactory 
solution can be found only by combining 
operating experience with theoretical 
analysis. The data included in this paper 
indicate that much of the present fusing 
practice is based principally upon operat- 
ing experience without sufficient engineer- 
ing interpretation. Further study of this 
problem should result ultimately in 
better system performance with fewer 
ratings and simpler devices. 


TRANSACTIONS 91 


INSTALLATIONS 
a 


12 24 36 48 60 72 


AVERAGE KW RATING 
OF INSTALLATION 
go 
fo} 


RELATIVE KW TOTAL 


installations but is believed to be rep- 
resentative of installations in service or 
under construction. Most of these in- 
stallations are 36 phase, and the average 
installation rating for 36 phases is about 
100,000 kw. It may be noted also that 
there are some installations with 72 or 
more phases. 

This paper deals only with the 7/F 
and does not consider other factors that 
are significant to inductive co-ordination, 
Some of the other factors are discussed in 
reports on the subject.”” 

The method described here is appli- 
cable to a-c systems and not applicable 
to d-c systems which are supplied by 
rectifiers. The treatment of the d-c case 
by methods already in use*” is usually a 
fairly simple procedure. 


Description of Short-Cut Method 


This method of estimating voltage TIF 
makes use of a factor designated here as 
the rectifier to supply ratio R/S, be- 
cause voltage TIF depends on the rela- 
tive power capacities of rectifier and 
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source. In the case of a rectifier supplied 
directly from a generating station, this is 
the ratio of the rectifier kilowatt rating 
to the combined generator kilovolt- 
ampere rating. When this ratio is used, 
the TIF is read directly from a curve 
sheet, such as that shown in Figure 2. 

The curves were calculated by as- 
suming a supply station of a certain 
kilovolt-ampere and voltage, having a 
reactance of ten per cent referred to the 
fundamental frequency, on the rated 
kilovolt-amperes and supplying a rectifier 
of average characteristics. A range of 
rectifier kilowatt ratings was assumed, 
extending from one tenth of the supply- 
station rating up to the full station rating 
(ratios of R/S from 0.1 to 1.0). This in- 
cludes some conditions which were used 
for calculations but may not apply in 
practice to all of the phase arrangements 
covered; for instance, a generating 
station would not be loaded with 6- or 
12-phase rectifiers up to its full capacity. 
The rectifier current was analyzed on a 
percentage basis by the methods avail- 
able.*4 Harmonic currents in amperes 
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Table !. Significance of Various Influence Factors in Existing Exposures 


ieee al 


Type of Circuit 


Communication 


Significant Factor 


Exposure to Main 


Exposure to 
Branch Line 


V-TIF* in some cases 


Case Power Rectifier Feeder 
Y, Ae (8) 9) ears aie, 5 Either open wire 
Orcabley), erie ihe Inductive effects generally negligible 
Barats cians Overhead lines...... Cable (tows fie sevens Inductive effects generally negligible 
ea SAA Overhead lines...... Cable (local)... 2.4: WD TCOAS aie eens 
DP Ab Overhead lines...... Open. wiret( ee 2 cata V-2iPF dnd Tet. Ae V-TIF 


" * V-TIF Voltage TIP. 


1 I-T Product of current times TIF. 


This table is based on Table 6 of the Edison Electric Institute report.7 
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Figure 2. Curves for estimating voltage TIF, 
60-cycle systems with rectifier load, 12 or 
more phases 


Some of the test points were taken with the 

TIF meter in common use which is based on the 

1919 weighting network (see reference 1). 

Figures in circles opposite test points show 
number of rectifier phases 


were obtained by assuming equal values 
of rectifier and power-station ratings 
(R/S=1.0) for the initial calculation. 
These currents were multiplied by the 
station reactance, based on the ten per 
cent figure, to obtain the harmonic volt- 
ages on the station bus. These harmonic 
voltages were weighted and combined by 
the root-sum-square rule to obtain the 
TIF which was plotted at R/S=1.0 on 
Figure 2. This TIF value would come 
out the same for any assumed kilovolt- 
amperes and voltage, because the har- 
monic currents and the reactance were 
obtained on a percentage basis. For 
values of the ratio R/S less than 1.0 the 
rectifier operates at its own full load, and 
the percentage harmonic currents would 
be the same. 
station kilovolt-amperes, ‘the reactance 
would be the same, but the currents in 
amperes would be proportional to the 
ratio R/S. Hence, the TIF would be 
reduced in proportion to R/S and could 
be represented by a straight line, as in 
Figure 2. This neglects the effect of 


station reactance on the -eurrent-waye — 


shape which is unimportant in these ap- 
proximate estimates. : 
Calculations were made for each num-— 
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ber of phases, and a curve was plotted. 
It may be noted that the curves of Figure 
2 are,drawn as zones which cover a 
range from about ten per cent above 
to ten per cent below the calculated TIF 
values. This implies. that estimates 
made from the curves are not expected 
to be closer than ten per cent, even if the 
simplifying assumptions which have been 
made are valid in the case under con- 
sideration. If the conditions differ 
materially from those assumed in pre- 


paring the curves, or if resonance be- ' 


tween elements of the supply system is an 
important factor, the estimates may differ 
from the actual results by much more 


than ten per cent. 


Voltage TIF of 60-Cycle Systems 


The curves of Figures 2 and 3 apply 
to 60-cycle systems and cover all of the 
common phase arrangements. The 7/F 


_yalues are based on the 1935 weighting 


curve.! 


pr 
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Estimates of 7/F are made in 
the following manner: When the recti- 
fier is close to the supply station, the 
rectifier-to-supply ratio R/S is obtained 
by dividing the rectifier kilowatt rating 
by the total kilovolt-amperes of the sta- 
tion. The estimated voltage T/F at the 
station is read from the point on the 
curve sheet corresponding to R/S and 
the number of phases. This is the con- 
tribution of the rectifier of the total 
TIF. Sometimes it may be desirable to 
state that the estimated T/F is between 


_the two values indicated by the zone. 


‘The procedure just described applies to 
rectifier load close to a generating station, 
a substation tied in with a larger power 
system, or a station which combines 


these two conditions, in which case the 


combined kilovolt-ampere rating of gen- 
erators and transformers which feed into 
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Figure 3. Curves for 


estimating voltage 
TIF, 60-cycle sys- 
tems with rectifier 


load, six phases 


The test points were 
taken with TIF meter 
in common use Which 
is based on the 1919 


LINE KVA 


LINE REACTANCE QS CHN 


PER MILE AT 
60 CYCLES 


weighting network 
(see reference 1) 


(LOAD FOR |O PER CENT VOLTAGE DROP)~60 CYCLES 


BUS 


Figure 4 (right). 


Curves for estimating 
line kilovolt-amperes 
for R/S ratio of 
. Figures 2 and 3 


the same bus is used. The procedure for 
rectifier load at some distance from the 
source is described in a paragraph which 
follows. The curves are based on ten 
per cent reactance referred to 60 cycles. 
Allowance for other per cent reactance 
values can be made, as illustrated in one 
of the examples given later (see example 
1). 

The total TIF of the 
voltage may be estimated by taking the 
square root of the sum of the squares of 
the rectifier contribution and the system 
TIF without the rectifier. If the system 
TIF is not known, an average value may 
be estimated from Figure 2. 

When the rectifier is at some dis- 
tance from the supply station, the line 
reactance may be the determining fac- 


station-bus 


MILES OF LINE 
tor for-the voltage T/JF at the rectifier. 
The curves of Figures 2 and 3 may be ap- 
plied to this case by using line kilovolt- 
ampere instead of station kilovolt-am- 
peres. This is the kilovolt-ampere load 
which would produce a reactive volt- 
age in the line equal to ten per 
cent of the line voltage at 60 cycles. 
Figure 4 gives curves for lines up to 
ten miles long at 4 kv and 13 kv, from 
which values of line kilovolt-ampere can 
be obtained. For other voltages the 
kilovolt-ampere value may be obtained 
by reading the kilovolt-amperes from 
one of the curves and multiplying by the 
square of the ratio of actual kilovolts 
to kilovolts on curve. Also, for other 
lengths of line the kilovolt-amperes may 
be read for an assumed length and multi- 
plied by the ratio of the assumed length 
to the actual length. After the R/S 
ratio has been obtained, the curve is used 
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Figure 5. Curves for estimating 
voltage TIF, 25-cycle systems 
with rectifier load 


The test points were taken with 
the TIF meter in common use 
which is based on the 1919 
weighting network (see refer- 
ence 1). Figures in circles 5 
opposite test points show num- 

ber of rectifier phases 
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Figure 6. Chart for estimating T/F of rectifier 
input current, 60-cycle systems 


Some of the test points were taken with the 
TIF meter in common use which is based on the 
1919 weighting network 


as already described. Sometimes both 
the line and the station reactances are 
determining factors. In such 
value of kilovolt-amperes is determined 
which gives ten per cent reactive voltage 
in the line and station combined. This 
can be shown best by means of an ex- 
ample given later (see example 4). 

The curves were calculated on the basis 
of inductive reactance. In power sys- 
tems with cable circuits or extensive 
overhead lines, capacitance is a factor. 
In some cases resonance occurs at certain 
harmonic frequencies which may increase 
or decrease the voltage JT] F. The method 
described here does not allow for reso- 
nance. The more detailed methods pro- 
vide for taking resonance into account 
when necessary, but some approximations 
are involved. 

Some rectifier installations have provi- 
sion for adjustment of the output voltage 
by means of phase control (or grid con- 
trol). If the range of adjustment is 
small, 77F values from the curves will 
be close enough in most cases. If the ad- 
justment by phase control is over five 


eases a 


PHASES 


per cent,. the ‘voltage T7F may be in- 
creased in the order 6f 2 to 1. One of 
the references? gives some limited test 
data on this point, and another’ gives 
some calculations on effects of phase 
control, : 

The available measured values of T/F 
have been plotted on Figures 2 and 3 for 
comparison with the curves. Most of 
these values have been published.*? A 
majority of the 19 test points are within 
or reasonably close to the proper zones, 
The points farthest from the curve are 
three points forthe 12-phase rectifiers 
where the measured values are 1.6 to 2 
times the values from the curves. These 
tests were made on overhead systems, 
where resonance conditions existed, and 
increases of this order would be ex- 
pected. 


Voltage TIF of 25-Cycle Systems 


Os 


The curves of Figure 5 apply to 25- 
cycle systems and correspond to those of 
Figures 2 and 38 for 60-cycle systems, 
They were calculated on the basis of ten 
per cent reactance referred to 25 cycles. 
When the voltage 7JF is to be cal- 
culated at a rectifier which is at some 
distance from the supply station, values 
of line kilovolt-amperes may be ob- 
tained from Figure 4, which is for 60 


Table Il. Estimates of Voltage TIF for the Conditions of Example 3 


ee 


Rec- Number Generating TIF 
tifler of Phase Ccmbination Assumed Station Component 
(Kilo- 24-Phase Arrange- for Calculation Kilovolt- for Each TIF for 
watts) Units ment (Values of R) Amperes (S) Ss Group Combination 
AO OGG see oC dae 24 ...24-phase R=40,000 .... 80,000.... 
40,000, Se a Ee 48 ...48-phase R =40,000 + 60;Q00 5205 
GUHIOO ae ee eo, 48 and 24... .48-phase R=60,000 ..,.. 80,000,. . . . 
24-phase R=20,000 ........2..0.0., 
AD SUS SEs 1 aa 72 ...72-phase R=60,000 ..... 80,000... . 
80,000, ..,.. Neha ree 48 :...48-phase R=80,000 ..... 160,000... . 
80,000. nk Vacs SIRE 72 and 24... .72-phase R=80,000 ..... 160,000... . 
‘ 24-phase R=20\000 ..... cc. 0.0. ck 
100/000. =... Beers 72 and 24. . .72-phase R=100,000.,... 160,000... . 
24-phase R®40,000 ..u.ch. ccc eons 
100,000... ... Dicrachys. x 48 and 24... )48-phase R=100,000.,... 160,000... . 
24-phasé R=20,000 ...........-.005 
120,000...... Craik 48 ....48-phase R=120,000...,. 160,000... . 
120;0005 5... 60... 72 ....72-phase R=120,000...... 160,000... . 


* Arrangements for minimum T/F. 
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Figure 7. Chart for estimating TIF of rectifier 
input current, 25-cycle systems 


The test points were taken with the T/F meter 
in common use which is based on the 1919 
weighting network (see reference 1) 


eycles, and multiplied by 2.4, the ratio 
of 60 to 25. This conversion is necessary, 
because reactance voltage is  propor- 
tional to frequency, The available 77 
measurements on 25-cycle systems have 
been plotted on Figure 5, and their 
agreement with the curves is comparable 
with the 60-cycle data, 


Current TIF of 60-Cycle Systems 
The charts in Figure 6 give approxi- 


mate values of current 77 F, based on the 
1935 weighting curve, for rectifiers on 


-60-cycle systems. The same phase ar- 


rangements are covered, as in Figures 2 
and 8, for voltage 77F. The shaded 
areas allow for the spread between differ- 
ent circuit conditions. The estimated 


I-T product is obtained by multiplying 


the rectifier current in amperes, in the 
a-c line supplying the rectifier, by the 77 
from the chart. The available test data 
from the sources referred to under 
voltage 7T7F have been plotted on the 
charts for comparison with the cal- 
culated values. Reasonable agreement 
is shown in most cases, Phase control 
may increase the current 77 F when the 


. voltage adjustment is more than five 


per cent,*§ , 


Current TIF of 25-Cycle Systems 


The charts in Figure 7 give approxi- 
mate values of current 77F for rectifiers 
on 25-eyele systems. They correspond 
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to those of Figure 6 for 60-cycle systems. 
The available test data for 25-cycle sys- 
tems are indicated by test points. 


Illustrative Examples 


The examples which follow are given 
for the purpose of showing how the data 
in this paper might be applied*to specific 
rectifier situations. 


EXAMPLE 1 


It is desired to estimate the voltage 
TIF on the 13-kv bus of the station shown 

in Figure 8 which supplies 45,000-kw 
rectifier load, 36 phase. The system TIF 
without rectifier load is 15. 

The station capacity is 70,000 kva with 
eight per cent reactance. Since the 
curves are based on ten per cent re- 
actance, we use 70,000X10/8=87,500 
kva. Then R/S=45,000/87,500=0.52. 
With reference to Figure 2, the TIF for 
86 phases corresponding to R/.S=0.52 is 
between 32 and 40, or about 36. The 


over-all TI Fat the bus is 0/36? 15?=39. 


Marcu 1944, VoLuME 73 


J 


In a test on a 36-phase rectifier, where 
the rectifier kilowatts and the station- 
transformer kilovolt-amperes were in the 
saine ratio as in this example, the meas- 
ured TIF was 34 as compared with the 
calculated value of 39. 


EXAMPLE 2 


The voltage TJF on the 13-kv bus of 
example 1 is to be estimated with one 
sixth of the rectifier plant shut down. 
This is one of the six six-phase groups 


Figure 10 (left). Tentative 
curves for estimating voltage TIF 
with proposed weighting curve, 
60-cycle systems with rectifier 
load. For ordinates see Fig- 


ure 12 
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Figure 11 (right). Tentative 


chart for estimating current TIF 

with proposed weighting curve, 

60-cycle systems with rectifier 

load. For ordinates see Fig- 
ure 12 


of which the 36-phase installation is 
composed. The 36-phase connection 
suppresses all of the six-phase harmonics 
up to the 35th and 387th. The vector 
sum of five units is therefore equal in 
magnitude to one unit for these har- 
monics. ~The 35th and 37th harmonics, 
however, are allin phase. Ifit is assumed 
that the full load is being carried by the 
five units, the combination will be 
treated as a 36-phase rectifier of the total 
rating atid a superimposed 6-phase recti- 
fier of one fifth of the total capacity. 
For the 36-phase component 

R_ 45,000 pra 

5S 87,500 
TIF=36 from Figure 2 


For the six-phase component 


( 


R_1, 45,000 _ 
S 5 87,500 
TIF=40 
Total rectifier contribution to TIF 

=/ 36? 40? =54 
Over-all TIF at bus = V/ 542-415? =56 
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If the six-phase group is removed, 
»the TIF thus increases from 39 (example 
1) to 56. 

In the test referred to in example 1 
the measured 7/F, with one six-phase 
unit shut down and the other five carry- 
ing the station load, was 61. This is 
slightly higher than the calculated value 
of 56, possibly because phase control was 
being used to some small extent to equal- 
ize the division of load between the recti- 
fier units. 


EXAMPLE 3 


In a preliminary study of a proposed 
rectifier installation, it is desired to esti- 
mate the effect of several combinations 
of rectifier units and phase arrangements. 


PHASES 


Each unit is 20,000 kw, 24 phase. The 
initial installation is to be 40,000 kw 
(two units) supplied from a station of 
80,000-kva capacity. A third unit is to 
be added later. Still later the generating 
station is to be increased to 160,000 kva 
and three more units added, one at a 
time. The frequency is 60 cycles. Since 
the generator reactance is not known, it 
is assumed to be ten per cent for har- 
monics. 

Several combinations of 24, 48, and 72 
phases might be used. Combinations, 
such as two units combined to give 48 
phases and one additional 24-phase unit, 
are treated as follows. Since the 47th 
and 49th harmonic components are addi- 
tive, a 48-phase rectifier of the full 
kilowatt rating (the combined rating of 
three units) is assumed and its TIF 
contribution taken from Figure 2. The 
additional contribution of the 24-phase 
unit is controlled mainly by the 23rd 
and 25th harmonics, and its value is 
taken from Figure 2 for the rating of 
the 24-phase unit. The two components 
are combined as the square root of the 
sum of the squares. The calculations 
and the results are shown in Table II. 

The preferable combinations from the 
standpoint of obtaining as low TIF 
values as possible are indicated by the 
asterisk. These combinations are 48 
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phase for two units (initial installation), 
72 phase when the third unit is added, 72 
phase and 24 phase with four and five 
units, and finally 72 phase for the whole 
installation of six units. The conversion 
from 48 to 72 phase when the third unit 
is installed could be provided for in ‘the 
beginning by furnishing phase-shifting 
transformers with suitable taps to reduce 
the phase displacement. 


EXAMPLE 4 


With reference to Figure 9, it is desired 
to estimate the voltage T/F at the station 
bus A, the rectifier bus B, and the J-T 
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Figure 12. Scale of ordinates for Figures 10 
and 11 corresponding to various proposed 
scales for new TIF weighting curve 


product for the rectifier feeder AB. The 
rectifier rating is 3,000 kw, 12 phases, 
and the generating-station rating is 
30,000 kva. The rectifier feeder is 1.2 
miles long. 

To estimate the T/F at the station bus 
A, the.ratio R/S=3,000/30,000=0.1 is 
used. If we refer to Figure 2, the TIF 
is about 30. 

To estimate the T/7F at point B, the 
following calculation is made: 


line kilovolt-amperes=17,500 for 1.2 mile 
line (from Figure 4) 

station kilovolt-ampere = 30,000 

total kilovolt-amperes for S at ten per cent 

is then 


17,500 X 30,000 


= 11,000 
47,500 


With reference to.the curve for 12-phase 
rectifiers in Figure 2 the TIF is ap- 
proximately 80. 
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To estimate the J-T product for the 
feeder, the current 7JF is about 225, 
from Figure 6. The line current is 

3,000 


=———— =133 amperes 
1.73 X13 


Then 
I-T =133 X 225 =30,000 approximately 


In a test where the ratio of rectifier 
kilowatts to station kilovolt-amperes 
and the ratio of line reactance to generat- 
ing-station reactance were about the 
same as in this example, the measured 
TIF at the rectifier was 65. Also, the 
measured J-T referred to 13 kv, since the 
line voltage was different, was 42,000. 


Conclusion 


Herein is described a practical short- 
cut method of estimating power-system 
TIF at a rectifier supply point. It is 
based on previously demonstrated meth- 
ods of calculating harmonics produced 
by rectifiers together with certain simpli- 
fying assumptions as to the characteris- 
tics of rectifier and power circuits. The 
results are reasonably consistent with test 
data. The method should be useful, es- 
pecially where a number of conditions 
have to be investigated in a preliminary 
study, since it requires only a few minutes 
to make the calculations foreach condition 
when the pertinent data are at hand. 
The results may be useful also for check- 
ing other calculations. The method is 
applicable to the arrangements of 24 or 
more phases that are being used for large 
rectifier installations as well as to the 
6- and 12-phase arrangements used for 
the smaller stations. In a co-ordination 
study the TF has to be considered in 
combination with other factors, such as 
the type and location of circuits. This is 
pointed out in the introduction. 


Appendix 


Recent tests on telephone equipment have 
resulted in a new frequency weighting curve 
for message circuit noise.2 A proposed T]F 
weighting curve based upon these data has 
been agreed upon as to shape. The magni- 
tude of the peak or other ordinate has not 
been decided upon yet. The next step in 
the program is to make studies of electric 
apparatus and systems with the object of 
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arriving at the weighting curve of this ~~ 


shape which will give the best correlation ,, 
between data taken with new type instru- 
ment and data taken with the existing 7/7 F 
meter. This appendix gives data to show 
the effect which the proposed revision 
would have on the calculations described 
in the paper. 

The establishing of the shape of the 
curve made it possible to plot curves show- 
ing relative 7/7 F for various numbers of 
rectifier phases. Figure’ 10 shows a set of 
curves of voltage 7JF for 60-cycle systems 
with rectifier load which is similar to Figure 
2 for the 1935 weighting curve, but the 
ordinates are not marked However, a scale 
of ordinates can be drawn for any given 
weighting curve of the required shape in the 
following manner: First, the weighting fac- 
tor for 1,000 cycles is read from the proposed 
weighting curve. Then reference is made to 
Figure 12 which gives the 7/7 F correspond- 
ing to the dotted line AA on Figure 10. 
The 7/F corresponding to any other ordi- 
nate can be obtained by proportion, or the 
ordinate scale can be graduated suitably. 
Figure 11 shows charts for current 7JF 
similar to those of Figure 6 for the 1985 
weighting curve. As in the case of voltage 
TIF, the ordinates are not marked. TIF 
values corresponding to any given weighting 
curve of the required shape can be obtained 
with the aid of Figure 12 as already de- 
scribed. It is believed that these curves 
will be helpful in studies of the proposed 
TIF with reference to rectifier installations, 
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The Functions of Ground Preference in 


Carrier-Current Relay Schemes 


S. C. LEYLAND 


MEMBER AIEE 
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LMOST all of the more common 
present-day carrier relay systems 
employ a feature known as ground pref- 
erence which enables the ground relays, 
during faults involving ground current, 
to take preference over the phase relays 
in controlling the starting and stopping 
of the carrier signal. The specific sys- 
tem conditions which require this feature 
are not well understood, nor is it gener- 
ally understood that under certain con- 
ditions ground preference can cause 
trouble, or that even in some cases phase 
preference is ‘‘preferable.” It is the 
purpose of this paper to discuss, in 
general, the reasons for and conditions 

pertaining to the preference feature. 
The most common type of carrier relay 
system now in general use is the inter- 
mittent carrier system employing dis* 
tance-type relays to control carrier, 
carrier being transmitted only in the 


-unfaulted line sections to block tripping. 


There are two variations of this scheme; 
one using a three-zone impedance relay 
to start and stop carrier by circuit-closing 
contacts, and another using a three-zone 
reactance relay to start carrier by a cir- 
cuit-opening contact and to stop carrier 
by a circuit-closing contact. _These’two 
arrangements are shown in Figure 1 in 


,only enough detail to illustrate how the 


preference feature is obtained. The cir- 
cuit-closing arrangement is shown in 
Figure la. Closure of the phase or ground 
start contacts connects the cathode of 
the master oscillator tube to battery nega- 
tive, which is the condition for oscilla- 


_ tion; and opening of the stop contacts 


returns the grid to the nonoscillating 
condition. The phase start contact is 
operated by a fault-detector impedance 
element and the phase stop contact is 
operated by an element whose coil is 
energized by a second impedance element 
whose contacts are in series with the single- 
The 
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ground start contact is operated by an 
overcurrent element with a low current 
setting while the ground stop contact is 
operated by an auxiliary element ener- 
gized from an overcurrent element with a 
high setting, whose contact is in series 
with the ground directional contact. 
It is evident from this diagram that the 
ground relays can start and stop carrier 
regardless of the position of the phase 
contacts. Also it is clear that a phase 
preference could be obtained by inter- 
changing the position of the phase and 
ground start and stop contacts and that 
no preference is obtained by paralleling 
the phase and ground start contacts. 
Figure 1b shows the schematic connec- 
tions for the reactance-relay carrier sys- 
tem. Carrier is started by opening any 
one of the voltage-restrained fault-de- 
tector contacts, thus removing the carrier 
control lead from battery negative which 
is the carrier-transmission condition. 
Carrier can then be stopped by the closure 
of the phase stop contact which is oper- 
ated by a single-phase voltage-restrained 
directional element. Carrier is started on 
ground faults by the opening of the 
ground start contact on a low-set over- 
current relay and is stopped by the closure 
of a high-set overcurrent contact and a 
directional contact. It is clear that the 
ground relays have preference in con- 
trolling over the phase relays. Also, 
phase preference or no preference can be 
obtained by the proper regrouping of the 
contacts. 


There are a number of system condi- 
tions presented to the relays during faults 
involving) ground current which may 
cause failure to block through carrier 
unless steps are taken to prevent such 
action. The ground-preference feature is 
one of these steps. Fundamentally, the 
trouble results from the fact that during 
single-phase-to-ground faults, and es- 
pecially during two-phase-to-ground 
faults, both the phase and ground relays 
respond. It is possible that, under cer- 
tain conditions, the ground relays will 


see an external fault as such, whereas the , 


phase relays may view the situation as 
an internal fault. On the other hand, 
under certain other conditions, the phase 
relays may view the situation correctly, 
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but the ground relays may not see the 
correct picture. 

An example where the phase relays 
may see a fault as internal, whereas it is 
an external fault, correctly seen by the 
ground relays, is the case where the cur- 
rent fed through a line section to an ex- 
ternal fault is mostly zero sequence. 
Figure 2 depicts a condition of this kind 
which has been made extreme for sim- 
plification. For a single-phase-to-ground 
fault on the line out of substation D, 
power is fed.from station B to the ground- 
ing bank at A, and zero-sequence fault 
current is fed over all three phase wires 
in the line section C—D to the fault as is 
shown’ by the solid arrows. A power 
source at E would feed current over only 
one phase wire in the line from C to D. 

While the conditions shown are not 
typical, in that a grounding bank has its 
power source at another point -in the 
system, the conditions on any grounded 
system will approach the aforementioned 
conditions. That is, any transmission 
line between a source of power and a 
grounding point will carry in-phase fault 
currents on all three phase wires.. The 
application of carrier relays to the line 
section C-D requires consideration of 
this fact. An examination of the action of 
single-phase directional elements reveals 
that under the aforementioned conditions 
the carrier signal at D is liable to be re- 
moved incorrectly by one of the phase 
relays. Since carrier is removed cor- 
rectly at C by the ground relay, failure to 
block on the external fault results. It is 
evident that if star currents are used on 
the phase directional relays the three 
single-phase directional elements at D 
cannot all indicate the same direction 
since the currents in all three are inphase 
but the voltages are considerably out of 
phase. 

As will be easily seen from Figure 3, 
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which depicts the voltages and currents 
applied to the relays at location D, direc- 
tional elements with a watt characteristic 
and a 30 degree connection, for example, 
will indicate both directions. That is, 
the A-phase element using J, current and 
Eoa voltage will open contacts for a close 
in external fault; also the B-phase ele- 
ment will open contacts and the C-phase 
-element will close contacts, 

In view of the foregoing it can be stated 

that any type of single-phase directional 


element used for the purpose of con- 
trolling carrier will cause failure to block 
tripping for external ground faults under 
one or another of the conditions met with 
on a grounded power system. 

The preceding is discussed on the basis 
that star current is used on the direc- 
tional element. However, a carrier sys- 
tem using single-phase watt-type direc- 
tional elements energized from delta 
current gives a different answer. It is 
evident that the delta connection of 
currents (Figure 4a), wherein the A- 
phase element receives J,-Ip, the B- 
phase element receives Ip, and the 
C-phase elements receive Ig-[4, com- 
pletely cancels out the three inphase 
zero-sequence currents represented by the 
solid arrows, and the directional elements 
receive no fault current. However, 
the delta-connected directional elements 
will respond to load current, and, 
if, while the external ground fault 
in Figure 2 exists, load current flows 
from station D to station C, carrier 
blocking will not be accomplished since 
the ground directional relay at C removes 
carrier and the phase directional elements 
at D also remove carrier. 

As far as the aforementioned directional 
elements are concerned, the incorrect 
action in removing carrier on external 
ground faults can be eliminated by the use 
of a ground-preference connection such 
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as shown in Figure 1. There it is obvious 
that the incorrect indication of the phase 
directional elements on ground faults is of 
no concern since the ground relays can 
start and stop carrier regardless of the 
phase relays. The facts brought out in 
the foregoing yield some pertinent ob- 
servations. If star currents are used in 
the phase directional elements the ground- 
preference feature definitely is needed, 
since the elements give false directional 
indications because of the flow of zero- 


Flow of fault current on a 
grounded system 


Figure 2. 


TO SOURCE OF 
POWER 


sequence fault currents. Iurthermore, 
the incorrect indication of the directional 
relay on zero-sequence fault current is 
augmented by the flow of load current 
in the opposite direction, In other 
words, load current flowing from station 
D to C on phase C adds more or less in- 
phase to the zero-sequence fault current 
from station C. 

Phase directional relays using delta 
currents require the ground-preference 
feature only because of the possible flow 
of load current opposite to the zero- 
sequence fault current. 
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So far, consideration has been given” 


only to the zero-sequence fault current, 
from the grounding bank A fs represented 
on Figure 2 by the solid arrows, On 
any actual power system, however, there 
may be a flow of positive:, negative, 
and zer@-sequence current from another 
source of power such as the transformer 
bank /. The line currents flowing from 


bank / to the fault are shown by therr 


dotted arrows. Note that the bank 


fault-current contribution in seetion C-D ° 


flows only in the faulted phase A. It ia 
interesting to see what effect this current 
has in connection with the use of the 
ground-preference feature. When star 
current is being utilized, it is quite evi- 
dent that the directional response of the 
three directional elements is not at all 
changed, since the additional phase-A 
current merely supplies more opening 
torque to the phase-A element and does 
not affect the incorrectly responding 
phase-C element. 

On the other hand when the directional 
elements are supplied with delta current, 
the fault current on phase A from bank 
E causes the A-phase and C-phase direc. 
tional elements to open contacts. This 
is seen from Figure 4b where J, (rep- 
resenting current flow toward station 
D) with Eas! and Ig= —I, with Eng give 
opening torque. The flow of 100 per 
cent-power-factor load current from gta- 
tion D to C is represented by the star 
currents inside the triangle CA’B, and it 
is seen that the load current on phage C 
is substantially opposite to the fault 
current Jg, This means that the phage-C 
directional element cannot operate in the 
wrong direction unless the load current 
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Figure 4 (a). Sche- 
matic diagram of the 
delta connection 
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dominates over the phase-d fault 
current which is supplied by the bank £, 
- However, fault current does not appear 
in the phase-B relay, and, therefore, its 
' directional element may close contacts 
. because of load current. 


Heretofore, only the directional element 
has been discussed, However, present 
day distance-relay carrier — systems 
employ a distance-measuring element to 
supervise the directional element. In 
one system a separate impedance element 
Z2 has its contacts in series with the 
directional element to stop carrier and 
‘complete the trip circuit through the re- 
ceiver relay contacts. Another system 
uses yoltage restraint on the directional 
element to accomplish the same purpose 
It is now necessary to see how the use of 
the supervising distance element affects 
the requirement for ground preference, 
If the case where the directional elements 
receive delta current are considered 
first, the impedance elements would 
also receive this same current, and the 
effect of the impedance element is as 
follows: If all of the fault current from 
€ to D is zero-sequence current, the relay 
at D is subject only to load current, and 
it can stop incorrectly carrier trans- 
mission for load current flowing from D 
to € only if this load current is high 
enough to reach the pickup point of the 
- impedance element at the voltage exist- 
ent during the fault, For an external 
ground fault on phase A, for instance, the 
voltage on A-phase and C-phase imped- 

_ ance elements may be anything between 
the limits of normal for a distant fault 
_ to 58 per cent of normal for a close-in 
fault, In order to close the phase-B 
relay contacts the load current would 


5 


i et 


age. Ordinarily, the setting of “ehe 
supervisory impedance element would be 
considerably above the maximum load 
_ current. 

— When the additional fault current flow- 
; on phase A only isconsidered, the condi- 
tions for incorrect operation of the relays 
at station D became even more difficult 
to attain. As was seen previously, the 
fault current on phase A causes the C- 
phase relay to act correctly and counter- 
_ acts the effect of the load current, The 
y condition where phase-C relay 
Beeciests the wrong direction would 


e larger than the fault current on 
A. A slightly predominant load 
it could reverse the phase-C direc. 
contacts, but in order to operate 


ee would have to be con- 
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siderably greater than this to reach the 
pickup of the impedance element whose 
voltage is greater than 58 per cent of 
normal, The action of the phase-8 
relay must also be considered even 
though, as is seen from Figure 4a, it 
receives no fault current, However, there 
is load current in phase -B8 relay, but to 
get incorrect action out of this relay, 
the load from P— to C must reach the 
pickup of the impedance element which 
has full normal voltage, and, of course, 
this is impossible, 

In the case where star current is used, 
the addition of the distance-measuring 
element to supervise the directional ele- 
ment does not lessen materially the 
chances for incorrect operation, As was 
shown previously, the sero-sequence fault 
current on phase C may be of suflicient 
magnitude to operate the distance ele- 
ment since the restraint voltage may be 


Figure 5. Sche- 

matic diagram of sys- 

tem requiring phase 
preference 


Rur> 


reduced to 58 per cent of normal, 
thermore, this element may also be sub> 
ject to gero-sequence fault current plus 
load current, and under these conditions 


it is quite possible that the phase-C 


relay will try to remove carrier, 
The fault current from bank &, Mgure 
2, which flows only on phase 4 would, 


of course, have no effect on the phase-C 


relay, 
The preceding considerations lead to 
these conclusions: 


1) Tf the phase directional and distance 
supervising elements use star current, then 
ground preference definitely is needed to pre- 
vent incorrect removal of carrier on single- 
phase-to-ground faults because of the flow of 
sero-sequence fault current on the wafaulted 
phases and also because this current adds 
to the load current flowing in the opposite 
direction, 


2 Tf delta current is used, then ground 
preference is required only if the through- 
fault current is all gero-sequence current 
and the load current in the opposite direc: 


’ 
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tion is large enough to reach the pickup 
value of the supervising impedance element 
at 38 per cent of normal voltage. Such a 
set of conditions is comparatively rare, and, 
therefore, if delta current is used, ground 
preference can be eliminated in order to 
take care of other conditions if necessary, 
While, heretofore, the ground-prefer- 
ence arrangement has been used in most 
carrier installations with good results, it 
nevertheless has, upon occasions, been 
desirable to have some other form of pref: 
erence, One instance where the ground: 
preference connection causes trouble is 
the case of a two-phase-to-ground fault 
involving a high ground resistance, Here 
the ground current may be between the 
pickup values of the ground: tripping over 
current element and the ground carrier 
start overcurrent element, in which case 
carrier is Put on by the ground relays 
but not taken off, thus blocking the phase 
relays from high-speed tripping, and the 


TRIP OPEN 


fault must be cleared by time-delay back» 
up action, This undesirable action can 
be, and actually has been, eliminated by 
removing the overcurrent element from 
the carrier stop cirouit and making the 
removal of carrier by the ground relays 
dependent onty upon the ground direc. 
tional relay, This, of course, requires 
that the sensitivity of the ground direc: 
tional relay be the same as that of the 
overcurrent carrier start relay, How. 
ever, the sensitivity of the carrier stop 
element cannot be made too great, other. 
wise failure to block will result on ex. 
ternal phase faults where ayetem une 
balances may produce enongh spurious 
ground current to cause the sensitive 
ground-carrier stop element to operate, 

While the ground-preference connec 
ions have been used extensively ia 
carrier relay system, heretofore, it should 
be realized that there are certain system 
conditions which require  phase-relay 
preference rather than ground prefers 
ence, A specific instance where phase 
preference is required is the case of simul: 
taneous ground faults in different line 
sections, 
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Synopsis: Small panel-type electrical indi- 
eating instruments are recognizéd as an 
important component in radio, electronic, 
and power control equipment, which is so 
essential in all military and naval operations 
on land, in the air, and on the sea. Such 
instruments are required to be small, com- 
pact, light in weight, and reliable measuring 
devices; and one of the major factors in the 
realization of these requirements is the ef- 
ficient utilization of improved magnetic 
materials for permanent magnets. 

This paper describes properties of a new 
magnetic alloy and compares its character- 
istics with other permanent-magnet ma- 
terials used in small panel electrical indicat- 
ing instruments of the permanent-magnet 
moving-coil type. The use of a new cobalt- 
molybdenum-iron alloy as a permanent 
magnet material in an indicating instrument 
and its influence on design trends are dis- 
eussed. The resulting improvement in over- 
all instrument performance by the use of 
this new material is summarized, with par- 
ticular reference given to mechanical factor 
of merit which is a measure of instrument 
reliability. 


HE use of new and improved per- 
manent-magnet which have 
developed during recent 


alloys 


been years 
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probably has influenced the design trend 
of electrical indicating instruments more 
than any other one factor. For given 
sensitivities, instruments have been made 
available which are more sturdy and re- 
liable, and instruments of higher sensi- 
tivity have been made possible by the 
use of the newer alloys. -Relatively 
higher coercive force He and high residual 
Br materials are now available that are 
readily machiried and use a minimum of 
critical materials, factors which are of 
particular importance in high production 
designs for wartime applications. 


Characteristics of Permanent- . 
Magnet Alloys 


The properties of 11 commercially 
available permanent-magnet alloys re- 
cently published! are shown in Table I. 
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Until comparatively recente the 
chrome and tungsten alloy steels were the 
principal materials used for permanent 
magnets in electrical indicating instru- 
ments, replacing the unalloyed carbon 
steels previously used. These alloys 
possess fair machining qualities and can 
be fabricated by either hot-forging or 
punching into various sizes and shapes, 


but they are inherently low in available” 


energy and require a relatively large 
ratio of length of magnet to length of air 
gap. Magnets from these materials are fre- 
quently manufactured from preshaped 
rods or bars, cut to length, heated, and 
formed to the required shapes, while hot 
by the use of special equipment. After 
cooling, subsequent grinding, drilling, 
and machining operations are performed, 
after which they are hardened and the air 
gap accurately ground. A typical finished 
magnet is shown in Figure 1A. 

Soft-iron pole pieces are then used to 
provide the correct flux distribution and 


to insure permanency of the flux pat- | 
Figure 1B shows a typical magnet - 


tern. 
and pole-piece assembly. 

Low coercive forces He in the order of 
60 to 70, residual flux density Br of 9,000 
to 10,300 gausses, and total relative 
energy of 295,000 to 320,000 (BH maxi-. 
mum energy) are typical values for the 
magnetic characteristics of these alloys. 

Some magnets which are used for small 
panel-type instruments are made from 
these materials in the form of laminations 
of thicknesses of approximately one six-. 
teenth of an inch punched from sheet ma- 
terial to final shape in conventional dies 
and stacked to desired height after hard- 


On. systems grounded through an im- 
pedance it sometimes happens that a 
flashover to ground on one phase may 
immediately cause another flashover on 
another phase in another line section. 
Analysis of the action of directional 
ground relays under these conditions 
shows that the directional indication at 
several locations may be incorrect. The 
Situation is depicted schematically in 
Figure 5, and it is seen that, for a ground 
fault on phase A in section FG and on 
phase B in section JH, one ground relay 
in each section except DE as indicated 
by “open” and “‘trip’’ operates incor- 
rectly. If carrier relaying with ground 
preference were applied to this system, 
incorrect operation would result in both 
faulted sections. In section FG the phase 
relays at F would remove carrier but 
would be blocked by carrier from G which 
is held on by the ground relay. (Block- 
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ing of carrier transmission by the fault 
is an exception). In section JH the same 
action would occur. If the carrier con- 
nections were changed to give preference 
to neither the ground relays nor the phase 
relays, then correct tripping would occur 
in the faulted sections because the phase 
relays would clear the faults. However, 
carrier blocking would not be obtained 
in section LK, since the phase relays 
would remove carrier at L and the ground 
relays would remove it at K. If pref- 
erence were given to the phase relays, 
correct action in all sections would result, 
since the phase-relay directional indica- 
tions are correct, and the distance ele- 
ments easily can be set to respond to this 
type of fault. 


Conclusions 


1. The necessity for the ground-preference 
feature in carrier relay systems depends, 
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to a large extent, on the type of current 
connections used in the phase relays. 


2. When star currents are used in the phase 
relays, the ground preference feature 
definitely is needed during the flow of fault 
current and load current. 


3. If delta currents are used in the phase 
relays, the ground-preference feature is 
needed only in cases where the fault current 
is all zero sequence and extreme load cur- 
rents are present. 


4. Phase preference is required on systems 


subject to simultaneous grounds in different 


line sections, and if delta currents are tised © 
the phase-preference connection is feasible. 
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Properties of Commercial Permanent-Magnet Alloys 
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Coercive Residual BxXH 
Typical Composition Force Induction (Maxi- Mechanical Commercial Methods 
Alloy ° (Per Cent) (Hc) (Br) mum) Properties of Fabrication 
1, Chromium magnetsteel......... po Crs VE: remamder, Fes oid ta (2 Sa ee 9,000.... 295,000..Hard and strong. . Hot forge, punch and machine 
2. Tungsten magnet steel.......... Wen CSehiremaindersit@h. pattude erst nie eR spe) oe 10,300.... 320,000..Hard and strong. . Hot forge, punch cast, machine 
3. Cobalt (36 per cent) magnet 
RRA ee seco ais» S nlel aa) cjeteivtecrstera s 36 Co; 3.5 Cr; 1C; remainder, Fe..... PALL ae 9,000. 930,000. . Hard and strong. . Hot forge, punch cast, machine 
4. Cobalt—nickel-copper alloy...... ARCO SE LEN is SO) (Cie ioits ot a, seis iolacele bas 440:....., 5,300.... 993,000:. Ductile. .-..... Cold-roll, machine, punch cast 
5. Yrou-nickel-copperalloy........ ZO ne AD ANd: OO) Cit eck in diolenve.c Gate ABO Stor. 5 Saat 5,300. ...1,070,000.. Ductile... . ...Cold-roll, machine punch 
6. Comol magnet alloy............ 12 Co; 17 Mo; remainder, Fe......... DAS eM... aH 10,300....1,100,000.. Hard and strong. . Hot forge, punch machine, cast 
MEER ESTIOEY, BV i. Ys [b-ece,c s wie se soit wera ew 12 Al; 28 Ni; 5 Co; remainder, Fe..... 700...... 5,200....1,250,000..Hard and brittle. . Cast, sinter, or grind 
BNE MICON EDU ie 5) pki < eas win ose eiepatl hs 12 Al; 25 Ni; remainder, Fe.......... AOD sre n8 7,100....1,330,000.. Hard and brittle. .Cast, sinter, or grind 
CAIN CD Cr ee 12 Al; 20 Ni; 5 Co; remainder, Fe..... 4005 ote 7,100....1,330,000° . Hard and brittle. .Cast, sintér, or grind 
STEERING ED ce sc scte sc. ave ae aad va be eG 10 Al; 17 Ni; 12.5 Co; 6 Cu; remainder, Fe 540...... 7,200. ...1,650,000.. Hard and brittle. . Cast, sinter, or grind 
DUEPASTEICO Ve). sss ec Fae She 8 Al; 14. Ni; 24 Co; 3 Cu; re- 
MISISIOLET Echos eas, op cusp okaPieter se hc DACs a. 12,000 .4,000,000.. Hard and brittle... Cast, grind 


ening and finishing. Warpage during heat 
treatment, variations in dimensions, and 
changes in the value and distribution of 
the flux are sources of difficulty in this 
type of magnet. A mniagnet of this con- 
struction is shown in Figure 1C. While 
this type of magnet design affords low 
cost, the strength is usually somewhat 
less‘ than that obtained with the solid 
magnet construction. 

With this construction soft-iron pole 
pieces, although not always used, are 
desirable to insure permanence of the 
flux pattern in the armature gap, since 
any changes in flux pattern may affect 
the instrument accuracy. 

From a mechanical standpoint, it is 
usually more difficult with built-up con- 
struction to maintain accurate and per- 
manent alignment and relationship of 
the various parts of the element assembly 
than‘with the solid magnet construction. 

Increased sensitivities of instruments 
were made possible by the use of cobalt 
alloy steels as permanent magnets. 
Pierre Weiss of Zurich, Switzerland, in- 
vestigated this material in 1912, and it 
was later reduced to practice by P. H. 
Brace of the United States and Honda 
of Japan in an alloy having about three 
times the coercive force H and about 
equal to the residual B found in the 
chromium and tungsten steel alloys. For 
the past 15 to 20 years, this material has 
been used in instruments, providing a 
means of producing higher sensitivities. 
It has been used in forged and cast forms 


and is most attractive from the stand- 
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Forms of chrome-steel magnets 


A. Formed and machined, 
B. Pole pieces added 
C. Laminated construction 


Figure 1. 


point of high coercive force H of about 
210 with total energy (BH maximum) of 
900,000 but its inherent high cost limits 
its use primarily to the higher-sensitivity 
instruments where the chrome and tung- 
sten steels are unsatisfactory. 

The foregoing materials are all steels 
which require quenching in oil or water 
at high temperatures in order to develop 
properly their magnetic qualities. 

Further phenomenal advances have 
been made in recent years in strength of 
permanent-magnet materials by the de- 
velopment of the aluminum-nickel-co- 
balt' iron (Alnico) alloys which are of 
particular interest to the electrical-in- 
strument designer because of their high 
values of coercive force and available 
energy as shown in Table I. These ma- 
terials are characterized in electrical- 
instrument design by their relatively 
large cross section and short lengths of 
magnetic section to air-gap ratio, as has 


Figure 2. Sintered 
Alnico magnets 
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been previously shown,” and are highly 
resistant to demagnetizing fields because 
of their high coercive force Hc.. While the 
Alnico materials have been used widely as 
instrument magnets, their manufacture 
is restricted to only two methods, 
namely, sintered process, and casting and 
grinding. The first process is usually 
restricted to relatively small designs some- 
times found ideal for damping magnets 
and the like, as shown in Figure 2, while 
the second process is used for the produc- 
tion of the majority of Alnico magnets. 


Cobalt—Molybdenum-Iron Alloys As 
Applied to D-C Instruments 


The ideal magnet from the standpoint 
of the instrument designer would be one 
having high coercive force, residual in- 
duction, and available energy, and which 
had good machining and fabricating 
qualities. 


While a material of this type 


TRANSACTIONS 101 


having magnetic characteristics equal to 
those of the Alnico group is not commer- 
cially available, an approach has been 
made in the cobalt-molybdenum-iron 
alloys more commonly known as Comol, 
as covered in Dean reissued United States 
patent 20800. 

With the advent of Comol (typical 
composition: 12 per cent cobalt, 17 
per cent molybdenum, remainder iron) 
a new material was made available which 
contains a minimum of the critical metals, 
such as cobalt, which could be cast easily 
and, when properly heat-treated, could 
be drilled, milled, and machined readily 


Figure 3. Small panel indicating instrument 
utilizing cast Comol magnet 


by conventional methods. As a result, 
accurate machining dimensions permit the 
degree of precision which is required to 
utilize this material fully in instrument 
magnets. 

A coercive force He of about 245 is ob- 
tained as compared with 210 for 36 per 
cent cobalt with a residual induction Br 
of 10,300, higher than either 36 per cent 
cobalt or Alnico II, and a maximum 
energy value of 1,100,000 as compared 
with 930,000 for 36 per cent cobalt and 
1,650,000 for Alnico IT. 

A modification of the Comol magnet 
material described heretofore but con- 


Figure 4. Basic element of permanent-magnet 
moving-coil instrument design 
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taining appreciably lower percentage of 
the critical elements has been utilized 
for the first time in instrument applica- 
tion as the permanent magnet in a new 
“thin” line of d-e and radio-frequency 
General Electric small panel permanent- 
magnet-moving-coil-type instruments as 
shown in Figure 3. 

In view of the fact that very little in- 
formation regarding the application of 
the-newer permanent-magnet alloys as 
applied to indicating instruments is now 
available, it is proposed to treat this sub- 
ject in some detail and to study the mag- 
net circuit design as well as the moving 
system associated with it. 

Permanent-magnet moving-coil d-c in- 
struments of any conventional design 
contain certain essential parts as shown in 
Figure 4. A is the permanent, magnet 
with suitably curved pole faces or with 
soit-iron pole pieces. B 
cylindrical core centrally located with 
respect to the magnet pole faces or pole 
pieces so as to provide a uniform air gap 


mn 


TUNGSTEN GHROMIUM 


is a soft-iron 


Figure 5. A com- 

parison of equiva- 

lent magnets of dif- 
ferent materials 


ALNICO COMOL 36% COBALT 


in which the moving coil C turns upon 
its bearings. 

The theory of operation of this type 
of design is well known and will be re- 
ferred to only briefly at this time. 

The permanent magnet A sets up a 
magnetic field in the uniform air gap, 
between the magnet pole faces or pole 
pieces and the cylindrical core B. The 
moving coil C is free to turn in the air gap 
and is equipped with two control springs, 
one fastened to each end of the coil, 
which serve to conduct the current to and 
from the coil and also control the pointer 
movement. The pointer movement is 
dependent upon the reaction between the 


Figure 6. Forms of cast Comol magnets 


A. Uniform gap 
B. Diagonal pole face 
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‘ 
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flux due to the current in coil C and the’ 


flux due.to the permanent magnet A. 
The turning moment or torque produced 
by the coil is directly proportional to the 
current passing through it assuming uni- 
form flux density in the gap, and the 
opposing torque of the springs is propor- 
tional to the angle through which the 


‘ 


armature turns, thus making the scale 


divisions upon which the value of current 
or voltage is measured, uniform, 

From the preceding, it is seen that the 
permanent magnet is of utmost impor- 
tance to the satisfactory operation of the 
instrument, and careful consideration 
should be given to its design. 

The ideal condition in instrument 
magnet design from the standpoint of 
torque occurs when the magnetic energy 
maintained in the air gap is a maximum 
per unit volume of magnet steel. A 
comparison! of ideal magnet sizes for a 
given strength of the more generally used 
magnet materials is shown in Figure 5. 
These ideal sizes are sometimes altered, 
however, to facilitate proper physical 
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Figure 7. Typical scale distribution of indicat- 
ing instrument using Comol magnet 


arrangement of other instrument com-_ 


ponents. 


The Manufacture of Cobalt- 
Molybdenum-Iron Alloy Magnets 


A typical magnet of Comol material 
for the General Electric type DW5l 
instrument previously mentioned is shown 


Element assembly utilizing cast 
Comol magnet 


Figure 8. 


Figure 9. A method of magnetizing the 
element assembly 


in Figure 6A. In general the manu- 
facture of these magnets is as follows: 

The Comol alloy is compounded in a 
high-frequency induction furnace using 
relatively pure raw materials and remelt 
scrap. It is cast in baked sand molds to 
form the particular magnet desired. 
Following this, the magnets are given a 
soaking treatment at a temperature close 
to their melting point to destroy the 
“as-cast structure’ and develop the 
mecessary conditions to permit age 
hardening later in the process. ~At the 
end of this treatment they are quenched 
rapidly and at this stage are relatively 
soft and easily machined. The magnets 
are drilled, milled, or ground, as required, 
and then age-hardened to develop the 
full magnetic properties. 

For the so-called linear-scale thermo- 
couple instruments, the diagonal pole- 
face magnet is used as shown in Figure 6B, 
and the casting and machining operations 
on it follow those of the uniform-gap 
magnet shown in Figure 6A. 

This material has shown very uniform 
magnetic potential along the pole face so 
as to make the use of soft-iron pole pieces 
unnecessary. An actual distribution pro- 
vided by this type of magnet is shown on 
Figure 7. The lack of soft-iron pole 
pieces has led also to slight reductions in 
leakage flux as compared with similar 
magnets of other materials utilizing 
soft-iron pole pieces.. In this particular 
design the element is assembled com- 
pletely to the unmagnetized magnet in a 
manner as shown in Figure 8. Such a 
procedure is desirable from the instru- 
ment manufacturer’s standpoint, since 
it affords an ideal method of positioning 
_ the parts correctly and reduces the hazard 
of the magnet picking up extraneous par- 
ticles of dirt during handling. 

Magnetizing the magnets after as- 
sembly not only provides greater flux 
density but allows the magnet to be 
magnetized without a ‘keeper’ and with 
the soft-iron core in place, thus giving a 
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uniform magnetic potential along the 
pole face. This method eliminates the 
hazard of losing magnetic strength during 
assembly. 

The ideal method of magnet saturation 
has been found to be by the use of a 
single conductor placed through the 
center of the magnet as shown in Figure 9 
and by passing a high current through the 
conductor to saturate the magnet. Ex- 
perience has shown that magnets of the 
size described herein require the following 
currents for approximately full saturation: 


Material Ampere Turns Per Inch 
GSEFOME ete syns nin Vieleufecsi? Vid ae, 0 a hows 500 
Tungsten...... .. 600 
eo per Cent CODAIE «6 ii5 Gs). eres ee vale 1,700 
Gosmol radon boot srecs oo atdiste datelsietes 2,000 
Admtey Ll Res eke er ietna tie tans iets« hae 4,400 

The permanency of the magnet 


strength after final adjustment is im- 
portant to the sustained accuracy of the 
instrument. While this is controllable 
to a large measure by the casting and 
aging technique, all magnets are demag- 
netized a few per cent in strength with 
an a-c field in order to stabilize them 
further. Changes in magnet strength 
with time on sample groups of magnets 
checked under laboratory controlled con- 
ditions have been negligible. 

Changes in strength due to ambient- 
temperature changes on magnets made 
of the Comol alloy mentioned heretofore 
is approximately —0.017 per cent per 
degree centigrade rise, a value which is 
surprisingly close to values for ambient- 
temperature changes found 
magnet alloys. 


in other 


Application of Comol-Magnet 
Material to a New Moving System 


The moving system used with this new 
magnet is of the interna]-pivot construc- 
tion with the supporting pivots mounted 
inside the armature shell, whereas the 
conventional armature has the pivots 
mounted outside; see Figure 10. This 
feature has been used in order to obtain 
a thin element, and the conventional 
type of moving system can be used 
equally well with this magnet. 

The general objective of the moving 
system design is to obtain a light weight 
with as low a moment of inertia as is 
practical for required stability and over- 
load requirements, in order to realize 
the best over-all dynamic characteristics 
and a high mechanical factor of merit. 

The mechanical factor of merit has 
been recognized as the engineering yard- 
stick as to the practicability of a design 
from the standpoint of magnitude, or 
pivot friction, or zero uncertainty and 
sturdiness, or ability to withstand ab- 
normal usage for a long period of time. 
This factor may be termed as an index 
of the freedom-from-friction errors and is 
a function of control spring opposing 
torque for a given angle deflection 
divided by the weight of the moving 
system. It has been shown previously *4 
that, for the comparison of similar in- 
struments of good commercial design 
having vertical shaft and V-type bearings 
this relation becomes: 


Mechanical factor of merit=7/W 1.5 


where 


T=spring torque in gram-millimeters for 
90 degrees deflection : 


Table Il. Constants for Typical 91 /9-Inch-Diameter Small Panel-Type Comol and Chrome 
Magnet D-C Milliammeters, Accuracy +2 Per Cent of Full-Scale Value 


<< = 
= 


(b). Permanent error of per cent of full scale.... 


Comol Chrome 

“Magnetic Circuit 
15 Totall meanmagnet length’ (centimeters): fci.ict free die be wn elerele a » Vivi vie alayaee 10.7 10.0 
2. Air-gap area (square centimeters): .\, 4.00.00 ee ete sees seems ee Ga a eccet 0.99 1.25 
SuuAur-gapi bux (saturated)y(maxvwells).is1. .mckhncomelaus duile we eeiaws na oe 1,980 1,495 
4. Air-gap flux density (saturated) (gausses)... 0... cece e sets ae eee eseeenas 2,000 1,310 
5. Torque per ampere turn K (gram-millimeters) (after adjusted),............ 1.38 0.905 
Moving Element 
1. Mechanical factor of merit 

(ome her pomzoutal-shatt Nl (Wy) Geis visiisiete ses tela aus «in withy Magia Ae: Siang ge la 0.486 0.318 

(byenborsvercicaltsha firs (Lys Vy ey i at oracoye ivan este vataj ela eininuatneplovadsiabes lave leas iimys) breton 0.915 0.598 
2. Moment ofinertia (gram-centimeter?) (a. Leics le ei cease ci ale se dott les 0.52 0.65 
3. Damping factor (0 —full-scale minimum), 2.4. 7. hee oe es ce dee oie 9.4 3.6 
A.) Response. (secands)(0.= 2/8 scale, 25. cele avin ss cnx Ogee bo Wee vie le Se abe Wools 1.0 1.9 
5. Ambient-temperature coefficient of magnet, per cent per degree centigrade... —0.017 —0.025 
‘6. Maximum errors due to five gausses 

External field 

(a). Temporary error of per’cent of full'scale. 2. 0.0... he ee ee ee Ne ale a9) : 1.0 


A dedi Nol aE t. | Negligible. «. Negligible 


7. Magnet stability errors due to six cycles (four hours at —40 degrees centi- 
grade, four hours at +75 degrees centigrade, four hours at +25 degrees 


centigrade) 


(a). Maximum change in per cent of full scale... 
(bo). Minimum change of per cent of full scale... 
(c). Average change in per cent of full scale..... 


Lies, o 0 Ski kin Choe eC eI Ee RN OOE 0.10 0.52 
Sinn eta ee ene oc pene SNe 0.02 0.24 
Cai oy Mea oe ane Pee tan hae ica 0.07 0.35 
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W =weight of moving system and one con- 
trol spring, in grams 


For the comparison of similar instru- 
ments having horizontal shafts, this 
relation becomes 7/W. 

In good design, an effort is made to 
keep these factor-of-merit values rela- 
tively high which usually means high 
control-spring torque. The value of 
spring torque, other things being con- 
stant, varies as the magnet air-gap flux 
density as shown by the following: 

The control-spring torque in the con- 

- ventional permanent-magnet moving-coil 
design of instrument may be found from 


T=KNI 
where 


T=total control-spring torque in gram- 
millimeters for 90 degrees deflection 
K=magnet constant in torque per ampere 

turn 
N=number of turns on armature 
ZJ=current in amperes in coil 


In order to keep the value of torque T 
as high as possible, the quantity A NJ 
must be kept at a maximum. NI is 
kept as high as possible by using the 
maximum number of turns of wire for a 
given current sensitivity. Further in- 
crease in torque can be obtained only by 
increase in magnet strength, which makes 
any improvements in magnetic materials 
of prime importance to the instrument 
designer. 

Consideration has to be given also to 
the minimum weight of the moving sys- 
tem. The ‘fixed parts” such as pointer, 
pivots, pivot supports, counterweight 
arms, and winding supports should be 
designed for minimum weight, but the 
winding will vary with sensitivity because 
of variation in number of turns and wire 
diameter used. In this particular design, 
the total weight of the winding will 
approximate twice the weight of the 
fixed parts for the higher-sensitivity de- 
signs and will approximate the weight of 
fixed parts for lower sensitivities. 
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A tabulation showing some of the more 
important constants of a typical 2*/2- 
inch-diameter instrument using the high- 
coercive-force Como! cast magnet as 

. compared with a conventional instru- 
ment of the same size using chrome steel 
formed magnet may be seen in Table 
Il. The substantial increase in air-gap 
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electrical instrument has been described He 
and its characteristics compared with ‘ 
other materials heretofore used for the 
same applications. 

The application of this material has 
provided better over-all Characteristics: 
by virtue of increased gap flux density 


and has provided a basis for the design 


A. Conventional instrument element 
design 


Figure 10 


flux density by the use of Comol magnets 
provides a significant increase in the 
magnet constant A and the mechanicat 
factor of merit and also improves the 
damping factor. With moving elements 
of about the same weight for the two 
designs and with increased magnet 
strength, the control-spring torque is 
increased, thus providing quicker re- 
sponse of pointer. 


Conclusions 


The development of a new magnet’ 
material for use in the d-c small panel 


B. New elemenc design, General Electric 
type DW52 


of a sturdy line of shallow electrical 
indicating instruments haying sustained 
accuracy and increased range of sensi- 
tivity. 
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Testing Aircraft Generators 


H. E. KENEIPP 


ASSOCIATE AIEE 


Synopsis: The modern fighting airplane 
requires a large amount of electric power for 
its successful operation. The aircraft gen- 
erator provides a reliable source of power at 
the lowest possible weight. The develop- 
ment of these generators has required close 
co-ordination of design, testing, and inter- 
pretation of test results. The tests include 
raw material, parts, laboratory, life, me- 
chanical, and flight tests. This paper de- 
scribes tests which have been made and 
the interpretations which have led to im- 
provements in d-c aircraft generators, 


HE engine-mounted aircraft genera- . 


tor, Figure 1, operates under condi- 
tions which are more severe than in any 
other type of service. The generator 
must carry its load over an ambient tem- 
perature range of more than 125 degrees 
centigrade and from sea level to an alti- 
tude of 30,000 feet or more, as shown in 
Figure 2. Under normal operating con- 
ditions the engine vibration may subject 
the generator to an acceleration as great 
as 40 to 50 times the acceleration due to 
gravity. The generator also must operate 
successfully over a speed range as high 
as 2.5 to 1. 

Weight must be low. Thus, each me- 
chanical part is designed for maximum 
strength and minimum weight. The 
electric conductors are operated at cur- 
rent densities as high as 10,000 amperes 
per square inch. No excess material can 
‘be permitted in the magnetic circuit. 
It is essential that each part of this cir- 
cuit be operated at ‘the highest per- 
missible flux density. 


Purpose of Testing 


The aircraft generator could not have 
been developed to its present state with- 
out close co-ordination of design, testing, 
and itterpretation of test results. Raw 
materials and parts are tested and in- 
Spected to insure high quality before they 
are built into the machine. Each genera- 
tor is given a commercial test to demon- 
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strate its ability to carry the required 
load without mechanical or electrical 
failure. Laboratory tests are made to 
improve quality and to eliminate troubles 
which might develop later. Improve- 
ments are being made continuously, but 
these improvements must be tested 
thoroughly before they are adopted. An 
attempt is being made constantly to 
reduce weight, but any lightweight de- 
sign must be tested first to prove that the 
generator is adequate, mechanically and 
electrically, 


Quality-Control Tests 


The testing of aircraft generators be- 
gins with the raw materials and parts. 
Insulation must be proved adequate 
before it is used in an aircraft generator. 


terial can be determined easily by stand- 
ard testing equipment. Special test 
equipment is required often to predict 
the performance in the finished generator. 
Some of this special test equipment is 
described later in this paper. 


Commutators 


The commutator of an aircraft genera- 
tor is an especially important part. No 
generator can operate successfully with- 
out a commutator that is stable, both 
thermally and mechanically. The dimen- 
sions of the component parts must be 
controlled closely, and the commutator 
must be seasoned properly. Each com- 
mutator undergoes several cycles of 
heating and tightening during its manu- 
facture, so that there will be no bar 
movement after it has been built into an 
armature. 

Commutators also are given a potential 
test before assembly in the armature. 
They are tested at 1,200 volts (rms) to 
ground and at 110 volts (rms) between 
bars. These tests are made at standard 


Table |. Corrosion Tests of Aircraft-Generator Parts 
Salt-Spray Tests 
Hours Before Duration Per Cent Surface 
Part Material Finish Rusting of Test Rusted at End of Test 
Bracket nium ved. y CECT) Lad cs apie YA bo URE S-4 0) IPA” ete ARG a iinees 240) 5 tad ath cvate 30 
Bracket, van de ens. ROOM racine vie nui ZATC (HERMY) alec alate sivie eyeth.y. 5. aie: tame B42 gives orci tatty None 
Brush band,...... Copper alloy..... OCC ey attreie casei a rasib W's lavas duet ahi one aie ZO Natasa vests No corrosion 
Brushibandiy 2. sin Steeliniase. daw oe Zine (medium),....... ZO talats aie dus DOR i thor hous Less than 1 
Brush springs..... WEOGIE A chs ieiciere ah.leie gid SAG, gigs ew a aa ZAG a alsansta\e EOE hs erear kt Less than 1 


Poor-quality electrical sheet steel cannot 
be tolerated. High loss in the laminations 
requires extra engine power and reduces 
the range of the plane. High loss also 
requires extra cooling air and reduces the 
rating of a machine of given size, Cer- 
tain types of poor-quality electrical sheet 
steel will age in only a few hours time if 
operated at high flux density and tem- 
perature. This material must be avoided 
in aircraft generators. 

The initial quality of electrical sheet 
steel can be determined with a fair degree 
of accuracy by means of the standard tests 
for determining losses and magnetic prop- 
erties. The aging quality can be deter- 
mined only by the life tests described 
later in this paper. 

Better mechanical strength is required 
in the teeth of aircraft-generator-arma- 
ture punchings than in the standard ro- 
tating machine. The teeth must with- 
stand the vibration encountered on the 
engine in addition to the stresses imposed 
by the centrifugal forces produced by the 
high operating speed. 

The mechanical strength of any ma- 
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frequency. After the armature has been 
assembled it is tested at 700 volts to 
ground and is then given a high-frequency 
test to detect short-circuited coils. The 
armature is tested between brush posi- 
tions at 750 volts and approximately 
375 kilocycles (Figure 3). 


Tests of Completed Machines 


Each sample generator is subjected to 
a series of tests to determine its perform- 
ance in all respects. A'complete test on a 
sample generator consists of these items: 


1. High potential, cold. 
Neutral setting. 

3. Brush run-in, 

4. No-load saturation. 

5. Load saturation. 

6. Commutation at various loads. 

7. Maximum load. 

8. Overspeed. 

9. High potential, hot, after overspeed. 
10. Field-current check after overspeed. 
11. Temperature test. 

Losses and efficiency. 
13. Ventilation. 


Commutation is of great importance 
in d-c aircraft generators. Excessive 
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Figure 1. 


sparking causes short brush and com- 
mutator life and increased losses due to 
the circulating currents which are pro- 
duced. Testing the preliminary sample 
permits the engineer to make the neces- 
sary adjustments and changes to improve 
commutation. The electrical performance 
of aircraft generators cannot be cal- 
culated nor predicted so accurately as 
that of large power machines. Changes 
after test are often necessary, but the 
engineer is guided by the tests in making 
changes. Commutation is improved 
frequently by a change in one or more of 
the following items: 


Interpole ampere turns. 
Interpole air gap. 

Length of interpole. 
Amount of compensation. 
Neutral setting. 

Grade of brush. 


Don ye O9 BD 


Production Tests 


It is unnecessary to make complete 
tests on each machine that is built in 
daily production. Certain standard com- 
mercial tests will determine whether or 
not a generator will meet the expected 
performance. Each production generator 
should be given the following tests: 

1. High potential, cold (500 volts rms). 


2. Neutral setting. 
3. Brush run-in. 
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altitude range of aircraft-gen- 
erator operation 


28.5-volt 200-ampere type P-1 aircraft generator 


4. Field current at minimum speed, maxi- 
mum load, and rated voltage. 

5. Overspeed test. 

6. High potential, hot (500 volts rms). 

7. Field-current check after overspeed test. 


One production generator in approxi- 
mately 20 should be given a full-load tem- 
perature test. This test should be made 
under standardized conditions. By com- 
parison with previous tests any large 
change in losses can be detected At 
regular intervals a complete test should 
be made, including separation of losses 
to provide a close check on quality of 
material. 


Life Tests 


Aircraft generators are different from 
standard machines, because the fullest 
use is made of every mechanical and 
electrical part. They cannot be designed 
for infinite life, because the weight would 
then become excessive. They are so de- 
signed that each part is worked to the 
utmost, and no part can have an ex- 
cessive factor of safety. It is essential 
that some method be provided for deter- 
mining any inherent weakness which 
might be present in the machine. Thus, 
life tests are made frequently on aircraft 
generators. The generator is connected 
to a driving motor of sufficient capacity 


Figure 3 (left). 
High-frequency test 
apparatus for arma- 
tures of aircraft 
generators 


Figure 4 (right). 
Altitude chamber 
for testing aircraft 


generators 
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load. The generator may be overloaded 
to determine the overload capacity. 
Aircraft generators may fail either for 
mechanical or electrical reasons. The 
purpose of the life test is to discover the 
weakest part of the generator, so that 
the weakness may be corrected. For 
best results the life test must be run over 


a long period of time or until some part® 


of the machine fails. 

The commutation of the generator and 
the brush life can be studied best by 
means of the life test. Since the test is 
continued over a long period of time, 
the brush life can be determined accu- 
rately, and any change in the commuta- 
tion can be observed, Thus, in conjunc- 
tion with altitude tests, it is possible to 
select experimentally the grade of brush 
which will give the best performance over 
the life of the generator. The laboratory 
life test is conducted at sea level and can- 
not predict the performance at altitude. 
The brush life test must be co-ordinated 
with the altitude and flight tests de- 
scribed later. 

The quality of insulation in a generator 
at the time of its manufacture is deter- 
mined by the dielectric or high-potential 
test which is made during routine factory 
tests. These tests are no assurance that 
the insulation will not deteriorate and 
fail before the machine has operated for 
its expected life. The life test reproduces 
operating conditions and temperatures 
which are found in actual service. 
The use of the high-potential test at 
frequent intervals during the life test 
will demonstrate any weakness in the 
insulation. 

The losses of poor-quality electric 
sheet steel will increase during the life of 
the generator. The high operating tem- 
perature of aircraft generators has an 
accelerating effect upon the normal in- 
crease in losses, caused by aging. Meas- 
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and then loaded at its maximum rated, 
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urement of iron loss before and after 


the tests will show whether or not the 
iron has maintained its initial qualities. 


ELECTRICAL ENGINEERING 
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The electrical parts of an aircraft gener- 
ator are designed to withstand a higher 
continuous operating temperature than 
the bearings. If the flow of air is ob- 
structed, so that the bearyngs are not 
adequately cooled, failure will result. 
The life test, continued over a long period 
of time, will show up any defect in bearing 
design, manufacture, application, or ven- 
tilation. i 


Insulation 


Except for commutation and voltage 
tegulation, the ability of an aircraft 
generator to carry load depends on the 
temperature of the windings. Class-A 
insulation will withstand a temperature 
of 105 degrees centigrade for a period of 
several years. Class-B insulation will 
withstand a temperature of 125 degrees 
centigrade for a similar period. The two 
classes of insulation will withstand higher 
temperatures for shorter periods of time. 
Thus, in the life of an aircraft generator, 
class-A insulation can be operated at 
130 degrees centigrade, and class-B 
insulation can be operated at 150 degrees 
centigrade without affecting the normal 
life of the machine. 

The temperature of the windings of an 
aircraft generator should not exceed that 
for which they are designed. High 
temperature can be expected in the arma- 
ture, so that class-B insulation should be 
used where needed. The highest tem- 
perature occurs between the two coil 
sides in a slot. Glass-insulated wire has 
been found to be best for armature con- 
ductors. A thin fish-paper cell often is 
suitable for the slot insulation, because 
the temperature is several degrees cooler 
than it is between the conductors. 

No generator can operate for its maxi- 
mum useful life without an adequate 
factor of safety in the insulation. The 
insulation must withstand the tem- 
perature to which it is subjected as well 
as maintain the required dielectric 
strength. The life test is the only suc- 
cessful way of determining whether or 


‘not the insulation will stand up. If the 
generator will withstand the initial test . 


voltage after operating for a time equal to 
the expected life of the generator, the 
insulation can be considered adequate. 
Similar tests resulted in the adoption 
of the glass-covered wire mentioned in 
the preceding paragraph. 


Ventilation 
Most aircraft generators are forced- 


ventilated with the air passing axially 
through the generator. The quantity of 
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Figure 5. Rotor of aircraft-gen- 
erator brush tester 


Figure 6. Aijircraft-generator 
brush tester showing brushes in 
place 

n 

WwW 

x 

) 

< 
Figure 7. Curve 
showing contour of 
the rotor of brush 

tester 


Figure 8. Fatigue-test arrange- 
ment for  aircraft-generator 
brackets 


air which passes through a 200-ampere 
28.5-volt generator is approximately 75 
cubic feet per minute at six inches of 
water, total pressure. Since the quan- 
tity is small, the air must be used effec- 
tively. All air passages should be designed 
so that the velocity is high. No passage 
should be permitted to short »circuit 
any path where the air is needed for most 
effective cooling. Large openings through 
the rotor may prevent effective cooling 
of the stator. 

Measurement of air pressure must be 
made at the generator. If measurement 
is made at a distance from the generator, 


the pressure drop between the point of 


measurement and the generator may be 


enough to affect seriously the accuracy - 


of the test.’ ‘ 
When an aircraft’ generator is installed 

on the engine, no avoidable obstruction 

should be permitted in the air passage 
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leading to the generator. 


Back pressure 
inthe engine nacelle reduces the amount 
of cooling air which the generator re- 


ceives. Most aircraft generators are 
designed to deliver their rated output 
when cooling air is supplied at ten inches 
of water, total pressure. Usually not 
more than six inches is available at the 
generator. This reduces the maximum 
load which the generator can carry safely. 


Engine Tests 


The life test gives valuable data con- 
cerning the performance of an aircraft 
generator but does not duplicate the 
actual operating conditions encountered 
on a plane. The engine test often is 
used to reproduce more closely these 
operating conditions. The generator is 
mounted directly on an engine which 
drives a propeller. Thus, the generator 


TRANSACTIONS 107 


must withstand approximately the same 
vibration that is encountered on an air- 
plane. 

An engine test is an excellent means of 
determining the ability of the generator 
to resist mechanical shocks and vibration. 
In addition, this test is a means of testing 
the performance of the gear unit through 
which the generator is driven. 


Flight Test 


No test-has been found yet which will 
duplicate exactly the operating condi- 
tions that are found on an airplane. The 
final data as to how a generator performs 
must come from actual flight. These 
data may be obtained either from a special 
airplane used only for experimental 
purposes or from other airplanes where 
records are kept of flight conditions. Itis 
difficult sometimes to obtain the com- 
plete history of the flight test. 

The special test airplane has been in- 
valuable in obtaining test data on com- 
mutation and the performance of brushes 
at altitude. The normal flight is one 
hour in ascent, three hours at altitude, 
and one hour in descent. The Joad is 
controlled during flight, so that operating 
conditions are known accurately. 


Altitude Chamber Tests 


By means of the altitude chamber it 
has been possible to reproduce closely 
the conditions which are encountered 
when the airplane flies at an altitude of 
30,000 feet or higher. A cooling system 
is provided, so that the low temperatures 
of altitude flying can be obtained. The 
low pressure within the chamber is main- 
tained by means of a vacuum pump. A 
drive shaft extends through the wall of 
the chamber. Terminals are provided 
for electric connections. Any electrical 
condition which the generator encounters 
on an airplane can be reproduced closely 
in the altitude chamber. A small altitude 
chamber is shown in Figure 4. 


Brush Tests (Mechanical) 


The brushes of aircraft generators are 
subjected to severe mechanical operating 
conditions. Brushes have failed because 
of breakage, loose rivets, broken shunts, 
or frayed insulating sleeving. A vibra- 
tion tester has been devised for testing 
brushes mechanically. The tester con- 
sists of two brush-holder assemblies 
mounted in a generator frame together 
with two commutators which have been 
machined, so that each brush drops ap- 
proximately */,, inch four times in one 
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Figure 9. Fatigue tests of air- 
craft-generator brackets 


‘ 


STRESS- POUNDS PER SQUARE INGH 


revolution. The tester shown in Figures 
5 and 6 will test 16 brushes at one time. 
The contour of the rotor is shown in 
Figure 7. This is an extremely severe 
test, probably more than 100 times as 
severe as the condition encountered on 
an airplane. The vibration tester will 
detect any mechanical weakness in the 
brush in only a few hours operating time. 


Brackets and Bolts 


In the early days of 200-ampere air- 
craft generators much trouble was en- 
countered due to broken brackets and 
bolts. A die-cast bracket was used on 
the engine end of the generator, and this 
was unable to withstand the vibration 
and shocks encountered. Trouble was 
encountered also with breakage of the 
screws which are used to attach the 
bracket to the generator yoke. Extensive 
fatigue tests were made to determine the 
source of trouble and how the bracket 
design could be improved to eliminate 
the trouble. The test setup is shown in 
Figure 8. The curves shown in Figure 
9 were obtained from these tests. 


Corrosion 


Aircraft generators are required to 
operate in any kind of climate. An open 
piece of electrical apparatus cannot be 
made entirely corrosion-proof, but the 
parts should be made so that they will 
resist the weather conditions commonly 
encountered. To establish their ability 
to resist corrosion, a series of tests was 
made on aircraft-generator parts. These 
results are shown in Table I. 

As a further check, outdoor corrosion 
tests were made on two P-1 generators 
completely assembled. One generator 
was placed under a shelter, open at the 
sides. The other generator was exposed 
completely with no protection. The 
generators were mounted horizontally 
with the air connection downward. They 
were taken from the assembly line and 
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were given no additional treatment. The 
generators were exposed for four weeks 
during the past summer, Rain fell 
several times during the test. 

At the’end of four weeks the only evi- 
dence of corrosion was a slight amount 
of rust on the steel parts inside the genera- | 
tor and on the spline. The insulation 
resistance varied from day to day, but 
at the end of the test it was as high as it 
was at the beginning. There was no 


’ apparent difference in the appearance of 


the two generators at the end of the test, 
although one had been under a cover, and 
the other had been exposed entirely. 
The paint was in good condition at the 
end of this test. 


Conclusions } 


The test program for aircraft genera- 
tors has required much testing of genera- 
tor parts as well as of complete machines. 
The object of all of these tests has been to 
build the most reliable generator with 
the lowest possible weight. The test 
program has been responsible for the 
correction of the troubles which have de- 
veloped in the field and for the elimina- 
tion of potential sources of trouble. The 
test program is not complete and never 
will be complete so long as aircraft 
generators are built. The life test has 
been responsible for a great amount of 
improvement in aircraft generators. By 
means of these tests in which the genera- 
tor carries a definite load, the life of in- 
sulation has been studied. It has been 
possible to apply the insulation, so that 
each electrical part is insulated ade- 
quately. Class-A material has been used 
where it is adequate for the operating 
temperatures encountered in aircraft 
generators. Class-B insulation has been 
used where required because of higher 
temperatures, as in the armature con-— 
ductors. The insulating material has 
been chosen also, so that the generator 
will withstand the potential tests with 
an adequate margin. 
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Potential Breakdown of Small Gaps Under 
Simulated High-Alltitude Conditions 


M. J. DeLERNO 


ASSOCIATE AIEE 


i 


NCURRENT with the present 

development program of a 400-cycle 
208-volt power supply for aircraft, it was 
deemed advisable to study the effect of 
high altitudes on the breakdown poten- 
tial between various conductors at differ- 
ent voltage levels. 

Aircraft electrical equipment will be 
subjected to severe and unusual condi- 
tions which will affect materially high 
potential specifications. Somie of the 
most severe conditions are: 


(a). Airplanes may be parked on the 
ground for several weeks without seeing use. 
Tn equatorial regions the moisture content 
of the air may be very high and may even 
reach 100 percent. Operation of equipment 
under such humid conditions may affect 
breakdown potential values. 


(6). Airplanes will be flying part of the time 
at high altitudes (40,000 feet) and part of 
the time at lower altitudes. At the high 
altitudes all equipment not heated or _lo- 


Paper 44-29, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-8, 1944. Manuscript submitted Novem- 
ber 3, 1943; made available for printing December 
1, 1943. 


M. J. DeLeERNo is in the industrial control engi- 
neering division of the General Electric Company, 
Schenectady, N. Y. 


Improvements in brush life have de- 
pended mostly on generator life tests. By 
co-ordinating the life tests at sea level 
with the data obtained from the altitude 
chamber and flight tests, the best possible 
brush has been obtained. A brush has 
been developed which has satisfactory 
life both at sea level and at altitude. 
The subject of brush development is too 
broad to be more than mentioned in this 


paper. 
The tests which have been made in the 
vibration tester shown in Figures 5 and 6 


have enabled the mechanical development 


of brushes to keep ahead of the require- 
ments in the airplane. The rarity of 


mechanical brush failure can be attrib- 


uted to improvements which have been 


_ made as a result of tests made in the 
vibration tester. 


_ The altitude chamber has not been 
used long enough to determine its fullest 


possibilities for testing generators. The 
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cated in a heated section of the plane will 
get very cold. When the plane descends 
to lower altitudes, the humidity and tem- 
perature will be higher, and moisture will 
probably condense on the cold equipment, 
first as frost and later as moisture. 


(c). In many cases airplanes are forced to 
fly from dusty fields or through dust 
storms. Any exposed surfaces may be con- 
taminated by dust. 


Scope of Investigation 


The breakdown potential is that poten- 
tial which causes complete breakdown 
or flashover between the electrodes. It is 
defined as the potential which will pro- 
duce a Juminous discharge between the 
electrodes. This discharge may clear 
itself immediately or may be followed by 
an are, depending upon the power ca- 
pacity and the impedance of the electric 
circuit. The chief characteristic of an 
arc discharge is the low voltage drop 
between the electrodes. 

In order to simulate true high-altitude 
conditions, it is necessary to reduce both 
the pressure and temperature of the air 
which surrounds the test specimen to the 
same degree which exists at any specified 
altitude. However, several devices in 


airplanes are located near pieces of equip- 
ment which operate at high temperatures 
and which consequently heat the air in 
the vicinity. These devices therefore 
may be surrounded by an atmosphere 
which is at the same pressure but at 
higher temperature than the air which 
normally exists at that altitude. It will 
be shown from theoretical considerations 
that, for any given gas pressure and elec- 
trode spacing encountered on aircraft 
equipment, the breakdown potential 
usually decreases with an increase in 
temperature. Since higher temperatures 
decrease the breakdown potentials, it was 
thought best to perform all tests at re- 
duced pressures corresponding to any 
given altitude but to leave the air tem- 
perature fixed at its sea-level value. 

In production testing of 400-cycle 
equipment to determine dielectric de- 
fects, a source of 400-cycle power is not 
usually available, and it is therefore 
necessary to use 60-cycle supply. A com- 
parison between breakdown at 400 cycles 
and 60 cycles under similar conditions 
was undertaken to establish a relation- 
ship between them. This was also desir- 
able since breakdown data which had 
been taken previously with 60-cycle 
supply could be converted to equivalent ~ 
400-cycle data. 

The two types of breakdown affected 
by high altitudes are air-gap breakdown 
and surface or creepage breakdown. De- 
signers of low-voltage electrical control 
equipment sometimes use air-gap break- 
down values between spheres and creep- 
age breakdown values in a_ uniform 


tests which have been made already show 
that altitude conditions can be repro- 
duced very closely. 
in conjunction with the life test at sea 
level will facilitate the improvement of 
brushes arid commutation. 


The mechanical forces encountered in 
engine tests are nearly the same as those 
encountered in flight. These tests have 
been of great value in determining the 
adequacy of brackets, bearings, con- 
nectors, leads, and terminals. 

The flight test permits a close check to 
be made on the test data obtained in the 
altitude chamber. Brush improvements 
which have been made as a result of alti- 
tude chamber tests must be given the 
final test in flight. Flight tests cannot 
be made so easily nor so often as tests 
in the altitude chamber but are of great 
value, because the generator encounters 
exactly the same conditions that are 
found in actual service. In addition to 
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The chamber tests - 


AcTrons, volume 58, 


brush tests, flight tests like engine tests 
have served to test the ability of brackets, 
bearings, leads, and connectors to stand 
up in service. 

Laboratory tests of generator parts 
have enabled the engineers to improve 
these parts; thereby many sources of 
trouble have been eliminated. No un- 
tried part can be used on an aircraft 
generator. Laboratory tests must be 
relied on. for a preliminary check of all 
improvements before they are subjected 
to engine or flight tests. 
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Air-gap breakdown specimens 


Figure 1. 


A. 1/-inch-diameter brass hemispheres 

B. Parallel straight silver-plated phosphor- 

bronze strips, 0.010 inch thick. Air gap, 
0.187 inch 

C. Parallel L-shaped silver-plated phosphor- 

bronze strips, 0.031 inch thick. Ajir gap, 
0.117 inch 


electrostatic field as a preliminary basis 
for determining minimum clearances on 
new designs (when not specified in an 
AIEE or similar standard). At best, 
conclusions obtained in this manner can 
approximate only roughly actual condi- 
tions on aircraft equipment, for the po- 
tential field produced between various 
aircraft parts is quite different from that 
which exists between spheres or between 
parallel plates (uniform field). There- 
fore, air-gap and ¢reepage breakdown 
potentials were taken between various 
parts of aircraft relays and contactors in 
addition to tests taken on hemisphere 
gaps and uniform-field specimens. 

In order to reproduce conditions which 
may exist in part b of the introduction, 
several aircraft relay parts were cooled to 
0 degrees Fahrenheit and were then 
placed in a chamber which was main- 
tained at about 85 per cent humidity. 
Voltage was applied between current- 
carrying parts of the specimen shortly 
after introduction into the chamber. 


Test Equipment 


The mechanical equipment used in 
performing the tests consisted of a bell 
jar in which the tests were conducted, a 
‘rotary vacuum pump for evacuating the 
bell jar, a thermometer, a humidity 
meter, a container of calcium chloride for 
drying the air, and a jar of water for 
raising the humidity of the air. Electrical 
connections to the test specimen were 
made through studs at the top of the bell 
jar. 

The electric circuit consisted of a step- 
up transformer supplied by either a 
60-cycle or a 400-cycle alternator. A 
series resistor was inserted between the 
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Figure 2. Creepage breakdown specimens 


A. Uniform field specimen 
B. Textolite, 0.12-inch spacing 
C.  Textolite, 0.035-inch spacing 
D. Hot-molded compound,0.13-inch spacing 
alternator and transformer to limit the 
discharge current after breakdown oc- 
curred. A foot switch was also located 
in the transformer primary circuit to 
interrupt the circuit when breakdown 
occurred. In this way it was possible 
to use the same specimen for a large num- 
ber of tests before carbonization of the 
specimen occurred. The breakdown 
potential was measured with a step-down 
potential transformer and a voltmeter. 
The wave form of the voltage across the 
power transformer was not a true sine 
wave because the alternator voltage did 
not have a true sinusoidal wave form. 
Therefore the voltages measured with 
the potential transformer were calibrated 
with voltages measured across the test 
specimen witha crest reading voltmeter. 
The test specimens are shown for air- 
gap breakdown in Figure 1 and for creep- 
age breakdown in Figure 2. All speci- 
mens, except hemispheres and the uni- 
form-field specimens, were obtained from 
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ALTITUDE — THOUSAND FEET 
Figure 3. Hemisphere-gap breakdown char- 
acteristics 


40 5 


\ 
1/,-inch-diameter brass electrodes 


A. ~'/s-inch gap. Air temperature 72 de- 
grees Fahrenheit 
B. 1/,-inch gap. Air temperature 72 degrees 
Fahrenheit 
1/,-inch gap. Air temperature corre- 
sponds to various altitudes (calculated) 
C. 1/,-inch gap. Air temperature 72 degrees 
Fahrenheit 
1/;-inch gap. Air temperature corre- 
sponds to various altitudes (calculated) 
D. 1/s.-inch gap. Air temperature 72 de- 
grees Fahrenheit 
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standard aircraft relay parts and will 
simulate actual conditions which exist 
on aircraft. 


Summary of Data / 


Table I shows the per cent difference 
between the average breakdown potential 
(average of ten readings) for 60 cycles 
with that for 400 cycles at 72 degrees 
Fahrenheit for reduced pressures corre- 
sponding to various altitudes. Although 


there are a few cases in the table in which © 


‘the difference exceeds ten per cent, it 


should be pointed out that variations in 


Table |. Comparison Between Breakdown Potentials at 60 and at 400 Cycles 


Electrode 
Specimen Spacing 
Specimen Number (Inches) 
Air-Gap Breakdown 
Parallel straight { OE NES «Da, ee Ontaie. 5 
relay strips, Figure 1B VERA MIE 0; 187 nee 
Parallel L-shaped { L vince yee (Aral MAPA Aeon 
relay strips, Figure 1C Deo eMart ts ize OND as 
Creepage Breakdown (Nonuniform Field) 
Ai. ie anvageyaree 0.125.... 
Textolite, Figure 2B...... 2 PREAMP TL, 0.125.... 


Textolite, Figure 2C...... 


* Corresponds to pressures existing at the specified altitude, but not to temperatures. 


at 72 degrees Fahrenheit. 


DeLerno—Breakdown of Small Gaps 


Per Cent Difference © 
V(6G) — V(400) 
—_————- X 100 

vo). * 
Altitude (Feet)* 


Dhar 15,100 30,300 45,200 

mints | ee Oi pte ater BS ale dmieiaians 38, rin . —3.7 
WO Sie ne tenga tnga, Mapua lace see 9.8 
a Oka OG Nc CON IRE roc! 48. ace Tre 
of ofara J ON OE Pi ice fabatel sgl dh etna. tia eel athe Coa —5.0 
| 

Tsien ORG Oley (Ure 2a QO. jacioaere —13.0 
Pits er Op 8 dae leh Wet de ener — 0.60 eine —19.1 


Temperature held 


ELECTRICAL ENGINEERING 


' 


f Se 
3 , i rs 
ae es Me’ 
inod ae 


‘a 


t 


¢ 


Table Il. Effect of High Humidity on the Creepage Breakdown Potential of Precooled 
Specimens 


Min (A)*— Min (B)** 


Per Cent Difference 


Avg (A)*—Avg (B)** 


7 : xX 100 
Min (A) Avg (A) 
Electrode Number Altitude (Feet)t Altitude (Feet) t 
Specimen Spacing of ee So 

Specimen Number (Inches) Tests 0 45,200 0 45,200 
Textolite, {her ie Ra Oo125 segue Bin to ceteee Da ee eee DSi Gri ertee Oe 2.0 
a oe (pee a ean ce DMM te: 32 aL See SPS seeeene 20.2 15.5 

AN asec ie OAT Ze ak ras er eae eas Baa O are snare reve label e ba vnivig- 5 ayaPees — 1.4 

ea veke aretdhe Ql 25 ieee ten AeA eye. os URS eH he LO ta iana evar Pre wing 10:2 


* (A) Breakdown potential of a dry specimen. 


** (B) Breakdown potential of a specimen subjected to special moisture conditions. 


{ Corresponds to pressures existing at the specified altitude, but not to temperatures. 


at 72 degrees Fahrenheit. 


the average high potential breakdown at 
60 cycles for different specimens. having 
the same dimensions and constructed 
of the same materials have exceeded 
25 per cent. Since 64 per cent of the 
differences are less than +five per cent 
and 86 per cent less than +ten per cent, 
it seems justifiable to conclude that 
there is no appreciable difference between 
60- and 400-cycle high-potential break- 
down values for the range of electrode 
spacings used. 

Similar conclusions may be drawn on 
the effect of humidity on high-potential 
ait-gap and creepage breakdown values. 
A comparison between tests performed 
with 20 per cent relative humidity. and 
with 85 per cent relative humidity at 
72 degrees Fahrenheit for reduced pres- 
sures corresponding to various altitudes 
showed that 50 per cent of the differences 
between the average breakdown values 
(average of ten readings) at 20 per cent 
humidity and 85 per cent humidity, 
divided by the average breakdown values 
at 20 per cent humidity are less than 
five per cent, and 80 per cent are less 
than +ten per cent. These results indi- 
cate that humidity has inappreciable 
effect on air-gap breakdown potential 
characteristics and on creepage break- 
down potential characteristics for the 
materials tested. 

Tests which were conducted on speci- 
mens which had been cooled to 0 degrees 


Fahrenheit and then placed in a high 


humidity atmosphere (85 per cent) at 
72 degrees Fahrenheit showed that mois- 
ture condensed on the surfaces of the 
| specimens. 
initial creepage breakdown potential of 
a specimen, but successive breakdowns 
dried the surface sufficiently to raise the 
breakdown potential to its average dry 
value. It should be pointed out that if 
the electric circuit is such that an arc can 
follow the initial spark, then the surface 
of the insulation is usually carbonized by 
the arc to such an extent that a permanent 
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The moisture lowered the » 


Temperature held 


short circuit is created between the elec- 
trodes. Since repeated flashovers raise 
the breakdown potential nearly to the 
dry breakdown potential, then the per cent 
difference between the minimum break- 
down potential of a dry specimen and 
the minimum breakdown potential of the 
same specimen when treated as already 
stated is more important, than the per 
cent difference between the average 
values of the dry specimen and the 
treated specimen. Table II shows the 
per cent difference for both the minimum 
and average values. Ten readings were 
obtained for each test, from which the 
minimum and average values were ob- 
tained. Sometimes more than one test 
was performed on a specimen, and, when 
such was the case, the minimum and 
average values were obtained from the 


— 0.187 INCH 
-— 0.117 INCH 
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Ons Omen beGOmm 4OwNeSOlN GO. 
ALTITUDE — THOUSAND FEET 
Figure 4. Comparison of air-gap breakdown 
between parallel strips with air-gap breakdown 
between hemispheres 


A-B. 1/s-inch-diameter brass hemispheres. 
Air temperature 72 degrees Fahrenheit 

C. Parallel straight silver-plated phosphor- 

bronze strips, 0.010 inch thick. Air tempera- 
ture 72 degrees Fahrenheit 

D. Parallel L-shaped silver-plated phosphor- 

bronze strips, 0.031 inch thick. Air tempera- 
ture 72 degrees Fahrenheit 

(See Figure 1 for picture of specimens) 
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~C-D. Breakdown 


total number of readings. It was found 
from experimental tests that the initial 
breakdown potential of ceramic specimens 
when subjected to this special moisture 
condition could be raised about 25 per 
cent by treating the ceramic with the 
vapors of silicon methyl chloride (a sili- 
cone derivative). This treatment pro- 
duces a ceramic surface which is water 
repellant and which has a very high elec- 
trical surface resistivity under dew-point 
conditions. 

Breakdown potential values under 
various conditions are shown in Figures 3, 
4, and 5. Figtire 3 shows the hemi- 
sphere-gap breakdown characteristics for 
different electrode spacings. It also 
shows the effect of reduced temperatures 
on the breakdown characteristics based 
on theoretical analysis. Figure 4 com- 
pares the air-gap breakdown character- 
istics between hemispheres with the air- 
gap breakdown characteristics between 
various aircraft relay parts. Figure 5 
makes a similar comparison between 
creepage breakdown in a uniform and 
nonuniform electrostatic field. 

From curves similar to Figures 3, 4, 
and 5, a table showing the ratio of break- 
down potential at sea level to a pressure 
corresponding to 45,000 feet elevation for 
an air temperature of 72 degrees Fahren- 
heit for both air-gap and creepage break- 
down has been compiled. Table III 
shows this ratio. This ratio is important 
in determining equivalent sea-level high- 
potential voltage values to correspond to 
altitude high-potential values. If the 
AIEE specification requiring electrical 
equipment to withstand a high-potential, 
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Figure 5. Comparison between creepage 

breakdown in a uniform electrostatic field and 

creepage breakdown in a nonuniform electro- 
static field 


A-B. Breakdown across Textolite surface 
located in a uniform field. Air temperature 
72 degrees Fahrenheit 
across Textolite surface 
located in a nonuniform field. Air tempera- 
ture 72 degrees Fahrenheit 
(See Figure 2 for picture of specimens) ¢ 
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Table Ill. Ratio of Breakdown Potential at 


Sea Level to 45,000 Feet* 


Ratio 
V(0) to 
V(45,000) 


Air-Gap Breakdown 


1/32-inch spacing......... 3.5 
. 1/g-inch spacing. . 3.4 
H 
peericte SAP 1/4-inch spacing.......... 3.3 
1/2-inch spacing.......... 23} 
Parallel straight strips—0.187-inch gap......3.7 
Parallel L-shaped strips—0.117-inch gap....2.7 
Creepage Breakdown 
Uniform fiéld 
Texto- 1/,-inch thick (arc with grain)...3.4 
lite. , )}/«-inch thick (are with grain). ..3.0 
1/s-inch thick (are across grain). .3.0 
1/4-inch thick (are across grain), .2.8 
Cold-molded : ' 
asbestos compound. . { 1/s-inch thick. ..2.8 
Nonuniform field ‘/4-inch thick. . .3.0 
Hot-molded compound (Bakelite material 
1132) 0.13-inch spacing............. 3.5 
. 0.125-inch spacing......... 3.1 
T 2p { : : 
SaToure 0.035-inch spacing.,........ 2, 


* Corresponds to pressures existing at the specified 
altitude, but not to temperature. Temperature 
held at 72 degrees Fahrenheit. 


voltage of twice rated voltage plus 1,000 
volts is to apply at 45,000 feet, then the 
same equipment will have to withstand 
from 2.7 to 3.7 times as high a voltage 
at sea level. On 208-volt circuits, the 
equipment would have to withstand 
1,416 volts at 45,000 feet and from 3,820 
to 5,240 volts at sea level. Such a speci- 
fication is rather severe under such con- 
ditions, and it would seem that a more 
satisfactory specification would be to 
require an equivalent sea-level voltage of 
2.7 to 3.7 times twice rated voltage plus 
an additional 1,000 volts. On 208- 
volt equipment, the equivalent sea-level 
voltage would then be from 2,122 to 
2,540 volts. 


Comparison With Theoretical 
Performance 


Experimental tests made by Peek! 
indicate that the breakdown voltage 
between spheres is independent of the 
frequency, provided corona is not present 
before breakdown to provide a consider- 
able space-charge effect. He also deter- 
mined from experimental tests? that, for 
spheres, corona does not appear before 
breakdown until the spacing between 
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‘of the sphere. 


. 


the spheres equals eight times the radius 
The maximum spacing- 
radius ratio for the hemispheres was four 
(/-inch gap, 1/s-inch radius). The 
theory, therefore, seems to check the 
data that breakdown characteristics for 
hemisphere gaps are the same at 60 and 
400 cycles. 

The effect of humidity on air-gap break- 
down for-sphere gaps is inappreciable if 
the surfaces remain dry,* while the effect 
of humidity on needle gaps is to require 
a higher voltage to Cause breakdown 
when the humidity is high than when 
it is low.4 These two conditions corre- 
spond somewhat to the hemisphere gap 
and the air gap between various parts 
of relays, respectively. However, no 
humidity effect was observed on gaps 
between various relay parts. 

In order to check the effect ‘of reduced 
temperatures on the breakdown char- 
acteristics of air gaps, use was made of the 
principle of similitude.4 This principle, 
which was developed by Townsend, states 
that, for geometrically similar systems, 
the breakdown potential is a function 
of only the product of gas density and one 
of the linear dimensions of the system, 
provided no space-charge effect is present 
before breakdown. Since the gas den- 
sity is directly proportional to the gas 
pressure and inversely proportional to 
the gas temperature, then an equation 
expressing these statements will be 


P. 
E=f(pXd) ~1(Fxa ) 


where E is the breakdown potential, p 
the gas density, T the absolute gas tem- 
perature, P the absolute gas pressure, and 
d the linear dimension of the system. 

To convert breakdown characteristics 
at room temperatures to temperatures 
corresponding to various altitudes, the 


value of P/T must remain constant if” 


E and d are held fixed. By reading the 
value of E corresponding to some pressure 


and 72 degrees Fahrenheit from the ex- | 


perimental curves of Figures 3 and 4, and 
calculating the P/T ratio, a new value 
of P and T corresponding to some alti- 
tude can be picked which will give the 
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same P/T ratio. The value of E will 
then apply to the new temperature and 
pressure conditions which are the true 
conditions existing at that altitude. Fig- 
ure 3 shows curves calculated in this 
manner. ; 


Conclusions 


The following conclusions may be 
drawn from the data presented: 


1. Air-gap and creepage breakdown char- 
acteristics are substantially the same for 
60- and 400-cycle supply for short gaps. 


2. The effect of a very humid atmosphere 
on air-gap and creepage breakdown poten- 
tials is inappreciable, provided there is no 
moisture condensation on the electrodes or 
the dielectric. 


3. About 25 per cent reduction in the ini- 
tial creepage breakdown potential can be 
expected if there is appreciable moisture 
condensation on the surface of the di- 
electric. Succeeding breakdown values will 
approach gradually the flashover value for 
the dry dielectric, provided the surface does 
not become carbonized. . 


4. Treating ceramic parts with a silicone 
vapor will raise the initial creepage break- 
down about 25 per cent if there is consider- 
able moisture condensation on the surface 
of the ceramic. 


5. Breakdown cHaracteristics obtained on 

aircraft relay and contactor parts may differ 

as much as 100 per cent from characteristics 

obtained from sphere-gap observations for 

air-gap breakdown or from uniform-field 

breakdown observations for creepage break- | 
down. 5 


6. The ratio of air-gap or creepage break- 
down potential at sea level to pressures | 
corresponding to 45,000 feet varies from 
2.7 to 3.7, depending upon the electrode 
shape and spacing for air-gap breakdown, 
and on the dielectric material and the 
electrostatic field distribution betweeen the 
electrodes for creepage breakdown. 
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Synopsis: Experience has shown that high- 
speed reclosing of circuit breakers on high- 
voltage transmission lines is of considerable 
value in maintaining system stability and 
continuity of service. This paper describes 
a new line of outdoor oil circuit breakers 
and the special design features which make 
them suitable for 20- and 35-cycle reclosing 
duty at voltages as high as 230 kv. Data 
are included showing high-power-laboratory 
short-circuit tests on these duty cycles at 
138 ky and 230 kv at currents corresponding 
to three-phase duty of more than 2,500,000 
kva. : 


THE present emergency demands the 

highest possible reliability in the 
electrical systems which are supplying 
unprecedented loads to industrial cen- 
_ ters. In many locations the use of high- 
- speed reclosing of high-voltage circuit 
___ breakers has proved to be of great value 
: in maintaining continuity of service. 
_ System-stability requirements have 
. brought about the development of high- 


a a 


speed circuit breakers in the voltage 
range from 115 kv to 287 kv with an in- 
terrupting time of five or even three 
b cycles. In recent years, a few of these 
high-speed breakers have been available 

with provision for high-speed reclosing. 
7 This paper describes the design and per- 
i formance of a line of high-voltage cir- 
_ cuit breakers particularly designed to 
meet these severe operating require- 
ments. 

Because of the arc-interrupting ef- 
fectiveness and low arc energy of multi- 
flow deion grid contacts described in a 
paper before the Institute a year ago,! 

_it is possible for the physical size of these 
___ high-voltage reclosing circuit breakers to 
be smaller than the older standard 
breakers. Simplification of the operating 
_ mechanism is made possible by utilizing 
D the recently developed compressed-air 


voltage oil circuit breakers.?  Short- 
<ircuit tests made in the high-power 
laboratory have demonstrated the ability 


Paper 44-37, recommended by the AIEE committee 
protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ry 24-28, 1944. Manuscript submitted Novem- 
- 26, 1943; made available for printing Decem- 
er 10, 1943. 


W. Hit and W. M. Leeps are both in the switch- 
ear engineering department, Westinghouse Elec- 
and Manufacturing Company, East Pitts- 
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_ type of mechanism for operating high- , 
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of these new circuit breakers to interrupt 
on either a 35-cycle or a 20-cycle reclosing 
duty cycle short-circuit powers as high 
as 2,500,000 kva. 

The new interrupter for these oil circuit 
breakers, called the multiflow deion grid, 
is smaller in size than earlier forms of 
contacts. From the nature of its opera- 
tion the arcs are kept under control at 
all times, and the evolution of gas is so 
reduced that very little space is needed 
for insulation around the grid. The live 


Figure 1. Pole-unit 
lever system for 138- 
kv breaker, showing 
telation of toggles, 
stops, dashpot, and 
accelerating spring 


parts are compactly enclosed within well- 
rounded metallic shields so that the volt- 
age gradient through the oil is low enough 
to allow the most effective use of well- 
co-ordinated striking and creepage dis- 
tances. For still higher interrupting ca- 
pacities which are necessary to meet pres- 
ent-day requirements, such as 3,500,000 
kva, interrupting units built with a 
greater degree of ruggedness perform en- 
tirely satisfactorily. 

The bushing-type current transformers 
are built to modern American Standards 
Association and National Electrical 
Manufacturers Association standards. 
The standard design of one current trans- 
former per bushing fulfills usual require- 
ments, although ample space can be 
made available to provide for two trans- 
formers per bushing where required, 
either multiratio on the Hipersil core for 
relaying purposes or single ratio on the 
Hipernik core for high-accuracy metering 
service. The small bushing diameter is 
also an advantage here, as it permits 
plenty of space for the transformers 
without making necessary the use of 
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protruding casings to mar the otherwise 
smooth-walled tank. 

The new line of breakers presented an 
opportunity to make a new design of 
pole-unit levers, better adapted to high- 
speed operation. The general features 
required for straight line motion which 
have been used for so many years have 
been retained, but, with the more effec- 
tive interrupters, it is now possible to 
reduce the length of travel and yet keep 
ample toggle effect at the closed position 
of the contacts. Fabricated steel levers 
and Jinks are used. throughout as shown 
in Figure 1. The load characteristic 
(Figure 2) gives the various increments 
of load for the entire closing stroke, 
plotted against mechanism  pull-rod 
travel. In other words, each static 
load insidesthe three tanks, such as the 


if 
iy 


Hy 
y 
L, 


aN 


HA 


dead weight of the contacts and levers, 
and the contact-spring load is multiplied 
by the pull ratio, to convertitintoequiva- 
lent load at the operating mechanism. 
Since the accelerating spring for the 
mechanism illustrated is outside the tank, 
it is added without being modified by 
the pull ratio. A summation of these 
increments shows a net load increasing 
from slightly over 1,000 pounds at the 
open position, to a little over 3,000 
pounds at the closed position, all of which 
is well within the ability of either the con- 
ventional solenoid or pneumatic mecha- 
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MECHANISM PULL ROD TRAVEL— INCHES 


Figure 2. Load curve for three-pole 138-kv 
breaker 


A. Pull ratio of levers showing greatest 

mechanical advantage at closed position of stroke 

B. Relation of lift-rod travel to operating- 

mechanism travel 

C. Equivalent weight of pole-unit levers, 

contacts, and so forth, expressed as equivalent 
mass at the operating mechanism 

D. Accelerating spring load in pounds 

E. Intermediate contact load 

F. Main contact load 

G. Total load on operating mechanism. 

Summation of C-D-E-F 


Bie 
OPERATING LEVER ay, 


MAGNETIC PILOT VALVE (AX 
WY 


MECHANICAL 
THROTTLE CONTROL 


AUTOMATIC 
INTAKE VALVE 


nism. In this class of breaker the 
added load due to forces encountered 
in closing against fault currents is negli- 
gible and hence can be neglected. 


Compressed-Air Operating 
Mechanism 


A schematic view of the compressed-air 
operating mechanism, suitable for high- 
speed reclosing, is illustrated in Figure 3. 
The operating system is connected at all 
times to the main-breaker operating rod, 
only one lever being required for latching 
purposes. During the closing operation, 
air is admitted to the top of the cylinder, 
forcing the piston down to the closed 
position where it is held by the latch. 
Energizing the trip coil also operates 
a large ‘“‘dump valve” arranged so that 
any air left in the cylinderyon the top 
side, as for example on immediate 


OPERATING ROD 


/ TO BREAKER 
: 
\ 

oe 
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| 
| 
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tripout after closing, will be exhausted! 
sufficiently rapidly to give full opening: 
speed. The acceleration on opening is- 
provided entirely by springs so that even 
in the event of failure of the compressed- 
air system, the breaker could perform 
its protective function of clearing the cir- 
cuit. To obtain rapid reclosing it is. 
necessary to time the opening of the 
valve admitting air to the cylinder such 
that the breaker will be brought to rest. 
before the normal full-open position but. 
with ample margin for interrupting the 
arc, and returned to the closed position 
within the required time. A record of a. 
timing test showing an open-close-open. 
operation is illustrated in Figure 4. It is. 
to be noted that the velocity of contact. 
opening is essentially the same on the 
second tripping as on the first, illustrating: 
the effectiveness of the dump valve in. 
giving pneumatically trip-free operatiom 
as an alternative to mechanically trip- 
free operation. 


Multiflow Deion Grids for 
High-Speed Reclosing © 


Oil circuit breakers used on automatic— 
reclosing duty cycles are subject to cer- 
tain standard derating factors according: 


OPERATING LEVER STOP 


Figure 3. Schematic cross sectiom 
of compressed-air operating mecha-- 
nism, showing valves, latch, and! 
single lever making rapid reclosure- 
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Figure 4 (left). Record of oscillogram showing 

time in cycles after trip coil is energized at A till 

at B contacts part; at C arc is interrupted, breaker 

recloses after partial stroke, and contacts touch 

at D. At E the trip coil is again energized, 
and contacts part in normal time at F 


Hill, Leeds—Breakers for Rapid Reclosing Duty 


PILOT VALVE 
Ges 


SSNS SSSSSSSASEA SSS SSS 


= if 
TASNSSSESSS SS SNS SESSION 


CLL 27, 
‘a 


i — 
ZS 


ib 
is 
uv 


PIPE TO AUTOMATIC 
EXHAUST VALVE 


to the number of unit operations or 
groups of unit operations. For instance, 
a circuit breaker having an interrupting 
capacity between 5,000 and 10,000 am- 
peres .on the standard two-CO-15- 
second duty cycle (two-unit operation) 
will have a rating of only 85 per cent 
when the two-unit operations follow one 
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Table 1. 230-Kv Three-Cycle Breaker Test 
(Two Grids Per Pole) 


(a). One Grid, 1/2 Pole, 66. Kv to 
Ground, Charging Current, 60 Cycles 
Main 
Gap *Inter- 
Test Interrupted Arcing Per rupting 
Num- Current Time Grid Time 


ber (Amperes) (Cycles) (Inches) (Cycles) 


(b). Two Grids, 132 Kv to Ground, Charging 
Current, 60 Cycles 
mc ee ec ee ee 
Main 
Gap *Inter- 
Test Interrupted Arcing Per rupting 
Num- Current Time Grid Time 
ber (Amperes) (Cycles) (Inches) (Cycles) 


Dien otaieak Ut Peete eae DAS. iy von 3.5 2.8 
ee tities s 90. Me a Bia cw al ot OO on aywray ast 2.8 
<eitrene oe 12 LO eoarad Ue are ied 3.15 2.7 
Birr diet 25,0 Oe ee LD) Maat Bik a ates 4 
Dire feiticws cea ey: UA aes AUB ences 2.6 
SP he oe 90. al nO Kea. rechane 2.4 


* Based on time of 1.4 cycles from energizing trip 
coil to parting of contacts, 


another with no intentional time delay. 
These derating factors have been stand- 
ardized in an attempt to take into con- 
sideration certain residual effects, such 
as temperature of the contact, accumu- 
lation of gas and carbon which may make 
the second interruption more difficult 
than the first. It is obvious that these 
residual effects will be minimized in pro- 
portion as the arcing time and arc energy 
are reduced. This result is accomplished 
in two ways by the multiflow-deion grid 
type of circuit interrupter. First, the 
__-pressure-generating arc and the inter- 
rupting arc in the higher-voltage breakers 
are drawn simultaneously, and second, 
the arc is deionized, without unnecessary 
lengthening, by a multiplicity of radially 
inflowing streams of oil. Figure 5 shows 
a cross section of the latest design of 
_ multiflow deion grid for three-cycle opera- 
tion at 230 kv. In addition to the normal 
multiflow deionizing action an auxiliary 
oil-flow piston is provided to help inter- 
rupt line-charging current without de- 
Tayed restriking and also to provide 
- flushing action when interrupting high 

fault currents. With regard to the 
first function of this auxiliary piston, it 


" 
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-multiflow deion grid 


Figure 5. 230-kv 
for three-cycle oper- 
ating time and 
2,500,000-kva_ rup- 
turing capacity 


VES", 


dae ee = 


Tripping of breaker 
releases main cross- 
arm A, allowing 
springs B to move 
operating-rod G; 
down and to rotate 
contact arm D, draw- 
ing pressure-gener- 
ating arc E. Simul- R— 
taneously, pin F 
swings lever G 
downward, pulling 
contact H away from 
intermediate contact 
I to draw main arc J. 
Pressure from upper 
arc E drives oil 
through channel K 
to multiflow inlets 
L, deionizing arc 
in multiorifice struc- 
ture M and sending 
arc products out 
vents N. Springs O 
push piston Pdown- J 
ward to provide 
supplementary oil 
flow for low-current 
arc interruption, 
flowing oil through 
channel Q to orifice 
R in upper gap and 
then to main flow 
channel. Back pres- 
sure from high-cur- 
rent arcs stops piston 
until are is interrup- 
ted, when comple- 
tion of stroke sends 
flushing oil . flow 
through grid 


ap Soe 


Vey 


A 
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is well known that successive restriking 
during the interruption of transmission- 
line-charging current or the charging 
current to a large capacitor installation 
may, under unfavorable conditions, give 
rise to excessive overvoltage. However 
circuit breakers equipped with multiflow 
deion grids, which without piston may 
show one or occasionally two restrikes, 
actually did not develop more than 
twice normal voltage on field tests. 


Figure 6. Oscillogram of charging current 
interruption at 66 kv on 230-kv three-cycle 
multiflow deion grid unit 
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Figure 7. Oscillogram of 230-kv multiflow 
deion grid interruption at 132 ky to. ground on 
35-cycle reclosing duty 


Fault equivalent to 2,500,000 kva, three phase, 
opened twice with interrupting time less than 
three cycles on each tripping operation 


Transients of this magnitude may be 
encountered in any case during the ener- 
gizing of a line or interrupting fault cur- 
rents. 

When only two interrupting units per 
pole for 230 kv were used, it was found 
that the contact separation at the end 
of one-half cycle after contact parting 
was insufficient to hold double normal 
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voltage even with the gap completely 
filled with clean oil. The piston was, 
therefore, arranged with a delayed pickup 
so that oil flow is not started until after 
the contacts have opened approximately 
one inch. At the next current zero, the 
charging current is extinguished, and the 
insulation established in the contact gap 
becomes adequate to prevent restriking 
of the arc. Note from Figure 5 that the 
oil flow from the piston is directed 
through a single orifice in the top break 
to develop additional dielectric strength 
in this gap before passing into the chan- 
nels to the multiorifice structure in the 
main break. In Table I are listed 18 


Figure 8. Oscillogram of 230- 
kv multiflow deion grid inter- 
ruption at 132-kv-to-ground 
clearing fault equivalent to 
4,300,000 kva, three phase, 
within two cycles after ener- 
gizing trip coil using only two 
grid units per breaker pole 
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Table Il. 230-Kv Three-Cycle Breaker Tests 


(Two Grids Per Pole) rT) 
(a). 132 Kv to Ground, 35-Cycle Reclosing 
Duty Cycle 
Interrupting 
Time 
Interrupted Current (Cycles) 
(Amperes) a 
I 8 2nd *Re- 
Test Ist 2nd Inter- Inter- closing 
Num- Inter- Inter- rup- rup- Time 
ber ruption ruption tion tion (Cycles) 
1... +. 4,050. ..'.4,050. .. 2.6... saree 33 
2.. «18,960... 08,800. .. 62.8... Season 32 
Si 4/150... 04,150) o.2.85) Serres 33 
4... 5,26;500. 0) 5..6,700...), «2.5. Cen 33 
5. .)556,200..... .5,7000.... 208... eee eis 33 
6... .6,200... ~6,800.4.. 2.8... Geweeeee 34 
7 .4528,850.44).2\900. >. .2. 8...) Soups 33 
8,.,;,3,500.5\ £8,050), ....2..8.. 5 eee 33 


(b). 132 Kv to Ground, Single Opening 
Tests ‘ 
Equivalent 
Test Interrupted Interrupting 230 Ky, 
Num- Current Time Three-Phase 
ber (Amperes) (Cycles) Kva 
Listy sisi HOU wey) okey ets 2.86... eee 2,100,000 
oO raernites 5,600 +2.) whe aie 2,220,000: 
3 8, S0Q ae inca Dj5 signee 2,100,000 
Shon due O BOO. rea vies 2.2 | Caen 2,450,000 
one AG LOGO anes 2.0 ..) ..4,800,000 
Br Sims els B S00) iio cB eee 3,500,000 


198 Kv to Ground (Corresponds to Ungrounded 
Line Condition) : 


ice bs 4,100. ov oan sin 1,620,000 
UR rah S600 Se. aie 330 oS tere 1,820,000 
One ve GraOUniy res ster 2.0) i. omens 2,500,000 


* Time from initially energizing trip coil to re- 
establishment of’ circuit on reclosing stroke, 


interruptions of charging currents with 
45, 90, and 180 amperes at 66,000 volts 
across a single grid unit, and also six 
interruptions of 90 amperes at 132,000 
volts across two grids. No delayed re- 
strikes occurred on any of these tests, a 
typical oscillogram being shown in Figure 
6. 

When short-circuit currents are inter- 
rupted, the pressure developed by the 
are within the interrupting unit is greatly 


) 


Table Ill. 230-Kv Five-Cycle Breaker Tests 
{ 
132 Kv to Ground, 35-Cycle Reclosing Duty 
‘ Cycle 
Interrupting 
Time 
Interrupted Current (Cycles) 
(Amperes) *Re- 
——__---—-—————_ Ist 2nd = closing 
Test Ist 2nd Inter- Inter- Time 
Num- Inter- Inter- rup- = rup- (Cy- 
ber ruption ruption tion tion cles) 


ee 


Vi .)6.2,100¢.. 41,800: 0.2.9... sO Sagano 
2....2,100.... .1,900... 843), .h Gh Oars 
$....2,050.....1,8500)... 08:.4.;. ae OR eames 
4....5,050., ..8,850.,,...3.0! NON Gie keen 
5. . 4,650... £3,900. 5.3.0... Bh diesem 
6... 8050... (3,800.9. 3:0). eS eee eee 
7..5,7,050, ..5,500... 2.8. 1. Bu ie isdn 
85.0 7000.".. 5,600... 62.9) QO mOmeeinsane 
9....:6/600%-..,5,400% 259) aac ene 


* Time from initially energizing trip coil to re-estab- 
lishment of circuit on reclosing stroke. 
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in excess of the spring pressure provided 
behind the small oil-flow piston. The 
piston, therefore, does not function dur- 
ing the arc-rupturing process, but, after 
the circuit has been cleared and the 
pressure within the unit falls to a rela- 
tively low value, the piston then com- 
pletes its delayed stroke, scavenging the 
entire arcing space in both contact breaks 
with'‘a flow of clean oil. Even on a 20- 
cycle reclosing duty cycle there is suffi- 
cient time for this action to be com- 
pleted so that when the breaker is re- 
closed, the deion grid is in substantially 
the same condition as it would be on an 
initial interruption. 

The oscillogram shown in Figure 7 is 
rather remarkable in that it shows what 
is believed to be the first interruption of a 
current corresponding to a three-phase 
fault of 2,500,000 kva at 230 kv on a 35- 
cycle reclosing duty cycle, each inter- 
ruption being accomplished in less than 
three cycles from energizing the trip coil. 
Of particular interest is the fact that this 
test was made with only two interrupting 
unitsina 72-inch tank. This was one of a 
series of eight consecutive high-power 
reclosing tests listed in Table II. Also 
included in this table are nine tests show- 
ing the interrupting performance on single 
opening operations with 132 kv and with 
198 kv across a single pole. The inter- 
ruption of 10,900 amperes shown in 
Figure 8 is equivalent to a three-phase 
grounded fault of 4,300,000 kva, this 
tremendous power being cleared in the 
remarkably short time of only 2.0 cycles 
after energizing the trip coil. The 198- 
ky tests followed without examining the 
contacts, which were found at the end 
of the series to have suffered surprisingly 
little deterioration with considerable life 
still remaining. 


In Figure 9 is the oscillogram of a 35- 
cycle-reclosing-duty-cycle test on a 230- 
ky breaker using a multiflow deion grid 
for five-cycle interrupting time. This 
grid shown in Figure 10a, differs from the 
three-cycle design in that there is no 
multiplying lever system for the moving 
contact and no auxiliary piston is pro- 
vided for low current interruption or 
scavenging action. The excellent per- 
formance illustrated by the series of 
tests in Table III gives evidence that on 
the 35-cycle reclosing duty cycle, and, 
with relatively high-speed arc extinc- 
tion, highly satisfactory performance is 
obtained. 

However, for the 20-cycle reclosing 
duty cycle, insufficient time is available 
for the gas produced from the first inter- 
‘ruption to be dissipated completely 
before the breaker is reclosed, and with- 
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Figure 9. Oscillogram of 230-ky five-cycle 

multiflow-deion-grid breaker pole-unit open- 

ing fault at 132 kv to ground, equivalent to 

2,800,000 kva, three-phase, on 35-cycle re- 
closing duty 


out the flushing action of the piston 
there would be a tendency, particularly 
in the higher-voltage breakers, for the 
arc to sparkover through the contact 
gap during the closing part of the stroke 
and impair the interrupting effectiveness 
of the second operation. 

At 138 ky the voltage gradient during 
a closing operation is considerably less 
than in a 230-kv breaker, and satisfactory 
reclosing performance has been obtained 
without a special oil-flushing arrange- 
ment. As far back as two years ago, field 
tests were made on a 132-kv oil circuit 
breaker with an older design of deion- 
grid contact operating on a 30-cycle 
reclosing duty. These tests were made 
at currents up to 3,000 amperes or ap- 
proximately 750,000 kva. 

The multiflow deion grids for five-cycle 
service at 138 kv utilize the simplified 
consecutive contact-opening design illus- 
trated by Figure 10b. A special labora- 
tory test connection was used, supplying 
44-ky three-phase power to the single- 
pole unit, the third phase being brought 
into the breaker moving contact crossbar 
by a flexible connection fastened to the 
bottom of the tank. In this way 44 kv 
was applied to the deion grid on each ter- 
minal, the two in series normally being 
subjected to 76 kv, or line-to-ground 
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potential on a 132-kv system. The 
oscillogram in Figure 11 shows a short- 
circuit current of 9,000 amperes success- 
fully interrupted on a 20-cycle-reclosing 
duty-cycle test corresponding to ap- 
proximately 2,250,000 kva. The arcing 
time on both of these tests was approxi- 
mately three cycles. No better evidence 
of the exceptionally low arc energy and 
gas generation in the multiflow deion 
grids under short-circuit conditions would 
seem to be required than the excellent 
results obtained on this very severe 
rupturing duty. However, a further 
striking demonstration of the low stress 
in the breaker tank was obtained by 
balancing a 1/2-inch bolt six inches long 
on its head on a board clamped in a 


Table IV. 138-Kv Five-Cycle Breaker Tests 
44 Kv Applied to Grid on Each Terminal 


Equiv- 

Interrupted Interrupting alent 
Current Time* 132 Ky, 

Test (Amperes) (Cycles) Three- 
Num-— - Phase 
ber GridA GridB Grid A Grid B Kva 
1... 5,300... 3,900..,.4.3....4.6..1,220,000 
2... 5,800... 4,200....4.6....4.9..1)340,00D 
3... 5,500.7. 7,500....4.3....4.0..1,720,000 
4... 6,300... 7,500....4.5....4.2..1,720,000 
5... 5,800... 7,500....4.3....4.6..1,720,000 
6... 8,000... 8,900....4.1....4.9..2,050,000 
7... 8,000... 9,200....4.1....4.2...2,100,000 
8... 9,200... 8,900....4.3....4.5..2,100,000 
9...10,300..,11,500....4.3....4.5..2,650,000 
10... 9,700. ..11;500....4.5....4.7..2,650,000 
11,..18,300. ..15,500....4,.3....4.1..4,200,000 


* Based on time of 2.3 cycles from energizing trip 
coil to parting of contacts. 
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Figure 10. Maulti- 
flow deion grids for 
230-kv _five-cycle 
breaker and 138-ky 
five-cycle breaker 


A. 230-ky five-cycle 
breaker, multiorifice 
grid assembly 


a ninereene RECLOSING TIME 


aan 


B. 138-kv five-cycle 
breaker, multiorifice 
grid assembly 


18,300 amperes (see Table IV) corre- 
sponding to a three-phase fault of 4,200,- 
000 kva at 132 kv, without the steel bolt 
toppling over. 


Conclusion 


As a result of extensive design and 
testing of high-voltage oil circuit breakers 
suitable for rapid reclosing duty cycles, 
the following general conclusions may 
be drawn: 


1. If the recently developed multiflow- 
deion-grid type of contacts is used, it ap- 
pears practical to build high-voltage oil cir- 
cuit breakers of maximum kilovolt-amperes 
with structural dimensions determined al- 
most entirely by the electrical-insulation 
(8) requirements. 


2. Using a small auxiliary oil-flushing pis- 
ton, a 230-kv breaker has been designed 
which is capable of interrupting line-charg- 
ing current with a minimum of restriking. 


devel position on top of the breaker tank. 
Single opening tests were carried up to 
short-circuit currents 


of as high as 
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Figure 11. Oscillogram of 138-kv five-cycle 
multiflow-deion-grid-breaker pole-unit open- 
ing fault at 44 kv across each unit equivalent 
to 2,250,000 kva, three-phase, reclosing 
within 22 cycles for second tripping operation 


3. The low arc energy of the multiflow 
interrupters makes them particularly suit- 
able for high-capacity oil circuit breakers 
rated from 115 kv to 230 kv applied on rapid 
reclosing duty cycles. 
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HE urgent necessity for pooling re- 

serve generating capacity has accentu- 
ated the importance of single tie-line inter- 
connections equipped with high-speed 
reclosing breakers. In many cases faults 
on a single tie line between two sytems 
can be cleared, and the line can be re- 
closed with the same reliability that would 
be obtained if two lines were used without 
high-speed reclosure. Where a single tie 
line is used to transmit power between 
two systems the line must be reclosed 
fast enough, following a fault, so that 
synchronism is maintained. Further, 
the resultant power surges and voltage 
dips should not cause excessive shock to 
the system. A brief review of system 
performance during a reclosing cycle is 
presented to outline the factors that are 
involved. 

Many practical cases have been ana- 
lyzed to determine the transient-stability 
limits for successful reclosure of single 
tie lines between steam-generating sta- 
tions. These studies covered a wide 
range of generating capacities, amount of 
power transfer, various transmission 
voltages, and distances between systems. 
These data are shown in curve form which 
should be quite useful in determining the 
feasibility of reclosing and as a guide to 
the type of commercially available equip- 
ment best suited for a specific case. 


System Performance During a 
Reclosing Cycle 


In order to visualize readily what hap- 
pens during a complete reclosing cycle, 
it is convenient to divide the sequence of 
operation in four steps, as follows: 


1. The initial condition (steady state prior 
to fault). 


2. The fault condition. 
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3. The fault-cleared condition (breaker 
open or de-energized period). 


4. Condition after breakers are reclosed. 


The sequence of events which take 
place during the reclosing cycle causes the 
electric outputs of the generators to differ 
from their respective prime-mover in- 
puts. These changes result in swings 
of the rotors, the magnitudes of which 
are determined by the specific system and 
machine characteristics and the operat- 
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power relations can be obtained either 
analytically or preferably by a-c network- 
calculator solution of the electrical net- 
works involved. 


Gain in System Performance With 
Single-Pole Switching 


Consideration of single-pole switching 
presupposes that the transformer banks 
at both ends of the tie line are grounded 
solidly or through low values of imped- 
ance. The protective and reclosing relays 
are arranged to trip and reclose only those 
poles necessary to clear the fault. The 
unfaulted wire or wires and ground are 
available for transmitting power and 
maintaining voltage during the period 
when the faulted wire or wires are de- 
energized. “Since the majority of faults 
do not involve all three wires, single- 
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ing conditions. Figures 1, 2, and 3 il- Figure 1. Power-flow characteristics of two 


lustrate a typical case of successful re- 
closure following a fault on a single tie 
line. Ifreclosing had not been applied, in 
order to transmit firm power between 
the systems, two lines with a total of 
four breakers and control equipments 
would have been required. This example 
will be recognized as the familiar tran- 
sient-stability problem in which the rotor 
positions and system voltage and current 
changes are obtained by well-known step- 
by-step stability calculations.':*" 

It is evident that, for any particular 
problem of tie-line reclosing involving a 
specific system, the factors affecting the 
transient-stability problem, and thus the 
choice of switching and control equip- 
ment, depend upon the electric-power 
output of the synchronous machines dur- 
ing the four periods in the reclosing cycle 
and the duration of these periods. The 
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systems connected by a single tie line 
A. System diagram 


B. Power-angle curves of the sending system 
for normal three-phase fault and line-open 


conditions 

¢s=rotor phase angle of the sending-system 
generators 

$z=rotor phase angle of the receiving-system 
generators 


C. Same as B except for receiving system 


pole switching in many cases will afford 
improved system performance. 

Figure 4 shows a comparison of the 
phase-angle swings for three single-pole 
(individually operated) versus three-pole 
(gang-operated) breakers for various 
types of faults in a typical system. For 
a three-phase fault (Figure 4A) all three 
poles have to be opened to clear the fault 
so that there is no comparison between 
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Figure 2. Electric-power output of generators 
for a typical reclosing cycle of the tie line of 
Figure 1 


The fault near the sending end of the line is 
cleared in 0.1 second, and the line reclosed 
in 0.3 second 


80] RELATIVE PHASE,“~ ~~ 
ANGLE / \ 


ROTOR POSITION IN 
ELECTRICAL DEGREES 


FAULT] 
OPERATION 


Figure 3. Rotor positions during the fault- 


clearing and reclosing cycle of the tie line of 
Figure 1 


three single-pole or three-pole switching 
for this case. Figures 4B and 4C show 
considerable improvement in system op- 
eration with single-pole switching, as 
indicated by the smaller swings in phase 
angle of the generators. 

Another measure of the severity of the 
disturbance to the system is the drop in 
voltage on the load busses. In general, 
the voltages decrease with the increase of 
the phase-angle difference between the 
two systems. For the case of Figure 4 
the voltage at maximum swing at the 
receiver load bus in per cent of normal is 
shown in Table I. 


Determination of the Type of 
Switching to Be Used for Specific 
Applications 


The question to be decided in the deter- 
mination of the proper choice of reclosing 
equipment is what type of commercially 
available reclosing breakers and control 
should be used when a desired amount of 
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Figure 4. Comparison of system swings following fault, clearing of fault, and reclosing of a 
single tie line 


Fault cleared in nine cycles (0.15 second), and the line reclosed in a total time of 21 
cycles (0.35 second) 


Figure 5.  Transient-stability 
limit for reclosing of a single 
tie line between two systems 
with equal steam-generating 
capacity connected 


Base equals generating capacity 
in either system. Per unit 
power transmitted is referred to 
this base. Faults are double 
line to ground cleared in 0.15 
second (nine cycles) 


3P30~ =three-pole gang-op- 
erated breakers reclosed in 30 
cycles. 3P20~=three-pole 
gang-operated breakers re- 
closed in QO cycles 


1P30~=individual pole-op- 
erated breakers reclosed in 30 
cycles. 1 P20~ = individual 
pole-operated breakers re- 
closed in 20 cycles 


PER UNIT POWER TRANSMITTED 


power is to be transmitted a given dis- 
tance over a single line between two sys- 
tems. Figures 5, 6, and 7 will be found 
directly useful in answering this question 
in a great many cases. These curves 
present the results of investigations of 
over 100 practical solutions. Each curve 
shows the transient-stability limits based 
on two line-to-ground faults for various 
ratios of power transmitted to size of the 


system plotted against a measure of the 


electrical length of the transmission line. 
There are four curves in each figure, one 
for each of four commercially available re- 
closing-breaker schemes. In addition on 
Figure 7 there is shown thecurve for three- 
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pole 35-cycle reclosing. It is recognized 
that, at some of the higher-transmission 
voltages, this rather than 30 cycles is 
standard, The areas to the left and be- © 
low these curves are regions below the 
transient-stability limit where successful 
reclosure would be obtained. The areas 
to the right and above the curves are 
above the transient-stability limits for 
the respective types of:reclosing equip- 
ment. 

The use of these curves is illustrated in 
Table:II where several typical examples 
are shown. The choice of which group of 
curves to use depends. on the relative 
sizes of the sending and receiver systems. 
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Figure 6.  Transient-stability Table | 
limit for reclosing of a single 
tie line between two systems Per Cent 
with the steam-generating ca- of Normal System. Voltage 
o pacity of the sending system Three- 
- five times that of the receiving Pole Single-Pole 
= Type of Fault Switching Switching 
an system 
2 
& Base equals generating capacity Three phase.........73.5..73.5 (all 3 poles open) 
‘ . 4 Two lines to ground. .74.5..82 (2 poles open) 
o aD pecevel, pind ie Per poe One line to ground....78.0..93 (1 pole open) 
FS power is referred to this base. - J 
om Faults are double line to 
5 d cleared in 0.15 sec- ; aw 4 
3 ground cleared in VU. c- Figure 5 is used if they are equal sub- 
& ond (nine cycles) stantially. Figure 6 is used if the send- 
= ing-end connected capacity is in the order 
of five times that of the receiver. Figure 
7 is used if the receiver system has five 
times the capacity of the sending system. 
For other relative sizes interpolation is 
possible. 
The data, plotted on Figures 5, 6, and 7 
Figure 7. Transient- Were obtained from transient-stability 
stability limit for Solutions of examples with constants and 
reclosing of asingle initial operating conditions so chosen that 
s tie line betweentwo the results applied to a large range of 
= c systems with the systems. The initial operating conditions 
2° mel | po steam-generating ca~ for each point on the curves were obtained 
=. Ea id Bu pacity, of the fecelv- — by establishing voltage and power flows 
= (2 2ar ea beat | | | | | pane five aba that could be expected reasonably under 
a noe ins tah sate ate ractical operating conditi The base 
SSO See = sen na practical operating conditions 
ee atic ape selected was equal to the kilowatt ca- 
z shace ED Base equals genera- pacity of the receiver system. The total 
= roe keer a amount of generation in either system 
+ ceiving system. Ter — was assumed to be made up of the neces- 
unit power  trans- b £ 1.800 80 t 
Palos. a mitiedusreterted.tox. Soe Pe a OCS PRY oy Pee 
js ad (ie bneaareEaulesare power-factor machines operating at full 
5 5 & ; double line to kilowatt load and excitation as required. 
oC B K .O . 
ground cleared in The constants of the machines used were 
MRRS X BASE 0.15 second (nine H=7.4, xg!=0.23, x2.=0.15, m1=0.900, 
cycles) and r2=0.035. The shunt loads were 


assumed to be at 85 per cent power 


Figure 8. Electrical 
representation of 
condition following 
the clearing of a 


TWO POLES AT'S AND “R" OPENED 


fault on a_ single 
tie line 
THREE @ SYSTEM WITH ONE LINE REPRESENTATION 
OF BALANCED PORTION OF NETWORK A (left). Two-line- 


to ground fault on a 
short line (negligible 
/ charging capacity) 

B (right). Two-line- 
to ground fault on a 


THREE @ SYSTEM WITH ONE LINE REPRESENTATION 
OF BALANCED PORTIONS OF NETWORK ~ 


POSITIVE POSITIVE 7 
: long line (charging 
capacity included) POSITIVE POSITIVE 
ese peo NAS 
s Af aay 
NEGATIVE NEGATIVE A 
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Table Il. Examples of Use of Figures 5, 6, and 7 to Determine Suitable Switching for Specific 
Cases 


PS =Generation at Sending End (Megawatts) 
PR=Generation at Receiving End (Megawatts) 
PT=Maximum Power to Be Transmitted (Megawatts) 


Known System Characteristics Synchronism* 

Per Miles Maintained With 

Case Kilo- Unit xX Base Use Following Types 

Number PS PR PT volts Miles PT Kv? PS/PR Figure of Reclosing 
1 pole, 30 cycle 
Mien Ae: 50 Be DOM eee oe OO n ears AOU Oe meat eins Be Pes rit ae ric 5...43 pole, 20 cycle 
1 pole, 20 cycle 
DPI 1 OOS. OO 23 00s cack Oks: LOG a0 nO Reet 0:;83;55)5 oan Oh cere Drie se None 

3 pole, 30 cycle 
Svar DSO wae DO sae sei te OD ci ar, RAN okey Onl es muraees OR 42 sak ot) Aer td ee 
3 pole, 20 cycle 
1 pole, 20 cycle 
re eset BOOM. OO ce 28 OS, ee LLG LOO 425. (Os deas seen OR SS vterectee RS sc Gracie 1 pole, 20 cycle 
1 pole, 30 cycle 
Bie wcted he 20... LOO Na LO chee, OFempat OOnee Os boon eee: DOS orn t= OR fies 7. ae a0 ele 
1 pole, 20 cycle 
Grass 1005 2325005 20.5 70h el LOL 290s os OST oe Bey PA ea OLZ ae sone 1 pole, 20 cycle 


* When more than one type of reclosing is suitable so far as maintaining synchronism is concerned, the final 
choice will depend on other factors, such as the severity of the disturbance as measured by the voltage dips 
; 


and power surges. 


factor. The line regulation was ad- 
justed to ten per cent. In certain cases 
this required that reactive kilovolt- 
amperes be furnished by the receiver sys- 
tem in excess of the capacity of the re- 
ceiver generators. In these cases the 
additional reactive kilovolt-amperes re- 
quired were assumed to be supplied by 
synchronous condensers. The inertia 
of these condensers was not included in 
the swing calculations as it usually was 
so small as to be negligible, and, even 
where condensers of considerable size 
were used, the omission of their inertia 
would tend to give pessimistic results. 

Standard step-up and step-down trans- 
formers with per unit reactance of 0.085 
were used. They were assumed to be 
connected delta-wye with the neutrals on 
the high side solidly grounded. The size 
of the transformers was equal to the power 
transmitted. 

The line had the following character- 
istics: 


x, =0.71 ohm per mile 

y1 =5.8(10)—* mhos per mile 

7o =0.45 ohm per mile 

%o = 2.84 ohms per mile 

7,=0.35 ohm per mile, or a value which 
would give 10 per cent luss in the line, 
whichever gave the smaller value of 
resistance 
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In using these line characteristics to 
obtain systems with practical operating 
conditions, it was assumed that the line 
would be operated at approximately 
unity power-factor loading. This means 
that the line charging kilovolt-amperes 
would be about equal to the 2?x consumed 
in the line. 

The transient stability of the systems 
for the different distances and amounts of 
power transferred was calculated by ob- 
taining the required power-angle dia- 
grams from a-c network-calculator solu- 
tion for: 


1. The initial and reclosed conditions. 


2. Two-wire-to-ground faults as the cri- 
terion for transient stability. 


3. Two poles open for single-pole-opening 
breakers (see appendix). 


4. Three poles open for gang-operated 
breakers. 


When these power-angle diagrams were 
used, the usual step-by-step method of 
calculation was employed to determine 
the phase-angle swings of the machines 
for the various types of operation. By 
varying the length of’line with all the 
other conditions held constant, the criti- 
cal point was reached where an increase 
in distance would result in instability, 
and where shorter distances would prove 
stable. 
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Conclusion ” 


The curves on Figures 5, 6, and 7 em- 
body the results of such a multiplicity of 
practical system transient-stability solu- 
tions that they can be used as a guide in 
choosing the type of reclosing equipment 
for a single tie line between two steam- 
generating systems. 


An inspection of these curves shows 
that single-pole switching in many cases 
offers a marked advantage over three- 
pole switching from the standpoint of 
transient stability based on two wire-to- 
ground faults. Further, additional ad- 
vantages of single-pole switching accrue 
because the majority of faults (70 per cent 
or more) are single line to ground. If 
only one breaker pole is open, consider- 
able synchronizing power is maintained 
during the clearing of this type of fault. 
This results in reduced voltage dips and 
system oscillations, as illustrated in 
Table I and Figure 4. 


Appendix | 


Figures 8A and 8B show the electrical 
connections of the three sequence networks 
to represent the unbalanced system condi- 
tions obtained by single-pole switching. It 
may be noted that, where there are shunt 
connections to the opened line as in Figure 
8B, the multiple unbalances so produced are 
represented by using 1-to-1 ratio trans- 
formers in the connection of the networks. 
These connections have been developed from 
fundamentals previously described.* 
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HE usual rectifier unit consists of a 

transformer with a number of recti- 
fying elements connected to its secondary 
windings. The rectifying action may be 
resolved into two parts, namely, the cir- 
cuit action which is determined by the 
transformer and the a-c and d-c circuits, 
and the unidirectional switching action 
which is performed by the rectifying 
elements. The circuit action is defined 
by the number, arrangement, and con- 
stants of the circuits connecting the a-c 
and d-c systems. The switching action 
consists of connecting the various second- 
ary windings of the transformer to the 
load circuit at selected intervals during 
each cycle by means of mercury-arc recti- 
fiers, metallic rectifiers, vacuum tubes, 
and other types of rectifying elements. 

The size and characteristics of the 
rectifying elements required for any recti- 
fier unit depend upon the current each 
must carry during the conduction period 
and the voltage it must withstand during 
the idle period. Although the rectifying 
element may control the time at which 
conduction starts (as; for example, in 
phase-controlled rectifiers), in other re- 


spects it is a passive element, since the ° 


voltage and current impressed upon it 
are determined by the circuit constants. 
The nature and value of the volt- 
age and current appearing on the recti- 
fying elements, that is, the loading on 
these elements, may be termed the cir- 
cuit duty. Conversely, the capability 
of the rectifying element may be termed 
the rectifier capacity. The rectifier ca- 
pacity may be measured in terms of the 
maximum circuit duty at which it is 
capable of operating without failure. 
These terms may be defined as follows: 


1. The rectifier-circuit duty is the voltage 
and current loading applied to the rectifying 
element by the rectifier circuit. 


2. The rectifier capacity is the maximum 
loading at which the rectifying element is 
capable of operating without failure. It 
may be expressed in the same terms as the 
circuit duty. 


The concept of rectifier-circuit duty 
and rectifier capacity provides a con- 
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venient and useful means for analyzing 
the action taking place in any rectifier 
equipment. It permits a division of 
engineering functions into two parts, one 
of which deals with the analysis and ap- 
plication of rectifier circuits, whereas 
the other is concerned with the design 
and construction of suitable rectifying 
elements. Such a division of the engi- 
neering functions involved in rectifier 
design is not new but has been employed 
for some time in the design of small 
vacuum-tube rectifiers, where the per- 
formance of the tube is specified by itself, 
and the same tube may be used in a wide 
variety of applications. The effect of 
circuit upon performance is recognized 
also in the design and application of 
metallic rectifiers. 

The application of this method of ana- 
lyzing rectifier action requiresa knowl- 
edge of the factors which limit the rating 
of the rectifying elements. Since arc- 
back behavior is a primary consideration 
in the performance and rating of mercury- 
are rectifiers, and the functional rela- 
tions between circuit factors and arc-back 
have not been established fully, this 
method has heretofore been used only in 
a very general way. However, a better 
understanding of the factors which limit 
rectifier rating is obtained if the circuit 
duty is determined on the basis of rela- 
tions between the impressed voltage and 
current and the occurrence of arc-back, 
as indicated by studies of the physical 
action taking place within the rectifier. 

It is the object of this paper to present 
an analysis of rectifier circuits in terms 
of circuit duty and rectifier capacity, 
discuss the various factors involved, and 
compare the various types of rectifier 
circuits. 


Elements of Circuit Duty 


It appears axiomatic that the duty on 
the rectifying elements arises from both 
the magnitude and the shape of the 
voltage and current waves, the effect of 
wave form depending upon the type of 
rectifying element employed. 

Typical voltage and current waves on 
the rectifying element in a rectifier cir- 
cuit are shown in Figure 1. A study of 
the physical processes which take place 
in the rectifying elements indicates that 
the circuit duty may be expressed in 
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terms of the following voltages and cur- 
rents: 


Voltage 


1. Peak inverse voltage. 
2. Rms inverse voltage. 
3. Initial inverse voltage. 
4. Peak forward voltage. 


Current 


Average current. 

Peak current. 

Rams current. 

Final commutation rate. 


CONT Or 


PEAK INVERSE VOLTAGE 


The peak inverse voltage is a measure 
of the maximum dielectric stress applied 
across the rectifying element during the 
idle period. Failure from excess voltage 
may take vgrious forms, such as flashover, 
puncture of dielectric materials, or ex- 
cessive glow discharge resulting in arc- 
back. 


Ras INVERSE VOLTAGE 


The rms value of the inverse voltage 
appears to be important only in the 
case of rectifiers having appreciable leak- 
age current during the inverse period, 
where it provides a measure of the heat- 
ing resulting from this leakage current. 
The leakage resistance characteristics of 
metallic rectifiers (such as the copper- 
oxide and selenium types) are nonlinear, 
and an accurate determination of the 
losses may require weighting factors other 
than those given by rms values. How- 
ever, the heating due to the leakage cur- 
rent is usually given in terms of the rms 
values of the inverse voltage because of 
the ease with which such values may be 
determined. 


INITIAL INVERSE VOLTAGE 


The ionization ima mercury-arc rectifier 
does not disappear immediately upon the 
extinction of anode current, and, there- 
fore, some residual ionization is present 
during the idle period. The amount of 
the residual ionization is greatest at the 
beginning of the idle period and decays 
as a function of time. The action of the 


VOLTAGE (ANOOE TO CATHODE) 


Typical voltage and current waves 
on rectifying element 


Figure 1. 
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Figure 2. Initial inverse volt- 
age P=3 
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rectifier circuit results in a sudden ap 
plication of negative voltage across tHe 
rectifying element immediately following 
conduction. This negative voltage act- 
ing upon the residual ionization attracts 
positive ions to the anode. Since the 
positive ion bombardment may cause are- 
back, the initial inverse voltage is a 
factor in the duty applied to a mercury- 
arc rectifier. vy 


PEAK FORWARD VOLTAGE 


When a rectifier is operated with the 
d-c voltage reduced by phase control, a 
positive voltage is applied across the 
rectifying element during the latter part 
of the idle period. This forward voltage 
imposes a further requirement upon the 
control characteristics of the rectifying 
element, since conduction must not occur 
before the desired firing time. 


AVERAGE CURRENT 


The average current passed by the 


rise. As the instantaneous arc drop is a 
function of the instantaneous current, the 
peak anode current is an important factor 
in the determination of the loading. 
Furthermore, the conditions existing in 
the mercury vapor at the end of the con- 
ducting period are a function of the peak 
current which has passed during conduc- 
tion,, nd the peak current, therefore, in- 
fluences the prob ability of arc-back. In 
the case of heated cathode rectifiers, the 
output of the rectifier is limited by the 
maximum emission which may be ob- 
tained from the cathode without damage. 


Rus CURRENT 


The heating in the leads and other con- 
ducting parts of the rectifying element 
depends upon the rms value of the 
current. 


FINAL COMMUTATION RATE 


The amount of residual ionization 
present at the beginning of the inverse 
period depends in large measure upon 
the rate of reduction of current during 
the last few degrees of conduction. The 
final commutation rate is the rate of 
3 change of anode current at the instant of 
extinction and in some cases may be 
taken as a measure of the amount of 
residual ionization present in the recti- 
fier at the time that the initial inverse 
voltage appears across it. Therefore, the 
final commutation rate is a further 
element in the duty on the rectifier. 
The commutation rate also may be of 
importance during the initial part of the 
conduction period when the rate of cur- 
rent build-up exceeds the ionization rate 
of the rectifier. Under such conditions 
additional local heating and voltage 
stresses may be imposed upon the recti- 
fier. 
The researches of Kingdon and Lawton! 
have shown that there is a definite rela- 

tion between the residual ionization and 
the are-back frequency. Under certain 

conditions the frequency of arc-back due 
to residual ionization is a function of the 
4 product of the initial inverse voltage by 
the final commutation rate. Since arc- 


by many factors, this relationship has not 

been established fully on commercial 

rectifiers. However, experience with 

many rectifier installations indicates that 

some such relationship does exist. 

Determination of Circuit Duty 
(Circuit Analysis) 


The circuit duty may be determined 


by an analysis of the action in a simple 
rectifier circuit. The formulas for the 
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backs in mercury-arc rectifiers are caused . 


NO. OF PHASES | NO.OF 


INEACH |IN EQUIV.) SIMPLE 
SIMPLE | SIMPLE 
IRE IFIER|RECTIFIER, R 


CIRCUIT 
DIAGRAMS 


Multiple rectifiers 


Figure 5. 


various elements of circuit duty for a 
simple rectifier of P phases follow. 

The peak inverse voltage (e,) ex- 
pressed in terms of the theoretical d-c 
voltage Eg, is 


nv 


em =K Eao (1) 


Tv 
P =e 
sin ? 
where 


K =ratio of secondary voltage across phases 
to secondary voltage line to neutral 
(When P=8 the value of K is 1/3, 
and when P =2, 4, 6, and 12 the value of 
K is 2) 


The rms inverse voltage is not given 
here but may be determined from the 
inverse-voltage wave by integration. 

The initial inverse voltage (ey) is given 
by the expression 


2: 
au=> Egy sin (ua) ie 212) 


where 


u=angle of overlap and 
a=angle of phase retard 


The initial inverse voltage for a simple 
three-phase rectifier is shown in Figure 2. 
The peak forward voltage (ép,) is 


2 
=p Ego'sin a (3) 


The average and rms current passing 
through the rectifier elements may be 
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expressed in terms of the direct current 
commutated J, (peak current) as follows: 


if 
average current ri : (4) 


I, 
rms current = —= 5) 
VP 6 
The final commutation rate (di/dt) 
may be obtained by differentiating the 
expression for the commutating current. 
The resulting value is 


di E 
“| va w sin’ |. ‘sin (u+a) (6) 
c 
# Gir. eS Es eu 
-\55 et z| Xe Exo i 
where 


w=2nf, f=frequency of supply system 
X;,=commutating reactance, ohms line to 
neutral 
E,=secondary voltage to neutral in rms 
volts 


The variation in final commutation 
rate with the reactance factor is shown in 
Figure 3. 

The analysis of any of the more com- 
plex rectifier circuits is facilitated by 
breaking them down into their com- 
ponent. simple rectifiers. In cases where 
the rectifier installation has many phases 
which are displaced so as to obtain an 
equivalent simple rectifier with many 
phases, commutations will overlap, and 
the determination of the initial inverse 
voltage and final commutation rate be- 
comes more difficult. Although it is 
possible to analyze such circuits, in gen- 
eral, it may be more practical to deter- 
mine these elements of circuit duty by 
direct measurement. 


Circuit Constants Versus Circuit 
Duty 


Rectifier specifications covering rating 
and operating characteristics usually 
include the following factors: 


1. Connection diagram (number of phases 
of equivalent simple rectifier). 


2. D-c voltage. 
8. Load current. 


4. Voltage regulation (reactance of trans- 
former and a-c system). 


5. Amount of phase control. 


The preceding factors, while they are 
very useful in the description of the com- 
plete equipment, do not provide much 
information with regard to the choice of 
rectifying elements. However, these 
factors bear a functional relationship 
to the elements of circuit duty and serve 
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CIRCUIT 
DIAGRAMS 


(DOUBLE=SIX PHASE) 


Figure 6. Parallel rectifiers 


as a basis for the determination of the 
circuit duty imposed on the rectifying 
elements. The relationship between 
these factors and circuit duty is shown 
by the following examples: 


SIMPLE RECTIFIERS 


The wave form of the voltage and cur- 
rent on the rectifying elements for various 
simple rectifiers is shown in Figure 4. 
The circuit duty for each of these con- 
nections may be calculated by the fore- 
going formulas. 


MULTIPLE RECTIFIERS 


Most rectifier installations use a com- 
bination of simple rectifiers in multiple, 
parallel, cascade, or series in order to ob- 
tain the most economical arrangement 
and the desired operating characteristics. 
Such circuits may be broken down into 
component simple rectifiers and circuit 
duty determined from the foregoing for- 
mulas. A number of commonly used 
multiple rectifier circuits is shown in 
Figure 5 and two parallel rectifier circuits 
in Figure 6. 


DoUBLE-WAY RECTIFIERS 


Double-way circuits may be reduced to 
the form of simple rectifiers in cascade 
or series. Figure 7 shows two frequently 
used double-way rectifier circuits with 
the equivalent cascade or series circuits. 


COMPARISON OF THREE SIxX-PHASE 
CriRrcuITS 


A comparison of the circuit duty in- 
curred in three different six-phase recti- 
fier circuits having the same rating and 
the same regulation characteristics is 
shown in Figure 8. The values given in 
this comparison are based on a six-anode 
rectifier rated 1,500 kw at 600 volts and 
2,500 amperes. The theoretical voltage 
for each of the three cases is Ey,=650, 
and the voltage regulation due to trans- 
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Figure 7. Double-way rectifiers NO. OF PHASES 


IN EACH JIN EQUIV. 
SIMPLE 
AAG aK RECTIFIER 


SIMPLE 
q 


NO.OF 
SIMPLE 
RECTIFIERS 
R 


EQUIVALENT 
SEC. CIRCUIT 


CIRCUIT 
DIAGRAMS 


former reactance is assumed to be 
E,/Eq=0.035. With the usual trans- 
former resistance such a rectifier would 
have a normal regulation of approximately 
five per cent. It is assumed that the 
rectifier is operated with no phase retard. 


EFFECT OF REACTANCE 


The effect of reactance upon the initial 
inverse voltage and final, commutation 
rate is shown in Figure 9. With refer- 
ence to this figure, the solid curves are 
the same as those for the delta double- 
wye rectifier circuit in Figure 8 and fora 
rectifier having a voltage regulation 
E,/Eg=0.035. The dotted curves give 
the values for a rectifier having twice the 
transformer reactance and, therefore, 
twice the value of regulation. The 
effect of increased reactance is to increase 
the initial inverse voltage and to reduce 
the commutation rate. 


EFFECT OF PHASE CONTROL 


The effect of phase control upon the 
initial inverse voltage and final commu- 
tation rate is shown in Figures 2 and 3. 
The application of phase control increases 
both the initial inverse voltage and the 
final commutation rate. Experience 
shows that the probability of arc-back 
is increased when a rectifier is operated 
with phase control. 


Selection of Rectifier Circuits 


The choice of the rectifier circuit for . 
any specific application is based on con- 
siderations involving wave form, power 
factor, regulation, and efficiency re- 
quirements. The rating and character- 
istics of the rectifying elements available 
must be considered also. 


WAVE FoRM 


The number of phases of the rectifier 
circuit is selected so as to obtain a suit- 
able wave form. Most rectifier equip- 
ments in the higher ratings consist of a 
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number of rectifier units displaced in 
phase so as to reduce the magnitude 
of the harmonics in the a-c and d-c sys- 
tems. The minimum number of phases 
is usually six, and the number increases to 
12, 24, 36, and so forth for the larger 
installations. 


REGULATION 


The inherent regulation of the rectifier 
is determined primarily by the reactance 
of the rectifier transformer. The value 
of reactance is chosen so as to obtain the 
desired regulation characteristic.. 

Another important consideration in 
the selection of transformer circuit 
reactance is the magnitude of fault cur- 
rent under d-c short circuit and are-back. 
The fault current is a primary factor in 
the circuit duty under short-circuit con- 
ditions, and the circuit reactance must 
limit the current to a value less than the 
fault-current capacity of the rectifying 
elements. 

The effect of type of circuit upon the 
transformer reactance and d-c_ short- 
circuit current is shown in the comparison 
of three six-phase circuits in Figure 8. _ 

In 12-phase circuits the transformer 
reactance and the d-c short-circuit cur- 
rent depend upon the arrangement of the 
transformer windings. For example, by 
interlacing the secondary windings of the 
quadruple zigzag transformer shown in 
Figure 10b, the values of transformer 
reactance will be twice and of d-c short- 
circuit current half those obtained on the 
quadruple-wye transformer shown in 
Figure 10a for the same voltage regulation. 

One advantage of the double-way cir- 
cuit shown in Figure 7 is that there is no 
d-c feedback during arc-back, since this 
circuit is equivalent to two simple recti- 
fiers in series. 


EFFICIENCY 


Best utilization of transformer wind- 
ings is obtained usually with a circuit 
consisting of a number of simple three- 
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Figure 8. Comparison of three six-phase cir- 
cuits for rectifier rated 600 volts, 1,500 kw 


phase rectifiers arranged in multiple and 
parallel combinations, and, for this 
reason most rectifier installations em- 
ploy this type of circuit. These circuits 
also result in a good utilization on the 
rectifier. 

A six-phase fork connection is used 
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Figure 9. Effect of reactance on initial in- 
verse voltage and final commutation rate 
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often on certain sizes of rectifiers. Some 
of its advantages are elimination of the 


interphase transformer, simplification of 


the control circuit, and elimination of the 
possibility of transformer unbalance. 
However, with this circuit, the peak anode 
current has twice the value obtained in 
a double-wye circuit, and the rectifier 
sapacity is reduced, while the arc losses 
are increased. Tests on six-anode igni- 
tron rectifiers show that the full-load arc 
losses are approximately 8 per cent greater 
when operating fork-connected than when 
operating double-wye. 
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Special Circuits 


A number of circuits providing a 
variety of operating characteristics and 
different modes of operation is shown in 
Figure 11. 

The first of these is a single-phase 
rectifier circuit having three different 
modes of operation. In this circuit the 
mode of operation is determined by the 
constants of the d-c load. The voltage 
and current wave forms for the different 
cases are shown.’ 

The second circuit is a simple biphase 
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rectifier operating with a counter electro- 
motive-force load. In the usual mode 
of operation for this circuit the load cur- 
rent is intermittent. The range of inter- 
mittent operation depends on the circuit 
constants and the amount of phase con- 
trol. 

The third circuit shows a voltage doub- 
ler.4 This is a double-way circuit, and 
the voltage and current waves across the 
rectifying element are similar to those for 
the single-phase rectifier with resistance 
and capacitance load. 

The fourth circuit shows a parallel- 
type inverter.* The voltage and waves 
of the parallel-type inverter differ from 
those for most rectifiers in one important 
respect, namely, the voltage across the 


128 TRANSACTIONS 


rectifying element is negative for only a 
short part of the inverse period im- 
mediately following conduction. During 
the remainder of the conduction period a 
positive voltage is applied across the 


' rectifying element. This type of voltage 


wave is common to most inverter cir- 
cuits and imposes a duty which differs 
from that of the usual rectifier. \ 

The fifth circuit shows a welder or a-c 
switch.¢ This type of circuit employs 
two rectifying elements connected so as 
to permit current flow in opposite direc- 
tions, and the combination operates as 
an a-c switch. It has found widespread 
application in resistance welding. 

The foregoing examples are only a few 
of a large variety of new applications. 
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. 


Conclusion . if 
The diversity of rectifier applications 
has increased rapidly during the past 
few years, so that today there are avail- 
able, in addition to the rectifier, a large 
number of power electronic devices, such 
as rectifiers with voltage control, in- 
verters, frequency changers, welders, 
and electronic switches, With such aw 
wide variety of rectifier applications the 
problem of matching the performance of 
the circuit with that of the rectifying 
element assumes greater importance. 
Several advantages are obtained by 
expressing the rectifying action in terms 
of circuit duty and rectifier capacity 
namely: : 


1. A division of engineering functions is 
made possible. The analysis, calculation, 
and selection of rectifier circuits and reeti- 
fying elements for different applications is 
one project while the design, testing, and 
rating of rectifying elements is the other; 
and the two may be carried out inde« 
pendently. 


2. The elements which must be considered 
in determining the capacity of all types of 
rectifying elements are defined, 


3. The method for determining the limita- 
tions of the rectifying elements is indicated, 


4. A common basis for the rating of all 
types of rectifying elements is provided, 


5. The application of any rectifying ele- 
ment to a wide variety of circuits is facili- 
tated. 


It is hoped that this method of analysis 
may be extended to all types of circuits 
using rectifiers, and that a standard 
basis for rating all types of rectifying 
elements may be developed. \ 
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A Versatile Power-Line-Carrier System 


H. W. LENSNER 


ASSOCIATE AIEE 


OWER-LINE carrier has kept pace 
with the swift progress of the elec- 
troni¢, art during the last several years. 
This progress has been due mainly to the 
stimulus injected by the war effort. In 
most of the specialized fields of elec- 
tronics, the advancement was necessi- 
tated and promoted strictly for military 
F purposes. Power-line carrier, however, 
was anid is the soldier of the home front. 
Its duties have been expanded to include 
as many functions as possible consistent 


with reliability, economy, and conven- \ 


ience. The economic feature is especially 
significant now, since, during wartime 
emergencies, the material resources of the 
nation are allotted, and properly so, to 
those agencies concerned with the battle 
front. Material for new power lines, new 
generating equipment, new telephone 
lines, and for other similar programs of 
expansion is therefore not generally 
available. | However, power-line carrier 
comes to the rescue and effectively pro- 
{ vides additional circuits and higher 
power-handling capacity for existing 
) installations, 


Functions of Power-Line Carrier 


For over two decades carrier frequen- 
cies have been used on power transmission 
lines to provide a channel between gener- 
ating plants, substations, and similar 
A terminals for communication, and, more 
recently, for high-speed relaying. How- 
ever, with the development and expan- 
sion of large interconnected power sys- 
tems, the available carrier channel has 
been used for a number of other functions. 
In fact, the additional services provided 
by a carrier system often have been the 
deciding factor in justifying its installa- 
tion, A typical list of functions would 
include the following: 


munication). 

2. Telemetering and load control. 

‘ Sy Supervisory control. 

x 4. Remote or transferred tripping. 
6. Communication. 


It is the purpose of this paper to show 
_ how a carrier channel can be utilized to 


‘s means of audio tone modulation of the 
carrier signal, 


1. Carrier relaying (and emergency com- 


j 
/ 


provide these additional functions by 


J. B. SINGEL 


NONMEMBER AIEE 


Advantages of Tone Modulation 


A power-line-carrier installation em- 
ploying unmodulated carrier can be 
used for only one function at a time, such 
as relaying, telemetering, or communica- 
tion. By modulating the carrier with 
audio tones and separating the tones at 
the receiving end of the circuit with suit- 
able filters, it is possible to maintain 
two or more functions simultaneously 
over a single carrier channel. There are 
several advantages of such a system: 
the effective selectivity of the receiver is 
increased, permitting more functions in 
one channel, and the effect of noise on 
the transmission line is reduced. 

Figure 1 shows how the effective se- 
lectivity of the receiver is increased. If 
no tones were used, just one function 
could be transmitted over the carrier 
channel. On the basis of a total band 
width of only 1,650 cycles, the received 
side frequency furthest removed from 
the carrier would be 825 cycles. If tones 
are to be received, but no voice com- 
munication, it would be practical to use 
frequencies of 150, 209, 290, 403, 560, 
and 778 cycles per second, which amounts 
to 38 per cent separation between tones. 
With such a separation, audio filters of 
sufficient selectivity to pass one tone 
and reject all others can be designed 
readily. If one tone per function is 
allowed, this provides for six functions in 
a single carrier channel where only one 
was available without tones. Thus the 
effective selectivity of the receiver has 
been increased six times. 

In addition, it is better to obtain ex- 
treme selectivity with audio filters rather 
than with highly selective carrier-fre- 
quency circuits. When the figures in 
the preceding paragraph are used with 
six-tone pass bands and six correspond- 
ing no-pass bands between zero and 825 
cycles, a 778-cycle tone filter can have a 
pass band approximately 90 cycles wide. 
Then the 778-cycle oscillator may have a 
drift of +45 cycles or + six per cent and 
Paper 44-34, recommended by the AIEKE joint sub- 
committee on power-system applications of carrier 
current for presentation at the AIEE winter tech- 
nical meeting, New York, N. Y., January 24-28, 
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0-C PLATE CURRENT — MILLIAMPERES 


still remain within the filter pass band. 
However, to maintain the same effective 
selectivity with carrier-frequency cir- 
cuits, the frequency drift could not ex- 
ceed +0.045 per cent (+45 cycles at 
100 kilocycles). Therefore, the stability 
of the carrier circuits need not be as 
great when tones are used as would be 
required to obtain the same effective 
selectivity with unmodulated carrier. 
Noise on a power transmission line 
covers a wide frequency range, but the 
selective circuits of the receiver permit. 
the reception of only the noise compo- 
nents in the channel to which it is tuned. 
When no tones are used, it is advanta- 
geous to adjust the receiver to accept only 
a narrow band of frequencies, as the line 
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Method of receiving frequency 
modulation 


Figure 5. 


noise received is proportional to the’ 


receiver band width. If the receiver out- 
put feeds six tone filters, then the noise 
accepted by each filter will be less than 
one sixth of the total noise received. 
How much less depends upon the filter 
selectivity. If the spacing between any 
two adjacent tone-filter pass bands is 
equal to the pass-band width in cycles, 
then the noise passed by each filter will 
be approximately one twelfth of the total 
noise received. Thus the use of tones 
reduces the effect of noise. 

Further, if the filter feeds a biased de- 
tector, an additional advantage of three 
to one is obtained because of the non- 
linearity of the detector dynamic char- 
acteristic. A biased detector employs 
a vacuum tube operated with sufficient 
negative bias voltage on its control grid 
to cut off the flow of plate current when 
no signal is being received. When an 
a-c voltage is applied to the grid, plate 
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current flows on the positive half cycles. 
A plot of d-c plate current versus a-c 
grid voltage under operating conditions 
is known as the dynamic characteristic 
of the tube circuit. A typical curve is 
given in Figure 2. Reference to the curve 
shows that if a noise level of five volts is 
applied to the detector grid, the tube 
plate current is two milliamperes; if 
the noise plus signal is ten volts, the plate 
current is ten milliamperes. A relay ad- 
justed to operate at six or eight milli- 
amperes will not be operated by a noise 
voltage of five volts, yet reliable operation 
will be obtained ona total noise plus 
signal voltage of ten. This is a major 
advantage of tone-modulated carrier as 
it allows satisfactory reception of a signal 
through noise of approximately the same 
magnitude. 


Expansion of a Carrier System 


The following paragraphs trace the 
expansion of a power-line-carrier 
system from the simplest single-purpose 
arrangement to a complex installation 
which will provide’ several functions 
simultaneously in addition to carrier 
relaying. Figure 3 shows the simplest 
arrangement which will provide for 
telemetering a single quantity over a 
carrier channel. At the sending end, a 
transmitter is coupled through a line- 
tuning unit and coupling capacitor to 
the power line. In one system, the 
transmitter is turned on and off, or 
“keyed,” by the telemetering device at a 
rate governed by the quantity being 
measured. In another system, the im- 
pulse rate remains constant, but the du- 
ration of the impulse varies. The carrier- 
frequency impulses so produced travel 
along the transmission line to the re- 
ceiving end which employs similar cou- 
pling and tuning equipment, and, in addi- 
tion, a receiver tuned to the transmitted 
frequency, The received impulses in- 
directly energize an indicating or re- 
cording instrument, giving a reading pro- 
portional to the quantity being measured 
at the transmitting end. 

Line traps are generally unnecessary 
when carrier relaying is not included but 
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may be used if the line loss between ’ f 
stations and the number of paths over 
which the carrier energy can divide are 
too great. Traps may also be used if 
different conditions of line switching 
cause wide variations in carrier loss be- 
tween stations. However, this will not 
always eliminate signal variation as an 
appreciable fraction of the total carrier 
energy can flow in the untrapped phases 
of the transmission line. This energy 
goes on into other line sections and may 
cause increased loss because of reflection 
or absorption. Three-phase trapping 
will eliminate such a condition, but the 
selection of a different carrier frequency 
usually obviates the necessity of inserting 
traps in all three phases. Energy ab- 
sorbed by a parallel line is also a potential 
cause of increased loss, but this, too, can 
be minimized by changing the fre- 
quency. 

Figure 4 illustrates the basic carrier 
elements required for pilot relaying. The 
carrier signal forrelayingisused to prevent 
the protective relays from tripping the 
breakers in a given line section for a fault 
external to that section. Carrier is trans- 
mitted from the station where fault 
power leaves the line section and blocks 
the relays at the station where the fault 
power enters the line section. Conse- 
quently, a transmitter, receiver, and suit- 
able line-tuning and coupling equipment 
are located at each end of the line sec- 
tion to provide correct operation for 
external faults in either direction. Line 
traps are located between the coupling 
capacitor and the station bus in the phase 
wire to which carrier is coupled. From a 
relaying standpoint, the main function 
of a line trap is to prevent short-circuit- 
ing the carrier signal upon the occurrence 
of a ground fault just external to the 
line section on the phase wire to which 
carrier is coupled. Without the trap, 
such a fault might short-circuit the car- — 
rier signal and cause incorrect relay 
operation. 

Supervisory control or telemetering 
of a single quantity in either direction 
can be provided in addition to relaying 
by keying the transmitter as before. 
The keying device for the added function 
is placed in parallel with the relay con- 
tacts which start carrier by closing the 
cathode circuit of the tubes in the trans- 
mitter. When high-rate telemetering is 
used, it is desirable to insert between 
the keying device and the carrier trans- 
mitter an electronic link which reduces 
to a fraction of a milliampere the current 
the telemetering contact is required to 
make and break in controlling carrier. 
Longer contact life and less maintenance 
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Figure 7. Audio tones added to carrier re- 
laying 


are the advantages of such an electronic 
link. 

Emergency voice communication be- 
tween the carrier equipments can be 
effected by connecting the handset micro- 
phone across a low impedance section of 
the oscillator tuned circuit, Variation 
in the microphone resistance due to 
speech results in frequency modulation 
of the transmitted carrier. To receive 
frequency modulation, the carrier re- 
ceiver must be capable of producing an 
output voltage or current proportional 
to the instantaneous change in frequency 
of the transmitter. A normal relaying 
signal receiver can be used satisfactorily 
for this application for the following 
reasons: When the microphone is con- 
nected into the oscillator tuned circuit, 
the resonant frequency of the circuit is 
changed by a small percentage. The re- 
ceiver, which is normally tuned exactly 
to the transmitter frequency, is now 
slightly off resonance, as indicated in 
Figure 5, and is operating on the sloping 
portion of its resonance curve. When the 
transmitted frequency shifts back and 
forth because of speech, the detector 
plate current varies accordingly, and an 
audible signal is produced in the handset 
receiver. 

This is probably one of the oldest 
forms of modulation, but it is still appli- 
cable, as it provides intelligible com- 


munication with a minimum of addi- ~ 


tional parts. 

If communication between stations is 
desired from the switchboard panel, a 
modulator may be added to amplitude- 
modulate the carrier signal. Figure 6 
illustrates an assembly which provides 
for carrier relaying and ‘‘push-to-talk”’ 
voice communication over a line section. 
It can be used also for telemetering a 
single quantity. The systems dia- 
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FILTER- 
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TO CONTROLLED 
DEVICES 


grammed in Figures 4 and 6 can be used 
for only one function at a time. If 
telemetering is used, it must be suspended 
in order to talk over the carrier channel, 
and, of course, during a fault, the pro- 
tective relays take precedence over all 
other functions in controlling carrier. 
When it is desired to have several 
functions on a single carrier channel 
simultaneously audio tones can be used 
to advantage. For example, consider an 
installation of carrier relaying where 
vojce communication and telemetering 
of two quantities are desired. In order to 
transmit two quantities without inter- 
ference, the measuring device associated 
with each controls a separate audio tone 
oscillator which amplitude-modulates the 
carrier signal. At the receiving end, the 
modulated carrier is fed into a detector 
tube to separate the audio from the car- 
rier. The audio is then fed into filter 
circuits, each of which is tuned to pass 
one of the tone frequencies. The output 
voltage of each filter is applied to the 
grid of a vacuum tube operated as a 
biased detector, the operation of which 
was previously explained. An auxiliary 
relay in the plate circuit of the ‘“‘filter— 
detector’”’ controls the telemetering in- 
dicating device. Figure 7 illustrates such 
a system which can be used for tele- 
metering two quantities as explained 
heretofore, |for load control, or for re- 
mote tripping. For load control, the two 
audio tones provide raise and lower im- 
pulses to the governor of a generator; 
for remote tripping, the contacts of the 
two filter-detector auxiliary relays are 
connected in series to energize the breaker 
trip coil. To initiate a remote-tripping 
operation, both audio tones are trans- 
mitted (started either manually or by 
protective relays), and both  filter- 
detectors at the receiving end are ener- 
gized, thus completing the breaker trip 
circuit. The purpose of using two tones 
in this manner is to reduce the possibility 
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Figure 8. Use of tones to provide up to ten 
remotely controlled functions 


of an incorrect breaker operation because 
of line noise or other disturbance pro- 
ducing a momentary signal which con- 
tains one of the tone frequencies. 

If voice communication is included, a 
precaution must be taken to eliminate 
from the transmitter the voice frequen- 
cies which are identical with the tone fre- 
quencies. This is necessary to prevent 
speech from energizing the filter detectors 
at the receiving terminal and can be ac- 
complished by inserting between the 
microphone and the modulator a filter 
which eliminates the tone frequencies 
from the speech input. By selecting tone 
frequencies below 500 cycles, several 
tones may be used simultaneously with 
communication. The speech filter can 
be of the high-pass type to attenuate all 
frequencies below 500 cycles 40 to 50 
decibels so there is no danger of their 
energizing a filter detector. The elimi- 
nation of ‘these frequencies does very 
little to impair the intelligibility of 
speech. 

In those cases where the tones are 
transmitted infrequently, as for remote 
tripping, the high-pass filters are not 
necessary in the telephone receiver cir- 
cuit because the interference with speech 
reception is of short duration. However, 
for telemetering and other functions 
requiring the tones to be impulsed continu- 
ously, filters should be provided in the 
telephone receiver circuit. The afore- 
mentioned features are indicated in 
Figure 7. 

Figure 8 illustrates extensive use of 
tones without communication or relaying 
and will provide up to ten remotely 
controlled functions over a single carrier: 
channel. As all ten tones may be trans- 
mitted simultaneously, each tone must. 
be adjusted to modulate the carrier 
signal not more than ten per cent to. 
prevent overmodulation. 
cause severe distortion and generation of 
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spurious side frequencies which are un- 
desirable and may give interference in 
adjacent channels. 

Since the percentage modulation per 
tone must be decreased when the number 
of tones is increased, the carrier side- 
band power in each tone is also decreased. 
Therefore, a more sensitive receiver is 
required for this application than for one 
where unmodulated carrier is received 
(assuming the same carrier power in 
- both cases). Also, the receiver must 
have a low distortion characteristic so as 
to reproduce the tone frequencies with- 
out introducing unwanted harmonics. 
Ten audio tones can be spaced in a band 
from 150 to 3,000 cycles with a 38 per 
cent frequency separation between con- 
secutive tones. To receive a carrier signal 
modulated with tones up to 3,000 cycles, 
the receiver must be capable of receiving 
a‘frequency band six kilocycles wide, and 
rejecting those outside the six-kilocycle 
band which may belong to another car- 
rier channel. A simple receiver such as 
that used for relaying is not suitable for 
this application of tones. However, a 
broad-band superheterodyne receiver ful- 
fills the preceding requirements of sensi- 
tivity, selectivity, and band width. 
Such a receiver should be equipped with 
automatic volume control to deliver suffi- 
cient audio voltage to the tone filters over 
a wide range of carrier input signal to 
allow for varying system conditions. For 
applications on lines with a high carrier 
loss, a receiver sensitivity great enough to 
provide dependable operation through a 
loss of 70 decibels is desirable. 

A specific application of extensive use 
of tones for telemetering and load control 
is shown in Figure 9. The problem here is 
to keep the total load divided properly 
among three generators A, B, and C, 
and use as few carrier channels as practi- 
cal. The load on each generator is to 
be telemetered to the load dispatcher at 
D, where load-control equipment sends 
raise and lower impulses back to the 
generating stations to keep the load di- 
vided as desired. These functions are 
accomplished thus: The carrier trans- 
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Figure 10. Typical power-line-carrier as- 
sembly for relaying, remote tripping, and 
point-to-point communication 


mitters at stations A, B, and C are set at 
frequencies 1.5 kilocycles apart, and each 
is modulated with a different tone fre- 
quency: for telemetering its generator 
load back to station D. The receiver at 
D is adjusted to receive a band wide 
enough to include the frequencies sent 
from A, B, and C, and the carrier side 
frequencies produced by the tones. Fil- 
ters on the receiver at D separate the 
audio tones f,, tj, and ¢, The impulses 
provided by these tones operate the load- 
control equipment. Six audio tones are 
used to transmit the raise and lower load- 
control impulses from D to the generating 
stations A, B, and C on a single carrier 
frequency f; which may be widely 
different from fo, fs, and f;. At each gen- 
erating station, a receiver is tuned to 
fi, and two tone filters pass the raise an 
lower impulses for that station. Only 
two carrier channels are needed; one 
channel 4.5 kilocycles wide to transmit 
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fo, fa, and fy, and another for fi with its, 


six modulating audio tones. Double- 
frequency traps may be put in each end 
of the line if needed to allow satisfactory 
carrier reception under all conditions 
of system switching. 

It will be noted in this example that 
the frequency separation of the trans- 
mitters at stations A, B, and C will cause 


major heterodynes of 1.5 and 3 kilo-” 


cycles in the receiver at D. The audio 
tones f, ty, and t, must be sufficiently 
lower than 1.5 kilocycles that, for the 
maximum frequency drift of the trans- 
mitters, the major beat notes will still 


be far enough above the highest audio ~ 


tone to produce no interference. There 
will be several minor heterodynés in the 
filter frequency band but of such low 
amplitude as to cause negligible inter- 
ference. 


The Equipment 


From the preceding examples of the 
use of power-line carrier, it is evident that 
the equipment must be of flexible elec- 
trical and mechanical design to be readily 
adaptable to widely varying applica- 
tions. Rack-and-panel construction pro- 
vides flexibility, and each major piece of 
equipment is constructed as a separate 
unit on standard 19-inch-wide relay 
rack panels. All external connections are 
brought out to terminal strips on the rear 
of each unit to facilitate interconnections 
between units and still maintain a pleas- 
ing appearance. 

Figure 10 illustrates a typical installa- 
tion which combines pilot relaying, two 
tone functions, and point-to-point com- 
munication. The entire rack assembly 
can be swung out of the cabinet on hinges 
to facilitate inspection and provide ac- 
cessibility to all components. 


Conclusions 


1. Audio tones provide an effective way of 
increasing the usefulness of a carrier chan- 


» nel. 


2. Simultaneous operation of several auxil- 
iary functions over a single carrier channel 
can be provided without interference by 
using a separate tone for each function. 


3. Satisfactory carrier transmission 
through a higher noise level can be realized 
by using tone modulation. 


4. Telephone communication can be used 
simultaneously with tone-operated func- 
tions by using suitable filters to separate 


the tone and voice frequencies. 
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Synopsis: It is the purpose of this paper to 
examine various definitions of inductance 
based on the application in which the term is 
used. Comparisons are made between the 
definitions as a function of magnetomotive 
force and flux density for the special case of 
dynamo-grade (2.75 per cent) silicon steel. 
The effects of hysteresis and eddy currents 
are discussed. Consideration is confined 
to iron magnetic circuits in which no air 
gap exists, so that practical applications of 
conclusions drawn are limited somewhat. 


HE usual definition of inductance is 

based on the assumption that the 
saturation curve is a_ straight line. 
Other assumptions, which are implied 
though not necessarily expressed, are 
that there is no residual flux, no hys- 
teresis, and no eddy-current loss. For 
these conditions all definitions yield the 
same value of a constant inductance. 

There are, however, many applica- 
tions where solid iron is used in the mag- 
netic structure. In the majority of 
these applications it is economically 
necessary to run the iron at a density 
which makes the saturation curve depart 
considerably from that of a straight line. 
Under these practical conditions eddy 
currents, hysteresis, and saturation all 
contribute to make a definition which 


‘assumes that constant inductance often 


be considerably in error. 

The importance of this subject will be 
appreciated when it is recognized that the 
actual duty on the contact tips of a d-c 
contactor may be several times greater 
than would be expected from calculated 
values of the load inductance. 


Use of the Term “‘Inductance’’ 


The term “inductance” is used in con- 
nection with many circuits and phenom- 
ena. Its use in electric machinery often 
has been defined and elaborated on. 
There are, however, many instances, 
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particularly in the, industrial-control 
field, where a word is required to express 
a certain characteristic of a circuit, 
and that omnipresent word is “‘induct- 
ance.” The following examples may 
be cited: 


1. The build-up of current in the shunt 
field of a d-c machine, d-c contactor, relay, 
or brake is stated to depend on the time con- 
stant or ratio of inductance to resistance of 
the circuit. 


2. The number of operations of which a 
contactor is capable depends to a great ex- 
tent on the stored energy in the electric load 
which it is handling. In the case of a d-c 
contactor a large amount of this stored 
energy must be dissipated in the arc with 
consequent burning of tips, arcing horns, 
and chutes. The energy stored is stated to 
be one half of the product of inductance 
times current squared. 


3. The rate of decay of d-c fields often is 
important when a field must be reduced 
rapidly or “killed.”’ Here again decay is 
dependent supposedly on the time constant 
of the circuit. 


4. Whena contactor closes the tendency for 
the tips to weld or freeze depends on the rate 
at which the current builds up, and this 
usually is considered to be inversely propor- 
tional to the inductance of the circuit. 


5. When a contactor interrupts an a-c 
circuit, the recovery voltage, after a current 
zero, rises at a rate which is dependent on the 
circuit inductance and capacitance. 


6. In obtaining the inductance of an iron- 
core reactor it is common practice to read 
volts, amperes, and watts and to calculate 
the reactance and inductance from the data 
so obtained, 


It will be shown in the following that 
for an iron-cored circuit the various in- 
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ductances enumerated previously may be 
considerably different from each other, 
so much so that large errors result if they 
are used interchangeably. 


Common Definitions of Inductance 


There are three definitions of L com- 
monly used in the literature.! The first 
is in terms of flux linkages per ampere, 
that is 


In order that Z be constant in equation 
1, the condition must hold that flux is 
proportional to current. The second 
usual definition is to define Z in terms of 
the back electromotive force by means of 
the equatidn 


I di (2) 
ais “dt 
The third definition is in terms of the 
energy stored in a magnetic field and is 
given by the equations 


i 1 
Wan fcidm [ridim5 oe (3) 
0 2 


Equations 1, 2, and 3 are used as the 
three basic definitions and give identical 
and constant values of Z for the linear 
magnetization curve. 

Although practically all textbooks and 
handbooks define inductance in one of 
these three ways, the majority (including 
the “American Standard Definitions of 
Electrical Terms’ by AIEE) prefer to 
consider equation 2 as being basic.?—® 

Equation 2 also may be stated 


€ dt db, 

L=-<=- < =n 4 
Ua diene 2 
dt 


and L is defined in this way by several 
other authors, ®7 
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Figure 1. Geometrical interpretation of Le, 


La, and L, in terms of the d-c magnetization 
curve 
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Figure 2. Comparison of the curves H=KB” 
with the magnetization curve of silicon steel 


1. An actual curve for 2.75 per cent silicon 
steel 

H=(6.7X107 2)B 

H=(9.65X1073)B'5 

H=(1.26\1075)B? 

H=(1.5X107 4)B2'5 


Sir are 


The “Standard Handbook for Electri- 
cal Engineers’’ edited by Knowlton lists 
both equations 2 and 3 as fundamental, 
calling L the coefficient of proportionality 
in each case. 

Equation 1 seems to be considered 
fundamental mainly by men concerned 
with the analysis of rotating ma- 
chinery.°~!! 

Some textbooks redefine their funda- 
mental magnetic concepts entirely when 
they change from, air-core to iron-core 
circuits.!2 One author! expresses the 
opinion that L should not be introduced 
at all when the permeance of the circuit is 
variable. 


Geometric Definition of Inductance 


Another usual method of defining in- 
ductance?® is to express it as a function 
of the physical dimensions. These in- 
clude the area, length, and permeability 
of the flux paths, and dimensions and 
turns in the coils. This leads to the 
expression 


I =(constant) (w*4) (5) 


which is useful only if the value of « can 
be determined, and all the flux is con- 
_sidered to link all of the turns. 


Definitions From Measurements 


Besides these definitions (from which 
it is hard to evaluate L for the practical 
case), L may be defined from the method 
used to measure it. Two methods com- 
monly used are 

1. A-c measurements 


E=I(R4jX,) =I(R?+02L2)'/2 (6) 
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Figure 3. Compari- | 
son of the d-c mag- 


netization curve for 


2.75 per cent silicon 


steel with the equa- 
tion H=0.05B+ 
(6)(107 1°)Br° 


KILOLINES PER SQUARE INCH 


(7) 


(8) 
2. Oscillogram of current change 


(9) 


E=iR+L - for an R-L series circuit 


R 
inZ(1-e% (10) 


and 


) for current rise 


R 
=Joe ‘ for current decay if L is constant 


(11) 
From these equations 
t 
L= 7 for build-up (12) 
Ng 
log. ; 
2g Iy—1 
and 
L= for decay (13) 
log. © 
4 


Summary of Definitions 


In order to differentiate between the 
quantities denoted by the common term 
“inductance” in the inductances taken 
from the preceding definitions, the follow- 


Nn 
ie} 


Pa 24 28 
AMPERE TURNS PER INCH 


ing subscripts and names have been given 
arbitrarily to L: 


La =apparent inductance =W,/i from equa- 


tion 1 
—e 


(di/dt) 


Lq=differential inductance = 


d® 

=i om equations 2 and 4_ 

0 
i 2 

L,=inductance based on energy = oar from 
t 


equation 3 
L,=inductance based on geometry 
A 
= (constant) (w 3 st) from equation 5 
Lac=inductance based on rms readings 


1E : 
=— — from equation 8 
w I 


Ly =inductance based on time for current 


build-up = from equation 12 
be 

Iy-i 

Iiq=inductance based on time for current 


log. 


decay = from equation 13 


log. 
t 


Graphical Interpretation (Figure 1) 


Figure 1 shows a magnetization curve 
plotted as B versus H. Since for a 
given magnetic circuit B is proportional 
to VW) and H to 1, then 


a B 
Ibe pT = (constant) (2) 


so that L,‘is proportional to the slope of 
the straight line drawn from the point of 


a 


@ 


+ 


C-COEFFICIENT FOR INDUCTANCE EQUATION 
nD 


Figure 4. Variation of differ- 


ent inductances as a function ° 10 


of flux density 
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operation to the origin. This definition 
of L, is very similar to the usual defi- 
nition of u which is defined as the ratio 
of B at a point to the H at that point. 
Similarly 
Lg ae = (constant) (3) 
is proportional to the slope of the magne- 
tization curve itself at a point and is 
analogous to pg, the differential per- 
meability. 
Also, since 


the energy stored in the magnetic field 
varies directly as the area between the 
magnetization curve and the vertical 
axis. Then L, is proportional to this 
area for any given current. 


Analytical Equivalent of a 
Magnetization Curve 


An accurate analytical expression for 
the saturation curve is quite unwieldy, 
if it is desired to express B as a function 
of H. In order to approach a comparison 
of the different definitions of L mathemati- 
cally, four flux versus current curves, 
namely H=KB” where n=1, 1.5, 2, and 
2.5 were assumed. These are shown in 
Figure 2 compared with the magneti- 
zation curve for 2.75 per cent silicon steel. 
A reactor was assumed to consist of NV 
turns on a closed core of length / and 
cross-sectional area A. Resistance, leak- 


age, and hysteresis were neglected. The 
inductance was calculated as a function 
of the current for Zz, Lg, and L,, and asa 
function of rms current and rms voltage 
for L,, for each of the assumed B—H curves. 
See Appendixes II, III, IV, and V. 

Results are shown in Table I. It 
should be noted that for Lz, Lg, L,, and 
Lae as a function, of current, the ex- 
pressions vary only in their numerical 
coefficient. JL, is the greatest, and Ly is 
the least. It is also interesting, to note 
that, if Z,, is written in terms of voltage, 
Loe becomes a function of frequency—a 
rather surprising result. 

A more accurate approximation to the 
saturation curve is given by H=K,B+ 
KB which is shown in Figure 3. Be- 
cause of the difficulty involved in solving 
this equation for dB/dH or for B as a 
function of H, the inductances are com- 
pared in terms of B and B,,,, (Table I). 
These equations are shown plotted against 
B in Figure 4 and against H in Figure 5. 
The coefficient C is the value by which 
the expression (24/1) 10-5 must be multi- 
plied in order to obtain L in henrys. See 
Appendix IIB. 

For the case H=K,B+K2B there 
does not seem to be a definite relation- 
ship between the different inductances, 
except that they all decrease quite rapidly 
as soon as the knee of the B—H curve is 
reached. Differential L drops the fastest 
and to the lowest value. 

An air gap in the magnetic circuit 
would increase K, in the foregoing 
equation. Its effect would be to lower 
the C-H curves and to shift them to the 
right. All values of inductance would be 


lowered except Lg which at certain cur- 
rents may be higher with an air gap in 
the circuit than when the core is closed. 


Inductance When Hysteresis Is 
Present 


Figure 6 shows the variation of Lg 
and L, with current, that is, with H, as 
a hysteresis loop for Nicaloi steel is 
traced. It should be noted that the co- 
efficient C in the equation 


N?A 
Lz=C ae 1075 


(14) 
varies from 4 to 175 over every half- 
cycle. 

For Lz, C varies from minus to plus 
infinity which is a rather startling range 
for a quantity which is usually assumed 
constant. Figure 9 was drawn for Nic- 
aloi, because it is a material which has 
a very low hysteresis-loop area and, there- 
fore, is a close practical approach to a 
commercial material with no hysteresis. 
It is used extensively in transformers, 
reactors, and relays. 

Figure 7 shows the same curves of L, 
and Lg for a 2.75 per cent silicon steel. 
Here C in L, varies from 0.8 to 4.7, and 
C in Lg, as before, goes from minus in- 
finity to plus infinity. 


Presence of Eddy Currents 


Many oscillograms, taken on solid 
iron contactors and brakes to get current— 
time curves when a constant d-c voltage 
is applied, show a rapid initial rate of rise 


Table !. Calculated Formulas of Inductance for Various Assumed Magnetization Curves 
Vv dv 1 Exms 
L.=— La=—~ ne Lac => = 
1 di i? @® irms 
In Terms of In Terms of 
H =f(Bo) In Terms of Current i Rms Current Rms Voltage 
N?A N?A | N2A NPA N?A 
ims KoBo 0s... 1 Oe eae 1 Og Se ne Ete inh Nitti nadaelo’s Li OS ease ti pals meee 0 
f Kl Kl oxi Kl Kl 
| 
NYA NY/34 N84 NV/3A NY/242/2Qy3/2 
159 6G) 6) a 1. OF arpa: 0.67 ais MER te 0. 80 afap/aji7a SE ER bra Bice 0. 94 Taps Sirti basse ie ait Breteler 0.92 nia 
NvV24 nINN TE A NVA NA N3A% 
H=KB,?-° Se eee ary 1. OF Tape . 0.505 aa ss a se 0.67 pag Rah etuiesegietetar has, ea.¢ 0.91 apprape eee ce 6 be been eee 0.82 KIE 
ey | NV/s4 NVA NV/s4 NYV/24%/2653/2 
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In Terms of Binstantaneous 


In Terms of Bn 
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Bee ox} —5 
10-5 (=) 10-5 (=) (+0187 joe 

Ke Kil Ke Kul Ks Ke z 

1+—B? 1+10—B? 1+2—B+({ — | Bis 

Wie Bs Ky Tie +(%) 
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N?A 
H=K,B+K2B"... 
=KiB+K, (24) Kil 
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Figure 5. Variation of different inductances 
as a function of magnetomotive force 


of current. This effect is attributed 
sometimes to remanent flux in the device 
and sometimes to eddy currents. Figure 
8 is a copy of a typical oscillogram taken 
on a contactor having a magnetic circuit 
about 11 inches in length and average 
cross section of one square inch with a 
0.015-inch air gap in the circuit. Tests 
taken of current build-up with both 
positive and negative remanent flux left 
in the circuit by previous operations 
showed practically no change in initial 
Tise. 

The values of inductance at different 
currents calculated from the oscillogram 
in a step-by-step process using the equa- 
tion 

E-Ri 
dt 
dt 


La= 


(15) 


are shown in Figure 9. 

Curves 1 and 2 of Figure 9 show the 
variation of ZL with current build-up 
and curve 3 with current decay (cal- 
culated from an oscillogram). It should 
be noted that curve 3 reads from right 
to left with respect to time. Although 
direct comparisons of curves 1 and 3 are 
impossible because of the hysteresis 
loop, it is still significant to notice the 
high inductance exhibited by curve 3 at 
zero current compared with the induct- 
ance shown by curve 1. This probably 
is due to the difference in the rate of 
current in the coil. In the former case 
the d-c are was going out slowly, while in 
the lattercase a sudden voltage in- 
ducing large eddy currents was applied. 

Other data, not reproduced here, in 
which the current and flux rise in a series 
brake magnet were measured, have shown 
that the time required for the flux in the 
air gap to reach its final value is about 
ten times as long as the time required for 
the current to build up. This lag is at- 
tributable to the demagnetizing action 
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of the eddy currents and, of course, af- 
fects the inductance. 


Inductance Based on Build-up and 
Decay of Current 


Figure 10 shows calculated curves for 
the increase of current with time when a 
constant voltage is applied to a 2.75 per 
cent silicon-steel-core reactor, and satu- 
ration is taken into account, but hys- 
teresis and eddy currents are neglected. 
Four such curves for different applied 
voltages are plotted. These curves were 
obtained by a step-by-step integration of 
the equation 


e 
E=Ri+L,— 


dt (16) 


where the equation H=0.05B+(6)x 
(10-!") x B!° was used instead of the true 
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Figure 6. Variation of Lz and Lz over a 
complete cycle of the hysteresis loop of 
Nicaloi 


B-H curve of the material. This was 
done, so that equivalent inductances (Lp) 
calculated from the curves of Figure 10 
could be compared with those obtained 
by calculation from othér definitions. 
Equivalent inductance means that value 
of inductance which, if constant, would 
allow the current to reach the same per- 
centage of its final value in the same time 
that it does in Figure 10. From these 
curves of Figure 10 the value of time 
at which the current was equal to 90 
per cent of its final value was read. 
When equation 10 was used, the value of 
Ly, the equivalent or constant induct- 
ance, was calculated. The same was 
done for current equal to 63 per cent of 
its final value. When these calculated 
values of Lj, were used, the curves 2 and 
3 of Figure 12 were plotted. The 
difference between L,, the usual defi- 
nition for inductance for a d-c field, 
and the constant inductance, which should 
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be used to give the true time of build- “1p 
is shown clearly. 

Curves 1 and 4 of Figure 12 are cal- 
culated from the decay curve of Figure 11. 
These current-decay curves were ob- 
tained in the same way the current-rise 
curves were found, that is, by a step- 
by-step integration of equation 16 when 
E=0 for the magnetization curve H= 
0.05B+ (6) (10-19) B¥, 4 

It should be noted that L, in Figure 12 
falls between curves 1 and 3 for the 90 
per cent case and also between curves 2 
and 4 for the 63 per cent case, that is, 
the apparent inductance is somewhere 
between the inductance calculated from 
build-up and decay. 

If currents which are closer to 100 per 
cent of final are chosen, curve 3 will 
be lower and curve 1 will be higher, 
showing more and more error between. 
apparent inductance and the constant 
inductance which gives the correct 
build-up or decay time. 


Experimental Verification 


An experimental verification of these: 
theoretical curves is shown in Figure 13. 
which is a copy of an oscillogram. This 
was taken to measure the inductance of 
the field of a 50-horsepower synchro- 
nous motor, so that an equivalent circuit 
could be built in order to test the inter- 
rupting ability of switches of different 
ratings. From the slope of the current— 


time curve the inductance was computed 
by equation 14 and is shown plotted in 
It may be noted that the 
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Figure 7. Variation of L, and Lg over a 
complete cycle of the hysteresis loop of 2.75. 


per cent silicon steel | 
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Figure 8. Traced copy of an oscillogram 

showing current build-up with constant ap- 

plied voltage in a d-c solid-iron contactor 
with 0.015-inch air gap 


CURRENT- AMPS 


current-time curve is very similar to 
those shown in Figure 10. The induct- 
ance of this machine had been given as 12 
henrys; the oscillogram showed a range 
from nine to three henrys. 


Conclusions 


1. Although comparisons have been made 
in this paper between various definitions of 
ZI on the basis of a closed circuit and silicon 
steel, similar results can be obtained as 
readily for any other steel and circuit con- 
taining an air gap. 


2. The assumption, that inductance is a 
constant in an iron magnetic circuit where 
the flux density is of the usual practical 
value, and the air gaps are small, leads to 
large errors. Saturation cannot be neglected 
merely to obtain a mathematical solution of 
a problem, for the solution then bears little 
relation to the actual case. 


3. The true inductance of a circuit, in the 
‘sense of a back electromotive force, is the 
differential inductance. There is much work 
to be done to calculate differential induct- 
ance for magnetic circuits which have air 
gaps. Results probably can be expressed 
usefully in terms of mils of air gap per inch 
of iron. Such data on machines are neces- 
sary, if accurate control of those machines 
- iis to be precalculated. 


4. Observation of Figures 4, 6, and 12 
shows the wide variations in inductance, 
depending on the method of calculation or 
measurement. The particular value to be 
used depends on the application to which it 
is applied. 


5. The statement, that inductance is a 
function of the physical dimensions of a 
circuit and of «4, throws the whole definition 
into an evaluation of the value of u and is 
for that reason of little use. , 


6. The widespread use of a time constant 
based on flux linkages per ampere, that is 
Iq, often leads to results considerably in 
error. With the great increase in speeds of 
voltage response called for on a large variety 
of industrial-control applications, such as 
variable-voltage planer drives or amplidyne- 
forced steel-mill motors, it is becoming in- 
creasingly necessary for the circuit designer 
to have more information regarding cur- 
rent build-up in the d-c fields. For accurate 
field control as a function ot time, it is neces- 
sary to know an equivalent inductance 
(Ly) which will give the correct build-up 
time. 
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Figure 9 (right). Variation of Lg 
with current for the d-c con- 


tactor of Figure 8 


1. Lg calculated from current 
build-up after contactor had 


carried current in the negative 
direction. Air gap is 0.015 


inch 


2. Lq calculated from current 
build-up after contactor had 


/ 


gel BE RE 


carried current in the positive 
direction. Air gap is 0.015 a 
inch 4 ox 


DIFFERENTIAL INDUCTANCE, Ld,IN HENRIES 


3. La calculated from an oscillogram of 
current decay. A\jir gap is 0.015 inch 


4. Same as 1 but with an air gap of 0.375 
inch 


Bi 8). epmaes 
TIME - SECONDS 

Figure 10. Current-time build-up curves 
calculated from H=0.05B+-(6)(107 1°)B*° for 
various applied voltages compared with 
theoretical constant-inductance build-up curves 
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Figure 11. Current-decay curves, 


1. Current-time-decay curve for the material 
given) by H=0.05B+(6) (107 19)B10 


| 

2. H-versus-time curve for the constant in- 

ductance (Lyg) which crosses curve 1 at 10- 
per cent of its original value 


3. H-versus-time curve for the constant in- 
ductance (Lig) which crosses curve 1 at 37 
per cent of its original value 


7. In specifying the interrupting ability 
of contactors which handle motor loads, it 
would seem advisable, in order to obtain 
comparative data, to set up L/R ratios for 
air-core reactors rather than to specify motor 
loads. Much work still remains to be done 
to identify the effect of a variable inductance 
load on both a-c and d-c interruption, so 
that equivalent air-core loads can be used 
for test purposes. ; 
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Figure 12. Variation of L;g and L,, with 
magnetomotive force 


1. Lig for decay time at which i=10 per 
cent |, 


2. Ly for build-up time at which i=63 per 
cent ly 


3. Ly for build-up time at which i=90 per 
cent ly 


4. Lia for decay time at which i=37 per 
cent |, 
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Figure 13. Traced copy of an oscillogram 


showing current build-up versus time at con- 
stant applied voltage for a 50-horsepower 
synchronous-motor field 


8. Inthe majority of d-c circuits containing 
solid iron, eddy currents affect the initial 
rate of current rise, so that a calculated in- 
ductance, such as Z,, is not a dependable 
criterion for severity of the circuit with re- 
spect to tip welding. To obtain comparative 
data air-core inductances should be speci- 
fied. 


9. The authors have made no investiga- 
tions as yet on a circuit which contains , 
motor or reactor loads to find the inductance 
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which, together with the capacitance of the 
system, determines the natural frequency of 
the circuit and so critically affects a-c cir- 
cuit interruption. Such an investigation 
may lead to still another inductance. 

10. Electrical engineering courses in col- 
lege could include profitably more work on 
magnetic circuits. Very few textbooks 
even admit the presence of iron in their 
treatment of the classical current rise and 
decay in a d-c circuit, and yet in industry 
few examples can be found where iron is not 
a dominant factor. 


It is realized that the foregoing analy- 
sis is by no means complete, and that 
much work remains to be done. Hys- 
teresis and eddy currents have been 
taken into account in some places and 
neglected in others. Leakage has not 
been considered at all. It is hoped, how- 
ever, that this work will serve to stimu- 
late interest in the examination of iron 
circuits from the point of view of the 
control apparatus which must handle 
those circuits and also will lead to 
AIEE definitions of inductance when 
iron is present. 


Appendix I. Nomenclature 
£=inductance in henrys 
e=voltage at time? 
#=instantaneous value of current 
=flux linkages—webers times turns 
W =flux linkages—kilolines times turns 
t=time—seconds 
W =energy—joules 
J=rms current 
E=rms voltage or d-c voltage 
=flux in webers 
=flux in kilolines 
B,=fiux density in webers per square inch 
B=flux density in kilolines per square inch 
By=Mmaximum value of flux density in 
Kilolines per square inch 
I, =initial value of current for d-c current 
decay = E/R 
J;= final value of current build-upcase=E/R 
R =resistance in circuit 
H=magnetizing foree—ampere turns per 
inch 


FIELD INDUCTANCE - HENRIES 


° 2 4 6 8 10 12 
FIELD CURRENT - AMPERES 

Figure 14. Inductance (Lz) of the syn- 

chronous-motor field calculated from Figure 13 
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H;=final value of magnetomotive force in a 

d-c circuit 
l=length of the magnetic path in inches 

A=crvuss section of the magnetic path in 
square inches 

Ze; Le, 1 PS Le, Lets Ly, Lie are defined in 
the text in the paragraph “Summary of 
Definitions”: 

w=2xf where f is the frequency 

&=permeability 

A =area of an iron circuit in square inches 
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A. Calculation of Zz when H=KB,". 
From equation 1, which! is the defining equa- 
tion for L, 


Ne, NAB 

L=——=-—— : : (17) 
t + 

Substituting H=KB," into equation 17 

yields 


o= “S (2 ; (18) 
and 
Ha (19) 
so that ; 
L=* (=): (20) 


Substitution of »=1.0, 1.5, 2.0 and 2.5, 


into equation 20 gives the formulas for L, 


shown in Table I. 
B. Calculation of Zz when H=K,B+ 


K;B™". By substituting the value of ¢ from 
equation 19 in equation 17 
N?AB, N?AB 10-8 (21) 
ST See 
N?A 1075 
pitta ga su ies: 
1K,{ 1+ B 
(+2 3°) 
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A. Calculation of Z, when H=KB," 


dB, 
t= f eidt and e- NA —* 


so that 


wana fi dB, 


Now 


(23) 
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and 


w-H4 (*) fea 


nK* 


a (ae) es 


Since 
1 
W= 5 L# 


then 


aW _24N~_ gale [e-] 


= ip (n+1) 


Substitution of »=1.0, 1.5, 2.0, and 2.6 
in equation 26 yields the formulas shown for 
LZ, in Table I. 


B. Calculation of ZL, when H=K,B+K,B* 


weeidtaia fran 


and 


L 2W 2AN* 
Se ae sk 


HaB, (27) 


2.4 N*107$ N?10-5 

= | (KiB +KsB™)aB 
_AN‘0-§ _(KiB*+0.182K,B") 

1 K,*B24+2K,.K,B"+KpB" 


RB 
> — Be Ss 
a (ites & = B 0 


sais Bp (B ‘V'pu 


(28) 


Appendix IV 


A. Calculation of Lg when H=KB," 
From equation 4 which defines Lg 


db, dBo 


=N—e=N. ato 
La=N 7 ‘A a (29) 
where 
H\i (Ne 
p=) @, 
Then 
aBy_1(N\t [3-1] 
di -1(2)s I are 
and 
NA/N\E 1 ‘ 
4=——| SS ua neal 
Kl s=* (31) 
: cn Mg 
which is equal to Zg/n. Substitution of 


. n=1.0, 1.5, 2.0, and 2.5 into equation 31 


gives the formulas for Lg in Table I, 
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_& ee , 


x 


- B. Calculation of Lg when H=K\B+ 
K,B» 


Nd®, N?A dB, N?A dB 


a; 10-5 (32 
ie? yan 1 aH 2) 
iS 
1 K,+10K,B° 
_N?A 10-8 
mitten (33 
Yih (14102 2") a 
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Appendix V 


A. Calculation of L,, when H=K(B,)”. 
Assuming no resistance or hysteresis 


ey Oa En 


z mo 
ar “art i vat 
T Jo 


(34) 


Now 


dB 
e= NAP =Em sin wt 


when B, is in webers per square inch, so that 


= 35 
By Ndo °° wt (35) 
Now 

RE LEGB 
CN CN 80) 

IK{ —En, ig 
~ (= cos ot) (37) 
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I _ 0.7071 Ki Bm 


When 2=1, 1.5, 2, and 2.5 is substituted in 
equation 36, and equation 34 is evaluated, 
the results shown in Table I for L,, in 
terms of E,, are obtained. 

Substituting wl] =£ in the equations so 
derived yields the formulas shown for L,, 
in terms of J in Table I. 


B. Calculation of Lgg when H=K,B+ 
K,B 


1, a1 E_NABm10-§ _0.707NABm10-$ 
cae Soe Ss if 


aye 
(38) 
Now 


Bu OT ANE Dy « v3 
i=(7 fi varia r fv erat) (39) 


Substituting for H as a function of B we 
obtain 


21 = 
Tim we fo? (K,2Bm? cos? wt +2K,KoBm'! X 
0 


I/, 
cos! wt+ K»?By,” cos?? wat) (40) 


Evaluation of this expression (Hudson’s 
manual equation 330) 


140.942 Bp Pa 
N a og 


Ky\2 1/y 
O:8520 =— 5B, 18 41 
5 (2) m ] (41) 


N?A we) 
Leac=—— (10-5) | 1+0.942 — B,,,° 
ac Kil ( ) | “ai ia m+ 


K.\?2 —'/2 
0.352 (2) Bn (42) 
Ky 


By plotting equation 41 for I versus By, 
and equation 42 for L,, versus Bn, the plot 
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of Ig, versus I is obtained, which is shown 
in Figure 5. 
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A Magnetic-Type Air Circuit Breaker 
for 15,000-Volt Services 


L. J. LINDE 


ASSOCIATE AIEE 


Synopsis: In the development of the five- 
kilovolt Magne-Blast air circuit breaker, it 
was shown that rapidly increased arc resist- 
ance was €xtremely effective in circuit inter- 
ruption. This paper describes an extension 
of that principle in the development of a 
Magne-Blast circuit breaker for 15-kv 
services with an interrupting rating of 250,- 
000 kva. The higher electrical resistance of 
the arc necessary for this voltage has been 
made possible by an increase in the thermal 
efficiency of the interleaving arc chute. The 
are chute which provides this greater effi- 
ciency is discussed in some detail. The 
design of the breaker is described briefly 
as well as its application to metal-clad 
switchgear. Test data and representative 
oscillograms are submitted to substantiate 
the interrupting rating assigned to this 
breaker. 


ODERN switchgear equipments 
with moderate-voltage air circuit 
breakers have been used to considerable 
advantage during the'recent period # 
industrial expansion. Under the severé 
service conditions of this greatly acceler- 
ated war program, magnetic-type air 
circuit breakers have proved their worth 
in reliable operation with a minimum of 
maintenance. The trend toward air cir- 
cuit breakers for all moderate distribu- 
tion voltages has been hastened by this 
experience, and demands for an extension 
of the line are real. The design history 
and performance characteristics of a 
development that eventually will extend 
the application of magnetic-type air 
circuit breakers to 15-kyv service with 
interrupting capacities of 250,000 and 
500,000 kva are presented here. 

The first Magne-Blast air circuit break- 
ers were introduced for 2,300-to 5,000- 
volt service. Intended to replace the 
conventional oil circuit breaker of com- 
parable ratings, these breakers were de- 
signed as the removable switching unit 
of modern vertical-lift metal-clad switch- 
gear. These breakers emphasized the 
beneficial effects of rapidly increasing 
the resistance of the arc prior to inter- 
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B. W. WYMAN 
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ruption of a-c circuits, both from the 
standpoint of current reduction and re- 
duction of the rate of rise of recovery 
voltage. Heretofore, it had been con- 
sidered generally that increasing arc 
resistance only increased the energy that 
had to be dissipated in the interrupter 
and was therefore to be avoided. 

Since being described before the In- 
stitute in 1939,! additional sizes had been 
developed to include 50,000 t6 150,000 
kva at 5 kv and 250,000 kva at 7.5 kv. 
The operating record of the several thou- 
sand Magne-Blast breakers now in service 
has been so satisfactory that it was im- 
perative to continue this development 
into the 15-kv range at 250,000 kva and 
higher. An extensive development pro- 
gram was therefore initiated to develop 
a 15,000-volt air circuit breaker. How it 


Table I. 


15,000-Volt 250,000-Kva Magne-Blast Circuit Breaker 


vs 


, 


has been possible to extend the Magne- 
Blast principles of interruption in the 
development of such a 15,000-volt air 
circuit breaker having 250,000-kva inter- 
rupting capacity is described in the follow- 
ing sections. A brief description of the 
breaker and representative oscillograms 
also are presented. 


Development of the 15-Kv Arc Chuté’ 


The primary problems in the develop- 
ment of an arc chute suitable for a 15-kv 
magnetic air circuit breaker are those of 
providing sufficient arc cooling to insure 
positive interruption and _ sufficiently 
high dielectric strength to withstand the 
insulation requirements of this voltage 
while still maintaining the approximate 
space requirements of the corresponding 
oil circuit breaker. The general form of 
the interleaving arc chute developed for 
the lower-voltage Magne-Blast breakers 
provided an interrupter that promised 
to interrupt considerable current at much 
higher voltages. This arc chute has 
parallel fins which project alternately 
from the two inner sidewalls. As the 
arc is forced magnetically into the are 
chute, it meets fins of gradually increasing 
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VOLTAGE 


depth extending deeper and deeper into 
the matching slots between the fins of 
the opposite side. Where the fins inter- 
leave across each other, the arc is folded 
back and forth gradually into a serpentine 
path as it proceeds into the are chute, 
where it is lengthened rapidly, and its 
resistance is increased greatly through 
the transfer of thermal energy to the arc- 
chute surfaces. The effect of the inter- 
leaving are chute in increasing the length 
and resistance of the arc and the effect 
of this resistance in reducing the short 
circuit and instantaneous recovery volt- 
age are shown schematically in Figure 1. 

Experience gained in the development 
of 5,000- and 7,500-volt Magne-Blast 
breakers showed that the voltage which 
could be interrupted by an interleaving 


arc chute is proportional to 


(a). 
(bd). 


The length of serpentine arc path. 


The thermal effectiveness of the inter- 
leaving fins in removing heat per unit length 


‘of are. 
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Figure 1. Sehemale view of arc interruption 
in 15,000-volt Magne-Blast arc chute 


Plan view of arc chute showing gradual 
increase in depth of interleaving fins 


(a). 


(b). Successive positions of arcas it is forced 
into chute. Blowout coils are inserted one 
at a time as arc travels along arc runners 


(c). Cross-section views of successive arc 
positions 


Progressive increase of length of arc— 
reduced scale 


(d). 


(e). Short-circuit current showing reduction 
effected by resistance of long arc prior to 
interruption 


(Ff). Voltage across contacts of breaker 
which is zero with breaker closed. As con- 
tacts part and arc increases in length, its in- 
creasing resistance produces a rising arc-volt- 
age drop. At current interruption voltage 
assumes 60-cycle line-voltage value 


(c). The strength of the transverse mag- 
netic field available for forcing the arc into 
the chute. 


(d). The spacing of the arc runners for 
sustaining recovery voltage. 


(a). Both the length of the are path 
and the thermal efficiency of the inter- 
leaving fins in the are chute are effective 
in increasing the arc resistance prior to 
current zero. The short-circuit current is 
reduced by the introduction of this are 
resistance into the circuit, the reduction 
often being as much as 25 to 30 per cent 
of current values prior to contact parting. 
The instantaneous recovery voltage is 
reduced likewise in magnitude, for the 
current zero is advanced from its normal 
lag of 90 degrees toward or beyond the 
normal voltage zero. For a given value 
of short-circuit current, this arc resistance 
must be increased directly with the ap- 
plied voltage to obtain the same percent- 


Figure 2. Interleav- 
ing arc chutes for 
a 15,000-volt 
250,000-kva 
Magne-Blast circuit 
breaker—one chute 
opened to show 
contour of interleav- 
ing fins 
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age current reduction and instantaneous 
recovery-voltage reduction,?:* 

Item a, or the relationship between 
voltage-interrupting characteristics and 
the length of the serpentine are path can 
be checked easily by tests. To do this 
two 7,500-volt arc chutes and their asso- 
ciated breaker parts were connected in 
series and opened simultaneously on a 
15,000-volt connection in the testing 
laboratory. These tests demonstrated 
that two chutes could interrupt the same 
current as a single chute at double the 
voltage of a single chute. Cathode-ray 
oscillographic records illustrated a char- 
acteristic of particular interest, for they 
showed that the recovery voltage im- 
mediately following interruption divided 
equally between the two are chutes. 
Within a very short interval this division 
was modified to values determined by the 
relative capacitances of the separate are 
chutes and contact structures. The re- 
sistances of the continuous interleaving 
hot gas path across each chute im- 
mediately following interruption provided 
an efficient potential divider. It is this 
same resistance path in a single are 
chutes that limits the rate of rise of 
recovery voltage immediately after cur- 
rent interruption. During a long history 
of tests on these breakers, this phenom- 
ena always has limited effectively the 
rate of rise of recovery voltage to 300 
volts per microsecond or less, regardless 
of actual circuit characteristics. 

In the art of circuit interrupters there 
are numerous instances where circuit 


breakers, inherently lacking in this de- 
sirable characteristic, have used external 
resistors to limit the rate of rise of re- 
covery voltage to moderate values. 

The length of the serpentine arc path 
can be increased by providing additional 


TRANSACTIONS 141 


Increased fin depth is 
undesirable, as such a design necessarily 


or deeper fins. 


dictates a wider chute. Here the effi- 
ciency of the magnetic system dimin- 
ishes with the necessary increase in the 
gap spacing between the magnetic side 
plates or pole pieces. Additional fins, 
however, can be added without adding 
directly to the arc-chute size. Both thin- 
ner fins and a reduced spacing between 
fins add to the arc length directly without 
increasing the space requirements of the 
chute. 

(0). The thermal effectiveness of the 
fins is increased also by moving the fins 
closer together, which flattens the normal 
cylindrical arc. The magnetic forces 
within the arc itself, however, try to 
return it to circular cross section which 
greatly increases the intimacy of the con- 
tact between the are and fin surface. 
These phenomena are extremely effective 
in extracting heat from theare. Figure 
2 shows the interleaving arc chutes as 
developed for a 15-kv Magne-Blast 
breaker having 250,000-kva interrupting 
capacity. From this illustration the 
close proximity of the fins to the narrow 
interleaving path for the arc may be seen. 

(c). As the thermal effectiveness of 
the fins is increased, the arc must be 
moved at correspondingly greater speeds 
to prevent excessive fin temperatures. 
The speed of the arc at any point, how- 
ever, is proportional to the strength of the 
magnetic field at that point. 

The strength of this magnetic field is a 
function of the current and the number 
of turns in the series blowout coils, the 
cross-sectional area of the iron-pole 
pieces, and the distance away from the 
coils. Six blowout coils are used to 
obtain a magnetic field of maximum flux 
density over the entire area of the arc 
chute. These coils are inserted one at a 
time as the arc travels along the diverging 
arc runners. Flux measurement tests 
have shown that, except for very small 
arc chutes, a much denser more uniform 
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Figure 3 (left). - Comparison of 

15,000-volt and 7,500-volt 

Magne-Blast circuit breakers 

showing similarity of design 
features 


Both breakers rated 250,000- 
kva interrupting capacity 


Figure 4 


(a—right). 1,200-ampere 

Magne-Blast air circuit breaker 

for 15,000-volt service. Rated 

interrupting capacity 250,000 
kva 


(b). Cutaway 
view of — circuit 
breaker through one 
pole showing ar- 
rangement of con- 
tacts, arc runners, 
series blowout coils, 
one side of inter- 


leaving arc chute, 
and muffler 
A. Herkolite bush- 
ings 


B. Solenoid oper- 
ating mechanism 


C. Operating rod 
D. Primary contacts 
E. Arrcing contacts 
fee Piston rain 
booster 
G. Removable box 
acta K. Upper are run- 
H. Muffler a! 
I. Interleaving arc L. Lower _ series 
chute blowout coils 
J. Upper — series M. Lower arc run- 


blowout coils ner 


magnetic field can be obtained with 
several series coils distributed along the 
entire runner rather than by a single 
powerful series coil. This is due to the 
high values of flux leakage unavoidable 
in such large air-gap circuits, where the 
effective flux density reduces approxi- 
mately as the square of the distance away 
from the coil. Superspeed photographs 
taken at the rate of 60,000 frames per 
second of actual arc interruptions also 
have shown*that it is necessary to dis- 
tribute these blowout coils to obtain 
uniform arc speed into the chute. 


Design Features of the 15-Kv 
Breaker 


During the early stages in the develop- 
ment of this air circuit breaker for 15-kv 
service, a number of different arrangments 
of interleaving arc chutes were tested 
that varied considerably from those used 
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on the original Magne-Blast-type cir- 


cuit breaker. Although some of these 
designs were of early promise, none were 
so compact and so accessible as the con- 
ventional Magne-Blast arrangement. It 
is of interest that a revision of the original 
form of the Magne-Blast design was com- 
pletely successful when the lengths of 
the arc path, thermal efficiency, magnetic 
field, and arc runner gap were scaled to 
satisfy the requirements for 15-kv service. 
Figure 3 illustrates the comparative sizes 
and design characteristics of one of 
the earliest (for 7,500-volt service) 
and the latest (for 15,000-volt service) 
circuit breakers of this type. All essen- 
tial features are common to both ratings. 
The operating mechanism is still in an 
accessible position in front of the breaker; 
are chutes and box barriers extend to 
the rear, and the entire unit is well 
adapted for vertical-lift metal-clad equip- 
ments. Figure 4a shows a 1,200-ampere 
15-kv Magne-Blast breaker for 250,000 
kva, and Figure 4b shows the cutaway 
cross section through one pole illustrating 
the arrangement of arc chutes, contacts, 
blowout coils, and so forth. 


When the breaker is tripped the 
moment an arc is established, it leaves 


* 
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rupted, this magnetic driving force is 
always inherently weak when interrupt- 
ing very light currents, particularly 
transformer magnetizing currents, To 
maintain the same high are speeds and 
short arcing times when interrupting 
very light currents, as when inter- 
rupting heavy current, a supplemental air 
booster is provided as in the smaller 
breakers, but it is of increased size. 
This piston-type air booster is an integral 
part of the contact structure, and its 
effectiveness in maintaining short inter- 
rupting times during light-current inter- 


{a—above). Circuit breaker —- 


and associated — vertical-lift i 
metal-clad switchgear unit v tas Z 
Sieg 
Figure 5 % 
(b—right). Cutaway sketch 


showing circuit breaker ele- 
vated in place in metal-clad 
compartment 


ak 


the arcing contacts and travels along the 


are runners at an average velocity of 
75 feet per second. It is never stationary 
and moves too rapidly to do any appre- 
ciable burning on the surfaces of either 
the contacts or the runners. Deteriora- 
tion is reduced so greatly that, even at 
the maximum interrupting current rating 


of 14,000 amperes, several hundred cir- 


cuit interruptions may be completed 
without requiring maintenance or replace- 
ment of arcing surfaces. It was, there- 
fore, desirable to design the contact 
structure and breaker mechanism with a 
mechanical life commensurate with this 
arcing surface life. A new design con- 
tact structure has been developed in 
which both the primary contacts and the 
arcing contacts pivot on silver-alloy 
washers, This construction eliminates 
entirely the need of any flexible braid 
connections. Fifty thousand mechanical 
operations made on this type of silver- ~ 
ring pivot have shown it to be very resist+ 
ant to wear, This long operating life 
provides a breaker which is suited just as 
ideally to industrial applications calling 
for highly repetitive operations, such as 
are-furnace or rolling-mill motor control, 
as it is to central-station feeder protection 
where service continuity is the prime 
requisite. 

As the magnetic-field strength available 
for driving the are into the are chute in 
any series-coil magnetic breaker is directly 
proportional to the current being inter- 
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Figure 6. Interrupting time 

versus current of 15,000-volt 

Magne-Blast circuit breaker— 
rated 250,000 kva 


1. Interrupting time with air 
boosters 
9, Interrupting time without 
air boosters 


INTERRUPTING TIME - CYCLES 


Figure 7 


(a). Magnetic oscillogram of 
three-phase interrupting test at 
270,000-kva, 14,500 volts. 
Test 51 bof Table |. Note 
marked reduction of current 
due to are resistance prior to 


interruption 


(b). Cathode-ray oscillogram 
of recovery voltages across 
each pole following interrup- 
tion of three-phase test shown 
in Figure 7a, Rate of rise is 
reduced from 1,400 volts per 
microsecond normal for this cir- 
cuit to 200 volts per micro- 


second a 
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ruptions can be seen in Figure 6, where a 
maximum of 4'/, cycles for any value of 
short-circuit current is shown. 


Test Data 


Many extended series of interruption 
tests were made in the development of this 
breaker to obtain optimum co-ordination 
between the interleaving arc-path length, 
fin spacing, magnetic-field strength, and 
air-booster size. Table I shows a series 
of interruption tests taken on a produc- 
tion breaker, ranging from transformer 
magnetizing current values to values well 
above the interrupting rating of 250,000 
kva. In no case did the total breaker 
operating time from trip impulse to in- 
terruptions exceed 4.5 cycles. These 
tests were followed by several trip-free 
closing operations and several two-unit 
operation duty-cycle tests. The solenoid 
mechanism, designed for high closing 
speeds, practically eliminated arcing 
on closing operations. Figure 7a shows 
the magnetic oscillogram, and Figure 76 
shows the cathode-ray oscillogram of a 
typical interruption test slightly above 
the 250,000-kva interrupting rating (test 
51). The magnetic oscillogram shows 
the marked reduction in the short-circuit 
currents of each of the three phases as 
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the arc resistance increases. The normal 
circuit rate of rise of the recovery voltage 
of the first phase to clear on this circuit 
is 1,400 volts per microsecond. The resist- 
ance of the continuous interleaving hot 
gas path plus the advancement of the 
phase position of the current from the 
crest voltage point reduced the rate of 
rise of recovery voltage from the normal 
value of 1,400 volts per microsecond to 
approximately 200 volts per microsecond. 

Figure 9 shows the oscillogram of a 
typical trip-free closing—opening . opera- 
tion at 310,000 kva. This is the second 
of a two-unit operation 15-second duty- 
cycle test 64b. These tests demonstrate 
the ample margin of safety of this 
breaker for application on 11,000- to 15,- 

— 000-volt circuits requiring interrupting 
ratings up to 250,000 kva. 

During an extended test series this 
breaker has demonstrated acceptable 
factors in reliability and in life. Ex- 
haustive interruption tests have been 
but a portion of the complete test pro- 
gram. Tests for mechanical and load 
operations have established its operating 
life beyond 50,000 operations without the 
replacement of parts. Insulation tests 
meet all requirements. Since it was re- 
alized that arc-furnace applications rep- 
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gram of three-phase trip-free 
closing-opening test at 
310,000 kva 14,500 volts 


Test 64b, Table | (second 

operation of two-unit opera- 

tion duty cycle—15-second re- 
closing 


iN 


Figure 9. Magnetic oscillo- 
gram of three-phase opening 
test interrupting load current 
on high side of 6,000-kva ”* 
13,200-volt three-phase trans- 
former supplying are furnace 


Note marked reduction of cur- 
rents prior to interruption 


resent a severe service duty, this breaker 
was placed temporarily on such service 
in a steel mill during its development. 
Complete field test equipment, with this 
temporary installation, provided a quali- 
tative and quantitative analysis of 
breaker performance for such applica- 
tions. The oscillograms taken during 
this investigation demonstrated the value 
of this type of an interrupter in controlling 
the rate of rise of recovery voltage when 
interrupting both the load currents and 
magnetizing currents of an arc-furnace 
circuit. Figure 9 shows the reduction 
in current prior to interruption of the 
breaker interrupting load current of a 
13,200-volt 6,000-kva three-phase trans- 
former supplying an arc furnace. 


Conclusions 


The established principles of the 
Magne-Blast-type circuit breaker can 
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be extended beyond the range originally 
contemplated for this type of interrupter, 
as to both voltage and interrupting 
ability. The magnetic blasting of an 
are into an interleaving chute can be 
controlled to cool and lengthen this are 
at a rate necessary to interrupt the cur- 
rents of a 250,000-kva rating at 15 kv. 
The proper co-ordination between arc- 
chute geometry, magnetic-field distri? 
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CONTACT TRAVEL 


REDUCTION IN 
CURRENT 3 


bution and strength, and contact opening 
speed is used to create arc resistance at a 
rate most effective in completing efficient 
circuit interruption. The energy liber- 
ated by the arc is absorbed with a mini- 
mum of deterioration. 

The advantages of the long electrical 
life of this breaker are combined with a 
sturdy mechanical design that insures 
reliability of service with a minimum of 
care and maintenance. 
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Calculation of Unbalanced Voltage 
Drops in Distribution Circuits With 
Particular Reference to Multi- 
grounded Neutrals 


W.R. BULLARD 
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REWAR economic conditions neces- 

sitated the use of increasingly precise 
engineering technique in the design of 
electric distribution systems. Present 
wartime demands for conservation of 
materials haye intensified the need for 
such technique. Control of voltage regu- 
lation is a factor of major importance in 
determining the capital investment in 
conductors and accessory materials 
needed for distribution circuits. How- 
ever, an important hindrance to the ap- 
plication of accurate engineering in 
taking account of this factor has been 
the lack of a simple method of calculating 
voltage drops in circuits having un- 
balanced conductor impedances and un- 
balanced loads. The method of sym- 
metrical components, used mainly for 
calculation of unbalanced fault currents 


and for solution of a wide variety of prob- 
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lems involving circuit unbalances, has 


not been accepted generally as a suffi- © 


ciently rapid method for the solution of 
voltage-drop problems commonly en- 
countered in  distribution-engineering 
work, Furthermore, simple methods 
ordinarily used, which neglect unbal- 
anced conditions, often give totally in- 
accurate and misleading results. 

This paper presents the elements of a 
simplified method applicable particularly 
to circuits, such as those having multi- 
grounded neutrals, in which phase-to- 
neutral mutual impedances, differ ma- 
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terially from phase-to-phase mutual im 
pedances, but in which the spacings in 
each of the two groups do not differ 
greatly from each other. This method 
provides for the combination of the 
effects of self- and mutual-impedances, 
so that calculation of voltage drops is 
reduced basically to a single vector multi- 
plication of a current and an impedance 
for each phase conductor, and for the 
earth—neutral combination treated as a 
single conductor. The change in circuit 
voltage produced by these drops then 
can be determined by vector additions 
and subtractions. 

In practical application the entire proc- 
ess is reduced to simple algebra by use of 
the familiar method of approximation in 
which the expression (XY sin q+JkR 
cos q) is used to represent the arithmetical 
change in voltage at the load due to drop 
along the conductors. In this expression 
all quantities are scalar, J representing 
load current, X representing conductor 
reactance, # representing conductor re- 
sistance, and q representing the angle 
between load current and the particular 


SOURCE 


circuit voltage under consideration at the 
receiving end. 

Algebraic working equations may be 
written for various commonly encoun- 
tered circuit conditions, using as a basis 
the vector equations developed in this 
paper. In combination with working 
impedance data prepared in accordance 
with the relations shown in the paper, 
such algebraic equations may be. used 
for the rapid determination of delivered 
voltage in distribution circuits involving 
any type and size of conductor. 

Fundamental vector equations are de- 
veloped in the following, and examples of 
working algebraic equations and work- 
ing impedance data are given. ~ 


General Equations 

With reference to Figure 1, which 
symbolizes a four-wire three-phase  cir- 
cuit with multigrounded neutral, the 
voltage drop V, in the circuit composed 
of conductor A and earth return corre- 
sponds to the vector difference between 
source voltage £E, and load voltage 
E,', as measured to an equivalent earth 
return plane of reference. The voltage 
drop V4 is a quantity not obtainable by 
direct practical measurement but is 
employed as a basis for writing expres- 
sions for general equations. Equations 
for V4 and for the voltage drops in other 
conductors can be written as follows: 


Va =En—Ea! =LUsZaatIsZant 


IcoZactInZan) volts (1) 

Vz =Ep— E;;’ aed LU aZastIpZpea+ 
IcZpotInZpyv) (2) 
Vo=Ec— Ec! =LUsZact I sZact+lcZoc+ 
IyZon) (3) 


I,—- 


Figure 1. Three- Dg i pel WNT geet be at ley | SPL LY AS 
phase four-wire’ cir- EQUIVALENT EARTH RETURN PLANE OF INFINITE CONDUCTIVITY 
cuit with  multi- Ya =Eq-Ea Ye =Ec-Eg Ip=lytle 
: ‘i Ip tIg tlot+lIytIn= 
grounded neutral Va =Eg-EB Ww =Ew-En Mise to" Sar tane, Iy= K Ip 
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Vy=Ey—Eyn'! =LUaZaytIsZen+ 
IcZcen+InZywn) (4) 


Ig4Iet+Ict+In+Ie=0 (5) 


where bold-face characters 
vector quantities, and 


indicate 


I4, Iz, and Ic=currents in conductors A, B, 
and C, respectively, in amperes 

Ty and Ig=averaged currents in the neutral 
conductor and in the earth, respectively, 
in amperes 

Zsa, Zep, Zoc, and Zyy =self-impedances 
of conductors, A, B, C, and JN, respec- 
tively, with earth return, in ohms per mile 

Zaz, Zac, and so forth = mutual impedances 
between conductors A and B, and con- 
ductors A and C, and so forth, with earth 
return, respectively, in ohms per mile 

Zan, and so forth=mutual impedance be- 
tween conductor A and the neutral con- 
ductor NV, with earth return, and so forth, 
in ohms per mile 

L=length of circuit in miles 


Voltage Drop Phase-to-Phase 


Vap=Va—Vep=I14(Zaa—Zaz)L— 
Ip(Zepe—Zea)L+Ic(Zac—Zec)L+ 
In(Zan—Zen)L volts (6) 


Equation 6, for calculating phase-to- 
phase voltage drops under any condition 
of unbalanced impedances, contains a 
term with a mutiplier Jy, namely Iy X 
(Za4y—Zpy)L. In this form the equa- 
tion is not directly usable for a 
circuit having multigrounded neutral, 
because the value of Jy is not readily 
obtainable. However, if it is assumed 
that phase-to-neutral spacings are equal, 
the term in question disappears, because 
the impedance quantities within the 
bracket then are equal to each other. 
The quantities (Z4,—Z,4s), (Zgz—Zpa), 
and so forth, represent positive-phase- 
sequence impedances as published in 
handbook tables and can be represented 
more simply by the symbols Z,%, Z,;4, 
and so forth, indicating positive-phase- 
sequence impedance of conductor A at 
spacing AB, positive-phase-sequence im- 
pedance of conductor B at spacing BA, 
and so forth. Equation 6 may be re- 
duced then to 


Vas =I4Z,2L— IpZp4L+I¢(Zco2 —Zc4)L 
volts (7) 


This equation is applicable to the 
calculation of phase-to-phase voltage 
drops in circuits having multigrounded 


neutrals in which phase-to-neutral spac- * 


ings are equal. It also is applicable to 
calculation of phase-to-phase voltage 
drops in circuits having ungrounded or 
unigrounded neutrals in which phase-to- 
neutral spacings are equal. If these 
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spacings are unequal, the resulting error 
in assuming phase-to-neutral spacings 
equal to the “‘geometric mean’ will be 
negligible, unless conductors are large in 
size and phase-to-neutral spacings differ 
greatly. All equations in this paper for 
circuits involving multigrounded neutrals 
are dependent on the foregoing simpli- 
fying assumption, since the improvement 
in accuracy is not deemed to justify the 
complexity of rigorous calculations in- 
volving unequal phase-to-neutral spac- 
ings. This is particularly true, since the 
type of conductor arrangement usually 
encountered in connection with circuits 
having multigrounded neutrals is that in 
which the neutral position is some dis- 
tance below and centered under the phase 
conductors. In such arrangements the 
proportional differences between indi- 
vidual line-to-neutral spacings usually are 
very small. If phase-to-phase spacings 
are assumed equal, the last term of equa- 
tion 7 disappears, and the calculation 
reduces to a single vector product for 
each conductor. 


Voltage Drop Phase-to-Neutral 


Van =Va—Vy =I 4(Zaa—Zay)L— 
Ty (Zyn—Zan)L+In(Zas—Zey)L+ 
Ic(Zac—Zeon)L (8) 


This may be reduced, if single symbols 
are used to represent positive-phase-se- 
quence impedance, to 


Van =T4Z4NL—TyZy4L+Ip(ZpN — 
Zp4)L+Ic(ZoN —Zc4)L (9) 


This equation gives a general expres- 
sion for voltage drops in multigrounded 
circuits but is not directly usable in this 
form, since the term Jy represents only a 
portion of the residual load current, and 
its value has yet to be determined. Fur- 
thermore, it must be kept in mind, in the 
application of formulas for this case, 
that the term Jy is defined as the averaged 
current in the neutral conductor, and 
that the mutualimpedance terms are 
defined similarly. These definitions have 
been chosen to simplify the development 
of equations suitable for practical use. 

Further assumptions also may be 
made for simplification of equations with- 
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PHASE TO NEUTRAL SPACING IN INCHES 


out much sacrifice in accuracy. These 
assumptions are: 


(a). Uniform resistance of grounding elec- 
trodes, taken as an average of the resistance 
of individual grounds. 


(6). Uniform spacing between grounding 
electrodes along the line, taken as an average 
of actual spacings. 


(c). Uniform resistivity of the earth. 


(d). Symmetrical arrangement of phase 
conductors with respect to the neutral con- 
ductor. (In cases where this symmetry 
does not exist, the simplification using 
geometric mean spacing gives negligible 
error, unless the three phase-to-neutral 
spacings are widely different, and conduc- 
tors are large.) 


If these assumptions are used, an equa- 
tion for Jy in terms of Ip, and various 
calculable impedances has been derived 
from data developed by the Joint Sub- 
committee on Development and Re- 
search, Edison Electric Institute and 
Bell Telephone System.! The derived 
equation may be written as follows: 


Zan (2.2 u 
Zyy \ Zyn—ZAn 


Ty )te=Ktn (10) 


where 


Ir=Iy+Jq=total residual current in am- 
peres, equal to the total return circuit 
current in the parallel path of the neutral 
conductor and earth. This current is a 
fixed vector value for a given condition of 
loading 

Iy =averaged current in the neutral con- 
ductor in amperes (as previously defined) 
and is also fixed for given circuit and 
loading conditions 

Iq=averaged current in the earth in am- 
peres and is fixed for given circuit and 
loading conditions 

u=a factor which takes into account the 
number and average. resistance of the 
grounding electrodes installed along the 
line and the terminal grounding condi- 
tions. Its value is as follows for a circuit 
with neutral conductor connected at the 
source end to a station ground of zero ohm 
resistance and grounded along its length 
by grounds of finite resistance, the load 
being connected at the end of the circuit 


Zan—Zyn\' 1 
=1—| ———_——_. ] — tannne 
i ( Zan ) OL, a : ; } 
(u=1 for zero-resistance grounds) 4 
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= Ze 
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Re= averaged resistance of the grounding 
electrodes divided by the average number 
of grounds per mile 

Zay =mutual impedance between conductor 
A and the neutral, with earth return, in 
ohms per mile 

Zyn=self-impedance of the neutral con- 
ductor, with earth return, in ohms per mile 

L= length of line from source to load in 
miles 


ca Gee *) 
Zyn\ Zyn—Zan 
(K=1 for ungrounded or unigrounded 


neutral) 


If the expression KJp is substituted in 
equation 9 for Jy, and if the general 
superscript NP is used for the line-to- 
neutral spacing, equation 9 may be 
written as follows for a multigrounded 
circuit: 


Van =LaZpXPL—IrZyXPKL+ 
T3(ZpNP—Zp4)L+To(ZoN? —Ze4)L 
: volts (11) 


This is a general equation for calculat- 
ing phase-to-neutral voltage drops in any 
three-phase four-wire multigrounded cir- 
cuit in which line-to-neutral spacings can 
be assumed equal, or where these spac- 
ings are taken as the geometric mean 
phase-to-neutral spacings. It applies to 
lines involving any size or kind of wire 
for any of the phase or neutral conduc- 
tors, and to those involving finite resist- 
ances of grounding electrodes. It also 
applies for circuits involving zero-re- 
sistance grounds, or ungrounded or 
unigrounded neutrals, if the values of u 
and K are determined correctly. 

When phase-to-phase spacings are 
assumed to be equal, in addition to the 
assumption of equal phase-to-neutral 
an expression for phase-to- 
neutral voltage drops in multigrounded 
circuits may be developed, as follows: 


_ If the expression 


Zan Znn—Zan u 

a ——__—_— Fp: 1s substituted for J 
Jas (Zen Zee) Rk 1s substituted tor sy 
equation 8 may be written 
Van=1a(Zaa—Zan)L— 


Zan ( Znn—Zan u 
— |) —————_—  ](2nn—Zan)lreb 
Pad ion aa \ wn—Zan)IrL-+ 


T3(Zas—Zpy)L+ Ic(Zac—LZen)L 


When the terms are cancelled, this 
equation may be reduced to 


Van =L4(Zaa—Zay)L— 
Zan? 
(Zur = 3) IpL+Ip(Zsn— 
Zyn 
ZanL+Ic(Zac—Zeon)L 


(12) 


a 


Figure 3. Substitute neutral 
reactance for multigrounded 
circuits with zero-resistance 


#*6BWG SOL.STEEL 


grounds 


#2AWG STD.CU 


SUBSTITUTE NEUTRAL REACTANCE 
IN OHMS PER MILE 


are 


Since phase-to-neutral spacings 
assumed to be equal, and phase-to-phase 
spacings also are assumed to be equal, 
the terms (Z4s—Zpy) and (Zac—Zey) 
are equal to each other and also equal to 
(Zan—Zan)- 

If this expression is substituted sub- 
scripts and superscripts are changed, 
and IpZ,,L and IpZ,y4L are added and 
subtracted, equation 12 becomes 


PN°U 


Z 
Van =1aZ2%L-( Zon Zz 


)ret-+ 
NN 
(Ip+Ic)(ZaX? —Za?)L 


(13) 
Since 

Ig+Ipt+Ic+In+Ia=0 

and 

Iy+Io=In 

Iy+Ipt+Io=—Tr 

and 

Ip+Ic=—(Ua+In) 
Substituting — 

—(U4+Tr) 

for 

Up+Ic) 


equation 13 reduces to 


| Zen? 
Hf eo.-F520) 12.020 


NN 
or 
Z 2 
Vas LZuPL tl (Zea — pe) 
NN 
248? Za? | 
or 
Zpn® 
Van =UiZu°L= (Za el ) 
Znn 
za" |b (14) 


A convenient name for the bracketed 
expression in the preceding equation is 
“substitute neutral impedance,” and it 
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may be represented by the symbol 


Zsy as follows: 


Van =LsZa?L—IrZsyL volts (15) 


Similarly 

Ven =IpZp?L—IpZsnL 
and . 

Von =IcZcPL—IrnZgnLl 


Thus, by using two simplifying as- 
sumptions, namely, phase-to-phase spac- 
ings are equal, and phase-to-neutral 
spacings are equal, the calculation of 
phase-to-neutral voltage drop reduces to 
a simple vector multiplication of a cur- 
rent and an impedance for the phase 
conductor and a current and impedance 
for the return parallel path composed 
of neutral and earth. 

Equation 15 may be used to calculate 
voltage drops in single-phase and in open- 
wye circuits in addition to three-phase 
circuits for which the equation is de- 
veloped. 


Reduction to Algebraic 
Approximations 


As examples of reduction of these 
equations to algebraic working form by 
the method of approximation mentioned 
in the introduction, formulas for line- 
to-neutral voltage change in a_ three- 
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Figure 4. End effect on return-circuit resistance 
with finite-resistance grounds 
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phase four-wire circuit with multi- 
grounded neutral having a single-phase 
load connected from line A to neutral, 
phase sequence being A, B, C, may be 
written as follows: 

Voltage reduction at load, phase A to 
neutral, is very nearly 


I4cos ¢(Ra+Rr)tla sin o(X 4?+Xsw) 


Voltage increase, phase B to neutral, 
is very nearly 


T4Rrcos (60°+¢)+14X sy sin (60°+¢) 


Voltage increase, phase C to neutral, is 
very nearly 


I4Rrcos (60°—¢)—L4X sy sin (60°—¢) 


In these expressions all quantities are 
scalar and 


R4=total resistance of conductor A 
Rr=total 1eturn circuit resistance, or re- 
sistance of earth-neutral combina- 
tion 
X 4? =total handbook reactance of conduc- 
tor A at phase-to-phase spacing 
Xsn=total substitute neutral reactance of 
the circuit 
¢=power-factor phase angle of the load 
current with respect to load voltage 


Substitute Neutral Impedance 


The bracketed expression for Zsy in 
equation 14 can be reduced to the form 
Zan*®  (Zyn—Zan)? 


Zsy =Zap— 
od Zana ZynOL 


tanh (6L) 
(16) 


In this expression, if resistance of con- 
nections to ground is assumed equal 
to zero, @ becomes infinite, and the 
term (Zyy—Zay)?/(ZwwOL) tanh (OL) 
disappears. The first two terms, there- 
fore, represent conditions under which the 
division of current between neutral and 
earth is determined only by self- and 
mutual impedances of phase and neutral 
conductors and the resistivity of the 
earth itself. Such conditions exist ap- 
proximately in the central portions of 
long untapped circuits with multi- 
grounded neutrals. The last term rep- 
resents conditions at the load end of the 
circuit, where the escape of current from 
neutral to earth is retarded by resistance 
of ground connections, zero-resistance 


148 TRANSACTIONS 


grounding conditions at the source and 
being assumed in the derivation of the 
equation in this particular form. For 
convenience, the last term of equation 
16 is called ‘“‘end effect.”’ It is greater, 
the higher the resistance of ground con- 
nections. If grounding conditions are 
no better at the source end of the circuit 
than along its length, then an additional 
end effect must be inserted for the source 
end, doubling the value of the last term. 
If the load is not located at the end of the 
circuit, then two end effects in parallel 
telation must be taken into account, 
since current will flow in the neutral in 
both directions from the load. 


REACTANCE IN OHMS 


END EFFECT ON SUBSTITUTE NEUTRAL, 


LENGTH OF LINE IN MILES 


Figure 5. End effect on substitute neutral re- 
actance with finite-resistance grounds 


Rg=1 

It has been customary in calculation 
of fault currents by the method of sym- 
metrical components to neglect end 
effects and make calculations under the 
assumption that ground connections 
have zero resistance. This often results 
in negligible error, especially in the case 
of long circuits, such as transmission lines. 
However, in the case of voltage-drop 
calculations in distribution circuits, omis- 
sion of end effects frequently will result 
in large error. 

For use in practical engineering work, 
end effects and the other component of 
Zsy composed of the first two terms 
of the expression in equation 16 can be 
calculated to cover a typical range of 
conductor types and sizes and incorpo- 
rated in tabular or chart form, for ex- 
ample, as shown in Figures 2, 3, 4, and 5. 
Figures 2 and 3 give return circuit re- 
sistance and substitute neutral reactance 
for the first two terms of the expression, 
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respectively, for various conductor types, 
sizes, and spacings. Figures 4 and 5 give 
resistance and reactance end effects for 
various conductors but for a particular 
value of Rg or resistance of ground con- 
nection per mile. A series of such charts 
for various values of Rg has been pre- 
pared as working data for practical ap- 
plication of the method. 

In Figures 4 and 5 the last term of 
equation 16 has been multiplied by L, 
and total values are read directly op- 
posite circuit lengths. In Figures 2 and 
3 the values are unit values per mile and 
must be multiplied by the length of 
circuit before substitution in working 
formulas. 

For the construction of the charts of 
Figures 2, 3, 4, and 5, the following physi- 
cal constants were used as reasonably 
typical of conditions likely to be met in 
practice: 


Earth resistivity...... 50 meter ohms 
Distance from con- 

‘ductors to image. . . .2,000 feet 
Conductor tempera- 


(ne 62 2 ee 65 degrees centigrade 
Frequéeucy:..36. 2a. tcc 60 cycles 
Phase-to-phase spac- 

Np ety ee ee 40 inches 


(Deviations from this value ordinarily en- 
countered have relatively little effect on 
accuracy) 


Steel conductors...... high-tensile strength 
Current intensity..... 10 amperes per con- 
ductor 


Circuits With Ungrounded Neutrals 


The foregoing material has been con- 
fined to circuits with multigrounded 
neutrals, but the method is applicable to 
circuits with ungrounded or unigrounded 
neutrals by suitable modification of the 
expression for Zgy. For such circuits 
this is found to be 


Z3n =(Z2yN?+Z4%?—Za?) (17) 


These are all positive-phase-sequence 
impedances readily obtainable from hand- 
book tables. 
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Overloading of Transformers—Cases 


Not Covered by the General Rules 
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Synopsis: The general relations covering 
the heating of transformers and the effects 
of this heating on safe overloads are simple 
in principle, but the mathematics involved 
arecomplex. When suitable curves are used 
to express the relations, the simplicity is 
evident. Loading of transformers and other 
equipment by temperature is increasingly 
common and rightly so. An understanding 
of the principles involved aids in intelligent 
application of information for loading by 
temperature. The usefulness of the Ameri- 
can Standard C57.3, ““Guides for Operation of 
Transformers and Regulators,”’ 1942 would 
be increased by the inclusion of temperature- 
time charts so that a solution may be ob- 
tained for the unusual loading case. These 
charts are based on the same principles on 
_ which the present rules are based. In ad- 
dition to simplifying the procedure for 
: taking care of special cases, such charts 
; present a graphic picture of the heating 
relations of transformers. 


* 


Operation of Transformers and Regu- 
lators’ C57.3, 1942 and the interim 
reports on overloading (references 21 


! HE American Standard ‘‘Guides for 
} 


OIL LEVEL 


TRANSFORMER 


Figure 1. Oil-immersed transformer 
and 24) give information which covers 
many of the overloading conditions en- 
countered with transformers. These 
rules, however, do not cover every situa- 
tion. In order to help fill this lack, 
_ charts have been prepared which will 
enable the safety of practically any special 
case of loading to be determined. 


Paper 44-66, recommended by the AIEE committee 
on electrical machinery for presentation at the 
-AIBE winter technical meeting, New York, N. Y., 
January 24-28, 1944. Manuscript submitted 
September 10, 1943; made available for printing 
_ December 21, 1943. 


W. C. Seavey is engineer in charge of transformer 
design for the Allis-Chalmers Manufacturing Com- 
any, Milwaukee, Wis. J. B. Hoprum is trans- 
development engineer for the same company 
poeeureh, Pa. 
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In addition to such quantitative values, 
there is also a need for a qualitative sum- 
mation of the general principles on which 
transformer loading is based. Such a 
summation will aid in correct application 
of the rules and result in confidence that 
the application is correct. The general 
principles are outlined after which their 
application to specific cases is demon- 
strated by the use of charts. 


General Principles 


A familiar operation like heating water 
on a stove includes all the elements in- 
volved im heating and cooling of trans- 
formers. When a teakettle of cold water 
is placed on a stove, the water heats 
slowly because of its high thermal capac- 
ity. The heat given off by the hot gases 
of the fire must be transmitted to the 
water, which absorbs heat and increases 
its temperature. At all times, the tem- 
perature of the fire is higher than the tem- 
perature of the water, and heat flows from 


-the fire to the water. 


After the teakettle is removed from the 
fire the water remains hot for a consider- 
able time. During this period, its tem- 
perature gradually decreases as the water 
loses heat to the surrounding air. 

In a transformer, heat is generated in 
the copper of the windings and in the iron 
core. The transformer starting cold, a 
portion of this heat is absorbed by the 
copper because of its thermal capacity, 
and a portion of the heat is transferred to 
the oil. The oil, in turn, absorbs heat 
because of its thermal capacity, and, after 
its temperature increases, dissipates heat 
to the cooling medium, usually the air sur- 
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rounding the transformer. In Figure 1 
the flow of heat is from the copper at A to 
the oil at B and, in turn, from the oil at B 
to the air at C. The temperature differ- 
‘ence between the copper at A and the 
adjacent oil at B is commonly called the 
copper ‘“‘gradient.’’ The difference in 
temperature between the oil at B and the 
air at C is commonly called the “‘oil rise” 
in temperature. If 4 is the copper ad- 
jacent to the hottest oil B, the copper 
temperature of A will be the hot-spot 
copper temperature, and the temperature 
difference between A and B will be hot- 
spot copper gradient. Since the tempera- 
ture of the hottest spot of the copper is 
the temperature which controls permis- 
sible loading, the charts used in this 
paper are the charts of hot-spot tempera- 
ture. 

The rate at which insulation deterio- 
rates depends upon the temperature, an 
increased temperature causing an in- 
creased rate of insulation deterioration. It 
is assumed that continuous temperature 
of 95 degrees centigrade hot-spot tem- 
perature of the copper will result in satis- 
factory length of life for a transformer. 
If the operating temperature is below 95 
degrees centigrade for part of the time, it 
can be allowed to be above 95 degrees 
centigrade for part of the time and still 
secure the same transformer life. If ad- 
vantage of this fact is taken, higher loads 
and higher temperatures can be permitted 
for short periods of operation. If the 
transformer is cool when the overload is 
applied, advantage may be taken of the 
thermal capacity of the transformer mate- 
rial, and higher overloads with a corre- 
sponding higher rate of heat generation 
can be permitted when the transformer 
is cool than when it is hot, 


Heating and Cooling Curves 


Quantitative variations of transformer 
temperatures with time can be shown 
conveniently on curves such as Figure 2. 
The rate of temperature rise with time de- 
pends upon the load upon the transformer. 
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The curves of Figure 2 have been drawn 
for 100 per cent load. The left-hand part 
of the oil curve of Figure 2 shows how the 
temperature of the oil increases with time 
as load is applied to the transformer start- 
ing cold, The right-hand part of the oil 
curve shows the manner in which the oil 
temperature decreases when the starting 
temperature is higher than the final tem- 
perature of the oil. Figure 2 is really two 
sets of eturves in one, the left-hand side of 
the chart being the curves for increasing 
copper and oil temperature and the right- 
hand side of the chart being the curves of 
decreasing copper and oil temperature. 
The side of the chart to be used is not 
determined arbitrarily but is determined 
by the oil-temperature rise. If the oil rise 
is above 45 degrees centigrade at the start 
of the period of time considered, the 
starting temperature and, consequently, 
the starting time will fall on the right- 
hand side of the chart. For example, if 
the starting oil-temperature rise were 55 
degrees centigrade, the starting time 
would be six hours on the cooling or 
nght-hand side of the chart. If, however, 
the starting oil-temperature rise were 35 
degrees centigrade, the starting time 
would be four hours on the left-hand side 
of the chart. In either case, as time 
elapses the numerical value of the time in 
hours would increase. 


As shown by the left-hand side of 
Figure 2, when a cold transformer is 
loaded, the oil temperature rises rapidly 
almost as a straight line because practi- 
cally all of the heat generated is absorbed 
by the copper and iron and oil of the trans- 
former. If no heat-dissipating surface 
were supplied, the temperature would in- 
crease in a straight line indefinitely until 
failure occurred. After a time the curve 
of oil-temperature rise departs from a 
straight line as more heat is dissipated to 
the surrounding air. After several hours 
the rate of increase in temperature is very 
slow, until finally all of the heat gen- 
erated is being dissipated to the air and 
the oil temperature no longer increases. 

The right-hand side of Figure 2 shows 
how the oil temperature decreases with 


time when the ultimate temperature is 


lower than the initial temperature. The 
rate of decrease in temperature is most 
rapid at the beginning near zero time. 
The rate of decrease in temperature be- 
comes slower with lapse of time, until the 
same ultimate temperature is reached as 
for the same load with rising temperature. 

Because the copper-over-oil gradient 
changes rapidly compared to the rate of 
change of the oil temperature, the copper 
temperature is assumed to be a constant 
amount above the oil temperature for any 
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load by the value of the gradient of the 
transformer, and the copper curve is 
drawn accordingly. If the oil rise of the 
transformer is known (as by reading the 
thermometer on the transformer case) and 
100 per cent load is applied, the tempera- 
ture rise from that time on can be deter- 
mined from the curve by assuming that 
the starting time is the time correspond- 
ing to the starting oil temperature. If, 
for example, it is assumed that the start- 
ing oil temperature is 30 degrees centi- 
grade, the starting time would be 2.8 
hours as read from the oil curve corre- 
sponding to 30 degrees centigrade. The 
transformer does not know whether the 30 
degrees centigrade was obtained by carry- 
ing 100 per cent load starting cold or by 
cooling down from a higher temperature. 
Consequently, it may be assumed for pur- 
poses of calculation that the 30-degree- 
centigrade rise was obtained following the 
100 per cent load curve, the load being 
applied when the transformer was cold. If 
this load of 100 per cent is carried for two 
hours, the total time wiil be 2.8 plus 2= 
4.8 hours. The copper temperature rise 
at the end of 4.8 hours will be 58 degrees 
centigrade as read on the copper curve. 
Each point on the copper curve corre- 
sponds toa definite oil temperature on the 
oil-temperature curve. Accordingly, it is 
possible to dispense with the oil curve and 
use only the copper curve if the points on 
the copper curve are labeled with figures 
as shown in Figure 2. 

Accordingly, for an initial oil tempera- 
ture of 30 degrees centigrade and 100 per 
cent load, the starting point on the copper 
curve is the point marked 30, correspond- 
ing to a time of 2.8 hours. Two hours 
later at a time of 4.8, the copper-tempera- 
ture rise is read as 58 degrees and the 
corresponding oil temperature can be 
estimated as 38 degrees by interpolating 
between the 30- and 40-degree marks on 
the copper curve, or by subtracting the 


Figure 3. Heating 


of 
i 
known gradient of 20 degrees centigrade. 
The same general principles apply not 
only to transformers but also to other 
types of electrical equipment where 
thermal characteristics are a factor in 
determining the safe load which can be 
carried, 


ve 


Use of Temperature-Time Chart 


Figure 3 consists of curves similar to 
Figure 2 for 0, 60, 80, 100, 120, 140, 160, 
180, and 200 per cent loads for the hot- 
spot-temperature rise above the ambient 
air. They were drawn in exactly the same 
manner as the copper curve of Figure 2. 
The dotted lines are drawn through points 
of equal oil temperatures. The oil tem- 
perature values are indicated by the 
figures at each end of the dotted lines. 

The purpose of the curves of Figure 3 is 
not solely to secure a chart by which tem- 
perature values can be calculated readily. 
It has the advantage of presenting the 
various factors of time, per cent load, and 
rise in degrees centigrade in such a manner 
that the physical phenomena may be 
followed. For example, the curve for 120 
per cent load is a curve of the temperature 
rise of the hot-spot copper above the sur- 
rounding air versus time when a trans- 
former is carrying 120 per cent load. 
The dotted lines merely represent a simple 
means of indicating the oil temperature 
on each curve corresponding to the given 
copper temperature. As stated, the pur- 
pose of the chart is not only to determine 
temperature values for given load cycles 
but also to present a physical picture of 
the rise and fall of the temperature dur- 
ing the load cycle. 


EXAMPLE 


If the initial oil-temperature rise is 
30 degrees centigrade, what will the 
temperature be at the end of the time 


and cooling curves 
for a typical trans- 


former for various 


loads for the follow- 


ing full-load values: 


Hot-spot gradient, 


90 degrees centi- 


grade; oil rise, 45 
degrees centigrade; 
ratio of copper loss 


to iron loss, two; 
thermal time constant, 
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three hours. Rises 
shown are hot-spot 


copper and top oil 
rise above ambient- 
air temperature 
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when 100 per cent load is carried for two 
hours followed by 140 per cent load for 
one hour followed by 80 per cent load for 
one hour? Is this a safe loading condi- 
tion where the ambient temperature is 
“ten degrees centigrade? 

In Figure 3, the time corresponding to 
30-degree-centigrade oil rise on the 100 
per cent load curve is 2.8 hours; 2.8 
‘hours plus two hours equals 4.8 hours. 
The copper-temperature rise correspond- 
ing to 4.8 hours on the 100 per cent load 
curve is 58 degrees centigrade. Moving 
to the 140 per cent load curve, keeping 
parallel to the dotted lines, one deter- 
mines the time of 2.2 hours as being the 
starting time corresponding to the same 
oil-temperature rise (38 degrees centi- 
grade) as for the finish of the preceding 
run; 2.2 hours plus one hour equals 3.2 
hours. The copper-temperature rise 
corresponding to 3.2 hours on the 140 per 
cent load curve is 82 degrees centigrade 
which is the copper-temperature rise at 
the end of that time. Again moving 
parallel to the dotted lines, one finds the 
starting time for the 80 per cent load 
curve to be 6.6 hours. Adding 6.6 hours 
plus one hour equals 7.6 hours. The 
copper-temperature rise corresponding 
to 7.6 hours on the 80 per cent load curve 
is 58 degrees centigrade. By interpola- 
tion between the dotted curves, this cor- 
responds to a 44-degree-centigrade oil 
temperature. For convenience in calcu- 
lation, these values are arranged in 
Table I. 

Since the hot-spot (copper) temperature 
is below 95 degrees centigrade at all times, 
it is obvious that the loads described in 
Table I may be carried with safety. 

Any load cycle can be traced through 


_ the curves in similar manner, and the oil 


and copper temperature at any point on 
the cycle may be readily determined. In 
addition, at any point on the cycle the ef- 
fect of increased time may be determined, 
since, by inspection, it is obvious whether 


_ further increase in time will greatly in- 
_ crease or decrease the rise obtained. 

_ The chart of Figure 3 can, of course, be 
_ drawn with other variables plotted on the 
horizontal and vertical axis, or by means 
$ of nomograms or special slide rules. The 
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Figure 4. Rate of loss of life of transformer 
insulation in terms of rate of loss of life at 
95 degrees centigrade 


arrangement of Figure 3, however, pro- 
duces a better physical picture for most 
practical cases. 

The curves of Figure 3 have been drawn 
for the following transformer characteris- 
tics at 100 per cent load: a ratio of copper 
loss to iron loss of two to one, a hot-spot 
copper gradient above the oil of 20 de- 
grees centigrade, an ultimate oil rise above 
the ambient air of 45 degrees centigrade, 
and a thermal time constant of three 
hours. Many modern power transformers 
have characteristics which are approxi- 
mately the same as these assumed values, 
and the curves of Figure 3 can be used for 
such transformers. 

Some transformers, particularly older 
transformers, may have higher gradients 
and shorter time constants than those used 
to determine the curves of Figure 3. The 


chart of Figure 5 has been drawn for use. 


on such transformers with lower overload 
capabilities, assuming the following full- 
load values: a hot-spot gradient of 30 de- 
grees centigrade, oil rise 35 degrees centi- 
grade, ratio of copper loss to iron loss at 


Figure 5, |Heating 


full load 2 to 1, thermal time constant two 
hours. For general use either the charts 
of Figure 3 or the chart of Figure 5 will 
be used, whichever is closer to the char- 
acteristics of the actual transformer. In 
case of doubt Figure 5 should be used. 

The use of typical charts and the use of 
typical values of constants for determin- 
ing permissible overloads of transformers 
follow the general principles which are 
used in preparing other guides for opera- 
tion of transformers, such as American 
Standard C-57.3. When this section on 
the guides for operation of transformers 
is revised, charts such as Figure 3 or 
Figure 5 or both would add useful infor- 
mation. If other values than those as- 
sumed for Figures 3 and 5 are chosen 
for the other data, these figures can be 
revised, using the same constants ‘as 
are used for the other rules. Detailed 
means by which curves of Figures 2, 3, 
and 5 may be obtained are described in 
reference 20 (see the appendix). 

For any particular transformer, values 
of hot-spot copper gradient and top oil 
rise at full load, and the thermal time 
constant (the time which would be re- 
quired for the transformer oil to reach its 
ultimate temperature if all the heat were 
absorbed in the oil and no heat were dis- 
sipated to the air) may be obtained from 
the transformer manufacturer. For more 
accurate results, of course, charts similar 
to Figures 3 and 5 may be constructed 
especially for a particular transformer, but 
this refinement is seldom necessary. 


Calculation of Loss of Life 
of a Transformer 


The curves of Figures 3 and 5 can be 
used to calculate allowable loads and the 
loss of life for a given loading cycle. The 
loss of life for a given loading cycle can be 
calculated from Figure 4 which shows the 
loss of life in percentage of the loss of life 


and cooling curves 


| 


for a typical trans- 


former for various 


loads for the follow- 
ing full-load values: 


Hot-spot gradient of 


30 degrees centi- 


grade; oil rise, 35 


degrees centigrade; 
ratio of copper loss 
to iron loss, two; 


f 


thermal time constant, 
two hours. Rises 
shown are hot-spot 
copper and top oil 
stise above ambient- 
air temperature 
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of a transformer operated continuously 
with a hot-spot copper temperature of 95 
degrees centigrade. For convenience in 
calculation it may be assumed that the 
ultimate temperature is maintained for 
the total time the load remains constant. 
(If more precise values are desired, the 
curve of temperature versus time may be 
drawn.) The comparative loss of life 
may be determined as shown below. The 
average rate of loss of life over the period 
considered is the rate of aging relative to 
the base rate of continuous operation at 95 
degrees centigrade hot-spot temperature. 


EXAMPLE 


What is the loss of life during the pre- 
ceding example as compared to the loss of 
life at 95 degrees centigrade when the 
following temperatures were obtained: 


68 degrees centigrade at end of two hours of 
100 per cent load 

92 degrees centigrade at end of one hour of 
140 per cent load 

68 degrees centigrade at end of one hour of 
80 per cent load 


What is the highest ambient tempera- 
ture at which this loading could be car- 
ried without the average rate exceeding 
the normal rate of loss of life? 

From Figure 4, the rate of loss of life 
at 68 degrees centigrade is 0.10; and at 
92 degrees centigrade, 0.74 times the rate 
of loss at 95 degrees centigrade. 


The average rate = 


0.10X2+0.74*1+0.10X1 
4 
rate of loss of life at 95 degrees centigrade 


=(.26 times the 


This corresponds to an equivalent tem- 
perature from Figure 4 of 79 degrees centi- 
grade for the four-hour period. The am- 
bient temperature was ten degrees centi- 
grade; it could have been 95 degrees centi- 
grade —79 degrees centigrade = 16 degrees 
higher or equal to 26 degrees centigrade 
before the average rate of loss of life 
exceeded the normal rate. 


Safe Loads for Short Times 


Another approximate method which 
may be used is to compare the final tem- 
peratures with those given in the Stand- 
ards for short-time loading. 

The following temperature limits may 
be used for recurrent loads: 


Two hours or less—110 degrees centigrade 
Eight hours or less—105 degrees centigrade 
24 hours or less—95 degrees centigrade 


Transformer hot-spot copper temperature 
which is calculated as the sum of the 
temperature rise from Figure 3, and the 
ambient temperature should not exceed 
these values. 
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If the temperatures obtained during the 
desired loading do not exceed these values 
for the times corresponding to the tem- 
perature rises on the curve of Figure 3, 
the loading will be within safe limits. In 
the preceding example, the copper tem- 
peratures given in Table II were obtained 
with ten degrees centigrade ambient: 
The temperature limit for 4.8, 3.2, and 7.6 
hours is 105 degrees centigrade as shown 
in the last column of Table II. The final 
copper temperatures are all below the 
limit, so consequently the loads may be 
carried with safety. According to Table 
II, the ambient temperature could have 
been equal to 105—92= 13 degrees higher 
or equal to 23 degrees before safe tem- 
peratures were exceeded. This approxi- 
mate value may be compared with the 
more accurate value of 26 degrees centi- 
grade obtained by the previous method. 


Summation 


The general principles underlying safe 
loading of transformers can be conven- 
iently expressed on a quantitative basis by 
the use of charts. These charts consider 
the effect of ambient temperature and 
thermal capacity of the transformer as 
well as the other physical constants of the 
transformer. Thermal characteristics of 
a transformer cannot be precisely deter- 
mined, but fortunately precise deter- 
mination is not necessary for practical 
use. By using assumed values for con- 
stants which give results on the safe side 
(for example, using a gradient for calcu- 
lation which is not smaller than the actual 
gradient, using a thermal time constant 
which is not larger than the actual time 
constant) one may be certain that the 
loading obtained is conservative. This 
follows the general principles in common 
use for overloading transformers. The 
heating of other apparatus follows the 
same laws as the heating of transformers. 
Similar charts can be prepared using the 
same principle for the set of constants 
which apply to the particular apparatus. 


Conclusions 


1. The fundamental principles involved in 
transformer heating and overloading are 
simple and applicable not. only to trans- 
formers but to other devices which generate 
internal heat. i 


2. By using simple charts, the advisability 
of a contemplated overload cycle for a 
transformer can be quickly determined. 
The usefulness of the American Standards 
would be increased by the inclusion of such 
charts. 


3. Where the more general rules are not 
applicable to the loading being considered, 
the heating and loss of life for the loading 
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can be quickly calculated by the meth 
given. 


4. In overloading transformers, the cau- 
tions given in the interim report should be 
observed. 


5. Ifa short-time overload is to be carried 
on an existing transformer, the starting 
point in determining the safe time for the 
load should be the present oil temperature. 


Appendix. Description of Curves 


The curves of Figures 2, 3, and 5 are 
curves of heating and cooling versus time 
and are calculated curves which closely 
approximate the curves which would be ob- 
tained if frequent readings were taken on a 
transformer in operation, starting with the 
transformer oil at air temperature for the 
heating curves and starting with the oil at 
100 degrees centigrade rise for the cooling 
curves. An extensive exposition of the 
existing relations is given in the references, 


especially references 2, 5, and 20. The 
Table II 
Final Copper 
Temperature 
With 10 
Final Degrees 
Final Copper Centigrade Temperature 
Time (Hours) Rise Ambient Limit 
4S pote Doda mets 68): es eeu 105 
Baty cis aie SOF seek 92.0 Jes 105 
7 Om ckpgnrds. + BS. ova 68:::9 Fees 105 


curves are calculated in accordance with 
these references. To make the curves more 
generally useful, the effect of thermal 
capacity of the copper alone is neglected. 
This produces appreciable error only for 
short times on the order of 15 minutes or 
less, and even there the effect is to increase 
the safety of loading. 

The curves are drawn for the following 
relations of references 2, 5, and 20: 


1. The ultimate hot oil rise over ambient air 
varies as the 0.8 power of the loss. Consequently. 
the heat dissipation from the oil to the air varies as 
the 1.25 power of the temperature. 


2. The copper loss varies as the square of the load. 


3. The hot-spot copper gradient varies as the 1.6 
power of the load. 


4. The thermal time constant of the copper alone 
is assumed to be negligible. 


5. The thermal time constant of the whole trans- 
former is assumed to be constant at the given value. 
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The Vibration of Electric Contacts 
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N , evaluating an electric switching 
device, its following characteristics 
must be considered: 
1. Ability to close the circuit without un- 
due deterioration of contacting points. 


2. Ability to carry the current without 
injurious temperature rise. 


3. Ability to interrupt the circuit with the 
least destruction of contacting members. 


Considerable attention has been given 
to the study of the two latter problems, 


while the ‘‘making’’ of contacts has been 
practically neglected. However, the en- 
gineers interested in the life or in the 
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proper operation of switching devices 
realize that, in many applications, particu- 
larly those involving high initial power 
surges, the “making” of the contacts 
may be even more important than their 
“breaking” performance. 

A switch, to ‘“‘make’’ properly, must 
bring the contact points into union with- 
out their bouncing or vibrating. That is, 
once touched, the points should not 
separate, for otherwise the circuit would 
be momentarily broken with resulting 
arcing, 

Particularly vulnerable are the con- 
tacts controlling tungsten filament lamps. 
In such circuits, because of the high 
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Figure 1. Oscillogram show- 

ing current rise in 1,200-watt 

lamp circuit on 125 volts, 
direct current 


temperature coefficient of resistivity of 
the filament material, the initial current 
is several times that of the normal lamp 
current. A typical oscillogram, Figure 1, 
recorded an inrush current of 800 per 
cent of the normal. Consequently, if 
vibration of contacts occurs, during their 
“making” period, the contact points are 
called upon to interrupt and to “‘close”’ a 


load eight times their rated capacity. 
Such excessive current, of course, de- 
stroys the contacting parts very rapidly. 

Vibrating contacts impose a greater 
duty on the contacting members. Such 
contacts are subjected to the load inter- 
ruption, not only during their ‘“‘break- 
ing’ function, but also while they are 
“making.’’ Naturally, in circuits pro- 
ducing high current surges, this condition 
causes very rapid disintegration of con- 
tact material and welding. The results 
of vibrating contacts controlling a circuit 
of lamps are shown in Figure 2. Speci- 
mens 2a were closing and opening a cir- 
cuit having lamps as load and are show- 
ing severe pitting and wear of metal at 
the center portion of the contact; it was 
caused by‘‘breaking” the circuit after 
initial ‘‘make.’’ Specimens 2b were 
controlling a d-c noninductive resistance 
load and are characterized by deteriora- 
tion of metal at the wings of the contact; 
this wear was caused by arcing incident 
to “breaking” of circuit; it will be ob- 
served further that the center portion 
of the contact was not affected because of 
absence of high current surges in non- 
inductive resistance circuit. Life of 
contacts vibrating during ‘‘making’’ is 
reduced, and, in some circuits, their use 
becomes prohibitive. 


Similar destructive results occur in 
switches controlling motors, since the 
starting current of motors is several times 
their ‘running’ values. 

In the application of contacts involving 
sending out a predetermined number of 
impulses (telephony, electric clock sys- 
tems, supervisory control, and so forth) 
for selection of indication or of a function 
of remotely located apparatus, the con- 
tacts must be vibrationless, for otherwise 


L. C. Nichols. AIEE Transactions, volume 53, 
1934, pages 1616-21. 


6. OPBRATION OF OIL-INSULATED TRANSFORMERS 
om A TEMPERATURE Basis, E. A. Church. Edison 
Electric Institute Bulletin, volume 4, December 
1936, pages 501-9. 


7. DiIsSTRIBUTION-TRANSFORMER LOAD CHARAC- 
THRISTICS, report on overhead distribution group of 
transmission and distribution committee. Edison 
Electric Institute publication F3, April 1938. 


8. DisTRIBUTION-TRANSFORMER LoapinG, H. P. 
Seelye. Edison Electric Institute publication F7, 
August 1938, pages 1-5. 


9. THERMAL PERFORMANCE OF DISTRIBUTION 
TRANSFORMERS, Merrill DeMerit. Edison Electric 


Institute publication F7, August 1938, pages 7-17. 


10. TEMPERATURE LiIMITs SET By OIL AND CELLU- 
LOSE INSULATION, C. F. Hill. AIEE Transac- 
TIONS, volume 58, 1939, September section, pages 
484-7. 

11. Loapinc TRANSFORMERS BY COPPER TEM- 
AIEE 
TRANSACTIONS, volume 58, 1939, October section, 
pages 504-9. 


12. TRANSFORMER LOADING ON A TEMPERATURE 


Aprit 1944, VOLUME 63 


/ 
1 ' 


: ¢ 


Basis, D. L. Levine. Electric Light and Power, 
volume 17, March 1989, pages 52-5. 


13. Maximum ALLOWABLE LOADING oN Dyis- 


TRIBUTION TRANSFORMERS, H. P. Seelye, N. A. 
Pope. Edison Electric Institute Bulletin, volume 7, 
October 1939, pages 491-6. 


14. SELECWNG DiISTRIBUTION-TRANSFORMER SIZE, 
M. F. Beavers. ELECTRICAL ENGINEERING, volume 
59, October 1940, pages 407-12. 


15. Errect or Loap FactoR ON OPBRATION OF 
POWER TRANSFORMERS BY TEMPERATURE, V. M. 
Montsinger, AIEE TRANSACTIONS, volume 59, 
1940, November section, pages 632-6. 


16, TRANSFORMER OPERATING GUIDE TO FEASIBLE 
War Loapineos, H. F. Hartzell. Electrical World, 
volume 117, June 27, 1942, pages 2222-4, 


17. EMERGENCY OVERLOADING OF ArR-COOLED 
O1L-IMMERSED POWER TRANSFORMERS BY Hor- 
Spor TrempEerRAtTuRES, V. M. Montsigner, P. M. 
Ketchum. AIEEE Transactions, volume 61, 1942, 
pages 906-16, / 


18. Factors AFFECTING THE MECHANICAL DeE- 
TERIORATION OF CELLULOSE INSULATION, F. M. 
Clark. AIEE Transactions, volume 61, 1942, 
pages 742-9. 


Russell, Keilien—Vibration of Electric Contacts 


19. EMERGENCY OVERLOADS FOR OIL-INSULATED 
TRANSFORMERS, F. J. Vogel, T. K. Sloat. AIEE 
TRANSACTIONS, volume 61, 1942, September sec- 
tion, pages 669-78. 


20. Srwepvre Meruop or CaLcuLaTING TRANS- 
FORMER TEMPERATURE RISE WITH VARIABLE 
Loaps, W. C. Sealey. Allis-Chalmers Elecirica/ 
Review, December 1939, pages 11-15. 


21. INTERIM REPORT ON GUIDES FOR OVBRLOAD- 
ING TRANSFORMERS AND VOLTAGE REGULATORS, 
ATEE committee on electrical machinery. AIEEE 
TRANSACTIONS, volume 61, 1942, September sec- 
tion, pages 692-4. 


22. EQUIVALENT AMBIENT TEMPERATURES FOR 
LoapInc TRANSFORMERS, W. C. Sealey. AIEE 
TRANSACTIONS, volume 62, 1943, February section, 
pages 87-93. 


23. Uses or EQuivacent ANNUAL AMBIENT TEM 
PERATURES IN OVERLOADING TRANSFORMERS AND 
VoL_taGE ReGuLators, M..S. Oldacre. AIEEE 
TRANSACTIONS, volume 62, 1943, July section, pages 
477-82. 


24. INTERIM REPORT ON OVERLOADING Dis- 
TRIBUTION TRANSFORMERS, AIEE committee on 
electrical machinery. AITEE Transactions, volume 
62, 1943, August section, pages 516-17. 


TRANSACTIONS 153 


(a). Switch contacts controlling lamp load 
circuit 


(b). Switch contacts controlling noninductive 
resistance circuit 


Figure 2 


the number of ‘“‘makes’’ and ‘‘breaks”’ 
would not correspond to the assigned code, 
thus producing erroneous results. While 
the effect of vibrating contacts may be 
compensated by the use of slow-acting 
magnets, such a scheme is not desirable, 
for it limits the speed of the system. 

Functionally the contacts may be 
divided into two general groups: butting 
type (contactors, relays, switches, keys, 
circuit breakers, and so forth) and knife 
type {knife switches, snap switches, oil 
switches, circuit breakers, and so forth). 

In a switch of elementary design, the 
blades may produce violent vibration, 
as indicated in oscillogram Figure 3. 
Observe several complete circuit inter- 
ruptions by either specimen. Butting 
type of contacts, such as used in relays, 
keys, and so forth, usually close with 
pronounced bouncing, as shown in Figure 
4. Many circuit interruptions took place 
in relatively lengthy periods of time elap- 
sing between first ‘make’ and final com- 
pletion of the circuit, in both exposures. 
Therefore, the matter of vibration sup- 
pression becomes an important problem 
in switching mechanism designs, 
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Figure 3. Oscillogram show- 
ing contact vibration of ordi- 
nary snap switch 


0.090 AMP. 


Snap switches closing nonin- 
ductive resistance circuit on 


‘ 0.090 AMP 
125 volts, direct current 


For vibrationless operation, it is 
necessary to prevent contact overtravel 
at right angles to the direction of move- 
ment in case of the knife type of contacts, 
and to eliminate bouncing in case of but- 
ting type. In either case the energy of 
the moving system in excess of that 
utilized to unite contacts must be dis- 
sipated. Unless this is done, the im- 
pact will cause rebound. 3 

For the interruption of d-c circuits, it is 
generally considered that the contacts 
must travel with high velocity. How- 
ever, such a characteristic is objection- 
able during their ‘‘making,’’ for the 
kinetic energy resulting from this high 
velocity would be more difficult to absorb. 

One of the most common means of 
contact vibration suppression is to de- 
sign the stationary contact under spring 
pressure, so arranged that, when the 
moving contact strikes the stationary 
contact, the spring absorbs the energy 
of the moving system.! Similar results 
may be obtained by the use of a dashpot, 
which would be put into action on the 
closing of contacts and thus would act as a 
a damper in absorbing the energy of the 
movable contact. 

Another method of reducing the contact 
vibration is to use hollow contacting 
points,? filled with metallic powder. 
When suddenly arrested by the stationary 
contact, the powder particles create 
heat because of friction between them, 
thus dissipating the energy which would 
have produced vibration. 

The snap switch offered a _ particu- 
larly difficult problem. Because of its 
limited size and low cost, elaborate 
means for the absorption of energy could 
not be incorporated. Consequently, it 
was necessary to devise some arrange- 


ment to suppress the vibration without 


external means. The investigation re- 
sulted in a contact with self-contained 
vibration suppressor. This was accom- 
plished by preloading mutually two 
halves of the flexing contact member. 
Thus, when the flexing contact arm en- 
gaged the stationary member (like a knife 
switch) the energy, which would have 
caused vibration, was absorbed by the’ 
preloaded contact, without sacrificing 
high contact velocity. 

For the analysis of the factors affecting 
the ‘‘making”’ of contacts, assume a knife- 
type snap switch, in which a movable 
flexing blade engages stationary contacts, 
completing the circuit. It will be ap- 
parent from further discussion that the 
analysis is applicable to any type of knife 
contacts. In this switch the movable 
element (the blade) is brought into rapid 
motion by a spring which is suddenly 
released, having been gradually loaded 
previously by the movement of a manu- 
ally operable handle. Thus, the operator 
has no control of the speed with which 
the contacts engage. The blade collides 
with the stationary contacts during 
“making,” and this action can be treated 
as an impact. 

Experimental investigations of con- 
tact vibration required the study of 
several pertinent factors. Actual oscillo- 
grams, mentioned heretofore, give indica- 
tions that the oscillations are damped, as 
expected; the velocity of the moving 
system is high;* the mass of the moving 
system cannot be materially reduced 
without the detrimental effects of high 
current density of current-carrying parts, 


Figure 4. Oscillogram showing circuit inter- 
ruptions during ‘‘making’’ of relay contacts 


Relay contacts closing noninductive resistance circuit 
on 1925 volts, direct current 
EXPERIMENT 1 


0.0155 SECOND 
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Figure 5. Graphical representation of char- 
acteristics of preloaded contact springs 


or without making the mechanism un- 
desirably small. 

Analysis indicates that there is oblique 
impact between the blade and the sta- 
tionary contact which tends to cause a 
rebound at an angle. It seems quite clear 
that, without the application of some 


Figure 6. Right switch blade contact after 
60,000 closures of circuit containing lamps. 
Left blade unused 


external force, the blade after impact will 
separate from the contact, if the blade 
is a free acting spring. Rebound may be 
prevented by preloading the blade to the 
extent necessary to reduce to zero the 
component of the blade energy perpen- 
dicular to its travel. 
In Figure 5: 


D=blade travel after impact within which 
rebound energy is to be absorbed 
F=ayerage force which, acting through 
distance D, is equivalent to the ki- 
netic energy component perpendicular 
to the blade travel 
D»=maximum blade deflection 
F,,=maximum blade pressure 


The work represented by the area 
OBGC is equal to the kinetic energy of 
the component of rebound perpendicular 


Snap switch with preloaded contacts closing 


noninductive resistance circuit on 45 volts 


direct current 
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Figure 7. Oscillogram showing vibrationless 
contact closures of preloaded blade contacts 


to the blade travel. This is the amount 
which must be balanced by the work of 
deflecting the blade. 

The load deflection curve OA represents 
a spring blade of suitable characteristics 
to give adequate contact pressure Fy 
at maximum deflection D,,, but it is 
seen that the area, OHC, representing the 
work done in deflecting the spring dis- 
tance D, is less than OBGC and, therefore, 
insufficient to prevent rebound. 

The spring blade, however, which will 
just prevent rebound, will have a load 
deflection curve NM with ON represent- 
ing the preload. Or a spring having the 
loading characteristic BE will provide a 
factor of safety. 

To check the results experimentally, 
a number of switches built with the blades 
of suitable design were tested under most 
severe practical load (tungsten filament 
lamps with a special generator capable 
of producing the high surges needed.)* 
The test specimens were arranged so 
that the contacts were only ‘‘making”’ 
under load, while the ‘‘breaking’’ of the 
circuit was accomplished by another de- 
vice. There was no visible pitting on 
any specimen, indicating vibrationless 
“make,” even after 60,000 operations. 
The appearance of a specimen after test 
is given in Figure 6, in which the right- 
hand contact discloses slight grooves 
resulting from mechanical abrasion of 
parts. The left-hand blade is an unused 
sample and is shown for comparison. 

Oscillograms further substantiated 
vibrationless contact (see Figure 7), 
for the circuit controlled by the contact 
was not broken after the initial “make.” 
The slight saw-tooth shaped lines at the 
start of ‘‘on’’ period and at the end of 
“off” period, as shown on this and pre- 
viously mentioned oscillograms, represent 
the record of the galvanometer over- 
travel, and should not be interpreted as 
circuit interruptions. 

In actual practice the contact is 
called upon not only to ‘‘make” but also 
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CONTACTS I-2 


CONTACTS 3-4 


AMP 


to “break” the lamp load circuit. In- 
juries to contact surfaces resulting from 
“breaking” contribute to their imperfect 


“making,” ultimately destroying the 
contacts in spite of the designs, exposing 
different areas of the contact during 
“making” and “breaking.” The life of 
switches having preloaded blades has 
been increased several times as compared 
with that of a conventional design having 
no vibration suppression means. This 
fact has been substantiated by tests of a 
large number of specimens. 

It is quite apparent that designing the 
contacts so that the energy causing 
vibration is absorbed at the instant of 
impact may be readily accomplished by 
the mutual preloading of the contact 
blades. Under such conditions the vibra- 
tion may be eliminated completely, pro- 
ducing a marked increase in the longevity 
of electric contact. 

There is a tendency to increase the load 
controlled by switch contacts, particu- 
larly in the field of lighting. This con- 
dition has been created by higher levels of 
illumination and the impracticability of 
increasing the number of conductors in 
existing wiring. Short life may be ex- 
pected in such cases with switches whose 
contacts are not suitably designed. 
Wider application of various contactors, 
relays, industrial switches, and more 
stringent requirements in their perform- 
ance emphasize the necessity of having 
vibrationless contacts. The described 
method of vibration suppression, because 
of its simplicity, could be applied success- 
fully to many switching devices whose 
vibrationless contact operation is para- 
mount for reliable performance. 
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Synopsis: In order to meet the require- 
ments for the protection of high-voltage 
motor stafters and for protecting small loads 
and apparatus connected to those parts of 
electric systems having extremely high short- 
circuit currents, it has been necessary to 
increase the current range of the three-ele- 
ment current-limiting fuse. This fuse, which 
was announced in 1940, has been in com- 
mercial use for over two years in the lower 
ampere ratings. 

The development of higher current rat- 
ings in a fuse of suitable dimensions pro- 
duced problems and solutions totally dif- 
ferent from those previously encountered. 
4A new type of fusible element has a time— 
current characteristic particularly suited to 
current-limiting fuses. Extremely fast 
melting times on high currents to give cor- 
rect current-limiting action are combined 
with a continuous current-carrying capacity 
and normal melting time of an element hay- 
ing five times the area previously associated 
with the current-limiting characteristic. 
The association of this element, with gas- 
evolving material and quartz sand to give 
quick and positive current limitation while 
the metal vapors are absorbed, results in an 
entirely new fuse construction. The com- 
bination of this current-limiting element 
with a noninductive resistor of special char- 
acteristics and a totally enclosed boric-acid 
“clean-up”’ fuse has resulted in a current- 
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limiting fuse of more compact construction 
than has been available heretofore in the 
ratings involved. Exhaustive tests have 
demonstrated the suitability of the new 
fuse for application on high-capacity systems 
to interrupt the full range of fault currents 
with minimum system disturbance. 


N order to meet the requirements for a 
fuse of small size with current-limiting 
characteristics for connecting light loads 
and small apparatus to high power sys- 
tems, a new form of current-limiting fuse 
was developed and announced in 1940. 
Three distinct elements characterized 
this fuse. 


1. Acurrent-limiting fusible element which 
produced a high arc voltage to limit the cur- 
rent. 


2. <A resistor in parallel with the fusible 
element to limit the voltage to a predeter- 
mined value. 


3. A series fuse to interrupt the power fol- 
lows current through the resistor. 


The fuse proved capable of interrupting 
the highest currents, up to 130,000 am- 
peres at 13,200 volts, without producing 
voltages in excess of 150 per cent of the 
peak circuit voltage. 

The excellent service record of fuses 
built with this principle and the inher- 
ently higher interrupting ability of cur- 
rent-limiting fuses, coupled with the ne- 
cessity for limiting the fault current in 


Figure 1 (left). Current-limiting char- 
acteristic curves showing maximum 
peak current permitted by new three- 
element power fuse for all values of 


available short-circuit current 
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motor starters and simila1 apparatus.’ 
make it desirable to extend the current 
range of the current-limiting fuse an- 
nounced in 1940. In considering the 
desirable limits in current ratings for 
current-limiting fuses, the following fac- 
tors must be considered: 


1. The effect of current rating on the cur- 

rent-limiting characteristic, “As the cur- 

rent rating of a current-limiting fuse in-+ 
creases, the current to which a fault can be 

limited also increases, thereby nullifying the 

beneficial effects of a current-limiting fuse. 
By reference to Figure 1 it can be seen that 

the current-limiting effect of a fuse rated 

above 200 amperes would be appreciable 

only on systems having high values of short- 

circuit current. 


2. Current-limiting fuses for motor starters 
are required to have high current ratings 
with moderate interrupting capacity, 
whereas current-limiting fuses for station 
auxiliaries and similar services are required 
to have high interrupting capacity and rela- 
tively low current ratings. The heavier 
current distribution service can be fulfilled 
more economically by fuses of lower inter- 
rupting rating. 

From a consideration of these factors 
it would seem desirable to extend the new 
current-limiting fuse to cover a continuous 
current rating of 200 amperes for voltages 
through five kilovolts for motor-starter 
applications, and to cover continuous cur- 
rent ratings of 100 amperes for voltages 
above five kilovolts to permit tapping 
small loads from high-capacity systems. 
Edison Electric Institute and National 
Electrical Manufacturer's Association 
have adopted recently the “E” rating for 
power fuses, which specifies that fuses 
will carry 100 per cent of rating continu- 
ously and melt in exactly five minutes at 
200 to 240 per cent of the rating for fuses 
100 amperes and below and in exactly ten 
minutes at 220 to 264 per cent of rating 
for fuses above 100 amperes. It is seen 
readily that, for ‘“E’’-rated fuses, the 
proposed ratings cover a wide field of ap- 
plication. 


Figure 2. Construction of 2.5-kv 200-ampere 
three-element current-limiting fuse 
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Figure 3. Five-kilovolt 200-ampere fuse unit 


in disconnecting-type mounting 


In extending the current range of the 
fuse embodying the new current-limiting 
principles, it was recognized soon that 
the same materials and construction as 
used in the lower ampere ratings could 
not be used without resulting in a fuse 
of prohibitive size and cost. The 200- 
ampere rating could not be obtained in a 
single fuse of reasonable proportions with 
proper current-limiting characteristics 
simply by increasing the number of par- 
allel silver wires in the current-limiting 
element. 


rent from the current-limiting element 
required radically different characteris- 
tics in order to handle the higher currents 
in a device of reasonable dimensions. The 
absorption of metal vapors from a new 
type of heavier fuse element required a 
novel construction. 

The development of higher current rat- 
ings, therefore, produced problems and 
solutions completely different from those 
in the lower current ratings. 


Construction of the New Fuse 


The electrical and physical relationship 
of the three basic elements in the new 
fuse are shown in Figure 2, while the over- 
all appearance of a complete fuse with 
disconnect mounting is shown in Figure 
3. As in the current-limiting fuse for 
lower current ratings announced in 1940, 
the new power fuse comprises a current- 
limiting element shunted by a resistance 
or voltage-limiting element with a series 
“clean-up’’ element. All three of these 
elements are contained in a simple non- 
renewable cartridge that is much smaller 
than existing indoor-type power fuses of 
lower interrupting capacity and smaller- 
than-conventional current-limiting fuses 
of equal rating. The outer casing of 
heavy Micarta tube with spun-on fer- 
rules contains in one end the assembly, 


consisting of the current-limiting element 
and shunt resistor; immediately adjacent 
is the series-calibrated fuse element in its 
boric-acid-lined chamber, which on. in- 
terruption exhausts into the condenser 
in the other end of the casing. _ 

The heart of the new power fuse is the 
current-limiting element which is con- 
tained in a high-strength fibre tube with 
threaded ferrules. The conducting por- 
tion of the current-limiting element con- 
sists of a plurality of specially rolled sil- 
ver wires supported in a slotted fibre bar. 
As shown in Figure 4, each silver wire has 
the appearance of a string of sausages. 
This construction is obtained by rolling 
a large diameter wire with reduced sec- 
tions of approximately one sixth the cross 
section of the main wire. The restric- 
tions are sspaced equally at intervals 
throughout the length of the conductor. 
The grooves in the fibre support are ap- 
proximately twice as deep and slightly 
wider than the diameter of the silver con- 
ductor. The conductor wires are placed 
in the bottom of the grooves in intimate 
contact with the fibre, except on the open 
side of the groove. Fibre washers equally 
spaced on the slotted fibre bar retain the 
conductors in the grooves. The space 
between the fibre support and the fibre 
casing is filled with a coarse quartz sand 
of uniform size. 
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The shunt resistor or voltage-limiting 
element which eliminates high-surge volt- 
ages incident to current limitation is con- 
nected permanently in parallel with the 
current-limiting element. The resistor 
consists of two insulated resistance wires 
wound directly onto the fibre shell of the 
limiter element and connected on each 
end to the limiter ferrules. The two lay- 
ers of resistance wire are wound in oppo- 
site directions to minimize inductance. 
The special resistance wire is essentially 
nonmagnetic, possesses the virtue of hav- 
ing a moderate positive temperature co- 
efficient of resistance, and has the proper 
specific resistance for the resistances 
and sizes needed. 


The melting time-current characteris- 
tics of the fuse, as shown in Figure 5, are 
determined by the calibrated element in 
the boric-acid series fuse. This element 
is a low-temperature type which consists 
of a heater and fusible alloy for long 
melting time characteristics and a re- 
duced fusible section for short melting 
time characteristics. The  series-fuse 
member is spring withdrawn through the 
boric-acid-lined interrupting chamber into 
the condenser to insure fast clearing of 
low current faults. The condenser con- 
sists of several layers of coarse-mesh cop- 
per screen which presents the maximum 
surface to condense the steam evolved 
from the boric acid during interruption. 
The action of the operating spring mechani- 
cally releases an indicating target outside 
the ferrule. 


Operation 


The magnitude of fault current deter- 
mines which of two ways the fuse shall 
operate. On currents of overload mag- 
nitude the series fuse operates in the same 
manner as the totally enclosed boric-acid 
power fuse. The blast of steam from the 
boric acid deionizes and extinguishes the 
arc, while the copper screen condenses 
the steam to water. During this process 
the current-limiting elements do not fuse 
and play no part in the interruption. 


On short-circuit currents where the se- 
ries fuse element melts in a small fraction 
of a cycle, the current-limiting element 
melts almost simultaneously. The fusion 
of the current-limiting element and the 
action of the resultant arcs in the re- 
stricted fibre slots tend to produce an 
are voltage sufficient to prevent further 
increase in the fault current and transfer 
the current to the shunt resistor. In 
order to eliminate high pressures within 
the current-limiting chamber, coarse 
silica sand is used to condense the metal 
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vapors from the fusible elements and cool 
the fibre gases. 

The resistor in parallel with the cur- 
rent-limiting element, being noninduc- 
tively wound, will stabilize the voltage 
that occurs during interruption. The 
maximum voltage that can appeal is 
simply the 7R (current-resistance) drop 
through the resistor. When the instan- 
taneous pedk current permitted by the 
current-limiting element, which can be 
determined from the curve shown in 
Figure 1, is known, a value of resistance 
may be chosen to limit the voltage to any 
desired figure. It has been determined by 
repeated tests, however, that all of the 
current does not transfer instantaneously 
to the resistor. On high current inter- 
ruptions approximately 25 per cent of the 
peak current will continue to flow through 
the current-limiting element for a short 
time, resulting in a peak voltage 25 per 
cent less than the calculated value. In 
addition to controlling the voltage surges 
during interruption, the resistor very 
materially reduces the duty on the cur- 
rent-limiting element. The total energy 
absorbed by the current-limiting element 
is less than 15 per cent of the energy that 
it would absorb without the parallel re- 
sistor. This makes possible a very com- 
pact current-limiting assembly and is a 
material factor in the small over-all size of 
the complete fuse. 

On the high values of short-circuit cur- 
rents where the series-fuse element melts 
almost simultaneously with the current- 
limiting elements, the series fuse arcs 
throughout the current-limiting action 
and interrupts the resistor current at the 
first current zero. Since this current is 
resistance limited, it is very easily in- 
terrupted. 


The New Fusible Element 


Of particular interest and importance 
is the new current-limiting fusible ele- 
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Test voltage 2,500 
Maximum system short- 
circuit current 60,000 rms am- 
Short circuit applied 
to give symmetrical fault 


Test voltage 2,500 
volts. Maximum system short- 
circuit current 80,000 rms am- 
Short circuit applied 
to give a symmetrical fault 


ment. Although various shapes and sizes) 
of fusible elements have been used to ob- 
tain different desired characteristics, 
there have never been any designs to ob- 
tain the peculiar characteristics desired 
in a current-limiting fuse. The element 
shown in Figure 4 has all the normal 
characteristics desired in a fuse for time ~ 
values in excess of approximately two 
cycles, and yet for short times of less” 
than one-quarter cycle, it has a very 
fast melting time. This shift in charac- 
teristics results in a fuse that limits the 
current to 38 per cent of the value that 
would be obtained if simple straight 
wires were used. The use of these fusible 
elements makes possible the cool opeta- 
tion of the high current ratings when 
carrying full-rated current. 


/ 


Summary of Tests 


The thorough testing of current-limit 
ing fuses involves testing under all de- 
grees of asymmetry as well as on high and 
low fault currents with various circuit 
constants, since the severity of duty on 
the various components of the new cur- 
rent-limiting.fuse varies with the point 
on the generated voltage wave that the 
current-limiting fuse element melts. A 
synchronous short-circuiting switch may 
be used conveniently to obtain these 
various degrees of asymmetry. The 
maximum duty on the current-limiting 
element and the maximum voltage surge 
due to current limitation occur when fu- 
sion of the current-limiting element oc- 
curs at normal voltage peak, since at this. 
point the induced voltage due to the 
stored magnetic energy of the system is at 
peak value and adds directly to the gen- 
erator voltage, thereby giving maximum 
voltage across the limiting element, tend- 
ing to force current through it. The 
maximum duty is imposed on the par- 
allel resistor and boric-acid series fuse 
when current limitation occurs just after 
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Figure 6. Magnetic oscillograms of interrupting tests on 2.5-kvy 200-ampere three-ele- 
ment current-limiting fuse 5 


Note higher peak voltage and longer duration of current resulting in more severe duty on 
the asymmetrical test 
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3800 NORMAL PEAK 


~ 5900 PEAK VOLTS 


voltage zero, and these two elements 
carry current until the next voltage zero. 

Consider the case of a high-ampere- 
capacity fuse where an appreciable time 
is required for melting the current-limit- 
ing element. If the fault is initiated at 
zero voltage, the system voltage will be 
approaching normal peak value when 
fusion occurs.’ Since this condition im- 
poses the most severe duty on the limiter, 
it follows that an asymmetrical fault rep- 
resents the most difficult problem of inter- 


PEAK VOLTS 
WRMS. RESTORED 


fuse. Test 


volts, 


Figure 7. Cathode-ray oscil- 
-logram of voltage during inter- 
ruption by 2.5-kv 200-ampere 
fuse shown on magnetic oscil- 
logram, Figure 6B 
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the fuse. Representative magnetic and 
cathode-ray oscillograms are shown in 
Figures 6 to 8. The magnetic oscillo- 
grams clearly show when current ceases 
to flow in the current-limiting element, as 
indicated by the voltage trace changing 
from a high are voltage to the smooth 
sinusoidal form of the generator voltage, 
and the current trace simultaneously 
changing from a rapid decline to a sinu- 
soidal form modified by the increasing 
resistance of the shunt-voltage-limiting 


A. Five-kilovolt -200-ampere ut 
voltage 
available 
current 60,000 rms 


5,000 
short-circuit 
amperes 


13.8 KV.RMS. RESTORED 


: B. 15-kilovolt 25-ampere 
00 PEAR AMPERES! fuse. Test voltage 13,800 i ‘ 19000 PEAK VOLTS 
volts,’ available short-circuit  [ijghehdmmbcai alsa) 


current 90,000 rms 


amperes 


Figure 8. Magnetic oscillograms of interruptions 


Short circuit applied to give asymmetrical fault 


ruption for high-ampere-capacity fuses. 
On low-current fuses, where fusion of the 
current-limiting element occurs in a very 
short time interval, a fault initiated just 
prior to normal voltage peak or a sym- 
metrical short circuit represents the most 
severe duty. Therefore, the degree of 
asymmetry required for the most difficult 
operation is a variable depending on the 
current rating of the fuse and the magni- 
tude of the available short-circuit cur- 
rent. 

Consequently, all ratings of fuses have 
been tested at rated voltage with all con- 
ditions of asymmetry on currents of vary- 
ing magnitudes from minimum melting 
current up to the interrupting rating of 
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element. The cathode-ray oscillograms 
show that the surge voltage accompany- 


ing current limitation does not exceed 


160 per cent of normal system voltage 
on the highest asymmetrical fault cur- 
rents with high-current fuses. This 
combination represents the condition 
under which maximum voltage will be 
obtained. With any other degree of 
asymmetry or lower fault current the 
voltage surge will be less. 

A comparison of the magnetic and 
cathode-ray oscillograms shows that a 
quick response magnetic oscillograph is 
entirely clei for measuring the volt- 
age phenomena of this fuse. 

The design of current-limiting fusible 


Rawlins, Fahnoe—Current-Limiting Power Fuse 


elements combmed with the low-tem- 
perature-type series fuse makes possible 
the highest desirable current rating in a 
single fuse unit. On temperature rise 
tests the 200-ampere fuse carries full 
rated current without exceeding 30 de- 
grees centigrade rise on the ferrules above 
a 40-degree-centigrade ambient tempera- 
ture. 

In addition to interrupting tests on the 
fuse units alone, numerous combination 
tests have been made with new motor 
starters throughout the entire current 
range from overload currents, which the 
starter interrupts without melting the 
fuse, to the highest values of short-circuit 
current, for which the fuse is designed, in 
which case the fuse interrupts the fault 
with no damage to the starter. A starter 
for such combination service must be de- 
signed for the particular duties involved. 


Conclusions 


The current ratings of the three-ele- 
ment current-limiting fuse have been ex- 
tended by the adoption of new features. 
Of particular importance is the current- 
limiting fusible element that gives a time— 
current characteristic particularly suited 
for current-limiting fuses. The new fea- 
tures combined in a compact structure 
permit current ratings ample to protect 
high-voltage motor starters, other types 
of apparatus, and small loads connected 
to high power systems. The new power 
fuse has the desirable qualities of the 
lower-current three-element current-lim- 
iting fuses in that the voltages during in- 
terruption are controlled definitely to 
eliminate harmful overvoltages. 
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Thermal Protection of Transformers 


Under Overload Conditions 


V. M. MONTSINGER 


FELLOW AIEE 


Synopsis: The overloads recommended in 
the AIEE transformer subcommittee’s re- 
port,! ‘Emergency Operation of Trans- 
formers,’’ are based on considerably higher 
transformer hot-spot temperatures for short- 
time operation than those given in and used 
to derive the emergency overloads recom- 
mended in the American Standard Guides 
for Operation of Transformers and Regu- 
lators C57.3. : 

Overloads may be obtained in close agree- 
ment with the recommended emergency 
overload curves by the use of a relay which 
is controlled by a specially designed heating 
coil or by a specially designed relay with a 
conventional heating coil. Since a relay 
operates at about the same temperature ir- 
respective of time to avoid too high hot- 
spot temperature for ultimate conditions, 
the relay and heating coil must have such 
characteristics as to permit the transformer 
hot-spot temperature to reach considerably 
higher values for short times than for ulti- 
mate steady-state conditions. A detailed 
study of this problem has shown that this 
may be accomplished satisfactorily by the 
use of a lagged heating coil which has a 
relatively large time constant in comparison 
with that of the transformer winding or by 
the use of a heating coil, the time constant 
of which is about the same as that of the 
winding for operating a relay that is com- 
pensated for the changes in ambient tem- 
perature. 

This relay which has been developed can 
be set to perform three separate functions: 
control fans, give a warning signal, and 
sound an alarm or, if desired, trip the trans- 
former off the circuit. A diagrammatic 
sketch and photographic prints show the 
various combinations of bulbs and relays 
available. It is believed that the relay al- 
lows the transformer to be loaded more 
nearly in agreement with the recommended 
industry loadings than any previous avail- 
able device. 


HE AIEE transformer  subcom- 
mittee! has recommended higher 
overloads than those given in the ASA 
Guides for operation of transformers. 


Paper 44-65, recommended by the AIEE committee 
on electrical machinery for presentation at the AIEE 
winter technical meting, New York, N. Y., 
January 24-28, 1944. Manuscript, submitted 
November 16, 1943; made available for printing 
December 27, 1943. 
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These overloads are set up on the assump- 
tion that, under rare emergency condi- 
tions, it is better to use up a small amount 
of the expected life of the transformer 
than to have an interruption of service. 
Therefore, as a result of the work of the 
AIEE and the ASA, a demand is de- 
veloping for a relay that will close its 
contacts when the limiting load condition 
is reached. n 

Since these emergency overloads are 
based on hot-spot temperatures, the most 
direct way of safely utilizing the extra 
capacity would be to furnish a relay with 
the proper time-temperature character; 
istics and to operate it from a standard 
artificial hot-spot heater element. While 
it may be possible to design such a relay, 
it does not appear practical, because a 
relay is normally sensitive to tempera- 
ture but not to time when it is longer than 
several minutes; consequently, other 
means are suggested as follows: 


1. To operate a fixed temperature relay 
from a lagged heating coil (immersed in the 
cooling fluid),* the time constant of which is 
many times that of the transformer winding, 
so that the relay does not reach its operating 
temperature until the winding temperature 
and load have risen to the desired value. 


2. To operate a relay having an ambient- 
temperature correction from a heating coil, 
the time constant of which is the same as 
that of the transformer winding. 


An extensive investigation has shown 
that, in order to obtain satisfactory re- 
sults under all conditions, a part or all of 
the following factors should be taken into 
consideration: 


1. Transformer characteristics—hot-spot 
rise, top oil rise, oil time constant, and ratio 
of losses. 


2. Time constant of the heating coil im- 
mersed in the oil. 


3. Temperature rise of heating coil over oil 
at rated load. 


4. Relay operating temperature. 


5. Effect of ambient temperature on relay 
operating temperature. 


The purpose of this paper is to show 
what has been done in meeting the re- 
commended emergency overload curves 
by taking into account the previously 


* The cooling fluid may be mineral oil or any of the 
noninflammable synthetic liquids (Askarels) de- 
veloped for transformer use. 


he aN of 


“ ok 


mentioned factors. Finally, calculated 
overloads obtained with thermal pro- 
tection on transformers with average 
characteristics are compared with the 
rare emergency overloads recommended 
in the AITEE interim report! and the 
usual emergency overloads recommended 
in the ASA Guides for operation of trans- 
formers, C-57.3. ~ 


Design of Heating Coil to Meet the 
Overload Requirements 


The use of an ordinary hot-spot indi- 
cator and a_ standard thermostat for 
overload protection is impractical, be- 
cause the thermostat, operating rela- 
tively quickly at a fixed temperature, 
could not distinguish between long and 
short-time intervals and, hence, would 
operate too quickly in the short-time 
range, or vice versa. 

It is well known that the oil of a trans- 
former has a time lag of several hours 
due to the total heat-storage capacity 
of the transformer, whereas, the time lag 
of winding rise over oil is in the order of 
15 to 20 minutes. This means that a 
relay operated by oil temperature alone 
would permit excessive winding tem- 
peratures under short-time heavy over- 
load conditions, particularly in low am- 
bient temperatures. The scheme of 
using a thermal relay (immersed in the 
transformer oil), the temperature rise of: 
which is responsive to load current, has 
been described? and has been in use for 
several years for thermal protection of 
transformers. 

To obtain satisfactory results with a 
scheme employing a relay responsive to 
load current, the temperature rise of the 
relay (o1 of a heating coil controlling 
the relay) must be less than the hot-spot 
rise over top oil at rated load. Further- 
more, the relay must be set to close its 
contacts at some temperature above that 
resulting from 100 per cent ultimate 
conditions in a 30-degree-centigrade am- 
bient temperature. Then on overloads, | 
by the time the temperature of the relay 
has reached its tripping point, the hot- 
spot rise will have attained higher values. 
for the higher overloads, It is this dif- 
ference in the rate of temperature rise 
that allows the higher hot-spot tempera- 
tures for the short-time overloads, { 

However, if the ambient temperature 
changes, this scheme does not give cor-_ 
rect results in that, if set to allow correct 
short-time loading at the higher am- 
bient temperatures, it alloWs too high 
loadings at the lower ambient tempera- 
tures. This deficiency can be corrected 
by introducing an ambient-temperature 
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Figure 1. Depres- 
sion (degrees below 
ultimate rise) curves 
for lagged heating 
coil immersed in oil 
of transformer under 
overload conditions 
following full load 
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correction in the mechanism of a relay 
(mounted on the outside of the trans- 
former), the contacts of which are oper- 
ated by a bulb enclosed in a heating coil 
immersed in the top oil and responsive to 
the load current. »On the other hand, if 
the heating ‘coil is suitably designed and 
lagged, the ambient-temperature correc- 
tion can be omitted. By choosing the 
proper temperature rise of the heating 
coil (either the lagged or unlagged) and 
by selecting the right tripping tem- 
perature of the relay, a wide flexibility is 
secured, thereby enabling one to design a 
protective system to function correctly 
for almost any condition of loading. 


oo 
: 


constant=4.0 hours 
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In connection with the use of a lagged 
heating coil, as long as it was only neces- 
sary to meet the ASA emergency over- 
loads, a small amount of lagging was 
sufficient. However, when the AIEE 
transformer subcommittee set up the 
rare emergency overloads based on con- 
siderably higher short-time hot-spot tem- 
peratures than used in setting up the 
ASA emergency overloads, it became 
necessary to modify the design and 
characteristics of the thermal relay and 
increase the lagging effect to meet the 
new conditions. The time constant of the 
lagged heating coil is now much more than 
that of the transformer winding. 


Table |. Comparison of AIEE and ASA Recommended Overloads With Overloads Per- 
mitted by the Protective System 
AIEE Emergency ASA Emergency 
(Times Rated Load) (Times Rated Load) 
Recommended Recommended 
Hours By Relay by AIEE* By Relay by ASA 
Self-Cooled 
Following full-load 20-degree ambient 
MMMERIRIDIELSLULO «sc ois cine ties cere dae renee VS ee 137%. 1,25. A) il Sees 1) LF 
ee oe LADa: 1.35. AL ILE pvereth, cle ate Lid 
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Oa oe ty Re ae 1G? Ma SON Aree 1.3 
1 Rae ee MEPL AM eh rant A LEY irae ope WAS rat «ted 1.4 
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WIRE LEMIDELACUTE , 65. wih cles eee 'eee ES Fete 4,62 tracts aes a ee iy: Pe ta eee 1.4 
Bsc es 1 BOs o: wieteiee PAGER, 3 hire dss RA Neila oid 1.45 
2 Dae Songe 1/8477 A oe mate BG oe Phy SM 1.5 
ete fice ye CO ne ea he Pe A ay eee ee UT Seat ete oe 1.6 
YS» const i ohaete teens) aliens 2.0 Re Phe re 3 By: 
. Following no-load 30-degree ambient 
i ERIN ULY Cy. Sco 2¥e.5 ceva "b's ele aie rte etecale) de Oe ehaxie oS 1.37. BED ee See 8 ED oe See 1.10 
: Ba peickes 1.47. 1.45 BOON aire th oe BE} 
gtr} os ba pee 1.7 SAD e «taucle 1.35 
Pe. 2.05. Be HE EeaniieL-e EV OER oe 1.50 
i Le Ae bite hare CVI ison Napa Dera gene 1.60 
Following no-load zero-degree ambient | 
RRL EL I Re ae Spier» pus viatg. Bjexe nieces Da tetsh te 1.62.. Phe Dee oti as VSS PACE ce 1.4 
( oes ae b.76.., Seah ke Spee PaOD xcs 7.28% 1.55 
‘< Ane PaO ye ior 2.0 7b ve v1.65 
‘a D i ae Peat Nees ges DEO hen te Bebe cee 1.8 
; a re PI ae ae DAS ea ree: 6 DBs aoe eeh, © 1.9 
Forced-Air-Cooled 
Following full-load 30-degree ambient 
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4 oe PS ee rer 2 AS, staat Cot ebave ae oa a SET ee Pa 1.86 
Following full-load zero-degree ambient 
a BMCOCIUCLALICG (A; fits cis nein csicieig c's vn ected s OEE ee 139463. Adie 5 ON eee ae 1.685 
Os {Phe re, Lin 1.885. . 3 ph PARE ie Ee 1.745 
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_ * The maximum load recommended is two times rated load. For forced-air-cooled rating the maximum 
load recommended is 2.66 times the self-cooled rating. , 
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The problem of calculating the tem- 
perature rise of the heating coil (over top ~ 
oil) to obtain the right time constant 
under the new condition was found to 
be very complicated. Tests have shown 
that, for a transformer winding or a heat- 
ing coil with no special lagging, the ulti- 
mate rise is reached in approximately 
the same time (15 to 20 minutes), 
whether the oil temperature is constant 
or is increasing. However, when a 
heating coil is lagged, so that it reaches 
ultimate rise in a given time in oil at a 
constant temperature, it requires a much 
longer time to reach its ultimate rise when 
immersed in oil, the temperature of which 
isincreasing. Theoretically, its rise does 
not become constant so long as the tem- 
perature of the oil is increasing, but it 
becomes practically constant in eight 
to ten hours, as illustrated by the “de- 
pression curves” (degrees centigrade be- 
low ultimate rise), calculated by equation 
2 and shown in Figure 1. 

The transient temperature rise of this 
lagged heating coil can not be calculated 
by an equation of the form usually used? 
for determining the hot-spot rise of a 
transformer over the oil, that is 


T 
6=8,(1—e7 B) (1) 


but an entirely different formula* must 
be used, namely 


6=6 ees 5 
ORRE, BNO 


§=temperature rise of heating coil over oil, 
degrees centigrade 
6, =ultimate temperature rise of heating 
coil over oil, degrees centigrade 
F=factor allowing for the effect of dis- 
tributed thermal capacitance of the 
lagged heating coil 
B,=time constant of heating coil 
B,=time constant of transformer oil 
¢,, = ultimate temperature of transformer oil 
above the starting temperature, de- 
grees centigrade 
e=2.718 
T =time { 


(2) 


Many heat runs ranging in time from 
one to eight hours’ duration were made 
on a 2,500-kva transformer with heat- 
ing coils having different lagging, to 
check equation 2 and to obtain sufficient 
empirical data on factor F for design 
purposes. 

The fortunate phenomenon, whereby 
a rising oil temperature gave the heating 
coil an unexpected Jong time lag, helped 
to make it possible to design a thermal 
protective scheme to meet the wide vari- 
ety of requirements. In order to take 


* See appendix for derivation. 
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Figure 2. Six combinations of bulbs and re- 


lays available for thermal protection of trans- 
formers 


full advantage of this time lag, however, 
the temperature rise of the heating coil 
over oil at rated load (since its time 
constant is affected by the time constant 
of the transformer under overload condi- 
tions) and the temperature at which it 
operates the relay must be selected on 
the basis of the individual transformer 
characteristics and the kinds of overloads 
required. Its flexibility enables one to 
meet almost any requirement. 


Factors Affecting and Calculation of 
Transformer Temperature Rises 


Some of the more important factors 
that determine short-time overloads are 
the oil time constant and hot-spot rise 
over top oil. Self-cooled oil time con- 
stants ranging from three to five hours 
were chosen as representative for most 
_ transformers. A survey of many recent 
designs for medium-size power trans- 
formers shows that the average time 
constant is approximately four, extreme 
limits being as low as three and as high 
as seven. For the forced-air-cooled oil- 
immersed ratings (1.33 times the self- 
cooled rating) the time constant is, of 
course, less, since the oil rise is much less 
for a given loss. Two thirds of the self- 
cooled oil time constant was used in cal- 
culating the forced-air-cooled loadings. 

As pointed out in the paper by Mont- 
singer and Ketchum,’ the hot-spot rise 
over average winding rise in most modern 
transformers ranges from five to ten 
degrees centigrade, and for this reason it 
is believed that a hot-spot rise of 62 
degrees centigrade (55+7) represents 
the average condition. This value is 
used later. 

A formula of the general form of 
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equation 1 should be used to calculate 
the oil rise before conditions become con- 
stant. Equation 2 should be used to 
calculate the temperature rise of a lagged 
heating coil over the increasing oil tem- 
perature. The temperature rise of the 
heating coil (at rated load) and the relay- 
closing temperature should be selected 


Figure 3. Heating 


8 hours. The principal reason for this 1s 
that the temperatures are nearly enough 
constant in 8 hours’ time to produce (with 
the small difference in loads permitted by 
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to give the best performance, since these 
must apply to and satisfy more than one 
operating condition. 


Comparison of ASA and AIEE 
Recommended Emergency 
Overloads With Those Permitted 
by the Protective System 


For comparison of ASA and AIEE over- 
loads with those permitted by the pro- 
tective system described herein, a trans- 
former having average characteristics 


was chosen, as follows: 
62-degree-centigrade hot-spot rise 
ambient temperature. 
48-degree-centigrade top oil rise over am- 
bient temperature. 

3:1 loss ratio at self-cooled rating. 

4.0-hour time constant at self-cooled rating. 
Forced-air-cooled rating of 1.33 times self- 
cooled rating. 


over 


Table I shows how well the recom- 
mended overloads can be followed with 
the new protective system. For the ASA 
emergency loads the hot-spot tempera- 
tures are below 105,* 110,* 113, 115,* and 
120 degrees centigrade for 24, 8, 4, 2, 
and 1 hours, respectively, in 28 out of 
30 conditions shown in Table I. The two 
cases are: 4 degrees high for 8 hours 
and 8 degrees high for 24 hours. Both 
cases follow full load in 30 degrees am- 
bient temperature for forced-air-cooled 
conditions. No comparison of loads is 
shown for forced-air-cooled rating follow- 
ing no load, because this is a condition 
that is not very likely to occur. 

For the AIEE emergency loads the hot- 
spot temperatures are below the recom- 
mended values for the short times but 
above the recommended values in all 
cases for 24 hours, and in some cases for 


* Recommended by American Standard C-57.3 sec- 
tion 11.002 (C). : 
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the relay for 8 and 24 hours) approxi- 
mately the same hot-spot temperatures 
as against a difference of 10 degrees centi- 
grade in the recommended values of 120 
degrees centigrade for 8 hours, 110 degrees 
centigrade for 24 hours. Both the 24 
hour loads and hot-spot values may be 
reduced by insulating a heating coil 
sufficiently to produce a 24-hour tempera- 
ture lag, but this is not ordinarily practi- 
cal. , 

It seems reasonable to assume that, in 
most emergencies lasting 24 hours or 
more, the daily peak load would not be 
on more than eight hours. Furthermore, 
as these overloads are intended for -rare 
emergency conditions, once a year or less 
often (once in 16 years, as estimated in 
L. W. Clark’s paper),* thé amount of 
aging at somewhat higher than recom- 
mended values for the full 24 hours should — 
be acceptable. 
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For transformers having character- 
istics quite different from the aforemen- 
tioned, it will be necessary, of course, to 
use a different tripping temperature for 
the relay and perhaps a different heating- 
coil rise at rated load. 

Where the load permitted for one or 
two houts is above the maximum load 
recommended by AIEE (two times 
rated load), and it is desirable to limit 
the maximum load to this value, other 
means, such as overload current relays, 
must be arranged to come into action 
when the maximum desirable load is 
exceeded. For forced-air cooling two 
times rated load corresponds to 2.66 times 


the self-cooled rating. 


In general, when the wide range of 
operating conditions covered is con- 
sidered, the overloads line up remarkably 
well with the recommended values, in 
fact, far better than appeared possible 
when the problem was attacked first. 
If the planned conservatism of the ASA 
and AIEE recommendations is con- 
sidered, the values given seem to be suit- 
able for operation, but it is a simple 


' matter to design for slightly lower loads 


throughout if desired. 

Good results can be obtained also by 
using a conventional heating coil with a 
relay designed to close its contacts at 
lower temperatures in lower ambients. 


Figure 4. ° View of 
bulb, capillary tube, 
and relays 


Relay 


In its simplest form the relay includes a 
bulb heated by a coil and a metallic 
bellows which operates a switch. The 
bulb and the bellows are connected 
through a capillary tube, and the as- 
sembly constitutes a closed system which 
is filled with a volatile liquid. The 
pressure of vaporization of the fluid is 
communicated to the bellows and thence 
to the switch. 


< 


Relay Requirements and Functions 


The practical application of a relay 
and its heating coil to transformers having 
a wide variety of thermal character- 
istics and load cycle requirements re- 
quires certain variable features: 


1. The relay contacts must be capable of 
being set to close over a temperature range 
of 90 to 130 degrees centigrade. 


2. Means must be provided for selecting 
different temperature rises of the heating 
coil at rated load. 


If a compromise relay setting and tem- 
perature rise of heating coil were used, 
some transformers would be overloaded 
excessively before the relay came into 
action, whereas, others would be loaded 
far below permissible values. 


Figure 5. View of 

three relays assem- 

bled on plate of 
container 


. 
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The new relay combination will per- 
form three separate functions: 


1. Control the fans used for supplementary 
cooling. 


2. Give a warning signal when an overload 
has been on the permissible length of time. 


8. Give an alarm or, if preferred, trip the 
transformer off the circuit when the loads 
exceed specified limits. 


The relay can be supplied for all three 
of the previously mentioned functions or, 
if fans are not used, with only the signal 
and alarm circuits. The contacts are 
standard switches operated by vapor- 
tension-type bulb and bellows. The 
bulbs are located in the heating coil and 
the bellows and switches conveniently 
located external to the transformer. 


Relay and Bulb Combinations 


Six combinations of bulbs and bellows, 
Figure 2, are available. Figure 3 shows a 
sketch of the heating coil and connec- 
tions to relays. Figure 4 shows bulb, 
capillary tube, and three relays. Figure 
5 shows three relays assembled on plate 
of container. 

The combinations shown in Figure 2 
will take care of all requirements for 
either single-phase (with two or three 
windings) or three-phase transformers, 
that is, one bulb with one bellows will 
perform one function (turn on fans) on 
either a single-phase or three-phase unit, 
One bulb with three bellows will per- 
form all three functions on a single- 
phase unit, or if desired it will perform 
the three functions on a three-phase unit 
satisfactorily if the load is balanced. 

Three bulbs with one bellows will per- 
form either one of the three functions on 
each phase of a three-phase unit or on 
each of three windings of a single- 
phase unit. Three bulbs with three 
bellows will perform the three functions 
on a three-phase unit with unbalanced 
loads or on a single-phase unit with 
three windings. 

When three bulbs are used (with 
either one or three bellows), one in each 
phase of a three-phase unit or one in 
each of three windings of a single-phase 
unit, if the load is unbalanced the bellows 
are controlled by the temperature in the 
phase or winding having the greatest 
load. This is a new feature used for the 
first time with bellows, although it has 
been used successfully for several years 
in controlling three-element hot-spot 
temperature indicators for three-phase 
transformers. 

These six combinations, therefore, make 
it possible to obtain practically ideal pro- 
tection under expected load conditions. 
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Life Test for Accuracy and 
Reliability 


To determine its accuracy in repeated 
operations one of the relays was given a 
life test in which approximately 6,000 op- 
erations were performed. The maximum 
variation was in the order of 0.5 degrees 
centigrade. These tests indicate that 


the relay has unquestionable reliability. 


Means for Checking the Performance 
of the-Relays in the Field 


No matter how reliable a device is, it 
is sometimes desirable to make calibra- 
tion tests in the field to be absolutely 
sure that it is in working order, and to 
accomplish this the relay is provided with 
auxiliary means to heat the relay under 
conditions simulating actual operative 
temperatures. 


Application of Relay to Transformers 


Several transformers have been and 
are now being equipped with these new 
heating coils and relays. The data ob- 
tained on the short-time overloads, made 
on a self-cooled single-phase transformer 
(rated H-60 cycles, 1,250 kva, 69,000 to 

7,500/12,975Y volts) equipped with the 
new protective system, checked the pre- 
vious tests made to determine the char- 
acteristics of the heating coil. 


Appendix 


Transient Thermal Performance of 
Transformer-Overload Heating Coil 


The transient thermal performance of the 
heating coil for the transformer overload 
relay is quite similar to that of a transformer 
winding, since it is immersed in heated oil 
and develops an internal temperature rise 
over oil which must be added to the oil 
temperature to obtain the temperature of 
the heating coil. In calculating the tran- 
sient thermal performance of a transformer 
winding, it is usually possible to neglect the 
effect of the rate of change of oil tempera- 
ture on the temperature rise of the winding 
above the oil because of the relatively low 
thermal time constant involved in the trans- 
fer of heat from a transformer winding to 
the oil. For a heating coil having a con- 
siderably greater thermal time constant than 
a normal transformer winding, in calculating 
the transient thermal performance of the 
overload relay it is necessary to consider the 
influence of the rate of change of oil tem- 
perature upon the temperature rise of the 
heating coil over oil. This factor causes the 
temperature of the heating coil to be some- 
what lower during short-time overloads 
than it would be otherwise and is the pri- 
mary reason why a heating coil of this nature 
is so well suited to the control of short-time 
overloads. 


164 TRANSACTIONS 


The heating coil includes an assembly con- 
taining a loss-producing element and a tem- 
perature-sensitive element and having ther- 
mal capacitance. This assembly is sur- 
rounded by thermal insulation which also 
has distributed thermal ‘capacitance. It 
will be assumed that the heating coil can 
be represented thermally by a suitable value 
of thermal capacitance and a suitable value 
of thermal resistance without distributed 
capacitance. From this assumption it fol- 
lows that the heating coil will have a thermal 
time constant which can be determined 
readily as the product of the thermal ca- 
pacitance and the thermal resistance. The 
thermal time constant also can be deter- 
mined by making a heat run on the heating 
coil immersed in oil of constant tempera- 
ture, with constant loss generated in the 
heating coil, and with the heating coil 
starting at the temperature of the oil. 
Under these circumstances the time constant 
can be determined as the length of time re- 
quired to reach ultimate heating-coil rise 
over oil if the initial rate of rise, were main- 
tained or as the length of time required to 
reach 63 0 per cent of ultimate heating-coil 
rise over oil. 


Development of Formula for Calculat- 
ing the Transient Temperature Rise 
of a Heating Coil Over Top Oil 
When the Oil Temperature Is In- 
creasing 


Key To SYMBOLS 


§6=temperature rise in degrees centigrade 

of heating coil over oi] at any time, T 

6,=ultimate temperature rise in degrees 
centigrade of heating coil over oil for 
the overload under consideration = 
RXP 

#, =temperature rise in degrees centigrade 
of heating coil over oil at start of over- 
load 

B,=time constant of heating coil in minutes 
=RXC 

C=thermal capacity of heating coil in 
watts—1minutes per degree centigrade 

R=thermal resistivity of heating coil in 
degrees centigrade per watt 

¢,=ultimate temperature rise in degrees 
centigrade of transformer oil for the 
overload under consideration over the 
temperature at start of overload 

Bo=time constant of transformer oil in 


minutes 

P=watts generated in relay during over- 
load 

T =time in minutes 

e=2.718 


F =factor allowing for effect of distributed 
thermal capacity of the heating coil 
K =constant of integration 


The watts loss generated in the heating 
coil must equal the sum of the watts ab- 
sorbed and the watts transferred to the oil 
When the oil temperature is rising the watts 
absorbed by the heating coil consist of two 
components: 


1. Watts required to raise the temperature 
at the same rate as the oil temperature. 
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2. Watts absorbed because of its rate ef 
rise over the oil temperature, 


These relations can be expressed as fol- 
lows: 


¥ we 
P= fps ol mee (3) 


If both sides are multiplied by R and 
0, is substituted for RP and B, for RC 


we 


a) Li 

waa ih 4 
Bi (4) 
Solving for 0 


me B, au 
0 =u K(¢ n) ~(5%5, oe 4) (5) 


The first term on the right-hand side of 
equation 5 is the ultimate heating-coil tem- 
perature rise over oil which will be realized 
if the overload is maintained until conditions 
are constant. | The second term is an expo- 
nential transient of relatively high decre- 
ment KK can be determined by considering 
conditions at 7=0. The third term is a 


do 
B 0=0y— 
+ 0=04—( 


long time transient which represents an _ 


amount by which the temperature rise of the 
heating coil is depressed in rising oil on ac- 
count of the thermal time constant of the 
heating coil. 

In order to apply equation 5 to a heating 
coil with distributed thermal capacity, it is 
necessary to determine a thermal time con- 
stant which can be used to represent the 
performance of the relay. Such a time con- 
stant can be approximated closely by meas- 
uring the time constant by one of the usual 
methods previously outlined, and by insert- 
ing a correction factor F in equation 5 we 
obtain 


yx / 
0 mn,tK( om) 
FB pe ? 
Cae i) vy) 
c 


Correction factor F can best be deter- 
mined by comparing test measurements 
with equation 6. 


When 7 =60 or greater, the term K (.- ) 
can be neglected. 
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Lumped R-C Cable Circuits as Used 
in the Study of Transient Heat Flow 
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Synopsis: This paper deals with certain 
aspects of the accuracy of measurements on 
a lumped R-C cable, and contains definite 
suggestions as to the desirable number of 


lumps to be used in such measurements. 


The effect of capacitive leakage and the in- 
fluence of sectioning (that is, the influence 
of the number of lumps) are considered in 
their relation to the accuracy of measure- 
ments of potential and current. 

The increasing importance of lumped R-C 
cireuits in heat-transfer research is pointed 
out, and the analogy between the flow of 
electricity in such circuits and the flow of 
heat, particularly unsteady-state or tran- 
sient heat flow, is treated. 

The investigations described in this report 
were carried out at Columbia University on 
the heat and mass flow analyzer, which is 
essentially an R-C circuit. The results can 
be used in the appraisal of errors en- 
countered in heat flow and similar problems 
solved by the analogy method, that is, by 
lumped R-C circuits. 


I. Introduction 


HE conditions in lumped circuits of 

this type have been investigated 
previously.! However, these earlier in- 
vestigations were based mainly on the 
assumption of ideal capacitors, that is, 
capacitors which do not leak. Such ca- 
Actual experi- 
ments must always be carried out with 
capacitors which do leak; therefore an 
investigation of the errors caused by 
leaking capacitors is appropriate and 
should prove useful to the electrical engi- 
neer, because of the importance of net- 
work problems in general. 


Paper 44-55, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript sub- 
mitted November 5, 1943; made available for 
printing December 17, 1943. 


Victor Pascukis is research associate in me- 
chanical engineering, Columbia University. He is 
in charge of the technical and scientific work car- 
ried out in the heat-and-mass-flow-analyzer labora- 
tory. Micuar. P. Heisver is laboratory assistant 
in the same laboratory. 


This investigation has been made possible through a 
grant from the Engineering Foundation and has 
been carried out under the auspices of the American 
Society of Mechanical Engineers committee on re- 
search through the agency of the ASME heat- 


transfer division, subcommittee on heated and | 


cooled enclosures; Carl F. Kayan, to whom the 
authors acknowledge appreciation, is chairman. 
The authors are indebted to the aforementioned 
organization for sponsorship and support. 


MICHAEL P. HEISLER 


NONMEMBER AIEE 


Lumped R-C circuits have gained con- 


‘siderable importance in connection with 


the study of transient-heat-flow prob- 
lems. The equations for potential and 
current distribution in a lumped R-C 
circuit on the terminals of which a volt- 
age is suddenly impressed are identical 
with those for-temperature rise and heat 
flow in a rod with insulated sides, the 
ends of which are suddenly exposed to a 
temperature difference. This analogy 
is the basis for a method of investigating 
transient-heat-flow problems, a method 
which has in recent years found increas- 
ing application. In fact, the investiga- 
tions presented in this paper were 
prompted by the desire to know more 
about the accuracy of such a circuit in 
connection with the application to heat- 
transfer problems. Although in a num- 
ber of instances it is possible to compare 
the results thus obtained with direct 
thermal measurements or mathematical 
analysis (see Figure 5 in reference 2, 
Figures 2 and 4 in reference 6, and Figure 
6 in reference 5), in the majority of cases 
no direct comparison is possible. So far 
no systematical analysis of the sources 
of error in this method has been under- 
taken. This paper presents a first step 
toward such an analysis. 

The application of R-C circuits to 
analyzing unsteady-state or transient- 
heat-flow problems has been discussed. 
in a previous paper? by one of the authors. 
For the use of such circuits, which are 
the basis of the analogy method—de- 
vised first in Europe by C. L. Beuken* 
—he has developed a tool known as the 
“heat and mass flow analyzer.”’ The 
analyzer, made possible largely through 
grants from the Research Corporation, 
has been set up at Columbia University, 
department of mechanical engineering. 


Table | 


——— 


Thermal Unit 


is 


Equivalent Electrical Unit 


Temperature difference....,.. Voltage 

Eheati ilo wiser is pa. h vdetemabe aks Electric current 
Thermal resistivity........... Electric resistivity 
TEhermalicapacity...\...0.0+ 6, <> Electric capacitance 
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Since the laboratory was first opened in 
1940, it has been used extensively for the 
investigation of heat-transfer problems 
too difficult to be solved mathematically. 
A number of these investigations have 
been published.‘~9 

The analogy method is based on two 
principles, namely: 


1. The mathematical identity of equa- 
tions for heat flow and certain electric cir- 
cuits. 

2. The replacing of a circuit with evenly 
distributed properties by one with lumped 
properties. 


1. The first principle, which is exact, states 
that the mathematical equations for tran- 
sient heat flow and for electric resistance— 
capacitance circuits are identical; hence, by 
solving an equivalent electrical problem the 
answer to the.thermal problem may be ob- 
tained. The solution of the electrical dif- 
ferential equation can be made identical to 
that of the heat equation by making the 
proper insertion of equivalent electrical 
units as in Table I. 


2. The second principle, which is an ap- 


proximation, is that of replacing a differ- 
ential equation by an equation of finite 
differences. In the analogy, this means 
that a body with evenly distributed resist- 
ance and capacitance is replaced by a body 
with “lumped” resistance and “lumped” 
capacitance. This procedure is common 
practice in certain fields of electrical engi- 
neering. 


The study of any thermal problem 
by means of the analogy method con- 
sists of the following steps: 


1. Setting up the analogous condition (cal- 
culation). 


2. Building a resistance-capacitance cir- 
cuit to represent the heat problem. 


3. Subjecting this circuit to the appropri- 
ate analogous initial conditions (applying a 
given voltage at one end of the circuit, which 
is equivalent to exposure to a given tem- 
perature; or applying a current cotrespond- 
ing to a certain heat flow into a body, and 
so forth). 


4. Measuring electrical units—voltage and 
currents—at points in the circuit analogous 
to those points at which temperatures and 
heat flow are to be measured in the body 
being subjected to heat flow. 


5. Converting the results of the electric 
investigation into heat units (calculation). 


A large variety of problems may be 
solved by the analogy method. The con- 
ditions for accuracy are different in each 
case. The voltage applied, the currents 
flowing, the duration of the experiment, 
the length of exposure of various parts 
of the circuit to higher voltages, even the 
atmospheric conditions in the laboratory 
—all influence the results. 

For the investigation a particular type 
of problem was chosen, a type which may 
be considered as basic to the method in 
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general. 


This problem can be stated as 
follows: ‘An R-C circuit, initially at 
zero potential, is suddenly exposed to a 
potential difference, both ends of the 
circuit being connected to the supply 
system by noncapacitive resistances.” 
In thermal terms this problem may be 
expressed as follows: ‘‘A wall, initially 
at zero temperature, is suddenly ex- 
posed on one surface to a finite higher 
value of temperature, while the ambient 
facing the other surface is held at the 
initial temperature. What is the tem- 
perature-time history at various points 
in the wall?’ This problem is distin- 
guished by the fact that no part of the 
circuit remains for long times at elevated 


Figure 1. 


the equipment have several ranges. 
Thus the instruments can be used largely 
in the upper part of the scale, where the 
percentage error is smaller. 

In addition to the objective errors there 
are those subjective ones due to inac- 
curate reading. The danger from this 
type of inaccuracy is of course increased 
by the fact that transients are to be 
observed, and therefore observations 
must be made while the needles of the 
instruments are moying more or less 
swiftly. 

Finally, if changing initial conditions 


at the surface have to be represented— 


for instance, change of heat flow or 
temperature—the manual adjustment 


Equivalent circuit of a capacitor 


C—Capacitance 
R.—Leakage resistance 


S Re Figure 1a. 


Re 


Equivalent circuit of a capacitor 


Capacitance replaced by a variable resistance, 
to be changed according to voltage change of 
capacitance 


potentials, and that the potential at the 
ends of the circuit remains constant. 
There are important thermal problems 
the analogous circuits of which do not 
show these conditions. 

In the following presentation electrical 
units will be used; reference to equiva- 
lent heat units will be added as necessary. 


II. Sources of Inaccuracy 


In any type of problem to be solved on 
the analyzer, three sources of inaccuracy 
occur. They are listed here briefly, and 
the two which are inherent to the method 
are discussed individually in parts III 
and IV, as indicated in the list: 


1. Inaccuracy due to leakage and stray 
currents (part IIT). 


2. Inaccuracy due to lumping (part IV). 


3. Inaccuracy in the instruments and in 
providing the given initial conditions. 


The third group of inaccuracies is of 
course not inherent to this type of cir- 
cuit. Neither, as far as the thermal as- 
pect is concerned, is it inherent to the 
analogy method because the same type of 
errors would occur in measurements made 
and instruments used in direct thermal 
measurements. The objective error of 
the electric instruments used in the 
analyzer is between 0.3 and 0.5 per cent 
of the full-scale reading; the propor- 
tional error is therefore larger if the in- 
struments are used on the lower part of 
their scales. In order to safeguard 
accuracy all measuring instruments in 
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of the power supply to this condition may 
cause additional inaccuracies. 


III. Inaccuracy Due to Leakage 
and Stray Currents 


Two causes of inaccuracy have to be 
considered here: leakage in the capaci- 
tors and stray or leakage current in 
the insulating parts of the circuit. It 
will be shown later that the two causes 
can be considered together. But first 
they will be discussed separately. 


1. CAPACITIVE LEAKAGE 


The capacitors which are used for rep- 
resenting the thermal capacity draw a 
leakage current after being loaded and, if 
left undisturbed, gradually discharge 
through their leakage resistance. If the 
capacitors were ‘‘ideal,”’ they would draw 
no leakage current after being charged 
and would keep their charge indefinitely. 
In order to determine the inaccuracies 
introduced by the use of actual capac- 
itors, a series of tests was conducted in 
which the results obtained from circuits 
with “ideal’’ capacitors were compared 
with the results from circuits with actual 
capacitors. 

It is hard to obtain capacitors with 
specified leakage, and impossible to obtain 
ideal capacitors. Therefore, the capaci- 
tor, which has an equivalent circuit shown 
in Figure 1, is replaced by two parallel 
resistors, shown in the equivalent cir- 
cuit, Figure la. The variable resistor 
represents the capacitance. At time 


Paschkis, Heisler—Lumped R-C Cable Circuits 


zero the resistance is zero and gradually 
increases to infinity when the current is 
zero. When Figure la is considered, it 
becomes evident that the relative im- 
portance of the leakage changes greatly 
with the state of loading of the capacitor. 
In the case of the unloaded capacitor 
the equivalent resistance is very small; 
compared with this very small resistance 
the parallel leakage resistance, which is 


Figure 2. Equivalent circuit of a cable or of & 
semi-infinite wall 


C—Capacitance 

R,—Useful resistance per lump 
R—Total useful resistance 
E—Over-all voltage 


very high, can be neglected. As loading 
proceeds, the apparent resistance of the 
capacitor becomes larger, and thus the 
relative importance of the leakage re- 
sistance increases. 

From these considerations it becomes 
evident that it is sufficient to investigate 
the steady state, that is, the condition 
with capacitors loaded to their steady- 
state potential. If in this case the leak- 
age through the capacitor is within 
tolerable limits, then it is even more 
within these limits while the capacitor is 
at a lower voltage and drawing a heavier 
current. et 

Figure 2 shows the type of circuit 
which is to be investigated. R, are the 
“useful” resistors, C the capacitors. It 
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Figure 3. Circuit diagram for investigation of 
capacitance leakage in circuit Figure 2—steady 
state 


R,—Resistances equivalent to the leakage of 
capacitors 

R,—Useful resistance per lump 

R—Total resistance 

1, —Current with leaking capacitors 

E;—Voltage with leaking capacitors 

E—Over-all voltage 


Nonleaking 


Circuit diagram. 
_ * eapacitors—steady state 


Figure 4. 


E) R, Ry—Same meaning as in Figure 3 
E,—Voltage | with nonleaking “ideal” 
[>—Current capacitors — 
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is assumed that all sections are equal. 
This circuit is represented in steady 
state by the circuit (Figure 3) for actual— 
leaking—capacitors and by the circuit 
(Figure 4) for ideal—nonleaking—capaci- 
tors. \ 

As mentioned previously, the investi- 
gations are carried out by comparing the 
result from the circuit shown in Figure 3 
with those from the circuit shown in 
Figure 4. Two quantities are of interest 
in the investigations covered by this 
paper: voltage and current. On the 
electric analyzer these represent tempera- 
tures and rate of heat flow. 


It 
To 


CURRENT RATIO= 
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RESISTANCE RATIO= 2< 
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Figure 5. Current ratio, |;/I,, plotted as 

function of the resistance ratio, R-/R,. The 

numbers on the curves (14, 9, 5) indicate the 
number of sections involved 


1, —Current with leakage (Figure 3) 
|,—Current with no leakage (Figure 4) 
R,—Leakage resistance of capacitance 
R,—Useful resistance per lump 


Let the insulation characteristic of the 
capacitor be expressed by 7. In symbols 
this would be written as r=R,C. 1, 
which is called the capacitive time con- 
stant, has the dimensions of time; thus, 
if R,is given in megohms and C im micro- 
farads, 7 will be in seconds. 

The leakage resistance, R,, of amy ca- 
pacitor can be expressed by: 


R,=1/C megohms (1) 


For capacitors of equal quality, the 
larger the capacitor the smaller will be its 
leakage resistance. 

The product R,C for each section is 


the section time constant. Let this time 
constant be JT. Then 
T=R,C (2) 


By comparing equation 1 with equa- 
tion 2 it can be seen that R,/R,, and there- 
fore I,/I, and E,/E, do not depend on the 
value of C. Thus: 


7/T=R,C/R,yC =R./Ry (3) 


Let Iz be the current obtained for 
any given voltage in the circuit of Figure 
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3 and J, the current obtained with the 
same voltage in the circuit of Figure 4. 
The ratio I,,/J, of the two currents is plot- 
tedin Figure 5. This ratio depends on the 
relative value of R, and R, and on the 
number of sections. R,/R, is shown on 
the abscissa. Three curves are plotted; 
these are marked 14, 9, and 5, indicating 
the number of sections to which the curve 
refers. The larger the number of sec- 
tions, the greater will be the current 
ratio I,/I, and the more inaccurate will 
the method become. As R,/R,, increases, 
the ratio J;/I, decreases and approaches 
unity as R,/R, approaches infinity. 


Example: Let the capacitor time constant 
+ =50,000 megohms X uf (=50,000 seconds). 
Let each section have a resistance R, of 
0.9 megohm and a capacitance of 55.5yf. 
Section time constant T is T=0.9X55.5= 
50 megohmsXuf=50 seconds 7/T= 
50,000/50=1,000. The current ratio J;,/J, 
for 14 sections is then 1.055 (from Figure 5). 


ae 
ars 


VOLTAGE RATIO 


Figure 6. 


Voltage ratio, E,/E,, plotted 
against fractional resistance 


(€=0.5 is, for example, the center of the 
resistance.) 14 sections. The figures on the 
curves (108; 0.5103, and so forth) indicate 
the resistance ratio, R./R,. The xs show 
points taken with nonuniform subdivision 


| 
/ 


In Figure 6 the voltages, FE, and E, 
of the same circuits are compared. The 
ratio of these voltages is different at 
various distances from the beginning of 
the circuits. On the abscissa the fraction 
of the total resistance R is plotted (see 
Figure 2). For example, £=0.5 indi- 
cates the center of the total resistance. 
On the ordinate the voltage ratio, 
E,/E, is plotted. E,/E, is the ratio of 
the voltage obtained at any one point 
from circuit Figure 4 to that obtained at 
the same point from circuit Figure 3. 
The total number of sections was 14. 
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The various curves refer to different 
resistance ratios R,/R,. 

Figures 7 and 8 are similar to Figure 
6 with the difference that in Figure 7 
the total number of sections was nine and, 
in Figure 8, the total number of sections 
was five. 

The same results are obtained in any 
experiments of this type (with ideal 
equipment) as long as T remains un- 
changed (see equation 2). The same 
results are obtained with large capacitors 
and small resistors as with small capaci- 
tors and large resistors. Equation 3 
shows that the introduction of capacitor 
leakage does not modify this statement. 
Even with leaking capacitors the same 
accuracy or, of course, the same error, 
is reached with any value of T, inde- 
pendent of the distribution of T between 
resistance and capacitance. From this 
viewpoint, it becomes obvious that it is 
desirable to work with as few sections as 
possible, as may also be found qualita- 
tively from consideration of the circuit 
of Figure 3. 

It may be noted here that the require- 
ments resulting from the investigations of 
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Figure 7. Voltage ratio) E,/E,, against 


fractional resistance 
(For example, £=0.5 is the center of the 
resistance.) Nine sections. The figures on 
the curves (103, 0.51038, and so forth) indi- 
cate the resistance ratio, R./Ry 


part IV are in the opposite direction, 
calling for many sections. 


2. EQuipMEeNT LEAKAGE (OTHER THAN 
CAPACITIVE LEAKAGE) 


So far it has been assumed that the 
equipment other than capacitors is free 
from leakage. Figure 9 shows part of the 


TRANSACTIONS 167 


1.00 


0.98 


= EL 
Eo 


0.96 


po 
© 
rs 


VOLTAGE RATIO 


0.2 0.4 0.6 0.8 


é 
Voltage ratio, E,/E,, against 
fractional resistance 


Figure 8. 


(For example, £=0.5 is the center of the re- 

sistance.) Five sections. The figures on the 

curves (103, 0.510%, and so forth) indicate 
the resistance ratio, R./R, 


‘laboratory equipment. It is obvious that 
many leaks do occur—for example, in the 
insulating panels on which the resistors 
are mounted, or in the busses which are 
used to connect various parts of the 
equipment. Although special care has 
been taken in the design to get as small 
a leakage as possible, the leakage current 
still is finite. In this equipment, two 
types of undesired currents are flowing. 
One, which might be called leakage, is a 
current flowing from any given point in 
the equipment to ground. The other is 


stray current flowing from one part of the 
equipment to another part which is at a 
different potential. 
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The leakage current in the insulating 
part may be thought of as an additional 
cutrent in the capacitor. The equipment 
leakage (not capacitor leakage) in each 
section may be thought of as being re- 
placed by one leakage resistor Ry which 
is parallel) to the leakage resistor R, of 
The equivalent total 
leakage resistance per section Ry, is to be 
found from 1/R,=1/R,+1/Rp (see Figure 
10). 

The value of Rg changes with tempera- 
ture and atmospheric conditions. In 
dry conditions, and, with all sections 
connected, it amounts on the Columbia 
analyzer to approximately 150 megohms. 
Rp is of course independent of the capaci- 


the capacitor, 


tance and also of the time constant 7 
of the section. Therefore equation 3 does 


not hold if equipment leakage is to be: 


considered. It makes considerable differ- 
ence how .J—R,C—is divided between 
capacitance C and resistance R,. The 
influence of Rz on Ry, is smaller if R, is 
smaller; moreover small R, means, with 
unchanged value of 7, smaller values of 
R,. Therefore, from the standpoint of 
leakage, it is desirable to work with as 
high a capacitance, and consequently 
as low a resistance, as possible. 

Example: Let 7=60; 7+=50,000; 
3,000 megohms; 14 sections. 


Rz= 


Table II shows the values of R,/R, 
and of I,/I, for various possible combina- 
tions of R, and C which yield the same 
Ti==60)): 

Fortunately the stray currents from 
one section of the circuit to another are so 


Figure 9. General view of the electrical ap- 
paratus used in solving problems in three- 
dimensional heat flow by electrical analogy 


Power photo 


Paschkis, Heisler—Lumped R-C Cable Circuits 


; 


Ru Ru Ru Ru Ru 


Figure 10. Equivalent-circuit leaking capaci- 
tors and leaking boards 


— 


vn 
R,—Useful resistance 


R,—Leakage resistance of capacitors’ 
Ry—Leakage resistance of board 
E—Over-all voltage 


small that they can be neglected here. 
If they would be larger, the following 
reasoning would apply: A stray current 
from one section to the next acts like a 
shunt for resistor R,. A total resistance 
R,’ would result with R,’<R,. Tf all 
other conditions are unchanged, the 
ratio R,'/R, would increase. However, 
the circuits of Figures 5 to 8 would not 
apply, because they are based on the 


assumption that R, has the correct 
value, while under consideration of 
stray currents R,’ would be smaller 


than the correct value of R,. A number 
of graphs would have to be determined, 
each holding for one ratio of R,/R,’. 

So far it has been assumed that all 
sections are of equal resistance. In the 
thermal problem this would mean that 
all sections are of equal thickness. It is 
of course possible to make nonuniform 
lumps. If, for example, a circuit with a 
total resistance of 1.2 megohms (equiva- 
lent perhaps to a wall 12 inches thick) 
has to be investigated, and 12 sections or 
lumps are available, it is possible either 
to make 12 lumps, each with a resistance 
of 0.12 megohm (one inch thick), or to 
make the first three or four lumps with a 
resistance of only 0.06 megohm each 
(one half inch thick) and increase the 
resistance (thickness) of the others ac- 
cordingly, so as to again cover the entire 
resistance (thickness) of 1.2 megohms (12 
inches). Any other distribution would 
also be possible. One case was in- 
vestigated: that of three small sections 
at the beginning of the circuit and ten 
large sections at the end of the circuit. 
Each of the three small sections at the 
beginning of the circuit has one third of 
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Figure 11. Voltage (temperature) rise in the 


circuit (wall) 


Relative film resistance m,=2, me=1. The 
figures on the curves indicate the dimension- 
less time, t/RC, 


the resistance and one third of the capaci- 
tance of the later sections. (The one- 
third resistance and capacitance corre- 
spond to one-third section thickness.) 
The results were compared with those of 
a uniform circuit of the same time con- 
stant. Two cases were investigated: one 
for R,/R,=100, the other for R,/R,=250. 
(R,/R, referring in both cases to one 
lump in the uniformly subdivided cir- 
cuit.) The ratios I,/I, for evenly dis- 
tributed sections were 1.49 (R,/R,=100) 
and 1.22 (R,/R,=250), respectively; the 
corresponding values for uneven lumps 
or sections were 1.48 and 1.21, respec- 
tively. The measured points for the 
temperatures are’ indicated in Figure 6 
(by x). 

All the circuits shown so far have been 
based on the assumption of zero film 
_ resistance on both the hot and cold sur- 
faces. In this connection a word of 
explanation is necessary. The heat 
exchange between a hot surface and the 
cooler ambient is generally character- 
ized by a “‘film conductance’’ value (ex- 
pressed, for example, in Btu per hour, 
square foot, degrees Fahrenheit). The 
underlying concept is that the heat ex- 
change, following Newton’s law, is pro- 
portional to the temperature difference 
_ between the surface and the surrounding. 
Although in many instances this propor- 
tionality does not exist, the introduction 
of a film conductance value is helpful. 
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In electrical terms, film conductance is 
represented by a noncapacitive resistance 
at the end of the circuit. Circuits having 
zero film resistances were chosen because 
they illustrate the worst possible condi- 
tions for accuracy. If the film resistances 
are not zero, then additional resistors 
have to be added: one on the “‘hot end” 
of the circuit, representing the film re- 
sistance of the hot surface, and one on the 
“cold end” of the circuit, representing the 
film resistance of the cold surface. If 
such additional resistances were applied, 
the voltage drop in that part of the circuit 
which represents the wall would be only a 
part of the total voltage drop. As a 
result, the ratio of the current with 
capacitors to that without capacitors 
would become smaller. 


IV. Inaccuracy Due to Lumping 


1. ConcEPrT 


One could conceive as a theoretical 
limit of an equipment without any leak- 
age, either in the capacitors or in the 
panels. None of the errors discussed in 
part III would occur, and yet the equip- 
ment would yield only approximate 
answers because of the errors due to 
lumping. 

The selection of a finite number of 
lumps or sections instead of an infinite 
number is, mathematically speaking, 
equivalent to replacing a differential 
equation by an equation of finite differ- 
ences. The main points of interest in 
this connection are the voltages, corre- 
sponding to,the temperatures during the 
gradual heating up. In steady state the 
voltage-space distribution is theoretically 
a straight line; the actually measured 
points all fall on this line, independent 
of the number of sections used. During 
the heating-up period, however, more or 
less important discrepancies between the 
theoretical result and that obtained with 
only a few sections will occur. 

In order to investigate the influence of 
the number of sections on the accuracy— 
from the viewpoint of “Jumping’’—it is 
necessary to know the theoretical curves 
of temperature rise. Such curves are not 
yet available; therefore, the curves ob- 
tained from tests in which 12 sections 


Figure 12. Voltage (temperature) rise in the 
circuit (wall) 


Relative film resistance m,=2, me=1. The 
figures on the curves indicate the dimensionless 


time, t/RC, 
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were used were considered to be suf- 
ficiently close to the theoretical value. 
This assumption is upheld by past experi- 
ments and also by the fact that no 
measured differences were observed be- 
tween the curves taken with 15 and those 
with 12 lumps. 


2. PROCEDURE 


The procedure for determining the in- 
fluence of sectioning was as follows: the 


as in Figure 6. The thermal parallel is, 
of course, fractional thickness and frac- 
tional temperature. Values of time as 
well as of resistance are plotted in dimen- 
sionless units. The dimensionless unit 
for time is t/ RC, and that for resistance or 
depth is E=r/R=x/L. Here t indicates 
the time in seconds after start of the 
experiment; R (as in part III) the total 
resistance in megohms; C, the total 
capacitance in microfarads; 7, in meg- 
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Figure 13. Voltage (temperature) rise in the 
circuit (wall) 
Relative film resistance m,=m.=0. The 


figures on the curves indicate the dimensionless 
time, t/RC, 


voltage rise at various points in the cir- 
cuit—equivalent to a temperature rise at 
various depths in the wall—were meas- 
ured, using in consecutive experiments 
a different number of lumps. The volt- 
ages obtained for any given point in the 
circuit—depth in the wall—and at any 
given time, using small numbers of 
lumps, were then compared with the 
voltage for the same space, position, and 
time obtained with 12 lumps. 

Figures 11 to 14 show the results of these 
experiments. The ratios of the voltages 
measured at various points in the circuit 
to the impressed voltage are plotted 
against the fraction of the total resistance, 
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ohms, the resistance at the point in 
question; «, in feet, its distance from the 
hot surface; and L, in feet, the thick- 
ness of the wall. (It should be noted that 
on these charts, total resistance and total 
capacitance are used, whereas in part III 
the resistance and capacitance per section 
were used.) The lines between the 
measured temperatures are drawn 
straight. On the plots shown measured 
temperatures are connected by straight 
lines, because in the case of only a few 
sections the proper rounding of the curves 
might be somewhat uncertain. It should 
be noted, however, that the straight Jines 
tend to accentuate differences between 
the various curves. 


3. Frum ConpucraANCcE 


It was mentioned previously that in 
thermal problems ‘‘surface film con- 
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ductances,"”’ which are represented in the 
electrical problem by resistances without 
capacitance, have to be introduced. It 
appeared probable that the surface film 
conductance would have some influence 
on the errors caused by lumping. A pre- 
liminary investigation proved that this 
is the case and that worst conditions 
prevail for zero film resistance on both 
the hot and ‘the cold surfaces. The film 
resistance in this connection is best ex- 
pressed in dimensionless units by com- 
paring the film resistance (1/h) with the 
thermal resistance of the wall. In the 
electrical analogy the resistance repre- 
senting the film (1/h) is to be compared 
with the total resistance R of the circuit. 
The ratio of film-resistance to wall re- 
sistance is called the relative film re- 
sistance m. Symbolically, this is ex- 
pressed by m=1/hR, where 1/h is con- 
verted to ohmic units. : 

In extreme cases the wall. can be of 
metal with high thermal conductivity 
and the ambient can be still air, In 
such cases the value of m can rise quite 
high, say to more than 1,000. With so 
high an m the temperature difference be- 
tween hot and cold surface of the piece 
is at any time so small that the number of 
sections used has no measurable influence. 
In fact measurable differences occur only 
at fairly low values of m. Therefore, a 
series of tests was run, gradually in- 
creasing the values of m, that is, in- 
creasing the hot- and cold-surface rela- 
tive film resistances. It was found that 
beyond m,=6 no appreciable voltage 
(temperature) differences occur within 
the circuit. Even for values of m in the 
order of magnitude of two the differences 
are not large. This can be seen by com- 
paring Figures 11 and 12 with Figures 13 
and 14. Figures 11 and 12 refer to m,=2, 
m,.=1, while Figures 13 and 14 refer to 
My, = MN. = 0. 

In Figures 11 and 18 the results for 


- two and three sections are compared with 


those for 12 sections (12 sections being 
assumed to be identical with the theo- 
retical curve). In Figures 12 and 14 
the results for four and five sections are 
compared with those for 12 sections. 
By comparing the group of curves for 
t/RC,=0.100 (Figure 13) with those for 
t/RC,=0.1026 (Figures 13, 14) it be- 
comes evident that the difference be- 
tween the curves for few sections and 
those for 12 sections is smaller for 
large values of m, © A number of experi- 
ments have been carried out using 
different combinations form, and m.. 
For space economy, these cannot be 
reproduced here. It is sufficient to say 
that the differences between ‘many’ 
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lumps 
smaller for large m’s than for m,= 
Generally speaking, m, is of smaller 
influence than my. 


and ‘few’ were consistently 


m,=0. 


4, CONCLUSIONS 


1. Two or three lumps are not sufficient to 
represent a problem except for very approxi- 
mate solutions or for values of ¢/RC; at or 
mear the steady state. The steady-state 
or near-steady-state t/RC,; would be small 
for low m’s in comparison with steady-state 
t/RC, for large m's. 
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Figure 14. Woltage (temperature) rise in the 
circuit (wall) 


Relative film resistance my=m,=0. The 
figures on the curves indicate the dimensionless 
time, t/RC, 


2. Five lumps give very good results ex- 
cept for relatively small values of t/RC;. 


3. In general a small number of lumps is 
sufficient if voltages (temperatures) at 
greater distance from beginning of the cir- 
cuit (the hot surface) and at later times after 
start (that is, at higher values of ¢/RC,) are 
necessary. 
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V. General Conclusions 


In order to counteract the inaccuracies 
due to leakage, a small number of lumps 
is desirable. In order to counteract in- 
accuracies due to lumping, a large num- 
ber of lumps is desirable. A practical 
medium is between six and nine lumps; 
then none of the influences become large. 

The selection of nonuniform sections or 
lumps does not seem to influence the 
accuracy. Lumps can therefore be made 
so as to give a great number of readings 
in that part of the body to be investi- 
gated which is of greatest interest. 

The preceding considerations hold only 
for the problem mentioned. Conditions 
may change in different types of prob- 
lems, either adding resistors and capaci- 
tors to simulate two-dimensional heat 
flow, or in problems where parts of the 
circuits are kept at elevated voltages for 
some time, 
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A Design Method for D-C Machines 
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NTEREST in d-c machines in many 
phases of the war effort prompts the 
writers to present a method of design 
which has been found to be very useful 
and time saving. The method makes 
use of fundamental relationships in some- 
what different forms and approaches the 
design from a different viewpoint than is 
ordinarily the case. The procedure has 
been in use for some time in the design of 
low-voltage aircraft motors and normal- 
voltage integral horsepower motors and 
generators. Comparative design and test 
results have shown good agreement. 

The most common type of design prob- 
lem is one which makes use of standard 
mechanical parts from which the required 
performance is realized by proper pro- 
portioning of the windings. Even though 
the rating required is a rather unusual 
one, it is rarely economically feasible to 
make a complete new design, mechani- 
cally and electrically Or, if a new me- 
chanical design is made, future require- 
ments will make it necessary to use the 
same frame for other ratings. 

If the mechanical design is fixed, di- 
mensional details of the magnetic circuit 
(with the possible exception of stacking) 
are known, and the magnetization curve 
and rotational losses become known or 
can be calculated by conventional meth- 
ods. 

While the design method is developed 
and illustrated herewith for a series motor 
with commutating poles, the principles 
are applicable and can be extended easily 
to include shunt and compound ma- 
chines. 


Design Considerations 


In the conventional design of a d-c 
motor, when the magnetization curve is 
given, the usual procedure is to select an 
operating point on the curve, thereby 
fixing the flux. On assuming a value of 
generated voltage, it is then possible to 
calculate the number of series conductors 
required in the armature winding. In 
order to check the performance of the 
machine, it is necessary to make a further 
assumption of armature current; this in 
reality involves an assumption of machine 
efficiency. As will be demonstrated 
later, the selection of an operating point 
on the magnetization curve fixed the ratio 
of field ampere-turns to armature ampere- 
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turns per pole. It is a well-known fact 
that this ratio has an important bearing 
on commutation, iron losses, and distri- 
bution of copper losses, hence, heating in 
the field and armature. Thus, it is pro- 
posed to select this ratio at the outset, 
thereby fixing the operating point on the 
magnetization curve for a given full- 
load output (see Appendix I). At the 
same time the selection of a ratio of field- 
to-armature ampere-turns establishes the 
series-field turns per pole in terms of the 
armature turns per coil. The commu- 
tating-pole turns per pole also can be 
written in terms of armature turns per 
coil. Expressions for these winding ra- 
tios F, and F,,, respectively, are de- 
veloped in Appendix II. 

In a d-c motor the applied voltage 
minus the brush-contact drop must be 
balanced by the generated voltage plus 
the voltage drop in the series windings 
and armature. Thus 


V- Ver=E+I],R, (1) 
The generated voltage is 


2¢PS, rpm 
aX 60 X 108 


r =BT (2) 
This is the usual form of the voltage 
equation, except that the total number of 
armature conductors has been replaced by 
its equivalent in terms of armature turns 
per coil (J) and commutator segments 
(S,). As indicated in equation 2, E is de- 
pendent only on 7, since the flux is al- 
ready determined by selection of the op- 
erating point on the magnetization curve 
as discussed previously. 
The series voltage drop is 


IgRo=1a(Rat+Rrt+ Rep) (3) 


It is shown in Appendix III that the ar- 
mature resistance (R,) is a function of 
T? and. that, when making use of the 
winding ratios, F, and F,,, the resist- 
ances of the series-field and commutating- 
pole windings are also functions of T>. 
Equation 3 then can be written 


I,Ry=TfoT? 
=(IgT1,)T 


=| Pe br 
Fy 
=CroT (4) 


C becomes known upon selection of the 
operating point on the magnetization 
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curve, and ry, is essentially a constant 
for a given frame. An expression for 
r, is developed in Appendix III. It is 
important to note that, having fixed 
reasonable values for F,, and F,,, 7, is a 
constant, independent of the winding 
and machine rating. 

It is now apparent that equation 1, with 
the values for E and J,R, from equations 
2 and 4 substituted, can be solved for T, 
the required armature turns per coil. 
Thus 


_V—Vor 
~ B+Cr, 


| 


(5) 


Also, if the winding ratios are used, the 
number of series-field turns per coil is 
F,,T and the number of commutating- 
pole turns per coil is F,,,7. Since the 
useful copper areas for each field wind- 
ing and the armature are also known, con- 
ductor sizes can be determined. Fur- 
thermore, the armature current can be 
calculated as 


Ig= C/T (6) 


Since the winding as well as the full- 
load current are known now, the complete 
performance of the motor can be calcu- 
lated. Details of calculation are illus- 
trated in the sample design. 

In conclusion, che foregoing informa- 
tion has proved useful in instances where 
the design problem involves determina- 
tion of winding details and performance 
when the mechanical design is fixed. The 
method involves no new fundamental 
theory but yields a design directly wherein 
certain important factors areincorporated 
in such a way as to insure their ultimate 
realization in the performance of the 
machine. In addition, calculated per- 
formance will be in general in much 
better agreement with test results than 
is the case in conventional methods. 
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Appendix |. Determination of 
Operating Point on Magne- 
tization Curve 


It is assumed that the open-circuit mag- 
netization curve and rotational-loss data, 
such as are shown in Figure 1, are known 
from test of previous designs in the particu- 
lar frame in question or have been calcu- 
lated by conventional methods. 

The power developed in the armature of a 
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d-e machine is #J, and must equal the 
power output (W) plus the rotational loss 
(RL). The latter includes core losses as 
well as friction and windage and stray 


load loss. Thus 
W'=W+RL=EI, (7) 
but 
oPRZ rpm 
oe (8) 
aX60X 108 
hence 
oe) _ oP rpm ZI, 5 
~ aX 60X 108 0) 
The armature ampere-turns per pole, 
(ND)q, are equal.to ZI,/2aP. Equation 9 
then may be written 
oP? rpm 
ieee — (IVT. 
aig XNDe (10) 


It is desired to use the ratio of field 
ampere-turns to armature ampere-turns per 
pole, y, as a starting point in the design. 
Hence, if (VJ), in equation 10 is replaced 
by y/(NJ)p and if terms are rearranged 
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WwW 
¢(NI)r= 
rpm 


+ 
Xp2%3X10°=A (11) 


Thus, the operating point on the mag- 
netization curve is fixed by the output of the 
machine, speed, number of poles, and the 
ampere-turn ratio. The choice of a suitable 
value for y for a given design will depend 
on the type of machine and the application. 
The range is usually from 0.6 for series ma- 
chines to 1.25 for shunt machines. A good 
average value for shunt or compound ma- 
chines with commutating poles is 1.0. 

Every point on the magnetization curve 
corresponds to a certain value of ¢X(NI)>p. 
A particular value is required to meet the 
rating requirements. One obvious method 
for determining the operating point would 
be to plot a curve of A=¢(NI)r versus 
(NVJ)7 and read from this curve the value of 
(NI)p for the particular value of A which is 
required. In obtaining such a curve, the 
full-load magnetization curve should be 
used. 

The flux per pole (¢) in equation 11 is the 
full-load value and will be less than that 
obtained from the no-load curve for given 
field excitation due to the demagnetizing 
effects of armature reaction. If the brushes 
are shifted from the no-load neutral, the 
direct demagnetizing ampere-turns of the 
armature are 


0 6 (NI)r 

(N1)am= 55 (NDa= 55 i, (12) 
Various methods are available for deter- 
mining the demagnetizing effect of the cross- 
magnetizing ampere-turns, most of which 
are quite tedious to apply and not well 
adapted for use in a design method such as 


this. For small machines, a simple expres- 
sion 
oe 1.1 (NI)?7 

NI ee 13 
( )acm 104 7 ( ) 


has been found to give quite satisfactory 
results. If equations 12 and 13 and the no- 
load magnetization curve are used, it is 
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possible to construct full-load magnetiza- 
tion curves for any given values of #@ and y. 
However, as illustrated later in the sample 
design, there is little need for obtaining the 
full-load curve, since the required point on 
the curve can be calculated rather easily. 


Appendix Il. Winding Ratios, 
Fu and Five 


The winding ratios fF, and F,, are de- 
fined as the ratios of series-field turns per 
pole to armature turns per coil and commu- 
tating-pole turns per pole to armature turns 
per coil, respectively. Thus, Fy is equal to 
N;/T and Frye is equal to Nj/T. An 
expression for FP, can be found in terms of 
known quantities from the definition of y 
as 


_(NI)r_NrIg_aP Nr 


“TWD. 27 5, T (14) 
2aP 

or 

Ny Se 

St 1 

T aera (1) 

In a similar manner, F,,, is found to be 
Nep | oS¢ 
Fy~e=— = 1 


Where o is the ratio of commutating-pole 
ampere-turns per pole to armature ampere- 
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turns per pole. 
about 1.25, 


A common value for ¢ is 


Appendix Ill. Resistances_ in 
Terms of 


’ 
(a). Armature resistance, Ry. 


The usual expression for the resistance of 
the armature at 25 degrees centigrade, in 
terms of resistivity, number of series con- 
ductors, and cross-section area of each, is 


_0.8801gZ 
~ CM,a? 
If Z is written in terms of 7 and the 


number of commutator segments, and the 
area of each conductor is replaced by the 
j 


Rg ohms (17) 
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useful slot area divided by the number of 
conductors per slot, equation 17 becomes 


0.880](2S-T) | eee 
a= = T? ohms 
SsCMua\ , LSsCMuaa? 
Ov ale a (18) 


(b). Series-field resistance, Rp. 


The series-field resistance at 25 degrees 
centigrade is 


_ 0.88017 NrP 


h 19 
CMe ohms (19) 


Fr 


Again the area of each conductor is replaced 
by an expression involving the useful copper 


area for the field winding, and F,T is 
substituted for Np. Then 

0.8801 7P( FT) 
IR 

CM sr/ FT 

0.88027 P Fp? 

SS ————————— Pon 20 
l CMer | ohms (20) 


(c). Commutating-pole-winding resistance, 
Rep- 


The resistance of the commutating-pole 
windings at 25 degrees centigrade is 


0.880 lp NepPe 
= Se SG 


Rep CMep 


hms (21) 


When similar substitutions are made to 
those suggested in b, equation 19 becomes 


Roe eared Bs 


22 
CM aa 


The summation of equations 18, 20, and 
22 is the total series-winding resistance of the 


machine at 25 degrees centigrade, Rp. 
Hence 
Ro=Rat Rr+Rep 
| ee 0.8801¢P Fyy? 
~LSsCMyga? CM 
1a |r (23) 
CM sc 
=7,T? (24) 


In using equation 24 a correction factor for 
temperature should be applied, since the 
expression as given is at 25 degrees centi- 
grade. 


Numerical Example 


If the basic equations derived in the fore- 
going discussion are used, 'the details of a 
typical design will be illustrated. It is re- 
quired to determine the winding and full- 
load performance for a 250-volt 2.0-horse- 
power 1,800-rpm d-c series motor in a stand- 
ard National Electrical Manufacturer’s 
Association frame 224. 

The necessary mechanical details for the 
design, taken from previous designs in the 
same frame, are as follows: 


Number of main poles (P) =2 

Number of commutating poles (P,) =1 

Mean length of turn.in main field (J7) =18.0 
inches 

Available copper area per coil in main field 
(CM gr) =1,400,000 

Mean length of turn in commutating-pole 
winding (J,)) =11.5 inches 
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area per coil in commu- 
(C-M,.) = 1,000,000 


Available copper 
tating-pole winding 
circular mils 

Number of armature slots (S,) =29 

Number of commutator segments (S,) =58 

Mean length of armature conductor (/,)= 
8.50 inches 

Available copperarea per slot CAf,, = 100,000 
circular mils 


The open-circuit magnetization curve and 
rotational-loss data for this particular 
frame are_given in Figure 1. 

From the rotational-Ioss curve, a pre- 
liminary estimate of rotational loss for this 
motor is made as 130 watts. The output is 
2.0 horsepower or 1,492 watts. Thus, when 
equation 7 is used 


W" =W+ RL =1,492+- 1380 =1,622 watts 
Next, a suitable value of the ampere-turn 


ratio (y) is chosen as 0.87. Then, if.equa- 
tion 11 is used 


7” 


A=—x—_x3x10° 
rpm P? 
_ 1,622 Sra: ST 
xX3xX 10° 
ey: S00 


=0.588X10°=$X (VD) r 


If the material following equation 11 is 
kept in mind, the full-load flux per pole (¢) 
and full-load ampere-turns per pole in the 
field (VJ)y can be determined now. The 
full-load magnetization curve will be some- 
what below that shown in Figure 1 and 
approximately 1,100 ampere-turns will be 
required to produce a flux per pole of 520,000 
lines. The product of these two figures is 
essentially the required value of A. 

To determine demagnetizing ampere- 
turns it is necessary to consider only the 
demagnetizing effect of the cross-armature 
ampere-turns, since the angle of brush shift 6 
is zero. Thus, from equation 13 the de- 
magnetizing ampere-turns per pole are 
1.1 X (1,100)?2/0.87 X10-* or 153. Subtract- 
ing this from the original value of (NJ)r 
gives 950 ampere-turns, and the correspond- 
ing value of flux from the magnetization 
curve is 495,000. But 1,100X495,000 does 
not equal 0.588 X 108, and it is apparent that 
(NI)y must be increased. Let the gross 
field ampere-turns be 1,170. Then the 
demagnetizing ampere-turns are 160, the 
net field excitation is 1,010 and the flux is 
503,000. The product of 1,170 and 503,000 
gives the required value for 4. Thus, the 
full-load operating point on the magnetiza- 
tion ‘curve has been fixed. Now the pre- 
liminary estimate of rotational loss can be 
revised on the basis of a more accurate 
knowledge of the field ampere-turns, and 
the aforementioned process can be repeated 
if more accuracy is desired. 

The foregoing procedure for determining 
the full-load flux and field excitation at 
first may seem rather complicated and time 
consuming. However, it has been found that 
after a little practice the operation becomes 
very simple and fast. , 

The next step is to calculate the winding 
ratios F,, and F,,, from equations 15 and 16 
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The resistance term r, can be determined 
now from equation 23 


3.5QgS2 , O.88IeP Fy? 0.880epPeFrec? 
TS CMs CMe CMy. 
3.52X%8.5X (58) * 
~ 29X100,000X4- 


0.88X 18X2X (12.6)? 
1,400,000. 
0.88X 11.5X1X (18.1)? 

1,000,000 


=0.01563 


For an average operating temperature of 
65 degrees centigrade 7, is 0.018. 
The constants B and C are calculated 


from equations 2 and 4. Thus 
26PS, rpm 
~ aX60X 108 
_2X503, 000 X2X 58 X 1,800 175 
2X60 X 108 py 
and 


The required number of armature turns 
per coil is obtained from equation 5. A 
brush-contact drop of two volts is assumed 


250— 
Eas rast 018 


V — Var _ 
B+Cr, 


T= 


The armature current can be calculated now 
from equation 6. 


ae: 
The number of field turns and commutating- 
pole turns per pole is obtained by multi- 


plying Fy and Fy, respectively, by T. 
Thus 


Nr=F,,7T =12.6 X13 =164 
and 
Nop = FreT = 18.1 X13 =235 


The required conductor size in the arma- 
ture winding is obtained from the useful 
slot area and the number of conductors per 
slot 


CMyXSy_ 100,000X29 


pW MEI Sas g 
=1,925 circular mils 


CM,= 


This wire size is between numbers 17 and 
18 (American wire gauge), and a choice 
must be made between reducing the number 
of turns slightly and using number 17 or 
using number 18 and not filling the slot. 
Here the former choice is made. Thus, a 
121/s-turn winding using number 17 wire 
(2,048 circular mils) is adopted. The cor- 
rected number of armature conductors is 


Z=2S,T =2 X58 X 12.5 = 1,450 


Since the value of T was reduced slightly, 
the series-field turns must be reduced also 
if the assumed value of y is to be main- 
tained. However, this will result in some- 
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+ aa 
what higher speed than originally assumed. 
Thus, again there are two alternatives, 
of which the former will be used. : 
Then 


Nr=12.6X12.5=160 


and 


Nep = 18.1X 12.5 =225 


The conductor size for the series field is’ 
CMspr divided by Np and is equal to 1, B00; - 
000/160 or 8,750 circular mils. 

Use three number 16 wires in parallel 
giving an equivalent conductor of 7,750 cir- 
cular mils. For the commutating pole use 


@ 


a 
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Figure 2. Performance curve for a 250-volt 
2.0-horsepower 1,800-rpm d-c series motor 


220 turns of two number 16 wires equivalent 
to 5,166 circular mils. 

In order to check the motor performance 
using the aforementioned winding, the wind- 
ing resistances are calculated in the usual 


* manner 


_ 9.88 [le _0.88X8.5X1,450 

- @CM, .  4X2,048 & 

= 1.325 ohms at 25 degrees centigrade 
R,(hot) =1.15X 1.825 = 1.52 ohms 


0.88lpNeP _0.88X18X160X2 


CMy 7,750 
=().645 ohm at 25 degrees centigrade 


Rg= 


Rp(hot) = 1.15 X 0.645 =0.75 ohm 


R, _0.88lepNepPe _0-88X11.5X220X1 
ieee ol Mga tes 5,166 
=0.431 ohm at 25 degrees centigrade 


Rep(hot) = 1.15 X 0.431 =0.49 ohm 


and the total series resistance is 


R,(hot) = Raho + Re (ho + Rye) 
= 2.76 ohms 


For full-load armature current of 7.15 
amperes, the J,R, drop is 19.7 volts. As- 
suming a brush-contact drop of two volts, 
the generated voltage is 228.3 volts. 

At this point the field ampere-turns, arma- 
ture ampere-turns, and their ratio can be — 
calculated and the full-load flux can be 
checked before determining the ped 
Thus 


— 


(NI) rp =IgNr =7.15X 160 =1,148 ’ 

ZIq_ 1,450X7.15 ey; 
ND. = — 
(Da Bs ,297 


2X2X2 pu 
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Inverter Action on Reversing of 
Thyratron Motor Control 


H. L. PALMER 
ASSOCIATE AIEE 
yi 
Synopsis: Thyratron control of d-c motors 
offers a fast and smooth braking or reversal 
which is finding wider application in industry 
as the characteristics become better known. 
With proper control the rectifier circuit, 
which normally supplies power to the arma- 
ture of the motor, can be operated as an 
inverter to decelerate the motor by regen- 


. erating the rotational energy of the motor 


and its load into the a-c system. The circuit 
then shifts to rectifier operation to accelerate 
the motor and load to the preset speed in 
the reverse direction. 

The motor-armature current can be held 
very nearly constant over the full reversal 
operation of deceleration and acceleration at 
a value which can be made less than the 
rated motor current. Test results and 
theory show that the motor’s inherent re- 
actiance is sufficient for inverter operation, 
and, that during normal inversion, commu- 
tation of the tubes is not difficult. 

In addition, inyersion can be utilized to 
bring the motor to a stop more efficiently 
than by plugging and more rapidly and 
efficiently than by dynamic braking. 


GREAT many of the mechanized 
operations carried onin theindustrial 
field call for a reversal of the mechanism 


H. H. LEIGH 


ee AIEE 


by its motive power which is commonly 
an electric motor. In nearly all cases this 
reversal must not impose a severe strain 
on the mechanism nor demand an ex- 
cessive overload from the power lines. In 
many of these reversing drives, particu- 
larly where they are of a cyclic nature, 
the reversal time is lost time and must be 
kept to a minimum consistent with the 
rating of the motor. Many of these 
drives call for the flexibility of the d-c 
motor. The d-c motors are supplied 
commonly from either a d-c shop bus or 
a motor generator set. However, an 
increasing number of d-c-motor applica- 
tions are using the thyratron-tube recti- 
fier to give a wide range of control, in- 
cluding a fast and smooth reversal. 

The motor in a Ward Leonard drive is 
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reversed by reversing the generator volt- 
age and the current in the loop circuit. 
The thyratron-tube rectifier operating a 
motor in some respect is comparable with 
the Ward Leonard drive, but it has at 
least one important difference. The recti- 
fier, unlike the generator, is a unidirec- 
tional conductor. It will conduct cur- 
rent in only one direction. Therefore, if 
the rectifier output voltage is reduced, 
the generated voltage of the motor 
cannot reverse the current through 
the circuit. Since the current through 
the motor-armature circuit must be re- 
versed to reverse the direction of the 
motor torque, the armature connections 
must be reversed mechanically with re- 
spect to the tube circuit. To reverse 
connect the rotating motor armature 
suddenly into the “full-on” rectifier 
would amount to plugging with short- 
circuit current. This would be, to say 
the least, highly undesirable from the 
standpoint of the tubes, motor commuta- 
tion, and the connected load. However, 
by proper control the tube circuit may be 
made to invert the d-c power generated 
by the motor into the a-c lines at a con- 
trolled rate. 

It is not the intent of this paper to dis- 
cuss the general theory nor to state a 
rigorous analysis of inversion, but to give 
a general description of the principle of 
inversion operating from the generated 
voltage of a d-c motor into the voltage of 
the a-c line and some means of controlling 


(NI) r 
riba 


Demagnetizing ampere-turns 


(1,143)? 
NI nl Oe 163 
(ND) acm x x 0.881 


=0.881 


andthe net field ampere-turns, (VJ)’p are 
» 980. 
The full-load flux, ¢, is 500,000 lines per 
pole (from curve Figure 1), When the volt- 
age equation is used, the speed is 


_ EaX60X108 — 228X260 108 


ZPo ‘1,450 2500,000 
= 1,885 


rpm 


Note that the speed is somewhat higher 
than originally assumed, since the 12!/2- 
turn armature winding was used instead of 
the 13-turn winding. 

The power developed in the armature is 
EI, or 1,633 watts, and, from Figure 1, the 
rotational loss is approximately 145 watts. 
The motor output is then 1,488 watts, the 


input is 1,788 watts, and the efficiency is 


83 per cent. 
Test results on a motor using the afore- 
mentioned winding design are shown in 


Figure 2. The full-load current was 7.18 
amperes, and the efficiency was 82.5 per cent. 
The calculated rpm was slightly high, as the 
test shows 1,870 rpm. 

Although the winding details as shown 
previously are complete, it is usually desir- 
able to check on the distribution of copper 
losses, current density in brushes, flux densi- 
ties in various parts of the magnetic circuit, 
and reactance voltage of commutation. 


List of Symbols ? 


a@=parallel paths in armature windings 
CM,q=circular mils per slot in armature 
CM,,=circular mils per coil in commuta- 
ting winding 
CM sr =circular mils per coil in series-field 
winding 
E=generated voltage in armature wind- 
ing 
F,, =winding ratio (for motor) 
Fuc=winding ratio for commutating 
poles 
I, =armature current, amperes 
Iy=field current, amperes 
1q=mean length of armature conductor 
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ly =mean length of turns in series-field 
coil 
lp» =mean length of turn in commuta- 
ting-field coil 
N.» =commutating-pole turns per pole 
Nr=series-field turns per coil 
P =number of main poles 
P,.=number of commutating poles 
R,=armature resistance 
Rep =commutating-field resistance 
Ry =series-field resistance 
R,=total series resistance 
RL =rotational losses 
rpm =speed in revolutions per minute 
S,=number of commutator segments 
Ss =number of armature slots 
7 =armature turns per pole 
V =applied volts 
Vr =brush-contact drop in volts 
W=machine output in watts 
y =ratio of main-field ampere-turns per 
pole to armature ampere-turns per 
pole 
o=ratio of commutating-field ampere- 
turns per pole to armature ampere- 
turns per pole 
¢=armature flux per pole 
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Figure 1. Complete power and control circuits 
of an electronic reversing drive for a one- 
horsepower 230-volt d-c shunt motor 


this operation. Inversion is discussed 
from the standpoint of its usefulness in 
decelerating the thyratron-controlled d-c 
motor. 


Brief Description of General Control 


The method of controlling the inverter 
depends upon the type of rectifier circuit 
that is used, the method of controlling the 
thyratron grids, and the performance that 
is desired. The discussion of the circuit 
arrangement for the control of the in- 
verter operation will be limited in this 
paper principally to one example. Since 
only inverter operation is to be covered 
here, the circuit used as an.example is one 
the operation of which, except for in- 
version, was described quite thoroughly 
in a previous AIEE paper.!. The com- 
plete control circuit is given in Figure 1. 

Briefly, this control consists of two 
conventional biphase half-wave thyra- 
tron rectifiers and their associated con- 
trol. Both rectifiers are operated from a 
single-anode transformer, one supplying 
the armature of the motor and the other 
supplying the field. The grid control of 
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the thyratrons is by means of saturable 
reactor phase-shifting bridges. A small 
auxiliary thermionic rectifier supplies a 
d-c voltage, which is held constant by a 
pair of voltage regulator tubes, A and B, 
for the operation of the control vacuum 
tubes and for saturating the reactors. 

The saturation of the armature and 
field saturable reactors SR-A and SR-F is 
controlled by two triodes, D and DD. 
Two voltage-amplifier tubes, C and CC, 
compare a portion of the armature and 
field voltages with an adjustable portion 
of a fixed voltage used as a standard and 
control tubes D and DD in the proper 
sense to regulate the armature and field 
voltages in proportion to the adjustments 
of the standards. These adjustable stand- 
ards are the two speed-control poten- 
tiometers which are ganged together and 
so constructed and connected that they 
give the proper sequence of armature and 
field control. 

Two other voltage amplifiers, tubes E 
and HE, compare a voltage proportional 
to the motor-armature current with two 
other fixed standards, each operating 
only when this current signal rises above 
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its standard. Tube £ controls tube D to 
reduce the armature voltage. Tube EE 
controls tube DD to raise the field volt- 
age, but, since the standard of tube EE 
is slightly lower than that of tube E, it 
operates at a slightly lower current signal. 
The results are that, on overload of the 
motor, the field is strengthened before the 
armature voltage is reduced, and that, 
during acceleration of the motor, the 
armature voltage rises to full value before 
the field is permitted to weaken. The 
voltage proportional to the armature 
current is obtained by rectifying the 
secondary voltage of a current trans- 
former, 75, the two primaries of which 
are connected in the anode circuits of the 
two armature thyratrons. It is this part 
of the circuit which holds the output 


current of the rectifier practically con- 


stant during acceleration of the motor. . 


General Description of Inverter 
Action on Reversal 


As was pointed out earlier, the case of 
a motor driven’ from a rectifier is not 
analogous to the normal operation of a 
generator driving a motor, because the 
current cannot reverse through the recti- 
fier. A somewhat analogous operation of 
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in Figure 2 represent simple biphase grid- 
controlled thyratron rectifiers supplying 


if the polarity of the generator voltage is 


a generator driving a motor can be drawn 


reversed before the reverse contactors to 


as pictured in diagrams A to D in Figure 2. 


the armature of a d-c motor and operating 


the motor armature are closed, and if the 
generator voltage is made lower than the 
generated voltage of the motor, regenera- 


tive braking results. 


A study of these figures will point out 
that, if the generator voltage is left un- 


changed, and the motor 


nections are reversed, 
circuit current are the results; whereas, 


The 


motor field and all control is left out for 
simplicity. For the present the field 


under various stages of reversal 


armature con- 


plugging and short- 


excitation is assumed constant at its 


The remainder of the diagrams, E to M, 
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Figure 1 would soon phase back the grid 
voltage, but before this correction could 
take place a cycle or two of severe peak 


the motor, and the average value of the 
currents would ensue. 


In series with the recti- 
fier output is shown a large reactor with JR (current resistance) drop of the circuit. 


maximum value. 


At F in Figure 2 the motor-armature 
connections have been reversed with the 
rectifier turned full on, that is, with the 


sufficient inductance to give continuous 


gri 


At G the 


Above each diagram is 


shown graphically the transformer volt- 


conduction. 


voltage of the thyratron has been phased 


back approximately 150 degrees, so that 


age, the average value of the rectifier grid voltage in phase with the anode 


the tube does not “‘fire’’ or become con- 


t of 


ting circui 


mi 


The current-li 


voltage. 


output voltage, the generated voltage of 
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ductive until just before the transformer 
voltage connected to that anode goes 
negative. At the instant of firing, even 
though the transformer voltage is “near- 
ing-zero-going negative,” the net voltage 
on the tube is considerably positive be- 
cause of the generated voltage of the 
motor. As soon as the thyratron is made 
conductive, this net positive voltage is 
applied across the reactance and the 
resistance in the circuit. 

The distribution of the various electro- 
motive forces and voltage drops is pic- 
tured more clearly in Figure 3, for both 
rectification and inversion. In this 
graphic representation of the voltages the 
armature reactance and the series re- 
actor drops are lumped together as one 
IX, drop. Likewise, the armature and 
circuit resistances are lumped and greatly 
exaggerated in this diagram. The effect 
of tube drop is neglected. 

The positive voltage across the re- 
actance and resistance starts the current 
building up through the armature circuit. 
During the current build-up, energy is 
supplied to the reactance by the trans- 
former voltage until this voltage reaches 
zero and by the generated voltage of the 
motor. As the transformer voltage drops 
from its initial value, the rate of current 
rise becomes less, until, when the trans- 
former voltage becomes more negative 
than the difference between the gener- 
ated voltage and the JR drop, the cur- 
rent begins to decay. During the decay 
of current and flux, all of the energy 
which was supplied to the reactance 
during the current build-up is returned 
to the transformer by an induced voltage 
which, added to the difference between 
the generated voltage and the JR drop, 
keeps the current flowing against the 
negative voltage of the transformer. The 
average voltage across the inverter then is 
the difference between the generated volt- 
tage and the average value of the JR 
drop, as indicated in Figure 2. 

Stated differently, the average ter- 
minal voltage of the tube circuit is the 
average voltage of the transformer over 
the period in which the tubes are con- 
ducting current. If the tubes are fired 
early in the positive half cycle, the aver- 
age transformer voltage during conduc- 
tion is positive; so the average output 
voltage is positive. If the tubes are fired 
at the end of the positive half cycle with 
no other electromotive force in the circuit 
to cause current to flow, the average 
voltage output is zero. However, if there 
is another electromotive force in the cir- 
cuit of the proper polarity to cause the 
tubes to conduct current against the 
opposing negative voltage of the trans- 
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former, the average terminal voltage of 


the tube circuit is negative. 

Shifting the firing point changes the 
period of the a-c cycle over which the 
tubes are conducting and thus changes the 
average transformer voltage opposing or 
aiding the flow of current. When the 
average transformer voltage made effec- 
tive by firing the thyratron is aiding the 
flow of current, the circuit is supplying 
power to the motor. When the trans- 
former voltage is opposing the current 
flow caused by the generated voltage of 
the motor, the circuit is inverting power 
from the motor to the a-c system. 

Retarding the firing point makes the 
average tube-circuit counter voltage more 
negative and, with a given generated 
voltage, decreases the average current. 
As the current is decreased with a given 
reactance in the circuit, the energy trans- 
fer in the reactance may be insufficient 
to maintain current over a full half 
cycle, so the current becomes discontinu- 
ous, as in Figures 4 and 5. If the tube 
firing can be retarded to the point where 
the transformer voltage becomes more 
negative than the generated voltage, 
there will be no current conduction. 

Perhaps a better picture of the rela- 
tion of continuous and discontinuous con- 
duction is obtained by a consideration of 
the current and voltage components. 
The firing of the tubes controls the por- 
tion of the transformer voltage wave 
which is effective in the circuit. This 
voltage consists of an average component 
plus multiple-frequency ripple voltages, 
the chief of which is at twice line fre- 
quency for a biphase circuit. The aver- 
age current in the circuit is determined 
by the difference between the average 
effective transformer voltage and the 
generated voltage of the motor. The 
ripple current is determined by the re- 
actance of the circuit. If the average 
value of current is greater than the nega- 
tive peak of the ripple current, conduc- 
tion is continuous. If the negative peak 
of the ripple current is greater than the 
average, the current becomes discon- 
tinuous, since the negative peak cannot 
reverse the current through the tubes. 
The transformer voltage then becomes 
ineffective until the next tube is fired. 
The value of the circuit reactance then 
determines the ratio of peak-to-average 
current and the conduction angle of the 
tubes. 

With reference again to Figure 2, since 
the circuit is now taking energy from the 
motor instead of supplying it, the motor 
slows down, and the generated voltage 
drops. The grid voltage of the thyratrons 
is advanced to fire earlier in the cycle as 
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, Un 
at H in order to keep the average nega- 
tive voltage of the inverter less than the 
motor. As the firing point advances to an 
angle corresponding to the peak of the 
transformer voltage, the average tube- 
circuit terminal voltage becomes zero. 
Advancing beyond this point gives a 
positive average voltage, and the tube 
circuit, operating as a rectifier, supplies 
power to the motor. 

The diagrams in Figure 2 demon- 
strate the fact that, to get current flow 
through the circuit, the average terminal 
voltage of the tube circuit must be less 
negative (or more positive) than the’ 
generated motor voltage. Then, to in- 
crease the current the firing point is 
advanced, and to decrease the current the 
firing point is retarded, both for inverter 
and rectifier operation. 


Current Control 


The current-limiting circuit of Figure 1, 
consisting of the current transformer, 
its rectifier, and tube H£, measures the 
anode current and operates in the proper 
sense to control the firing point of the 
thyratrons during the inversion period as. 
well as during rectifier operation. When 
the rectified voltage from the current 
transformer becomes equal to the 75 
volts of the voltage-regulator tube B, 
tube E begins to function, unsaturating 
the reactor in the phase-shifting circuit 
and so phasing back the grid voltage of 
the thyratrons. Phasing back the firing 
point increases the average negative volt- 
age which decreases the current until a 
balance is reached. This circuit then 
regulates the firing point during both 
inverter and rectifier operation to hold 
the current constant. 


‘Preconditioning to Prevent Plugging 


If the process initiating a reversal is 
so controlled that the forward contacts of 
the reversing switch are opened, but the 


_reverse contacts not closed until after 


the grid voltage has been phase-retarded 
to the proper angle, the severe current 
peaks of plugging can be avoided. This 
operation will be referred to as precon- 
ditioning for a reversal. 

During the interval when the reversing 
switch is completely open, with the motor 
armature disconnected from the circuit, 
the only load across the rectifier circuit 
is a high-resistance circuit. Because a 
resistor will not keep current flowing in 
the circuit after the anode transformer 
voltage goes negative, if the thyratrons 
are fired anywhere in the positive half 
cycle, the average output voltage is 
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Al 


\i 
A1. High counter electromotive force 
(positive) 


S 


BI 
B1, Low 
motive force (negative) 


counter electro- 


‘positive and bears a definite relationship 
to the firing angle. Therefore, the posi- 
tive voltage across the resistor load can 
be used as a measure of the firing angle. 
This relationship is utilized in the circuit 
of Figure 1 where the grid circuit of 
tube £ is connected through a normally 
closed interlock, each on the forward and 
reverse contactors in series, to a tap on a 
resistance divider connected between a 
point 150 volts positive above neutral 
(point 5) and the positive side of the 
rectifier output (point 24). This serves 
to regulate the output voltage of the 
rectifier to a value which depends upon 
the ratio of the two sides of the resistance 
divider. By regulating to a low average 
voltage, the firing point of the thyratrons 
can be established at some point, such 
as in Figure 2G, which will give, upon 
closing the reverse contactor, the proper 
average negative voltage to limit the 
current to less than the current-limit 
value. A capacitor in the grid circuit of 
tube # “remembers” this conditioning 
signal momentarily, while the reverse 
contacts are closing, and the current is 
being established in the armature circuit. 
As this conditioning signal discharges 
from the grid capacitor the firing point is 
permitted to advance, increasing the cur- 
tent until the current signal takes over 
on tube E, which from there on limits 


the advance of the firing point to hold the 


current constant. 
Where very fast forward and reverse 


_ contactors are used, it may be necessary 


to add a delay of a few cycles between the 
opening of the forward contacts and the 


electromotive force (positive) 


BQ. 


electromotive force (negative) 


cou 


Intermediate counter 


A2. 


Intermediate counter B3. 


closing of the reverse contacts to permit 
the conditioning circuit to retard the 
grid-voltage phase. This is accom- 
plished by using a small d-c relay operat- 
ing on the time constant of a capacitor 
and resistor, as CR1 in Figure 1. 


Commutation During Inversion 


In Figure 3 is indicated graphically the 
process of commutation in the tube cir- 
cuit, for both rectification and inversion. 
The commutation of the current from 
one tube to another depends on the in- 
stantaneous voltage and the commutat- 
ing reactance of the anode transformer. 
The greater that voltage, the faster the 
current can build up in the incoming tube 
and go out in the offgoing tube through 
the commutating reactance of the trans- 
former. Commutation can take place 
only on a tube of more positive-anode 
potential. | 

In the case of rectification, commuta- 
tion is not difficult, because it is initiated 
in the period when the incoming anode is 
going positive, or the commutating volt- 
age is increasing. In the case of inver- 
sion, commutation of the tube currents 
can become troublesome, because it is 
initiated in the period when the com- 
mutating voltage is decreasing. If it is 
initiated early enough in the cycle there 
is sufficient voltage to commutate the 
current, but if the firing is retarded to 
very near the end of the cycle where there 
is little voltage the “should-be-offgoing”’ 
tube’s anode may start going more posi- 
tive than the “‘should-be-incoming’’ an- 
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A.3 Low counter 
motive force (positive) 


Figure 5. Effect'of 
firing point and 
counter electromo- 
tive force on magni- 
nitude of anode 


current 


A.  Rectification— 


discontinuous cur- 
rents 
B. — Inversion—dis- 


continuous currents 


M — Margin by 
which anode current 
does not become 
continuous and 
thereby tend to carry 
over into the region 
of rectification if not 
commutated out 


electro- 


High counter electromotive 
force (negative) 


ode before commutation is complete. 
In that event the ‘“‘should-be-offgoing”’ 
tube would take all the current again and 
conduct over the positive half cycle as 
well as the negative. This means that, 
while operating the biphase inverter at 
continuous current, the maximum retard 
of the firing point must be less than 180 
degrees. 


Maximum Voltage That Can Be 
Inverted 


In a typical application of thyratron 
control to a 230-volt d-c motor, the 
maximum-armature speed-control setting 
is adjusted to give a speed corresponding 
to a counter electromotive force of 230 
volts at full field. If then the anode 
transformer is designed to give an 
average output voltage of 280 volts, after 
allowing for tube drop, about 30 to 35 
volts are left for 7R compensation to hold 
the counter electromotive force and 
speed constant as the load is increased. 
If operated under this condition, the 
maximum-base-speed generated voltage 
that will be encountered will be 230 volts. 

By comparison with rectifier operation 
it can be stated that, if the firing point 
could be retarded a full 180 degrees or to 
the zero voltage point and still effect 
commutation, with continuous conduc- 
tion the negative voltage that could be 
developed would be equal in magnitude to 
the “‘full-on’’- rectifier voltage. A study 
of Figures 3 and 4 will show that tube 
drop subtracts from the rectifier voltage 
and adds to the negative inverter voltage 
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which can be developed. If the firing 
point is to be retarded slightly less than 
180 degrees to insure commutation of the 
current from tube to tube, it is reasonable 
to expect a negative voltage slightly less 
in magnitude-than the “‘full-on’’ rectifier 
voltage. The results of tests indicate 
that the maximum possible negative 
voltage for a biphase inverter is between 
260 and 270 volts on the basis of 280 
volts maximum average output as a 
rectifier. 

Since the maximum-negative gener- 
ated voltage that will be encountered 
will be 230 volts, with the motor running 
at base speed or below, the negative 
motor-terminal voltage developed during 
inversion will be less than this by the 
amount of the armature 7R drop. There- 
fore, the firing point of the thyratrons 
normally will be well in advance of the 
zone which would involve commutation 
difficulties. Moreover, if the firing point 
is retarded to an angle which might pro- 
duce trouble with commutation, the 
inverter voltage with continuous con- 
duction would be more negative than the 
generated voltage. In that event, the 
current will be discontinuous, and it will 
not be necessary to commutate the cur- 
rent from tube to tube. This holds true 
only if the motor-terminal voltage is 
limited to about 230 volts which is the 
case for operation up to base speed of the 
motor. 


Reversing From Field-Weakened 
Speeds 


When the motor is to be operated at 
speeds above the base speed, the field is 
weakened by reducing the voltage of the 
field rectifier. The armature voltage is 
held the same as at base speed, 230 volts 
counter electromotive force plus the JR 
compensating volts. To fulfill the con- 
dition established previously, that the 
generated voltage does not exceed the 
base-speed voltage, the build-up of the 
field must be controlled during inversion. 
To obtain the maximum. : decelerating 
torque, however, the field should be 
strengthened at such a rate as to hold the 
generated voltage constant at the base- 
speed value. 

The normal operation of the current 
signal on the field control is to strengthen 
the field at the limiting current. On 
attempting to invert at the same current 
limit, this control would raise the gener- 
ated voltage beyond all control of the 
inverter. In the circuit of Figure 1 this 
voltage increase is prevented by tube 
HH and the heavy dotted circuit con- 
nected to it. The divider to which the 
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cathode of tube HH is connected is so 
proportioned that, if the average value of 
the voltage across the armature goes more 
than 200 volts negative, tube HH begins 
conducting and overpowers the current 
signal of tube EE to the grid of tube DD, 
thereby limiting the strengthening of the 
field. This regulates the reverse motor- 
terminal voltage to 200 volts until the 
motor decelerates to base speed. There- 
after, tube HH is cut off by its cathodes 
going positive, and the field is con- 
trolled by the regular current-limit circuit 
for the remainder of the reversal period. 


Inversion With Only the Reactance 
of the Armature 


In the foregoing analysis the rectifier- 
load circuit was assumed td" be highly 
inductive, and in some places a series 
reactor was shown. The armature wind- 
ing, the commutating field winding, and 
the series field winding, if used, have ap- 
preciable inductance. A typical one- 
horsepower 1,150-rpm 230-volt motor 
was found to have an inductance ranging 
from 0.15 henry to 0.05 henry, depending 
on the degree of saturation of the iron 
structure. This range of inductance 
at the 120-cycle ripple frequency of the 
biphase circuit is sufficient to give con- 
tinuous conduction at weak field and 100 
per cent current but discontinuous con- 
duction at full field and the same current. 
Other motors operated from this type of 
thyratron rectifier operating at from 100 
to 150 per cent rated current vary from 
near continuous to continuous conduc- 
tion. 

As was pointed out before, if the re- 
actance of the circuit is fairly low, so that 
the peak ripple currents are high, or if the 
average direct current is limited to a very 
low value, the peak current may become 
greater than the average direct current 


and so give discontinuous conduction, 4§ 
in Figure 4; that is, the current goes out 
in one tube before it is initiated in the 
other. The voltage across the motor ter- 
minals has the general wave form indi- 
cated by the heavy line. It may be noted 
that, during the period when there is no 
conduction through the tubes, the only 
voltage evident at the output of the recti; 
fier and the motor terminals is the gener- 
ated or the counter electromotive force 
of the motor. 

During rectifier operation the pulses of 
current may be quite short over the full 
range of voltage at light loads, lengthen- 
ing out to nearly full, or full conduction 
at rated current, especially at weak field, 
if not at full field. The inverter operates 
normally between full load and 150 per 
cent full-load current, except for the first 
few cycles while the current-limiting- 
control circuit is advancing the firing 


‘point to give the current limit. Operat- 


ing at the high direct current and with 
the inductance ordinarily encountered 
in fractional and small horsepower 
motors, the conduction angle of the tubes 
in a biphase system varies from about 
135 degrees to a full 180 degrees. For 
the larger motors with less inductance, 
polyphase circuits, which have lower 
ripple voltages, are used; hence, the 
conduction angle is at or near 2r/P 
radians. 

Although ordinarily operated at high 
current, the circuit will invert properly 
with the negative generated voltage at 
not more than 230 volts, at an average 
current well below the rated motor cur- 
rent, from one half to one fourth, by re- 
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Figure 6. Alteration of grid 
voltage to permit firing late in 
the cycle 
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ha 


tarding the firing point to near 180 de- 
grees. This means that on a reversal, 
if the pre-conditioning circuit retards the 
firing point to near 180 degrees while the 
contactors are open, the motor current 
upon closing the reverse contactor will 
be discontinuous current, as indicated in 
Figures 4 and 5, with an average value 
well \below the rated value of the motor. 
After a cycle or two the current-limiting 
control will advance the firing point 
decreasing the opposing voltage of the 
inverter and increasing the average cur- 
rent to the limiting value. At this value 
it may still be slightly discontinuous or 
it may be continuous, as in Figure 3. 


Discontinuous Operation With the 
Firing Retarded 180 Degrees 


With discontinuous conduction there 
is not the commutation problem with late 
firing that is present with continuous 
conduction, since the current in one tube 
goes out before the other tube is fired 
There is one precaution, however, that 
should be observed in connection with 
retarding the firing point a full 180 de- 
grees. With the generated voltage of 
the motor reversed for inversion, the 
addition of the generated voltage and the 
transformer voltage gives a voltage across 
the thyratron which is positive for more 
than a half cycle, as shown in Figure 6. 
If the grid voltage is negative for only a 
half cycle, it cannot be retarded a full 
180 degrees without causing the thyra- 
tron to fire just before or at the beginning 
of the positive half cycle instead of at the 
end of the positive half cycle as was in- 
tended. To fire at the beginning of the 
positive half cycle would give an ex- 
tremely high peak current. 

This condition can be avoided by one 
of two means. The retard of the grid 
voltage during the conditioning period 
while the armature contactors are open 
can be regulated to limit the angle to a 
safe position a few degrees less than 180. 
This will still hold the current upon clos- 
ing the reverse contactor to less than the 
limiting value, and the firing point will 
advance as the current-limit control 
takes over. Misfiring may be prevented 
also by altering the grid-voltage wave, so 


_ that it is negative for more than 180 


degrees. In Figure 6 is shown one pos- 
sible method of altering the grid voltage 
to permit retarding the firing a full 180 
degrees. This alteration was accom- 
plished by adding to the sine-wave volt- 


- age from the grid transformer a negative 


bias and displacing the phase forward to 
bring the firing point to the same point 
as with the original grid voltage. The 
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negative bias is a self bias by grid recti- 
fication. The phase displacement is by 
means of a resistor and capacitor. This 
grid circuit is included in the circuit 
of Figure 1. 

With a grid voltage of this character- 
istic the circuit which conditions the tube 
for a reversal can be made to shift the 
firing point to a maximum retard without 
regulating, This could be accomplished 
in the circuit of Figure 1 by using the F 
and R contacts, which now connect the 
grid of tube E to a resistor divider, to 
connect the same grid to the cathode of 
tube FE. This would serve as a false over- 


current signal to tube LZ, possibly giving a’ 


faster conditioning. 


Oscillograms of Actual Reversing 
Operation 


In Figure. 7-are shown tracings of the 
voltage across the armature terminals 
and the armature current at the begin- 
ning of a reversal. The film was hand 
operated, so it is slightly irregular along 
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the time axis. Figure 7A does not in- 
clude the opening of the forward contacts 
but does show one cycle of the precon- 
ditioned voltage. The preconditioning 
was adjusted to give a current at ap- 
proximately the limiting value upon clos- 
ing the reverse contactor. This oscillo- 
gram was taken with a one-horsepower 
motor with no connected load. The 
change of speed from fullforward to near- 
full reverse can be followed by the trace 
of the generated voltage during the non- 
conducting period.° 

Figure 7B shows a full preconditioning 
period and the beginning of inversion. 
The firing was retarded by the pre- 
conditioning circuit to give a very low 
armature current upon closing the re- 
verse contactor. This oscillogram was 
taken with a high inertia load on the 
motor, so that it slowed down very 
slightly in the time shown. 

The oscillograms in Figures 7C and D 
were taken during a reversal from a field- 
weakened speed with ‘a high-reactance 
motor. In Figure 7C, the current is dis- 
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continuous at the very low value on 
closing the reverse contacts but becomes 
continuous before the current limit is 
reached. Note that, while the current is 
discontinuous, the generated voltage 
shows up during the nonconducting 
period. In Figure 7D the current is 
continuous from the beginning. 


Stopping the Motor by Regenerative 
Braking 


Inversion can be utilized to bring the 
motor to a stop by regenerative braking. 
If, with the motor running at any speed, a 
normal reversal operation is started, 
and at the same time the reverse-direc- 
tion speed contro] is switched to zero 
speed, the motor will decelerate by in- 
version, but at zero speed the voltage 
circuit will turn off the thyratrons. If 
then the switching devices are de- 
energized, a complete stop has been ac- 
complished. 


An example of a control circuit for this 
type of operation is included in the cir- 
cuit of Figure 1. The relaying scheme is 
such that, when the stop button is oper- 
ated, a reversal operation is started, re- 
versing from whichever direction the 
motor was running when the stop button 
was pushed. This reversal is exactly 
the same as though it were initiated from 
either the forward or reverse push but- 
tons, except that at the same time the 
reference voltage of the armature-voltage- 
control tube C is reduced to zero. It 
may be recalled from Figure 2 that during 
a normal reversal the voltage output of 
the rectifier at the instant of zero speed is 
not zero but is the JR drop of the motor. 
If the reference voltage of the armature- 
voltage-control tube is at zero, and if 
the JR compensating signal is still in 
operation, the rectifier will build up a 
positive voltage equal to the JR drop 
before the voltage-control tube takes hold. 
Since it requires no current to hold zero 
speed, the control quickly retards the 
firing point and, as the JR signal col- 
lapses, the rectifier voltage is reduced to 
zero. Turning the rectifier off de- 
energizes the Z relay, which in turn dis- 
connects the other switching devices. 

The deceleration is at constant horse- 
power during the field-control range of 
speed and at constant torque in the arma- 
ture-control range right down to the 
last revolution. 


Polyphase Circuits 


Polyphase rectifier circuits may be. 


made to invert in the same manner as 
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Determined Easily on D-C Board 


CARL E. ASBURY 


ASSOCIATE AIEE 


HE purpose of this paper is to out- 

line a simple procedure that may be 
used to obtain short-circuit data most 
generally needed for relay co-ordination 
studies by using a d-c calculating table. 

A fairly complete relay co-ordination 
study can be made on systems using over- 
current and directional overcurrent phase 
and ground relays based on the three- 
phase short-circuit current and the re- 
sidual current for single-phase-to-ground 
faults. However, where ground relays 
have to be co-ordinated with phase re- 
lays, it is desirable to know also the value 
of current that flows through phase re- 
lays when ground faults occur. 

Since the development of distance re- 
lays, it is also desirable to know the 
voltages at various locations in the trans- 
mission system during three-phase and 
phase-to-ground faults. Where the zero- 
sequence voltage is used to polarize 
ground relays, it would often be ad- 
vantageous to know the value of zero- 
sequence voltage in the system at a 
number of points for ground faults at 
various locations. Where relays are ap- 
plied using negative-sequence currents 
and voltages, it may also be desirable to 
know those values during ground faults. 
All of these currents and voltages can 
be calculated by the method of sym- 
metrical components; however, the cal- 
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culations are quite lengthy and require 
considerable time. The same informa-— 
tion can be obtained quickly and easily 
by the d-c calculating board and with 
reJatively few and simple calculations. 
A description of the steps required is 
given in the next section. This is fol- 
lowed by a discussion of the factors in- 
volved and an analysis of the method. 


Description of Method 


1. Set up the positive-sequence network on 
a convenient kilovolt-ampere base using re- 
actances and impedances to give the desired 
accuracy. 


2. Set up the zero-sequence reactances on 
one half the kilovolt-ampere base used for 
the positive-sequence network, 


3. Take current readings for a three-phase 
fault at any point in the positive-sequence 
network. If possible use 100 volts on the 
board at all times. If it is not possible to 
use 100 volts, use whatever voltage that is 
convenient to represent 100 per cent voltage. 


4. With a three-phase fault applied, read 
and record voltages on various busses of 
interest over the system by using a high- 
resistance voltmeter. The voltage measured © 
from the three-phase fault to a particular 
bus in the positive-sequence network di- 
vided by the total board voltage and multi-_ 
plied by 100 gives the per cent voltage on 
that bus. If the total board voltage is 100 
volts, the voltmeter reading represents per 
cent voltage at the point being considered. 
Record this as V. 


5. Apply a fault at a point in the zero- 
sequence network corresponding to that 
used for the three-phase fault in item 3, 
using the same voltage that was used for the 
three-phase fault. Read the total fault cur- 
rent and the distribution in the zero- 


the biphase circuit and with practically 
the same control circuit. There is one 
restriction for polyphase inversion that is 
not present for rectification. The grid 
voltage of*the thyratrons for inversion 
must remain positive for an angle of not 
more than 27/P radians where P is the 
number of phases. 

In three- and four-phase circuits the 
inversion current can be limited to rated 
motor current or less by retarding the 
firing point a full 180 degrees. In six- 
phase circuits the firing point must be 
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retarded more than 180 degrees beyond 
the beginning of the positive half cycle 
to limit the current properly. . : 

In polyphase circuits, commutation 
at 180 degrees firing is not) difficult with 
continuous current, since the voltages of 
adjacent phase do not go to zero at the 
same time. ie 


Reference 
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H. L. Palmer. AIEE Transactions, volume 62, 
1943, November section, pages 706-12. 4 


ELECTRICAL ENGINEERING 


if A Vi: 


_ Aprt. 1944, Vorumr 63 


‘sequence network on a scale having 3/2 
‘as many divisions as the scale used for 
three-phase faults. These currents repre- 
sent residual currents in the system and 
are the currents that will flow through 
ground relays for a phase-to-ground fault. 
If the 3/2 scale is not available, use the 
same scale that was used to read three-phase 
faults and multiply the results by 3/2 to 
give residual amperes. 


4 
6. While the phase-to-ground short circuit 
is still applied, use a high-resistance volt- 


meter and measure the voltage from the. 


neutral bus (zero potential plane) in the 
zero-sequence network to the various busses 
of interest in the zero-sequence network. If 
a total board voltage of 100 volts is being 
used, the voltage read is the per cent zero- 
sequence voltage at the bus where the volt- 
age is measured. If 100 volts is not used 
for the total board voltage, the reading 
divided by the total board voltage times 
100 will give the per cent zero-sequence 
voltage. Record the voltage measured as 
Vo, a positive quantity. 


7. With the phase-to-ground fault still 
applied, measure the voltage from the fault 
to the corresponding busses, in the positive- 
phase-sequence network, that were used to 
determine Vo. Record the voltage meas- 
ured as Vy. The voltage Viz is the positive 
plus the negative-sequence voltage at the 
point where the voltage is measured in the 
positive-phase-sequence network. The read- 
ing will be in per cent if 100 volts is being 
used for a total board voltage. Otherwise, 
the reading over the total board voltage 
times 100 will give the per cent voltage. 


8. The current which flows in the phase 
relays of the faulted phase during a ground 
fault may be calculated easily from data 
already taken by using the following rela- 
tionship. * 


I¢ 
ace 


9. The voltage at any point during a line- 
_to-ground fault may be obtained from the 
following relationships. (Assume line A 
to be the faulted line.) The line-to-ground 
voltage expressed in per cent will be 


Es,=Vn—Vo 


Ep=— Vo—0.5Vi2— J86.6 
Ec=— Vo—0.5 Vie + J86.6 


Rp, , Ra 
Rp ae ) 


where V) and Vj, are expressed in per cent. 


The line-to-line voltage expressed in per 
cent will be: 


Eap=Ep—Ea Eca=Ea—Ec 
Esc=Ec—Ep 

where all voltages are taken vectorially. 

Care must be taken where transformations 

are involved to consider the phase-angle dis- 


_ placement of each of the component voltages 
before combining them vectorially. 


10. The positive- 


or negative-sequence 
component of voltage at any point during a 
ground fault may be obtained from the volt- 


i age readings already recorded as 


_Ea—Vu 
2 


et) + 


Vi=Viet Vz 


where Vij. and V2 are both considered as 
positive quantities. The sequence com- 
ponents of currents in any branch of the 
circuit during a ground fault may be ob- 
tained from the following relationships: 


Rp 
(Ig and V2, may be of interest where nega- 


tive-sequence ground relays are being ap- 
plied.) 


Using Reactance or Impedance 


When voltages are to be determined for 
use in determining distance relay per- 
formance, consideration should be given 
to whether reactance or impedance values 
are to be used in setting up the networks. 
If the ratio of reactance to resistance is 
fairly high, the result obtained will be 
sufficiently accurate if reactance is used. 
If the resistance is an appreciable part of 
the total impedance, a more accurate 
result may be obtained by using imped- 
ance rather than reactance. The par- 
ticular system under consideration should 
be studied and the vatious constants 
compared to decide wisely on whether 
impedance or reactance should be used. 
It may be that in part of the network 
reactance values should be used and in 
other parts impedance values would give 
better results. 

In the zero-sequence network it will be 
found usually that the ratio of X/R is 
high enough that reactance only may be 
used throughout with little error. How- 
ever, for a high-resistance grounded sys- 
tem this, of course, would not be the case. 


Choosing a Base 

After the proper constants have been 
determined for the positive- and zero- 
sequence networks, a base should be 
chosen so as to utilize the rheostats avail- 


able without having to put too many in 


series for a given line section nor too 
many in parallel for other lines, trans- 
formers, or generators. Due considera- 
tion also must be given to the range of 
the galvanometer readings and accuracy 
to which resistor settings can be made. 
It should be kept in mind that low-scale 
deflections on the galvanometer have not 
only a sizeable per cent error due to the 
observation but also an appreciable error 
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due to the accuracy of the galvanometer, 
which has a guaranteed accuracy in a 
certain per cent of full scale. 


Networks Needed 


It is desirable to set up as few net- 
works as possible and still obtain the 
desired information. Since the positive- 
and negative-sequence networks are very 
similar, little error results in most short- 
circuit studies by considering the two 
networks to be identical and setting them 
up as one network. The zero-sequence 
network is also necessary for ground-fault 
studies. Set up the positive-sequence 
network on the desired base and set up 
the zero-sequence network on a base one- 
half the size of that used for the positive- 


BOARD 
VOLTAGE 


I- UNIT 


IMPEDANCE >t 
 % 


Three-phase fault with unit voltage 
and unit impedance 


Figure 1. 


Unit current or base kilovolt-amperes flow to 
the fault 


sequence network. These two networks 
are all that is required to give quite a 
complete study of currents and voltages 
for three-phase and phase-to-ground 
faults. 


Three-Phase Faults 


Consider the two networks in their 
most simple form as shown in Figures 1 
and 2 on a per unit base. For clarifica- 
tion consider 


4:1=Z2,=Z)=unit impedance 
Let 
Z1/2+Z2/2=Z p 


For a three-phase fault, if one unit of 
voltage is impressed on one unit of im- 
pedance, one unit of current flows, 
which means that base kilovolt-ampere 
is flowing to the fault. Therefore, the 
network in Figure 1 may be used to 
determine three-phase faults. 


'Phase-to-Ground Fault 


Consider a simple system having unit 
positive-, negative-, and zero-sequence 
impedances. Such a system has unit 
three-phase fault current and unit ground- 
fault current. If the zero-sequence im- 
pedance is set up on one-half the base 
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(a). (3/2) unit voltage ap- 


plied 
_G/2Ea _ Ea 
C/2QZ0"Z 


Therefore, unit current of base 
kilovolt-amperes flow to the 
fault 


(b). One-unit voltage 
plied 


ap- 


~ B/DZ 3 Zz 


Figure 2. Phase-to-ground fault 


Therefore, two thirds of unit 
current or of base kilovolt- 
amperes flows to the fault 


used for the positive-sequence network, or 
as shown in Figure 2, then there exists Ske E 
3/2 units of impedance to the fault. If le=S => =unit current (1) 


3/2 units of voltage were impressed on 
the network as shown in Figure 2a, unit 
current or base kilovolt-amperes would 
flow to the fault, this being the correct 
ground-fault current. However, it is 
usually more convenient to use the same 
board voltage for three-phase and phase- 


Figure 3b is the same fundamentally as 
that shown in Figure 2b, and if unit 
voltage is impressed on 3/2 units of 
impedance, 2/3 units of current flows, 
that is 


to-ground faults, and then for ground _ a ies Ea (2) 
faults multiply the current readings by “2s = (3/2)2 
2 2 


3/2 or use a second scale on the galva- 
nometer calibrated to read 50 per cent 
higher than the first. This second scale 
then reads the correct residual current, 
that is, the current which flows through 
ground relays operating on residual 
currents. The distribution of currents 
read in the zero-sequence network is the 
true distribution of residual current in 
the various branches of the network 
under consideration. This is apparent 
from the following consideration of 
Figures 3a and 3b. 

In each figure consider Z;= 
for simplification. 

In Figure 3a, if unit voltage is im- 
pressed on 3 units of impedance 1/3 
unit current flows. This in the ordinary 
consideration of symmetrical components 
is called 


Z.=LZy=Z 


qi, =J,=I, =I¢/3 


where Jg is the residual current. 


If a multiplier of 3/2 is used or a 3/2 
scale used as described previously then 


(8/2) X (2/3) ee the residual cur- 
ie eee Hs 


Therefore, the current determined by 
using the 3/2 multiplier or as read on the 
3/2 scale in the networks shown in Figure 
2b or 3b is residual current. 


Voltage During Three-Phase Faults 


The voltage at any point in a network 
during a fault is the vector sum of the 
voltages at that point in each of the se- 
quence networks. The voltage at any 
point for a three-phase fault is the 
generated voltage minus the JZ drop to 
the point being considered, or the [Z 
drop from the fault to the point under 
consideration. Since no zero- or nega- 
tive-sequence currents flow during a 


Ie_ Ea —_—Ea three-phase fault, only the positive- 

3 2Z:+2Z24+Z, 3Z sequence network need be considered 
Zi Zo Zo 463-9 

Ja 

Oa oye en Ie | 

LO ie Dies SB cmp 3) Figure 3. Residual current read 

Re nay ee eS 4 directly for phase-to-ground 
zy z> Zo faults 
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(a—above). Network with 
_ actual impedances 

| (b—below). Network with 

| impedances as set on calculat- 

} ing table 
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‘particular 


for voltage at any point. If the voltagé’ 
is measured from the fault to the point 

where the voltage is desired in the posi- 

tive-sequence network, when a three- 

phase fault is applied; the value obtained 

is proportional to the line-to-neutral 

voltage at that location. The measured 

voltage divided by the d-c board voltage 

times 100 is the per cent of the system, 
voltage that exists at the point under 

consideration. If the d-c board voltage 

is 100, the voltmeter reads per cent volt- 

age. This is shown in Figure 4. 


Voltages During a Phase-to-Ground 
Fault 


When a phase-to-ground fault occurs on 
a grounded system, positive-, negative-, 
and zero-sequence currents flow, and the 
voltage at any point is the vector sum 
of the positive-, negative-, and zero-se- 
quence voltages at that point. Each of 
the sequence voltages is produced by its 
sequence current flowing 


(POSITIVE-SEQUENCE NETWORK) 


X) A Xi act 
a: 
a = 


Figure 4. Voltage during a three-phase fault 


The per cent voltage at point A is (V/Eg)100. 
If Eg=100 volts, then V is the per cent 
voltage at A 


through that sequence impedance, The 
voltage in each network at a given point is 
the generated voltage in that network 
minus the JZ drop to the point being 
considered. Since the positive-sequence 
network is the only one having a gener- 
ated voltage, the expressions for the se- 
quence voltages at a given point, L, are 


‘tA =Ee—hZ: (3) 
tE2=0—I2Z2 (4) 
tEy=0—-LoZo (5) 


The phase-to-neutral voltage on the 
faulted phase, say A, at the point Lis 


tEa=1Ey+1Eit+ es 


From symmetrical components the volt- 
ages to neutral on the two unfaulted 
phases are | 


- 


tEg=1E —0.5(1rEi+1E:)— 
JO. Botta ne 
LEc= Lea 0.5(nHitrE:)+ | ' 
J0.866(1Ei—1Es) 


As indicated by equations 3, 4, and 5, 
zE;is positive and , 2 and ,~ are negative 
for the phase-to-ground fault condition 
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in which J, and Jy are in the same direction 
as I,. In the following material, there- 
fore, the H’s are used to include the signifi- 
cance or relative direction, whereas V’s 


_ are all positive numbers and must be 


used with appropriate signs. Thus 
rhi=1Vi, and these are used inter- 
changeably, However, ,E2= —,V2, and 
1Eo=—1Vo. The F’s are actually vec- 
tors, although those obtained directly 
from the d-c board are all in phase or 
180 degrees out of phase. Thus, it is 
consistent Jater to use the symbol EF in 
expressions for vectorial voltages of the 
other phases. 

It is often desirable to know the volt- 
ages at several locations during a phase-to- 


Figure 5. Sequence networks connected for a 
ground fault 


ground fault to predict the performance 
of voltage relays, distance relays, under- 
voltage devices, or the general system dis- 
turbance. It is also often desirable to 
know the zero-sequence voltage at a 
number of locations to determine the 
performance of directional ground relays 
using zero-sequence voltage for polari- 
zation. 


ZERO-SEQUENCE VOLTAGE 


From equation 5 above the zero- 
sequence voltage at the point L is the 
IoZo drop from the zero potential plane or 
neutral bus of the zero-sequence network 
to the point L. The current flowing in the 
zero-sequence network as set up in Figure 
2b is (2/3)Ig=2 Ip. The impedance used 
in this network, however, is set up on 
one-half the normal base used for the 
positive-sequence network, and the value 
of zero-sequence impedance in the net- 
work on a per unit base is Z)/2. If two 
times unit current flows through one-half 
unit impedance, unit voltage is produced 
or 219Z0/2=IbZo=1~Vo. Therefore, the 
voltage measured from the zero potential 
plane or neutral bus to point L in the 
zero-sequence network represents the 
zero-sequence voltage at the point L. If 
Eg is 100 volts, then (zVo/100) 100= 
1~Vo. Therefore, if Eg=100, ~Vo is the 
per cent zero-sequence voltage at point 
L. The per cent zero-sequence voltage, 
iVo, is the per cent of the maximum 


_ zero-sequence voltage which is the same 


ea ees 
2 2 
(+) Ly Le 


as three times the normal line-to-neutral 
voltage. 


GROUND-RELAY VOLTAGE 


If the secondary or relay zero-sequence 
voltage corresponding to 100 per cent 
primary zero-sequence voltage is known, 
the per cent zero-sequence voltage, Vo 
divided by 100 and multiplied by this 
secondary voltage will give the zero- 
sequence volts on the ground relay. The 
most common method of obtaining polar- 
izing voltage for ground relays is to use 
wye-wye main potential transformers, 
grounded on each side, and wye-broken- 
delta auxiliary potential transformers 
with the wye grounded. With this com- 


ZERO-POTENTIAL 
PLANE 


bination the polarizing voltage on the 
relay can be obtained readily for the 
condition of 33 per cent zero-sequence 
voltage. This condition is simulated 
when the primary of one main potential 
transformer is disconnected from the 
line and short circuited with the other two 
transformers energized from the two re- 
maining lines of the three-phase source. 

For example, suppose the phase-to- 
neutral voltage is 19,000 volts, and 
potential is supplied to the ground relay 
through three 300/1 ratio wye-wye main 
potential transformers connected to three 
1/1.73 ratio wye-broken-delta auxiliary 
transformers. The relay voltage for the 
simulated 33 per cent zero-sequence 
voltage condition is then 


(19,000/300)1.73 =110 volts 


or 100 per cent zero-sequence voltage cor- 
responds to 330 volts on the relay. 

It may be found helpful to record this 
100 per cent secondary zero-sequence 
voltage on the reactance diagram at all 
the points where the zero-sequence volt- 
age is of interest for future reference, 
thus eliminating duplicate calculations. 


Figure 6. Sequence networks 
connected for a ground fault 
with positive- and negative- | 
sequence networks combined ! 


Since various ratio auxiliary potential 
transformers are used often at different 
locations, the advantage of recording the 
maximum secondary zero-sequence volt- 
age is apparent. (Vo/100) 330 is the 
voltage on the ground relay in the afore- 
mentioned example. Vo» seldom exceeds 
60 per cent for a solidly grounded system 
and is more often 33 per cent or less. 


POSITIVE- AND NEGATIVE-SEQUENCE 
VOLTAGES 


It will be shown first that the sum of 
positive- and negative-sequence voltages 
can be read directly from the calculating 
board. Figure 5 is an equivalent dia- 
gram of the network arrangement on the 
board with the point L identified in each 
network. “Let Eg be unit voltage, and 
2:=Z,=Zo=1 unit of impedance. 

Since unit voltage is impressed on a 
total of 3/2 units of impedance, 2/3 
units of current flow, as was shown in 
Figure 2b. Since unit current is Jg, the 
current that flows is 2/3 Ig=2Ih=2h= 
212. 

The positive- and negative-sequence 
impedances being identical may be com- 
bined as shown in Figure 6, the current 
being the same as in Figure 5. The posi- 
tive- and negative-sequence voltages 
during a ground fault at point L of Figure 
6 are shown in Figure 7. They are de- 
rived as follows from Figures 5 and 6: 


21,2,’ 21,2,’ 


LE\+1E2=Ee@— 9 5 


=Eg—2hZ,’ 


Let 
Eg—2hZy' =1Vis 
tVw=1E,+1E:2 


Note that ;Vi is the voltage -that 
exists between the fault on the board setup 
and the point Z in the positive-sequence 
network when a ground fault exists. If 
Egis 100, zVi2 is in per cent. 

From equation 4 the negative-sequence 
voltage at point L is 


LEy= —InZ,’ 


Since Z,’ is assumed equal to Z,;’ and I,= 
I,, and if it is noted from Figure 7 that 
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T,Z;’ =(Eg—1V»)/2, therefore 
LE,=—Z;' = —(Ee—1Vz)/2 


or the numerical value of negative- 
sequence voltage is 


tv2= (Ee—1Vi2) /2 


It is in per cent if Hg=100. 

The positive-sequence voltage at point 
PAS 
LE, =1Vi—1E2 


since ;Vy. is equal to ,Ai+zE2. How- 
ever, E, is negative and has the magni- 
tude , V2. Thus 


LVi=1LE,=1V2t+1b2 
PHASE-TO-GROUND VOLTAGES 


The expressions for line-to-ground volt- 
ages in terms of board measurements 
may be derived as follows. The per cent 


NEUTRAL BUS 


LINE-TO-LINE VOLTAGES 


The line-to-line voltages in per cent of 
line-to-neutral voltage will be 


tEas=rEs—xEsx taken vectorially 
tEsc=.tEc—zEs taken vectorially 
tEca=tEa—zEc taken vectorially 


Conclusion 


A complete picture of currents and 
voltages may be determined with suffi- 
cient accuracy for most relaying prob- 
lems in a system during short circuits by 
using a d-c calculating board with very 
little more time and effort than is nor- 
mally used to measure currents for three- 
phase and phase-to-ground faults. Only 
one setup, using two simple networks, is 
required. The only readings’ ‘necessary 
are current or kilovolt-ampere for three- 
phase and line-to-ground faults, including 
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phase-to-ground voltage on the faulted 
phase, say A, at point Lis 


Es,=1Eit+1E2+1rEo=1Vu—1V (since rE 
is negative) 


From symmetrical components 


tEg=1E)—0.5(LEi+1E2) — 

J0.866(zE:— Es) 
rEc=1E)—0.5(1E,+1E:) + 

J0.866(z1E: — 1E2) 


(12£,+ LE») =Vy 

— LE2=(E¢—l,Z,')— (0-hZ2') 
LE,—tE.=Ee 
LEs=—1Vs— 
tEc=—1Vo— 


0.5Vi2—J0.866EG 
0.5Vi2+J0.866EG 


As stated previously, ;Vo and Vj2 both 
are considered as positive numbers. If 
Eg=100, the phase-to-ground voltages 
at point L become 


tE4s=Vy—1Vo 
tEg=—1Vo—0.5Vi2— J86.6 
0.5 Viet J86.6 


tEc=—1Vo— 


All values will be in per cent of phase-to- 
neutral voltage at point L. 
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the current distribution of each desired, 
and V, Vi, Vo, for each fault condition 
at as many points as the voltage may be 
of interest. 

Other values of voltages and current 
such as Vi, V2, Va, Vz, Vo, qh, Io, To, Ig 
may be obtained by very simple calcula- 
tions by using the currents and voltages 
that were measured. The voltage cal- 
culations are simplified by using a total 
board voltage of 100 volts, so that the 
voltmeter reads directly in percent. The 
same result may be obtained where 
a board voltage other than 100 must be 
used by preparing a special scale for the 
high-resistance voltmeter which is marked 
in per cent of full board voltage, or by 
converting the readings taken into per 
cent of full board voltage. 

Thus, a complete analysis of perform- 
ance for modern relays may be made 


quickly and with sufficient accuracy for — 


both three-phase and phase-to-ground 
faults by using the d-c calculating board 
and a high-resistance voltmeter. 


Definitions of Symbols Used 


Ig =total residual amperes flowing to a 
ground fault 


Asbury —System Voltages and Fault Currents 


/} 
Ig, =current flowing through phase relays 


in branch 1 for a ground fault 

I; =positive-sequence component of cur- 
rent 

In, =negative-sequence component of cur- 
rent 

Ig =zero-sequence component of current 

Z, =positive-sequence impedance 

Z: =negative-sequence impedance 

Zo =zero-sequence impedance 

Ry =reading for total three-phase fault 

Rp, =teading for branch 1 for a three-phase 
fault 

Rg =reading for total ground fault 

Re, =reading in branch 1 for a ground fault 


(Note that kilovolt-amperes or amperes 
may be substituted for Rp, Rp:, Re, Re, 
if more convenient.) 


Eg =unit voltage or 100 per cent voltage on 
the d-c board 

V =voltage measured from the fault to 
some point where the voltage is de- 
sired in the positive-sequence network 
when a three-phase fault is applied 

Viz =voltage measured on the board from 
the fault to some point where the 
voltage is desired in the positive- 
sequence network when a phase-to- 
ground fault is applied 

Vo =voltage measured on the board from 
the neutral bus or zero-potential plane 
to some point where the zero-sequence 
voltage is desired in the zero-sequence 
network when a phase-to-ground fault 

é is applied . 

tVo=voltage that exists on the board from 
the neutral bus to a point of interest in 
the zero-sequence network designated 
as L 


(Note that the subletter L is also used to 
designate various other voltages which 
exist at point L.) 


E; =positive-sequence component of volt- 
age 

E, =negative-sequence component of volt- 
age ; ‘ 

E,) =zero-sequence component of voltage 

Ez =the line-to-ground voltage on phase A 

Ex =the line-to-ground voltage on phase B 

Ec =the line-to-ground voltage on phase C 


V with subscript designates absolute 
magnitude of the vector E with same 
cuberane namely, V2 is magnitude of EF». 
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Corona in Aircraft Electric Systems as 
a Function of Altitude 


W. R. WILSON 
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Synopsis: Corona-starting voltages of the 
components of a 208-volt 400-cycle grounded- 
neutral electric system are reported for con- 
ditions to simulate altitudes between sea 
level and 50,000 feet. The corona charac- 
teristics are shown to be functions of air 
pressure, electric-field geometry, humidity, 
and the cleanliness of insulating surfaces. 
The effect of reducing pressure is shown to 
lower the corona-starting voltages of air- 
craft cables by as much as 60 per cent 
because the dielectric strength of large air 
gaps dropsacomparableamount. Reducing 
the pressure has small effect on the corona- 
starting voltages of low-voltage capacitors, 
because the dielectric strength of small air 
gaps is nearly independent of pressure. 
Moisture and dust on insulating surfaces 
and moisture in aircraft cables produce 
corona-like disturbances below 208 volts. 
Data are presented on cables, capacitors, 
parallel studs, and needle gaps. Under 
dry conditions all corona-starting voltages 
were well above the operating voltages of 
the system. 


ORONA in an electric system consists 
C of minute arcs which produce ozone 
and nitrous acid in air; they carbonize 
oil, paper, and cotton; they oxidize and 
age rubber, and they corrode metal. 
Corona at operating voltages has often 
caused the rapid deterioration of the 
electric equipment containing the corona. 
In addition, high-frequency radiation is 
produced which may interfere with radio 
and allied instruments. For these rea- 
sons engineers working in the design and 
development of electric equipment should 
know the voltage at which corona first 
appears in that equipment. 

Corona in insulation usually consists of 
the breakdown of small air pockets and 
gaps. It is well known that at high 

altitudes the density and dielectric 
strength of air are reduced greatly from 
their sea-level values. The change from 
sea level to 50,000 feet causes the di- 
electric strength of a one-centimeter 
parallel-plane air gap to drop by more 
than 75 per cent. Because of this, the 
Paper 44-59, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 24-28, 1944, Manuscript submitted 
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question has been raised as to whether 
corona-starting voltages would not also 
drop greatly at high altitudes. This 
paper is an attempt to answer that 
question in a manner to be helpful in 
general design. Emphasis is placed on 
the specific problem of determining 
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Figure 1. Effect of frequency upon the 


corona-starting voltage of cables 


Curve A—Cable 1 at 420 cycles 
Curve B—Cable 1 at 60 cycles 
Curve C—Cable 4 at 60 cycles 
Curve D—Cable 4 at 420 cycles 


whether or not corona will exist in the 
steady-state operation of a 208-volt 
400-cycle electric system. 

Corona measurements were made upon 
the following: 


Aircraft cables........ Figures 1, 2,3, and 4 
Table II 

Capacitorss ne. cor. Figure 5, Table I 
Meter-case back...... Figures 6 and 7 
Parallel studs........ Figures 8 and 9 
INeedle'paps-;.5 ss a. Figure 10 
Contaminated sur- 

PACES cons, ree ie Table III 


Variables were pressure, humidity, volt- 
age, and frequency. 

At the close of the report, data are 
discussed which deal with the increase 
of the sparking potential of small gaps 
as the gap is made smaller. It is shown 
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that this variation has great influence on 
the corona-starting voltage of capacitors 
at altitudes easily attained today. 

All tests were made at room tempera- 
ture and at an altitude of 1,000 feet. A 
method is given for correcting accurately 
the data on corona and breakdown in air 
to the low temperatures of high alti- 
tudes. 


Method of Test 


When corona occurs in any piece of 
equipment to which voltage is applied, 
the current to that piece of equipment 
includes high-frequency components. In 
many cases the high-frequency compo- 
nents can be separated from the normal 
charging currents, be amplified, and be 
viewed on the screen of a cathode-ray 
oscilloscope. With sufficient sensitivity 
at his control, an operator can thus detect 
the first pulses of corona and find the 
lowest voltage at which deterioration due 
to this catse .can exist. A simple 
method for accomplishing these measure- 
ments has been described by G. E. Quinn.? 

It is characteristic of this type of 
measurement that corona in a low-capaci- 
tance system, such as a needle gap, 
is much easier to detect than corona in a 
high-capacitance system. In the tests 
to be described in this report, the sensi- 
tivity was such that the first indication 
of corona was usually an off-scale de- 
flection of the oscilloscope spot. The 
equipment was designed for more diffi- 
cult high-capacitance work, and the 
results of that work check years of insula- 
tion experience. Because all of the tests 
in this paper were on low-capacitance 
samples, the writer feels that if there was 
any minute amount of undetected corona 
in the electric fields studied, it was 
negligible. 

The tests were made with the samples 
in a desiccator which could be evacuated 
to two millimeters of mercury. Two 
diametrically opposite electric connec- 
tions were brought into the desiccator 
and, when necessary, terminated in 
spheres. This insured that there would 
be no corona except in the test sample. 

All tests were run at room temperature 
and, except when stated otherwise, with 
a drying agent in the desiccator. All 
tests were run at 60 cycles except those 
which were made to show that the fre- 
quency change from 400 to 60 cycles 
had small effect. When not stated 
otherwise, voltages are rms. 

In this paper, corona is defined as 
ionization in a fluid dielectric without the 
breakdown of the sample in which the 
fluid is contained. Examples are numer- 
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ous. Jonization may occur in air around 
metal points or in oil between trans- 
former windings. If the test piece does 
not become a conductor from terminal 
to terminal, the ionization is defined as 
being corona. In air, oil, and other good 
dielectrics corona appears in a char- 
acteristic manner. The fluid suddenly 
ionizes at a certain voltage; at that 
voltage a large deflection of the oscillo- 
scope spot can be seen. 

In the tests involving moist samples 
the pulses detected were of a different 
type. The pulses, instead of first appear- 


Figure 2. Form of cable-to-cable samples 


ing with a large deflection, often grew 
from an indetectable first amplitude. 
This type of disturbance was also called 
corona because the moisture which 
caused the disturbance was part of the 
dielectric. It could not always be differ- 
entiated from ionization in air. The only 
tests which gave indications of ioniza- 
tion at voltages near 208 volts were tests 
with very moist samples. 

The corona-starting and the break- 
down curves are plotted against the pres- 
sures at which the tests were run. A 
second scale gives the altitudes which 
correspond to the test conditions insofar 
as corona or breakdown in air are con- 
cerned. As explained later in the paper 
the tests made at room temperature and 
at variable pressure have been corrected 
to high-altitude temperatures and pres- 
sures. The equivalent altitudes apply 
accurately when the ionization occurs in 
air, but they do not apply when the 
ionization occurs in a liquid such as in 
the moist cables. In the latter tests the 
equivalent conditions are doubly un- 
certain because the water will freeze at 
high altitudes unless the equipment is 
heated. 


Frequency—Figure 1, Table I 


The influence of frequency on corona 
in air which includes no ‘solid barriers 
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Figure 3. Corona-starting voltages of cables 


at room humidity 


Curve A—Number 8 cable to cable 
Curve B—Number 1/0 cable to cable 
Curve C—Number 16 cable to cable 
Curve D—Cable 4 

Curve E—Cable 5 


has been shown by Peek® to be negligible 
through the frequency range from 60 to 
420 cycles. Data taken for this paper 
show that the corona-starting voltages 
of fields with solid barriers are not af- 
fected by more than ten per cent by the 
aforementioned change in frequency. 

For example, Figure 1 shows the 
corona-starting voltages of two cables 
tested at varying pressure and at both 
60 and 420 cycles. There is no signifi- 
cant difference between the curves at 
the two frequencies. 

Three types of capacitors also were 
checked for the present paper (Table I). 
The values given depend as much on the 
capacitor construction as on the di- 
electric material. 

The conclusion may be drawn from 
Table I that the change of frequency 
from 60 to 420 cycles produces a small 
effect upon corona-starting voltages. 


Cables—Figures 2, 3, 4, and Table II 


Five types of cable* were tested. 


1. Number 16 (19/0.0113) Deltabeston 
(Flamenol, asbestos, and cotton braid over 
tinned copper—single conductor). 


2. Number 8 (7/24/0.010) Deltabeston 
(Flamenol and cotton braid over tinned 
copper—single conductor). 


3. Number 1/0 (19/55/0.010) Deltabeston 
(Flamenol and cotton braid over tinned 
copper—single conductor). 


* Cable sizes given are American Wire Gauge 
numbers; the number of strands, the number of 
wires in each strand, and the diameter of each wire 
in inches are indicated in parentheses. 


Wilson—Corona in Aircraft Electric Systems 


wt 


4. Number 12 (19/0.018) Deltabeston’’ 


(Flamenol and cotton braid over tinned 
copper—three conductors). 


5. Number 16 (26/0.010) househald appli- 
ance cord, 220-volt (rubber and cotton braid 
over bare copper—two conductors). 


Cables 1, 2, and 3 were tested in two 
electric-field configurations. Cable-to- 
cable tests were made by binding to- 
gether two equal lengths of cable (Fig- 
ure 2), The two ends of each wire were 
connected to one of the connecting 
spheres. This was done to insure against 
corona from the free ends. Cable-to 
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Figure 4. Effect of drying on the corona- 
starting voltages of number 8 cable 


Curve A—Cable to ground, 98 per cent 
humidity for eight hours 

Curve B—Cable to ground, room humidity 

Curve C—Cable to ground, vacuum dried 

Curve D—Cable to cable, vacuum dried 


ground tests were run by laying a single 
large loop of the cable on a metal plane. 

Cable 4 was a preconstructed cable with 
three insulated wires covered and 
bound together with an outer fiber 
wrapping. ‘Two of the wires were con- 
nected together at one end and connected 
to the ground terminal of the corona 
detector. The third was placed at high 
potential. The three opposite ends were 
immersed in a small bottle of oil. 

Cable 5 was the common 220-volt 
lamp and appliance cord. 

Figure 3 shows cable-to-cable corona-~ 
starting voltages for cables with a 
moisture content as absorbed at room 
temperature and humidity. The term 
“room humidity” is not customarily 
used to describe the conditions’ of a test. 
However, under controlled humidities 
it took days for a cable to come to equilib- 
rium. Wide variations in humidity 
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from day to day had small effect upon 
the corona-starting voltage. For refer- 
etice, the average humidity for the three 
days in which the tests of Figure 3 were 
run was 76 per cent. The important 
points to notice are that corona never 
appeared below 300 volts and that the 
220-volt lamp cord was decidedly su- 
perior to the airplane cables insofar as 
corona was concerned. The thicker in- 
sulation of the appliance cord was re- 
sponsible for its high corona-starting 
voltage. ql 

Figure 4 shows the effect of drying 
the number 8 cable by heating it under 
vacuum. The highest and the lowest 
curves on the graph were the extremes, 
the difference being a result of varying 
the moisture content from about zero 
to that absorbed in eight hours at 98 
per cent humidity. The cables were 
stored and tested in desiccators, were 
kept dry by heat and a drying agent, or 
were kept at 98 per cent humidity by 
the presence of CaSO, and water. 

The immersion in water of the number 
8 cable-to-cable sample caused the corona- 
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“Figure 5. Corona-starting voltage of dry, 
nonhermetically sealed capacitors 


Curve A—One-mil paper dielectric, not sealed 
or impregnated 
Curve B—Two-mil paper dielectric, wax im- 
pregnated 
Curve C—Two-mil paper dielectric, not sealed 
or impregnated 4 


starting voltage to rise to 2,850 volts at 
76 centimeters of mercury. This voltage 
was higher than the corresponding 
voltage on the dry-cable curve. It was 
seen that as the moisture content of the 
cables was increased the corona-starting 
voltages passed through a minimum. 
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A few points on the curve, taken at 
room temperature and pressure, are 
shown in Table II. 

Although it is probable that the 300- 
yolt point is not the exact minimum, 
altitude and pressure have small effect. 
Therefore, if the cable has functioned 
satisfactorily at similar humidities at low 
altitudes, these tests indicate that it will 
continue to function satisfactorily at 
high altitudes. All cables showed similar 
variations with moisture content. 

Figure 4 shows the number 8 cable-to- 
ground corona-starting voltages. It would 
be expected from a consideration of the 
electric field that the values would be 
half those obtained when two cables 
were bound together. This was roughly 
the case when the cables were dry (com- 
pare curves D and C, Figure 4). How- 
ever, at room humidity both curves 
dropped to approximately thesame values. 


Capacitors—Figure 5 and Table I 


A number of capacitors were tested at 
variable pressure. Typical data are 
shown by the three curves of Figure 5. 
Curves A and C were taken on capaci- 
tors which were prepared in a manner 


omy 


Figure 6, Meter-case back, two-inch diameter 


to include the most air voids possible. 
The paper|was dry and not impregnated. 
The rolls were loosened to permit com- 
plete evacuation of the interior of the 
capacitor. Curve B was taken as a 
typical wax-impregnated sample. Upon 
the reduction of pressure, as the break- 
down strength of large air gaps dropped 
by a factor of five the breakdown 
strength of the air voids (the corona-start- 
ing voltages of the capacitors) dropped 
by as little as 20 per cent. The reason 
for this action is given at the end of 
this paper in the section on the di- 
electric strength of air. 

In order that the effect of moisture 
could be studied, four of the unimpreg- 
nated roll capacitors were dried for 48 
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hours under vacuum and at 105 degrees 
centigrade. No change in the corona- 
starting voltages could be found. 

It appears that the operating voltages 
of low-voltage capacitors which are not 
hermetically sealed and which are to be 
used at high altitude will not have to be 
decreased by more than 30 per cent from 
sea-level operating voltages even if the 
capacitors contain large air voids. 


Meter-Case Back—Figures 6 and 7 


A circular meter-case back (Figure 6) 
supporting two connecting bolts was 
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Figure 7. Corona-starting and breakdown. 
voltage between bolts through the meter-case 
back of Figure 6 


Curve A—Bolt heads not recessed 
Curve B—Bolt heads recessed 


also checked for corona. The bolts were 
mounted with an inch of separation be- 
tween centers. In one test the heads and 
nuts were recessed; in the other they were 
mounted on plain surfaces. Because 
the curves for the two mounting methods 
are essentially the same, there is no ad- 
vantage from the corona and the low- 
pressure arcover standpoint, in recessing 
the studs. 

Toward the high-pressure end of the 
curve, the ionization did not occur along 
the surface of the base or through the 
air between the studs. This fact was 
ascertained by immersing the base and 
studs under oil after the data for Figure 7 
had been taken. Under oil the same 
corona-starting voltage was found at 
room pressure as was found in air. In 
fact the same type of curve of corona- 
starting voltage versus pressure was 
traced down to about 30 centimeters of 
merctiry. The ionization actually oc- 
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curred in air which was trapped in the 
space surrounding the studs where they 
passed through the insulation.. At lower 
pressures the position of ionization 
shifted until breakdown appeared be- 
tween the studs. Probably the point of 
this shift occurred at the knee of the 
curve. 


Parallel Studs Through Plane 
Surfaces—Figures 8 and 9 


Some additional data on studs through 
plane surfaces were taken. Number 
4/40 studs were screwed into a one-half- 
inch insulating block (Figure 8). They 
extended one-half inch above the sur- 
face and were mounted perpendicularly 
in two spacings: one-fourth and three- 
eighths inch between threads. The leads 
were brought out under oil through the 
bottom of the insulated plate (Figure 8). 
so igure 9 shows the curve of breakdown 
versus pressure. The only value of the 
corona-detection device in this test was 
to show that there was no corona before 
breakdown. 

As corona was not involved, work 
along this line was thought to be outside 
of the scope of this report. Obvious weak 
points in the data were therefore not 
removed. For example, it was found that 
the breakdown voltage depended upon 
the sharpness of the edges at the top of 
the studs. The tip melting caused by 
one arcover with a 20,000-ohm resistor 
in series was sufficient to raise the break- 
down voltage by 20 per cent. This effect 
probably is present in the data of Figure 9. 


surfaces 


The conclusion can be drawn that there 
will be no problem with corona on studs 
at practical spacings. 


Needle Gaps—Figure 10 


From the standpoint of corona, the 
worst electrode configuration that can 
exist is that of collinear needles facing 
point to point. For this reason number 8 
needles at one-eighth-inch and one-fourth- 
inch spacing were checked for corona as a 
function of pressure. At high pressures 
corona occurred before breakdown; but, 
as shown on Figure 10, at low pressures 
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Table I. Corona-Starting Voltage of Capaci+/ 

tors at 420 Cycles as Per Cent of 60-Cycle 
Value Me 

60 Cycles 420 Cycles 


(Per Cent) (Per Cent) 
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Breakdown voltage of the parallel 
studs of Figure 8 


Figure 9. 


Curve. A—One-fourth-inch spacing between 
threads 

Curve B—Three-eighths-inch spacing between 
threads 


breakdown occurred without first showing 
corona. 

At high altitudes the random ioniza- 
tion is much greater than at sea level. 
To increase the number of ions in the 
test chamber, radium (1.8 micrograms) 
was placed four inches away from the gap. 
The effects of the radium were to reduce 
the time between pulses of corona, to 
reduce the short-time breakdown voltage 
of the gaps, and to make the breakdown 
and corona-starting voltage more exactly 
reproducible. All data were taken in 
one minute step-ups, the corona-starting 
voltages being defined as the voltage at 
which the first isolated pulses of corona 
occurred. 

It may be concluded that at spacings 
above one-eighth inch no corona will be 
encountered in any electrode configura- 
tion at or near 208 volts. 


Contamination of Surface Between 
Studs 


Data were taken on the contamination 
of the plastic surfaces between the studs 
of Figure 8. The same conditions of 
test were used, care being taken to keep 
oil from the surface by cleaning with 
Solvatone. The object of this section of 
the work was to see if corona or high- 
frequency discharges could possibly be 
produced below 208 volts. 

Data were taken with 1/3. inch of dry 
dust lying on the surface. As in Figure 
9, no corona appeared before breakdown, 
and the breakdown values were not 
lowered by the presence of the dust. 
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The surface was then cleaned. An 
open pan of warm water was placed in the 
desiccator. The pressure was reduced 
to four centimeters of mercury where the 
water boiled freely, depositing a thick 
uneven layer of moisture on everything 
in the desiccator. High-frequency dis- 
charges appeared at from 500 to 700 volts 
as the pressure was varied from 2.4 to 74 
centimeters of mercury. As the water 
evaporated from the surface, this dis- 
charge voltage rose to 1,700 volts at 74 
centimeters. 

At pressures above four centimeters, 
the steam soon cleared up. To produce 
vapor at all pressures, the principle of 
the’ Wilson cloud chamber was used. 
A small amount of tobacco smoke was 
blown into the desiccator to permit a 
cloud to appear as the pressure was re-) 
duced. Under these conditions the dis- 
charge voltage varied from 800 to 1,700 
volts, at various pressures. No curve 
could be plotted because the pressure had 
less effect than did random changes in 
the moisture. 

Finally, dust was added to the water 
on the surface, forming a mass of mud 
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Curve A—One-eighth-inch gap 
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Figure 11. Breakdown strength of air at small 
spacings between rounded-edge, brass disks 
Curve A—0.0004-inch gap 
Curve B —0.002-inch gap 
Curve C—0.008-inch gap 
Curve D—0.040-inch gap 


about 1/32 inch thick. With this artifice, 
corona-like pulses appeared as low as 
80 volts. A, 4.5-volt Wheatstone bridge 
indicated a resistance of 74,000 ohms. 
Table III shows the type of variation 
found. 

It is seen that these low values would 
probably cause trouble in the 208-volt 
system where they would not have af- 
fected the 28.5-volt d-c system. Be- 
cause the effects of contamination were, 
as far as could be detected, nearly in- 
dependent of pressure, it is probable 
that no corona difficulties will be intro- 
duced by the change from sea level to 
50,000 feet. 


The Dielectric Strength of Air as a 
Function of the Geometry of 
Electrodes 


Figure 5 reveals an unexpected phe- 
As shown by M. J. DeLerno,! 
the dielectric strength of air drops to one 
fourth of its sea-level value at about ten 
centimeters of mercury. However, the 
breakdown strength of the air gaps in 


Table Il. Corona-Starting Voltage of Number 
8 Cable-to-Cable Sample Versus Moisture 


Content 

Corona- 

Starting 

Conditions Voltage 
Dried by heat and drying agent............ 2,500 
BER OOM MUMIGIEY. 2... ee eee eee 450 
_ 98 per cent humidity for eight hours.....,.. 300 
98 per cent humidity for 76 hours.......... 1,400 
__ Immersed in distilled water one minute..... 2,800 
Immersed in distilled water 60 minutes... .. 2,850 


Effect of Water on Dust-Covered 
Surface 


Table Ill. 


Pressure—cem 
. 1.9. .16.1..30.5. .41.7. .73.7 


Corona-start- 
ing voltage.. 192..130.. 125.. 137.. 105.. 80 


the capacitors remained almost inde- 
pendent of pressure over this range. An 
examination of the literature of the 
sparking potential of air yields the fol- 
lowing very probable reason for this 
apparent inconsistency. 

In 1892 J. B. Peace,® working with J. 
J. Thomson, obtained data for the curves 
that are replotted on Figure 11. On this 
graph it is shown that at very small 
spacings, such as at 0.0004 inch, the di- 
electric strength of air is not affected 
greatly by large changes of pressure. 
In fact the shapes of these curves are 
very similar to those of the corona curves 
of Figure 5. 

Figure 12 shows the position of the 
air gaps where most corona occurs in 
capacitors. This position is known be- 
cause corona markings are left on the 
paper. Below the corona-starting voltage 
the voltage across such a gap is a defi- 
nite quantity, proportional to the total 
applied voltage and determined by the 
capacitor-divider effect of the dielectrics 


CORONA IN AIR GAPS 


Figure 12. Section of capacitor showing 
position of corona at foil edge 


in series. The gap is bound at each end 
by solid barriers and is subjected to an 
electric potential. The thickness of the 
metal foil is 0.0003 inch, and the break- 
down path must be of comparable length. 
Therefore, the sparking potential of 
these gaps (and the corona-starting volt- 
age of the capacitors) should, and do, 
show the same small dependence upon 
air pressure as did the 0.0004-inch and 
0.002-inch gaps of Peace’s data. 

It becomes apparent that increasing 
the altitude has less effect upon the 
corona-starting and the breakdown volt- 
ages of small air gaps than large. The 
maximum effect of altitude is realized 
for large-plane parallel gaps where the 
pressure and the breakdown voltages are 
approximately proportional. The mini- 
mum effect of altitude is realized in 
small air voids, such as in capacitors, 
where the breakdown and the pressure 
are nearly independent. An intermediate 
case is shown in Figure 9 on parallel 
studs where the variation of breakdown 
is less than proportional to pressure. A 


_ Wilson—Corona in Aircraft Electric Systems 


second intermediate case is shown by 
curve D, Figure 4, on dry cables. The air 
gaps between the cable insulations are 
relatively large in comparison with the 
capacitor air voids, and the corona-start- 
ing voltage is more dependent upon 
pressure. 

An interesting fact found by Carr® 
is that with uniform fields the sparking 
potential of air, regardless of its gap spac- 
ing, temperature, pressure, or random 
ionization, will never fall below 351 
volts (the fields of Figure 11 were not 
quite uniform). Covering more recent 
work by various observers, Loeb’? makes 
the following statements: ‘A spark will 
not pass below about 275 volts in air no 
matter what the conditions. It is most 
important to realize that the minimum 
sparking potential exists and that below 
it a spark cannot pass. This fact is 
sometimes overlooked in practical ap- 
plication.”” By the word ‘“‘conditions’’ 
he refers to the pressure, the tempera- 
ture, the random ionization of the air, 
and the spacing and shape of the elec- 
trodes. If the temperature of the elec- 
trodes rises sufficiently to cause thermi- 
onic emission, such as in vacuum tubes or 
in restriking a-c arcs in circuit breakers, 
the air will permit the incidence of an 
electric current far below the 275 volts 
mentioned, 

The voltages of this discussion are peak 
voltages. It is seen that neither corona 
nor breakdown will occur in air below 
about 195 volts rms. 

An additional interesting point arises 
from the foregoing data. At high alti- 
tudes corona and breakdown in a capaci- 
tor which is safely rated for sea-level 
operations are more likely to occur around 
the bushings and internal leads to the 
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Figure 13. Change of atmospheric conditions: 
with altitude 
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bushings than in the capacitor rolls. If 
the capacitor is completely filled with a 
liquid dielectric, or if it is gas filled and 
well sealed, the reduction of pressure with 
altitude will reduce the electric strength 
of only the external portions of the bush- 
ings. However, if the internal leads are 
in air and the pressure of that air drops 
with altitude, an unsafe condition may 
exist. Imagine a capacitor consisting 
of, for example, ten series sections of the 
roll of Figure 5, curve A. Even if the 
capacitor were not hermetically sealed, 
the corona-starting voltage of the rolls 
in series would remain fairly constant at 
about 3,000 volts, which is ten times the 
corona-starting voltage of the single roll. 
However, the breakdown voltage of the 
bushings and of the internal leads (if in 
air) would drop to below 351 volts if the 
pressure were reduced sufficiently. 


Corrections for Low Temperatures 
at High Altitudes 


High-altitude conditions were approxi- 
mated by use of the data of Figure 13. 
The dotted portion of the temperature 
curve represents a rough average of the 
variable temperatures which occur in that 
region. No attempt was made to re- 
produce the low temperatures of high 
altitudes because Paschen’s law, as 
stated by Cobine,* makes it possible to 
perform tests in air at room temperature 
which are equivalent to tests at other 
temperatures. Paschen’s law states 
mathematically that for any given elec- 
trode configuration, changes in the tem- 
perature and pressure of the air will not 
change the sparking potential (the writer 
adds corona-starting voltage) unless they 
change the density of the air. The den- 
sity of the air is proportional to the ratio 
of pressure to absolute temperature, and 
if this ratio stays constant the density 
will stay constant also. Thus, two tests 
will be equivalent and will yield the same 
corona-starting or breakdown voltage in 
air if 


Pa/Ta=Pe/Te (1) 


where Pa, Ta are the absolute pressure 
and temperature of the application con- 
ditions, and Pe, Te are the absolute pres- 
sure and temperature of the equivalent 
test. 

All tests were run at about 25 degrees 
centigrade, or 298 degrees Kelvin (Te= 
298). Therefore the corona or breakdown 
values for any electrode configuration in 
air at any altitude (or at any moderate 
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temperature and pressure) may be found 
from room temperature data by substitut- 
in the pressure Pa and temperature Ta 
for that altitude in the following ex- 
pression: 


Pe=298( Pa/Ta) (2) 


The corrected voltage can be taken from 
the room temperature curve at pressure 
(Pe). Inthis manner the curve of equiva- 
lent pressure at 25 degrees centigrade, 
plotted on Figure 13, was obtained. 
The equivalent altitudes shown on the 
graphs were, in turn, taken from this 
curve. 

For example, at 35,000 feet the tem- 
perature averages minus 54.3 degrees 
centigrade, or 218.7 degrees Kelvin 
(Ta=218.7). The pressure averages 18 
centimeters of mercury (Pa=18). The 
substitution of these values in equation 
2 yields an equivalent pressure of 24.6 
centimeters of mercury. The effect that 
this low-temperature correction has on 
corona-starting or breakdown voltages 
depends upon the shape and spacing of 
the electrodes. For large-plane parallel 
gaps, the change in voltage would be pro- 
portional to the change in pressure. 
The breakdown voltage would be in- 
creased by the ratio of 24.6 to 18, or by 
36 per cent. On the three-eighth-inch 
parallel studs of Figure 9 the increase 
would be from 3,700 to 4,400, or by 20 per 
cent. In the capacitor of curve A, Figure 
5, the increase would be from 285 to 292, 
or only 2.4 per cent. It is interesting to 
note that on curve B of Figure 5 and on 
curves A and B of Figure 11 the lowering 
of temperature at 60,000 feet decreases 
the corona-starting and breakdown volt- 
ages. Thus, it cannot be said that data 
taken at high-altitude pressures and at 
room temperature are always conserva- 
tive, though this is usually the case. 


Conclusions 


1. Two tests revealed corona-like disturb- 
ances at voltages low enough to approach 
208 volts. The tests were on moist con- 
taminated surfaces and on moist aircraft 
cables. Therefore, conditions of high mois- 
ture in the 208-volt 400-cycle electric system 
should be avoided or investigated by means 
of life tests. 


2. The low corona-starting voltages were 
nearly independent of pressure. Therefore, 
the change from steady-state operation at 
sea level to steady-state operation at 50,000 
feet will produce no difficulties with corona 
in the proposed system. 


8. The change in frequency from 60 to 400 
cycles per second will produce no apprecia- 
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of cables, air gaps, and capacitors. It very 
probably will produce no appreciable change 
in the corona-starting voltage of any elec- 
trode and field configuration in industry. 
(Figure 1 and Table I.) 


4, M. J. DeLerno! has shown that the di- 
electric strength of air drops by as much as 
75 per cent as the pressure is reduced from 
76 to 8.7 centimeters of mercury (0 to 50,000 
feet at 25 degrees centigrade). In this paperey 
for the same change in pressure the greatest 
drop in corona-starting voltage (the break- 
down of small air voids and gaps) was by a 
factor of 71 per cent (Figure 4, curve D, 
cables). The smallest drop was by about 
20 per cent (Figure 5, curve A, capacitors). 


5. In the insulation of the aircraft cables 
the change in moisture content from a dry 
condition (Figure 4, curve D) to that as- 
sumed at room humidities (Figure 3, curve 
A) produced a drop in corona-starting volt- 
age by as much as 84 per cent. 


6. In low-voltage capacitors which are not 
hermetically sealed and contain air voids, 
it appears that the corona-starting voltage 
will not be reduced more than about 30 
per cent even if the capacitors be elevated 
above 60,000 feet (Figure 5). No trouble 
should be expected from corona in the 
capacitor rolls at high altitudes, but the 
corona-starting and breakdown voltages of 
the bushings will be greatly decreased. 


7. Tests were made with parallel studs 
extending perpendicularly from a clean in- 
sulating surface at spacings of one-fourth 
and three-eighths inch between threads. 
No corona existed before breakdown at 
pressures from 1 to 76 centimeters of mer- 
cury (Figure 9). 


8. Between needle gaps the air would 
sustain steady-state corona without break- 
down at high pressures. At low pressures, 
breakdown would occur without any sign 
of preceding corona (Figure 10). 
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Polarized-Light Servo System 


T. M. BERRY 


ASSOCIATE AIEE 


Synopsis: A new servo system has been 
developed in which the connecting link be- 
tween the primary and secondary shafts 
is polarized light whose plane of polarization 
rotates with the primary shaft. This makes 
possible the accurate following ot the rota- 
tion of the primary shaft without any load 
being imposed on it. This sérvo system 
has been applied successfully in several elec- 
tro-mechanical calculating machines. 


ERVO mechanisms or follow-up sys- 
tems are used in many recording and 
control devices to amplify small forces or 
torques so that the motion of a heavily 
loaded output mechanism will correspond 
closely to the motion of a very low torque 
input element.1—* 


Polarized-Light Follow-up System 


In an electromechanical calculating 
machine, it was desired to control the 
motion of an output mechanism to cor- 


Figure 1. Schematic diagram of polarized- 
light servo system 
PRIMARY 
POLARIZER 
INTEGRAL 
RECORDER 


SECONDARY 
SHAFT 


POWER SUPPLY 


respond closely to the rotation of a small 
integrating wheel which rolled on the 
surface of a revolving turntable. 

The requirements, not fully met by 
existing follow-up systems, were: 


1. The follow-up system must impose no 
load or restraint on either the integrating 
wheel or its bearings. 


2. It must permit free axial movement of 
the wheel. 
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3. It must operate to follow continuously 
the rotation of the wheel in either direction. 


4. It must be able to follow rapid accelera- 
tions and decelerations of’the wheel. 


To fulfill these requirements, a servo 
system was developed which makes use 
of polarized light* as the connecting link 
between the input and output mecha- 
nisms. j 


Principle of Operation 


The principle of operation of the 
polarized-light servo system is shown dia- 
grammatically in Figure 1. In this sys- 
tem a‘small integrating wheel rolls on 
the surface of a turntable, at an ad- 
justable radius r. 

Attached to the same shaft (primary 
shaft) and rotating with this shaft and 
integrating wheel is a light polarizing 


LAMP 


+B 


PRIMARY SHAFT 
INTEGRATING 
WHEEL 


disk or primary polarizer. Two beams of 
light (A and B) passing through the 
primary polarizer are polarized similarly, 
and the plane of polarization rotates as 
the primary shaft rotates. 

A secondary shaft is, in effect, coupled 
to the primary shaft by means of these 
two rotating beams of polarized light in 
the following manner. The two beams of 
light fall on two phototubes after each 
has passed through a separate secondary 
or control polarizer. These two second- 
ary polarizers are attached to the second- 
ary shaft in such a manner that their 
planes of polarization are at right angles 
to each other. 

When the primary polarizer is oriented 
so that its plane of polarization is half 
way between, or at an angle of 45 degrees 
with both of the secondary polarizers, 
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Figure 2. Simplified schematic diagram of 
control circuit for polarized-light servo system 


_ gram of the control circuit. 


equal amounts of light will strike both 
phototubes. If the plane of polarization 
is not at 45 degrees to both secondary 
polarizers, unequal amounts of light will 
strike the phototubes. Thus, if the 
primary polarizer is rotated from balance 
a small amount in one direction, the light 
on one phototube is reduced because the 
angle between the two polarizers in that 
beam becomes more nearly 90 degrees; 
at the same time, the angle between the 
planes of polarization in the second beam 
becomes more nearly zero, with a cor- 
responding increase in light on the second 
phototube. If the primary polarizer is 
rotated in the other direction, the light 
beams are unbalanced in the other direc- 
tion, 

The unbalanced output of the photo- 
tubes is amplified and controls the speed 
and direction of rotation of the servo- 
motor, and thereby the secondary shaft 
and polarizers, to keep the-light on the 
phototubes always at or near balance. 

There are four positions of the primary 
shaft with respect to the secondary shaft 
where the light beams may be balanced. 
Only two of these positions, however 
will give a condition of stable balance. 


Once the condition of stable balance has 
been established it is maintained, and the 
secondary shaft will rotate with the pri- 
mary shaft in either direction within the 
allowable limits of speed, acceleration, 
and load as determined by the motor and 
amplifier characteristics. 

The axis of the primary shaft is held 
by bearings parallel to the plane of the 
turntable surface. For changes in radius 
of contact of the integrating wheel, the 
primary shaft and polarizer can be moved 
axially along the two light beams without 
materially affecting their balance. 


Electronic Circuit 
Figure 2 is a simplified schematic dia- | 


The two 
light beams fall on phototubes P; and 
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P, which form two legs of a bridge circuit 
comprised of Ry, Rs, and the resistances of 


the two phototubes. The voltage un- 
balance of this bridge is applied between 
grid and cathode of vacuum tube 1. 
This tube together with tube 2 and re- 
sistances R; and R, form a second bridge 
circuit whose output is applied to the 
grids of two thyratron tubes 3 and 4. 

The anode currents of the thyratrons, 
supplied from the 60-cycle power source 
through transformer J», flow through a 
split field series motor to control its 
speed and direction in response to un- 
balance of the light beams A and B. 

A small d-c generator is attached to the 
shaft of the motor, and its output voltage 
is applied through a capacitor C; between 
the grid and cathode of tube 2. The 
voltage e generated by this generator is 
proportional to the speed w of the second- 
ary shaft. For the frequencies encoun- 
tered, the current through C,, and there- 
fore the voltage across the grid resistor of 
tube 2,is proportional to de/dt and is there- 
fore proportional to dw/dt the acceleration 
of the output shaft. Thus, the condition 
of balance of the two light beams is antici- 
pated, and the system is stabilized and 
remarkably free from the hunting or 
oscillation commonly experienced in servo 
systems. 

It will be noted that a single lamp is 
used as a light source for both beams of 
light so that any changes in the light 
output due to aging, darkening of the 
bulb, and input voltage affect equally 
the light falling on both phototuhbes, 
causing no unbalance of the system. 
The bridge circuits employed also make 
the electronic circuits relatively free of 
unbalance because of supply voltage 
fluctuations. 

The torque-angle characteristics of the 
polarized-light servo system are de- 
pendent on the characteristics of the 
amplifier and motor. Within operating 
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Figure 3. Polarized- 
light servo system 
for integrating pres- 
sure traverse recorder 


limits the torque is approximately pro- 
portional to thé relative angular dis- 
placement of the light polarizers at any 
given speed. Series-motor characteris- 
tics make possible very high torques for 
rapid acceleration and deceleration. No 
accurate measurements of maximum 
accelerations and decelerations have been 
made, but it is estimated that the primary 
shaft can accelerate or decelerate at 2,000 
rpm per second or more before the second- 
ary shaft will drop out of synchronism. 
Speeds as high as 1,500 rpm have been 
used, but this is not necessarily the upper 
speed limit. 

The secondary shaft will follow the 
primary shaft in angular position with 
an accuracy of plus or minus one or two 
degrees. This accuracy will be affected 
by nonuniformity of polarization in the 
polarizers and nonuniformity of light 
transmission through them. Since the 


Figure 4. Integrator 
unit (without cover) 
for automatic  in- 


tegrating pressure 
traverse recorder. 
Rear view 
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primary and secondary polarizers not- 
mally operate at 45 degrees to each other, 
the rate of change of light transmission 
with respect to angular displacement is a 
maximum. Therefore, the angular errors 
due to variations in the polarizers are at 
a minimum. 


‘ Applications “ 


INTEGRATION 


The polarized-light servo system is 
being used successfully in new electro- 
mechanical instruments for solving ac- 
curately problems involving integration. 
Refer to Figure 1; the radius r at which 
the integrating wheel rolls on the turn- 
table is variable by means of a cam or 
screw and represents the integrand. 

If @ is the angular displacement of the 
turntable, the angular displacement of 
the integrating wheel and primary shaft 
pis proportional to f’rdé. 


p=k Sf rdo 


The angular displacement of the 
secondary shaft is the same as that of 
the primary shaft and integrating wheel, 
and since considerable power is avail- 
able to drive this shaft, it can be loaded 
to drive other calculating and recording 
mechanisms. The primary shaft is held 
in alignment by jewel bearings and is 
balanced so that radial and thrust loads 
are substantially zero. Since there can 


be no restraining torque on the primary 
shaft because of loading of the secondary 
shaft, the integrating wheel rolls on the 
turntable with negligible slippage and 
correspondingly high accuracy. 
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Figure 3 shows a polarized-light servo 
system as used in the new General Elec- 
tric integrating pressure traverse re- 
corder, a specialized calculating machine 
which employs two follow-up systems as 
integrators. The phototube amplifier is 
tipped down to show its construction and 
the secondary polarizers. 

The secondary shaft is at right angles to 
the primary shaft, and the light beams 
are changed in direction by means of 
mirrors. The phototube amplifier for 
the second integrator is shown at the 
lower right in operating position. 

Figure 4 displays the same machine 
which shows the cams for moving the 
integrating wheels on the turntables. 
The driving motors and thyratron con- 
trols are on the shelf above the turntables 
and cams. 

Figure 5 is a front view of the calcu- 
lating and recording unit of the integrat- 
ing pressure traverse recorder which is 
used by the research section of the 


General Electric turbine engineering 
division in its air test laboratory for 
studying flow phenomena through tur- 
bine passages. In this machine the in- 
tegrated values will check each other 
within 0.01 per cent on repeated integra- 
tion of the same function. These errors 
can be due largely to mechanical toler- 
ances. This indicates that the slippage 
of the integrating wheel on the turntable 
is extremely small. 

A special integral recorder on this de- 
vice makes possible the reading of in- 


- tegrated values to the precision required 


for such measurements. 
Figure 6 shows the General Electric 


differential analyzer’ which is used in 


solving problems involving the use of 
differential equations. This machine has 


fourteen integrating units, each with its 
_ polarized-light servo system. 


‘ 


SPEED MEASUREMENT 


In another application a variation of 
this seryo system has been used to 
measure accurately over a wide range the 
speed of a large rotating machine. The 
turntable is driven at a constant and 
accurately known speed by a synchro- 
nous motor from a regulated frequency 
source. The secondary polarizers are 
driven by the machinery whose speed is 
to be measured and the wheel is positioned 
on the turntable so that it follows the 
secondary polarizers; thus the radius of 
the wheel on the turntable is an accurate 
measure of the unknown speed. Speed 
measurements have been made to 0,025 
per cent accuracy for primary shaft speeds 
up to 1,300 rpm. 


DIFFERENTIATION 


In the measurement of speed as already 
described, the servo system is actually 
used as a differentiator in which the angu- 


Figure 5. Integrator unit for 
automatic integrating pressure 
traverse recorder 


Berry—Polarized-Light Servo System 


lar displacement of the secondary polari- 
zers p’ may be expressed by the equation: 


p= S wdt 


where w, is the angular velocity of the 
control polarizers. 

The angular displacement of the pri- 
mary polarizer p is expressed by 


p= kf rdo 
do = wal 


where o is the angular velocity of the 
turntable, 


dO = wodt 

If p = p’, then 

dp =dp’ = w dt = kay'dt 
and 


dp’ dp 


ae ee 


= 


Since ww, is constant, 


dp! 


— mK 
dt 


When used as a differentiator, the 
servo system is inherently oscillatory, 
but by taking the proper steps the os- 
cillations can be highly damped. 


Conclusions 


The new servo system using plane 
polarized light as the interconnecting 
link between the primary and secondary 
mechanisms makes possible the driving 
of heavy loads with accurate following of 
primary shaft without imposing any re- 
straint or reaction upon its motion, either 
in the direction of rotation or axially. 


Figure 6. Differential analyzer showing 14 
integrator-unit assemblies 


’ i 
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Electric-Circuit Burning-Clear and Damage 


Phenomena on Aiircraft Structures 


C. M. FOUST 


MEMBER AIEE 


Synopsis: Normal and continuous per- 
formance of electric circuits is a prerequisite 
to the effective use of airplanes. Electric 
short circuits which result in the loss of 
power for vital control operations or which 
cause fires are definite hazards. The ex- 
tensive use of the 28.5-volt d-c aircraft 
systems, the proposed 120-volt d-c system, 
and the consideration being given a three- 
phase 120-208-volt a-c grounded neutral 
system for high-altitude planes necessitated 
an investigation into the burning-clear and 
damage phenomena on all circuits. Short 
circuits were applied on an aluminum-alloy 
section of an airplane, and oscillograms of 
short-circuit current and voltage taken. In 
both the a-c and d-c systems it was found 
that the fault-damage and burning-clear 
phenomena depended upon the energy level 
in the short-circuit area. When the contact 
area between the conductor and aircraft 
structure was small, the energy level was 
high, and the fault burned itself clear. In 
such cases the aircraft structure was per- 
forated. Increase in contact area and a 
consequent reduction in energy concentra- 
tion resulted in a sustained fault current. 
In some of these cases a definite welding of 
the conductor to the aircraft structure oc- 
curred, while in others no burning took 
place. 


The General Problem 


T is generally accepted that the correct 
performance of the electric system is 
vital to the effective use of an airplane. 
Electric-wiring faults, such as short cir- 
cuits resulting from gunfire or other 
causes, may result in faulty control or fire 
hazard. Experience has shown that on 
Paper 44-58, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted Novem- 


ber 10, 1943; made available for printing December 
27, 1943. 
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the commonly used 28.5-volt d-c systems 
such short circuits are often self-clearing, 
and serious consequences do not result. 
However, this is not always the case, and 
it is possible that a significant number of 
airplanes have not returned from the com- 
bat area because of damage to the electri- 
cal system. Accordingly, it was felt ad- 
visable to investigate the conditions under 


ra 


24 VOLT BATTERIES 


pili 


Figure 1. A\ircraft electrical system as adapted 
for burning-clear tests 


which faults may be expected to clear and 
to determine the magnitude of current 
and length of time required to cause seri- 
ous damage to the aircraft structure when 
a short circuit occurs. It should be recog- 
nized that, in practice, where circuit pro- 
tection is used the fault duration and 
damage may be limited by this pro- 
tective equipment which would remove 
the faulty circuit from the system. Such 


Several applications have been made in 
integrating and differentiating unit of 
special electromechanical calculating and 
measuring devices for solving complicated 
problems accurately and quickly. 
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protection was not used in the tests ad 
they were intended to show the effects of 
short circuit where system protection was 
not involved. Circuit protection is dis- 
cussed in a companion paper.? 

Since consideration is also being given 
to a three-phase 120-208-volt 400-cycle 
a-c, grounded neutral system (120 volts 
to ground), and to a 120-volt d-c system,-, 
similar investigations using such power 
systems were carried out. 


The Investigational Method 


The basis of the investigation was a 
series of direct full power short-circuit 
tests made in the laboratory with a por- 
tion of aircraft structure as test piece. 
A diagram of connections of the circuit for 
the 28.5-volt d-c system is given in Figure 
1. This circuit is an adaptation of a 
typical electric circuit for a four-engined 
airplane such as the “Flying Fortress” 
and is, as nearly as is possible, a duplicate 
of the actual system. Each of the four 
P| aircraft generators (200 amperes 28.5 
volts) was driven by a ten-horsepower 
3,600-rpm induction motor supplied from 
a variable frequency source. The nega- 
tive terminal of each generator was con- 
nected through a resistance of 0.0025 


CURRENT 
LIMITING INSULATED 
REACTOR CONDUCTOR 


120 VOLTS. 
400 CYCLES 


ALUMINUM ALLOY = 


Figure 2. Arrangement of test sample for 
single-phase-to-ground 400-cycle burning- 
clear tests 


ohm to a common point, while the posi- 
tive terminals were tied to a single bus. 
Three batteries could be paralleled with 
the generators by means of single-pole 
switches. Time, current, and voltage 
values for each short circuit were deter- 
mined by means of an automatic mag- 
netic oscillograph.” 

As a test specimen representative of an 
aircraft structure, part of a wing section 
and nacelle of a ‘‘Flying Fortress” was 
used. To this was attached the negative 
terminal of the supply system. The posi- 
tive terminal of the system was connected 
through a contactor to a length of 1/0 
aircraft cable, one end of which rested per- 
pendicularly on the aircraft structure; 
short circuits were applied by closing the 
contactor. The position of the conductor. 
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was chosen because cables running parallel 
to the aircraft fuselage and subsequently 
severed by gunfire can be bent so as to 
contact the structure perpendicularly. 
The effects of a short circuit brought 
about in this way are the most severe. 

With the generators operating at 3,000 
rpm and an open-circuit voltage of 28.5 
volts, and at first with no batteries 
in the circuit, short circuits as previously 
mentioned were applied to ‘ various 
sections of the aircraft structure by 
closing in the line contactor. The 
supply system was then augmented by 
one battery, then two, and finally three 
batteries in parallel with the generators 
and the tests repeated. 


structure and cable were covered with a 
bell jar which was evacuated to a pressure 
corresponding to the required altitude. 
Data on the 120-208-volt a-c system 
were obtained in the course of separate 
tests in which power was obtained from 
three single-phase transformers supplied 
by means of a motor generator set. A 
diagram of connections for single-phase- 
to-ground faults is given in Figure 2. 
Variations in current level were obtained 
by means of taps on air-cored reactors con- 
nected in series with the transformer and 
by connecting two or three transformers 
in parallel. The current range investi- 
gated was selected to cover the possible 
numbef and sizes of generators operating 


altitude of 40,000 feet, and to generator 
end shields of magnesium alloy. 


Analysis of Results 


Both the d-c and a-c tests brought out 
very decisively that there are two widely 
different results of short circuit; these are 
referred to in the following as ‘‘self- 
clearing” and “weld.” By the former is 
meant melting and vaporizing of the 
metal in the vicinity of the short-circuit 
area and its explosive expulsion from the 
are, resulting in a complete clearance of 
the short circuit. A weld takes place 
when only sufficient energy is involved in 


Table | 
Num- 
ber of Number System Con- 
Gen- of Current dition Prior to Cable Size 
Test System erators Batteries (Amperes) Short Circuit Type of Material (Number) Insulation Altitude Results 
Short circuit 28.5-voltdirect Four None Up to No load 0.020-inch to 1/8- 1/0 Deltabeston Sea level Self-clearing 
current 4,500 inch Al (alloy) and = sus- 
tained 
Short circuit 28.5-voltdirect Four One Up to No load 0.020-inch to 1/8- 1/0 Deltabeston Sea level Self-clearing 
: current 4,500 Al (alloy) and sus- 
tained 
Short circuit 28.5-voltdirect Four Two Up to No load 0.020-inch to 1/8- 1/0 Deltabeston Sea level Self-clearing 
current 4,500 inch Al (alloy) and _sus- 
~ tained 
Short circuit 28.5-voltdirect Four Three Up to No load 0.020-inch to 1/8- 1/0 Deltabeston Sealevel and Self-clearing 
current 4,500 inch Al (alloy) 40,000 feet and sus- 
tained 
Short circuit 28.5-voltdirect Four Three - Up to Loaded 0.020-inch to 1/8- 1/0 Deltabeston Sealeveland Self-clearing 
current 4,500 inch Al (alloy) 40,000 feet and  sus- 
tained 
Short circuit 28.5-voltdirect Four Three Up to Noload. Resist- 0.020-inch to 1/8- 1/0 Deltabeston Sealevel and Self-clearing 
current 4,500 ance added to inch Al (alloy) 40,000 feet and sus- 
external circuit tained 
Short circuit 28.5-volt direct Four Three Up to No load 0.020-inch to 1/8- 1/0 Deltabeston, glass- Sealeveland Self-clearing 
current 4,500 inch Al (alloy) cotton, 100 per 40,000 feet and sus- 
cent glass tained 
Short circuit 120-volt direct — = Up to No load 0.020-inch to 1/8- 1/0 Deltabeston Sealeveland Self-clearing 
current 2,000 inch Al (alloy) 40,000 feet and sus- 
tained 
Short circuit 120-volt 400 — — Up to No load 0.016-inch to 1/4- 16to1/0 Deltabeston Sealeveland Self-clearing 
cycles alter- 2,500 inch Al (alloy) 40,000 feet and sus- 
nating cur- fe tained 
rent 
Short circuit 120-volt 400 — — Up to No load 0.010-inch Mg 1/0 Deltabeston Sealeveland Self-clearing 
cycles alter- 2,500 40,000 feet and sus- 
nating cur- tained 
rent 
Short circuit 120-volt 400 — A Up to No load Mg end shields 1/0 Deltabeston Sea level and Self-clearing 
cycles alter- 2,500 40.000 feet and sus- 
nating cur- tained 
rent 
Short circuit 208-volt 400 — — 3,700 No load Copper to copper 16to1/0 Deltabeston Sealeveland Self-clearing 
cycles alter- \ 40,000 feet and sus- 
nating cur- | tained 
rent | 
Gunfire 24-volt direct — 1,500 am- Up to No load | 0.016-inch to 1/8- 16to1/0 Deltabeston, glass- Sea level) Self-clearing 
current peres ca- 1,500 | inch Al (alloy) cotton, 100 per and sus- 
pacity cent glass tained 


A considerable number of tests was 
carried out with three batteries in the sys- 
tem, and the effects on the short circuit 
of load on the system, of increased short- 
circuit resistance, and of simulated high 
altitude were investigated. For the alti- 
tude tests a small section of 0.020-inch 
aluminum alloy and a piece of 1/0 cable 
touching the alloy perpendicularly were 
set up on a platform to which supply 
terminals had been connected. , The 
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in parallel on certain aircraft systems. 

Using 0.020-inch and 0.25-inch alumi- 
num alloy, short circuits as in the fore- 
going were applied at different current 
levels and with various sizes of conductor. 
Similar tests were carried out in a steel 
chamber evacuated to a pressure corre- 
sponding to an altitude of 40,000 feet. 
Further short circuits were applied to 
0.10-inch magnesium alloy, at sea level 
and at a pressure corresponding to an 
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the short circuit to result in a permanent 
connection between the conductor and 
airplane structure. 

Oscillograms representative of  self- 
clearing and weld faults are given in 
Figures 3 and 4, respectively, for the d-c 
system, and in Figures 5 and 6, respec- 
tively, for the a-c system. Figure 7 
shows the progress of a typical short cir- 
cuit while Figure 8 is illustrative of the 
damage to the aircraft structure as a re- 
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sult of short circuit. Table I summarizes 
the test program and test results. 


28.5-VoLt D-C SysTEM 


(a) Effect of Baiteries. Although 
the electric supply system of the “Flying 
Fortress” airplane consists of four gen- 
erators and three batteries in parallel. it 
was felt advisable to study the effect of 
varying the number of batteries. The 
results here compared with the general 
trend of results throughout all the tests. 
Whenever the contact pressure between 
the cable and aircraft structure was 
‘such that only a few strands of the cable 
touched the aluminum alloy, whether the 
latter were skin, bulb angle, or rib, the 
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A. 60-cycle timing wave 


ie 
—_, 22 
ZERO} U SS 


B. Voltage wave 


——_0.12 SEC——> 


cae bare 7 
< 


q | 
C Current wave 


Figure 3. Oscillogram showing self-clearing 
d-c fault 


Time of short circuit 0.12 second. Maximum 
current 9,750 amperes. Maximum voltage 
49 volts 


fault was self-clearing and often accom- 
panied by heavy arcing and explosive 
scattermg of molten aluminum-alloy 
particles. In most cases the fault did not 
burn clear until the structure was per- 
forated. However, there were instances 
when the cable melted at a sufficiently 
high rate to open the circuit before the 
perforation was complete. 

With the pressure between the cable 
and airplane structure such that the con- 
tact arc was large, the short circuit was 
continuous and did not burn clear. In 
some cases a weld was produced while in 
others there was no visual damage either 
to cable or aircraft structure. As the 
number of batteries increased, a greater 


pressure was required to produce a short 


circuit which would not burn clear. 
When the contact is light, only a few 


strands of cable form the short circuit- 


with the airplane structure. Thus at 
the instant of establishment of the short 
circuit, the concentration of energy is 
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extremely high, causing the copper and 
aluminum alloy to melt superficially and 
an arc to strike This arc continues until 
the fault clears either because of a struc- 
tural perforation, or because of rapid 
melting of the cable. 

If the contact pressure between cable 
and structure is high, the contact area is 
much larger and, therefore, the energy 
concentration greatly reduced. In gen- 
eral this energy concentration is insuffi- 
cient to cause initial melting of the cable 
or aluminum alloy, and no arc results; the 
fault is continuous and sustained. The 
ampere capacity of the system increases 
with an increase in the number of bat- 
teries and, therefore, for the short-circuit 
energy concettration to be maintained 
at a level low enough to cause continua- 
tion of the short circuit, a greater pressure 
is required for each battery addition. 


Thus a system having a small ampere . 
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A. 60-cycle timing wave 


B. Voltage wave 


|2500 
ZERO AMPS. 


C. Current wave 


Figure 4. Oscillogram showing d-c short 
circuit resulting in weld 


Maximum current 2,500 amperes 


capacity will probably produce more 
welds due to short circuit than one with a 
large ampere capacity, since less pres- 
sure is required in the former case. 

The oscillogram of Figure 3 is illustra- 
tive of a self-clearing fault. The effect of 
the field regulator can be seen during arc- 


ing periods, the generator voltage rising 


with current fow. Rapid and irregular 
variations in the voltage wave, caused by 
abrupt changes in resistivity within the 
arc and movement of the cathode spot, 
are plainly visible. When the current 
reaches its final zero and the fault clears, 
the rise of recovery voltage and its slow 
decay to normal open-circuit value are 
clearly recorded. / 

An oscillogram characteristic of a short 
circuit resulting in a weld is given in 
Figure 4. After the initial peak the cur- 
rent assumes its steady-state value, and 
no arcing takes place. 

(6). Effect of Load on System (Four 
Generators, Three Batteries). When 
the system is loaded prior to the applica- 
tion of the short circuit, the values of 
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short-circuit current, the resulting d 
age both to cable and structure and the 
time of short circuit are in general the 
same as for four generators and three bat- 
teries in parallel without load. The peak 
value of the short-circuit current is 
reached more quickly after short circuit, 
however, by virtue of the fact that with 


load on the system the main field strength 


is high and the armature current is al- 
ready about one fifth of the value of 
short-circuit current. 

(c). 
Resistance. The effect of increasing 
the short-circuit resistance was similar 
to lowering the ampere capacity of the 
electric system. Thus with higher values 
of resistance the possibility of a weld is 
increased. Faults remote from the air- 
plane bus are therefore more likely to re- 
sult in a weld because of current limita- 
tions due to increased circuit resistance. 

(d). Effect of Altitude. At pres- 


sures corresponding to higher altitudes, 
arcing persisted somewhat longer, al- 


“y 


Effect of Increased Short-Circuit 


Figure 5. Oscillogram showing self-cleatiig” 


a-c fault 


Time of short circuit 0.059 second. Maxi- 
mum.current 2,000 amperes. Maximum voltage 
120 volts 


Upper curve—Voltage 
Lower curve—Current 


though current and voltage values were 


about the same as those obtained at sea 
level. Increasing contact pressure be- 
tween the cable and airplane structure re- 
sulted again finally in a weld. When the 
short circuit resulted in perforation of 
the aluminum alloy the hole was more 
clear-cut than at sea level due to de- 
creased oxidation. The molten alloy was 


scattered with explosive violence in a 


direction perpendicular to the structure 


and away from the conductor, but there 


was little evidence of molten copper. No 
appreciable change in pressure inside the 
bell jar was noticed during each short cir- 


cuit. 


Py 
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120-Vott D-C System 


Exploratory tests at sea level and a 
pressure corresponding to an altitude of 
40,000 feet with a 120-volt d-c system 
were carried out. The results followed 
the same trend as those obtained with the 
28.5-volt d-c system and the 120-208-volt 
a-c system, faults either burning clear or 
resulting in a weld, the governing factors 
being as stated previously. In some cases 
ares approximately half an inch long were 
obtained. 


120—208-Vo._t A-C System 


(a).' Phase-to-Ground Fault on Alumi- 
num Alloy, at Sea Level. With a supply 
system of 120-208 volts alternating cur- 


Figure 6. Oscillogram showing a-c short cir- 
cuit resulting in weld 


Maximum current 670 amperes 


Upper curve—Voltage 
Lower curve—Current 


rent, the effects of short circuit again fell 
into the two categories—self-clearing and 
weld. When the contact between the 
conductor and airplane structure was 
light, and therefore the contact area 
small, whatever the size of conductor, 
‘type of structure, or current level in- 
volved, the fault was self-clearing, and an 
arcformed. In all cases the arcing was se- 
vere, though rarely prolonged, and was ac- 
companied by explosive scattering of 
molten metal. Small fires were started 
within a radius of ten feet from the short- 
‘circuit area, the test floor being covered 
with a thin layer of sawdust and some oil. 
Faults which were not self-clearing 

_ fell into the second category of a “weld or 
sustained short circuit.”” In these in- 
stances the material, or the shape of the 
part of the aircraft structure concerned, 
‘was not important, the principal factors 


being the current level and cable size. 
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Thus, for a given current level, the 
smaller the conductor the greater is the 
contact pressure required to produce a 
weld. For a given conductor size, in or- 
der to produce a weld, the contact pres- 
sure required is much less the lower the 
current level. Short circuits occurring in 
remote sections of an aircraft electric cir- 
cuit may readily result in welds or be sus- 
tained, unless the fault was otherwise 
interrupted. Figure 8 illustrates dam- 
age from short circuit to a section of an 


Figure 7. Progress 

of short circuit result- 

ing in perforation of 
aircraft structure 


airplane. The damaged area identified 
by the number 8 is representative of a 
short circuit resulting in a weld while the 
remaining areas are perforations from 
self-clearing faults. 


Gunfire Tests 


Parallel conductors were mounted in- 
side and one inch from an aircraft section 
and connected at one end to a bus fed 
from a 24-volt battery. The other ends 
of the conductors were insulated and the 
aircraft section connected to the negative 
terminal of the battery. With a range of 
approximately 100 yards, 50-caliber- 
machine-gun bullets were fired at the test 
piece so that they would strike the con- 
ductor on the leaving side. In almost 
every case fatilts were produced and in one 
instance, as shown at A in Figure 9, the 
conductor welded to the structure. Dam- 
age both to conductor and structure, due 
to short circuit, was insignificant in com- 
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parison with the damage caused by gun- 
fire. 

Further bullets were fired so that they 
would strike a conductor on the entering 
side. In such cases a self-clearing short 


circuit occurred when the conductor con- 
tacted the structure as the former swung 
back into position after being severed by 
the bullet impact. 

Whenever a conductor was severed by 
gunfire, about one inch of insulation was 
torn off on both sides of the break, and the 


conductor strands were spread brush 
fashion. Although in general only a few 
strands subsequently formed the short 
circuit, in one instance most of the cable 
cross section contacted the aircraft 
structure. In this case a weld was pro- 
duced, as stated previously. 

Three small areas of the aircraft sec- 
tion were covered with a ‘thin coat of in- 
sulating varnish. In these areas faults 
occurred only when a severed conductor 
contacted the edge of a perforation pro- 
duced by gunfire. 


Genera Interpretation 


The physical aspects of the d-c and a-c 
short circuits were similar, and pictures 
shown in Figure 7 serve to illustrate the 
progress of_a self-clearing short circuit on 
either system. Evidence of explosive 
scattering of molten metal in Figures 7e 
and 7f, just before the fault clears, indi- 
cates that the formation of the perfora- 


~ 
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tion required a time about equal to the 
duration of the short-circuit current. 
As the short circuit progresses, the con- 
ductor melts, and a pool of molten alumi- 
num alloy is formed; meanwhile gases in 
the are throw out particles of alloy explo- 


sively, 
Figure 5 indicates intermittent arcing. 
Examination of the conductor after a 
fault cleared usually showed that during 
the short-circuit period drops of molten 
copper had formed. Apparently these 
droplets under are forces are elongated 
toward the airplane structure and finally 
break free from the conductor. The for- 
mation and breaking off of the droplets 
correspond to the striking and extinguish- 
ing of the arc. The process is repetitive 
until the aluminum alloy is very thin and 
can no longer withstand the gas pressure 
in the neighborhood of the arc; the per- 
foration is then formed explosively, and 
the fault clears permanently. 
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The oscillogram presented in. 


Figure 8. Electric-fault damage to aircraft 


structure 


3,4, and 5—Self-clearing fault. 
peres, number 16 cable 


1,120 am- 


6—Self-clearing fault. 2,000 amperes, number 
8 cable 


7 and 9—Self-clearing fault. 
number 8 cable 


8—Welded fault. 


665 amperes, 


665 amperes, number 8 
cable 
11 and 12—Self-clearing fault. 


1,970 am- 
peres, number 8 cable 


The increase in measured voltage indi- 
cated in the oscillogram of Figure 5 is due 
to a slight increase in are length. 

(a) Phase-to-Ground Fault on Alumi- 
num Alloy, at High Altitude. Both the 
self-clearing and weld type of short cir- 
cuit were substantially independent of 
barometric pressure corresponding to 
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high altitude. The duration of the former 
type was generally the same as at sea- 
level pressure) and the extent of damage 
was unchanged except for decreased oxi- 
dation at high-altitude pressures. Be- 
cause of this the perforations were more 
clean-cut than at sea-level pressure. 

(b) 208-Volt Phase-to-Phase and Three- 
Phase Faults. i 
various sizes of wires and three-phase 
faults fell into categories of self-clearing 
and weld, the current level and contact 
pressure affecting both as before. In 
those instances when the fault cleared, 
the conductor melted back into the in- 
sulation until the voltage could no 
Jonger maintain the arc. The in- 
sulation was not damaged severely. 
When the fault was not self-clearing, the 
cable became overheated and would be 
severely damaged unless the fault were 
cleared by other means. Results at high- 
altitude pressure were similar. 

(c) Phase-to-Ground Fault on Magne- 
sium Alloy, at Sea Level and High Alti- 
tude. | Two forms of magnesium alloy 
were used, the first being 0.10 inch 
thick with a painted surface finish and 
the second an aircraft generator end 
shield. 

The insulating properties of the painted 
surface finish on the former were suffi- 
cient to prevent an arc from striking when 
voltage was applied. However, when the 
surface finish was removed over a small 
area and the conductor applied there, a 
short circuit occurred with results similar 
to those for aluminum alloy both at sea- 
level pressure and in a rarefied atmos- 
phere. The magnesium-alloy plate did 
not ignite, but burning particles were 
scattered explosively and continued to 
burn for some time. 

Similar results were observed with the 
magnesium-alloy end shields. 

In all tests on the magnesium alloys 
the current level was maintained at ap- 
proximately "2,000 amperes. 


Résumé of Results 


The general phenomena of burning 
clear and welding as presented in the fore- 
going admit of further statements as 
follows on particular aspects of the short- 
circuit problem. 


1. When the energy concentration at the 
fault is high (high current, low contact area) 
the short circuit is generally self-clearing. 


' Phase-to-phase faults on 


Thus, the higher the current level the greater _ 


is the likelihood that faults will burn clear. 
There would be less danger of a weld due to 
the higher contact pressure required. 


2. Fault damage to the aircraft structure 
was similar for the 28.5-volt and 120-volt 
d-c systems as for the 120-208-volt a-c 


system. However, on the a-c and 120-volt 
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d-e systems, in almost every case, fault cur- 
rent flowed when the conductor and aircraft 
structure came into contact. With the 
28.5-volt d-c system, oxide films sometimes 
prevented this. 


8. Because high energy concentration at a 
fault results in self-clearing of the latter, at 
a given current level, the smaller the wire 
the greater is the likelihood of a fault being 
self-clearing, and the resulting structural 
RAN isless. All wires capable of carrying 
a current without conductor disintegration 
can produce a sustained short circuit and 
perhaps a weld. 


4. Insulations with a low melting point 
tend, on short circuit, to withdraw from the 
short-circuit area, thus exposing more-con- 
ductor and increasing the danger of pro- 
longed short circuit. The outer cotton braid 
usually burns to cause a distinct fire hazard. 
With higher melting point insulations, the 
binding material may disintegrate without 
damage to the insulation, but the latter 
generally has low resistance to abrasion. 
The thickness of the insulation used is 
sufficient to prevent initiation of a short 
circuit. 


5. In the range of material thicknesses 
covered by the tests no appreciable differ- 
ence in reaction to short circuit was noticed. 
However, as the thickness of the structural 
material increases, when a short circuit is 
applied, a pool of molten material is more 
readily formed, and thus the danger of a 
weld is increased. 


6. At pressures corresponding to higher 
altitudes structural perforations are more 
clean-cut because of decreased oxidation. 
On the 28.5-volt d-c system this latter effect 
will increase the possibility of short circuit 
from an accidental contact (see paragraph 2). 


7. With a light-pressure type of contact 
(small contact area), a fault is self-clearing 
for any placement of the conductor. Thus 
the initial type of contact between the air- 
craft structure and the conductor, except as 
regards pressure, is relatively unimportant. 


8. Vibration of the airplane structure in- 
creases the fault duration and the resulting 
damage. An accidental contact is likely 
to produce a fault at any voltage because of 
abrasion of the contact surfaces (see para- 
graph 2), and the are may be re-established 
after clearing. 


9. Of the materials tested, fire danger due 
to the scattering of molten metal particles 
was greater with magnesium because of the 
tendency of the particles to continue burn- 
ing. No other significant difference was 
noted between the aluminum and magnesium 
alloys using copper-wire conductors. 


Conclusions 


The experimental work showed that 
the damage to the aircraft structure de- 
pended upon the current and the current 
density at the fault. In all cases when 
‘the contact area between the cable and 
airplane structure was small the latter 
was perforated and the fault self-clearing 
irrespective of the ampere capacity of the 
systems tested. Although in the majority 
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of cases the extent of the perforation was 
insufficient to weaken the airplane mem- 
bers, similar short circuits occurring on 
the oil or gasoline lines would probably 
result in serious damage from fire. Fire 


may also occur if molten aluminum-alloy 
particles, scattered as a result of a short 
circuit as previously mentioned, should 


fall on inflammable material within the 
airplane. 

When the pressure between the con- 
ductor and airplane structure was in- 
creased, and the contact area thus en- 
larged, the short circuit was continuous, 
and at times a weld was produced. The 
pressure required for such a sustained 
short circuit was dependent upon the am- 
pere capacity of the electic systems. 
From this type of short circuit serious 
damage to the generating system is con- 
ceivable unless the fault is cleared by suit- 
able circuit protective apparatus. 

On the 28.5-volt d-c system, of a total 
of 70-contacts applied with small contact 
area, all resulted in the fault being self- 
clearing; of a total of 30 contacts applied 
with increased pressure, 26 resulted in a 
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weld or a continuance of the short circuit 
without arc or weld, while the remaining 
four burned clear. The division of results 
on the a-c and 120-volt d-c systems was 
somewhat the same. In the high-altitude- 
pressure tests the results were practically 
the same as obtained at sea-level pressure. 
With a light contact at the short-circuit 


Figure 9. Damage to aircraft structure and 
cable from 50-caliber-machine-gun bullets 


Range: 80 yards. Resulting electric-fault 
damage shown at A where weld took place 


area the fault burned clear and, because 
of less oxidation, the resulting perfora- 
tion was somewhat more clean-cut than 
that produced at atmospheric pressure. 
Increase in contact pressure resulted in 
sustained short circuits as before. 
Vibration of the aircraft structure in- 
creases the duration of a fault and the re- 
sulting damage to the aircraft structure. 
When only four generators formed the 
28.5-volt d-c power system, the pressure 
required on the conductor to produce a 
weld was much less than when one, two, 
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Electrically Driven Gyroscopes 
for Aircraft 


H. M. WITHEROW 


MEMBER AIEE 


YROSCOPIC instruments are given 
a place of prominence on the in- 
strument panels of military and commer- 
cial aircraft. They are among the “most 
used” of all the instruments and are 
necessary for blind flight since they serve 
as stable references in space when natural 
objects are not visible. This group con- 
sists of a gyro horizon, showing the atti- 
tude of the aircraft—that is, whether or 
not it is in level flight; a directional 
gyro, which shows departure from course; 
and a bank and turn indicator, indicating 
rate of turn. 


Operating Principles of Gyroscopic 
Instruments 


Regardless of the type of power used, 
the gyroscopic principle and general con- 
struction of these instruments are as 
outlired hereinafter. 

The gyro horizon (Figure 1) consists of 
a spinning rotor with its shaft mounted 
vertically in a gimbal which is pivoted 
athwartships to another gimbal. This 
outer gimbal is in turn pivoted fore and 
aft to the main frame of the instrument. 


Paper 44-70, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 24-28, 1944. Manuscript submitted 
November 10, 1943; made available for printing 
December 27, 1943. 


H. M. Wirnerow is designing engineer, and 
ALBERT HANSEN, JR., is development engineer in 
the aircraft instrument engineering department, 


both of General Electric Company, West Lynn, 
Mass. 
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The axis of the rotor is mechanically 
free to tilt in any direction with respect 
to the instrument case and by means of a 
bar and pointer relative motion of the 
rotor axis, and the case is indicated on a 


dial. 


Since the spinning rotor tends to 


B 


Figure 1. Gyro horizon indicator 


In the side view the cover and caging mecha- 
nism are removed to show the gyroscope 


or three batteries were added to the cir- 
cuit, the pressure difference increasing 
successively with each addition. With 
the generators operating under load con- 
ditions the fault short-circuits most of the 
load and the burning-clear phenomenon 
is, in general, as before. The effect of 
increasing the short-circuit resistance is 
similar to reducing the ampere capacity 
of the electrical system and the contact 
pressure necessary for producing a sus- 
tained short circuit is reduced. Thus 
faults occurring in sections of the circuit 
remote from the generating system will 
require less pressure to produce a weld 
than those occurring near a bus. Although 
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an increase in system ampere capacity 
reduces the hazard from a weld-in type of 
short circuit, this may not be the case for 
short circuits which are self-clearing. 
In these cases the danger from fire will be 
greater and the short-circuit damage to a 
highly stressed member may be such as to 
cause collapse of that member. 

The minimum current, of the series of 
d-c tests, causing damage to an airplane 
section was 1,100 amperes, the fault clear- 
ing after 0.74 second. The minimum time 
for damage was 0.05 second with a maxi- 
mum peak current value of 3,420 am- 
peres. Current values ranged as high as 
4,500 amperes, and some short circuits 
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stay vertical, the bar and pointer show 
movement of the instrument case, or the 
aircraft, with respect to a fixed vertical. 

The significance of the position of the 
bar and pointer is shown in Figure 2. 

In the directional gyroscope, the spin 
axis of the rotor is horizontal. The motor 
frame, or gimbal, is pivoted horizontally 
to an outer gimbal, and this is pivoted,, 
vertically to the main frame. A gear 
attached to the vertical gimbal drives a 
dial, calibrated in degrees, through a 1 
to 1 ratio, and since the spinning rotor 
and its gimbal tend to stay in a fixed 
position in space, movement of the in- 
strument case (or of the aircraft) around 
its vertical axis will cause rotation of the 
dial (see Figure 3). Any departure of the 
plane from a fixed course will be indicated 
by movement of the dial with respect to 
its index. 

The gyroscope of the bank and turn 
indicator consists of a spinning rotor with 
its shaft athwartships and its bearings in 
a frame or gimbal which in turn is pivoted 
fore and aft to the instrument frame. 
The gimbal and rotor assembly is re- 
strained by a spring and a pointer is 
mechanically linked to the gimbal to 
show direction and magnitude of its 
movement (see Figure 4). 

The spinning rotor tends to maintain 
its position in space, but if torque is ap- 
plied in the plane of the rotor axis pre- 
cession will occur, that is, the rotor will 
tilt in a plane 90 degrees from that of 
the applied torque. The tilt will be in 
the direction to make the spin axis of the 
rotor coincide with the axis of the ap- 
plied torque. Turning of the aeroplane 
thus causes precession, and movement of 
the pointer shows direction and rate of 
turn (degrees per minute). A ball bank 


indicator, consisting of a ball in a liquid — 


filled curved glass tube, is set into the face 
of the instrument. 


7 


carrying such currents did not burn clear — 


until after two seconds’ duration. 

In the a-c tests, the current level was — 
limited, and for a maximum value of 
2,150 amperes the fault cleared in 0.035 
second. This was also the minimum time 
of short circuit for a size 1/0 cable which 
was the type used throughout the d-ce 
tests. 
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' Operational Requirements 


Instruments, such as described pre- 
viously, have been in common use for 
many years. These have been air driven 
and have performed quite satisfactorily 
under usual peacetime flight conditions. 
Limitations of air operation at extreme 
altitudes and temperatures experienced in 
combat can be removed, and other ad- 
vantages obtained, by electric drive. 
The trend toward complete electrifica- 
tion of aircraft also makes electrification 
of these instruments desirable. 


The general requirements for such in- 
struments are as follows: 


1. Reliable and accurate performance from 
plus 70 to minus 54 degrees centigrade and 
at all altitudes to 40,000 feet. 

2. Quick starting. 

3. Operation in excess of 1,000 hours with- 
out servicing. 

4. Small size and light weight. 

5. Accessibility of parts for servicing. 

6. Protection from dust and harmful 
fumes. 


7. Ability to withstand vibration and 
shock. 


Power Supply 


The selection of the type of power to 
be used for electrically driven gyroscopes 
is influenced by factors of convenience 
and performance. Low-voltage direct 
current is universally available on air- 
craft and would be desirable from the 
standpoint of application. However, the 
problems of commutation at high speeds 
and high altitudes make it impractical 


. for sensitive instruments. 


The gyro horizon and the directional 


_gyro are essentially free gyroscopes, very 


sensitive to balance and bearing friction. 
High speed is essential for stability, and 
the products of brush and commutator 
wear would rapidly affect the perform- 
ance of these devices and make frequent 
cleaning and servicing necessary. 

A 115-volt three-phase 400-cycle power 
supply was chosen for these instruments 
since this is now available on many planes 


_ or can be made available by the installa- 


tion of an inverter. . Polyphase is prei- 
erable to single phase from the standpoint 
of simplicity of motor design and starting 
characteristics. 

The bank and turn indicator does not 
require the same degree of refinement 
mechanically or gyroscopically as the 


_ other instruments, since it is not a free 


gyro and indicates short-time departures 


% _ from normal. A 5,000 rpm centrifugally 


Figure 2. Appearance of gyro horizon dial 
for various attitudes of the aircraft 


The wings represent the plane on which the 
instrument is installed, the bar the horizon 


regulated direct-current motor is satis- 
factory for this device. The design 
details of the bank and turn indicator are 
not within the scope of this paper, which 
deals primarily with the application of 
electricity to the operation of the gyro 
horizon and the directional gyro. 


A-C Motor Design 


Any gyroscope has rigidity by virtue 
of its rotor speed and the radius of gyra- 
tion of its spinning mass, the latter factor 
being a squared function. Since dimen- 
sional and weight limitation of the in- 
struments fix the weight of the rotor at 


approximately one pound, it is necessary 
to use as high a speed as possible con- 
sistent with long life, and to concen- 
trate the weight at its outermost di- 
ameter. This latter requirement led to 
an umbrella-style rotor with the driving 
element within. 

A hysteresis type of motor was chosen 
since it has good starting characteristics, 
runs at synchronous speed, and makes 
possible a symmetrical rotor with all 
smooth surfaces which can be manu- 
factured with inherently good balance. 
The rotor consists of a bronze cup with 
rings of magnet steel spun in and ground 
internally for concentricity and accurate 
diameter. The rotor assembly must. be 
precisely balanced for good instrument — 
operation as well as life. 

The stator is wound for four poles, 
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fixing the speed at 12,000 rpm. With an 
input of less than ten watts, acceleration 
characteristics are obtained as shown 
in Figure 5. Under all temperature 
conditions these motors will be up to 
speed within the engine warm-up period, 
thus assuring safe performance at take- 
off. Figure 6 shows the speed-torque 
curve of the motor. 

The useful life of a gyroscopic instru- 
ment has usually been limited by the 
rotor bearings. In addition to speed, the 
factors affecting life are unit pressure on 
the bearing surfaces, lubrication, dimen- 
sional accuracy, and cleanliness. 

A cross-sectional view of the bearing 
developed for the gyro motor is shown in 
Figure 7. The unit pressures on the shaft 
pivot are kept at a minimum by forming 
it to a radius just slightly greater than the 
radius of the ball. The ball race is ground 
and lapped to a spherical form so that the 
ball track remains circular even though 
the center lines of the race and shaft do 
not exactly coincide. The contour and 
finish of the ball track in both the shaft 
and race are manufactured to exacting 
standards. Balls are matched for di- 
ameter and checked for sphericity within 
25 millionths of, an inch. Parts are 
cleaned and assembled in an air-con- 
ditioned area to insure absolute cleanli- 
ness. 

The high torque of the motor makes it 
possible to use a generous amount of 
high quality lubricant in each bearing 
with reservoir pads back of the ball 
tace. With electric drive, the instrument 
case may be sealed against dust and fumes 
which might contaminate the bearing 
lubricant. There is no flow of air through 
the case to pull out the lubricant at high 


temperatures. Life tests indicate well 
over 1,000 hours’ operation without 
servicing. 


Bearing adjustment is extremely criti- 
cal, and for good operation cannot vary 
more than 0.0001 inch from optimum. 


206 TRANSACTIONS 


Witherow, Hansen—Gyroscopes for Aircraft 


Directional gyro 
indicator 


Figure 3. 


In the side view the cover is 
removed to show the gyro- 
scope 


Figure 3A is shown at the lett, 
3B at the right 
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pesen Figure 6. Torque-speed curve, 115-volt 

400-cycle three-phase motor for gyroscopic 
instruments 
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Figure 4. Bank and turn indicator 


The ball bank indicator beneath the gyro- 
actuated pointer serves to indicate the proper 
angle of bank for any rate of turn 


Figure 7. Cross section of bearing for gyro - 
s motor 


#70O-s§ 


ROTOR SPEED ~RPM 


NONMAGNETIC 
ERECTING “DISK” 


: l 
CURVE A AT +25¢c 
CURVE B AT-50C 


PRECESSION 
x DIRECTION > 
ers N PERMANENT N P 
I 2 3 4 5 ats MAGNET , 
TIME — MINUTES s be “aS 7 ‘ 
- . : 
Figure 5. Acceleration curves of 115-volt 


400-cycle three-phase motor for gyroscopic 
instruments 


Figure 8. Schematic sketch showing arrange- 
ment of erecting device for gyro horizon > NS 
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Gimbal Bearings 


The requirements for gimbal bearings 
are just as exacting as for motor bearings 
but with more emphasis on sensitivity and 
less on ability to stand up under severe 
service. The bearing commonly used in 
existing gyroscopic instruments was found 
to be satisfactory for this application. 
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Accuracy of dimension and cleanliness 
are just as critical as for the motor bear- 
ing, and alignment of bearing race and 
pivot must be held to extremely close 
tolerances. 

In the assembly of the motor and gim- 
bals, each unit subassembly must be 
accurately balanced. Unbalanced torque 
about any axis will cause error in indica- 
tion, Bearings must be set with no end 
shake to avoid shifting weight. Materials 
must be selected to avoid change in 


bearing adjustment or shifting of the 
center of gravity of any subassembly 
with changing temperature. 

Coupled with the necessity for no end 
shake of bearings is the equally important 
requirement of minimum friction. Fric- 
tion in the gimbal bearings causes in- 
consistency in the indication of the gyro 


horizon and drift in the directional gyro. 


Power Leadins 


The method of getting power to the 
motor through the gimbals presented 
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some difficulties, since any extraneous 
torques or frictions are detrimental to the 
functioning of the instrument. Movable 
contacts add friction of too great magni- 
tude and the probability of variable 
friction. Flexible leads or pigtails intro- 
duce variable torques or forces as well as 
insulation hazards. Small instrument- 
type spirals, while not ideal from the 
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Figure 9. Erection character- 
istics of gyro horizon 


Various tilt angles up to 45 
degrees have been plotted 
against the time in which the 


erection device returns the 
axis of rotation to a true 
7 8 vertical 


standpoint of space requirements, have 
low uniform torque, no friction, and can 
be wellinsulated. These have proved to 
be quite satisfactory, and by assembling 
them to have zero torque at the normal 
operating positions their effect on the 
accuracy of the instruments is negligible. 


Slip rings and brushes are used on the - 


vertical gimbal of the directional gyro, 


Figure 10. Directional gyro 

and gyro horizon equipped with 

pick-offs, potentiometer con- 

trols, and synchronizing indi- 

cators to serve as the “brains” 
of an automatic pilot 


Figure 10A is shown at the 
left, 10B at the right 


since it must have unlimited freedom of 
movement on this axis. The effects of 
friction on this axis will usually balance 
out so long as it is uniform and equal in 
both directions. ; 


Gyro Horizon-Erection System 


Since the motor shaft of the gyro 
horizon is normally vertical, gravity 
may be utilized to apply a correcting 
force when it is not in a vertical position. 
Such an erecting device serves to main- 
tain the rotor in a vertical position over 
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long periods of time and to bring it back 
to vertical should it be upset or started 
in a nonvertical position. 

Erection in air-driven instruments is 
accomplished by means of gravity- _ 
actuated valves controlling four air 
streams which supply the correcting 
forces. This method is, however, subject 
to decreased effectiveness with increased 
altitude and would require additional 
auxiliary equipment if applied to the 
electrically operated devices. A unique 
application of permanent magnetism, 
therefore, has been developed to accom- 
plish this function without the use of 
auxiliaries. 

This erecting device consists of a 
pendulum free in two axes and carrying a 
small permanent magnet in close relation 
with a copper-alloy disk attached to the 
lower end of the motor shaft. When the 
motor shaft is vertical, the magnet, under 
normal conditions, is suspended at the 
center of the spinning disk, and no un- 
balanced force results from the damping 
effect of the magnet on the disk (see 
Figure®). However,if the rotor is tilted 


from vertical, the magnet exerts a force 
on the spinning disk in a direction to 


cause precession toward the true vertical. 

The rate of correction is made low 
enough, so that random accelerations of 
the aircraft are averaged out in normal 
flight. In turns, however, the angular 
acceleration causes the magnet to swing 
out and pull the rotor off vertical. No 
simple way has been found to eliminate 
this turn error due to the erecting device, 
but compensation can be made for 180- 
degree turns at one rate of turn. Prac- 
tice has established 180 degrees per min- 
ute as the standard rate, and compensa- 
tion is accomplished by tilting the motor 
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shaft forward a few degrees from vertical, 
the exact angle being determined by the 
erection rate. 


Use and Characteristics of the 
Directional Gyro 


The directional gyro and magnetic 
compass are supplementary instruments 
in that the compass indicates direction 
but is subject to turning errors and in- 
stability in rough air, while the direc- 
tional gyro maintains a set course in a 
deadbeat manner. In practice, the 
directional gyro is used to hold course, but 
it is periodically checked against the 
magnetic compass and reset as required. 

Since the gyroscope tends to stay in 
the position set, the perfect instrument 
will show drift because of the rotation of 
the earth. The magnitude of this drift 
varies with latitude. It would be zero at 
the equator where the rotor shaft is 
parallel to the earth’s axis, and 15 
degrees per hour at the poles where the 
rotor shaft is 90 degrees from the axis 
of the earth. Correction can be made for 
a given latitude, as for example 45 de- 
grees north, but the error is then doubled 
at 45 degrees south latitude. Correction 
is made by moving a small adjusting 
weight, and it is not difficult to change 
the setting to obtain compensation for 
the latitude in which the instrument is to 
be used. 

The directional gyro is equipped with 
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an antitumbling device which maintains 
the gyro motor in a perpendicular rela- 
tionship with the vertical gimbal so as to 
set up a maximum of safe operating 
range available for maneuvering of the 
aircraft. In the electrical design, a 
simple means is employed. Gyroscopic 
theory dictates that torque about one 
axis of a gyro normally produces pre- 
cession about a perpendicular axis; 
however, if that precession is resisted, the 
precession is reflected back into the axis 
initiating the torque. By properly balanc- 
ing the centering torque contributed by 
the spirals about the motor axis, and the 
counterfriction torque about the vertical 
axis, the perpendicular relationship be- 
tween the motor and vertical gimbal may 
be maintained. 


Caging Mechanism 


Both the horizon gyro and directional 
gyro are equipped with caging mecha- 
nisms to hold the delicate gyro elements 
to prevent damage resulting from acro- 
batics of the aircraft beyond the limits of 
freedom of the devices. The caging 
mechanisms also allow the pilot to reset 
the instrument to its normal operating 
position. In the case of the gyro horizon, 
the pilot may level his aircraft and un- 
cage instrument, saving the erection time 
necessary for it to restore itself. In the 
case of the directional, the pilot, by 
caging and turning the caging knob, may 
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rotate the gyro element to any position 


of reference he desires. 
Adaptability to Control 


Electrically driven gyros lend them- 
selves conveniently to interconnection 
for automatic control such as required 
in the automatic pilot. Figure 10 illus- 


trates a gyro horizon and a directional’ 


gyro which have been equipped with 
induction-type pick-offs for this pur- 
pose. It was possible to incorporate into 
the instruments themselves the necessary 
controls and indicators for synchronizing 
and adjusting trim and sensitivity. 


Conclusion 


Electricity has brought to small gyro- 
scopic instruments increased reliability 
and improved accuracy under extremes 
of temperature and altitude. It permits 
sealing of the case to protect the sensitive 
mechanism from dirt and corrosive fumes 
and thus prolongs the life of the instru- 
ment by preventing bearing wear due to 
grit or loss of lubrication. The ability 
to remove the cover with the operating 
mechanism intact aids in locating trouble 
and simplifies overhaul and adjustment. 

The present trend is toward complete 
electrification of aircraft, eliminating, to 
a large extent, the pneumatic and hydrau- 
lic systems now commonly used. Elec- 
trification of the gyroscopic instruments is 
a necessary part of this program. 
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HE recently completed Fort Peck 

power plant with its substation and 
transmission facilities has several fea- 
tures which are unique and of particular 
interest. This paper will point out ap- 
plication problems and their solution 
in connection with power transmission 
and relaying. 

The initial installation of generation 
at Fort Peck consists of one 38,888-kva 
13.8-kv 128.5-rpm three-phase 60-cycle 
water-wheel generator. Ultimately, two 
more generators are to be installed, one a 
duplicate of this first unit and one smaller 
unit. The substation is located on the 
west bank adjacent to the powerhouse 
and at present has one large transformer 
bank consisting of three 16,667-kva 
single-phase transformers stepping up to 
161 ky from generator voltage. <A 
15,000-kva three-phase shunt reactor is 
installed on the 13.8-kv bus just ahead 
of the power transformers. All switching, 
except for transniission-line disconnects, 
is performed at generator voltage, and all 


_ power circuit breakers are of the com- 


‘ 


pressed-air type. 

The only high-voltage transmission 
associated with this initial installation is 
the one 161-ky line extending to the Rain- 
bow substation bus of the Montana 
Power Company at Great Falls, Mont. 

The total length of the line is 288 miles; 
it is of H-frame construction, and the 


conductor employed is about half 477,000- 
_cireular-mil 


steel-reinforced aluminum 
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cable and about half 300,000-circular-mil 
copper. The line was built originally to 
feed power to the dam site from Great 
Falls for use during construction. 

_ At the Montana Power Company, 
terminal of the 161-kv line, a bank of 


three 20,000-kva single-phase three-wind- 


ing autotransformers step down to 105 
ky for connection onto the Rainbow bus 
at that voltage. At this location switch- 
ing is performed at 105 kv. The power 
transformers at both ends of the line 
have the neutral solidly grounded on the 
high-voltage winding. 

Figure 1 shows a simplified one-line 
diagram of the Fort Peck installation, 
transmission line, and receiver system. 
This sketch includes the system elements 
which will be discussed specifically in 
subsequent paragraphs, and most of the 
equipment shown has been described 
previously, 

The unusual length of the transmission 
line involved introduces interesting ap- 
plication problems. This line length, 
coupled with hydrogeneration, imme- 
diately suggests a study of transient- 
stability limits for faults occurring on the 
Montana Power Company system at or 
near the Rainbow substation bus. Be- 
cause of the very great shunt capacitance 
inherent to a single line section of nearly 
300 miles, problems concerning open- 
circuit voltages and synchronizing are 
of importance. Also, because of line 
length, relaying presents a special set of 
conditions which standard high-speed 
impedance relays cannot meet. The 
salient factors affecting these problems 
and the measures considered in reaching 
the solutions will be examined. 


General-System Studies - 
The a-c network calculator was em- 


ployed in studying the general system 
shown in Figure 1. The relative simplic- 
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ity would permit manual calculations 
with reasonable accuracy, but the use of 
the calculator permitted complete study, 
including numerous points too time-con- 
suming by manual methods. 

Four variations of the system finally 
adopted were studied, and these four 
connections are shown in their bare essen- 
tials in Figure 2. Note that the prin- 
cipal difference lies in transformers and 
shunt-reactor application. Henceforth, 
these four systems will be referred to as 
systems a, b, c, and d. 

Of interest is the fact that all four of 
these systems operate satisfactorily in 
the steady-state condition, that is, from 
a standpoint of load and voltage regula- 
tion. The differences appearing in 
voltage levels at the two load busses in 
the different systems always can be com- 
pensated adequately by control of ex- 
citation at the two terminals. The re- 
sultant exchange of reactive is sometimes 
objectionable for other reasons, but in 
the steady-state case it is always opera- 
tive. The principal reason for consider- 
ing the unusual voltage ratios of systems 
cand d that result in a “sloping” voltage 
characteristic was to study the possible 
advantage of accepting excessive line drop 
in avery long lineunder loadand adjusting 
normal transformer ratios a full-voltage 
class to meetit. The inherent decrease in 
line-charging kilovolt-amperes is a further 
advantage. Generally, the disadvan- 
tages accruing from reduced voltage level 
overweighed advantages in the cases 
studied. These relative merits will be- 
discussed more specifically in following 
paragraphs. 


Synchronizing 


The charging kilovolt-amperes of the 
288-mile transmission line, when operat- 
ing at 161-kv, is approximately 43,000 
kva. Since the generator rating at Fort 
Peck is 38,888 kva, it is impossible to 
charge the line at normal voltage in the 
connection of system a, unless part or all 
of the charging capacity is supplied from 
Rainbow. This presents an operating 
inflexibility, since it is impossible to 
synchronize at normal voltage at Rain- 
bow. 

By adding the 15,000-kva shunt re- 
actor and obtaining system 5, sufficient 
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line charging is canceled to permit the 
Fort Peck generator to “pick up” the line, 
and synchronizing can be accomplished 
at either terminal. Furthermore, when 
the line is energized from Rainbow, this 
shunt reactance cancels almost all of the 
voltage rise inherent to the line, so that 
only about three per cent differential 
exists across the synchronizing breaker 
(31 per cent for system a). 

The sloping line-voltage characteristic 
of system c¢ inherently reduces charging 
current to a figure of 38,000 kva but still 
does not permit synchronizing at Rain- 
bow, since the generator charging ca- 
pacity does not equal this figure, and be- 
cause a voltage differential of 50 per cent 
exists across the synchronizing breaker 
at Rainbow. Such a voltage differential 
might be objectionable because of the 
large surge of reactive current that would 
occur immediately subsequent to closing 
the breaker. The sloping voltage char- 
acteristic presents ideal synchronizing 
conditions across the open switch at 
Fort Peck if the line is charged from 
Rainbow. The rising voltage char- 
acteristic very nearly follows the inten- 
tional ‘“‘uphill slope,”’ so that only seven 
per cent voltage differential from normal 
exists, a figure that could be met easily 
by generator regulation or be ignored 
altogether. 

System d presents practically the same 
case as system ¢ with respect to synchro- 
nizing, except that the line charging is 
further reduced by reduced voltage to a 
figure of 23,000 kva. The Fort Peck 
generator easily can supply this quantity, 
but the voltage differential across the 
open switch at Rainbow is then 66 per 
cent, an excessive figure. 

System 6, comprising full 161-kv volt- 
age operation with a 15,000-kva shunt 
reactor, presents the inost flexible case 
for system interconnection initiated at 
either terminal. 


Stability 


Since only a single-circuit line inter- 
connects Fort Peck with the Montana 
Power Company, the tie is severed stub- 
sequent to each transmission-line fault, 
and there is no transient-stability limit. 
Transient stability becomes an impor- 
tant consideration, however, forfaults and 
switching on the Montana Power Com- 
pany system. Numerous_ high-voltage 
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P,=power output—Fort Peck generator 
@ =angle between internal voltages 


.circuits emanate from the vicinity of the 


Rainbow bus, and, if Fort Peck were to 
swing out of step for faults or switching 
on these circuits, the effectiveness of the 
interconnection would be impaired seri- 
ously. For this reason stability was 
studied for faults on this adjoining sys- 
tem. 

Power-angle curves applying to the 
different systems studied are shown in 
Figure 3. Note that system 6 offers a 
substantial increase in’ stability over the 
other systems studied, as demonstrated 
by the power-angle relations. All sys- 
tems maintain stability for switching op- 
erations on the Montana system, and all 
systems are stable for single line-to-ground 
faults occurring near the Rainbow bus 
and cleared in relaying and breaker times 
actually obtaining on the Montana sys- 
tems. System d, employing lower-volt- 
age transmission, presents a marginal 
case for single line-to-ground faults, and 
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this was one of the considerations that 
led to its discard. None of the systems 
studied are stable for multiphase faults 
near the Rainbow bus, although angle— 
time curves indicate that system 6 may 
provide a stable solution for many multi- 
phase faults that occur some appreciable 
distance beyond the interconnecting 
point. a 

Of unusual interest is the fact that sys- 
tems a and ¢ show identical power-angle 
characteristics. This is a function of the 
large line-charging kilovolt-amperes in 
comparison with total generation that 
exists in this installation. If the voltage 
is lowered somewhat, line charging is 
reduced enough to permit the Fort Peck 
generator to operate at a lagging power 
factor and, of course, at a high internal 
voltage. This increase in internal voltage 
completely offsets the increased equiva- 
lent line impedance inherent to the 
lower-voltage operation. 

The increase in stability with system 
b is due solely to the 15,000-kva shunt re- 
actor which permits genefator operation 
in the lagging range. The power-angle 
curves for the steady-state case (Figure 
3) show that system 6} will be operating 
at 79 per cent of the steady-state limit 
when full-load kilowatts (35,000) are 
generated. It was believed that opera- 
tion at above 85 per cent of this limit 
was likely to be unsafe during system 
disturbances, and this is borne out by the 
transient solution that indicates system 
d to present marginal stability for single 
line-to-ground faults beyond Rainbow. 
Systems a and c¢ eliminate this uncer- 
tainty, but the considerable extra margin 
provided by system b for relatively small 
investment was believed good insurance. 


) 


Water Rheostat 


The water rheostat was necessitated 
by the omission of the surge tanks be- 
cause of wartime conditions. . The origi- 
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nal plans provided for installation of 
three surge tanks of adequate size to 
provide satisfactory hydraulic stability 
and capacity for the ultimate installation 
of three units, with each surge tank con- 
nected to its individual penstock by a 
suitable riser. The surge rise and water- 
hammer presstire increases were com- 
suse the basis of using a five-second 
governor time for full-opening and closing 
the turbine wicket gates. 
was deemed inadvisable to use large 
quantities of critical steel plate for this 


project just after the entry of the United » 


States into the war, and the contract, 
therefore, was canceled. 


ACTUAL WAR INSTALLATION 


The completion of part of the power 
development was authorized subse- 
quently, with the surge tanks omitted. 

The omission of the surge tank for the 
installed unit developed the following 
conditions: 

1. The governor time would have to be 
slowed down materially to avoid subjecting 


the tunnel, penstock, and turbine to exces- 
sive water-hammer pressures. 


2.. Involuntary rejection of line load due to 
line faults, or other reasons, would result in 
runaway of the unit unless measures were 
taken to avoid this. 


Various schemes were investigated 
then with the view of securing smooth 
transition from steady line-load condi- 
tions to steady local-load. 

The most promising of these schemes 


appeared to be the use of a water rheo- . 


stat to replace temporarily the line load 
with an automatic arrangement for re- 
ducing the rheostat load by withdrawing 
the electrodes from the water, so that 
the unit could be transferred smoothly 
from the more or less heavy line load to 


‘the light local load.’ A detailed investi- 


gation of this procedure convinced the 
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However, it. 


authors that such operation might result 
in hydraulic instability, taking the form 
of a series of governor swings of increas- 
ing intensity with unpredictable results. 

We, therefore, suggested that, on the 
occurrence of a line fault and loss of line 
load, the unit be brought down automati- 
cally to the speed—no-load position and 
that the water rheostat be set at a fixed 
value and used only as a brake to avoid 
runaway speeds. A tank rheostat was 
installed in the powerhouse to provide for 
the suggested service. 

The following provisions were planned 
to avoid runaway conditions as far as 
possible: 


1. The line-breaker tripping relay was ar- 
ranged to energize the rheostat-breaker clos- 
ing mechanism and also to trip the governor 
speed—no-load solenoid, so that the governor 
would act to reduce the gate position to 
approximately speed-no-load position irre- 
spective of speed changes. The rheostat 
load would be tripped off then by a suitable 
mechanism, the various adjustments being 
made in such a way that the unit would 
continue to run after the gate movement 
was completed but at speed approximately 
normal. 


2. The electrical arrangement was such 
that the line breaker would open and the 
rheostat breaker would close on either of the 
following eventualities: 


Fault on the line. 


(a). 


(b). Opening of breaker at receiving end of line. 


8. An electrical fault in the generator itself 
results in the field being opened and pre- 
cludes the possibility of placing an electric 
load on the machine. In such case, the 
generator differential relays will act to trip 
the governor shutdown solenoid, causing 
the gates to close to the fully closed position. 
There is no method of avoiding a runaway 
speed under these conditions. 


WATER-RHEOSTAT TESTS 


As stated previously, the water-rheo- 
stat tank in the powerhouse was designed 
for braking service only and was not 


FAULT OHMS 
200 / with arc 

J+ RESISTANCE 

/ 

/ SURGE OHMS FOR 
100 F, DIFFERENT ANGLES 


BETWEEN INTERNAL 


Impedance values as seen by relays 
at Fort Peck 


Figure 6. 


Floor, Muller, Goldsborough—Fort Peck Project 


suited, therefore, for carrying current 
continuously for testing purposes. To 
obtain information on the effect of varia- 
tions in electrode spacing, size, and im- 
mersion, as well as for applying a steady 
load on the turbine during certain hy- 
draulic tests, a temporary rheostat was 
rigged in the tailrace. The electrode size 
could be varied from 2%/, to 8 inches 
outside diameter, the immersion from 
zero to six feet, and the spacing from 
about 7 to about 30 feet. The voltage 
also could be varied from zero to 13.8 kv. 
The resistivity of the water was approxi- 
mately 590 ohms per inch cube at 15 
degrees centigrade and was found to vary 
with temperature according to the follow- 
ing formula: 


_ 820 
Re 100098 
where 


p=resistivity in ohms per inch cube 
t=temperature in degrees centigrade 


The test results were reduced to terms 
of current density in amperes per square 
inch, as it was realized that limitation of 
current density was an important factor 
in successful operation. A few tests were 


made with twin electrodes, but it was 
soon apparent that the behavior of these 
was exceedingly complex, and the major- 
ity of tests was made with 4-inch and 
85/s-inch 


outside-diameter electrodes 


Figure 7. Distance-relay characteristics at 
Fort Peck 
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Figure 8. Schematic diagram of beam imped- 
ance element with modified characteristic 
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with test of 2/y-inch electrodes, 
Results of tests on two electrode sizes 
and 6. The 


following deductions were made from the 


one 
are shown in Figures 4 


tests: 


1, For immersions of 24 inches or more 
current density increased directly with 
voltage. For immersions of 12 inches or 
less current density inereased as a power 
of voltage greater than unity, 

2. For a given spacing (within the range 
tested) current density decreases as immer: 
sion increases, 

3. Fora given immersion (within the range 
tested) current density decreases as spacing 
increases, 

Several tests were made by rejecting 
various rheostat 
loads, and it was found that a suitable 
selection of rheostat loads could be made 


various line loads to 


which would result in reasonable pressure 
changes in the penstock and reasonable 
speed changes of the machine, so that 
the test showed that the wooden tank 
in the powerhouse, when provided with 
the proper electrodes, will prove ade 
quate for rejection at periodic intervals 
of loads of 15,000 kw and higher with the 
operating procedure as recommended. 
It was found impractical to build a water 
rheostat of large enough proportion that 
would be suitable for continuous opera 
tion or to be used for loads smaller than 
15,000 kw. 


Transmission-Line Relaying 


With the construction of the Fort Peck 
line in 1984 it became evident, becatise of 
the small difference between load cur 


rents and fault 


currents, that proper 
RESTRAINT 
E\ 
OPERATING 
16 
"5 
. | 
Io | 
\ Eas | 
Yo Ip 100% RF 
é | 
| 
M : ———M 
Ip Ip Ur 
(a) (b) 


Figure 9. Vector diagram of current and volt- 
age forces acting on the beam 


Figure 10. Schematic trip-circuit connection 
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protection could be provided only by 
zone-type distance relays, and, therefore, 
impedance-type relays were — selected, 
Whereas there was little difference be- 
tween the load-current and fault-current 
magnitudes, there was a wide difference 
in their phase-angle positions, Accord- 
ingly, the phase-angle characteristic of 
a standard impedance relay was ac- 
centuated and shifted to the proper 
operating zone by manipulation of the 
capacitor potential devices, and these 
relays have given very satisfactory serv- 
It is believed that 
this was the first instance of the appli- 


ice for several years. 


cation of a phase-angle discriminating 
feature to a distance relay in order to 
cope with the conditions on an extremely 
However, with 
the addition of the generating equipment 
at Fort Peck, the conditions with which 
the distance relay must have 
changed, and it has become desirable to 
extend further the  phase-angle 
criminating capacity of the impedance 
relays, 


long transmission line, 
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Figure 11. Impedance values as seen by 


relays at Rainbow 


The new conditions presented to the 
relays are the presence of synchronizing 
surges on which relay action is not de- 
sired until the surges approach actual 
out-of-step conditions. The conditions, 
as an impedance relay located at Fort 
Peck sees them, are shown in Figure 6 
which gives the magnitude and phase 
angle of the impedance ohms which are 
presented to the relays. ‘The impedance 
vectors, designated by angles from 90 
to 170 degrees, represent the ohm values 
as seen by an impedance relay obtaining 
its current and voltage from the 161-kv 
line at Fort Peck for different angles 
between the internal voltages at Fort 
Peck and Rainbow, as. indicated. It 
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; ot 
may be noted that the maximutn loady | 
ohm vector is considerably longer than 
both the fault-ohm vector and the surge- 
ohim vectors, and, therefore, a standard . 
impedance relay could be set to trip 
for faults but not for load currents. 
However, it has been determined that 
the system can experience surges up to 
130 degrees between internal voltages, 
and still recover synchronism after an 
external fault is cleared. If the internal 
voltages at Fort Peck and Rainbow 
more than 180 degrees, ac- 
tual out-of-step conditions are reached, 
and the line must be opened. Tt is clear 
from Figure 6 that a standard impedance 
relay, when set to trip for faults at Rain- 
bow, will trip also for surge conditions 
from which the system can recover, since 
the surge-ohm values are too close to the 
fault-ohim values, 


deviate 


It was desired to have at Fort Peck a 
relay characteristic which would provide 
instantaneous tripping for faults over a 
portion of the line, time-delay tripping 
for faults over the remainder of the line, 
with time-delay backup tripping for 
faults “beyond the Rainbow terminal, 
and instantaneous tripping on swings 
beyond a 130-degree angle between in- 
ternal voltages, This tripping character- 
istic is depicted in Figure 7, Instantane- 
ous tripping is provided by the impedance 
element Z1, and the directional element 
over the area bounded by the points 4, 
B, 140 degrees, C, and 0. A second 
impedance element trips in the area 
bounded by the points O, J, D, B, and P. 
This second element trips through a 
timer, the operation of which is con- 
trolled by the directional element and a 
third element 73. The Z3 element is a 
modified impedance element which oper- 
ates for any impedance vector that ter- 
minates inside the circle O, J, D, H, F. 

To change the characteristic of a 
beam-type impedance element into a dis- 
placed circular characteristic, as shown, 
no change in the beam element itself is 
required, Figure 8 shows schematically 
a beam element with the familiar split- 
phase voltage restraint on the rear end 


of the beam and a current coil on the 
front end. The restraint end of the — 
beam, instead of being supplied with a 
voltage only, is supplied with the vector 
sum of a current and voltage. The delta 


current Jy-J, is supplied to a primary 
winding of a transformer, while the 
voltage Ey, is supplied through a phase — 
shifter to another winding, The second- 
ary winding feeds the standard split- 
phase voltage coils. The current Iy-Jp_ 
also flows to a current coil on the contact — 
end of the beam. 


 Ta= n= Ip. 
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The action which takes place to cause 
the element to have a circular character- 
istic can be seen from the vector diagram 
in Figure 9. This is drawn for the case 
where the center of the circle is to be 
placed on the X axis and passed through 
zero. The current J, in the transformer 
winding is in phase with the voltage 
E,4,,at 100 per cent power factor, but the 
voltage E, applied to the other winding is 
shifted 90 degrees leading. The operat- 
ing energy on the front end of the beam 
is represented by the vector J, although 
this is the same current as that operating 
on the rear end of the beam. While the 
current on the front end is shown as a 
vector, no vector relationship exists 
between the pull on the front end and the 
pull on the back end of the beam, since 
the beam has substantially no response 
to the phase angle between the forces 
on the two ends. It is arranged that the 
current Ig produces a mechanical force 
on the front end of the beam equal to the 
force produced by the current on the 
back end of the beam when no voltage is 
present. For fault currents lagging 90 
degrees it is easy to establish the condi- 
tions for a balance’ point. For instance, 
if the voltage E, is assumed to be 12 
units, then it is evident that the current 
I, directly opposite must be 6 units in 
order for the net restraint of 6 units just 
to balance an operating force of 6 units. 
If the current lags the voltage less than 
90 degrees (say I,’), it must be increased 
to a value such that the vector sum of 
TI,’ and E, (or I’) still equals Ip’, because 
the operating current Ip has increased at 
the same rate, in order to maintain a 
balance point. It can be seen from an 
inspection of Figure 9 that the current 
I, and Ip for any angle must terminate on 
the straight line 7M in order to make the 
scalar value of the vector sum E\+Jp= 
In other words, the line MM 
represents the locus of balance currents 
for a given voltage E,. Division of the 
voltage E; by the balance currents gives 
impedance values, which plotted on R 
and X co-ordinates gives a circle with its 
center on the X axis and passing through 
zero. The center of the, circle can be 
placed on any other axis by regulating 
the angle a between E, and Eyz. For 
instance, if w is less than 90 degrees, the 
circle center is at a point between the 
+X and —R axes; if a is between 90 
and 180 degrees, the center is between 
the +X and +R axes. 


The aforementioned element follows 


the equation EI cos (a+0)=E’, and 


such a characteristic has been used for 
a number of years in connection with an 
induction element. It may be noted, 


however, from .the equation that, for 
close in faults where E approaches zero, 
the energy in the element also approaches 
zero resulting in sluggish indecisive ac- 
tion. It is interesting to note that a 
beam element following this same law 
is not operating under a low-energy con- 
dition. On the contrary, since heavier 
currents are obtained for close-in faults 
on long lines, the energy in the beam is 
even greater when the voltage is zero. 
Positive high-speed operation, therefore, 
at zero voltage is readily obtained by 
very slightly increasing the current pull 
on the front end of the beam with respect 


to the current pull on the rear end. 


RAINBOW RELAYS 


The ohmic picture presented to the 
relays at Rainbow on the 105-kv bus is 


Figure 12. Distance-relay characteristics at 
Rainbow 


shown in Figure 11. Here the only re- 
quirement is that the relay character- 
istic distinguish the surge ohms through 
130 degrees and the load ohms from the 
fault ohms. Figure 12 shows the char- 
acteristic chosen. Here, however, it was 
desired to set Z1 element well into the 
transformer bank at Fort Peck with Z2 
set beyond the low-voltage bus and Z3 
even farther. Because of the long setting 
on Z1 element, and also to take care of 
possible future increases in the capacity 
at Rainbow, it was considered desirable 
to supervise the Z1 element through the 
Z3 element. This was done by moving 
the Z1 trip connection from point P to 
point Q on the schematic diagram in 
Figure 10. Placing the Z1 element 
effectively in series with the 73 element 
means that the Z1 element can no longer 
trip independently for close-in faults, 
and the Z3 element must operate posi- 
tively for all faults. As mentioned pre- 
viously, the beam element possesses 
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plenty of energy for faults giving zero 
voltage, even though its characteristic 
circle passes through zero. The element. 
however, possesses an additional ad- 
vantage in that a definite margin of safety 
can be attained. This is done by passing 
the circle beyond zero as shown by the 
dotted circle Z’3 of Figure 12. This is 
accomplished very easily by increasing 
the current force on the front end of the 
beam in relation to the current force on 
the restraint end of the beam. The 
amount that the zero point is projected 
into the circle is regulated by the excess 
force on the front end of the beam as 
compared with the current force on the 
back end, and is accomplished very 
readily by manipulation of the current 
taps and core screw on the front end of 
the beam. The diameter of the circle, or 
the ohm setting, is regulated directly 
by manipulation of the current taps on 
the beam and on the transformer-pri- 
mary current coil in unison, keeping the 
relative ampere turns constant. 

With only a single high-voltage line 
involved, no high side switching is em- 
ployed, and the differential relaying on 
the two terminal transformer banks 
The im- 

isolate 


cannot isolate low side faults. 
pedance relays 


described will 


Figure 13. Distance-relay characteristics for 
carrier-current operation using four elements 


| TO ‘ENERGIZE RECEIVER 
RELAY OPERATING COIL 


TO TIMER CONTROL 


TO CARRIER START 


Figure 14. Schematic trip connections for 
relays in Figure 13 
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promptly in each case phase faults occur- 
ring at the far end of the line, but ground 
faults will not be handled if they occur on 
the low-voltage side of the transformers. 
For this reason the differential relays 
at each location are arranged to trip 


TO TIMER CONTROL 
F4h— TO GARRIER START 


Z! Z2 


a three-phase grounding switch; an 
artificial phase fault is thus created; and 
the impedance relays clear promptly. 
These two grounding switches are shown 
in Figure 1. At Rainbow a high-voltage 
spring-closed switch is used, while at 
Fort Peck an existing 15-kv breaker is 
used. 


Carrier-Relay Schemes 


While carrier-relay operation was not 
involved on the Fort Peck project, it is 
interesting to see how the characteristics 
discussed previously could be fitted into 
a carrier scheme. There are several 
ways in which the standard three-zone 
impedance relay can be provided with 
various combinations of characteristics 
and be used in a carrier artangement 
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_-FAULT OHMS 


suitable for long lines. Figures 13 and 
14 show one possible combination. Car- 
rier is started for external faults by the 
Z3 element with a displaced circular char- 
acteristic. Instantaneous tripping in- 
dependent of carrier is provided by the 
directional element D and the Z1 im- 
pedance element over a portion of the 
line. Carrier tripping over the whole 
line is provided by D and Z2 element 
with a displaced circular characteristic, 
while backup time tripping beyond the 


Figure 15. Distance-relay characteristics 
and connections for carrier-current opera- 
tion using three elements 


line is provided by D, 22, and 72 ele- 
ments, 

In some cases it may happen that the 
maximum swing conditions from which 
the system may recover involve minimum 
ohmic values for which tripping is not 
desired in the general region S and S’. 
The Z2 element can be made unrespon- 
sive to these surge-ohm values without 
changing its response to fault ohms by 
contracting the circle into the position 
shown by the dotted circle Z’2. It may 
be recalled that the zero point on the R 
and X diagram definitely can be placed 
inside the circle by overbalancing the 
current force on the front end of the beam. 
Conversely, the zero point definitely 
can be excluded from the circle by under- 
balancing the front-end current force. 
The diameter and position of the circle 
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are regulated as before by the current taps 
on the operating and restraint ends of the 
beam. It is, therefore, evident that the 
circles Z1 and Z’2 can be positioned, so 
that tripping on severe synchronizing 
surges is prevented, but adequate cover- 
age of the fault-ohm area is obtained. 

Since the characteristic circle of the 
beam element can be adjusted to any 
diameter and its center placed anywhere 
with respect to the R and X axes, another 
combination is suggested using even less 
elements. This is depicted in Figure 15 
where the circles of Z1 and Z2 overlap 
to provide good coverage in the range of 
the fault ohms, restriction in the range of 
load current and surges, and also 
coverage for external faults. Carrier is 
started by Z1 and Z2 and is removed by 
D, Zi, and Z2 elements which also pro- 
vide a time-delay backup. Complete 
carrier and backup protection, as far as 
the distance relay is concerned, is thus 
accomplished with only three elements 
per phase. 


Conclusions 


The further extension of the phase- 
angle discriminating feature of the im- 
pedance relays, which have provided 
protection for the Fort Peck line since 
1934, has enabled this same type of relay 
to accommodate the more severe condi- 
tions imposed by the addition of gener- 
ating capacity at Fort Peck. 

The addition of the movable circular 
characteristic to a beam-type impedance 
relay, with the easy ability to regulate the 
diameter and position of the circle, has 
opened up new possibilities in the pro- 
tection of electrically long lines without 


' the necessity of increasing the number of 


relay elements. 

The use of shunt reactors to equalize 
voltages and increase transient-stability 
limits will increase as long line sections 
at very high voltages become more preva-_ 
lent. 
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Steady-State Stability of Synchronous 
Machines as Affected by Voltage- 


Regulator Characteristics 


C. CONCORDIA 


MEMBER AJEE 


TEADY-STATE stability of syn- 

chronous machines is an old subject, 
and the fact that voltage regulators may 
on occasion increase the stability limit 
is more or less well known,! The present 
paper, however, aims to~ contribute to 
the knowledge of the subject by: 


(a). Presenting a method for calculating 
directly the gain in steady-state stability 


_with a given regulator and excitation system 


and also for predetermining the optimum 
regulator and excitation-system character- 
istics to give maximum gain in stability for 


_ a given synchronous machine or set. 


(b). Presenting the results of calculations 
by the methods developed for certain typical 
systems so as to give some notion of the 
possible gains under various conditions. 


' The relations developed may be used 
to study the effects of regulator and 
machine characteristics, power factor, 
regulator location, and so forth. An im- 
portant application of the analysis is the 
case of electric ship propulsion, where the 
size and weight of the generator and 
motor are in part determined by the 
steady-state stability characteristics. 
The method of analysis consists in first 
setting up the transient equations of the 
system, then considering small displace- 
ments from any given equilibrium condi- 
tion. The equations for small displace- 
ments are linear and may be tested 
directly for stability. 


Conclusions 


From the results shown here, and from 
additional calculations which have been 
made, the following conclusions may be 
stated: 


1. A properly designed voltage-regulating 
system can increase the steady-state sta- 
bility limit of a synchronous machine by a 
considerable amount. 


2. Fast regulator and exciter action and 
low transient reactance are desirable. On 
“the other hand, the amplification factor of 
the regulating system must be co-ordinated 
properly with the machine and system 
constants rather than made as large as 
possible. 


- 3. The possible gain in power limit for two 


synchronous machines is considerably 
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greater than for a single machine connected 
to an infinite bus through a tie line. 


4, Amortisseur windings have little effect 
on the possible gain in power limit. 


5. Although the exact value of exciter time 
constant is not important, additional lags in 
the regulating system should be avoided, as 
they reduce the gain considerably. Some 
exciter time lag actually may be beneficial in 
increasing the permissible range of regulator 
amplification. 


6. For maximum gain in power limit, a 
regulator with broad regulation and rapid 
response should be used. A very slow droop- 
correcting device could be used to maintain 
constant voltage over a range of load. 


7. A regulator stabilizing transformer has 
little effect on the maximum gain but can 
permit a much narrower voltage regulation, 
which may be desirable for other reasons. 


8. The division of transient reactance 
between two otherwise similar machines 
(acting as motor and generator) makes little 
difference, but, if the field time constants 
of two otherwise similat machines are 
different, the maximum power limit is 
obtained if the field of the machine with the 
smaller field time constant is regulated. 


Analysis 
PRELIMINARY REMARKS 


Before entering on the detailed mathe- 
matical analysis a more or less general 
review of the fundamental concepts in- 
volved will be given. 

For a single round-rotor synchronous 
machine connected to an infinite bus 
through a tie line or for two round-rotor 
machines the steady-state power transfer 
(with zero resistance) is given by 


_ EE 
x1 +x 


tz 


sin 6 
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where E is a machine excitation or the 
voltage of the infinite bus, x is a machine 


_ synchronous reactance or the tie-line re- 


actance, and 6 is the angle between the 
two excitation axes. 

It may be recognized that in the steady 
state (or generally, if the effects of rotor 
circuits are neglected) there is analyti- 
cally no distinction between a tie line 
with its infinite bus and a second machine. 
The distinction lies rather in the values 
to be assigned to the various parameters 
and in the interpretation of the quantita- 
tive results. 

For two equal machines or for a ma- 
chine connected to a tie line of equal react- 
ance with x, =x2= 1.0 and with the excita- 
tions set at some fixed value, for example, 
to give rated current at unity power factor 
and unit terminal voltage 


> 1 
E,=E,= = 


cos 45 


=1.414 


(see Figure 6), and the power transfer is 


(AI ' 
P= —, sin 6= sin 6 
The power limit occurs at 6=90 degrees 
And 1S Pan = 1.0; 

If, on the other hand, the excitations 
are not constant but are controlled so as 
to maintain unit voltage and power 
factor, then 

1 
E, =E,=—— 
1 ‘2 3 
cos — 
2 
and the power transfer is 


2: EE: sin 6 


= Si ———————— a 


Mit+x2 


tan 


bo | & 


2 cos? = 


Now the power transfer increases with- 
out limit as the angle 6 is increased from 
0 to 180 degrees. The new torque-angle 
curve crosses the old torque-angle curve 
at 6=90 degrees. The question of the 
meaning of this result, particularly of 
the possibility of stable operation in the 
tegion 6>90 degrees, now naturally 
arises; the answer is found in the kind of 
control used. If the excitations are con- 
trolled slowly, for example, by hand, so 
as to return the terminal voltage to 
unity only after a deviation is noticed, 
the power limit again will be found at 
6=90 degrees. One may imagine the load 
increased in small steps. At each step 
the terminal voltage is returned to unity 
by an adjustment of the excitations, and 
then the system is tested for steady-state 
stability in the conventional way by 
noting whether or not a small increase in 
angle with fixed excitations results in an 
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-0.1 -04 -10 -4 -10 
a =AE/A6, 
REGULATOR AMPLIFICATION 


increase or decrease in power transfer. 
However, if the excitations are controlled 
automatically to maintain constant ter- 
minal voltage continuously and _ in- 
stantaneously, regardless of load or angle, 
and even during the stability test, the 
relation P=tan 6/2 will hold instantane- 
ously, and there no longer is a stability 
limit. In order to maintain the constant 
terminal voltage required for such stable 
operation it is necessary to have a flat 
regulator (that is, one with an infinite 
amplification factor, a= — ©) and no time 
lags in the regulator, exciter, or even in 
the main machine fields, so that the ex- 
citations are corrected instantaneously. 
Such action is, of course, practically 
unrealizable because of the time lags in- 
herent in any system. Moreover, both 
excitations also increase without limit as 
the angle 6 approaches 180 degrees. 

It is shown in equation 33 that, for a 
single machine connected to an infinite 
bus through a tie line of reactance x= 1.0, 
instantaneous control of only one excita- 
tion is sufficient to allow stable operation 
at any angle up to 180 degrees as the 
amplification factor is increased, but the 
amplification factor now must be twice 
as large as that required if both excita- 
tions are controlled instantaneously. 
Of course, the conditions of unit terminal 
voltage and power factor imply that, in 
any case, the excitations or the infinite 
bus voltage must be adjusted (possibly 
by hand) to maintain these conditions. 
Thus; in the limit both excitations still 
approach infinity as before. 

If the actual case considered is really a 
tie line to an infinite system, rather than 
two machines, motor and generator of 
equal size, it would seem more reasonable 
to study the condition in which the in- 
finite bus voltage as well as the machine 
terminal voltage is maintained at unity, 
letting the terminal power factor fall 
where it may. Then with a tie-line re- 
actance and machine reactance each equal 
to unity, the power limit unregulated 
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T,=0,400 < Ty <4000 
Tr = To =400 
Tr = 400, To = 
Tee 800, To= 


Figure 1 (left). 
Effect of auto- 
matic voltage 
regulator on 
steady-state sta- 


2000 bility limit 


2000 


Bh: %)=400 

© Ty=400,T)= 2000 
D T,= 800, To = 2000 
E Tr To20 


Figure 2 (right). 
Effect of auto- 
matic voltage 
regulator on 
steady-state -0.1 
stability limit 


POWER-P (PER UNIT OF UNREGULATED POWER LIMIT) 


can be shown to be Pmax=0.866, and 
‘Gdeally” regulated (to maintain unit 
terminal voltage instantaneously) to be 
Pmax=1.0. The maximum possible im- 
provement is seen to be very much smaller 
than for the two-machine case. 

In order to make it easier to follow, the 
mathematical analysis is presented first 
as applied to a single machine and next, 
in less detail, as applied to two machines. 

A. Single Machine and, Tie Line. 
This section is concerned with the effect 
of a voltage regulator on the steady-state 
stability limit of a synchronous machine 
connected through an impedance tie to an 
infinite bus. The regulator is responsive 
to changes in terminal voltage or in 
voltage at any specified point on the tie 
line and acts on the field voltage of the 
synchronous machine. (The “regulator” 
of this section includes the whole regulat- 
ing and excitation system.) The nota- 
tion and assumptions of Park? are fol- 
lowed. 

For the synchronous machine 


€a=PG(p) E—24(b) tat [%Xq(b)tq] (4) 
€g=G(p) E(p0) —xa(p)ta( pO) —2¢(P)t (1) 


-04 -1.0 AS -10 


a= AE/Aeg 
REGULATOR AMPLIFICATION 


Machine-torque equation ; 
T =Waig—Vgia+ Mp9 (3) 
where 
M=4sfH 
From equations 1, 2, and 3 the equa- 


tions for small changes from a steady- 
state operating position are 


Aeg = pG(p) AE—24(p) Atg+xq(P) Aty— 
VooP Aé 
eg=G(p) AE —xa(P) Ata —29(P) Atgt+Vaoh 46 
Aeg=2(p) Aig—x Atg+ (€ cos 6 —Xigop) AS 
Aeg =x Atg+2(p) Aig —(e sin 6—xXtgop) Ad 
AT= tqoG(P) AE— [Woot teoxalP) ]Ata+ 
Waot+taor%g(P) ]Aig+p?M Ad (4) 


The regulator introduces a change in 
field voltage E as a function of the change 
in magnitude of the terminal voltage eq 


AE = (p) Aeq (5) 
where 


é2= ea? te,? 


“and g(p) is the operational expression for 


the action of the regulator 


Aeg =a’ Aeat eq’ Aeg 


€a’ =€ao/ ao €q' = €g0/€a0 (6) 
Similarly, for the tie line Ted 
€q=e sin 6+2(p)ig—Xig( pO) AE=g(p)(eq’ Aegteq’Aeg) (7) - 
€g=e cos 6+ xig(p0) +2(p) i, (2) 3 : : : . 
If equation 7 is substituted in equations 
4, equations 4 become 
Aeég Leg Ata Aig A6 
IgG (p)g(p) ea’ IgoG(P) g(P) eq’ Woo = WoraP) Vaottao%q(P) pM = AT 
PG(P)E(b)ea’—1) PG(p)g(p)eq" —2a(P) Xq(P) —Vaob =0 
G(b)g(p)ea’ |G(b)g(b)eq’—1 —xa(P) —24(b) YaoP = 
—1 0 2(p) —x € cos 6—Xiggpb |=0 
0 —1 6 2(p) —esin 6+xtg,p|=0 (8) 
In order to test the stability of the sys- 
where tem, the determinant of the coefficients 


2(p) =r-+px for the tie line 


6 is the angle by which the machine 
leads the infinite bus voltage e. 
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of equations 8 is expressed as a polynomial 
in p, and the signs of the real parts of the 
p roots are investigated by Routh’s or 
Hurwitz’s criterion. 
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The required initial steady-state condi- 
tions for given E, e, and 6 are 
—(ratn)e sin 5—(«+x,)(ecos 6—E) 
(rar)? + («+xa) (x +24) 
Bank + (x«+xg)e sin 6—(rg+r)(ecos6—E) 
i (rar)? +(x +24) (x +xq) 


bao =E—Xatao 
Vadi= —Xqtao 


ldo = 


Co = Wao —Valgo 
€do = —go—Tatao (9) 


When amortisseur windings are neglected, 
the operational impedances are 


'T. He 
xa(P) oem Xq(p) =Xq 
1 
CT pia es 


If it is assumed that the regulator and 
exciter performance can:be expressed as 
a static change (a) in field voltage E per 
unit change in terminal voltage e,, to- 
gether with a time lag expressible as an 

- equivalent single time constant 7,, then 


a 


T,pt1 


Other more exact operational relations 
may be used in the equations, but equa- 
tions 10 and 11 are the simplest and are 
sufficiently exact for an initial study. 
t If components of voltage caused by the 
rates of change of flux linkage and of 
\ angle are neglected, equations 8 become 


- g(p)= (11) 


ny 
CS 


bo 
° 


ANGLE 


POWER -P (PER UNIT OF UNREGULATED POWER LIMIT) 


Tr/To 


Figure 3. Effect of ratio of excitation and 
regulation-system time constant to field time 
constant on steady-state stability limit 
Maximum stable operating conditions, by 
equation 34 

> 


For 
Xq=X_(p) =1.0, (Wao +taoXy(P)) =E 


B. Two Machines. The case of two 
synchronous machines with a voltage 
regulator responsive to the common bus- 
voltage magnitude and acting on either 
or both machine fields is considered in 
this section. 

To simplify the analysis the armature 
resistances and the components of voltage 


Aeg Aeg Aig Aig Aé 
IgoG(P)g(p) ea’ IgoG (p) g(pey’ —V¢o = IgoXa(P) VaottaoXg(P) | pM | = AT 
=i 0 —tra Xq(P) OH ca) 
G(p)g(p)ea’ | G(p)g(p)eq’—1 | —xalb) ata A fd 
Tine 0 | r —x ecos 6 =0 
0° —1 x r —esinéd |=0 (12) 


If, in addition, armature and line re- 
sistance are neglected, equations 8 are 


caused by rate of change of flux and rate 
of change of machine angle were neglected 


reduced to finally in section A. These assumptions 
3 Aea Aeg Aig Aig Ab 

7 igoG (p)g(P)ea’ lgoG (Pp) g(p)eq’ —vqo0 —tgoXa(P) Wao t+taoXe(P) pM {= AT 

} ey 0 0 x,(P) 0 =O 

y G(p)g(pea’ | G(p)g(p)eq’—1 —xa(P) 0 0 =0 

— -1 0 0 —%x ecosd |=0 

‘ 0 1 x ny) —esind |=0 (13) 


Equations 13 imply that the voltage 
equations are reduced to the form 


Aeg=—Atg  Aeg= Ava 


From equations 13 the characteristic 
determinant is 


D=igoG(p)g(b)ea'Xq(p)xe cos 5— 
[Woot tgo%a( Ph) ] [xq(p) +x Je sin 6+ 
Waottaoxq(P) \[xa(p) +x —xG(p)g(p)eq' le X 
cos 8+ pM [xq(p) +«] [xa(p) +x — 
xG(p)g(p)eq’ |—Yao i= {2x4(p) +x} X 
G(p)g(p)eq’e sin 6+ 
Xo(P)G(p)g(p)ea’e cos 6] (15) 


(14) 
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have been justified, not only from a 
common-sense consideration of the orders 
of magnitude of the quantities involved 
but also by the fact that test results 
have shown fairly good agreement with 
calculations. One then may write for 
each machine, as in equations 14 


Aeég = — aX Avg 


Meg =a Ava (16) 
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For machine 1 


ea, = ovXqi(P) Aig 


Meg, = — woX a, (P) Atgi + w0Gi(p) Ai (17) 
For machine 2 

Dear = @oXgo(P) Aigo 

Aeq = —worar(P) Mia, t woGe(p) AE, (18) 


Connection of the two machines to a 
common bus results in the relations 


Cd, = Cai COS b12— Eg; Sin 612 
€q2 = ai SiN 512+ eg; COS 412 
1g, = —1q, COS b+ 7%; Sin 512 
Igo = —1q; SiN 5121; COS b12 


(19) 
or, by differentiating 


eg. = Aeg, COS 612 — Aeg, sin 612 — 
| (éq, Sin b2+€g, COS 512) Adie 
Deg = Aa, sin b12+ Aeg, cos d12+ 
(€q, COS 512 — gq; Sin 512) Adj2 
Atgs = — Aig, COS 512+ Atg sin d12-+ 
(tay sin S124 q1 cos 612) Adj2 
Atg = Aig sin d)2— Ata COs 612 — 


(da cos 512 tr sin 512) Adie (20) 


Substituting equations 20 in equations 18, 
one obtains 


Aeg: COS 612 — Aeg, sin 612 
= — wor g(P)( Ata: sin 512+ Atg cos 612)+- 
[ea1 sin 5:2.+-&g, COS 512 — 
WX go(P) (ta, COS 512 — 4g; SiN 812) | Ady 2 
Aeg, sin 612+ Aeg cos 612 
= + a0%a2(P)( Ata; Cos 612 — At; sin 612) — 
[€a1 COS 512 — g; Sin 642+ 
woXan(P) (Zar Sin 612-++%g; COS 612) | Adia+ 


woG2(p) AE, (21) 


As in section A, the field voltages are 
given by 


AE, = g1(P) Meg = g1(P) (€ar’ Aear +g’ Aeqi) 
AFy = g2(p) Meg = g2(P) (€ar’ Aeai +eq1’ Ae) 
(22) 


where gi({p), go(p) are the regulator and 
excitation-system characteristics for 
machines 1 and 2, respectively, and the 
torque equation of machine 1 is 


4iGi(P)gi(P) (Car! Mea +eqi’ Aegr) — 
Wa +inxa (Pp) ]Atai+ 
Wait aX qu (p)] Aig, +Mip?A%i=0 (23) 


Now from the voltage equations 19 
and with the equations eg= —wop, and 
€g= aa (by neglecting py and r,), one 
may obtain 


Yo =a COS b12+YWar sin b12 


Ya = —Va sin b12+Wa cos 12 (24) 


Thus, the flux linkage is transformed 
just like the voltage, and it then may be 


shown that 
daa —UWar = — (tahen — tqoWar) (25) 


As the electrical torques of the two ma- 
chines are equal and opposite, and if there 
are no mechanically applied damping 
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A 020920; Tr /Tr 20 ' The determinant of the confhilente of! 
XqizlO  Xqy 21.0 X41 70.55 . ee Lae Xqgo=l.0  Xqe=l0 Xd2=0.4! equations 11 is 
Mj=345 To1630 Tri= 295 D aj? se Ty Te U eae f M P| xarXertXarXqrt (axe txartq) X 
a\= REG. AMP. FACTOR F Gabel Ty Tret0 02=REG. AMP. FACTOR Betis ee sin? 6—Gigi X 
G a,20,0920; Tr/Trae0.l Xqi(Xa2—X qe) ear’ sin 6 cos 6+ 


120 lg! (Xa2X% qo XarXqi COS? 5-4 XyiXq sin? 6) | — 
—-s Gogo [xq (Xai + X%q2)€ar’ sin 6-+-x a, X 
2 UNSTABLE ~ (qi t+%q2)eqr’ cos 5] } + (War tiarxq) X 
& 110 rN . { (€as — arta) [(Gigieg’ — lee —%a1] x , 
ra} /| sin 6 — (€g2+Xqzta2) ([(Gigiég:’ —1)xa2— Xa] X + 
= /| cos 5+ xq G282eq1’) } ata (Va +igxa) x 
Aa (Gogoear 'Xq1) (et Xqitaz) +Gigieas'%qi x 
2100 v4 { (a —Xa:ter) (Wer — tg%q2) sin 5 — 
| (€g2+Xg2tan) (Wa —tgXq:) COS 5} an 
2 (War (Gigieg’ =) —tyXar }1(az —Xartq2) x 
= 90 (Xq+-%q2) COS B+ (C2 +-Xyzta2) X 
-0. -0.4 -4.0 -| y (aq Xa) sin 5] (28) 
a= AE/Meg 
REGULATOR AMPLIFICATION where in equation 28 G,(p), xa(p), and 
Figure 4. Effect of voltage regulators on steady-state stability limit so forth have been wittten tor en aeemiamen 
A a\=09=0; 1 /Tr =0.0 as Gj, Xn, and so forth; w) has been taken 
XqitlO XqiZhO Xq)=0.55 B 0,7090; Ty /Tr +01 EqerhO mi Agat 80, Ka2g 0-4! as 1.0; and 6,2 has been written simply as 6. 
Mi2345 Tp,21630 Ty, =293 5 a orm ie rae _ Toz#8!7 Tr2#293 For the special case xq,(0)=xa(0) = 
E 0,=0,0270; Tr/Tn#0.t . XalP) = Xe(p) = ea = power factor = 1.0 
0,=REG. AMP. FACTOR BCE EB Ta TrasO . 02=REG. AMP. FACTOR (two round-rotor machines with equal 
G a)=0,09=0; Trb/Tro= 20.1 


steady-state reactances and equal ex- 
citations) the determinant 28 reduces to 


UNSTABLE le ae 


a 6 
Ste Sc Saisie 2 cos? 2 up) [xa (p) +%a2(p) 1X 
N 
2 / = XN Nin (1+ cos? 6) + [1+x@,(P)xa2(P) ] sin? 6 — 
as LINN was cavemen 
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External reactance x. 
Terminal power factor. 
Transient reactance xq’. 


Moment of inertia M. 


oN DOH 


. Location of regulator (that is, at ma- 
chine terminals or along tie line). 


9. Quadrature axis reactance xj. 
10. External resistance r. 
11, !\Amortisseur characteristics. 


12. More complex regulating systems, in- 
cluding stabilizers. 


A study of the effects of the first three 
of these quantities has been made with 
the remaining quantities fixed at the 
values 


x =X_=XxXq=1.0 

Power factor =1.0 

Xa" =0.3 

M =4,000 (or H=5.3) 

Simple regulator at machine terminals 
r=0 

No amortisseur . 


(30) 


Under these conditions the maximum 
operating angle with no regulator is 
6=90 degrees, and with unit terminal 
voltage (e,=1.0) the machine field and 
infinite bus voltagesare E=e= (cos6/2)—}. 
Also, from equations 9 


6 
sin? - , 5 
; 2 vgo= —teo= — Sin - 
lio = 3 2 
cos ~ 
2 
3 Cao = ldo = —Yqo = Sin 2 
Igo = sin 3 
6 
5 qo = =Vao= Cos= (31) 
Wao= Cos = 2 


2 


From equations 10 


_03T,p+1 
xa(p) = Tip 
Xq(p) =1 
; 1 
Gib) = 
T+ 


If some of these relations are substituted 
in equation 15, it becomes 


+P4M[+T,To(1+xa')] cos? > 
+PMM|To(1+%4!)+2T_] cost 2 
+p? au(2—c cos u cos? Bess 

\ 2 2 


. 2T;To[(1 +x’) cos 5+(1—xq’) sin? ai} 


+P{2To[(1+x4') cos 6-+(1—aq’) sin? 5]+ 
4T, cos 5} 


+(4 cos 6—2a cos 4) (32) 
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Equation 32 is in a form such that, in 
addition to the quantities studied, the 
rotor-inertia M and transient-reactance 
xq’ can be varied also. 

Results for Single Machine. Figures 
1 and 2 show some of the results obtained. 
Figure 1 shows the maximum permissible 
operating angles between the machine and 
the bus, and Figure 2 shows the corre- 
sponding power limits as functions of the 
amplification factor a of the regulating 
system. Curve E, for no time lags in 
either the regulator or machine field, 
that as,.for 7-=7,=0,. is seen from 


PF. «LO 

MACHINE REACT =1.0 
LOAD CURRENT «1.0 
AMPLIFICATION = AE ¢/Aeqg 


PER CENT DROOP-NO LOAD TO FULL LOAD 
ry 


of 


REGULATOR AMPLIFICATION 


Figure 7. Relation between regulator ampli- 
fication and voltage droop 


equation 32 to be given by the simple 
formula 


2 cos 6 


bey (33) 
cos 3 

The maximum stable operating angle is 
6=180 degrees (90 degrees between the 
machine direct axis and its terminals and 
90 degrees between the machine terminals 
and the bus voltage) for a= — ~, witha 
corresponding infinite power (see section, 
“Preliminary Remarks’’). 

If 7,40 (with T,=O still) the possible 
increase in power limit is at once very 
much reduced, and an upper limit of 
(—a) is found (see curve A). It may be 
shown that, for all of the curves of Figures 
1 and 2, the maximum stable operating 
angle occurs when the coefficients of p! 
and p° in equation 3 are simultaneously 
equal to zero. For these cases the maxi- 
mum possible stable operating angle is 
given by the formula 


cos 3=b—-V b2+41 


where 


, T; 


0 


(34) 


b= 
2(1—x@’) 
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RF =1.0 

MACHINE REACT=1,0 

AMPLIFICATION: ME,,4 /A6 
fld 

INC. REG. = deg /dig i 


INCREMENTAL’ REGULATION-PER CENT 


oO 20 40 60 80 100 
CURRENT - PER CENT 
Figure 8. Relation between incremental regu- 
lation and regulator amplification 


Figure 3 shows a plot of equation 34. 
This equation has been verified only in 
the range studied and should not be 
used over a much wider range without 
further check calculations by equation 32. 
The required values of regulator ampli- 
fication factor a@ corresponding to the 
conditions of Figure 3 may be found from 
equation 33. 

If 7,/T,=0, the maximum possible 
stable operating angle is that corre- 
sponding to 7,= ©. This may be seen 
by comparing equation 34 to the case 
T,= ©, T,=0 in equation 32. Setting 
T,® © is equivalent to maintaining con- 
stant field flux linkages, in which case the 
steady-state power limit may be cal- 
culated by replacing the direct-axis 
synchronous reactance by the direct-axis 
transient reactance in the salient-pole 
synchronous-machine power-transfer for- 
mula, and the regulator action need not 
be considered. (Similarly, in the case of 
two regulated machines, the direct-axis 
reactances of both machines may be 
replaced in the limit by the direct-axis 
transient reactances.) Note that the 
power limits so obtained may be con- 
siderably different from those which 
would be found by replacing both xg and 
Sobys vas 

Curves B, C, and D of Figures 1 and 2 
show the further reduction caused by the 
introduction of a time lag in the regula- 
tion and excitation systems. Although 
a time lag decreases the maximum attain- 
able angle and power limit, it allows opera- 
tion over a considerably greater range 
in regulator amplification factor a. 

If T,=0 but T,>0, no improvement in 
stability is possible. To the contrary, 
any attempt to control the field voltage 
reduces the stability limit. This is evi- 
dent from equation 32. The detrimental 
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effect of a high ratio of 7,/T, is also evi- 
dent from Figure 3. 


B. RESULTS FOR Two MACHINES 


1. Location of Regulated Excitation. 
It is not necessary that the field of each 
machine be controlled by the same 
amount. If there is any advantage in so 
doing, the relative amounts of field- 
excitation change produced on the two 
machines for a given voltage change may 
be made-anything withinreason. There- 
fore, calculations were made (by equation 
29) to determine what the optimum ar- 
rangement should be. For this purpose 
the regulator and excitation-system char- 
acteristics were represented by 


a fa a 
T,p+1 293p+1 


g(p) = (35) 
This is the simplest possible character- 
the exciter is assumed to have a 
293-radian time constant, and all other 
lags in the regulating system are neg- 
lected. 

Three arrangements were studied: 


istic; 


a. Regulation only on machine 1 


a 
293p+1 


ai(p) = g2(p) =0 (36a) 


b. Regulation equal on both machines 


(os) Leech) we ae (36b 
gi(p) =g2 P= 03641 ) 
c. Regulation only on machine 2 
a 
=() = 
gi(p) £2(p) 2903p 41 (36c) 


Figures 4 and 5, curves A, D, and F, 
show the results and indicate that there is 
little difference among the three arrange- 
ments, so that the amount of stability 
gain is not critical to the relative field- 
excitation characteristics. The values of 
optimum amplification factor are smaller 
if the voltage regulation is equal on both 
machines, but this is only what should 
be expected, since the total required 


220 TRANSACTIONS 


changes of field current on both machines 
tend to remain constant. 

Comparison of Figures 4 and 5 with 1 
and 2 shows also that the possible gain 
with two more or less similar machines 
is greater than for one machine and tie 
line. This appears to be a reasonable 
result when it is recalled that the lower 
the transient reactance the more the 
gain, and that the total transient re- 
actance of two machines is, of course, 
smaller than that of one machine and a 
tie line. 

2. Additional Lags in Regulating Sys- 
tem. Since an actual regulating system 
may be made up of several stages, each 
having some time lag, the next step is to 
find out how important these lags are. 
The three regulator arrangements dis- 
cussed in section 1 were, therefore, re- 
calculated with the regulating system 
represented by the expression 


a 
~ (Tp+1)(T,'p+1) 
a 


~ (293p+ 1)(29.3p+1) 


This allows for a lag of T,’/=29.3 
radians in the regulator in addition to the 
lag of T,=293 radians in the exciter. 
The amount of possible gain in stability 
is seen by curves B, £, and G of Figures 
4 and 5 to be somewhat smaller. Also, 
the permissible range of regulation or of 
amplification factor a is restricted still 
further. Although the reduction in gain 
is not alarming, it is sufficient to indicate 
that every effort should be made to re- 
duce regulator lag. 

Figures 4 and 5 also show curves C 
for the case of equal regulating effort on 
both machines with a 293-radian time 
lag T,’ in the regulator 


g(p) 


(37) 


g(p) = (38) 


a 
(293p+1)? 


The possible gain and allowable range 
of regulation are reduced greatly by this 
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larger additional lag, as in the case of ong 
machine. i 


Appendix. . Relation Between 
Regulator and Excitation-System 
Amplification and Voltage Regu- 
lation ae 

Figures 7 and 8 have been computed to 

show what the amplification factor (a) dis” 
cussed in this paper means in terms of 


voltage regulation of the system. The 
vector diagram is as shown in Figure 6 for 


two equal round-rotor machines. From the 
diagram 
ee + (ix)? = E? (39) 


For the regulated excitation system 


E=E,—a(e—&,) (40) 


whence the equation for e; is 


(a? —1)eP?+2a( Ey — ae) e+ 
(Ey —aej)?—(ix)?=0 (41) 


with ‘ an 
Ey, =e, =1x =1.0 
(a?—1)e?2+2a(1—a)e,+(1—a)?—1=0 (42) 


Equation 42 allows one to calculate the 
voltage droop from no load (¢=0) to full 
load (ix=1) for any amplification factor a. 
Results are shown in Figure 7. 

Also, from equations 39 and 40 one ob- 
tains for the incremental regulation, defined 
as de,/di, the relation 
de, xi, 


di (€t9 — Eoa) Ge 
Results are shown in Figure 8. 

The conclusions for this unity terminal 
power-factor case are that the over-all droop 
is about 40 per cent of the negative of the 
reciprocal of the amplification factor, and 
the incremental regulation increases from 
zero with increasing initial load, being equal 
to the over-all droop at about half load. 
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Synopsis: This paper describes a new 
14-integrator differential analyzer recently 
placed in service by the General Electric 
Company at Schenectady. This analyzer 
has a mechanical interconnection system 
but has integrators of novel design in that 
a Polaroid follow-up system is used rather 
than the more usual mechanical torque 
amplifiers. 


ECHNICAL progress creates a need 

for tools which are capable of analyz- 
ing physical phenomena more accurately 
and rapidly. Electric calculating devices 
(d-ec calculating boards, a-c network 
analyzers, and transient analyzers) repre- 
sent ‘significant attainments in fulfilling 
this growing need. 
- The development of the differential 
analyzer, both in this country and abroad, 
has kept a timely pacewith technical prog- 
ress. Early contributions to this de- 
velopment led to the construction of such 
an analyzer at the Massachusetts Insti- 
tute of Technology.® Since that time 
several other similar analyzers have been 
Constracted.4/5:6:9-10,12,18 “The value of 
such a device as a precision tool for the 
purpose of solving ordinary differential 
equations has been wellestablished. Since 
1935 General Electric Company engineers 
have used the University of Pennsylvania 


differential analyzer for the solution of 


many important problems. Most of the 
studies were made jointly with members 
of the Moore School staff, and some were 
of sufficient general interest to result in 
published articles. 

With this experience and the increas- 


' ingly important part played by the other 


various types of analyzers in carrying on 
analytical engineering work, the General 
Electric Company has built and recently 
put into operation at Schenectady a new 
differential analyzer. It is the purpose of 
this paper to describe this analyzer. 


Fundamental Principles 


The differential analyzer is fundamen- 
tally a device for the automatic solution of 
differential equations. One of the most 
Paper 44-16, recommended by the AIEE com- 
mittee on instruments and measurements for pres- 


entation at the AIEE winter technical meeting, 
New York, N. Y., January 24-28, 1944, Manu- 


script submitted November 12, 1948; ‘made avail- 


able for printing December 11, 1943. 


H, P, Kueuntr is in the general engineering labora- 
tory, and H. A. Peterson is in the central-station 
engineering division, both with General Electric 
Company, Schenectady, N. Y. 
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important component parts of such a de- 
vice is the means for accomplishing inte- 
gration. Whileseveralknowndevicesmay 
serve as integrators, one which has served 
this purpose well over a number of years 
is the Kelvin wheel-and-disk type. This 
device is best described functionally by 
referring to Figure 1. In this figure the 
angular rotation of the turntable or disk, 
a, is proportional to the independent vari- 
able. The point of contact between the 
integrator wheel of radius R and this disk 
is restricted to a straight-line parallel to 
the axis of rotation of the wheel and pass- 
ing through the center of the turntable. 
Its radial position from the center of this 
disk is defined as r. If there is no slip 
between the wheel and disk, then at any 
instant the are rda is equal to the are 
RdB, and, therefore 


dpe—d 
=r da 


Consequently 


1 “1 
e—— rda 
RJ a: 


and it follows that the angular rotation of 
the integrator wheel is the integral of the 
variable radius r with respect to the an- 
gular rotation a of the turntable between 
the limits, as defined by a; and a with 
proper regard for signs and mechanical 
constants of the device. In such a device 
the radius ry may be controlled by the 
rotation of a lead screw. Thus, integra- 
tion can be accomplished in terms of the 
angular rotation of three shafts, namely, 
the turntable drive shaft, the lead-screw 
shaft, and the integrator-wheel shaft, the 
last always being the integral of the an- 


gular rotation of the lead-screw shaft with 
| 


respect to the angular rotation of the turn- 
table drive shaft. 

Although these are the essential parts 
of an integrating device of this type, one 
additional element is most important in 
making it a practical device. In the solu- 
tion of differential equations it is invari- 
ably necessary for the rotation of the 
integrator wheel to produce sufficient 
torque todrivetheoutputshaft. Thelight- 
weight integrator wheel in contact with 
the turntable is not capable of producing 
this required torque. Some means of 
translating the angular position of the in- 
tegrator wheel to another shaft through a 
means capable of supplying the required 
torque is necessary. The newly developed 
Polaroid follow-up system used to accom- 
plish this purpose in the new General 
Electric differential analyzer will be de- 
scribed later in this paper, 

The basic elements of a complete dif- 
ferential analyzer are shown in Figure 2. 
In this figure an input table, an output 
table, and an integrator are shown con- 
nected together with a motor which pro- 
vides angular rotation proportional to the 
independent variable. As this motor ro- 
tates the integrator turntable rotates, and, 
simultaneously, the input- and out; ut- 
table horizontal lead screws rotate, caus- 
ing the carriage supporting the vertical 
lead-screw assemblies to move toward the 
right on both input and output tables. 
If, as this motion takes place, the crank 
on the splined shaft of the input table is 
rotated so as to keep a pointer on the 
curve drawn, and if this cranked angular 
rotation is made to drive the lead screw of 
the integrator, then the angular-rotation 
8 of the integrator wheel is the integral 
of the function being followed on the input 
table with respect to the angular-rotation 
e« of the motor drive, which is the inde- 
pendent variable. The angular-rotation 8 
of the integrator wheel is transmitted 
through a follow-up system to the verti- 
cal lead-screw drive of the output table. 
Thus, the pencil supported by the output- 


| Table I. Integrator-Wheel Slip Measurements 
Integrator Integrator- Equivalent Revolutions Output 
Lead-Screw Wheel Per Cent Torque 
Setting Rpm Integrator Wheel Turntable Difference (Pound-Inches) 
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table carriage traces a curve which is the 
integral of the curve r=Ka on the input 
table, with respect to the independent 
variable a, appropriate regard being given 
to constants and boundary conditions. 

It is not always necessary to crank in 
functions, for, in many cases, they can be 
generated. In the example shown, for 
instance, the function r=Ka being inte- 
grated is proportional to the independent 
variable a and, consequently, could be 
obtained directly from the motor drive 
with suitable gear ratios. However, this 
example was used as an elementary illus- 
tration of the function of the fundamental 
component parts of a differential ana- 
lyzer. In general, input tables are used to 
crank in experimental functions which 
cannot be expressed conveniently analyti- 
cally, but which, nevertheless, are known. 


Design Considerations 


Experience with the differential ana- 
lyzer of the MooreSchoolat the University 
of Pennsylvania in Philadelphia served as 
a basis for establishing certain criteria of 
performance which were desired in such a 
device to best meet the particular needs. 
Among the desired objectives were: 
Flexibility. 

Speed of solution. 
Accuracy. 
Low maintenance. 


. Reasonable time and cost required for 
construction. 


Ou ym CORO 


While successful and satisfactory means 
for solving differential equations need not 
be patterned after existing analyzers, and 
it is realized that other means may offer 
excellent possibilities, these possibilities 
could be realized only after an extended 
development program. On the other 
hand, the use of an analyzer as a tool for 
the solution of design and system prob- 
lems was desired at the earliest. possible 
date. This fact played an important part 
in the formulation of the plans for build- 
ing such a device. 

Experience with the mechanical inter- 
connection system at the University of 
Pennsylvania, which is similur to that em- 
ployed in the analyzer described by Van- 
nevar Bush, indicated that this system 
has a high degree of flexibility that is very 
desirable in a device to be used for the 
solution of many different types of prob- 
lems. Such a system has proved satis- 
factory over a number of years of rela- 
tively continuous operation in several 
analyzers. With the wholehearted co- 
operation of the University of Pennsyl- 
vania, drawings, patterns, and so forth, 
already completed for this part of the 
analyzer were made available. Professor 
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FOLLOW-UP SYSTEM 


Figure 1. Fundamental principle of 
the Kelvin wheel-and-disk type of 
mechanical integrator 


HIGH TORQUE 
QUTPUT SHAFT 


Irven Travis of the University of Pennsyl- 
vania, now in active service, was made 
available as consultant. 

While the mechanical part of the analy- : 
zer was constructed mainly like that of 


TURNTABLE 
DRIVE SHAFT 


the University of Pennsylvania analyzer, Rap=rda 
the mechanical torque amplifiers were dp= fda pt a 
replaced by General Electric Polaroid es 
follow-up systems of novel design. The 

use of these new devices made it possible 

to make desirable and significant changes ° MOTOR 


in the design of the integrator itself. 
Tests on these new integrators have shown 
that they contribute toward improved 


INTEGRATOR 
TURN TABLE 


Figure 2. Schematic represen- 
tation of the interconnections 
of the basic differential-ana- 

lyzer elements INTEGRATOR LEAD SCREW 
analyzer performance. This improved 
performance is realized in attaining a 
shorter solution time without sacrificing ° 
the desired degree of accuracy. © Also, 
since adjustments once made need not be 
made periodically, as is the case with the 
conventional mechanical analyzer, time 
lost through maintenance is kept at a 
minimum. 


The position of the output shaft is con- 
trolled by the position of the integrator 
wheel by means of polarized light beams 
which form the only link between the 
integrator wheel and the output shaft. 
Consequently, there can be no direct feed- 
back, and the concept of a relation be- 
tween input and eutput torques has no 
significance, : 

The operation of this Polaroid follow-up 


The Polaroid Follow-up System 


Mechanical torque amplifiers, as used 
on existing analyzers, require that, in 


POLAROID DISKS 


Figure 3. Schematic repre- 
sentation of the Polaroid 
follow-up system 


TURN TABLE 


order to change the position of the output 
shaft and produce driving torque, a finite 
torque be applied to the integrator wheel. 
Thus, there is a finite ratio between out- 
put and input torques, and the device is 
correctly named a torque amplifier. In 
contrast with this, the new Polaroid 
follow-up system is not a torque amplifier, 
4 
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system'4 can be explained best by refer- 
ring to Figure 3. On the shaft of the 
integrator wheel, which is in contact with 
the turntable, is rigidly mounted a Pola- 
roid disk. This shaft turns on jeweled 
bearings as the turntable is rotated. 
Light from a lamp source is brought 
throu, h a condensing lens and infrared 
eliminating filter system. The infrared 
filter is necessary in order to eliminate 
that portion of the spectrum which is least 
polarized by the Polaroid system. Light 
from the condensing lens is directed to a 
set of mirrors supported rigidly on the 
integrator-wheel carriage. These mirrors 
reflect the incoming horizontal light ver- 
tically downward as two separate parallel 
beams. These beams in turn are inter- 
cepted by a second set of mirrors directly 
below, which reflect the incoming light as 
two horizontal beams which pass through 
the Polaroid disk. This Polaroid disk 
polarizes the two beams of light in the 
direction of the axis of polarization indi- 
cated by the parallel lines shown, These 
two parallel beams of polarized light con- 
tinue and pass through separate Polaroid 
disks on the output shaft. One of these 
Polaroid disks is made larger than the 
other, and the axes of the integrator 
wheel and output shaft are displaced in 
parallel relation in order to make this 
separation of light beams possible. The 
two output-shaft Polaroid disks have their 
axes of polarization displaced by 90 de- 
grees with respect to each other. Each 
beam, as it comes through its respective 
Polaroid disk, is again reflected horizon- 
tally at right angles to the incident beam. 
Each of these two beams falls upon a 
photocell. 


If the axis of polarization of the Pola- 
roid disk on the integrator-wheel shaft lies 
intermediate between the two axes of 
polarization of the Polaroids on the output 
shaft, then the light intensity is the same 
on both photocells. If the integrator 
wheel becomes slightly displaced from 
this intermediate position of balanced 
light, then one photocell receives more 
and the other less light. The direction of 
this displacement determines which of 
the two photocells receives more light, 
and, consequently, which receives less. 


The two photocells form two branches 
of a bridge circuit which is balanced when 
the axis of the Polaroid disk on the inte- 
grator wheel shaft is intermediate between 
the axes of polarization of the two Pola- 
roid disks on the output shaft. Any un- 
balance between the two light beams fall- 
ing on the photocells causes a correspond- 
ing directional unbalance in this bridge 
circuit, which in turn is amplified, so as to 
control the firing of thyratron tubes. The 
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controlled current through these tubes 
flows through a split-field series follow-up 
motor, causing it to turn in the direction 
required to maintain the balance of the 
photocell bridge circuit. 

The basic circuit required to translate 
the photocell signal to the motor driving 
the output shaft is shown schematically in 
Figure 4. It is seen that the photocells 
are connected in series, and the midpoint 
is connected to the grid of one of the am- 
plifier tubes. The grid of the second am- 
plifier tube is adjusted and maintained at 
a potential so as to equalize the plate 


STABILIZED 
O-C SOURCES 


Figure 4. Schematic 
circuit diagram of the 
photocell amplifier 
and thyratron follow- 
up motor drive 


voltages on the two amplifier tubes when 
the two photocells receive an equal 
amount of light corresponding to balance. 
Thus, under balanced light conditions, the 
voltage from plate to plate of the ampli- 
fier tubes is zero. A displacement of the 
integrator wheel in one direction, with the 
output shaft stationary, causes a d-c volt- 
age to appear between these two plates. 
If the direction of displacement is re- 
versed, the polarity of this d-c voltage is 
reversed. The desired directional signal is 
thus available between the plates of the 
two amplifier tubes. This signal in turn 
is brought to the grids of the two thyra- 
tron tubes, making one grid positive with 


respect to the other for a displacement of 
the integrator wheel in one direction, and 
one grid negative with respect to the other 
one for a displacement in the opposite 
direction. Thus, with one thyratron in 
each half of the split-field winding, and 
with alternating current applied to the 
thyratrons, field and armature in series as 
shown in Figure 4, a displacement of the 
integrator wheel with respect to the out- 
put shaft causes one or the other thyra- 


PHASE- THYRATRON 
SHIFTING TRANS- 
CIRCUIT FORMER 


(ooo) 


tron to conduct, the one conducting de- 
pending on the direction of this displace- 
ment. 

It is desirable under balanced conditions 
that these two thyratrons conduct a small 
current equal in the two tubes for high 
sensitivity, thus producing no average 
motor torque. Also, the motor torque 
should increase rapidly and smoothly with 
angular displacement of the integrator 
wheel from the position of balance. In 
order to accomplish this, an a-c voltage 
adjustable in amplitude and phase with 
respect to the alternating current applied 
to the motor is introduced, as shown in 
Figure 4. When this a-c grid voltage 


Table Il. Typical Sine-Wave Growth Measurements 
Maximum Amplitude Average Growth Per Cent 
Integrator- (Revolutions of Per Cycle Growth Step Gears for 
Wheel Speed Lead Screw) (Revolutions) Per Cycle Down Train 
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Figure 5, Integritor output-shaft motor drive 

showing the worm and compound gear and 

the optical arrangement of the Polaroid disks 
and mirrors 


In back of the motor drive is shown the 
magnetic-clutch arrangement in the integrator 
lead-screw shaft 


Figure 6. Top view of integrator unit showing 
the details of the carriage assembly and of the 
carriage drive 


lags the a-c motor voltage by approxi- 
mately 90 degrees, the d-c voltage from 
the amplifier causes firing of the thyra- 
trons over increasing portions of the posi- 
tive half of the a-c motor voltage wave, 
the portion being continuously increased 
over the entire positive half cycle depend- 
ing upon the magnitude of the d-c signal 
from the amplifier. Thus, the sensitivity 
is determined mainly by the d-c volts 
output per degree of angular displacement 
of the integrator wheel with respect to the 


Figure 7. Top view 

of one of the double 

integrator-unit as- 
semblies 


The steel cabinet 
underneath the in- 
tegrator table con- 
tains the thyratron 
transformer, auxiliary 
transformers,  time- 
delay relay for the 
thyratron plate cir- 
cuits, and various 
switches 


balance point corresponding to, equal illu- 
mination on the two photocells. 

It is well known that, in sensitive 
follow-up systems such as this, stability is 
one of the most difficult problems. In 
particular, where the conditions of opera- 
tion, as to speed, load, acceleration, in- 
ertia, and reversing, range over the ex- 
tremes which are necessarily encountered 
in operating a flexible device such as this 
one, it attains most difficult proportions. 
Some effective means of stabilization is 
essential to satisfactory performance. 
One means of attaining stability is illus- 
trated in Figure 4. The d-c tachometer 
shown is mounted on the same shaft as 
the d-c motor armature. It furnishes an 
output voltage proportional to speed 
which is used as an indication of output- 
shaft speed, and also through a resistance- 
capacitance network gives a signal across 
a resistance which has a component pro- 
portional to rate of change of speed. This 
signal is applied to the grid of the second 
amplifier tube as shown. In the case of a 
quick displacement .of the integrator 
wheel requiring high acceleration of the 
motor, this signal partially counteracts 
the signal due to the photocell light un- 
balance, thus causing the output shaft to 
approach the position of balance more 
gradually than would be possible other- 
wise. Hence, with proper adjustment, the 
tendency to overshoot is diminished, and 
sustained oscillations or “hunting” can- 
not exist. This system of stabilization 
has been used with good results. 

When several integrators are cascaded, 
the general stability problem becomes 


more difficult. Substantial progress to- 
ward the goal of further improved sta- 
bility under these conditions has been 
made. 

Figure 5 illustrates the output-shaft 
motor drive with cover removed. This 
shows the two output-shaft Polaroid disks 
and mirrors which reflect the two po- 
larized light beams on the photocells. It 
also shows the follow-up motor mounting 
and the worm-gear drive. The worm gear 
is made of a special compound to with- 
stand mechanical wear. Figure 6 is a top 
view of the integrator showing the car- 
riage supporting the integrator wheel, 
Polaroid disk, mirror assembly, and the 
glass turntable. 


The Integrators 


The integrators fundamentally are of 
the Kelvin disk-and-wheel type, as illus- 
trated in Figure 1. A top view of two 
associated integrator units is shown in 
Figure 7. In the design of the complete 
integrator every effort was made to take 
advantage of the light-beam system of — 
transmission to obtain a freely running, ~ 
stable, precision unit. i 

Since there is no mechanical connection 
between the integrator-wheel shaft and 
the output shaft, it is possible to move the 
integrator-wheel assembly in its carriage — 
parallel to the lead screw rather than to _ 
move the entire turntable with respect to 
the integrator-wheel assembly. Thus, the - 
axis of rotation of the turntable remains 
fixed in position, and the turntable is _ 


rotated by means of a simple right-angle. ‘ ay 
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drive, no splined shafts being necessary. 
The lead screw for the integrator-wheel 
cartiage is parallel to the directed light 
beams, so that, for any setting of the 
lead screw in the proper range of carriage 
travel, the light beams always will be di- 


rected properly through the optical sys- 


tem. 

The integrator-wheel assembly is 
mounted in a pivoted support which per- 
mits free vertical movement of the wheel, 
thus assuring that it will remain in con- 
tact with the plate-glass disk. The wheel 
is of stainless steel, two inches in diameter, 
with a rim having a 1/3.-inch radius of 
curvature. Only a light pressure is re- 
quired between the wheel and turntable, 
because, regardless of output-shaft load, 
all that is needed is sufficient friction force 
to turn the light integrator-wheel-shaft 
assembly in its jeweled bearings. The 
carriage is, thus, merely a guide for the al- 
most frictionless balanced integrator 
wheel. Statically, there is very little 
pressure on the jeweled bearing surfaces; 
dynamically, there is pressure depending 
upon acceleration, principally, but this 
pressure is equalized between the two 


jeweled bearings because of the unique 


arrangement of counterweights. 
Accurate alignment of the locus of the 
_ point of contact between integrator wheel 
and glass disk is maintained by means of 
ball-bearing contacts with guide rails. 
The vertical guide rail on the lead-screw 
side serves as the true guide, since the four 
- ball bearings on this side (two making con- 
tact with the vertical guide and two with 
the horizontal one) are fastened rigidly to 
the carriage. The single bearing making 
contact with the horizontal guide on the 
‘side opposite the lead screw is also fas- 
tened rigidly to the carriage. Thus, the 
weight of the carriage is supported by 


_ three points of contact with the horizontal 


guide rails. The two ball bearings run- 


ning on the vertical guide rail opposite the 


lead-screw side are spring supported on 


_the carriage, thus causing the carriage to | 


be held against the vertical guide on the 
lead-screw side. 
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The integrator output torque 
is adjusted by means of friction 
drum, brake band, and spring 
balances. Without slippage 
the revolution counters in the 
turntable drive and output 
shaft show a constant relation- 
ship 


STEP-DOWN GEARS 
((F USED) 


TURNTABLE 
DRIVE 


Figure 9. Mechanical interconnections ot two 
integrator units for the generation of sine-— 
cosine curves 


This arrangement was used for the sine-wave 
growth tests of Table Il 


A lead-screw revolution indicator is 
shown in Figure 7, which is made up of 
two dials, one of which is graduated in 
hundredths of a revolution. The second 
is stepped down by means of gears to read 
complete revolutions over a range from 
+65 to —65. Thus, boundary conditions 
may be set to hundredths of a revolution. 
A split nut is pivoted in the carriage as- 
sembly and makes contact with the lead 
screw. Adjustable spring tension makes 
it possible to maintain the assembly free 
from back lash. A simple solenoid-oper- 
ated clutch release is used which is posi- 
tive in operation, and a push button is 
conveniently located so that boundary 
conditions can be set easily while the 
clutch is held in the released position. 

Ventilating covers are provided for the 
thyratron tubes as shown in Figure 7. 
Screw adjustments for proper setting of 
the amplifier circuit constants are pro- 
vided on the side of each unit. 

Two limit switch controls on the inte- 
grator carriage are used in order to pro- 
tect against possible overtravel and con- 
sequent damage. These are arranged in 
sequence, so that, as the normal range of 
travel is exceeded, the first switch stops 
the time motor. If travel of the carriage 
continues beyond this point; the second, 
which is an emergency switch, releases the 
clutch in the integrator lead screw. 


Performance Data 


The integrators were designed to oper- 
ate at a maximum output-shaft speed of 
1,000 rpm. One of the limitations on 
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maximum permissible speed is that of 
slipping between the integrator wheel and 
the glass disk. In order to determine 
whether or not this was an important 
factor over the speed range up to 1,000 
rpm, numerous tests have been made. 
The test set-up used for this purpose and 
for the purpose of determining the over- 
all mechanical accuracy 
Figure 8. 

It will be recognized that, for each set- 
ting of the lead screw, there should be a 
fixed ratio between the number of revolu- 
tions of the output shaft and the turn- 
table shaft. The revolution counters on 
these two shafts serve to add up the num- 
ber of revolutions for each of these shafts 
and, when reduced to a common base of 
“equivalent revolutions” as required by 
the particular lead-screw setting, will 
serve as a means of evaluating the amount 
of slipping and over-all mechanical ac- 
curacy. For instance, since the lead 
screws have 16 threads per inch, and since 
the integrator wheel is two inches in diam- 
eter, there should be a 1:1 correspond- 
ence between the revolutions of the turn- 


is shown in 


table shaft and the output shaft when the 
lead screw is set on either plus or minus 
16. 


Thus, the integrator constant of 


Figure 10. Control cabinets which house the 

power contactors, the regulated d-c power 

units for the amplifiers, the motor-driven field 

potentiometers of the Ward Leonard genera- 

tors, and the two time-motor speed-indicating 
instruments 
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these devices is 16. Similarly, there 
should be just twice as many revolutions 
of the output shaft as of the turntable 
shaft when the lead screw is set on plus or 
minus 32, and so forth. Any difference 
between these nominal “equivalent revo- 
lutions’ is due either to mechanical er- 
rors or slipping of the integrator wheel or 
both. Since any slip present should be a 
function of speed and acceleration, it 
seems reasonable to assume that, if there 
is no appreciable variation in the equiva- 
lent revolutions throughout the speed 
and load range, any deviation from a.1:1 
correspondence based on equivalent revo- 
lutions is due entirely to mechanical 
errors and not to slipping. The test re- 
sults summarized in Table I indicate 
that slipping does not exist to a measur- 
able degree in these integrating units. 

Another test which affords a measure of 
the over-all back lash of the follow-up 
system and connecting gear trains, an 
important criterion of performance, is 
shown in Figure 9. This system of con- 
nections will be recognized as that re- 
quired for the solution of the harmonic 
equation 


in which K is the integrator constant and 
G is the gear ratio between the output 


Figure 11. Representative adder unit 


This low-friction design was found to require 
very small driving power 
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shaft of each integrator. With one lead 
screw set on zero and the other at some 
arbitrary number of revolutions from zero 
at the start, if there were no back lash, 
the amplitude of succeeding cycles should 
equal this initial amplitude. However, 
because of the presence of back lash in the 
gears and follow-up system, the amplitude 
of successive cycles (number of lead-screw 
revolutions measuring displacement from 
zero) willincrease. The rate at which this 
growth occurs in terms of revolutions per 
cycle is a measure of the over-all back 
lash and, therefore, serves as a good meas- 
ure of perfo1mance. Typical sine-wave 
growth measurements of this nature are 
shown in Table II. Under the condition 
of high output-shaft speed and direct 
drive, the growth per cycle is most pro- 
nounced, as should be expected. As the 
step-down ratio is increased, the growth 
per cycle decreases rapidly and becomes 
relatively independent of integrator- 
wheel speed. The test results tabulated 
in Tables I and II were obtained with rep- 
resentative integrator units without the 
use of compensating means of any kind. 
When it is necessary to work with greater 
accuracies, suitable provisions can be 
made. 


Control System 


Speed control of the independent vari- 
able, ordinarily referred to as the time 
motor, is obtained by means of a Ward 
Leonard system which gives stepless speed 
control over the desired speed range, thus 
assuring the availability of optimum 
speed of operation at all times. The field 
potentiometer in the generator circuit is 
motor driven. This motor is controlled 
by means of push buttons at 12 convenient 
locations around the analyzer. A control 
panel is located at each input table and 
each pair of integrators. These panels in- 
clude “‘start,” “‘stop,’”’ “raise,’”’ “lower,” 
and “reverse” buttons, They are so inter- 


Figure 12. General 
view of the differ- 
ential analyzer from 
the input- and out- 
put-table side 


There are four input 
tables and two out- 
put tables. The in- 
put-table drives may 
be cranked in both 
the horizontal and 
vertical directions. 
All input tables have 
polar co-ordinate at- 
tachments 
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locked among the control stations that, if ‘ 
an operator at one station pushes a 
“ower’’ button, the time-motor speed will 
be decreased, even though operators at 
other stations may be pushing a “raise” 
button. 

At each station there is also a two- 
position “hold” and “neutral” switch. If 
an operator cranking an input table re- 
quires that a certain time-motor speed not 
be’exceeded, the switch is thrown in the 
“hold” position. The speed of the time 
motor cannot be raised then from any 
control station. It can be lowered, how- 
ever, at any control station simply by 
pushing a “lower” button. Thus, the 
interlocking control system provides that 
the station requiring the slowest speed 
will always take control. 

Whenever a “‘stop” button is pushed, 
and the time motor has come to a stand- 
still, the motor drive for the generator 
field potentiometer automatically starts 
and brings the slider contact to the zero 
field potential position, thus assuring 
that, when an operator later pushes a 
“start”? button, accelerations-will not be » 
excessive. 


“Emergency stop’ buttons are pro- 
vided at convenient and readily accessible 
locations around the analyzer. By press- 
ing this button all power to the analyzer, 
both alternating current and direct cur- 
rent, is removed. This serves to protect 
the machine against overspeed, and so 
forth, in case of a runaway or trouble, 
whatever its nature may be. 

At each pair of integrators there is 4 
push-button control for energizing the 
light source and tube filaments. This 
control has a time-delay relay which is » 
interlocked with the a-c supply, so that 
voltage cannot be applied to the motor 
and thyratron circuits until five minutes 
have elapsed from the instant of energiz- 
ing the filaments, thus assuring adequate 
heating time for the thyratrons. 


Two separate time motors are provided, 
one at.each end of the analyzer bed. 
This permits the simultaneous solution of 
two problems, provided that the total 
number of integrators or input tables re- 
quired does not exceed those available. 

The use of two time motors requires 
that the controls at each station be ap- 
plicable to either of the two time motors, 
depending on which one is being used in ~ 
conjunction with the integrators or the 
input table associated with that control 
station. In order to meet this require- 
ment, all wiring for each time motor is in 
duplicate in the bed of the machine with 
two outlets at each control station, one 
for each time motor. By means of a jack- 
and-plug arrangement the control panel 
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can be switched readily from one motor to’ 
the other as the requirements may dic- 


tate. This is shown in Figure 7, for ex- 
ample, applied to a pair of integrator 
units. 

Figure 10 shows the control cabinets. 
They house the power contactors, the 
regulated d-c power units for the am- 
plifiers, the motor-driven field potentiom- 
eters of the Ward Leonard generators, 
and the two time-motor speed-indicating 
instruments. 


Miscellaneous Component Parts 


A total of 20 differential gear assem- 
blies or ‘‘adders”’ (one is shown in Figure 
11) is available for use with the ana- 
lyzer. These are of new design in which 
one of the major objectives was to keep 
friction to a minimum; this has re- 
sulted in light loads. 

Helical gear boxes for right-angle 
drives are available. There are 50 right- 
hand and 20 left-hand drives. 

Each input table (four are available) 
has both rectangular and polar’ co- 
ordinate drives. They can be used either 
as input tables for cranking in a function 
drawn in curve form, as manual multi- 
pliers, or as output tables for plotting 
solutions. Two output tables are located 
near the center of the analyzer. Each of 
these has two pencil carriages and will 
plot two functions simultaneously. The 
input and output tables are shown in 
Figure 12, and a close view of the input 
table arranged for polar co-ordinate drive 
is shown in Figure 13. Output-table 
records are obtained either by means of 
a fine-pointed brass stylus which is main- 
tained lightly in contact with specially 
treated paper or by an inking pen. The 
ink records are easier to see and more 
permanent but do not permit as great 
accuracy in measuring. Figure 14 shows 
_ how distinct an inked output-table record 

may be. 

Change gears totalling 440 are avail- 
able in different tooth ratios required to 


‘ 


Figure 13 (left). Top 

view of input table 

showing the polar 

co-ordinate arrange- 
ment 


Figure 14 (right). 

Top view of output 

table showing the 

ink pen and the clear 
ink records 


Figure 15. General 
view of the differen- 
tial analyzer 


In the background 
are the two control 
cabinets, the wall- 
mounted master 
power switches, and 
the cabinet contain- 
ing the induction- 
motor-driven Ward 
Leonard génerators. 
The rack on the side 
accommodates all the 
accessories, such as 
gears, shafts, adders, 
and right-angle ; 
drives. The cabinet “ 
on the right of the 
accessory rack 
houses the air-con- 
ditioning system 


Figure 16. Adjust- 
able ‘‘dead-band” 


units 


give adequate flexibility to meet practi- 
cally all needs. 

The main bed of the machine is essen- 
tially the same as that for the analyzer 
at the University of Pennsylvania. It is 
approximately 32 feet long, and over-all 
width 9 feet. Fourteen steel pedestals 
support the analyzer. Each of these 
pedestals rests on the concrete floor to 
which all are bolted. Figure 15 shows a 
view of the complete analyzer. 

The stub shafts were aligned by means 
of the’screw supports on the bus-shaft 
housings. These screws are very helpful 
in initially aligning the shafts for mini- 
mum friction and binding. Once aligned, 
the adjustment remains stable, and fur- 
ther adjustment has been found unneces- 
sary. 

Two ‘“‘dead-band’”’ units (Figure 16) 


are available for the purpose of simulating 
intervals of no response or zero sensitivity, 
such as may be encountered in the solu- 


tion of certain problems. Like those of 
the University of Pennsylvania, they are 
adjustable, so that the number of rota- 
tions of one shaft which can take place 
without the other one following it subse- 
quent to a reversal of direction of rotation 
can be controlled. Once adjusted and 
inserted in the machine, the machine 
automatically includes the desired “dead 
band” in the solution. 


Conclusion 


Since the completion of this new differ- 
ential analyzer several months ago, a 
number of important and urgent prob- 
lems have been solved. The continuous 
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The MHO.-Carrier Relaying Scheme 


A Simplified Carrier Scheme for Long or Heavily 
Loaded Transmission Lines 


R. E. CORDRAY 


MEMBER AIEE 


ECAUSE of the wartime problems of 
increased loads and shortage of 
materials, it is often necessary to put 
heavy loads on existing transmission lines 
rather than build new ones. 

When transmission lines are heavily 
loaded it becomes difficult to retain re- 
laying selectivity, because the currents 
and voltages which the relays measure 
are not sufficiently different to distinguish 
between faults and power swings except 
by adding auxiliary relays which check 
the rate of change of impedance. These 
auxiliary relays add complexity and can- 
not distinguish between power swings 
during which it is not desired to trip and 
an out-of-step condition for which it may 
be desired to trip. 

This paper describes a new scheme 
which inherently distinguishes between 
the aforementioned swings and out-of- 
step conditions and, also, is very much 
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simpler than its predecessors. It is 
based on the same principles as the ““Long- 
line” relay scheme described in a group of 
papers!:?*3 presented at the 1943 AIEKE 
winter technical meeting, using phase- 
angle rather than impedance magnitude 
as a basis for distinction between load and 
fault conditions. It uses the same MHO 
unit, which measures admittance at about 
the phase angle of the protected line so as 
to provide a very high pickup on loads 
and power swings when set to operate on 
a fault at the end of the section. In this 
way the relays keep the transmission line 
in service as long as it can transmit power 
and remove it only when the systems 
swing apart so far that power cannot be 
transmitted. 


Impedance Diagrams 


In one of the aforementioned papers? 
it was shown that the locus of the imped- 
ance seen by a relay at a given location on 
a transmission line is a family of circles 
for different ratios of V4/Vgz where V4 
and Vz are the terminal voltages at the 
ends of the line. The diameter of the 
circlé tends to decrease as V4/Vp de- 
parts from unity. It can be seen from 
Figure 1 that, if A were near the center 
of the system, V4/Vgz would decrease as 
the angle between V4 and Vz increased. 


rt 
Consequently, for a given system condi- 
tion, the actual locus of the impedance 
seen by the relay at A during the progress: 
of a power swing is a line joining the 
proper points of angular difference be- 
tween V4 and Vz on the proper circles 
for varying ratios of V4/V x. 

The difference between this new locus: 
and the first family of circles is that the 
equivalent generator voltages Es and Ex 
(Figure 1) are used instead of the line 
terminal voltages V4 and Vg. Since 
Es/Ep usually is close to unity, the new 
loci will be circles of large diameter for 
different values of Es/Ep; hence, usually 
it is permissible to dispense with the com- 
plex calculations of the rigorous method, 


Vector diagram of a simple power 
system 


Figure 1. 


and to consider all of the circles to be a. 
single straight line passing through a 
point on the line-impedance vector sepa- 
rated from the origin by a distance ap- 
proximately equal in ohms to the distance 
of the relay location from the electrical 
center. This is equivalent to assuming 
that the ratio of the equivalent generator 
voltages Es/Ep is unity, and that there 
is no charging current or shunt loads. 
These simplifications have been used be- 
fore,4> and result in the following rela- 
tively simple determination of the power- 
swing locus on an impedance diagram. 
They are permissible here, because the 


availability of this analyzer will result in 
greater knowledge and better under- 
standing of many other technical prob- 
lems, solutions of which heretofore have 
been possible theoretically but impossible 
practically. 
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Figure 2. 


possible inaccuracy is substantially tan- 
gential to the characteristic of the new 
relay and, hence, do not affect its setting. 

The construction for obtaining. the 
straight-line locus is as follows. Figure 1 
is a simplified vector diagram of. power 
transfer through a transmission line; it 
assumes that the power system has a 
uniform distribution of R and X and 
neglects capacitance. S—A is the im- 
pedance drop of the system behind the 
bus at the sending end of the line and 
R-B is the drop behind the bus at the 
receiving end. Es and Ep are the send- 
ing- and receiving-end voltages which are 
assumed equal, and @ is the angle between 
them. Jsis the load current, and ¢ is the 
impedance angle of the transmission line. 
The input impedance at a point A is 
V4/Is which will change as @ changes. 
If V4/Is is plotted on’an R and X dia- 
gram, it will appear as a straight line at 
right angles to the line impedance inter- 
secting it at a distance from the origin 
equal to the distance of the point A from 
the electrical center. The vectorial equa- 
tion of this line in terms of the angle @ be- 
tween the generated voltages at the ends 
of the system is 


Zs ig 6 
#45 5 | (2D —1)—j cot | 


where D is the per unit distance of A from 
the leading end of the system (see Figure 
2), and Zg is the total impedance between 
the generator voltages Ep and Hs; Z, 
and Z, are vectorial quantities. 

When faults are plotted on a similar 
R-X diagram along with the power-swing 
characteristic we obtain Figure 3 A. A 
fault appears instantly as a point on the 
line characteristic LL’. This line is at 


the angle 6=tan~! X/R where X and R 


Impedance diagram for relays at various locations along a 
line connecting two systems, or machines, applicable to the special case 
in which Es=Er 


are the reactance and resistance of the 
transmission line. Point B is at a dis- 
tance from the origin equal to the imped- 
ance of the line section being considered. 
Point B is for a solid metallic fault at the 
end of the section and, since most faults 
are flashovers and involve arcs which 
introduce a resistance, this is represented 
by adding such a component horizontally, 
the shaded area being the fault zone. 

Loads, power swings, and out-of-step 
conditions are represented as impedance 
having different R and X values which 
move inward along a line at right angles 
to LL’ and cut it at a point D such that 
AD is approximately the distance of the 
relay location from the electrical center. 
The values of @ are marked along the 
power-swing line and it can be seen very 
quickly what degree of system separation 
appears as the same impedance value as a 
fault. 

When the characteristics of the different 
types of ohmic relays are plotted on an 
R-X diagram, Figure 3 B is obtained, 
which shows that, for a given ohmic set- 
ting (90 per cent of line length AB) the 
reactance relay operates most readily, 
the impedance relay less readily, and the 
MHO unit much less readily than either. 
It can beseen that the MHO unit is simply 
a starting unit set for first-zone reach in- 
stead of third-zone reach. 

When used with carrier blocking, how- 
ever, it is apparent from Figure 4 B that 
the tripping area of the reactance relay is 
restricted considerably on power swings; 
out-of-step blocking, of course, prevents 
the distance elements from tripping in 
the horizontally shaded areas. In both 
cases, the electrical center has to be. 
within the protected section to cause 
tripping, and tripping will only occur if 


Cordray, Warrington—Carricr Relaying Scheme 


METALLIC 
ARCING 


° 
jo) 
a 


Figure 3 A. Resistance-reactance diagram of 
faults and swings 


In=power incoming to bus 
Out= power outgoing from bus 
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Figure 3B. Characteristics of relays plotted 
on the R and X diagrams of a simple power 
system 


the power-swing locus enters the tripping 
zones of the relays at both ends of the sec- 
tion. The carrier tripping area is shown 
shaded vertically in Figures 4 A and 4B 
for the impedance and reactance relays. 
These diagrams are to the same scale, and 
illustrate that the tripping area is some- 
what larger for the impedance relay be- 
cause the radius of the characteristic de- 
termines the distance reach in the im- 
pedance relay, whereas only the diameter 
is involved in the case of the starting 
unit of the reactance relay. 


Present Distance-Relay Carrier- 
Current Systems 


It is apparent from Figures 4 A and 4 B 
that both of the present distance-relay— 
carrier combinations may limit unneces- 
sarily the power that can be transmitted 
over a transmission line. The reactance 
relay limits this power by virtue of the 
fact that the starting unit must reach as 
far as is desired for the third-zone time 
step. The impedance relay, on the other 
hand, limits the load transfer because of 
the second-zone impedance unit, a type of 
relay unit that embraces more area on the 
impedance diagram than necessary. 
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The fundamental basis of the relay sys- 
tem herein described is the use of the 
starting unit of the reactance relay, but 
with its ohmic reach reduced to slightly 
greater than the line impedance, thereby 
encompassing a minimum area of the 
impedance diagram. A third-zone backup 
step may be obtained, if desired, by 
means described later. 

To many operators, the principal objéc- 
tion to present-day distance-relay—carrier 
schemes is their complexity. The relay 
system to be described eliminates a sub- 
stantial portion of this complication by 


DIRECTIONAL 
ELEMENT 


|, CARRIER 
X' TRIP 
N AREA 


Figure 4 A. Impedance-relay characteristics 
plotted on Rand X diagram so as to show 
combined tripping area 


Vertically shaded area=carrier trip 
Horizontally shaded area=distance trip 


establishing a group of “building blocks’”’ 
which provides, in most applications, a 
simple relay scheme. For the more 
difficult applications, additions may be 
made without changing the fundamental 
relay scheme. 


Requirements of the Ideal Scheme 


Most of the requirements have been 
stated already in the previous paper on 
long-line relays.? A more complete list 
is as follows: 


1. Trip instantaneously for internal faults, 
arcing or solid, including three-phase faults 
at the circuit-breaker terminals. 


2. Trip in delayed time for external faults. 


3. Provide carrier blocking for external 
faults. 


4. Not operate relays or carrier on loads 
up to the steady-state power limit. 


5. Control tripping on system oscillations 
according to a value of impedance, seen by 
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the relay, which represents the maximum 
power-swing condition for which it is desir- 
able to stay in. 


6. Be flexible enough to provide blocking 
on out-of-step conditions which may make 
this desirable. 


7. Clear instantaneously all internal faults 
occurring during power swings or immedi- 
ately after an external fault. Trip'after a 
time delay if out-of-step blocking is used. 


8. Allow reclosing after tripping on a fault, 
but not after tripping on an out-of-step 
condition. 


The value of impedance representing 
item 5 depends upon either the maximum 
angle which can be tolerated from a sta- 


CARRIER 
TRIP 
= AREA 


STARTING 
UNIT AT B 


-X 
Figure 4 B. Reactance-relay characteristics 
plotted on R and X diagram so as to show 
combined tripping area 


bility standpoint or the angle which can 
be tolerated because of other limiting 
system conditions, such as low voltage. 
Items 1, 3, 4, 5, and 7 are inherent in 
this scheme; item 2 may be achieved by 
backup relays as discussed later, and item 
8 is accomplished by using the rate of 
change of impedance for blocking the re- 
closing circuit instead of the tripping cir- 
cuit. A more detailed explanation of the 
operation of the relays now follows. 


Characteristics of New Scheme 


The original carrier-current idea® was a 
very simple one, consisting of only a pair 
of directional relays which started carrier 
for external faults and made up a trip cir- 
cuit for internal faults. This scheme re- 
turns to that idea in that it has but two 
relay elements—one for starting carrier, 
and one for the trip circuit. 

The basic circuit is shown schematically 
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y 
in Figure 7. It will be realized, of course;/ 
that certain liberties have been taken in 
order to present the circuit in its simplest 
form for purposes of explanation. 

The unit Z starts carrier for all phase 
faults by opening the carrier-start lead, 
and the unit M turns off carrier if the 
fault current is flowing into the section 
and completes the trip circuit up to the 
receiver-relay contacts. Then the re- ss 
moval of carrier current from the receiver 
relay allows it to trip the breaker. * 

A ground fault in the reverse direction . 
opens the contacts GD), starting carrier 
and causing the contacts R to remain open 
and prevent tripping. A fault in the 
tripping direction closes the contacts GD 
to complete the trip circuit up to the re- 
ceiver relay, which trips because no 
carrier is started. 

The connections actually used are illus- 
trated in Figure 8, and the operation of 
the relays is described in the following 
section. 


Operation 


A, PHASE FAULTS 


Each phase has an impedance relay for 
initiating the carrier signal under ab- 
normal conditions by  circuit-opening 
contacts Z;, Zo, and Z3, Figure 8. This 
characteristic is shown as the circle Z in 
Figure 5. 

An impedance element was selected for 
starting carrier because it will operate on 
power swings as well as faults. It has 


Figure 5. Characteristics of the MHO-carrier 
relaying scheme 


M defines the tripping zone; Z, the carrier- 
starting zone - 
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Figure 6 A. An impedance diagram illus- 

trating how the straight-line characteristic of a 

directional relay becomes a circle as voltage 
restraint is added 


‘Figure 6 B. An R-X diagram of a reactance 
unit (Z/90°) and an ohm unit (Z/¢) 


Reactance unit—solid line 


Ohm unit—dashed line 


the advantage of being available, on ° 


medium-length lines, for preventing trip- 
ping or reclosure on out-of-step condi- 
tions. It can also be used for controlling 
a timing unit for backup purposes if the 
stepped distance-type backup is desired. 

The second, or tripping, element in the 
relay scheme is an admittance element, 
called, for short, a MHO unit, since admit- 
tance is expressed in mhos; its character- 
istic is shown by circle M of Figure 5, 
This unit has been known for many years 
as the starting unit of the reactance-type 
distance relay. 

AMHOunit isadirectionalelement with 
voltage restraint added. As a directional 
element, it has maximum torque at some 
particular angle. As such, its character- 
istic is a straight line, as in Figure 6 A, 
operating to open contacts to the left of 
the line and to close them to the right, 
The addition of voltage restraint curls up 
the ends of the straight line into a circle, 
the size of which becomes smaller as the 
restraint is increased. 

Each phase has a MHO unit, 4, M2, 
and M3, which stops carrier through an 
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atixiliary relay MX and makes up the trip 
circuit through a carrier-current receiver 
relay R, if the fault is within the protected 
section. In this respect the scheme is 
similar to earlier equipments. 


B.. GrRounD FAvuLts 


The ground relaying has been consider- 
ably simplified by a return to the original 
idea of back-to-back directional relays, 
which is permissible for ground relays be- 
cause there is no complication of power- 
swing currents entering at right angles to 
the fault currents. There is a complicat- 
ing factor in the ground relaying, how- 
ever, namely, the now known fact’ that 
residual currents can appear in the cur- 
rent-transformer circuits for phase faults 
not involving ground, These undesirable 
stray currents occur because the current 
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Figure 6 C. A G—B diagram of a MHO unit 
(Y/—4) 


transformers do not balance out per- 
fectly, and this, in turn, is primarily the 
result of premagnetization of the core, not 
to mention differences in manufacturing 
tolerances, et cetera. The usual settings 
require current transformers to be within 
less than one half of one per cent of each 
other, which is a severe requirement. 

The use of a directional relay for start- 
ing carrier requires simultaneous errors 
of the proper phase angle of the polarizing 
source, as well as of the line current trans- 
formers, before a false operation can 
occur, since it operates on a product of the 
residual current of the three line current 
transformers and the polarizing voltage or 
current, With directional fault detectors 
throughout, no preference need be given 
to either the ground or phase relays. The 
idea of preference arose originally because 
the ground relaying had to be more sensi- 
tive than the phase relaying, and it was 
feared that load or power-swing currents 
would take control unless the ground were 
given preference. It has been dispensed 
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with now, because years of experience 
have indicated that false residual current 
may be produced by magnetized current 
transformers during phase faults, which 
may operate the ground overcurrent relay 
which turns on carrier and prevents trip- 
ping. 

Carrier is started by a ground direc- 
tional relay GD, (Figure 8) with normally 
closed contacts, which open for faults in 
the backward direction and remain 
closed for faults in the forward, or trip- 
ping, direction. The trip circuit is made 
by a similar directional relay GD2 con- 
nected just oppositely with normally open 
contacts. 


Settings of the Z and MHO Units 


The impedance relay may be set to 
reach beyond the end of the line as long 
as it does not exceed the impedance value 
(see Figure 2) corresponding to maximum 
steady-state load. On short lines there 
will be no possibility of this, but on very 
long lines it is advisable to confine the 
relay setting to the line-section length, in 
order to avoid having carrier on for long 
periods. Reference to Figure 2 will show 
that, if the line could contain all the sys- 
tem impedance, the telay characteristic 
would reach to some point between the 
50- and 60-degree lines which represents 
about the maximum separation that 
would be considered for steady-state con- 
ditions. 

The MHO unit controls tripping, and, 
therefore, should not operate on power 
swings from which the system can recover. 
As stated before, the actual ohmic value 
representing this borderline depends upon 
system conditions, but it is known that 
above 90 degrees difference between the 
equivalent generator voltages the syn- 
chronizing power will decrease so that, 
while they may swing almost 180 degrees 
apart and still be stable, the limit is some 
value nearer 90 degrees. 


RIER 
CARR} ' "To TRIP 


R (OPEN WHEN 
ENERGIZED) 


BATTERY BUS 


Figure 7. Simple elementary diagram of the 

MHO2.-carrier relaying scheme. The carrier 

starts when the circuit is opened and stops 
when the circuit is closed 


See subcaption of Figure 8 
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CARRIER 
SET 


With all the system impedance in the 
line, if the MHO unit has maximum torque 
at the same angle as the line and is set to 
just cover the line, it will reach about the 
90-degree separation line; if the line im- 
pedance is half the total impedance, it 
will reach to some point between the 120- 
and 130-degree lines. It can be seen 
from this that, on short lines and most 
Jong lines, the MHO unit will trip for 
faults and out-of-step conditions, but not 
power swings. On very long, very heav- 
ily loaded lines, some form of ‘‘blinders”’ 
will be required, such as the ohm units 
used in the long-line scheme,! which 
measure the component of impedance 
along the locus of the power swing so as to 
prevent tripping below a certain angle of 
system separation determined by a sys- 
tem study. 

It will be seen from the foregoing that 
an application engineer can determine 
relay settings readily, as soon as he has 
decided the limits of steady-state load 
and the maximum angle permissible for 
power swings. 


Description of Relays Used 


A. THE PHASE RELAYS 


Impedance Fault Detector. The char- 
acteristics of this relay oftendetermine the 
maximum length of line that can be pro- 
tected with this system of relaying. The 
longer the line, the less difference there 
will be between the impedance of a remote 
fault for which the relay should operate 
and the impedance for load conditions for 
which the relay should reset. In other 
words, the pickup of the relay and the 
dropout current should be as near to- 
gether as possible. 

The impedance unit Z used is of the 
induction-cylinder-type construction, us- 
ing all eight poles to obtain a torque pro- 
portional to the operating current. This 
torque is perfectly smooth, free from any 
60-cycle vibration—an inherent feature 
in the induction-cylinder construction.’ 
This feature is necessary because the unit 
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Figure 8. Complete elemen- 
tary diagram of the MHO-car- 
rier relaying scheme 


A=ammeter 

GD, = ground directional relay 
(blocking) 

GD. = ground directional relay 
(tripping) 

M,, Mz, Ms=MHO relay units 

in phases 1, 2, and 3 

MX=MHO auxiliary relay 

R=receiver relay 

RA=receiver alarm relay 

T=target 

Z,, Zs, Zs=impedance-relay 

units in phases 1, 2, and 3 


Figure 9. Characteristics of induction-cylinder 
impedance relay 


may remain in the operated position for 
considerable periods of time when the 
systems are exchanging power at near the 
stable operating limit. Voltage restraint 
is provided by an attracted-armature-type 
construction with an adequately 
smoothed pull. 
gives the most force for the least volt- 
ampere burden—practically a require- 
ment for animpedance relay. Such a re- 
lay is seriously limited in this respect be- 
cause the potential coil must stand rated 
voltage continuously and yet, when it is 
called upon to operate, must do so with 
only a small percentage of normal voltage. 
The usual disadvantage of an attracted- 
armature construction is that the force 
diminishes rapidly as the gap increases, 
being higher than the second power of the 
gap. This is minimized by operating 
with an air gap several times as large as 
the contact gap, and by using the mini- 
mum number of contacts; namely, a 


Figure 10. Tripping zones 

illustrating conventional and 

nondirectional long - line 
backup 


This type of construction - 
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transfer contact giving one normally // 


closed and one normally open contact. 
By this means, the unusually high drop- 
out of over 90 per cent of pickup is ob- 
tained, Figure 9. 

The MHO Tripping Relay. The MHO 
unit has the same four-pole induction- 
cylinder construction employed in the 
GCX directional distance relay, producing 
an operating torque proportional to EI cos 
(60°—8) and a restraint torque propor- 
tional to E?. The angle of 60 degrees was 
selected as beirig near, but generally 
smaller than, the natural angle of a trans- 
mission line in order to minimize the trip- 
ping zone for power swings as explained 
under “‘Operation.” 

One of the most important features of 
the MHO unit is itsmemory action. No 
directional relay is expected to function 
with zero voltage, and this is the condition 
at which the mho circle passes through the 
origin. This difficulty is circumvented 
by making the polarizing potential circuit 
resonant at 60 cycles, so that the coil con- 
tinues to have a substantial voltage across 
it for several cycles after the line voltage 
has been reduced to zero by a fault close 
to the bus. This feature cannot be 
shown on the two-dimensional R-X mho 
circle diagram, but, if polarizing torque 
were plotted in a third dimension, it 
would have a sharp peak near the origin. 

The MHO unit has double-wound cur- 
rent coils which give the same reach on 
phase-to-phase as on three-phase faults. 

Origin of the Term MHO Unit. Why 
is the unit called a MHO unit? This 
sounds complicated, but we believe that 
it is actually the simplest name possible. 
The characteristic of the MHO unit is the 
circle of Figure 6 A, and whereas this 
shows graphically where the relay oper- 
ates, there is no expression which states 
what the relay operateson. For 15 years 
we have had a reactance ohm unit which 


has the characteristic of the horizontal 


straight line in Figure 6 B. This unit 
operates whenever the reactive compo- 
nent of the impedance, measured in ohms, 
is less than its setting X. This character- 
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istic can be tilted as shown by the dotted 
line, and then the unit operates whenever 
the ohmic component along the perpen- 
dicular line through the origin is less than 
the setting of Z/P. Now, the MHO-unit 
characteristic is a straight line when 
plotted on an admittance diagram, as in 
Figure 6 C, and this immediately shows 
that it, operates whenever the component 
of the admittance Y at the angle ¢ is 
greater than the relay setting. 


B. Ground RELAY 


The ground directional units are like- 
wise of the induction-cylinder construc- 
tion available with either current or po- 
tential polarization. Their torque is pro- 
portional to the product of the two cur- 
rents or to the current and the voltage, so 
that false operation would require an er- 
ror in the polarizing source as well as.a 
false residual current resulting from un- 
The 
lack of response to the d-c component of 
offset waves is an already well-known fea- 
ture of the induction principle. 


C. RECEIVER RELAY 


A conventional permanent-magnet po- 
larized receiver-relay unit is employed. 
It has spring-closed contacts and two re- 
straining windings, one energized from 
the local battery, and the other energized 
by carrier received from either end of the 
line. 

Usually, the first winding is energized 
through back, or normally closed, contacts 
of the mho-auxiliary unit MX in Figure 8, 
and holds the receiver-relay contacts 
open. When a fault occurs, the fault de- 
tectors turn on carrier, energizing the 
second winding by the carrier-receiver 
plate current. If the fault is within the 
protected section, the phase or ground 
directional relay M or GD shuts off carrier 
and de-energizes the battery winding so 
that the spring-operated contacts of the 
relay close and trip the breaker. 

The advantage of this arrangement is 
that the second winding, the so-called d-c 
holding coil, keeps the contacts open until 
the trip circuit is completed. This coil is 
energized for reverse faults, thereby pro- 
viding double assurance of preventing 
tripping. 


Backup Protection 


Backup protection is being considered 
separately because opinions differ as to 
the best type of relays, but almost every- 
one agrees that the backup relays prefer- 


_ ably should be self-contained and sepa- 
__ rate from the carrier relays. 


This is most easily achieved with the 


5 


ground relays for which the standard 
residual product or directional residual- 
overcurrent relays are very satisfactory. 
In the case of the phase relays, either 
directional overcurrent relays or stepped 
distance relays can be used, but in either 
case a MHO unit should be used for direc- 
tional purposes, except in the case of very 
long lines on which the 20-degree ohm- 
unit blinders! are used. 

The standard two- or three-step dis- 
tance characteristic can be provided, 
though with some loss of simplicity of the 
scheme. The first step may be a standard 
reactance ohm unit set for 90 per cent of 
the protected section, using the MHO unit 
of the carrier-relay group as a starting 
unit; or it may be an entirely separate 
MHO unit, set for 90 per cent of the line 
and connected directly to the trip coil so 
as to provide a very reliable emergency 


MHO UNIT 


\ CARRIER 
\. TRIP / 


Figure 11 A. Conventional zone-3 backup 
for a short or medium-length line showing 
zones of protection provided by breaker A 


Figure 11 B. Nondirectional zone-3 backup 

for a long line, showing zones of protection 

provided by breaker-A relays and supple- 
mented by breaker-B relays 


Note that the zone-3 circle is the same size as 

Figure 11 A, which is determined by the 

maximum-load transfer. All the enclosed area 
represents protection 
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trip of the utmost simplicity. The chief 
purpose of the zone-1 distance step is to 
provide protection when the carrier equip- 
ment is out of service for maintenance. 

In an emergency, instantaneous tripping 
on internal faults can be obtained while 
the carrier is out of service simply by 
short-circuiting the receiver-relay contacts 
with the carrier cut-off switch in the ‘‘off” 
position, This willenable the MHO unit 
to give instantaneous protection with 
carrier off; the fact that it is set for 110 
per cent of the line ohms may not be as 
important as it sounds because, if there is 
generation on the bus, the actual reach in 
miles may be only one or two per cent 
beyond the end of the section, and the 
chance of a trip on an external fault in 
that small section would be very remote. 
If immediate reclosing is available, its 
significance almost disappears. ; 

The second and third zones can be pro- 
vided by a timing unit controlled by the 
impedance relay, The zone-2 contact is 
connected in parallel with the receiver re- 
lay so that, if the latter does not operate, 
such as when the fault is just beyond the 
bus but within the mho-unit range, the 
breaker will be tripped after a short delay. 

On very long lines it is difficult to make 
the third zone reach far enough to do 
much good as backup, particularly if 
there is generation at the next bus. In 
such cases the relay nearer the fault can 
be used for zone 3, as shown in Figure 10, 
so that the voltage restraint on the relay 
is less by the drop in the line. The upper 
part of Figure 10 shows the usual arrange- 
ment of the time steps of distance relays 
and the lower part shows how the third 
step can be provided by the relay near the 
fault. The appearance of the relay char- 
acteristics to achieve this result are 
shown in Figures 11 A and 11 B, respec- 
tively. 


POWER SWING 


Figure 12. Blinders permit power swings to 
enter the MHO-unit circle 


Note that the 60-degree MHO circle requires 
but one blinder on a 75-degree line 
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This simply means having the third- 
step timer contact going directly to the 
trip circuit and not controlled by a direc- 
tional unit. The range of the third step, 
therefore, will be the ohmic setting of the 
impedance relay, which, on a long line, 
will be something less than the length of 
the setting. Thus backup time will be 
provided for external faults behind the 
bus and, also, over part of the protected 
section. 


Very Long Lines 


Figure 2 shows that the impedance seen 
by the relay during a swing decreases as 
the systems get farther apart until a point 
is reached where the relay characteristic 
is crossed and the tripping occurs. Since 
the size of the relay characteristic in- 
creases with the length of line covered, it 
can easily be seen that the tendency of the 
relays to trip during power swings in- 
creases with the length of line and the 
magnitude of the power swing. 

Lines which are so long, or so heavily 
loaded, or both, that the line impedance 
during power swings is low enough to 
operate the MHO unit, require additional 
relays, which have been referred to as 
blinders, to prevent undesirable tripping. 
Lines in this category have more than 
half the total impedance between the ends 
of the system; that is, the line impedance 
must exceed the sum of the impedances 
beyond each of its extremities, so that the 
length of the line from the relay point of 
view depends on its length in miles and 
the generation at its terminals. Actually, 
such lines are usually over 200 miles long, 
though a heavily loaded line half this 
length could require the blinders. _ 

These blinders are ohm units measuring 
a component of impedance along the 
power-swing locus, that is, about at right 
angles to the line characteristic. 

These units have been described else- 
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2. Figure 13 A. Char- 
acteristic loci of im- 


3 pedance as seen by 
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where in detail. They are similar to the 
standard G-E reactance-relay. ohm unit 
except that they measure impedance at 
20 degrees lead instead of 90 degrees lag. 
Their ohmic setting corresponds to a cer- 
tain amount of load transfer or system 
separation, so that they may be set to 
trip on a power swing of a desired magni- 
tude. : 

In some cases it is desirable to permit a 
separation of more than 120 degrees be- 
tween the generated voltages when they 
are considered lumped at the ends of the 
line. Reference to Figure 2 shows that 
120 degrees separation represents an 
ohmic value equal to 29 per cent of the 
total impedance between the ends of the 
system, which means that a MHO unit 
with maximum torque at the same angle 
as the line phase angle must not be set to 
cover more than 58 per cent of the system 
impedance without blinders; if one allows 
for a MHO-unit setting of 110 per cent of 
the section, the impedance of the pro- 
tected section must not exceed 58/110 = 
0.52, that is. about half the total system 
impedance. If 150 degrees is considered 
the criterion, the MHO unit must not be 
set to cover more than 28 per cent of the 
total system impedance. For 90 degrees 
separation the figure is 100 per cent, which 
means that, no matter how long the line 
is, the MHO unit will not trip on swings or 
load conditions causing a system separa- 
tion of less than 90 degrees. It should be 
remembered, however, that Figure 2 as- 
sumes straight lines for power-swing loci, 
whereas they are generally curves and 
variable, so that these percentage values 
are only approximate. 

The corresponding figures for the im- 
pedance relay are half those of the MHO 
unit because the radius of the impedance- 
unit circle gives the same ohmic, or dis- 
tance, setting as the diameter of the MHO 
unit. In other words, the impedance unit 
must be set for not more than half the 
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Figure 13 B. Locus of swing impedance 
viewed from the two ends of a transmission 
line ; 


The solid line is seen from A and the dashed 
line from B 


ohmic reach of the MHO unit in order to 
avoid operation on swings. 

The minimum ohmic setting of the 
blinders is the maximum are resistance 
expected. This can be understood readily 
by reference to Figure 8 A. The maxi- 
mum are resistance® is 8,750 L/7'4 where 
I is the current in amperes and L is the 
are length in feet. For a 154-kv line the 
spacing will be about 14 feet and, if allow- 
ance is made for a light wind, the are 
length may be 20 feet; at 500 amperes 
minimum current this would give an are 
resistance of 8,750 X 20/6,000 = 29.2 ohms. 
Compared with this, a 100-mile line would 
have an impedance of about 80 ohms, but, 
of course, at a highly lagging angle. 

It is sometimes unnecessary to use two 
sets of blinders, that is, six ohm units for 
preventing tripping or power flow in 
either direction, Usually only one set of 
three ohm units is required because it is 
generally possible to have the angle of the 
MHOunitlesslagging than that of the line, 
so that the relay may be vulnerable only 
in the direction of outgoing power, as 
shown in Figure 12. 


Reclosing 


Many of these long and/or heavily 
loaded lines are the lines between systems 
or parts of a system whose loss may result 
in the loss of other ties. Hence instan- 
taneous reclosing after clearing faults may 
often be the means of saving the stability 
of the system. 

It is preferable, however, to reclose 
only after faults and not after tripping on” 
power swings or out-of-step conditions, 
because in the latter case the system is 
liable to be too far apart to stay in when 
reclosed, When a swing occurs it is caused 
by an abrupt change in load, generally an 
increase in load due to the loss of a source 
‘of generation. Reclosing is undesirable if 
the new load is greater than the load that 
can be reclosed successfully, that is, with 
stability after reclosure. 


‘ 


This selection of conditions suitable for 
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reclosing therefore can be made on the 


basis of the ohms along the power-swing 
locus representing the maximum steady- 


state load, A blocking relay with this 


ohmic setting can pick up an auxiliary 
relay with a slight delay which will pre- 
vent reclosing unless it is de-energized 


_by the tripping relay before the auxiliary 


has had time to pick up, as would be the 
case of a fault where the blocking and 
tripping relays would operate simultane- 
ously. 

On short and medium-length lines the 
impedance relay that starts carrier can be 
used, also, to energize the auxiliary relay 
for blocking reclosure, because the imped- 
ance relay can always be set higher in 
ohms at any angle than the MHO unit 
which controls tripping and which can be 
used, also, for preventing the blocking. 

On very long lines the impedance unit 
may not pick up beforethe MHO unit, and, 
in fact, both may be rendered ineffective 
by blinders, In order to ensure proper 
operation, in such cases, an additional 
single-phase unit is required to pick up 
the auxiliary relay and it must be of the 
same type as the tripping relay but with a 
higher ohmic setting. If the tripping re- 
lay is a MHO unit, the blockingrelay must 
also be a MHO unit, so that it will pick up 
before the tripping MHO unit under all 
conditions, Similarly, if tripping is 
limited by a blinder, the blocking relay 
also must be an ohm unit like the blinder, 
but set for higher ohms. There is alwaysa 
margin between the two like units, be- 
cause the tripping unit must be set below 
the ohms of the maximum power swing, 
whereas the blocking unit has only to clear 


steady-state load conditions. 


Where stepped-distance backup is used, 
the distinction often can be made very 
simply. by arranging to reclose only after 
tripping by carrier relays. The line must 
be short enough to permit the impedance 
unit to be set farther than the MHO unit, 
so that carrier blocking will be available 


‘ 


on all power-swing conditions where the 
electrical center is within the protected 
section. In that case power swings will 
trip through the first-step MHO or react- 
ance unit and will not reclose, whereas a 
fault will energize the carrier-relay trip 
circuit, also, and operate an auxiliary re- 
lay which will initiate reclosing. 


Conclusions 


The new scheme has a direct approach 
to the problem of relaying heavily loaded 


transmission lines, and has the virtue of 


considerable simplification over previous 
schemes, 

It is applicable to all lines which nor- 
mally would be considered long enough to 
justify the cost of carrier relaying. 


Appendix 


The following is a pictorial explanation of 
why the impedance loci appear as circles for 
a given ratio V4/Vg. It has been ex- 
plained already under “Impedance Dia- 
grams” how the straight lines in Figure 2 
are obtained for the condition Eg=E, and 
no shunt impedances, Figure 13 A shows a 
series of diagrams representing the loci Z 4 
and Z, at stations A and B in Figure 1, A 
being at the leading, or sending, end of the 
transmission line AB. 

The current diagrams‘ would be circles if 
all the impedance were in the line, that is, if 
bounded by infinite busses. As the relay 
location approaches the clectrical center the 
current locus approaches a semicircle. The 
voltage locus, however, has a complemen- 
tary shape, so that the impedance becomes a 
circle, 

In these diagrams capacitance has been 
neglected, but it can be seen easily that 
capacitance will tend to curl the straight 
lines for V4/Vg=1 downward, because 
they would tend to pass through a point on 
the —X axis when V, and Vg were in 
phase, so that the only current was charging 
current, Hence the effect of charging cur- 
rent would be to make all the circles below 
the R axis smaller and those above it bigger. 
For that reason the circles Z, and Zz would 
not be exactly symmetrical with respect to 

| 
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each other. In other words, if Z,4 and Zz 
were plotted on the same diagram, as in 
Figures 4 A, 4B, and 13 B, the two loci 
would not coincide because of the effect of 
capacitance. 

In the preliminary diagrams of Figure 
13 A, small circles are shown because V4/Vz 
and Vz/V., are large. Actually, the ratio 
would seldom exceed 1,25 and the circles 
would have a very large diameter, so that 
the part in the region of the power swings 
and the relay characteristics is more, nearly 
a Straight line. 

A great deal of work has been done on 
graphical and analytical methods of obtain- 
ing the power-swing impedance loci. A 
quick method” is to obtain the line imped- 
ance in the form of the equivalent 7, and to 
calculate directly from it the radius and the 
ordinates of the ceater of the circle for the 
required ratio of V,/V , by vector algebra. 
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Effect of Alltitude on Impulse and 60- 
Cycle Strength of Electrical Apparatus 


P. L. BELLASCHI 
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LTITUDE is 

lowering of the air density, and, 
accordingly, it affects the performance 
of electrical apparatuses which depend 
on the air for operation. Thermal’ per- 
formance is affected because of the re- 
duced heat dissipated by convection. 
Similarly the dielectric strength suffers 
a decrease with lower air density. The 
windage losses of machines and damping 
of instruments are less, but, in either case, 
the amount is not of consequence. At 
very high altitudes commutation may 


accompanied by a 


present a major problem and storage 
batteries become affected adversely. The 
interrupting capacity of some circuit- 
imterrupting devices is also affected, the 
amount depending on various conditions. 
These are well-known imstances where 
altitude is a factor in the operation of 
electrical apparatus. 

Much research activity 
directed to these problems. 


has been 
From the 
begimning of high-voltage transmission, 
altitude was recognized as a factor affect- 
ing the operation of line and station ap- 
paratus.' Repeated efforts have been 
made to determine corona loss, and, to 
this end, several investigations have been 
conducted on transmission lines at high 
altitude.2*~> Contributions on the di- 
electric strength of air®7-*: and of elec- 
trical apparatus® at normal and low air 
densities date from this early period. 
Similarly the effect of low air density 
on the thermal characteristics of elec- 
trical apparatus has been the subject of 
comprehensive investigations both from 
an engineering’ 4 and a fundamental 
approach.!5-16 The physical aspects and 
other practical considerations of the 
problem!*~*! have been examined from 
time to time. As far as feasible the 
results of this work have found ex- 
pression in the various apparatus stand- 
ards and test codes. 


Certain fundamental data are still 
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lacking although much progress has been 
made. This fact has been brought out in 
the Pacific Coast AIEE conference on the 
“Effect of Altitude on Rating, Testing, 
and Operation of Electrical Apparatus” 
in conference papers presented by P. L. 
Bellaschi, L. W. Robertson, and V. M. 
Montsinger and elsewhere.** For in- 
stance, an immediate need is fot impulse 
and 60-cycle data on actual station and 
line apparatus at low air densities corre- 
sponding to high altitude. This need 
has been recognized for some time, and 
the results of this investigation should 
therefore be timely and helpful in the 
field of application at high altitude. 


Test Setup and Apparatus Tested 


The tests were made in a sealed Mi- 
carta cylinder, 30 inches in diameter and 
60 inches long inside. The test setup is 
shown in Figure 1. Either end of the 
cylinder may be removed, the apparatus 
for test enclosed, and the vacuum drawn. 
At the desired air pressure, voltage is 
applied to the high-voltage terminal 
which enters the cylinder at one end, the 
second terminal at the other end con- 
necting to ground. A valve is set to leak 
air into the cylinder at a rate equal to 
the air removed by the vacuum pump; 
thus the air circulates through the 
cylinder and the inside pressure is main- 


: HIGH VOLTAGE 
TERMINAL 
x 


‘ 
VALVE 


Figure 1. View of 
test setup 
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tained constant. 


couple thermometer the 
in the cylinder. 

The tests cover some of the more com- 
mon apparatus encountered in stations 
and on lines, These are listed in Table I. 
Figure 2, for instance, shows 15-kv and 
69-kv bus and switch insulators typical of 
the standard apparatus that have been 
tested. Figure 3 illustrates a six-unit 
insulator string in the process of being 
lowered in the cylinder for test, The 
arrangement in Figure 4 for enclosing a 
69-kv bushing indicates the flexibility of 
the Micarta cylinder in conducting the 
tests on the various station and line ap- 
paratus. In part of the tests as on the 
wood crossarm, shown in Figure 5, a 
porthole window was available at» the 
ground end of the cylinder for visual 
observation of corona, flashover, and 
other effects. The smaller apparatuses 
were fitted with terminal electrodes in 
the manner prescribed in the usual di- 
electric tests. For large apparatus the 
clearance was limited, but in no instance 
did flashover occur other than over the 
apparatus or in the air. Thus the tests 
truly and effectively were on the ap- 


temperature 


paratus proper in a reduced atmosphere, 


Method of Test 


The procedure was to adjust the air 
density in the cylinder to the desired 
value and to condition the apparatus 
and the cylinder to the “new altitude,” 
We found that for most apparatus the 
time required for the pumping sufficed to 
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ae 
Instruments give the// . 
essential data on the air, A barometer 
and a manometer provide measurements 
of the air pressure in the cylinder and 
outside. Wet and dry bulb thermometers 
measure the humidity and a thermo- 


er 


Table I. 


RAD Investigation of Station and Line Apparatus 


Tee eEEnIEEEEEEneniEEEEEEEETTT enIEEEEEianeEeEeEEEIIEEEEoEe 


oo 


1 


mypnratus Tested Type 


15-ky switeh and bus insulator, 
Oo. kX awiteh and bus insulator, . 
A0-keYV Weldenser bushing. 
Gunit LO-ineh-diameter sus- 
persion insulator 
lh-keyv dry-type current trans- 
former... 4. 
15-ky apparatus insulator 
1S-ky  ait-insulated — trans- 
former (Model) 
&.G6-ky  ait-insulated 
transformer (Model) 
G0-ky erossarm, four-foot see- 


trans. 


Ji SESE Ne ea Line 
6- and l2-ineh rod gaps, ........ General 
O4sinch rod gap...........0005 General 
Vo-ineh transformer oll (gap)... General c 


condition the apparatus and the cylinder. 
In some tests, as on the transformer oil, 
constant air density was maintained 
several hours previous to the test. As 
stated before, a leak valve in combina- 
tion with the vacuum pump provided a 
continuous flow of the air at constant 
pressure in the cylinder, 

. Tests were made from normal to low 
air densities and vice versa, with practi- 
cally the same results. Most test data 
are limited from 1,00 to 0.50 relative air 
density (RAD), as this covers the practi- 
eal range in altitude encountered on the 
earth’s surface (Table IT), However, 


some tests were extended below 0.10 


Typical switch and bus insulators 
tested 


Figure 2. 


A. Apparatus insulator, 15-kv class, indoor 
2 ' type 

B. Switch and bus insulator, 15-kv class, 
outdoor type, National Electrical Manufac- 


turers’ Association standard 


C. Switch and bus insulator, 69-kv class, 
he outdoor type, NEMA is 


. age 


May 1944, VoLuME 63 ‘g 


. Station (outdoor)... 
. Station (outdoor)... . 
. Station (outdoor)... .. 
Station and line,... 


SOUL eee Station (indoor) .... 
cy esent Station (indoor) ..,. 


Station (indoor) .... 


Station (indoor) .... 


Siok Tests 


1,000 Kilovolts Per 


1/4x40 Microseconds Microsecond 
— 60-Cycle 
Positive Negative Positive Negative Tests 
eti/a ian’ SM Gt ERIS UDELL TOE DO PS 
> ET RO x 
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eK a teen eT WET SPEE Falk herd eke vise as x 
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Mahi iv Aare eA tite dgivia ulewsiwratenten tate aes x 
AR ae rece x 
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RAD which corresponds to well above 
40,000 feet and a few up to 1.50 RAD. 
All tests were made at room temperature, 
20 to 30 degrees centigrade, and at 890 
feet (Sharon, Pa.). 

The data are reported in terms of the 
relative air density, given by the formula 


RAD ae 0,892 b (millimeters) 
273 -+-1(degrees centigrade) 


in which b is barometric pressure and ¢ is 
temperature. The absolute humidity at 
the low RAD’s is, essentially, the ab- 


Figure 3. Test arrangement for suspension in- 
sulators 


Insulator string being lowered into cylinder for 
test 
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solute humidity at atmospheric pressure 
reported for each series of tests multi- 
plied by the RAD. The reason for this 
lies in the fact that for a given mass of 
air, the water content is the same inside 
and outside the cylinder. 

The technique of testing and measure- 
ment fully complies with the recognized 
methods described in AIEE Standard, 
4 (1943). In this respect the Sharon 
high-voltage laboratories are well 
equipped for both 60-cycle and impulse 
testing. For instance, an impulse genera- 
tor of 0.016 microfarad at 3,000 kv and 
correspondingly higher capacitance for 
lower test voltages was available. All 
impulse measurements were recorded 
with the cathode-ray oscillograph. Typi- 
cal oscillograms are shown in Figure 15. 


Full-Wave Impulse Tests 


The critical flashover data for 69-kv 
and 15-kv switch and bus insulators are 
plotted in Figure 6. Each point rep- 
resents the crest of a 11/,x40-micro- 
second voltage impulse which caused 
flashover on 50 per cent of the applica- 
tions. From normal to 0.47 RAD, the 
lower limit of these tests, each set of 
points practically determines a straight 
line. The voltage over this range is 
directly proportional to the RAD, plus a 
constant.. One curve extends to 1.23 
RAD which at 760-millimeter barometric 
pressure would correspond to —51 de- 
grees centigrade. These curves are 
typical of the tests made on other out- 
door station apparatus and on line in- 
sulators. 

One point of interest is the longer time 
to flashover observed at low air density. 


Figure 4. Test arrangement for bushing 
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Standard Atmosphere* 


Table Il, Atmospheric Conditions at Various Altitudes 


Tsothermal** 
Atmosphere 
. - Conditions on 


Temperature = Rarth’s Surface 


RAD = oc - 
Elevation Barometric Temperature 0.302b Barometric Temperaturet Humidity 
—_— _ Pressure (Degrees Pressure (Degrees Vapor Pressure 
Feet Meters (Millimeters) Centigrade) 273 + t (Millimeters) Centigrade) (Millimeters)t 
Nhs 0 .. 760 : 15 1.03.. mak ia A 5 20 ‘ 15.45 
3,281... 1,000... 674 oe 0.94 .. 670 wa» a0 ree 0.60 
6,562. . 2,000 596 or 2 SOlSS. uh OOR Uk Nevin YSERA eee oe 
9.8438. . 3,000 .. 586 : Si 0. 97... eke 2 ; eT 
1$,120.. 4,000... 462 —11l O.89r. 3.5 461... Re MG a a eas OOO 
19,690. . 6.0QQ.... $54 = 2805. 0688. $so - =) C Ope ere pee ra AS 

26,250. . 8,000.......267 60 MET... 0.48 280 
$2,800. . 10,000, .. 198 SO v4 oh OSS 218 
39,870. .1S,000....... 145. : .- 35 0.26 169 
49,210. 15,000. . Li OSs Saher —55 POSES vnc six Sere 116 
$5,620, . 20,000. 41.4 —355 GO. O70 USNs 60 


** Smithsonian Meteorological Tables, numbers 56 


and 57, 


+ Reference 20, “Mean Temperature for the Entire United States,” 


t References 17 and 19, typical data for standard reference (15.45 millimeters, vapor pressure) at the 


earth's surface, 


In Figure 15 are typical oscillograms. 
Thus, for the 69-kv bus and switch insu- 
lator and a negative wave, the time to 
flashover at 0.97 RAD is seven micro- 
seconds and at 0.47 RAD, 27 
onds. 


microsec- 
Present concepts of the break- 
down mechanism appear to be in accord 
with this effect. 

The tests in Figure 7 were made on a 
15-kv dry-type current transformer rated 
100/5 amperes. This apparatus depends 
for its strength on tape or layer insula- 
tion in combination with the air. Flash- 
The 
curve is typical for similar indoor station 
The flashover at 0.50 RAD 
again is somewhat better than one-half 
the voltage at 1.00 RAD, 


over determines the insulation level. 


apparatus, 
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Figure § presents typical data for 24- 
inch, 12-inch, and 6-inch rod gaps. Some 
of these tests cover a range from 0,10 to 
1.50 RAD. The variations are much as 
would be expected for rod gaps. For the 
most part the curves are straight lines. 
Tests at low RAD show long times to 
sparkover as noted for apparatus. Other 
unusual effects were observed; for in- 
stance, below 0.05 RAD the collapse of 
the voltage would be abrupt on some tests 
and in others slow. 

Wood is used extensively in trans- 
mission and distribution and, lately, in 
substations. For this reason, it was de- 
cided tests should be made. New, sea- 
soned-fir crossarms for a 69-kv line were 
cut in lengths suitable to enclose in the 


Figure 5. Testing of wood 


crossarm 


Cylinder provided with port- 
hole window for viewing test 
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Figure 6. Critical-impulse flashover of 
standard switch and bus insulators 


Atmospheric conditions 
Temperature, 25 degrees centigrade 
Barometer, 740 millimeters 
Humidity, 16 millimeters 


cylinder and four-foot sections tested, 
The data, given in Figure 9, substantiate 
further the fact that wood is quite vari- 
able on impulse. However, the curves 
show clearly that the impulse strength 
of wood suffers a reduction with RAD, 
The peculiar behavior of wood is 
evidenced from these tests, Time to 
flashover or breakdown for wood is 2 to 
3 microseconds at normal RAD. At 
0.50 RAD critical flashover occurs at 12 
to 15 microseconds, and this would indi- 
sate that air is a primary factor in the 
breakdown. When breakdown occurs in 
the air, the voltage collapses suddenly 
to zero. In some of the tests the collapse 
is slow, followed by a residual voltage 
which indicates a discharge in the wood 
somewhat in the manner of an arrester, 
These effects are indicated in oscillo- 
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Figure 7. Critical-impulse flashover of 15-kv — 


indoor dry-type current transformer 


«* 


Atmospheric conditions 
Temperature, 27 degrees centigrade 
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Figure 8. Critical-impulse sparkover of rod 
gaps 
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grams E of Figure 15. The streamers at 
the low RAD, often extending over a 
long section of the wood without com- 
pleting the breakdown, were plainly 
visible. The splintering was moderate 
as the currents were limited to a few 
thousand amperes, 
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Figure 9. Critical-impulse flashover of four- 
foot fir crossarm 
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Figure 10. Effect of air density on critical- 
impulse flashover and sparkover 
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At the high RAD all tests were acccm- 
panied by vigorous noise upon flashover 
or sparkover. At 0.50 RAD the noise 
would dwindle materially and practically 
vanish at very low densities. 

Beside testing typical ‘apparatus, tests 
were made on insulation of interest in 
engineering. In Figures 10 and 11, these 
and the previous data are plotted in the 
convenient form of correction factors. 
For the apparatus in air the curves 
cluster close to a line that runs from 
unity through zero. A conservative pro- 
cedure would be to consider the impulse 
level of station and line apparatus in air 
as directly proportional to the RAD 
after it is recognized that the posi- 
tive impulse generally determines the 
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Figure 11. Effect of air density on critical- 
impulse flashover and sparkover 
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level. For a most exact evaluation of 
the correction factors reference should be 
made to Figures 10 and 11. 

Curve A of Figure 11 shows a reduction 
of ten per cent in the strength of oil from 
1.00 to 0.50 RAD. This is not a major 
reduction considering that the corre- 
sponding altitude is from sea level to 
practically 20,000 feet. Solid insulation 
impregnated in oil is probably affected 
even less. For this reason, station and 
line apparatus immersed in insulating 
liquid can be considered as little affected 
by altitude. At the very high altitudes 
the strength of solid and liquid insulation 
may have to be examined, particularly, 
if for any reason the low air density affects 
the condition of the insulation. 


13 X40 MICROSEGOND 
POSITIVE WAVE 


Ze 
belts Aca 
Beet 


KILOVOLTS - CREST 


DRY-AIR DEHYDRATED 
WET- APPROACHING 
SATURATION 
AMBIENT- CONDITIONS 
TEMP. 26°C. 
BAR. 740 MM 


40 -60 80 1,00 
RELATIVE AIR DENSITY 


Figure 13. Effect of humidity on critical-im- 
pulse sparkover of six-inch rod gap 
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Front-of-Wave Impulse Tests 


Direct strokes of lightning are an 
important consideration in the co-ordina- 
tion and protection of apparatus.” 
Front-of-wave impulse data at low air 
densities are desirable, since lightning is 
present at high altitudes.*4 Accordingly, 
tests were made on 6- and 12-inch rod 
gaps, and the data are given in Figure 12 
in the form of correction factors. F of 
Figure 15 is a typical oscillogram. 

From normal to 0.50 RAD the cor- 
rection on an average basis is 0.5 per 
cent per 0.01 RAD; that is, at 0.75 RAD 
the correction factor is 0.87. Within 
0.90 to 1.10 RAD the correction is less, 
0.35 per cent per 0.01 RAD. Within 
this limited RAD range a similar correc 
tion for short impulses has previously 
been reported.”®> For practical purposes 
the curves in Figure 12 can be considered 
applicable to high-voltage apparatus 
which have essentially a rod-gap type of 
characteristic. 


Humidity and Other Effects 


Comparative tests were made on the 
six-inch rod gap to determine the effect 
of humidity at low air densities. First, 
the tests were made in dry air, supplied 
calcium-chloride-phosphorous- 
The tests were 


from a 
pentoxide desiccator. 
repeated in a humid atmosphere pro- 
duced by a pan of water in combination 
with cloth wicks introduced into the test 
cylinder. All tests were with a 11/2x40- 
microsecond positive wave. The results 
are plotted in Figure 13. 

The same vapor pressure maintains 
for normal and low air pressures.26 We 
estimate the humidified air 
0.80-inch mercury 


attained 


vapor pressure or 
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Figure 14. Effect of air density on critical 
60-cycle flashover 
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better. From the two curves we note a 
constant difference of eight kilovolts 
throughout. It appears that physically 
the humidity has a fixed effect. Thus on 
a per cent basis the increase in strength 
from dry air to 0.80-inch yapor pressure 
is nearly twice as great at 0.50 RAD as at 
1.00 RAD. On the strength of these data 
the humidity corrections determined at 
sea-level conditions cannot be applied at 
high altitudes but require a scaling up in 
an inverse relation to the RAD. Addi- 
tional tests are desirable to establish these 
relations fully. 
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Figure 15. Typical oscillograms of impulse 


voltages 


However, humidity drops with altitude 
so that actual conditions mitigate against 
a large over-all correction. On the other 
hand, the drop in temperature with alti- 
tude improyes the strength, but again 
the effect is secondary (Table II). Aside 
from rain, snow, and so forth, there may 
be other factors; for instance, little ap- 
parently is known of the effect of cosmic 
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.apparatus typical of indoor type. 


2a! 


rays, ultraviolet rays, and similar ioniz-, Ai 
ing agents upon the strength of electrical 
apparatus. At the high altitudes in 
particular these effects may require ex- 
amination. 


60-Cycle Data and Corona 


As stated before, 60-cycle studies at 
low air densities date from the beginning “ 
of high-voltage transmission. In this 
investigation tests were made mostly on 
The 


results are given in Figure 14. Break- 
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down data for a uniform field where tem- 
perature controlled the RAD from 1.00 
to 0.50 likewise follow this curve. From 
all data at hand the 60-cycle strength of 
apparatus practically can be taken as 
directly proportional to the RAD. In 
applying or testing apparatus at high alti- 
tudes it seems fundamental that the 
voltage ratings should conform to this 
relationship. Where the insulation mar- 
gins are inherently large and there are 
no other limitations, as is the case for 
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some of the low-voltage equipment, no 


derating appears necessary other than 
possibly at the very high altitudes. 

We had planned to investigate corona 
at low air densities, particularly its effect 
on insulation and radio noise, but other 
activities have deferred these tests. For 
instance, there is the possibility that ap- 
paratus may operate at high altitude with 
more apparent corona than would be per- 
missible at sea level. The dry atmosphere 
at high altitude may also contribute bene- 
ficially to longer insulation life. The 
question of corona losses on lines is of 
particular interest to transmission engi- 
neers, and this also may require further 
examining in the light of the actual con- 
ditions prevailing at the high altitudes. 
These are some of the corona effects on 
which more study and testing may be 
well worth while. 


Summary 


The air strength of electrical apparatus 
to long waves (11/)x40 microseconds) is 
essentially proportional to the RAD. 
The impulse strength of apparatus ap- 
plied at high altitudes and exposed to 
lightning should be rated accordingly. 

The RAD corrections for front-of-wave 
impulses (1,000 kv/microsecond) are one 
half and less than one half of those for 
long waves. 

Sixty-eycle strength and corona are 
also affected in direct relation to the 
RAD. Voltage ratings naturally should 
recognize this. 

The oil strength of apparatus is practi- 
cally unaffected by altitude. 

- Data on the effect of humidity are 
presented. Other influencing factors 
that may be present at high altitude are 
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discussed. Corona effects may need more 
attention. 
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A 500,000-Kva 7.5-Ky Air Circuit 
Breaker for Steel-Mill Service 


R. C. DICKINSON 


MEMBER AIEE 


Synopsis: A self-contained air circuit 
breaker for a rating of 500,000 kva at 7.5 kv 
has long beén regarded as a desirable goal. 
Recent developments in magnetic-type air 
circuit breakers have indicated the economic 
feasibility of similar designs for ratings 
higher than previously attained. The de- 
velopment of a 500,000-kva 7,500-volt mag- 
netic air circuit breaker is described. A de- 
scription of the breaker and the peculiar 
design problems are presented. Test data 
with oscillograms are shown. 


ITH the advent of the first 15-kv 
power air circuit breakers for central 
1929,12 it 


station service in was soon 


al 


Figure 1. 7.5-kv 250,000-kva deion air cir- 
cuit breaker for metal-clad switching equip- 
ment as widely applied in steel-mill service 


recognized that an air circuit breaker 
was much more desirable for highly re- 
petitive steel-mill motor switching than 
was the conventional equipment wuni- 
versally used at that time. Inter- 
rupting tests showed that the air circuit 
breaker could withstand many operations 
on considerable power without requiring 
maintenance, as compared to the high 


Paper 44-56, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28,1944. Manuscript submitted November 
24, 1943; made available for printing December 
18, 1943. 


R. C. Dickinson is section engineer in the air- 
circuit-breaker section at Westinghouse Electric 
and Manufacturing Company, East Pittsburgh, Pa. 
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maintenance necessary on oil switching 
This 


somewhat to be expected in view of the 


equipment of that period. was 
fact that low-voltage air circuit breakers 
and had 


ability for years. 


contactors demonstrated this 
It was also believed 
that the air circuit breaker was highly 
desirable for steel-mill-substation service 
because of the additional severity of 
steel-mill operating conditions, as com- 


Figure 2. Five-kilovolt 150,000-kva mag- 
netic deion air circuit breaker 


pared to the duty on corresponding equip- 
ment in central-station service. 
Realizing these facts, a 250,000-kva 
7.5-kv deion air circuit breaker of the 
metal-plate type was made available in 
1932, designed to meet the rigorous de- 
mands of steel-mill switching service, for 
either substation or motor switching duty. 
Illustrated in Figure 1, this breaker has 
been widely and successfully applied in 
some of the largest steel mills in the in- 
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dustry and continues to be applied in sub- 
The first 
breakers of this type, installed on large 


stantially its original form. 


reversing mill motors in 1982, are still 
doing duty at the rate of about 50,000 
operations per year, 

The success of these breakers and of 
the companion designs for 2.54, 5-, and 
15-kv ratings has been largely respon- 
sible for a general trend toward air cir- 
cuit breakers in thisrange. However, the 
problem of interrupting higher currents 
at higher kilovolt-ampere ratings dis- 
closed economic limitations in the metal 
plate deion principle indicating limits in 
current interrupting rating beyond which 
construction would be too expensive for 
Thus, the ratings of 250,- 
000 kva at five kilovolts and 500,000 
kva at 7.5 kv, involving currents of 
30,000 to 45,000 con- 
sidered beyond the range of economic 


general use. 


amperes, were 
use of the metal plate deion principle. 
The development of a new principle of are 
interruption in air’: made possible the 
attainment of higher short-circuit current 
at 2,500 volts than 
was practical with previous designs. This 


interrupting ability 


principle made use of magnetic 
diffusion effects with plates of re- 


new 


fractory insulating materials. 


Through considerable experimental 


work and study of this principle, five- 


Five-kilovolt 250,000-kva 


Figure 3. 
netic deion air circuit breaker 
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kilovolt breakers of 150,000-kva and 
250,000-kva interrupting ratings were 
developed® as illustrated in Figures 2 
and 3. The short-circuit current which 
must be interrupted by the 250,000-kva 
five-kilovolt breaker is 35,000 amperes 
at the commonly encountered distribu- 
tion voltage of 4,150. Figure 4 is an 
oscillogram showing the interrupting by 
this breaker of 40,000 amperes at 4,020 
volts restored, on a single pole, which 
shows considerable margin for a three- 
phase rating of 250,000 kva in the five- 
kilovolt class. This development con- 
tributed greatly to the technique of 
interrupting high currents at higher 
voltages than previously deemed feasible 
for a self-contained air circuit breaker. 
However, a 500,000-kva breaker for 
7.5 kv still remained to complete the 
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Figure 4. Oscillogram showing interruption 

of 40,000 amperes at 4,020 volts restored on 

a single pole of a five-kilovolt 250,000-kva 
magnetic deion air circuit breaker 


three-phase _ kilovolt-amperes— 
330,000 kva 


Equivalent 


line of self-contained air circuit breakers. 
The breaker herein described completes 
the need previously indicated. 

The general requirements which should 
be set by a breaker of this rating are: 
1. Interrupting capacity of 44,000 amperes 
at 6,600 volts, three phase. 


2. Full interrupting rating at 25 cycles as 
well as 60 cycles which is often required. 


8. General ruggedness and freedom from 
excessive maintenance requirements. 
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4. Insulation level adequate for the new 
insulation standards of 95-kv impulse 
strength and 36-kv one-minute 60-cycle test. 


5. Readily suited to use in the compacted 
space of metal-clad switching equipment. 


The problem of interrupting heavy- 
current arcs in a restricted space in air is 
more difficult at the higher currents and 
especially at the higher voltages. Twenty 
thousand amperes does not now present 
a very serious problem, but 40,000 am- 
peres presents much more than double 
the 20,000-ampere job. The interrupt- 
ing of 44,000 amperes at 7.5 kv presents 
problems in are control and space de- 
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tion of 500,000-kva 7.5-kv magnetic deion 
air breaker 
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ionization far beyond those dealing with 
more moderate currents. 

The initial drawing of the arc on the 
arc tips,,even with the best materials 
available, gives rise to large quantities of 
ionized gas which must be disposed of if 
the space between the contacts and other 
live parts in the arc chamber is to with- 
stand the restored voltage of the circuit. 
From its inception the arc space must be 
conditioned progressively to withstand 
the increasing voltages imposed by the 
action of the interrupter on the are. If 
the are in moving from the contacts into 
the interrtipter is envisioned in slow 
motion—keeping in mind the intense 
heat and ionization—it can be seen that 
at each point, the space which the arc 
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Three-pole 500,000-kva 7.5-kv 
magnetic deion air breaker showing one arc 
chute in position 


Figure 6. 


has just vacated must be sufficiently 
deionized to withstand the voltage of the 
are in the succeeding position. Other- 
wise, the are will restrike to the earlier 
position, from which it must again be 
moved. Although it is difficult to avoid 
this restriking with perfection, excessive 
restriking causes proportionally greater 
ionization which must be disposed of for 
successful interruption of the circuit. 
Finally, the entire space between the live 
parts of the arc chamber, both internal 
and external, must withstand the re- 
stored voltage applied by the open cir- 
cuit. 

The interrupting element or arc chute 
of this breaker is arranged so that the 
arc is moved by a magnetic field into V- 
shaped slots in a multiplicity of refractory 
plates separated from each other. The 
planes of the plates are perpendicular to 
the arc stream. The arc chute is shown 
schematically in Figure 5. The lower 
part encloses the initial arc-drawing 
space and the space for extending the | 
arc length for movement into the series of * 
refractory deionizing plates, 

A curved are horn ‘is located, at 
each end of this lower part of the 
arc chute to provide rapidly separat- 
ing arc terminal paths. Each arc horn is 
on the immediate upper periphery of a 
circular blowout coil. The coil above 
the stationary arcing contact is cut into 
series relationship with the are as the are 
impinges on the arc horn immediately 
above that coil. This adds sufficient 
magnetic field to that existing from the 
loop shape of the current path through the 
breaker to move the terminal of the arc 
on the movable arc tip rapidly onto the 
arc horn at the other end cf the are 
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Figure 7. Dimensioned drawing showing 
500,000-kva 7.5-kvy magnetic deion air 


breaker in metal-clad switching equipment 


Type 75—DH-500 drawout unit 40 inches wide 


chute and the corresponding blowout 
The 
two 


coil is introduced into the circuit. 
magnetic field provided by the 
blowout coils is applied to the are space 
by suitably shaped pole faces, to move the 
are as uniformly and as rapidly as pos- 
sible consistent with the deionization of 
all of the space behind it. 
tion of this space between the contacts 


The deioniza- 


and are horns is accomplished by venting 
the gases from the are and cooling them 
to such an extent that breakdown will 
not occur. To this end the arc horns are 
vented freely, and the refractory plates 
above the are horns are arranged in four 
groups spaced apart to provide five rela 
tively wide vents evenly spaced. 

The refractory plates are separated 


er 
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Figure 8. Oscillogram showing the inter- 
ruption of 47,500 amperes at 5,900 volts at 
60 cycles on a single pole of the 500,000-kva 
i 7.5-ky magnetic deion air breaker 
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as much as possible for venting effect 
without sacrificing the deionization effect 
on the exhaust gases traveling from the 
ends of the V-shape slots to the ends of 
the plates. Lateral are also 
placed at the end stack vent as an addi- 
tional precaution against flashing over 
the entire end of the arc chamber, 

In Figure 5, the arcing contacts are ex- 
ternally similar to those previously ap- 
pled to magnetic deion breakers for 
100,000, 150,000, 250,000 kvat~5 
but are equipped with heavier springs to 
prevent blowing open on the high cur- 
The are tips and second- 


barriers 


and 


rents involved. 
ary contacts are made of silver tungsten, 
The main contacts are of the solid copper 
bridge type, faced with silver inlay and 
held in contact by strong compression 
springs. This construction provides for 
transferring the current from the main 
contacts to the arcing contacts, and the 
shape of the arcing contact parts acceler- 
ates the movement of the are from the are 
tips. 

The three movable contact 
operated by insulating push rods from a 


arms are 
shaft running lengthwise across the front 
of the breaker. This shaft 1s operated 
through a toggle by a horizontally acting 
solenoid not shown. ‘The 
shaft also has two arms coacting with 
bumpers to absorb the shock of opening. 


mechanism 


Vigure 6 shows the three-pole breaker 
with two are chutes removed to show the 
contacts. A dimensional drawing of 
this breaker as part of a complete metal- 
clad switching equipment is shown in 
Kigure 7. 

I’xtensive high-power interrupting tests 
were made in the development of the 
breaker. Figure 8 shows an oscillogram 
of an opening test on the completed 
breaker of 47,500 amperes at 5,900 volts, 
Figure 9 
shows a close-open test of 45,700 am- 


60 cycles on a single pole. 


* 
Table |. Single-Phase Interrupting Tests 
7,500-Volt 500,000-Kva Steel-Mill Circuit 
Breaker 
Gen- Rms Tator- 
Test erator Amperes Arcing ranting 
Num-  Volt- Inter- Time Time 
ber age rupted (Cycles) (Cyclon) 
Opening Tests 60 Cycles 
Lis $9,000 Lh COO aciey 100. 47a ee 2.76 
2.6 eB, OOOH VE OOP) tu. a> La vce 2,00 
8. Bi RBO— spel AO Mey evnd 1 00's ree 2,40 
4...,6,900,, 84,800... ¢. 1,00). wee 
Ort + 18, OUOM > wil wOmety ere L..O0+.:..7eee 2eh0 
6 iw 48/800. OO OOD en ree 0:80.) inne 2,80 
7 0 (8,900 x 2B; 200 ea tiers 0,90 U)teaue 2,80 
8... .5,000, e223 O00 pyr OGOy cn anne 
9. +, 5,000), . 186/880. 6: 100s80K) aa 2,20 
LD sine OOO c ATO cine rie 1,10... < eee 
11, 0 (8,800) (47 epOpibint, cs O78)... sone 2,350 
12,...08,900 ».. 46/050)... vals dp aOaw ea eee 
Opening Testa 25 Cycles 
LB si00  OpROO so) Ope Bary ana 0,60... .. 90k OO 
14, ....6,860,.. 24,850). ics d0 h65 05, ne eee 
15;,...19,600. 6; 20ye00 ise nak O.4B i254) Or Oe 
16. .«.6;100. , -20,200.,7..5, 0:40) ctoctee 1.20 
1? v.58, DOO er Geer Urine etics 0 BO yi eae 1,00 
18s 6) 0, 60: SAUL a as 0 AO evra 0,90 
Close-Open Tests 25 Cycles 
10)... 0j100.. 0 BAB: yg cece ieee 1.70 
20.078 100% =, 425000) i+ clas 0), 405 eee 110,90 
21... 6,100. .46;700,,,... a0, OU, one 1,20 


peres at 6,100 volts, 26 cycles on a single 
pole, 

Table I shows three series of tests on 
a single pole of the breaker, all of which 
were made without maintenance, Of the 
21 tests, 8 are at more than 40,000 am- 
peres and 16 are at more than 20,000 
amperes. This performance is equiva- 
lent to years of actual service, Proof of 
satisfactory performance over the entire 
range of lower currents was obtained by 
subjecting the breaker, without any 
form of maintenance, to a series of ap- 
proximately 100 interrupting tests, 


Conclusion 


The principle of magnetic diffusion has 
been applied to a complete line of eireuit 
interrupting capacities 


breakers with 
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Figure 9. Oscillo- 
gram similar to Fig- 
ure 9 exceptshowing 
a single-phase close— 
open interruption of 
45,700 amperes with 
a generator voltage 
of 6,100 and at 25 
cycles 
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The Pc yamettical Stator as ? Means of 


Starting Single-Phase Induction Motors 


JOHN L. BAUM 


NONMEMBER AIEE 


\i 

HE shaded-pole motor is quite simple 

to construct; but for all but the small- 
est sizes, losses are large; and if distrib- 
uted windings are used, its construction 
becomes more complicated. A  single- 
phase induction motor may be given 
starting torque by varying the rotor con- 
stants over the pole face, either by asym- 
metrical iron structure or winding. Start- 
ing torque is comparable with that of a 
shaded-pole motor, and construction is 
very simple with nothing to get out of 
order. The chief drawback appears to 
be the smaller power factor which is due 
to reduced mutual inductance. 


Means of Securing an Asymmetrical 
Stator 


Starting torque arises from two sources: 


1. The difference in leakage inductance of 
the rotor bars on one side of the pole from 
that on the other causes a different current 
to flow on each side, producing a resultant 
torque, as in a repulsion motor. 


2. The difference in mutual reactance on 
the two sides of the poles gives the rotor cur- 


rent under the two sides some difference in 


phase, which also produces a _ resultant 
torque. 


One means of securing these differences 
is to wind more turns about one side of the 
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pole face, which we will designate as a, 
than about the other side, designated 5, 
thus causing a difference in the perme- 
ability of both the rotor and stator iron. 
If the iron at 6 has the maximum perme- 


Figure 1. Relative position of fluxes and 
currents 


ability, the flux density at a will be above 
that of maximum permeability; the 
rotor bars under 5 will have greater in- 
ductance than those under a, and since 
the current through these encircles a, the 
component of rotor leakage reactance Xo, 
will be greater than X,. For a lower 
voltage and flux density, the opposite 
will be the case; hence, we have the in- 
teresting possibility of the starting direc- 
tion being reversed by a change in start- 
ing voltage. In order to utilize this effect 
fully, ea rotor bars should be surrounded 


_tanging from 50,000 kva® at 2,500 volts to 
the 500,000-kva 7.5-kv breaker de- 


scribed in this paper. Laboratory tests 


' show that this most recent breaker is 
well suited to the operating conditions of 
steel mill and equivalent service and that 
it has ample short-circuit interrupting 
capacity for use in large power concen- 


trations at 6,600 or 6,900 volts. 
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completely by iron. It is quite difficult 
to calculate the rotor reactance of this 
type of motor; thus, it is hard to design 
efficiently. . 

The case of varying the air gap over the 
pole face is easier to calculate. These 
formulas are derived in the appendix. 
While the greatest difference in both rotor 
inductance and mutual reactance occurs 
when the air gap has its maximum value 
over half the pole face, changing abruptly 
to a minimum, harmonic reactances of 
the rotor are least when the so-called 
zigzag reactance, that is, leakage react- 
ance of the rotor bars due to flux crossing 
the air gap, varies sinusoidally over each 
pole. If it is assumed that this reactance 
is to be inversely proportional to the air 
gap, this requires that ; 


~ 


1/A=,A+2A cos 2xx/r 


qd) 


where 


A=air gap (all dimensions in this paper are 
given in inches) 
oA =(1/2)(1/ Anin-+1/ Awsx) 
2A =(1/,)(1/ Anis —j [ Amex) 
*x=co-ordinate measured along rotor pe- 
riphery 
A=pPole pitch 


It might seem desirable to create a 
sinusoidal flux wave by increasing the 
turns about each stator tooth in propor- 
tion to the increase in air gap under that 
tooth. This introduces harmonics into 
the magnetomotive-force wave which 
gives a greater harmonic content to the 
mutual reactance than an ordinary sinu- 
soidally distributed winding would give. 

Difference in flux density over a and } 
may cause difference in rotor permeability, 
which may increase or decrease the re- 
sultant torque; but unless the rotor bars 
are surrounded completely by iron, this 
effect should be small. Difference in 
flux density over a and 5 also may pro- 
duce a difference in hysteretic angle of 
advance between flux a and 5, producing 
a rotating field; but this effect is also 
quite small under ordinary conditions. 


Computation of Rotor Currents and 
Torque 


P. H. Trickey! has given an analysis of 
the shaded-pole motor which forms the 
basis of this development. The space 
distribution waves of field flux and rotor 
current ,are resolved into Fourier series. 
Each harmonic is divided into two com- 
ponents or phases 90 degrees apart, de- 
noted by subscripts a and 6. In Apren- 
dix II the values of these components are 
calculated. Figure 1 shows the relative 
position of the fields and currents for the 
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fundamental flux wave; Figure 2 shows 
the equivalent circuit diagram. If we 
add voltages about the shunt circuits a 
and 6 associated with the mth harmonic, 
we get 


(aR tJ oe 16 2a)j nXa ay 


nSUI—nl) aX, —nS nl wd 2p (2) 
(eR Hi nX20)nleo =U —nleo)i nXo— 
nS(I —npleq)nXetnS nla n-\2@ (3) 


where 


nReq=rotor resistance to mth space har- 
monic of current, phase a 


(All impedances mentioned in body of 
paper are referred to primary.) 
n\2g=rotor leakage reactance, mth har- 


monic, phase @ 
n\g=mutual reactance, 
phase a 
,leq=rotor current, mth harmonic, phase a 


nth harmonic, 


(Similar quantities of phase } have sub- 
script 5.) 


n =order of harmonic 

S=ratio of rotor speed to synchronous 
speed, positive in direction of increas- 
ing x 


Ordinarily the fundamental flux, »=1, 
is all that need be considered; but with 
a salient pole the third harmonic is apt to 
affect the torque appreciably. The 
equivalent resistance, R,, due to iron loss, 
should be included as shown, but its com- 
putation is outside the province of this 
paper, its chief effect being to increase the 
inphase component of current. 

If equations 2 and 3 are solved simul- 
taneously for ,Jo, and »Js, 


oy mie D) nin =nkal (4) 
nKa=nFa/nF nKy =nFo/nF (5) 
nFig=ns nRx »Xpy—(1 —12*S?)nX op nXot 

Tin Kary akin (0) 
nFy = —nS 7Req nXa—(1—nS?*)nX oa nXo+ 
Jj nReq nXo (7) 
nl =nRoq nRop —(1—n?S?), Xoa nX opt 
HnRea nXopt+nRe noc) (8) 
where 
nXoa=nXatnX% and so forth. 
In the primary circuit 
TR +51) +L ~ loa) Xa tl -y)Xy+ 


(I~sleq)j sXqt(I— slm)j sXp=E 
where 
R,=primary resistance 
X;=total primary leakage reactance, ex- 


cluding ;X, and 3X, 
E=voltage 
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If the values of Js, and so forth are put 
in from equation 4 


T[Ri+7(X+-X1) — Ke J Xe 
Ko 7 Xn aKa J sXa—sho] sXo]= E (9) 


where 


X,=total mutual reactance 
X\'=primary leakage reactance, excluding 
harmonic and skew reactance 


Torque in ounce inches for the mth 
harmonic is given by the real part of 


n™=] 1.3("P/f) (Cntr Mnta)nXa(I—nlsa) X 
conj ple» —(nta/ntonXoU nla) X 


conj xlza] (10) 


where 


P=number of poles 
f=frequency 
nfa=turns per pole effective for, th har- 
monic, phase a 


Let us put this formula into a form 
more suitable for computation. Now 
nq and ,A, are complex, and so we may 
put them in the form _ 


nKg=nUt+i ntl nKo=nV+) nd 


iX2a iR2a 


Figure 2. Equiva- 
lent circuit dia- 
gram of asymmet- 
tical field induc- 
tion motor 


If we substitute these expressions in 
equation 4, we find that the real part of 


(I~nleq) conj nlxy =124(1—,pU —7j nt) 
(nV 3 —j nt) =P [nV—(nU nV+nt nv) | 
(L~=plry) Conj nlog =17(1 -» V—j nv) X 


(nO —j nt) =P RO —(nU nV+nt n)] 


so that 
n™ = 11.3(nPI?/f) [(nto/nta)n Xa ln Pies 


(nUn V+ ntnr) |] —(nta/nto)nXolnU — 


(n Un V+ ntind) 1 (11) 


Standstill Conditions 


When S=0, the system of equations 4 
to 8 reduces to 


nKa =] nXa/(nRaaty n- Koa) 


=(.K ‘ra/nXa) (nx Coat) nRea) (12) 


where 
nKra= (nXa/nX oa) 2 (1 +(nRea/nXoa)?] 


with a similar formula for b. 
; When tg=ty and Rog = Roy = R»/2/ (Ry be- 
ing the complete fundamental rotor resist- 
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ance as calculated by ustial methods), as, |’ 


is often the case, equation 12 becomes, 
for n=1 


= 11.3(P Kra Kyo /iXa Wy /L2X 
[CX ap —1X9q) Re? —1X oa 1X 00) — 
2 RvGXq—1X9)] 


showing that the torque depends on both 
1X9 —1X2¢ and 1. va1X. Since we may 
put 1Roq= Rota? and |X q= Xoq' ita’, and so 
forth, it becomes evident on putting these 
values in equation 11 for S=0, that 


(13) 


starting torque is independent of any _ 


difference in fg and f, except as they af- 

fect the permeability. 

Motor Constants With Sinusoidal 
Permeance 


With an ordinary symmetrical wind- 
ing, tg=t=ty//2 and Ry= 
where ¢, is the effective turns per pole cal- 
culated in the usual manner, 

With the air gap of equation 1, 
with any type of winding 


and 


Req =8(Pta)? | (WV W2-+SR2/SeSe) + 
(0.637D,K;/S,P9]p (14) 


Scare 


\X2b 1R2b 3X2a 3R2a 3X2b Pibee: 


where we have dropped the subseript for 
harmonics as we are going to deal with 
the fundamental only, and 


S,=number of rotor slots 
S,=cross section of rotor bar 
Sk =skew in inches 
S,=cross section of end ring 
W =axial width of rotor 
p =resistivity 
D,=diameter of end ring 
K,=ring constant (see reference 2) 


For Rey use ts instead of t, 


Xoq=X sa tX grat (Xa max+X gq min) /2— 


(Orr max ~~ X aa min) /4 qa 5) 


Xo = X yo +X sro + ( Xap max + Xp mii) /2+ a 
(Xap max —Xy» niin) /4 (16) 


Xyq=rotor slot reactance, phese a 


= Qmf(Pta)? 10-825.52 (WK 5/Ss) (7) 


Ky, =rotor slot constant (see reference 1) 


For X gy use ty 
=e 


X za max =2af(Pla)*10-825.52( WT y/SeA aufe 
ae 


Ty,=rotor tooth face in inches 


Ry = R2/2, ’ 


‘ 
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‘For Xzq min USC Amax, for Xzp min Use fy and 
Amax, and so forth. The preceding for- 
mula applies only when there are no stator 
slots to break the magnetic circuit, and 
when the rotor bars are not completely 
surrounded by iron 


Xsra=(1 oa Cra 
X exp =(1— Cx) X’ 


Cx Asin (Sk /2d)/(rSk/2d) 


(19) 
(20) 
Since sin x=x«—x%/6 for small values of « 


1=Cgz, =(1/6)(aSk/2n)? (21) 


approximately for small values of Sk/X. 
Thus 


Xm» —Xq=(Xz max— Xz min) /2— 
(Xq—Xp)(1—Cgx) (22) 


If equation 22 is substituted in equa- 
tion 13, the term in brackets becomes 


(Ro? — X oa X on) (Xz max —X; min) /2— 
(Xia—Xp) (Ro? —X oe Xop)(1 .s Cp) +2R2?] 
(23) 


‘Thus the effect of zigzag reactance is op- 
posed to that of skew. When &» is small, 
jt may be desirable to reduce X,, and 
X,» as much as possible, depending on 
Xsra—Xx» for starting torque by in- 
creasing the skew an integral number of 
slots. When 2R, is greater than (R,?— 
XoaX op) (1— Cox), it may be desirable to 
reduce the skew as much as possible. 
Since, in all practical cases, R2? is less than 
Xo aX op, torque from zigzag reactance in 
this case is in the same direction as that 
due X,—X,. Theincrease of R2 increases 
the torque per ampere (until it approaches 
the magnitude of X,)), though it reduces 
the current; however, increase of R, in- 
creases the slip and losses and decreases 
the power factor, as in any induction 
gnotor. Since X,—X, and X»—Xo, 
usually must be increased by reducing 
Xp», the starting torque is limited by the 
decrease in power factor and increase in 
rotor losses permissible. 


Appendix I. 
ance of Squirrel-Cage Rotor 


Let there be an infinite number of rotor 
‘ars having the same impedance for an 
inch of periphery as the actual rotor. Fig- 


ure 3 represents an elementary circuit about _ 


therotor. ABand DC aretheendrings, AD 
‘being the bar where the ring current J,=0. 
Then at x 


oie JS Jax 


where J=current density in bars per inch 
of periphery. 

The voltage drop #,; in each ring from 
x to dis 


‘a ‘a x 
BR f tek, f ax f “sas 
z z ec 
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Equivalent Imped- . 


~ where R,=resistance per inch of end ring. 


Let the voltage induced at x be E(x) 
and that, at a fixed point, d be E(d). Then 
the voltage about the whole circuit is 


'd =z 
vast a/as)+2R, f a xJdx= 
z ce 


E(x)—E(d) (24) 
where 


Z,:=Z \P/S,;=impedance of one inch of 
bars at x 


Zg,z=actual impedance of one bar (25) 


If we differentiate twice, and remember that 
E(d) is constant 
(d?/dx?)(JZ,) +2R,J =d*E/dx*? (26) 


We may represent J, E, and Z; in a 
Fourier series in which 
O=nx/r 
J=,Jq sin 6+3Jg sin 30+ ... + 


iJ» cos 6+3Jy cos 3e+ heim (27) 
E=,E, sin 0+3;E, sin 36+ ... + 
* 1Ey cos @+3E, cos 36+... (28) 
Ir 435-3 
DO er Cc 


x=d 


Figure 3. Rotor circuit diagram 


Z1=0C+eC sin 26+4C sin 404+ ...+ 


oD+.2D cos 26 _ aie & (29) 


Z, has a period of 26 because it repeats at 
every pole. In order to solve the differential 
equation 26, it is necessary only to substitute 
in it equations 27, 28, and 29. Now, if we 
put equations 27 and 29 in more concise 
form 


JIZ,= (Lee sin wT. cos ) x 
q q 


(Lec sin p0+> yD cos a) (30) 
PD F ' 


If we use product formulas of the type 


sin mé sin 78 = —(1/2) cos (m-+n)6+ 
(1/2) cos (m—n)é@ 


. 
we find, by expanding equation 30 


J2=(1/2) 2 DiyC aJal—cos (p+9)0+ 
cos (P—90)+(1/2) ULipCodn [sin (p+9)0-+ 
ei (p—9)0]+(1/2)2, dupDeJaX 


[sin (p-+4)@ — sin (p—g)@]+ 
(12) Leper [cos (p+9)0-+ 


cos (p—g)@] (31) 


where the summation extends over all the 
positive values of > and q for which D and 
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C exist. Pick out the coefficient of sin 8 
in pC,Jp sin (p+q)@, where n=p-+q; it is 


Lin-eD eo 


Likewise, in the term ,C,J, sin (p—g)8, 
the coefficient of sin 18, where n=p—g, is 


Vaal ed oe Deen o> 


for when g>, ” is negative, and the terms 
are of the form 


g—lniC gJp sin (—|n\@) = —g—|n|C Jp sin |n|@ 
where |n|=q—p. If we pick out the other 


coefficients in the same way 


Z:J =(1/2) > nM sin 26+ 
n 


(1/2)>-nMy cos n@ (32) 
n 


where 
«Me= B40 ee due eta: 
Lantal Jot Qin Jot Lend Ja- 
LinteD wa (33) 
jh = — din-aC Jot DLie-n€ Tet 
DinteC Jat Lined Jot 


de-nD ot dunteD eI» (34) 
qg 


As before, the summation extends over all 
positive values of g for which the factors C 
and D exist. 

We are ready now to substitute the 
value of JZ,, that is, equation 32, in equa- 
tion 26 
— >> (n2x2/202)n Masin nxx/A\— 

Di(n2x?/ 2d?) n Mp cos nxx/X— 
Cy a F sin max/A— 
2R,) nJ> cos max/X 
= —(x?/)?2) [>on2 nig Sin mrx/A— 
don? n=» Cos nxx/r| (35) 


We may separate equation 35 in a different 
equation for each harmonic 


[(1/2)nMa+2MR, nJq/n?x? sin (nxx/d)] 
=,Eq sin (nmx/d) (36) 


[(1/2)n My+2X\2R, »Jy/n2x? cos (nwxx/d) ] 
=,Ep cos ("xx/d) (37) 
Let us now confine our attention to the 
case in which all orders of Care zero. Then 
each value of , 4, is made up of terms in- 


cluding ,,Jg, and we get the system of equa- 
tions in J, of the form 


(uZq’ Ja+isZe' JatuZ'a Jat ...) X 
sin rx/\yEq sin rx/X 

(312Z'q Jats3sZq’ sJatsZiag Jat ...)xX 
sin 37x/A=3Eq sin 8rx/d (38) 


Oat mJq) sin (nwx/d) =,EaX 
bs sin (mrx/d) 
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If we multiply by »Jq sin (mmx/d) dx, the 
element of current at x, gives d,W, the 
element of rotor losses+j.reactive power for 
the mth harmonic. Integrating over the 
whole rotor 


OY Dae ae mJq sin? (nrx/\)dx=nW nJa 
* (39) 


(Pr/2) Te ins mJa=nW 
m 


Now the total current that encircles x of 
_ the mth harmonic is 


mJa J sin (mmx/d)dx 


Since this flows through one turn, it is also 
the magnetomotive force of the secondary 


MMF. =(\pJq/am) cos (mmx/d) (40) 


The magnetomotive force of the primary is 
(4/1) mta mlza COS (max/d). Equating pri- 
mary and secondary magnetomotive force 


mJa=(4m/X)mla mlua (41). 


Substitution in equation 39 gives 
nW=(8P/d)n nta nloa dm mta mi2anmZ a 
m 
; (42) 
Thus ,, W has the form 
nila nla log tnsZa nd 29 slogt 
nsZa nloa sloat one 


and if corresponding products of Jy, are 
equated to those of J, 


nmZa=(8P/X)n nta m mta nmZ a (43) 


where the D’s that make up y,Z', are 
given in terms of one inch of rotor periphery. 
Since, in equation 25 


Ly may ZprP/S; 
nmZ'a=nmZ"aXP/Ss 
and 


nm@a=(8P?/Ss)n ntgm mta nmZ"a (44) 


where yZ"q is given in terms of impedance 
per bar. The formula for phase b is ob- 
tained, as usual, by substituting quantities 
in b in place of those with subscript a. Thus, 
we have the system of equations giving the 


rotor voltage in terms of the harmonic cur- 
rents, all referred to the stator 


1Zq Woat+i3Z¢ sleat+iZq slog +... 
31Zq Weq+33Z2¢ slagt+35Zq blogt ... 


=k, 
= iE, (45) 


The impedances of form y»,Z can be 
neglected usually, in which case equation 
45 becomes the equations we used in the 
body of the paper, equations 2 and 3. 

As the simplest example, let Z,;=,D + D 
cos 2rx/ which is the impedance given 
by the air gap represented in equation 1. 
If we expand ,M, from equation 33 and 
nM, from equation 34 


1 Mg =(20D -2D)i\Jate2D sJq 
';Mg=2D WJat2 oD aJgt2D Bia 
sMg=D sJat2 D sJat2D 7Jq 
My =(2 D+2D)iJo+aD aJy 

3 My =2D 1Jy+2 oD sJy 42D Jy 
5 My =2D 2Jy +2 oD sJp+.D wy 
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If we put these values in equation 36 


(1/2)(2 oD —2D+ K"')\Jagt2D sJa=1L¢ 
(1/2) 2D WJat(2 oD+K'/9)2Jq+2D a= 


sq 
(1/2) 2D sJat+/(2 D+ K'/25)sJat+2D Ja= 
sEq (46) 


There are similar equations for 6, except 
that all signs are positive. 

Comparing with equation 38, we see 
that the coefficient of »Jq is identical with 
nmZ. If we desire to express the D’s in terms 
of impedance per bar, as in equation 44, we 
shall have to multiply K’ by S;/P). 


K =(4R,d2/1?)(Sp/AP) =4RAS9/22P 
=4R,D,S;/P2x (47) 


where D,=diameter of ring at ends of con- 
ductors. From equations 44 and 46 we 
find, putting 


MmGq =(4P2/Ss)n nta M mla (48) 


uZaq = uGq(2 oD —,D+K ) 
13Zq = 1aGg oD 

uZq=0 

31Zq=31Gq .D 


32a =s3Gq(2 oD +K/9) 


t3 


~t2} 


Figure 4. Diagram illustrating notation of 
stator teeth 


Za = 36Gq 2D 
51Za =(0 
53Zq =5iGq 2D 


52g = 65Gq(2 oD +K /25) (49) 
Ina similar manner we find 

nmGo=(4P?/Ss)n nty mM mip (50) 
Zp = uGy(2 oD +2D+K) (51) 


All the other Z,’s are obtained from equa- 
tion 49 by using Gy instead of Gy. 


Computing Bar Constants 
The resistance per bar is given by 


Rg=pV W?+Sk/S, 


where 


(5la) 


p=resistivity in ohms per inch cube 
W =length of rotor 
Sk =skew in inches 
S,=section of conductor 


The ring resistance per inch is 
nBy =p nKy/S; (52) 
where 


S,=section of ring 
nK,=Trickey’s ring constant? 
=(nP/2)(1—ID/D;) (1+(1D/D,)"")| + 
[1—(ID/D;)?"], 
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PEGA ey) 
The leakage reactance is divided 
three components: | 


f 
| 


1. Stor REACTANCE | 
Xy=2nf3.19X10-*WK 
where 
K,=rotor slot constant! (53) 
2. Z1GzZaG RPACTANCE 
X,=2nf3.19X10-*WTy/4A . %y 
where 


(54) 


If the stator slots break the magnetic cir- 
cuit about the rotor bars, X, probably will 
be smaller. Let 


T=tooth face in inches 


1/A=)A+2A cos 2rx/A+4A cos 4rx/A+ ... 


Then 
oD =Rati(Xs+2rf8.19 X10-8WTy 0A /4) 
(55) 
2D = jorf8.19 X10 °WT7 2A /4 and so.forth 
. (56) 
3. Skew RPACTANCE 
nX ska = nXall —n Cox) 
nX sro =nX0(1 —n Cx) 
nCak = [sin(naSk/2d) |/(nmSk/20) (57) 


nXska is to be added to the value of y7Z, 
given in equation 49, and ,X gx» is to be 
added to ,,Z» in equation 51. 


Appendix Il. Air-Gap Reactance 
Figure 4 represents the flux wave. 
Let } 


tm =turns about stator tooth m 
p=0.492.54A,/A=3.19A,/A 
A,=effective area per square inch of pole 
face 


, 


Total Reactance 


xm | 
m= WI ip tmpdee 
x 


mn 


=flux through mth tooth (58) 


‘ xm 
Em = 2rf 10g f binp dx 
mp 
=voltage induced in winding about mth 
tooth 7 : 


; xm 
X,=(P/D) Em =2nf 10-8P Wd hn? J pdx 
m1 
=total reactance linking primary and 
secondary (59) 


If p=op+up cos 2rx/d ‘ 


P tm 
Kya 10-P WEI] sf op de 


Se 


. i cos er 
cmd 


Kyedefio-*? Wot? [ob(4m —%ma1) 

(xpd/2m)(sin QaxXm/h—sit 2rXm—1/dr)) (60) 

X p= Qn f10-"P W Lom} lop. ~Hem—1) + 
(pd/1) cos (Xm dya—1)/NK 


sin w(X%m—X%m=1)/r] (61) 


. Harmonic Reactance 


OG inBa max C08 Wrx/d = cosine component 
nth harmonic flux density 

From the formula for Fourier coefficients, 
we find 


Pee tedms/n)L. y= (2/m)% 


) f Ttmp cos (nwx/r) d(wx/d) (62) 
®t 


et 


Pmoptal cos 2rx/r 


; Ng=(1/2) ) Jf coeosconsdenP+ 
* xm 
(1/2) ) Jf so 2es7r concurs 


7 d(mx/d) 

: nal Ba) T1-(sin NA Xyy, [A — 

fad © gitt Marq —1/d) + [ap/4(n-+-2| * 

it Doky (sin, (n-+-2) xp, /X —sin (n-+-2) XK 

rm ai/W1+ 126/41 ~2) 12cm [sin (n 2) X 

it Xm /A—sin (n= 2)rxm—)/] (63) 

A n@=(ob/m) dtm cos [nm (Xi_-+ 

FP —p-1) (2A! sin (rm =n 1) /2A1+ 

(2p /2(n-+2) |2otm cos [(m-+2) (xin + 
%im—1)/2d] sin (1-2) (Xm — Xm 1) /2A)+ 

. [xP /2(m —2)] Stn, cos [(11 —2) (Xm + 

1) Hm—1)/2d] sin (1 ~2) 1 (am — 2% —1)/20) 


(64) 
Likewise 


nBy a max Sit nrx/A= sin component, 
nth harmonic flux density 


4 ; By uatd/e\r 5 = 


tm : 
end, f Imp sin (nwx/d)dCrx/d) 


imal 


With aforesaid permeance, we find, as be- 
mepacre: | 
= nb (op/2n) dtm (C08 nn—1/d— 
© 608 n7%n/d) + [2b /4(n-+2) | itm [oos(n-+2) X 
‘era WX, /A— COS (N= 2) Xm /d]-- 

_ :P/4(1 —2)12 itm (00s (n— =2) Xm —1/\— 
me cos (1 —2)ax%m/] (65) 


4 Dn =(ob/0) tn sit. [17 (n+ 

| Xmas)/2N] sin [A(x =H —1)/2] + 
[ep/2(n-+2) Jdotm sin [(m-+2) a(x + 

" _ m=1)/20] sin (m2) (xm = 2m—1)/2X] + 


»/2(n 2) 2o'm sin [(n —2) I(x + 
1)/2d] sin [(m —2) (2m —%m—1)/2] (66) 
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Let nbdam=cosine component of flux 
through mth tooth, mth harmonic. 


rtm fr P, . ow f (4/n)I na X 
timmy 


os (nwx/dr)dx 


nXam=(21rf10~8/D) tmndam = reactance of mth 
tooth, nth harmonic, phase a 
= Qn f10~"(4 /m?) Wry bm /n) K 
(sin nr%q/—Sin NwXm—1/d) 


Summing up the reactance for all the teeth, 
we have 


aX! q=2mf 1078/2) PW nft nta (67) 


where 

nX',=total mutual reactance, nth har- 
monic, phase a. The accent indi- 
cates that skew has not been de- 
ducted. 

inte =(1/2n) > tyn(sin Na Xp,/X— SiN NX, —1/) 


=(1/n) 2o'm COS |m4( Xm Xm 1) /2A] K 
sin (nr (%_—X%m—)/2d]J 


nth harmonic of effective turns per 


pole, phase a (68) 
Likewise it can be shown that 
X'y = 2Qaf 107*(8/m?) PW nb nly (69) 


ntp = (1/2n) yo4n(cos NW, —/— COSNTX, |r) 
=(1/n) itm sit. [mm + m—1)/201% 


sin [224% — Xm ~1) /20] 


effective turns per pole, nth harmonic, 
phase 6 (70) 


Hach of these reactances must be cor- 
rected for skew 


nXa™=nX ‘anCer =n ‘q [sin (nmSk/2d) | + 


(nwSk/2r) 


ndo™nX'y nCor (71) 


The amount of reactance that is deducted by 
this means is added to both the primary and 
secondary leakage reactance, as in equation 
57. 

It is convenient to take as the origin a 
point \/4 from the center of the pole, as in 
Figure 1, 


Appendix Ill. Sample Calcula- 


tions fora Representative Motor 


Partial List of Design Data— 
Dimensions in Inches 


D=1.75 
D, = 1.65 
W=1.25 
P=d 

N= 1.75/4 = 1.875 
So =0,00815 
S,= 0.02445 
Sym 25 
hy = 250 

Xo = —r/8 
x= 5/8 


Baum—Asymmetrical Stator 


Aroin =(),015 
Amax = 6,046 
A,=0.815 
T=0.179 
K,=1,346 
R, =22 ohms 
X\'=10.0 ohms 
Sk =4)/25 =0,22 


A varies as in equation 1; 
continuous, 


stator iron is 


Primary Reactances 


vA =(1/2)(1/0.015+4+-1/0.045) =44.5 
vA =(1/2)(1/0.015—1/0.045) =22.45 (1) 


of =44.5K0.815 K3.19 =115.6 
2p =22.25 K0.815 K3.19 =57.8 
X,=377 K10~* K4 K1.25 K250? K 
{115.6(5X/8 —/8) K1.875+ 
22.5(1.75/4) cos (a/d)(5A/8+X/8) K 
sin (w/)(5X/8—d/8) | = 140.7 ohms 
(61) 


115.6 cos (4/2d)(5h/8—2/8) X 
sin (#4 /2d)(5A/8+/8) K 
(57.8/2 X38) cos (82 /2r)(5A/8 — 
d/8) sin (32 /2)(5X/8+2X/8) — 

(57.8/2) cos (4 /2d)(5/8 —/8) K 

sin (—7/2n)(5X/8-+2/8) 

= 24,150 


tla = 250 cos (2 /2d)(5X/8—d/8) XK 
sin (4 /2d)(5\/8+/8) =163.2 (57) 


tX'g =377 X107*(8/9?)4 K 1.25 K 1.875 X 
163.2 K 24,150 =83.0 ohms 


1a = 250) 


(64) 


(67) 
1—Cy~=(1/6)(4 /2)*(4/25)?=0.0105 (21) 


xq = 0.0105 X83.0 =0.872 ohm 


; (19) 
14 q = 83.0 —0.872 = 82.1 ohms 


Secondary Impedance 


Rie A/ 1.25?-+0,22?% 0,692 107 */0,00815 


=1.076%10~4 (51) 
R,=0.692 K 10> */0,02445 =0.2825 K 10-4 
(52) 
K =4 0.2825 X 1074 1.65% 25/16 
= (),926 1074 (47) 
Xg™=377 X3.19 KX 1078 K 1.25 K 1.36 
= (),2038 X 1074 (53) 


oD =1.076 K1074+-7(0.293 4-877 K10~4 XK 
3.19 X 1.25 K0.179 K44.5/4)10~4 


=(1.076-+) 0.502) X10~$ (55) 


2D =j 3771078 X38. 191.25 0.179% 
22.25/4 = 0.1495X10-* (56) 


1Gq=4 X16 K 163,27/25 =6.83 x 104 (48) 


124 = 6.83 [(2 % 1.076-+-0.926) +7(2 0.502 — 
0.1495) | —7 0.872 
(49) 


of the other constants is 


=21,05-+ 6.71 


Computation 
similar. 


Summary of Constants 
1X4 = 82.1 ohms 3Xq=38.327 ohms 


1Xoq= 8.71 1X vq = 1.519 
1X oq = 88.81 3X oq = 4.846 
Xp =45.72 1Xp = 1.073 
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X= 8.37 3X2 = 1.286 
pan Xp = 2.359 
pR, = 21.05 sky = 2.64 
R, =22 ohms 

X,’=10 
X,=140.7 


1X_—1Xp =36.38 
1X2 —1X04q = 1.665 
3Xq—sXp = 2.254 
3X2 —3X2q = —0.233 


Starting Conditions 


1K pq = (82.1/88.8)2/(1+(21.05/88.8)2) 
=0.810 
1Kq=(0.810/82.1)(88.8+j21.05) 


= 0.875 —j0.208 (12) 


Likewise 


1Ky =0.735+ 7 0.2855, sKq =0.529+7 0.288, 
3Ky =0.2025+7 0.2265 


The total impedance is 


22 +7 150.7 
—j 82.1 (0.875 +70.208) =17.1 —j 71.9 
—j 45.72(0.735 +7 0.2855) =13.08—j 33.6 
—j 3.33(0.529 +7 0.288) = 0.96—j 1.76 
~j 1.07(0.2025+-7 0.2265) = 0.23-—j 0.22 
53.27+7 43.1 
=68.5/39°00' 
I=110/68.7/39°00' =1.60/ —39°00' 
amperes 


Power factor =cos 39°00’ =0.778 


W=110X1.60 X0.778=187 watts, input 
12 =(11.8 X4X0.810 X0.618/60 X 82.1 X 
45.72) 1.6? [1.665(21.052 —88.8 x 

54.1) —2 X36.38 X21.05?] 
=().000256(1.665 X ( — 4,368) —2 
36.38 X 442) 
,T =0.000256( —7,270 —32,200) 


= —10.12 ounce-inches (13) 


The greatest contribution to ,7’ in this case 
is seen to be from ;R2?(:X¥g—1Xpy). In the 
same manner 


32 = —1.632 - T=,T+3T = —11.7 ounce- 


inches 


Although the third harmonic does not affect 
the current greatly, it is seen to contribute 
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appreciably to the torque. Using the more 
complete formula of equation 45, T= —10,6 
ounce inches. 


Running Conditions 


Let 
S=—0.85 1—S?=0.2775 
—0.85 X21.05 45.72. =— 818 
—0.2775 X54.1X82.1 = —1,234 


1 Fy = —2,025+7 1,730 


§ 21.05 X82.1 =] 1,730 (6) 
~(—0.85) X21.05X82.1= 1,470 
—0.2775X88.8X45.7  =—1,125 

Fy= 345+ 968 

721.05 X45.7 =] 963 (7) 
21.05% = 443 
—0.2775X88.8X54.1 = —1,333 


iF=— 891+ 73,010 


7 21.05(88.8 —54.1) =7 3,010 (8) 
1Kq=(—2,052+j 1,730) /( —891+7 3.010) 
=0.714—j 0.470 : (5) 
Ky =(345 —j 963) /( —891+7 3,010) 
= 0.262 —7 0.193 (6) 


If ;Kg and ;Ky are computed and equa- 
tion 9 is used again 


Z)=93.1/56°20 


I=1.18/ —56°20' amperes =0.653 — 
7 0.981 ampere 


Power factor =0.55 
Input =71.4 watt (iron losses to be added) 


,U=0.714 14 =0:470 
1V =0.262 v= —0.193 
0.193 =0.0961 
17 =(11.3 X4/60)1.18?[(0.262 —0.0961) x 
82.1 —(0.714 —0.0961)45.7 ] = —15.3 


Likewise 


31 =2.95 
T=,T +30 = —12.3 ounce inches 
Output =0.001782 X0.85 X 12.3 =0.0186 
horsepower 
Output =0.0186 746 = 13.9 watts 
Efficiency(disregarding iron losses) =13.9X 
71.4=19.5 per cent 


Baum—Asymmetrical Stator 


Iron Losses ae) 
Let i Md 


Hysteresis coeflicient, 7 =0,008 
Conductivity of iron = 105 
Thickness of laminations =0.03 
Cross section of half of flux path = 0,890 
Volume of iron = 10.3 
Maximum flux density = B,, 
Hysteresis loss per cubic inch = yw 
Eddy-current loss per cubic inch = yw oy 
nw =8.3 X107§ X0.008 X60B,, 19 = 1.495 X, 
10°8B,», 8 watts per cubic inch 

eW=4,18X 107! X 1050.03? X60°B»,? 

= 1.853 X 107" B? watts per cubic inch 


To obtain the voltage drop due to the flux, 
deduct the primary JR (current resistance) 
drop from the applied voltage 


Ey=110 —22X1.18/ —56°20' 
-=98,1/12°44’ 

op =Eo/2rf 10~*ty P =flux per pole 

$p =98.1/377 X 1078 X250 X4 = 2.60 X 104 
Bm = 2.60 X10'X V/2/2 X0.390 = 4,71 X 108 

lines per square inch 
pw = 1.495 X10>8(4,.71 X 104) 18 = 0,449 
ew = 1.353 X 1074.71 X10")? =0,3801 


0.750 watt * 


per cubic inch 


W= 10.3 X0,750=7,78 watts, total iron loss 

7.73/98.1/12°44' =0.0788/ — 12°44" 
=().0770 —j 0.0146 =iron-loss current 

0,653 —j 0.981 +-0.0770 —j 0.0146 =0.730 = 


7 0.996 = 1.24/ —53°45! = total current 


71.4+7.8=79.2 watts, total input 
13.9/79.2 =17.9 per cent efficiency 
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‘An Eight-Y ear Investigation of Lightning 


Currents and Preventive Lightning Pro- 


tection on a Transmission System 


\\ E. HANSSON 
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OME 10 or 12 years ago effective 

lightning protection began to be ap- 
plied to transmission lines, and, about 
the same time, an inexpensive measuring 
device (the surge-crest ammeter) was 
developed. On one transmission system 
this low-cost device has been applied to 
every structure in entire lines and has 
produced definite numerical evidence of 
the performance of the protection pro- 
vided. 

It is shown that on the system studied, 
the distribution of lightning strokes 
occurs at random, and that there are 
great variations in the number and in- 
tensity of strokes from year to year. The 
numerical data show that the gain would 
be small from protection of single struc- 
tures or sections of lines. The data also 
make it possible to estimate long-time 
line. performance from short-time rec- 
The surge impedance of an over- 
head ground wire is indicated to be. less 
than 235 ohms instead of the generally 
accepted value of 400 to 500 ohms 

The counterpoise arrangements on the 
lines in question vary from a single wire'to 
eight wires in multiple. There is no evi- 
dence to show that one arrangement is 
better than another, as long as the result- 
ing ground-resistance value is the same. 
The bonding of structures at crossings 
and parallels shows no tendency to spread 
trouble from one structure to another. 
Arresters connected to well-protected 
lines were seldom caused to operate, and, 
when they did, the currents in most cases 
were small. 


Scope of Field Investigation 


The installation of surge-crest-ammeter 


- links was begun on a system in Penn- 
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sylvania and Maryland in June 1934, 
with additional installations being made 
every succeeding year. By the end of 
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1942, brackets were installed on trans- 
mission-line steel structures, lightning 
arresters, overhead ground wires, light- 
ning rods, and a steel flagpole. The 
aggregate exposure of the links has been 
considerable on the lines, amounting to 
13,227 tower-years and 1,776 mile-years 
with 5,501 bracket records obtained. 
The exposure on the lightning arresters 
connected at the terminals of the lines 


Table |. Variation in Total Number of 
Strokes Recorded Yearly on Five Transmission 
Lines 

Ratio to 

Strokes _ Five-Year 

Year Recorded Average 
LOSS aoe onales 239... Re tk JOD 
R e at Fab) 
52.. lati 
1941 163.. 0.72 
1942. 199.. 0.88 

Average...... 227 


has been 155 bank-years, with 54 records 
obtained. No significant records were 
obtained from the few miscellaneous 
bracket installations. 


Frequency of Strokes to Lines 


Two 220-kv lines, one 132-kv line, and 
two 66-kv lines cover the area served by 
the system. The stroke records from 


0 eee E 


STROKES PER 100 MILES OF LINE PER YEAR 


: 3) 
1938 jo40. 1941 ~—«:1942 


Strokes to two 66-kyv lines 


1936 1937 1939 


Figure 1. 
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these five lines, having’ an aggregate 
length of 228 miles, are taken as giving a 
representative picture of lightning condi- 
tions on the system. Table I shows how 
the number of strokes recorded on these 
lines varied from year to year. The ratio 
of the yearly maximum of recorded 
strokes to the minimum is 1.74. 

When the records of individual lines 
are examined, the variations become more 
pronounced. This is demonstrated in 
Table II, which is the record for the four 
transmission lines on which tower light- 
ning currents have been measured for 
the longest time. As is to be expected, 
the range of yearly variations is greater 
for single lines than for the system as a 
whole. Also, the longest line does not 
show so wide a range in the number of 
recorded sttokes as do the shorter lines. 
Beyond these generalizations, the data 
show random behavior. For instance, in 
Figure 1 are given records of two com- 
parable lines, both lying in a more or less 
east-west direction and having very 
nearly the same stroke density. In 1938 
line C received its peak number of strokes 
for its seven years of record, while line 
D received the lowest number of strokes 
for the same time. 

These wide variations are indicative of 
the difficulty of judging the value of any 
lightning-protective scheme from short- 
time field-performance data. Table III 
shows how the average recorded stroke 
frequency for a small number of consecu- 
tive years can be quite far from repre- 
sentative of the long-time experience. In 
this table, seven- and eight-year records 
are assumed to be representative samples 
of the long-time record. This assump- 
tion seems reasonable for all practical 
purposes. 

As was to be expected, the average 
stroke frequency for any number of 
consecutive years usually did not deviate 
from the period average as widely on line 
A, 91.8 miles long, as it did on the shorter 
lines. A long line has a good chance of 
being in the path of most local thunder- 
storms, some of which might miss shorter 
lines. 

In Table III, the large ratios of maxi- 
mum to minimum number of strokes re- 
corded yearly help explain the common 
experience of a line behaving well one 
year and poorly the next. 


Frequency of Strokes to Individual 
Towers 


Repeated lightning trouble at a given 
tower during a relatively short period of 
one or two years often is considered 
indicative of a location particularly sub- 
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Table Il. Recorded Strokes to Lines Per 100 Miles Per Year 
Line A Line B Line C Line D Average 
220 Kv 132 Ky 66 Kv 66 Kv Values 
Length of line in miles....... 91.8 383.8 29.4 BA Fite vie oie 
Period of record in years.....0...0:.000 8 vanes 8 ya TE 7 
Average strokes fot period... .......... 95 eA Spe ane ee LAG Wishes xls 1 Gi ee Ac 118 
Maximum in one year.... 129 ie ei Le Lath FROM Manis haze 180. 2S eens 190 
Ratio to period average......... 1.36. TEA Ree a! ES} Sa a Leb - 
Minimum in one year.... . 59 BGa etd one BS Sires GB ‘a Keene ts 65 
Ratio to period average 0.62 OSG a ase ce 0.39.. Os BG. ee 0.55 
Ratio of yearly maximum 
to yearly minimum,.......... BIG Wks DB4 oh icee WORE chane 2.92 


1,364 mile-years of line are represented by above record. 


System average strokes per 100 miles of line per year is 113 for five observed lines totaling 1,617 mile-years 


of experience. 


Table Ill. 


Ratio of Average Stroke Frequency for Consecutive Years to the Average for an 
Entire Period of Record 


Period of Record (Years) 
8 Mi 


8 7 
Indicated Number of Consecutive Years Line A Line B Line C Line D 
ea = — a = = 
B: engi §) WERRERNELIN, co siats ars ym fame whe eR NN sh LSE Sa a wets OD se hast ate v8 USO eave vite 1,52 
Pas.vene records { AMinimuma swiss eee kc Oe ae 0.62 WO) 64 Nae Ree! OFBOL Ce amen 0.56 
‘ Maximum.......... 1.29; | Cd AGO stahsis yoy SOLS tase ntt 1.34 
Averages for two consecutive years) yrinimum........... LORY A pny CR ON TOe San elie OL GS wi aint: 0.68 
Averages for three consecutive years { ties Fe ee a te ; aa = eS ee meet 2 Se ie een 
ee ee ee . Se ee ae? -@ se ee eens . ee . 
Averages for four consecutive years { Rohe le Syed are ask hsp lee = ee ORS isis aH east A hatha ane 
} atecebira NOR ie wc ain Ole rare tau untae sBOr eM thas wO) ein satan R 
Averages for five consecutive years { Me SiS ear es ae aS be ve Se ate er red eee pee 
Averages for six consecutive years { ane pa a 2 ce ? mie Bis BieTS' SIS ee ue ee. ae Ale 
Minimum......... BN diy aan VOB caresdhie en SOD ocaucnaee F 
Averages for seven consecutive years { Y eacaael ar ae ; ; ee f : ay 
q Je aN Yo ‘ 


ject to lightning. Inasmuch as the rec- 
ords on lines A and B have been kept for 
eight complete years, some data are avail- 
able which show what can be expected. 
Table II shows that a unit length of line 
A is struck, on the average, about 70 per 
cent as often as a unit length of line B. 
The effect of the greater number of 
strokes to line B is shown in the greater 
percentages of towers struck and struck 
more frequently (Table IV). The per- 
centages of towers of both lines that were 
struck one, two, and three times are nearly 
equal. 

There were 104 cases on lines A and B 
during the eight years of record in which 
an individual tower was struck two years 
in succession, 15 cases in which a tower 


only three cases in which individual 
towers were struck four years in succes- 
sion. 

Towers rarely were struck more than 
once in a single year. On lines A and B 
there were 63 cases in which towers 
were struck twice in a single year, and 
only one case in which three strokes to an 
individual tower were recorded. 

Table V shows that towers can pass 
through several years without being 
struck. If this should occur where no 
lightning-recording device is used, it 
might be inferred that the lightning pro- 
tection is quite good, when in reality 
there has been an absence of strokes, A 
period of freedom from lightning strokes 
may be followed by a period of frequent 


was struck three consecutive years, and strokes. The detailed records from the 
'(00—- a ooo 
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_ towers of these two lines show all types ot 
distribution of strokes during the eight- 
year period. From these data it appears 
that no tower is more subject to lightning ° 
than another except by chance, 


Variations in Lightning Intensity 


In addition to the variation in the 
number of strokes striking a line, a varia: 
tion in their intensity also affects per- 
formance. Figure 2 shows the distribu- 
tion of tower currents during a long 
period of time. 

In any one year the percentage of tower 
currents exceeding any given value may 
be quite different from the average for a 
long period. This is shown in Table V1. 
Since both the stroke frequency and in- 
tensity seem to be random phenomena, a 
number of years sometimes elapses be- 
tween flashovers on a fairly well-protected 
line that is faulted by only high-intensity 
strokes. The other extreme condition, 
in which there are a number of flashovers 
in one year, or even during one storm, 
sometimes occurs. A rare instance of this 
latter type of trouble occurred during 
1942 on the 66-kv line C, when five towers 
covering a distance of 1.9 miles experi- 
enced flashovers, although. only one 
simultaneous double-circuit tripout oc- | 
curred. 

An interesting and perhaps significant 
phenomenon appears in Figure 2. For 
some years on this distribution curve of 
tower currents, the points for 30,000 
amperes and less have followed a wavy 
line such as shown by the broken line in 
Figure 2. Up to this time,” the apparent 
irregularity in the points was thought 
to be the result of insufficient data, but 
now, with 1,987 cases accumulated, this 
original explanation appears to be in- ~ 
correct. All of the data obtained thus far 
(1934-42) have been plotted in\ 5,000- 
ampere groups in Figure 3. It will be 
seen that the maximum number of cases 
has occurred in the 5,000- to 10,000- 


n 


Table IV. Number of Times Individual 
Towers Have Been Struck by Lightning During 
an Eight-Year Period ; 
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Towers Struck the Indicated Number of 


Number Times 
of Times Line A Line B 


Struck Number Per Cent Number Per Cent e 
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t [ | fe Table VII. Ratio of Sum of Four Leg Currents, Representing Probable Tower Current, to Four 
3 Times the Single-Leg Current 
£ 

6 — = — 
8: é 7 { | ie Tower Current Ratio of Sum of Four Leg Currents 
a (Four Times Single- Number of b to Four Times Single-Leg Current 
= oy Leg Current) Leg Records Average Median Range 
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Figure 3. Range distribution of 1,987 cur- ae 

rents in towers believed struck by lightning 391 


1934-42 


ampere range, with a secondary peak 
occurring in the 25,000- to 30,000- 
ampere range. To investigate whether 
or not this phenomenon is the result of 
some unusual records obtained during 
_the early part of the period of study 


which influenced the entire set of data,. 


the data from individual years in which 
records were complete were plotted by 
percentage in Figure 4. The primary 
peak is quite pronounced every year in 


Table V. Towers Not Struck in Successive 
Years During an Eiight-Year Period 


Years in Succession 


in Which a Tower Number of Cases 


the 5,000- to 10,000-ampere range. The 
secondary maximum in the 25,000- to 
30,000-ampere range is quite apparent 
in the records from 1935, 1938, 1940, 
1941, and 1942. It is less prominent in 
the 1937 and 1939 records. The second- 
ary maximum occurs in the 20,000- to 
25,000-ampere range in 1936. 

This analysis makes it appear that the 
wavy form of the broken line curve in 
Figure ? is a more accurate representation 
of the distribution of tower currents be- 
low 35,000 amperes than is the straighter 
line. It appears that there are two 
principal types of lightning discharges as 
far as tower currents are concerned, 
Most of one type produce tower currents 


volved when the tower current is com- 
puted from the current ina single leg. , 
Each of the 104 sets of records has been 
analyzed by first adding the four leg 
currents to obtain the nominal tower 
current. Then, each record was treated 
as if it were the only one available from a 
tower. In Table VII are data on the 
ratio of the sum of the four leg currents 
in a tower to the product of four times the 
single leg currents taken individually. 
If one assumes that the sum of the four 
leg currents is a good representation of 
the true tower current, the probable 
tower current can be obtained from a 
single-leg record by the relation: 


4 
Probable tower current =4Xleg current X. 


Was Not Struck Line Aq Line B 
in the 5,000- to 10,000-ampere range, and ratio from Table VII 
Laelia ae! Cia eae ee 122 most of the other type produce them in 
Poe FPO TATOO ICREIG MOU ity cto sees 65 im iB; o 
Ring 3 08 oy os iaatite. os 62 CBee a pe rep emipeks ADE 
ith Se Sees OSE ictal 40 
BE Bi 76 ~——«dDivision of Lightning Currents in 
1 et aaa Sis Sato Sete 13 Legs of Towers 
pe L I hes Thies een 23 


Table VI. Range of Per Cent of Tower Cur- 
rents in Single Years Exceeding Indicated 
Value 


Most of the ‘tower lightning currents 
have been, measured in towers where 
surge-crest-ammeter brackets have been 
mounted on only one leg. The tower 
current in such cases has been assumed to 


PERCENTAGE OF CASES IN DESIGNATED 5000-AMPERE RANGE 


\ Range of Yearl. Fi : 
ower Bee enue Pade Sd be four times the current measured in 
Amperes Minimum Maximum 1934-42 _ the leg having the bracket. Of principal 20 ts 1939 
interest are the records from towers AOAte zs 
1O;0007.... .. Binur ee hes ODA s essies 50 which it is believed have been struck by 
20,000....... 1354 Pi heer: 39 .he tee 27.1 5 i 2 Ao i 1940 
30,000....... ee ae Ses 14.8 lightning or are adjacent to struck spans ol oF pee 
Ol eae TA ay yea ones, a of overhead ground wire, because it is ¢ *° Exe 
60,000. cits ae ee Oye wa ane! these towers which are subject to flash- 4 *° aliend 
70,000....... DERN a ea Thole Nae 0.4 9 
80,000... Os ee CEB eee 0.25 hie ae 7 
~ 90,000... Os erie OFGteak ons 0.15 It is believed that there have been 104 20 af 4 | \9a2 
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imes when ‘towers provided with surg 3s 35 os sa bo 


* Hight-year record, 1935-42. Records were not 
obtained for the entire 1934 lightning season, but 
the records obtained in that year are included in 
the average values given in the last column. 
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crest-ammeter ‘brackets on all four legs 
have been hit. These 416 records permit 
an estimate to be made of the errors in- 
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TOWER LIGHTNING CURRENTS IN THOUSANDS OF AMPERES 


Figure 4. Range distribution of tower light- 
ning currents by years 
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Table VIII. Lightning Disturbances on Parallel 66-Kv Lines ; a 


40 Miles—415 Towers 


4 


Observation Period (Years of Record) 


1932-34 


1918-31 3 


(Single Bonds 


1939-42 
1935-38 4 
4 (Double Bonds and 
Counterpoise—Towers 6-415— 


14 (Single Bonds 
(No Grounding) Towers 6-90) Towers 6-332) Entire Line) 
Average Average Average Average 
Number Number Number Number Number Number Number Number 
During Per Per During Per Per During Per Per During Per Per “’ 
Period Year Cent Period Year Cent Period Year Cent Period Year Cent 
Disturbances involving one circuit...,,. 91...... 6.5,.... 46.5 pa iis ete Sica BL idiever 9 Pet Ws mide, (hn Paces Dit a 0: Bivaupas 50 
Disturbances involving two circuits 
PERSE he Ting) ae ie Mee 95.. (> Bee 48.5.. 15 BxQine cus 42.9... 8 er cD Gore an User utc 0 “Vena 0 
er hae ny eet ae TM MMe Tay MC kk, 0.5 50 
SU ER gS POPE CSL CEERI OIC LOG vei etek ers 4c LOO an ear oe ERE ye 4 Uh My Ah os LOQ eases UD es 4.8) scp lOO’  aaeeoe ee iaig bcdilte 1) ste 100 


For instance, there was a case of flash- 
over in which the tower lightning current 
was calculated from one leg-current record 
as being 13,400 amperes. This current 
lies in the range 10,001 to 15,000 amperes 
in Table VII. The median ratio is 0.97 
in.this range, which indicates that there 
is an even chance that the tower current 
was more or less than 0.97%*13,400 
amperes=13,000 amperes. However, 
experience with 87 records in this range 
indicates that the current possibly may 
have been anywhere in the range 0.30 to 
1.85% 13,400 amperes, or between 4,000 
and 24,300 amperes. 

The values of the median ratio being 
near unity in most cases in Table VII in- 
dicates that, on the average, results 
throughout most of the range of the 
currents measured are of fairly uniform 
accuracy. The low values of the median 
ratio for tower currents above 70,000 
amperes and the high values below 2,000 
amperes suggest that currents indicated 
in these ranges by single-leg records are 
often appreciably different from four 
times the single-leg value. 

There were 25 cases in which there was 
no indication of current in a tower leg 
but in which the sum of the four leg 
currents in the given tower indicated 
that the tower had been struck by light- 
ning. In these cases, if brackets had 
been mounted only on the legs yielding no 
records, no record of the strokes would 
have been obtained. Actually the tower 
currents ranged from 800 to 6,200 am- 
peres, averaging about 2,200 amperes. 
These data and those in Table VII suggest 
that there may be 25/(416—25) x100= 
6.4 per cent more strokes to a line than 
indicated by the surge-crest-ammeter 
links if there is only one bracket on each 
tower. It thus appears that the absence 
of a record on a tower having a single 
bracket does not mean necessarily that 
the tower has not been struck by light- 
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ning. The data also imply that it proba- 
bly would be quite difficult to arrive at a 
satisfactory constant factor “to account 
for currents carried by tower cross mem- 
bers, because the current distribution in 
cross members probably varies as widely 
as that in the legs. 


Effect on Flashovers of Bonding 
Adjacent Towers 


There have been three instances of 
flashover on neighboring towers where 
footings are bonded with buried conduc- 
tors. Two of these were simultaneous 
flashovers on two lines carrying two cir- 
cuits each and situated on the same right 
of way with 50 feet separation. Table 
VIII summarizes the lightning experience 
on these lines in the 25-year period 1918— 
42. During this period the lines operated 
14-years without bonding. When adja- 
cent towers on about three quarters of the 
line were bonded, the four-year period 
1935-38 showed only 4.8 disturbances per 
year as compared to an average of 14 in 
the period without bonding. 

Before the bonding was installed there 
were ().7 disturbance per year involving 
circuits on both lines, and after the bond- 
ing was installed there were 0.5 disturb- 
ance per year of this type. 

The third instance of flashover occurred 
on a tower of line C, which is shielded by 
the much taller tower of line B. The 
footings of the two towers are bonded 
together, When flashover occurred on 
the line-C tower, there was no flashover 
of the line-B tower, although the latter 
tower current was about 80,000 amperes. 
This current gives a tower-footing resist- 
ance drop of around 930-kv. Appar- 
ently the 132-kv tower was struck, but 
the potential of the 66-ky tower was 
raised through the bonding to a level 
sufficient to flash over. During the 
period of record previous to the flashover 
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in 1942, there were ten strokes to the 
towers at this intersection without any 
flashover. The tower currents were all 
38,000 amperes or less. 

These three instances of trouble at 
bonded towers raise a question about the 
value of bonding neighboring transmission 
towers, but the complete record of tower 
lightning currents makes it appear that 
bonding is helpful in reducing the total 
number of flashovers on adjacent towers 
if the bonding can reduce footing resist- 
ances. There seems to be no effect of 
bonding on multiple-line disturbances, 
Table VIII shows the total number of 
disturbances reduced further by the in- 
stallation of counterpoise. The number 
of simultaneous flashovers appears to 
remain constant, but becomes a greater 
percentage of the total number of disturb- 
ances with improvement of grounding. 


Efficacy of Continuous Counterpoise 


Examination of Table IX shows that 
as many as eight continuous counterpoise 


Table IX. Flashovers Believed Caused by 
Strokes to Towers or Overhead Ground Wires 
on 66-Ky Lines Provided With Preventive 


Protection 

Ratio of 

Footing 
: Resistance 

Number Tower Drop to 
Type of of Footing Tower Flash~ 
Counterpoise Cases (Ohms) over Level 
Scontinuous ...,. Diver's 3.6, 5 0,26, 0.87 
6continuous ..,.. 2 xs ow 10.5, 47 0.75,0,91 
5continuous ,.,.. aia a) 4.6, 9 0,26, 0,38 
4continuous ...,. PER 13.8, 19 0,82,1,16 


4 continuous 

3 400 feet-+.., 2..... 11.8, 17.2.,1,25, 1.30 
2 continuous 

3 400 feet+... 1.,... . 0,38 


11 


er 
There has been one flashover on a 132-kyv tower 


(187 feet high): a 
Footing (ohms) 12,2 
Footing resistance drop =0,A1 

Lower flashover level ; 


Counterpoise: Four continuous+4 300 feet 


ELECTRICAL ENGINFERING 


aA ¢ 
5 ied 
' : 
‘ a 
aie © (Re 


, 


connected to a 66-kv tower do not pro- 
duce a surge impedance low enough to 
prevent flashovers. These lines have in- 
sulator flashover values of 565-635 kv with 
a 1'/,x 40-microsecond wave. Ina num- 
ber of cases the ground resistance was 
quite low, making the tower potentials 
based on the product of tower current 
times, tower-footing resistance only a 
small fraction of the value expected to 
produce flashover. Since flashover oc- 
curred with such low footing resistance it 
seems reasonable that the inductive re- 
actance drop was largely responsible and 
that the footing resistance might be higher 
without additional flashovers occurring. 
Measurements show that the omission of 
the four inner conductors of the counter- 
poise system, where the ground resistance 
is 3.6 ohms, would raise the ground resist- 
ance of the remaining counterpoise, con- 
sisting of four conductors, to about 4.5 
ohms. The inner conductors were origi- 
nally installed in the hope that the surge 
impedance would be reduced sufficiently 
to prevent flashovers. The experience 
listed in Table IX shows that this hope 
was not realized, It thus appears that 
no benefit is derived from adding counter- 
poise wires after the ground resistance has 


been reduced to the optimum value.’ 


Line B has an insulator flashover level 
of 1,015 kv. The only flashover on this 
line was at a tower 137 feet high, which is 
about twice the height of the 66-kv tow- 
ers. It seems likely that the surge im- 


_pedance added by the greater tower height 


contributed to the conditions causing 
flashover. The product of tower-footing 
resistance times tower current is only 41 
per cent of the theoretical tower potential 
required for flashover. The eight-year 
record of line B indicates that multiple 
counterpoise systems having the optimum 
ground resistance of ten ohms or less pre- 
vented flashovers. 


The 220-kv lines have an insulator 
flashover level of 1,605 kv, for which the 
optimum footing resistance is 16 ohms.? 


' Since very low footing resistances were 


an 


; 
» 


not required, an experimental installation 
of single counterpoise, continuous in both 
directions to the next adjacent towers, 
was made at 38 towers of a 220-kv line. 
The lightning-current records have been 
kept on these towers for nine years, 
making a total of 938= 342 tower years 
of record without flashover. Sixty-four 
strokes were recorded on the towers 
during this period, producing tower cur- 
rents as great as 98,000 amperes. The 
footing resistances did not exceed 20 
ohms. The data seem to indicate that 
towers having an insulator flashover level 
of about 1,600 kv are quite well protected 
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Mid-Span Spacing 


by single eontinuous counterpoise, pro- 
vided this type of grounding will bring 
the footing resistances down to the opti- 
mum value. 


Estimated Maximum Apparent 
Surge Impedance of an Overhead 
Ground Wire 


Table X gives 17 instances when tower 
currents of about 30,000 amperes or 
greater have been recorded in two adja- 
cent towers of a line and the currents have 
not differed from each other by more than 
25 per cent of the larger tower current. 


given. The probable upper limit for the 
surge impedance of the overhead ground 
wire is the foregoing voltage divided by 
the corresponding tower current. The 
average value of the surge impedance, 
calculated in this way, is 236 ohms, the 
median is 228 ohms, and the range is from 
139 to 323 ohms. These values for the 
surge impedance of a conductor in air are 
appreciably less than the theoretical 
value of 400 or 500 ohms often quoted. 
Of more practical interest is the implica- 
tion from these data that mid-span clear- 
ances may not need to be so great as 
often are allowed. Perhaps the preven- 


Table X. Estimate of Maximum Value of Surge Impedance of an Overhead Ground Wire 


Between Overhead Span Nominal Voltage (Kv) » Lightning Maximum Surge 
Ground Wire and Length to Produce Flashover Currents Impedance (Ohms) 
Nearest Line in at Mid-Span in Adjacent Without 
Conductor Feet (1 Microsecond Front) Towers Flashover 
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A pair of records of this type has been 
interpreted as resulting from a stroke to 
an overhead ground wire about midway 
between towers. The current in the 
overhead ground wire is probably as 
great as, le greater than the indicated 
tower current, because some current 
probably flows in the overhead ground 
wire, or wires, past the recording tower 
and does not affect the surge-crest- 
ammeter links, 

Since no tripouts occurred in any of 
these cases, there is assurance that no 
flashovers occurred at any of these loca- 
tions. Incidentally, flashovers causing 
tripouts have been at towers, not in mid- 
span. In Table X the voltage required 
to flash over the mid-span spacing and the 
probable minimum value of the lightning 
current in the overhead ground wire are 
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tion of sleet and snow troubles, rather 
than the prevention of mid-span lightning 
flashovers, should be the controlling factor 
in determining mid-span clearances. 


Comparison of Estimated and Actual 
Lightning Performance 


Published literature on lightning pro- 
tection indicates over 20 factors probably 
affecting the estimated lightning perform- 
ance of a transmission line (see appendix). 
The individual effect of most of these fac- 
tors is known only qualitatively, and so 
it is practically hopeless to include them 
in any estimating method. Relatively 
simple calculations were attempted in 
1937 for estimating the line interruptions 
which might be expected as a result of 
lightning.?** From the records available, 
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pension towers and 96.4 per cent for the’ 


Table XI. Estimated and Actual Lightning Outages 

Sees on - ° strain towers. 4 
Kear i eee eee eae The 100 per cent protection experienced 
Line Reoord Actual Estimated (Per Cent) on the 220-kv lines during the years of 
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* Does not include a one-mile section where there are no overhead ground wires, 


** Tt will take many more years of operation to check the accuracy of estimates for these lines because 


flashovers So seldom occur, 


Table XII. Efficiency of Preventive Lightning Protection During Period of Study With Surge- 
Crest-Ammeter Links 


about 99.9 per cent. 


960 strokes, the efficiency of protection is 
This record empha- 
sizes the need for long periods of study of 
well-protected lines, since flashovers occur 
so seldom that the strokes causing them 
might be considered freaks. It is evident 
that some further improved protection 
will have to be developed if perfection is 


Tripouts Efficiency Pa, 1x hy 
Years Per 100.Miles of to be attained. 
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BEST Sa UE NRE lente intone d pat 4 LSB) Ae se ROO eras 98.3 Table XIII summarizes the records ob 


(Two lines on one right of way) 


* Single, double, and triple circuit tripouts. 


the method seems to work well for 
shielded lines. Asa further check, and to 
determine if the method also applies to 
unprotected lines, additional calculations 
were made for lines C and D before they 
were improved. The results are shown 
in Table XI. 

Line D, before it was improved, is of 
particular ‘interest because of its non- 
uniformity. The line is 22.8 miles long, 
and approximately 2.1 miles on each end 
were provided with a single overhead 
ground wire. There was no auxiliary 
grounding anywhere on the line. De- 
tailed calculations for estimating the 
performance are given in the appendix, 
and indicate that 20.6 tripouts per year 
could be expected. This is an error of 
only seven per cent from the actual expe- 
rience, as shown in Table XI. 


Efficiency of Preventive Protection 


The efficiency of the protection pro- 
vided by the combination of insulation, 
grounding, and shielding can be calculated 
from the stroke ands tripout records. 
Efficiency of protection is the ratio, ex- 
pressed in per cent, of the number of 
strokes not causing tripouts to the total 
number of strokes. Table XII gives the 
record for all lines. The record of line D 
is omitted from this table, because this 
line is provided with a Petersen coil as 
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** Flashovers, 


well as preventive protection. It has 
suffered no lightning troubles during five 
years’ operation with this double protec- 
tion. 

The better efficiency of protection for 
the suspension towers of line C as com- 
pared to the strain towers is probably the 
result of the better shielding on the former 
type of towers.2 From the number of 
flashovers believed the result of poor 
shielding, the efficiency of shielding can 
be estimated as 99.2 per cent for the sus- 


tained since the first brackets were in- 
stalled in 1985, It will be noted that 35 
of the 58 arrester discharges, or 66 per 
cent, are less than 1,000 amperes. Only 
three of the discharges, or six per cent, 
exceed 2,700 amperes. 


Summary 


1. The recording of lightning currents 


-with surge-crest-ammeter links began in 


1934. In the ensuing years through 1942, 
5,501 bracket records have been obtained | 
from transmission towers aggregating 13,227 
tower-years of exposure. There have been 

54 sets of records from lightning arresters, 
obtained during 155 bank-years of experi-  - 
Cuce: > 


\ 
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2. Based on an eight-year period of record 
in one case and a five-year period in the 
other, two similar 220-kv lines running in a 
generally north-south direction experienced 
the same average number of strokes per 
year within approximately seven per cent. 
Two similar 66-kv lines lying in an east— 
west direction experienced the same average 
number of strokes, within about three per 
cent, during a seven-year period. 


3. A\182-kv line, having about the same 
span lengths as a 220-kv line but lying in a 
more or less northwest-southeast direction 
within about two miles of a river throughout 
its length, experienced on the average about 
40 per cent more strokes per unit length 
than the 220-kv line during an eight-year 
period. 


4. The maximum number of strokes re- 
corded on one of the transmission lines in 
one year was 4.9 times the minimum number 
recorded in another year. The maximum 


‘number on this line occurred in the same 


year that the minimum number occurred on 
a comparable line. 


5. The strokes in single years to a line devi- 
ated up to 89 per cent from the seven- or 
eight-year averages. The average number 
of strokes recorded in two or more consecu- 
tive years did not deviate so much as this 
from the long-time records. With these ex- 
perience records, it is possible to estimate 
the long-term experience on a line from the 
experience of a few years. 


6. The number of strokes recorded in single 
years on a line 92 miles long did not vary so 
much as those recorded on shorter lines. 
It may be inferred from this that the number 
of lightning troubles will not vary so much 
from year to year on long lines as it will on 
shorter ones. 


7. The data for tower lightning currents 
show most records in the range from 5,000 
to 10,000 amperes with a secondary maxi- 
mum in the 25,000- to 80,000-ampere range, 
This suggests that there may be two types 
of lightning discharges, most of each type 
producing tower currents in different ranges. 


8. The majority of towers were not struck 
more than once a year, but it is not unusual 
for a tower to. be hit twice in one season. 
Only one tower during an eight-year period 
on two lines (5,248 tower years) has been 
struck three times in one year. More than 
three strokes per year has not been recorded 
on any tower under observation. 


9. Of 656 towers observed for eight con- 
secutive years, 138, or 21 per cent, did not 
produce records indicating that they were 
struck by lightning during the period. 
Most of the towers (78 per cent) were not 
struck more than twice during the eight-year 
period. 


10. The maximum number of years in suc- 

‘cession that any one tower has been hit is 
four, and this occurred only three times in 
eight years. Occasionally a tower is hit 
two years in succession, but it does not occur 
often. 


11. It may be inferred from the extensive 
stroke data that the installation of localized 
lightning protection usually cannot be justi- 
fied on the basis of a one- or two-year trouble 
record, The chances are that lightning will 
not strike the particular location in the years 
immediately following. 


12. Three lightning currents ranging from 
3,000 to 45,000 amperes have been recorded 
on a flagpole. The pole is about 300 feet 
above street level, and is the highest point 
within three city blocks. 


18. From 104 sets of records obtained from 
towers with surge-crest-ammeter brackets 
on all four legs, it is possible to estimate the 
range in which a tower current lies when 
only one bracket record is available from a 
tower. When the single-leg records indi- 
cated tower currents of 2,000 amperes or 
less, the sum of the four leg records was as 
large, as 50 times the single-leg indication. 
In the range from 2,000 to 70,000 amperes in 
a tower, the single-leg records usually were 
not very much in error. In the four cases 
where the tower current indicated by a 
single bracket was 76,000 amperes or 
greater, the sum of the four bracket readings 
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was appreciably less than the single-bracket 
indication. 


14. There were 25 cases where the surge- 
crest-ammeter links on a single leg yielded 
no current record when there was current in 
the other legs. These records showed tower 
currents as great as 6,200 amperes when no 
record was obtained from one of the brackets 
on that tower. 


15. From the four bracket installations it 
is estimated that 6.4 per cent more strokes 
were recorded by them than would have 
been recorded if only one bracket had been 
installed on those towers. 


16. Bonding of adjacent transmission 
towers appears helpful in reducing footing 
resistance. It apparently does not cause 
any appreciable change in the number of 
disturbances affecting more than one of a 
group of neighboring towers. 


17. Flashovers occurred on 66-kv towers 
having as. many as eight continuous- 
counterpoise conductors. However, the 
eight-year record of the 132-kv line indicates 
that a multiple-counterpoise system has 
prevented flashovers when the ground re- 
sistance is ten ohms or less. 


18. A single continuous counterpoise seems 
to provide good protection for 220-kv towers 
having an insulator flashover level of 1,600 
kv or more, provided that this type of 
grounding brings the footing resistances to 
less than the flashover value of the insulation 
in kilovolts divided by 100. 


19. The average value of the surge imped- 
ance of a conductor in air seems to be less 
than 235 ohms. This is appreciably less 
than the theoretical value of 400 or 500 
ohms often used. The data on which this 
estimate is based imply that mid-span clear- 
ances on transmission lines may not need to 
be so great as often are allowed for the pre- 
vention of mid-span flashovers. 


20. Fairly good predictions of line per- 
formance can be made by a relatively simple 
empirical method. 


21. The efficiency of protection of the 220- 
kv lines is estimated to be about 99.9 per 
cent. This high efficiency means that 
strokes causing flashover are so rare that 
many years may elapse between flashovers. 
The lowest efficiency of protection exists on 
one of the 66-kv lines, where it is about 97.5 
per cent. 


22. Itis evident that preventive protection 
can be made very effective, but it does not 
attain perfection. 


23. The largest recorded current through a 
lightning arrester was 7,400 amperes occur- 
ring in a 66-kv bank. A surge current of 
9,700 amperes through a 220-kv expulsion 
protective gap was recorded. 


Appendix. Estimating the 
Lightning Outages of a 
Transmission Line 

Even a cursory survey of the literature on 
lightning protection indicates that a large 


number of factors should be considered 
theoretically when attempting to predeter- 
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mine the lightning performance of a line. 
Some of these factors are: 


1. Number of storms per 100 miles, per year 
(a) Number of strokes. 
(b) Intensity of individual strokes. 
Topography, 
Cloud height. 
Effective ground plane. 
Soil resistivity and its variations. 
Insulation. 
Coupling factor. 
Span length. 
Mid-span clearance between conductors and 
overhead ground wires. 
Shielding 
(a) Number of overhead ground wires. 
(by Location of ground wires. 
(c) Influence of hillsides. 
(d) Nearby structures. 
11. Surge impedances 
(a) Tower. 
(b) Overhead ground wires, 
(c) Grounding system. 
12. Effect of method used in measuring ground 
resistance. 
13. Area covered by grounding system. 
14. Number and type of grounding electrodes. 
15. Lightning current measurements 
(a) Accuracy of magnetic links. 
(b) Distribution of current in tower, 
16. Wave shape of lightning surge. 
17. Movement of conductors by wind 
(a) Effect on shielding. 
(b) Effect on clearances. 
18. Design features affecting electrostatic field 
around insulation. 
19. Effect of weather conditions on electrostatic 
field around insulation. 
20. Instantaneous value of power voltage at in- 
stant of stroke. 


So SO 


ar 
S 


Since inclusion of any large number of 
these factors in a computation is imprac- 
tical, a method‘ was developed a few years 
ago which included only those factors that 
experience had shown to be most important. 
Initially the method was applied only to 
shielded lines, but now it is extended to all 
lines. 


Experience with line D before its improve- 
ment with shielding and counterpoise 
afforded an opportunity to test the accuracy 
of the computations. 


Before improvement, the line had a single 
overhead ground wire installed on end sec- 
tions only. The computation of estimated 
flashovers resolved itself into three parts, 
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one for each of the three types of line sec- 
tions: 

1. Overhead ground-wire section. 

2. Towers. 


3. Spans between towers without overhead ground 
wires. 


Detailed Calculations 


1. At the two ends of the line, there was 
a total of 4.25 miles of single overhead 
ground wire. This wire is assumed to pro- 
vide practically perfect shielding for pur- 
poses of calculation. There were 34 towers 
in the sections having shielding wire. The 
footing resistances of these towers were dis- 
tributed as indicated in Table XIV. The 
line insulation had a flashover level of about 
510 kv. The coupling factor between the 
overhead ground wire and the conductors 
was about 0.25. The maximum tower po- 
tential without flashover is then safe tower 
potential = 510/(1 —0.25) =680 kv. 

In Table XIV, the maximum safe tower 
current is obtained for column 4by dividing 
680 kv by the maximum footing resistance 
in each range from column 1. From Figure 
2 is entered in column 5 the percentage of 
tower currents that can be expected to ex- 
ceed the given maximum safe value. The 
probability of outage per stroke for each 
range of tower-footing resistance is the 
product of the values in columns 3 and 5 
expressed as decimals, The total proba- 
bility of outage per stroke for the section is 
0.46. Since the average strokes per 100 
miles of line per year for the entire trans- 
mission system is 113 (Table II), the proba- 
ble outages per year for the overhead 
ground-wire section is 113(4.25 miles/100 
miles) 0.46 =2.2. 


2. The section of the line without over- 
head ground wires was 18.58 miles long, 
which experienced (113%18.58)/100=21 
strokes per year. The absence of the over- 
head ground wire made the coupling factor 
equal zero and the safe tower potential 
equal the flashover value of the insulation, 
which was 510 kv. 

It is assumed® that 20 per cent of the 
strokes to the line hit the towers and the 
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remaining 80 per cent hit the line conduc+ 
tors. The strokes terminating on the tow- 
ers are assumed to cause flashover in accord- 
ance with probability calculations similar to 
those made for the overhead ground-wire 
section. The probable flashovers per year 
caused by strokes to towers without over- 
head ground wires come to 3.3. 


3. There was an average of about 0.80 X 
21=16.8 strokes each year terminating on 
line conductors between towers. It haS 
been shown in the paper that the surge im- 
pedance of a conductor in air averages less 
than 235 ohms. On this basis, it can be 
assumed that the conductors on line D could 
carry more than 510 kv/235 ohms =2,100 
amperes, without flashover. From Figure 2 
it is roughly estimated that ten per cent of 
the strokes to line conductors did not cause 
flashover. Accordingly, about 90 per cent 
of the 16.8 strokes that hit the line conduc- 
tors each year caused flashovers, or 15.1.. 

A summary of the estimated flashovers 
on the three types of line sections is as 
follows: 


Towers with overhead ground wires............ 2.2 

Towers without overhead ground wires......... 3.3 

Spans without overhead ground wires......... 15.1 

Estimated tripouts per year.............00e0- 20.6 
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ARTIME EXPANSION of the 

Pacific Coast shipbuilding industry 
has accentuated the need for new steel- 
producing facilities in the West. More- 
over, rich deposits of iron ore, coal, and 
limestone—the raw materials required to 
produce steel—are close at hand in the 
central inland section of the western states. 

To meet this need and to take full ad- 
vantage of raw materials so strategically 
situated, a completely integrated steel 
plant has been constructed in that re- 
gion. In this plant, the largest west of 
the Mississippi River, approximately 700,- 
000 tons of finished ship plates and 
200,000 tons of structural steel will be 
produced annually for Pacific Coast in- 
dustry. This production goal required 
the building of 252 coke ovens, three blast 
furnaces, nine open-hearth furnaces, a 
45-inch slab mill, a 132-inch plate mill, 
and a 28-inch structural-steel mill. 
Supplementary units include a sintering 
plant for treatment of the ore and an 
exceptionally large central maintenance 
shop. Adequate outside shop facilities 
are not available in the region of the 
plant, thus necessitating self-sufficient 
shop facilities within the plant. 

For the first time in the history of 
steel-mill design, the entire electric- 
power supply and distribution system 
will be under the supervision and control 
of a centrally located power dispatcher. 
Particularly significant is the fact that all 
apparatus in the mill motor rooms like- 
wise will be remotely controlled and un- 
attended. 

One of the most comprehensive super- 
visory control systems yet constructed 
will permit control of all of the wide- 
spread units of this plant from one dis- 
patching center. This is in distinct con- 
trast to the previous practice of main- 
taining local operators at all substations 
and local attendants in all mill motor 
rooms. 

_ Supervisory control is a selective code 
system designed to provide remote con- 
trol and supervision of a relatively large 
number of apparatus units through the 
medium of a single pair of control wires 
for each remote station. This system 
utilizes telephone-type relays throughout, 
and operates from a battery source of 
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48 volts direct current, It is simply a 
means by which remote-station appara- 
tus can be supervised and directed, just 
as a substation operator is directed by 
telephone. 


General 


In designing the electric-power system 
for a new plant, the steel-mill engineer 
faces the same problems of generation, 
transmission, and distribution that con- 
front the central-station engineer. How- 
ever, in the utilization of this power for 
the production and processing of steel 
he is in a field peculiarly his own. 

Of utmost importance is the problem 
of supplying 700 volts direct current for 
the main drive motors in the slab, plate, 
and structural-steel mills. Large motor- 
generator sets are required for this pur- 
pose, together with their associated ex- 
citer sets, ventilation equipment, and 
miscellaneous auxiliary apparatus. Par- 
ticular interest, therefore, is centered in 
this mill motor-room apparatus and its 
special control and supervision features. 

Up to this time it has been customary 
practice to provide an attendant in each 
mill motor room. His function is to 
control locally all motor-roorh apparatus. 
His duties include switching of all 
primary and secondary distribution cir- 
cuits for the mill, as well as starting and 
stopping of all motor-generator sets and 
associated apparatus. An idea of the 
labor and time that would be involved 
in carrying out these duties in this new 
mill may be gained from the fact that 
the plate-mill motor room is 65 by 575 
feet in area. 

The single-line diagram (Figure 4) 
indicates the magnitude of the power 
system, which serves a plant area ap- 
proximately 21!/. miles long by one mile 
wide. Although not shown, a large 
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number of radial feeders are supplied 
from the distribution busses indicated 
for each substation. 

Each unit of the project is provided 
with an entirely independent supervisory- 
control setup. These units are the open 
hearth, sintering plant, blast furnace, 
shop, coke plant, 138-kv tie substation, 
and the slab, plate, and structural-steel 
mills. Although all dispatching-office 
equipments are located at a common 
point, operations can be performed, or 
signals received over all equipments in- 
dependently. 

In this’ application, the electrical dis- 
patcher is also the power-station switch- 
board operator. The dispatching-office 
supervisory-control equipment for each 
unit of the mill is incorporated in the 
same cubicle which houses the direct- 
acting control, as well as the metering 
and protective relaying, for the 13.8-kv 
feeder circuit supplying that unit. 

With the power-supply system for the 
mills literally at the fingertips of the dis- 
patcher, all motor-room apparatus can 
be placed in service with an absolute 
minimum of man power and in a mini- 
mum of time. Supervisory control pro- 
vides immediate notice to the dispatcher 
of the loss of any normal power source. 
Standby tie lines between substations 
and between motor rooms can be switched 
in with minimum interruption to plant 
production. Provision is made also for 
the dispatcher to control system. power 
factor in order to maintain maximum 
operating efficiency. 

Completely automatic control of such 
motor-room apparatus as motor-generator 
sets and mercury-arc rectifiers has been 
available to the industry for many years 
and has proved itself in service. Co- 
ordination of such local automatic con- 
trol with remote supervisory control 
makes possible an operating setup based 
on completely unattended motor rooms. 
Under normal operating conditions these 
motor rooms will be locked, and the 
apparatus therein will be accessible to 
authorized maintenance personnel only. 
Likewise, all conventional substation 
apparatus throughout the project will 
be unattended and locked in a similar 
manner. 

As in previous mill practice, qperators 
in control pulpits overlooking the slab, 
plate, and = structural-steel mills — will 
control locally all operations involving 
the handling of steel. With all motor- 
room apparatus ready to serve the mill, 
the pulpit operator will receive automati- 
cally a visual go-ahead signal, and, 
through the interlocking of a permissive 
relay, may proceed with mill operation. 
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In the dispatching office, one or more 
panels are assigned to each station or 
mill unit under remote control. The 
control escutcheons are physically laid 
out in a logical arrangement with a 
miniature bus system in distinctive colors 
to indicate all principal busses, feeders, 
and tie lines. Each escutcheon is a small 
shield or panel which has assembled on 
it all of the control keys, push buttons, 
and indicating lights associated with a 
given apparatus unit. 

Each dispatching equipment 
porates a station-alarm lamp, a pilot or 
“normal” lamp, and a control-line super- 
vision lamp. The pilot lamp is the only 


incor- 


[Redon ue 


one of the three normally lighted. This 
indicates that the system is at rest but 
in a condition to operate, Should a 
fault occur the alarm bell rings, and a 
station lamp shows the station from 
which the signal is coming. A glance 
at the group of eseutcheons locates the 
individual breaker or protective device 
which has caused the alarm through the 
glowing of the disagreement lamp. Thus 
the dispatcher is able to note quickly 
what has happened and to restore service 
by reclosing the necessary breakers. 

In this plant, there are 11 control 
centers and approximately 500 control 
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points, with provision for an additional 
200 future control points. In general, 
all 138-kv, 13.8-kv, 6.9-kv, 2.3-kv, and 
460-volt 60-cycle circuits, as well as the 
250-volt d-c circuits, are controlled by 
the supervisory-control system. All 13.8- 
kv circuits in the switchhouse, coke 
plant, sintering plant, and slab mill are 
equipped with breakers of 1,000,000 kva 
interrupting capacity. These are of the 
air-blast air-operated station type. Else- 
where, feeder reactors permit the use of 
500,000-kva interrupting-capacity re- 
movable-type breakers. The 250-volt 
d-c circuits throughout the plant are 
ignitron-type rectifiers 


supplied from 


Figure 1. A short 
section of the dis- 


patching control 
board 


with semihigh-speed heavy-duty steel- 
mill-type circuit interrupters. 


Details of Operation 


As previously noted, the supervisory- 
control equipment operates from 24-cell 
battery circuits. The use of alternating 
current is undesirable since the control 
system, which brings vital information to 
dispatching headquarters during times of 
trouble, is most important when the a-c 
supply is cff. For each station under 
remote control only two telephone-type 
line wires are required. 
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The selecting Sosa consists hei 
counting codes. In case of a selection 
initiated by the dispatcher, the desired 
code is sent to the remote station, where 
the selected relay returns its code to the 
office. If the returned code does not 
agree with that sent out, no further opera- 
tion is possible. If it does agree, the 
“check”’ or point lamp on the individual 
escutcheon is lighted. For a circuit- 
breaker operation the dispatcher then 
turns the twist key to the desired “‘close”’ 
or ‘‘trip”’ position and presses the master- 
control push button. This action sends 
the closing or tripping code to the selected 
unit, causing it to operate. As the 
breaker changes position, an auxiliary 
switch causes the new position to be 
reported to the dispatcher, changing the 
red and green lamps to correspond. 

An automatic operation is reported in a 
similar fashion. Should a circuit breaker 
trip automatically, its auxiliary switch 
causes its selecting code to be trans- 
mitted to the office and the alarm bell to 


notify the dispatcher that some action is _ 


required. The office relay returns the 
check code to the substation, which im- 
mediately 
change the red lamp indication to green. 
As the dispatcher hears the bell, a glance 
at his row of panels informs him which 
substation is involved by the lighting of 
a station-selection lamp. On the panel 
reporting the alarm the individual break- 
er that opened is clearly indicated by the 
disagreementlamp. The dispatcher may 
select and reclose the breakerimmediately. 
Should a permanent fault cause the 
breaker to reopen immediately, he may 
dispatch his maintenance crew to locate 
and correct the fault. 

Once each week it may be desirable to 
test the over-all supervising system. 
The accepted method consists of a “mas- 
ter check,’’ in which the dispatcher 
presses a master-check push button, 
This causes a checking code to be trans- 
mitted to the remote-control center, 
which compels each circuit breaker or 
other operated device to send its present 
position code to the dispatcher’s board. 
Thus the equipment is given an over-all 
positive test and, at the same time, as- 
sures the dispatcher that all COREE 
is in good working order. 


If automatic-breaker operations occur — 


at the substation during the master- 


check operation they will be indicated 


immediately, provided that the master 


check has progressed beyond their ieee ; 


assignment number. Otherwise, they will 


sends its position code to — 


take their proper turn in the peel a 


signment sequence. 
If it should become necessary for the 
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dispatcher to select and operate any sub- 
station device during master check, he 
may do so, The only special requirement 
is that he hold the selection key in the de- 
pressed position until the point-selection 
lamp is lighted. 

As soon as the desired operation on 
that point is completed, the master- 
check'\operation will be resumed auto- 
matically. At the end of the master- 
check operation the alarm bell will be 
energized to notify the dispatcher that 
the check has been completed; he must 
then depress the ‘‘reset’’ key to silence 
the alarm. 

In periodic testing or for special opera- 
tions following maintenance work, it is 


sometimes desirable to operate a breaker- 


several times. In order to save time and 
eliminate the necessity of reselection, the 
selection may be retained by holding the 
master-control push button in the closed 
position until the red and green indicating 
lamps have changed position indication. 
In this way the selection is maintained 
and, by changing the position of the twist 
key to the opposite position and again 
pressing the master-control key, the 
opposite operation is performed. On the 
last operation, if the master-control push 
button is not held in too long, the equip- 
ment will reset automatically and become 
available for any other desired operation. 

The supervisory-control equipment is 
composed of extremely simple, mechani- 
cally uniform ‘telephone relays, which 
send and receive codes at approximately 
14 impulses per second. No polarized re- 
lays or selector switches are used. The 
control is fast, positive, and inherently 
antipumping, and automatically checks 
each selection. The entire equipment 
normally is at rest. Continuous indi- 
vidual lamp indications are provided for 
supervising the position of each remote 
apparatus unit. 

Control by the dispatcher is performed 
in a manner very similar to that in which 
an operator in the remote station itself 
would control the apparatus by means of 
the usual local control. Coded operation 
control provides protection against the 
possibility of false operation of any ap- 
paratus unit due to foreign voltages on 
the line wires that might be caused by 
surges from nearby power lines or light- 
ning. 


Transfer Switches 


At all remote locations any apparatus 


; unit can be transferred at any time from 
remote to local control by means of local 
transfer switches. Remote supervision of 


’ 
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_ the positions of these transfer switches is 


provided by voltage groups. In addition, 
each group of transfer switches also con- 
trols a corresponding indicating lamp in- 
stalled over the substation or motor-room 
door. This lamp is lighted when any one 
of the group of transfer switches is turned 
to the local-control position. Thus it 
serves as a warning to a maintenance or 
test engineer about to leave the station, 
should he unintentionally leave one or 
more transfer switches in the local-control 
position. As a safety precaution, any 
apparatus unit may be tripped by local 
control at any time, regardless of the 
position of its transfer switch. The dis- 
patcher retains supervision of positions of 
all apparatus units, even though they 
may be under local control. 


Control Lines 


Each pair of control lines is supervised 
continuously to detect open-circuit or 
short-circuit conditions. Each such chan- 
nel is used also for telephone communica- 
tion with its associated station, without 
interfering with supervisory-control opera- 
tions. This communication feature 


Figure 2. Dispatch- 
ing-office super- 
visory-control cubi- 
cle, with open doors 
showing flush- 
mounted relay cases 
on inside panel 
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permits the dispatcher to keep in contact 
with maintenance men at any station. 

Should a short circuit or an open cir- 
cuit develop in a control line, the alarm 
will sound, the “normal” lamp will be de- 
energized, and the line-supervision lamp 
will be lighted. Depressing the “reset” 
key will silence the alarm, but the “nor- 
mal” lamp will remain de-energized and 
the line-supervision lamp will remain 
lighted until the line trouble is corrected 
and the “reset’’ key is depressed again. 

If any substation-apparatus units have 
changed position during this time, the 
alarm will sound again as the “reset” 
key is depressed, and all changes then will 
be so indicated automatically and in 
numerical sequence. 


o 


Supervisory Versus Direct-Wire 
Control 


Although the distances between the 
dispatching office and the remote-control 
stations are relatively short, tHe large 
number of operations required at each 
station fully justifies the supervisory- 
control system. The use of a single pair 
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of wires to each remote station, as con- 
trasted with direct-wire control, repre- 
sents a major saving in copper that is so 
essential in today’s conservation pro- 
gram. 

The use of supervisory control has many 
operating advantages over any direct-wire 
control scheme. Supervisory control re- 
quires a minimum of space and 1eadily 
accommodates future additions. Line 
troubles are reduced to a minimum, and 
the line wires are supervised continuously 
for open-circuits and short circuits. Pro- 
tection from induced voltages, or contact 
with power lines, is simpler to provide 
than with direct-wire control. Super- 
visory control also accommodates voice 
communication, 


Motor-Room Control 


Each mill motor-room has an oil cellar 
in which are located the various oil pump- 
ing systems for the bearings of the rotat- 
ing apparatus within the motor room, 
These oil cellars are accessible from the 
outside of the motor room, and will be 
under the care of an attendant. 

Because of the need for heating of the 
lubricating oils under certain conditions. 
and the intricacy of the system of valves 
required, it was not considered feasible to 
place the oil-cellar equipment under super- 
visory control. 

No action will be taken toward starting 
of the motor-room equipment until the 
oil-cellar attendant reports all oiling sys- 
tems ready for operation. 

Preparatory to starting the main motor- 
generator sets, the dispatcher will dis- 
connect all space heaters. These heaters 
prevent moisture condensation on the ma- 
chine windings during shutdown. Next 
he will start all fans and auxiliary exciter 
sets. 

He then will start the flywheel motor- 
generator set, which will accelerate auto- 
matically under slip-regulator control. 
After the unit reaches normal speed at no 
load, a relay is energized which notifies 
the dispatcher that the set is ready for 
mill operation. This relay also sets up a 
permissive circuit to the control pulpit in 
the mill and lights a lamp which indicates 
to the mill operator that the mill is ready 
for his control. 

The synchronous motor-generator sets 
in the plate and structural-steel mills also 
are started by the dispatcher, and will 
accelerate under automatic control. Re- 
actor starting is utilized for these sets. 
Having reached maximum speed with the 
reactor in circuit, the field is applied auto- 
matically to bring the motor up to syn- 
chronous speed. At this point the start- 
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ing reactor automatically is short-cir- 
cuited. Through an interlock on the field 
switch the dispatcher is notified that the 
set is up to speed. 

In case protective devices indicate ap- 
proaching trouble, such as overheated 
bearings, the pulpit operator may clear 
his rolls of steel before the affected power- 
supply units are shut down. 

Local interlocking is provided in each 
mill motor room to insure against appara- 
tus units being started in any but the 
proper sequence. A synchronous or fly- 
wheel motor-generator set cannot be 
started until its asfociated exciter sets are 
in operation. The flywheel set, which is 
equipped with a wound-rotor driving 
motor, cannot be started unless its liquid 
slip regulator is in the resistance-all-in 


Figure 3. 
and control-escutcheon assembly 


Typical supervisory-control relay 


position. Furthermore, dynamic braking 
of this same set cannot be applied unless 
the regulator is again in the resistance-all- 
in position and the motor primary breaker 
is open, 


Regulator Control for the 
Structural-Steel Mill 


The synchronous motor-generator set 
for the structural mill is equipped with an 
automatic power-factor or reactive-kilo- 
volt-ampere regulator, which can be cut 
into and out of service by supervisory 
control, A similar regulator is provided 
for the two synchronous motor-generator 
sets in the plate mill. The dispatcher is 
provided with supervision of the latter 
regulator; that is, he has indication of 
whether or not it is in service, but he 
cannot control it. 


With all mills operating normally, the | 


plate-mill synchronous motor-generator 
sets will be under automatic-regulator 
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control. The structural-steel-mill regu! - 
lator will be cut out of service, and fe 
synchronous unit will operate at a fixed 
full-load excitation value. } 

When the plate-mill regulator is cut 
out of service (by manual control at the 
regulator), then the structural-steel-mill 
regulator should be cut into service. If 
the plate-mill synchronous units are oper- 
ated without regulator control, theit 
excitation also will be set at the full-load 
value. 


No-Alarm Feature 


To complete his picture of operating 
conditions in the mills, the dispatcher is 
provided with supervision but not control 
of certain apparatus units directly con- 
trolled by the mill operator. This group 
includes such units as the scale breaker, 
the spreader, the edger, and the d-c break- 
ers on the flywheel and synchronous 
motor-generator sets. 

These units may be started and 
stopped, or the d-c breakers closed and 
opened, frequently during normal mill 
operation. To avoid unnecessary annoy- 
ance to the dispatcher, the associated 
changes in supervisory-lamp indications 
are not accompanied by an audible alarm, 
as is the case on other supervision points. 


Miscellaneous Supervision Features 


Continuity of power supply to all busses 
in all stations is supervised continuously 
through the medium of bus-voltage re- 
lays. This feature indicates whether ‘or 
not a given bus is energized, but does not 
indicate the actual bus voltage. Opera- 
tion of any station annunciator is re- 
ported immediately by supervisory con- 
trol. 


Rectifier Control 


In placing a rectifier in service by 
supervisory control, the dispatcher must 
first close the a-c breaker and. then the 
positive and negative d-c breakers. Elec- 
trical interlocking is provided to prevent 
the reverse sequence of operation. 

Shutdown of a rectifier may be accom- 
plished by tripping the a-c breaker, which 
in turn will automatically trip the d-c 
breakers through electrical interlocking. 
If desired, the d-c breakers and then the 
a-c breaker may be tripped independently, 
in that sequence. ‘ 

Closing and tripping of both the posi- 
tive and negative d-c breakers for.a given 
rectifier are combined on the same super- 
visory control point. Supervision of the 
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position of each such pair of breakers is 
obtained through two interlock contacts 
in series (one on each breaker), to insure 
that both breakers are closed when so 
indicated. 


Rectifier Protection 


Causes of shutdown of rectifiers are 
segregated into two groups. If shutdown 
is due to a temporary condition such as 
overload or reverse current, the unit may 
be restored to service safely by the dis- 
patcher as soon as the protective-relay 
equipment will permit. (A very heavy 
short-time overload will be detected by 
induction-type a-c overload relays, and a 
continuous overload condition of lower 
value by the thermal device on the recti- 
fier transformer.) This type of shutdown 
will be indicated by tripping of the a-c 
and d-c breakers, 

On the other hand, shutdown resulting 
from loss of the rectifier-cooling water 
supply or from excess temperature of a 
rectifier tank or mereury-vapor pump 
probably will necessitate the attention of 
the maintenance engineer. This type of 
shutdown will be indicated by operation 
of the rectifier annunciator alarm, as well 
as by tripping of the a-c and d-c breakers. 
Thus the dispatcher can determine his 
course of action accordingly. 


Step-Regulator Control 


Control of the step-type regulating 
transformer bank at the tie station to the 
utility company is also under the dis- 
patcher, Tap position may be checked 
at any time, and is indicated simultane- 
ously with control of the tap-changing 
mechanism, A local ‘‘on position’’ in- 
dicating lamp is provided at the substa- 
tion to indicate that the regulator is on a 
definite tap position at any given time. 
The lamp indication is duplicated on the 
dispatcher’s escutcheon for this regulator 
control, 


Tie Substation Alarm Features 
In recognition of the importance of the 
40,000-kva transformer bank which serves 


as a tie between the utility power system 
and the mill, operation of all associated 
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alarm devices is reported by supervisory 
control. Individual supervision is pro- 
vided for pressure alarm, oil-level alarm, 
oil-temperature alarm, and an alarm upon 
starting of the blowers, by automatic 
control. 

A similar alarm is given also for low air 
pressure in the supply system for the 
pneumatically operated 138-ky oil circuit 
breakers in the tie substation. 


Pilot Channel Supervision 


Pilot-wire relaying is utilized to protect 
the several sections of a loop-type power 
supply for the blast furnaces, The pilot- 
wire channel for each of these sections is 
supervised continuously by the type of 
auxiliary relays customarily used to de- 
tect short circuits, open circuits, and 
grounds. The alarm contacts of these 
relays operate through the supervisory- 
control system to warn the dispatcher, so 
that he may promptly institute corrective 
action if trouble should develop. 


Door-Lock Supervision 


All remote stations and mill motor 
rooms are normally unattended and the 
entrance doors are locked. The dis- 
patcher is provided with continuous super- 
vision of each of these door locks. A 
special contact is actuated by the door- 
lock mechanism, and is independent of 
the actual door position. Thus, once the 
door is unlocked, maintenance men may 
goin and out without actuating the alarm, 

Maintenance men will be required to 
check in with the dispatcher by telephone 
when entering a remote station, and again 
when they are ready to leave. The door- 
lock supervision feature provides a final 
check to make certain the station door is 
left locked. 


Blackout 


Supervisory control also provides a 
vital wartime feature in that the dis- 
patcher can institute a complete blackout 
on a moment’s notice. In general, only 
external lighting will need to be switched 
off for this purpose, as all principal units 
of the project are of windowless construc-’ 
tion. 
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Operative Burden ” 


At first thought, the operation of such 
a system as this by a single dispatcher 
would appear to be placing too much 
burden on one operator, However, once 
the power system is in service, system 
changes will be relatively infrequent, 
Troubles will occur, as on any system, 


but they should be isolated in nature, — 


Moreover, troubles at any point on the 
system can be recognized immediately 
and prompt corrective action taken, 
Ample notice will be given when start- 
ing up any of the mills. Several hours’ 
time normally is allowed in which to place 
in service all rotating apparatus in a given 
mill motor room preparatory to rolling 
steel. 


Conclusion 


Although such equipment is a compara- 
tive newcomer to the steel industry, super- 
visory control has served the central- 
station industry since 1921. The original 
installation is stillin daily operation, Its 


basic soundness is well illustrated by the — 


fact that the same type of relays and the 
same fundamental principles of circuit 
design are still in use today, 

No part of the supervisory control for 
this plant is new in design, Furthermore, 
its application to switching operations in 
the substations throughout this project is 
entirely conventional, Only the applica- 
tion to motor-room motor-generator sets 
and associated apparatus is new. 

Man-power shortage is particularly 
critical at this time in the field of tech- 
nically trained and experienced steel-mill 
power-system operators, Thus an esti- 
mated 80 per cent saving in such man 
power for this project, effected by the use 
of centralized control, represents a vital 
contribution to the war effort. 

Centralized control has required cq- 
ordinated planning and uniform practices’ 
throughout the project. With so many 
engineering firms involved in the design 
and construction of the many mill units, 
this is a matter of utmost importance, As 
the most comprehensive system of super- 
visory control yet applied to a major steel 
mill, this installation will point the way 
for future installations within the steel 
industry. 
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Present D-C Aiircraft Electric- 
Supply Systems 
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HE multigenerator aircraft d-c electric 
system represents an important type 
which has proved its practicability under 


-military-combat conditions. Proper par- 


allel operation is maintained during ex- 
treme conditions of unequal generator 
speeds and accelerations by using an old 
but heretofore little-used method, which 
was first suggested and demonstrated 
for this application by L. W. Thompson. 
The successful parallel operation, there- 
fore—the reliability and flexibility of the 
electric-supply system—is made possible 
chiefly by the use of voltage regulators, 
which provide for load division as well as 
voltage constancy. It was natural that 
difficulties initially experienced in service 
were not always clearly understood, and 
that the equipment and installation in the 
early stages did not have characteristics 
which would allow the system to operate 
with its greatest capabilities.! However, 
with experience and study the causes of 
these difficulties were determined and 
remedial measures taken. These changes, 
although only minor individually, when 
put into effect collectively, made for a 
considerable improvement in system per- 
The result has been a more 
reliable system requiring less attention 
from the crew—a factor of paramount 
importance for a military plane, This 


Paper 44-32, recommended by the AIRE com- 
mittee on air transportation for presentation at 
the AIRE winter technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript sub- 
mitted November 5, 1948; made available for 
printing December 3$, 19438, 


H, C, Anprrson, S. B, Crary, and N. R, Scnunre 


are in the analytical division, central station engi- 


peeene. General Electric Company, Schenectady, 
ws 


The writers acknowledge the co-operation and 
helpful suggestions of the following engineers of the 
General Electric Company: L, W. Thompson and 
FR. BR. Crever of the voltage-regulator-engineering 
division, F, B, Hornby and F, M, Potter of the 
ing division, and A, A, Bmmerling 

of the general-engineering laboratory. The con- 
_ structive criticism and suggestions by H, J, Finison 
d Lieutenant Lusk of the Matériel Command, 
Field, Dayton, Ohio, were greatly appre 


S. B. CRARY 


MEMBER AIEE 


N. R. SCHULTZ 


ASSOCIATE AIEE 


improved reliability in turn contributes 
to, the assignment of more functions to 
the electric system, 

The development and refinement of 
the system and its control are truly a 
product of World War IJ, realized and 
continually improved through the co 
operative effort of Army, Navy, and 
manufacturers’ engineers. It seems ap 
propriate that some of the problems as 
sociated with this unique type of sys- 
tem be discussed at this time, so that its 
inherent characteristics will be better 
understood, This paper deals with the 
type of system at present used by the 
multiengine Army type of plane, How 
ever, results can also be interpreted for 
the Navy type of d-c system, The em 
phasis of the paper is primarily upon the 
performance of the present system and 
not on developments now in progress, 
some of which have been or are being 
discussed in other papers, This paper is 
devoted to details of performance, the 
significance ef which has been enhanced, 
not only by present military use, but 
by the possible adoption of a similar 
system for commercial aviation in the 
postwar period and for d-e systems more 
generally, 

A schematic diagram of the type of air 
craft electric system discussed in this 
paper is shown in Figure 1, An aircraft 
generator is connected directly to each of 
the four engines on the airplane, Proper 
parallel operation is obtained by applying 
a drop of 0,4 volt at full load in each of the 
generator negative leads to a circuit con- 
sisting of equalizer windings in the regu- 
lators, A remote-control relay which 
opens on the flow of reverse current pro- 
vides generator switching control, 

A brief summary of six of the important 
system problems investigated includes 
load division, system-voltage accuracy, 
reverse-current relay-contactor chatter, 
heavy transient loads, generator-output 
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capacity, and short-circuit currents, 
Following this summary each of these 
problems is discussed more completely. 


Load Division 


Load division has been found to be 
affected by two major factors, These 
are circuit installation and regulator ac- 
curacy, 

The first,.which is primarily the atr 
plane manufacturer's responsibility, re- 
quires 


(a). That the total negative lead resistance, 
between the points where the equalizer-coil 
connections are made, be equal between gen- 
erators, 


(6), That there be no appreciable contact 
drop (nonlinear resistance) between points 
in the negative leads where the equalizer 
connections are made, 


(e). That the resistance of the common lead 
for the field circuit and regulator coil of 
the regulator be small, 

that is, 


Voltage-regulator accuracy, 


ability to hold voltage under all load, 
engine-speed, temperature, and vibra 


tion conditions, is important for proper 
load division, The attention given this 
problem by the regulator manufacturers 
is resulting in continued improvements 
in regulator accuracy, 


System-Voltage Accuracy 


The necessity for accurate bus voltage 
is determined chiefly by the battery 
characteristics which allow for some varia- 
tion, The load voltage is determined by 
the voltage regulators? It has been 
the practice for Army multiengine planes 
using up to four generators to have the 
equalizer coil of a disconnected genera- 
tor left connected, resulting in a reduction 
in bus voltage, This reduction depends 
upon the number af generators discon. 
nected compared to those left connected, 
The reduction in voltage can be avoided 
by providing manual means to discon. 
nect the equalizer coils of the discon- 
nected generators, 

Another factor which has produced 
large variations in bus voltage has been 
the continued attempts of the operators 
to balance the loads by adjustment of the 
voltage regulators when improper plane 
circuit installation inherently would not 
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allow for accurate load division for all 
conditions with one setting of the regu- 
lators. 

Transients due to starting turrets, 
landing-gear motors, and so forth are 
appreciable and may result in instan- 
taneous voltage dips of 80 per cent or 
more. Equipment essential to flight 
and combat should be made as insensitive 
to such voltage variations as is practi- 
cable. 


Relay-Contactor Chatter 


Relay-contactor chatter results from 


(a). Parallel operation at light load. 


(6). Generators with a rising-regulation 

characteristic (overcompounded). 

(c). Relay contactors having reverse-cur- 

rent drop-out settings which are too low. 
Contactor chatter with light system 

load probably cannot be entirely avoided. 
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However, with improvements in the 


factors which affect load division, the 
relay contactor chatter at light load has 
been reduced materially, 

A severe type of contactor chatter can 
be obtained from a generator which has 
a rising-load-regulation characteristic. 
Such a regulation characteristic will also 
tend to produce instability of voltage 
regulation during parallel operation. 
Manufacturers, in their design of aircraft 
generators, have been careful not to ob- 
tain a rising-voltage-regulation character- 
istic for any part of the speed and load 
range over which the generator must 
operate. This becomes a prime design 
factor and must be given proper atten- 
tion both in design and production test- 
ing in order that the generators will not 
have such a characteristic. If the genera- 
tor brushes are rotated against rotation, 
a generator although properly designed 
in this respect may have a rising char- 
acteristic such as to cause severe con- 
tactor chatter. Therefore, it is important 
for this reason also that the generator 
brushes be properly set and fixed. 

Reverse-current drop-out settings of 
the contactors had been initially specified 
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to be from 0 to 10 amperes with a pickup 
voltage of .26 to 27 volts. This inher- 
ently resulted in chatter under light-sys- 
tem-load conditions. The reverse-cur- 
rent drop-out band was increased to a 
band of 8 to 20 amperes reverse current 
with 27.5 volts on the pickup coil. 

With steps made to improve circuit 
installation, voltage-regulator accuracy, 
relay-contactor accuracy, generator char- 
acteristics, and, to increase relay drop- 
out settings, relay chatter was greatly 
reduced as a serious problem, 


Heavy Transient Loads 


The turret motor Amplidyne or genera- 
tor sets require some of the largest inrush 
currents of any equipment on the air- 
plane. It is important, therefore, that 
the electric supply system have sufficient 
electrical stiffness to support the bus 
voltage when the turret motor sets are 


Figure 1. Schematic diagram 
of typical four-generator air- 
craft electric-supply system 


Figure 2. Regulation charac- 
teristics of 200-ampere com- 
pensated aircraft generator 
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started. The stiffness of the electric 
system is increased by the number of 
batteries, number of generators, and 
high generator speeds at the time the 
turrets are started, while the required 
amount of electrical stiffness is deter- 
mined by the amount of starting current 
required. It was found that the number 
of batteries greatly affected the amount of 
starting current that could be made avail- 
able. This is particularly true if it is 
necessary to start the turrets with some 
of the available generators disconnected. 
Accordingly, it appears that the batteries 
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have a very important function in helping 
to support the bus voltage for the sHock 
loads incident to turret starting. 


Generator-Output Capacity 


Two major factors affect generator- 
output capacity: 


1. Generator design. 


2. Regulator design and circuit installation. 


The first is determined among other de- 
sign factors primarily by whether the 
generator is compensated or uncompen- 
sated. The second factor is deter- 
mined primarily by field-circuit resist- 
ance, which includes field leads in the 
airplane and the regulator minimum re- 
sistance. The output capacity of a 
generator may be reduced very materi- 
ally by generators of uncompensated 
design having appreciable field-circuit 
resistance caused by long field leads and 
the use of regulators having high mini- 
mum resistance. On the other hand, the 
load-output capacity of a generator may 
be very materially improved by using 
generators of compensated design and 
regulators having low minimum-field 
resistance. The compensated generator 
was first proposed and demonstrated for 
this application by S. R. Bergman. 


Short-Circuit Currents 


The modern four-engine airplane with 
three batteries is capable of producing 
total instantaneous short-circuit currents 
approaching 5,000 amperes. It appears, 
therefore, that the reverse-current con- 
tactors, which were originally specified 
for interruption of currents of 500 am- 
peres and more recently improved for 


‘rated interruption of current up to 2,400 


amperes, are not entirely adequate for 
short-circuit protection. Additional pro- 
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tection is desirable, since complete re- 
fiance cannot be placed on all faults to 
burn themselves clear® without ap- 
preciable damage. Accordingly, con- 
sideration is being given to proper cir- 
cuit-breaker protection and contactors 
of higher interrupting rating. Reverse- 
current circuit breakers provide an ef- 
fective method of protecting the vital 
generation and battery supply currents. 


Conclusions 


Considerable improvement in the oper- 
ation and performance of the present 
type of electric-supply systems for air- 
craft has been and can be further re- 
alized by 


1. Improvements in the circuit installation. 


2. Continued refinements in the generator, 
tegulator, and reverse-current relay-con- 
tactor characteristics. 


3. Theuseof compensated generators, regu- 
lators with low minimum resistance, and 


’ circuit installation using low-resistance field 


leads. 


4. The use of directional protective break- 
ers or switches in the battery and generator 


- circuits. 


Aircraft D-C Generator 
Characteristics 


(a). GENERATOR-REGULATION 
CHARACTERISTICS 


Since the generator-regulation char- 
acteristic depends to a great extent on 
brush setting, it is important that 
brushes be set correctly in order to avoid 
a rising characteristic which may result 
in instability in parallel operation and 
severe contactor chatter (also possible 
instability when connected to a battery). 
Rotation of the brushes in a direction 
opposite to machine rotation tends to 
produce a rising characteristic. 

Figure 2 illustrates a typical regulation 
characteristic as determined by labora- 
tory tests on a compensated 200-ampere 


Figure 4. Self-excited 
short-circuit characteris- 


650-700 '-— tics of 200-ampere 
compensated aircraft 
generator 
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aircraft generator, at 2,500 and 4,500 
rpm. The ordinate is the open-circuit 
terminal voltage obtained with field 
current required for the load indicated 
on the abscissas at 28.5 volts. This 
voltage, therefore, corresponds to the 
machine internal voltage for the given 
load condition. If the curves areas 
shown by the full lines of Figure 2, the 
generator is said to have a drooping « har- 
acteristic at all loads, that is, the ter- 
minal voltage drops with increase in 
load at constant field current. If a 
generator has a characteristic as shown 
by the dotted line, it has a rising char- 
acteristic at light load; that is, the ter- 
minal voltage rises with increase in load 
at constant field current. Such a genera- 
tor may cause severe contactor chatter, 
resulting in failure of the contactor, and 
also cause instability in parallel opera- 
tion during light loads. 


(b). SpLRF-ExcITED GENERATOR VOLT- 
AMPERE CHARACTERISTIC 


Figure 3 illustrates the general shape 
of the volt-ampere characteristic for a 
self-excited d-c generator operating with- 
out a voltage regulator. The field re- 
sistance is held constant at a value which 
gives approximately rated current at 
rated terminal voltage. The maximum 
current available depends on generator 
speed, excitation, brush setting, tem- 
perature, and commutation limitations. 

At a generator speed of 4,500 rpm, it 
has been found that the volt-ampere 
characteristic has about the same shape 
and proportions as that for 2,500 rpm, 
when the field rheostat is set for rated 
load at rated terminal voltage. When a 
voltage regulator is used, however, the 


! | 
() 
O18 2ig 
Nya ic 
1 Ww yw 
SIF BIS 
uz ae 

1 


COMPENSATED 
MACHINE 


iN) 
so 
w 


UNCOMPENSATED 


RLoap = 0.067 
MACHINE OHM 


APPROXIMATELY 
8 KW 


APPROXIMATELY 
4 KW 


TERMINAL VOLTAGE 


230-250 290-310 
LOAD CURRENT — AMPERES 


| WITH FAULT 
RESISTANCE 
to 


DEAD" SHORT- 


Aen Figure 5. Comparison of volt- 


ampere characteristics for com- 
pensated and uncompensated 
aircraft generators operating at 
2,500 rpm with rfe =0.25 ohm 


tye =field-circuit resistance ex- 
ternal to field 


Anderson, Crary, Schultz—D-C Aircraft Systems 


maximum current at high speed exceeds 
that at low speeds because of the lower 
excitation requirements at higher speeds. 


(c). SELF-ExciTED SHoRT-CiRcUIT 
CHARACTERISTIC 


Because of the relatively fast time con- 
stant of the armature circuit, the genera- 
tor short-circuit current rises rapidly 
to its maximum value and decays to a 
sustained value at a rate determined 
principally by the time constant of the 
generator field circuit. 

For a given generator speed and ex- 
citation, the maximum initial value of 
short-circuit current occurs for a dead 
short circuit at the generator terminals. 
This, however, does not give rise to the 
maximum value of sustained current. 
The fault resistance which will result in 
the largest value of sustained current 
may be determined from the generator 
volt-ampere characteristic. 

A typical 200-ampere generator short- 
circuit characteristic as obtained with an 
oscillograph is shown in Figure 4. Spe- 
cific values indicated on the curve are 
characteristic of a compensated 200- 
ampere aircraft generator operating at 
full load previous to the short circuit. 
If the generator is assumed to supply 
full load at rated voltage before the ap- 
plication of the fault, the initial value of 
the short-circuit current is practically 
independent of the generator speed. 
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Figure 6. Volt-ampere characteristic of 200- 
ampere compensated aircraft generator operat- 
bil ing with voltage regulator — 


The sustained value of short-circuit cur- 
rent depends on the fault resistance, the 
generator speed, and the operation of the 
voltage regulator. The sustained cur- 
rent may be increased appreciably by 
operation of the voltage regulator; in 
fact, for relatively high values of fault 
resistance and generator speeds, it is 
possible for the sustained short-circuit 
current to exceed the initial value. 


(d). COMPENSATION AND 1TS EFFECTS ON 
GENERATOR PERFORMANCE 


D-c aircraft generators must have a 
drooping load-regulation characteristic to 
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allow for stable operation under voltage- 
regulator control and to minimize relay- 
contactor chatter. On the other hand, 
a generator with a large droop will not be 
capable of as great an output under 
heavy-overload conditions. One of the 
most efficient ways of controlling the 
amount of droop is by the use of com- 
pensating windings. This has several 
very desirable effects. 


1. Under emergency-overload conditions, 
the generator is capable of sustaining a much 
greater load than would be the case if it 
were uncompensated. Thisis of value under 
sudden-transient-load conditions, particu- 
larly when some of the generator capacity 
(on a multigenerator system) is discon- 
nected. Also the use of compensated gen- 
erators allows for the starting of higher 
starting-current loads and results in higher 
starting torque and greater acceleration of 
the load. This may be evaluated also in 
terms of obtaining better performance under 
emergency,conditions with a reduced num- 
ber of generators or batteries. Both of 
these are important from the standpoint of 
weight and reliability of operation. 


2. The compensated machine allows for 
better commutation at higher loads and 
under short-circuit conditions. The proper 
short-circuit protection of an airplane makes 
it desirable that, with the occurrence of a 
system short circuit, none of the generators’ 
commutators flash over. 


3. A compensated machine, because of its 
reduced requirement for change in field cur- 
rent under overload conditions, is not af- 
fected so adversely as the uncompensated 
machine for high field-circuit resistance as- 
sociated with long field leads or with regu- 
lators having high minimum-field resistance. 


4. The compensated machine as compared 
with the uncompensated machine can be 
made to have a greater current output at 
the very low voltages, those associated with 
system short circuit, or very heavy over- 
loads, which allows for more positive selec- 
tivity and simplicity of the short-circuit 
protective equipment. 


It is a primary system-design char- 
acteristic for multiengine airplanes to 
provide an amount of generator compen- 
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Figure 7. WVolt-ampere characteristic of 200- 
ampere compensated aircraft generator operat- 
ing with voltage regulator and battery 
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sation in order to obtain the maximum 
output of the generators under all sys- 
tem-operating conditions and at the 
same time to allow for proper stable 
parallel operation under regulator con- 
trol. Both generators and regulators 
can be so designed to meet the optimum- 
system-performance characteristics de- 
sired. 

The general shapes of the volt-ampere 
characteristics for compensated and un- 
compensated machines of the same rating 


are shown in Figure 5. It will be noted 
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Figure 8. Connections of single-generator 
aircraft electric-supply system 
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that the difference in peak current for the 
uncompensated and compensated ma- 
chines isabout60amperes. Foraconstant 
resistance load of 0.067 ohm, as shown in 
Figure 5, the compensated machine will 
deliver approximately eight kilowatts, 
while the uncompensated machine will 
deliver approximately four kilowatts. 


Characteristics of Aircraft | 
Generator With Voltage Regulator 


Because of the wide ranges in speed 
and load to which an aircraft generator 
must be subjected and the different types 
and ratings of generators which may be 
used, a voltage regulator with a relatively 
large range of resistance must be em- 
ployed. : 

The field resistance of the generator is 
varied by a direct-acting voltage regu- 
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lator,?3 which controls only after the” 
terminal voltage has reached the lower 

limit of the regulator setting, about 28 

volts. The regulator has a magnetic 

circuit energized by a winding through a 

diluting resistor from the voltage of the 

generator being regulated. The force 

set up by the magnetic circuit is bal- 

anced against an adjustable calibrating 

spring. A second winding on the regu‘’ 
lator is used to accomplish load equali- 

zation during the parallel operation of 

two or more generators. 

When the generator is operated with 
a voltage regulator, the volt-ampere char- 
acteristic is similar to that shown in 
Figure 6. Curve CBO is for the base 
speed of the generator, 2,500 rpm. Curve 
CB’O is for a higher generator speed. 

The portions of the curves CB and CB’ 
may have a slight droop caused by resist- 
ance drop between the bus and the point 
at which the voltage is being regulated. 
At points B and B’, the voltage regulator 
becomes essentially inoperative, having 
reduced its variable resistance to a mini- 
mum value. When a compression type 
of regulator is used, the minimum value 
of regulator resistance is not absolutely 
constant but is a function of the generator 
terminal voltage. The parts of the curves 
BO and B’O, then, correspond to mini- 
mum field resistance. The value of load 
at which the regulator becomes inopera- 
tive increases with increasing generator 
speed because of the reduced excitation 
requirements. 


Characteristics of a System 
Consisting of One Generator 
With Voltage Regulator, Reverse- 
Current Relay, and One Battery 


(a). VoLT-AMPERE CHARACTERISTICS 


When a 24-volt battery is added to the 
system, the volt-ampere characteristic 
is similar to that shown in Figure 7. 
At a value of load corresponding to point 
B or B’, depending on the speed, the 
voltage regulators become essentially . 
inoperative, having reduced the variable 
field resistances to minimum values. 
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Point A represents the battery short-cir- 
cuit current, in this case 800 amperes. 

The battery tends to produce a “‘stiffer’’ 
system than would be obtained with a 
generator alone; this factor is especially 
important in supplying heavy shock 
loads such as motor starting. Since the 
ampere-hour rating of aircraft batteries 
is quite small, however, it is not in- 
tended that they be called upon to supply 
heavy continuous loads. 


(6). REVERSE-CURRENT-RELAY 
CHARACTERISTICS 


Generator switching control is ob- 
tained by means of an automatic relay 
which is set to close at a predetermined 
generator voltage and will open upon the 
flow of current from the battery to the 
generator.”**> The reverse-current relay 
consists of a pilot relay and contactor 
mounted on the same base. The calibra- 
tion for pickup voltage is made by ad- 
justing the spring tension on the pilot 
relay. A heavy coil mounted on the 
pilot relay carries the generator current 
and opens the relay when the flow of cur- 
rent reaches a preset value in a reverse 
direction. When the pilot relay closes, 
the main contactor coil is energized, 
and the contactor closes, connecting the 
generator to the bus. Figure 8 shows the 
connections of the generator regulator 
and relay and their associated circuits, 

Normally the relay is set to close 
between 26 and 27 volts. As the generator 
‘comes up to speed with the pilot’s con- 

“trol switch closed, the terminal voltage 
reaches a value equal to the pickup 
voltage of the relay, and the relay closes. 
The bus voltage, if other generators are 
on the bus, is normally 28.5 volts, which 
will cause a current to flow in a reverse 
direction through the relay. Hence, there 
is a possibility of obtaining enough re- 
verse current to open the relay, after 
which it will again close because of the 
voltage impressed upon it. These opera- 
tions continue, and the relay chatters. 
This condition may cause a substantial 
shortening of the relay life. Figure 9 
shows how this condition is materially 
improved by raising the reverse-current 
drop-out value or the pickup voltage. 

In Figure 9, the curves marked ‘“‘relay 
characteristic’ indicate the amount of 
reverse current necessary to open the 
‘telay at a given bus voltage (or 
relay-coil voltage) for two relay pickup 
adjustments. The ‘‘circuit-characteris- 
tic’ curves show the amount of reverse 


current which the circuit will deliver at 
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shown in Figure 9, the relay will not 
chatter when set to pick up at 26 volts 
so long as the bus voltage before closing 
is less than 27.5 volts. If the relay is 
set to pick up at 27 volts, it will not 
chatter so long as the bus voltage before 
closing is Jess than 28.75 volts. 

In normal operation there is a possi- 
bility that a relay set at 26 volts will be 
made to close on a bus of 28.5 volts. If 
the relay had characteristics as shown in 
Figure 9, it would chatter badly if the 
pickup voltage were set below 27 volts. 
However, if the point A were made to 
be to the right of the ordinate erected 
at 28.5 volts, the relay would not chatter, 
With higher reverse-current drop-out 
values the intersection A can be moved 
farther to the right, and the probability 
for relay chatter of the type discussed 


can be considerably reduced. The fore- 


Figure 10. Effect of field-cir- 

cuit resistance on compensated 

and uncompensated 200-am- 

pere aircraft generators operat- 
ing at 2,500 rpm 
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going analysis applies for conditions of 
very light loads. If the system is sup- 
plying some load, the, probability of this 
type of chatter is greatly reduced, since 
the equalizer winding in the regulator of 
the incoming generator will become ef- 
fective in loading the generator. 

If a generator has a rising voltage char- 
acteristic (series cumulative field effect) 
the circuit reverse-current characteristic 
will be steeper, and the relay will have a 
greater tendency to chatter, because it 
takes much less voltage difference be- 
tween the terminal voltage and the 
open-circuit bus voltage to produce a 
large amount of reverse current. (The 
intersection A on Figure 9 would be far- 
ther to the left of the 28.5-volt ordinate.) 
Relay chatter due to this cause, there- 
fore, cannot be avoided unless the in- 
cremental generator regulation is droop- 
ing. 

Another cause of relay chatter is 


. parallel operation with very light loads on 


the system, aggravated by voltage-regu- 
lator inaccuracies and unequal paralleling 
resistors in the negative leads of the 
generators. Under these conditions dif- 
ferent voltage-regulator adjustments are 


required to balance the generator currents 
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at each loading. Accordingly, if the 
regulators are adjusted for load balance 
at an appreciable system load, they will 
be unbalanced at other loads. At light 
load this unbalance may result in suffi- 
cient reverse current in some generators 
to eause relay chatter. Proper operation 
requires that the paralleling resistors in 
the generator negative leads be equal. 


(c). Errect OF FIELD-CiRCUIT RESISTANCE 


As would be expected, the maximum 
output of a self-excited d-e generator 
for aircraft is determined to a consider- 
able extent by the field-circuit resistance 
external to the field itself. Figure 10 
shows the effect of resistance external to 
the fields of a compensated 200-ampere 


TERMINAL VOLTAGE 


CURRENT t5| a 


way o a; a 
a3 2 AMPERES 3 3 3| 
git a sia gi 
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generator and an uncompensated 200- 
ampere generator. Values given in this 
figure are indicative of orders of magni- 
tude. These characteristics show the 
reduction in maximum output caused by 
Yr, the field-circuit resistance external 
to the field winding. It is important, 
therefore, in evaluating regulator per- 
formance, to determine the minimum 
resistance of which the regulator may 
be capable when operating with a given 
generator. 

Not only is the output of the generator 
reduced for higher values of field-circuit 
resistance, but with a 0.75-ohm increase 
in the field-circuit resistance, the mini- 
mum generator speed at which the regu- 
lator begins to control is increased by 
about 120 rpm when the regulator is set 
for 28.5 volts. Increasing the minimum- 
field resistance by 0.75 ohm increases the 
generator speed at which the reverse- 
current relay picks up by about 150 rpm 
with a 26-volt pickup setting of the relay. 
These values are representative of a sys- 
tem using generators having 2 to 3 ohms 


field resistance. 
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(d). GENERATOR COOLING 


Insufficient cooling of generators will 
have a pronounced effect on their maxi- 
mum output, from the standpoint of 
increased field resistance, as well as 
from the standpoint of increased arma- 
ture resistance. When the generators 
are operating at full load at a low to 
medium speed, the regulators are in- 
serting very little resistance into the 
field circuit. The field-circuit resistance 
is then largely the resistance of the field 
itself. In reference to Figure 10, it can 
be seen that an increase of 0.1 ohm in the 


POSITIVE 
Ro BUS 


field-circuit resistance causes decreases 
of approximately 7.5 amperes and 14 
amperes in the peak outputs of compen- 
sated generators and uncompensated 
generators, respectively. A. ten-degree- 
centigrade rise in field temperature will 
produce approximately a 0.l-ohm in- 
crease in field resistance. From the fore- 
going, it can be said that from the stand- 
point of increase in field-circuit resistance 
alone, the effect of temperature rise on an 
uncompensated machine is approxi- 
mately twice that on a compensated ma- 
chine. At heavy loads each ten-degree- 
centigrade rise in temperature will de- 
crease the maximum output of an un- 
compensated machine approximately 14 
amperes. For the compensated ma- 
chine the decrease will be only 7.5 
amperes. 


Multigenerator Systems 
(a). 


Four generators are operated in parallel 
as shown in Figure 11. Each regulator is 
provided with an equalizer winding which 
is wound in a direction such as to com- 
pensate for the unbalanced load between 
generators. Equalizer potential is ob- 
tained by using the drop in resistors of 
equal value in the negative leads of the 
generators. Regulators are usually in- 
stalled in the fuselage of the airplane 
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where they can be readily adjusted. 
Relays are generally installed close to 
the engine-driven generators in the 
nacelles. Batteries connected to the 
main d-c bus are located in the fuselage. 


(6). PARALLEL OPERATION AND LoaD 
DIVISION 


1. Unbalances Due to Cireutt In- 
stallation. In reference to Figure 11, 
an elementary sketch of a four-engine air- 
plane electrical system assumed to be 
symmetrical about the load, R; and R» 
are positive-lead resistances; Rs and Ry, 


Ro 


Figure 11. Connec- 

tions of four-genera- 

tor aircraft electric- 
supply system 


are negative-circuit resistances set up by 
the bonding of the negative leads to the 
structure of the airplane and the struc- 
ture of the airplane itself; R; and R; 
are equalizer-lead resistances; r, is the 
resistance of the equalizer coil; r, is the 
resistance of the equalizer shunts; J, 
In, I3, and J, are the currents supplied by 
the generators; and J is the total load 
current. 

If it is assumed that the identical 
voltage regulators have equal no-load 
settings, analysis of the aforementioned 


system indicates that load division is- 


affected primarily by the shunt and 
ground resistances, r, and R; respectively. 
If the various shunt resistances are equal, 
that is, if rg =re=rs=7.=1s, and if the 
voltage-regulator no-load settings are 
equal, the load division may be written 
approximately in terms of the following 
equations: 


L=i (1) 
Iz,=T; : (2) 
iB 1 7, 
= (3) 
I 2(2+%) i 

Ts 


From equation 3, it may be seen that 
if R; and r, are equal, machines 1 and 4 
will each supply only one sixth of the 
total current instead of one fourth of the 
total which is desired. (Machines 2 and 
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3 will each supply one third of the total 
current.) It is apparent that a decrease 
in the grounding resistance Rs is neces- 
sary to improve load division. It has 
been found that the unbalance in the 
negative leads, Rs, is due to two things: 


1. The resistance of the grounding structure 
itself (bolts, lugs, brackets, and so forth). 


2. The fact that the lead resistances have’ 
not been equalized. 


The airplane structure itself offers negli- 
gible resistance to the flow of current. 
If care is taken to make the negative 
leads of equal resistance and to ground 
the leads to a heavy portion of the -air- 
plane structure, Rs becomes negligible 
(Rs=0) and the balance under load is 
materially improved. If perfect load 
division were required, it would be neces- 
sary to balance the positive-lead re- 
sistances, R;, the equalizer-lead resist- 
ances, and the regulator leads from the 
generator to the regulator coil. How- 
ever, the effect on load division of un- 
balanced resistances in these leads is of 
second order. Their resistances, particu- » 
larly those of the field leads, should be 
kept as low as possible in order to ob- 
tain maximum possible output from the 
generators. 

2. Unbalances Due to Voltage Regu- 
lators. In addition to unbalance 
in load division due to the airplane cir- 
cuits, considerable load unbalance can 
result from differences in voltage-regu- 
lator settings as small as +0.5 volt. For 
example, it is obvious that an undesirable _ 
current unbalance would exist if the regu- 
lators on the outboard generators were 
set at 28 volts, while the inboard regu- 
lators were set at 29 volts. This differ- 
ence in voltage-regulator settings may 
result in load unbalances as high as +20 
amperes (in systems employing an equali- 
zer shunt voltage drop of 0.5 volt at 200 | 
amperes) independent of unbalances due _ 
to unbalanced circuit resistances. 

Variations from one regulator to an- 
other, as regards the ability of the regu- 
lator to hold voltage under all conditions 
of load, generator speed, and tempera- 
ture will introduce additional unbalance 
in load division. : 

3. Effect of Removing Generators From 
Service While the Corresponding Equaliser 
It has been 
found by calculation and from test data 
that the effect of a “dead’’* equalizer coil, 
or coils, upon Joad division is of secondary 
importance. 5 

Dead equalizer coils, however, tend to 
reduce the system voltage. Both tests 
* An equalizer coil which remains connected to the 


system after its generator has been removed from 


service. ‘ 


: 
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and calculations indicate that, with the 
present voltage regulator using an equal- 
izer shunt voltage drop of 0.5 volt at full 
load, the drop in system voltage, assum- 
ing that all equalizer coils remain con- 
nected and that the generators remaining 
in service are fully loaded is shown in 
Table I. 

For systems which make use of a 
greater equalizer shunt voltage drop, the 
drop in system voltage due to dead equal- 
izer coils will exceed the values indicated 
in Table I. 


(c). Vort-AMPERE CHARACTERISTIC 


A typical curve of bus-voltage versus 
load current for a four-generator system is 
as shown in Figure 12. This system in- 


° : 1400- 
1600 


2000- 
2200 
LOAD IN AMPERES 
Figure 12. Volt-ampere characteristic of four- 
generator aircraft electric-supply system 


Generators operating at 2,500 rpm 


cludes voltage regulators and a battery. 
The portion of the curve CB has a slight 
droop with increasing load because of 
resistance between the bus and the points 
at which voltage is being regulated, 

At point B the voltage regulators have 


reduced their variable resistance elements . 


to the minimum ohmic values and are, 
therefore, essentially inoperative for the 

portion of the curve BA, Point A rep- 

resents the value of short-circuit current 
_ contributed by the battery. 

The effect of the battery, or batteries, 
is to produce a “‘stiffer’”’ system, that is, 
to increase the maximum number of 
amperes available. This factor becomes 

important in the case of shock loads 
such as turret starting, and so forth. 
Shock loads should not be of such a re- 
sistance as to result in a collapse of sys- 
tem voltage. Curve A’BC is similar to 


Table II 
Approximate 
_~=~*Numberof Number of Maximum 
| 200-Ampere 24-Volt ‘ Sustained Fault 
-¥ Generators . Batteries Current in Amperes 


curve ABC, except that the system in- 
cludes three batteries rather than one. 
A comparison of the two curves illustrates 
the additional “stiffness’’ obtained by 
adding batteries to the electric system. 

For higher generator speeds, the maxi- 
mum current available will exceed the 
values indicated in Figure 12 and will 
occur at somewhat lower voltages. The 
upper limits on maximum currents at 
high generator speeds will be governed 
by commutation, compensation, and 
saturation characteristics of the genera- 
tors. It is quite possible that, with three 
batteries and generator speeds of 4,000 
rpm, currents as high as 4,000 amperes 
may be obtained. 


(d). TRANSIENT LOADING 


One of the most severe transients ex- 
perienced on the electric system of mili- 
tary airplanes is caused by the starting of 
a turret motor Amplidyne or motor 
generator set. Figure 13 shows the varia- 
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Figure 13. Bus voltage transient when motor 
Amplidyne set is started on an aircraft 
electric system 


Generators operating at 3,000 rpm 
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0.06 
TIME — SECONDS 


0.12 


Figure 14. Bus voltage transient when landing 
gear is raised on four-generator aircraft electric 
system 


Generators operating at 3,000 rpm. Three 


batteries on bus 


tion in d-c bus voltage when a motor 
Amplidyne set is started on a four-engined 
airplane equipped with carbon-pile gener- 
ator-voltage regulators. These transients 
were replotted from oscillograms taken 
during test flights. 

The effect of the removal of generators 
and batteries from the supply system is 
clearly shown on the curves. A con- 
venient basis upon which to compare 
different recovery characteristics for a 
constant loading condition is the area 
under the curves in volt-seconds. On 
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this basis a relatively small area would 
correspond to a quick recovery and a 
small initial disturbance. For Figure 13 
the following comparisons may be made: 


Case System Conditions Volt-Seconds 
} . 4 generators, 2 batteries......- 0.12 
: ae 2 generators, 2 batteries.......0.52 
a Ae oe 2 generators, 0 batteries....... 1.21 


Figure 13 and the preceding tabulation 
show clearly the effect of the loss of 
generators and batteries on the system 
transient characteristics. 

Another severe transient load is that 
of the retraction of electrically operated 
landing gear. Figure 14 shows the varia- 
tion in bus voltage when the landing gear 
of a four-engined plane is retracted. 
Actually the gear requires 20 to 30 sec- 
onds to retract fully. Figure 14 shows 
the initial transient, which is followed by 
a comparatively steady-state load of 
about 300 amperes of 20 to 30 seconds 
duration. 

A 500-ampere resistance load suddenly 
applied to the system will cause a bus- 
voltage variation similar to that shown 
in Figure 15. Figures 14 and 15 are 
replots of oscillograms taken during actual 
flight tests on an airplane with four 
generators and three batteries supplying 
the electrical power. 


(e). SHort-Creculir CURRENTS 


Both test and analytie studies of a 
typical multigenerator electric-power-sup- 
ply system indicate, as shown in Table 
II, approximate values of maximum sus- 
tained* short-circuit current as a‘ fune- 
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Figure 15. Bus voltage transient when 500- 
ampere resistance load is suddenly applied to 

a four-generator aircraft electric system 


° 0.02 


Generators operating at 3,000 rpm 


tion of system generating capacity (as- 
suming that there is no motor load on the 
system): 

With four 200-ampere generators and 
three 24-volt batteries in service, the ap- 
proximate maximum value of reverse 
current (sustained) through any re- 


* “Sustained” short-circuit current is herein de- 
fined as that short-circuit current which can be 
maintained for a few seconds rather than a period 
of minutes. 
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verse-current relay is 3,000 amperes. 
This condition can occur when the short 
circuit is located between a generator and 
its corresponding reverse-current relay. 
In general, the magnitude of short 
' circuit is dependent chiefly on the fault 
resistance and the number of generators 
and batteries in service. That is, for a 
given value of fault resistance and for a 
given number of generators and batteries 
in service, the short-circuit current has 
about the same value for a fault at any 
point in the supply system. The magni- 
tude of short-circuit current also de- 


4000 
= \s— INITIAL CURRENT 
= \ 
a 
a 
= STAINED CURRENT 
= 
.= 
= 
ua 
< 
= 
> 
oo 
a 
= 
< 
0.001- 0.015 0.035 
0.002 


FAULT RESISTANCE IN OHMS 


Figure 16. Fault currents on a four-generator 
aircraft electric system as a function of fault 
resistance 


Three batteries in service 


pends to some extent upon the speed of 
the generators. Table II was calculated 
on the basis of a generator speed of 3,200 
rpm, assuming characteristics similar to 
those of a generator rated 5.7 kw, 28.5 
volts, 200 amperes, 2,500/4,500 rpm, 
with commutating and compensating 
windings. Test results on this type of 
generator indicate that the short-time 
volt-ampere characteristic at 3,200 rpm 
is representative of the maximum sus- 
tained short-circuit current which the 
generators can deliver for a few seconds, 
even though the generator speed is 
higher than 3,200 rpm. Since both test 
and calculated results indicate that un- 
compensated generators produce ap- 
preciably less current at the low voltages 
encountered during short circuits, it is 
expected that the numerical results 
presented in Table II represent the maxi- 
mum values of short-circuit current 
which may be expected. 
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For a fault on a wing junction box, 
the fault current as a function of fault 
resistance is shown in Figure 16. For 
faults at the various generators and 
nacelle junction boxes, the results are 
much the same as shown in Figure 16. 

Test and calculated data indicate that 
only for extremely small values of fault 
resistance does the initial short-circuit 
current exceed the sustained value. This 
is shown in Figure 16. At low generator 
speeds, however, the initial value is more 
likely to exceed the sustained value than 
at high generator speeds. The initial 
short-circuit current decreases with fault 
resistance, as shown in Figure 16, and 
becomes practically equal to the sus- 
tained value for fault resistances in ex- 
cess of 0.001 to 0.002 ohm. The initial 
value is also a function of system loading 
prior to the fault, increasing somewhat 
as the system load previotis to the fault 
is increased. In general, it is expected 
that the fault resistances actually en- 
countered in practice will be of the order 
of magnitude to result in short-circuit 
currents having about the same initial 
and sustained values. Oscillographic 
records obtained on a laboratory test 
setup tend to confirm this conclusion. 
For this reason, the preceding explana- 
tion has been confined to sustained short- 
circuit currents. 

Figure 17 illustrates the typical short- 
circuit-current characteristics as obtained 
by means of an oscillograph. The values 
indicated on the figure were obtained 
with four 200-ampere generators and 
three 24-volt aircraft batteries in service 
and correspond to fault resistances of 
0.006 ohm and 0.001 ohm. 

It may be seen from Figure 17 that 
even when the initial short-circuit current 
exceeds the sustained value, the initial 
transient is very short. It is thus im- 
probable that the operation of most 
protective devices would occur before the 
sustained value of current was attained. 


(f). REvERSE-CURRENT PROTECTION OF 
GENERATOR AND BATTERY CIRCUITS 


The short-circuit currents for faults in 
the generator and battery circuits may 
vary over a large range of values de- 
pending on the fault resistance and 
operating conditions prior to the fault. 
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Also, fora given fault, the short-circuit” 


currents contributed by the various 


generators are nearly equal. The diffi- 
culty, then, in obtaining adequate short- 
circuit protection with devices utilizing 
current magnitude only is obvious. 


It is apparent, however, that for a _ 


given fault in the generator or battery 
circuits, the direction of current flow in 
the faulted circuit element is opposite tor 
the normal direction of flow. Thus 
reverse current may be used to trip a 
reverse-current circuit breaker or switch 
to clear the fault. 


FAULT GURRENT 8 gs 


IN AMPERES 


° 


“TIME IN SECONDS 


Figure’ 17. Short-circuit characteristic of a 
four-generator aircraft electric system 


Three batteries in service 
It is believed that a reverse-current 
circuit breaker is fundamental to the 


reliable protection of generator and 
battery circuits. 
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Heating of Nonmagnetic Electric 


Conductors by Magnetic Induction— 


Longitudinal Flux 


R. M. BAKER 


MEMBER AIEE 


EAT can be generated in a piece of 
metal or other conducting material 
by wrapping a coil around the piece, such 
as the cylinder shown in Figure la, and 
causing a current of suitable magnitude 
and frequency to flow into the coil. This 
is called “induction heating.”” The great 
advantage of this type of heating is that 
the heating can be accomplished without 
contacting the piece to be heated. This 
allows the heating to take place while the 
piece is moving or enclosed in a protective 
atmosphere. Also, the heat usually can 
be concentrated just where it is needed, 
and a piece usually can be heated faster 
by induction than by any other method. 
_ The desirable frequency to use for induc- 
tion heating depends on the size and the 
electrical properties of the piece to be 
heated and may vary from 25 or 60 cycles 
per second for heating joints in iron pipes 
to a few million cycles per second for 
heating very small nonmagnetic pieces 
for soldering. Frequencies up to 10,000 
cycles per second are obtained usually 
from rotating machines; for higher fre- 
quencies one must resort to spark or 
vacuum-tube oscillators. 
— Induction heating finds a multitude of 
__ uses in industrial processes, such as sur- 
face hardening or heat treating, heating 
slugs in a continuous process for forging, 
heating joints for brazing, continuous 
heating of moving magnetic strip or wire, 
and the heating of small nonmagnetic 
_ terminals for soft soldering. A very 
successful recent application of induction 
_ heating is the use of radio-frequency 
_ power to brighten electrolytic tin plate. 
__ In this process the tin surface on the strip 
- is melted continuously. with the strip 
Wing at 1,000 feet per minute and with 
n input of about 1,200 kw of 200-kilo- 
le power to the heating coil. 
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Some of the applications require the 
heating of magnetic material, such as iron 
and steel, which usually are easy to heat. 
Others require the heating of nonmagnetic 
materials, such as brass or copper, which 
can be heated less readily, especially when 
the piece to be heated is small and has a 
low electrical resistivity. 

Since it is impractical to cover the 
whole field of induction heating in one 
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paper, this paper will be limited to the 
heating of nonmagnetic materials. 
Almost any problem in induction heat- 
ing can be resolved into the problem of 
heating a cylinder, a flat slab or strip, or 
a surface by a current-carrying conductor 
near the surface. The following discus- 
sion of these three cases, therefore, should 
enable one to calculate any problem where 
the material to-be heated is nonmagnetic. 


List of Symbols 


Symbols will be defined throughout the 
paper the first time they are used, but 
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for convenient reference all symbols are. 
listed here: 


f=frequency (cycles per second) 

a=radius of a cylinder (centimeters) 

d=diameter of a cylinder (centimeters) 

p=electrical resistivity (ohm-centimeters) 

G,(K,a) =a function of (Ka) (Figure 2) 

G,;(K,t) =a function of (K;t) (Figure 9) 

t=thickness of slab (centimeters) 

tip =thickness of cylinder wall (centimeters) 

H=peak magnetizing force at surface of 
piece to be heated (oersteds) 

T,=turms in heating coil 

J,-=curreut in coil (rms amperes) 

/.=length of coil (centimeters) 


| 8xf10-* 


Ka= 
p 
Kea | 4x2f10-° sae ; 


> =flux Sete cylinder 
=flux inside slab 
Sines gute area of cylinder (square 
centimeter) 


CURRENT DENSITY 
OISTRIBUTION IN 
CYLINDER 


CURRENT DENSITY 


DEPTH BELOW SURFACE OF 
OF CYLINDER 
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Induction heating of a nonmagnetic 
cylinder 


Figure 1. 


A,=cross-sectional area of slab (square 
centimeters) 


A.=cross-sectional area of coil {square 
centimeter) 

Pe. 

Q, {| fiux coefficients for cylinders and slabs 

P. (see Figures 3 and 10) 

Os 


£,=internal voltage of coil (rms volts) 

E,=terminal voltage or coil (rms volts) 

(Power factor);=cos 6,;=internal power 
factor of coil 

cos @. =terminal power factor of coil 

WW .~=total watts into piece to be heated 

R=resistance of coi] at the frequency used 

é=effective depth of current penetration 
(centimeters) 


fp =see equation 16 


#s=see equation 17 

i, =axial length of cylinder (centimeters) 

s =length of slab (centimeters) 

x=distance from center line of conductor 
(centimeters) 

7=conductor current (rms amperes) 

#,=distance from center of conductor to 
surface of plate : 

h=equivalent distance defined by equatiom 
27 
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K,=empirical resistance coefficient 
Ry =d-c resistance of solid copper conductor 
(equation 23) 

p-=inside perimeter of coil (centimeters) 

Py = outside perimeter of work (centimeters) 
]»=axial length of work (centimeters) 
p,=resistivity of copper (ohm-centimeters) 
Py =tesistivity of work (ohm-centimeters) 

W,=1,2R=copper loss in coil (watts) 

W =watts per square centimeter or per cubic 
centimeter 


General Consideration of the 
Induction-Heating Process 


When current is caused to flow in the 
coil (heating coil) surrounding the work- 
piece, such as the cylinder of Figure la, a 
countercurrent is induced in the work- 
piece, as illustrated in’ Figure lb. The 
current density is highest at the surface 
and drops off exponentially inside as 
shown in Figure Ic. The heating in the 
piece due to this varying current density 
is the same as would be caused by the 
same total integrated current distributed 
uniformly in a surface layer of thickness 6 
(Figure 1c). The depth 6 is called the 
effective depth of penetration of current, 
and, in special cases, it may be used, con- 
veniently to calculate induction-heating 
problems. This paper, however, is con- 
cerned with more general methods of cal- 
culation, and the depth of penetration 
concept will be used only in treating the 
problem of thin-walled cylinders. 


Heating of Nonmagnetic Solid 
Cylinders 


The power generated in a nonmagnetic 
cylinder can be calculated from the 
equation! 

W =1/2HfG,(K,a)1077 
watts per cubic centimeter 


(1) 


where 


2. — 9 
eee \" °f10 
p 


f=frequency (cycles per second) 

a=radius of cylinder (centimeters) 

p=electrical resistivity of cylinder (ohm- 
centimeters) 
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Gq(Kqa) =a function of (K,ga) involving 
Bessel’s functions and plotted for con- 
venience in Figure 2 

H=peak value of magnetizing force at the 
surface of the cylinder (oersteds) 


If the magnetizing coil has closely spaced 
turns and a length equal to at least 20 
times the spacing between the cylinder 
and the inside diameter of the coil, the 
end effect of the coil is negligible, and one 
may calculate H from the equation 


0. 4nT 0.4eT lev 2 


oersteds 
tar ek 


T,=turns in coil 
ZI=current in coil (rms amperes) 
1,=axial length of coil (centimeters) 


(2) 


If a relatively shorter coil is used, the 
actual H obtained will be less than that 
indicated by equation 2. This effect, 
however, will not be considered in this 
paper. 

The magnetic flux in the air space be- 
tween the cylinder and the inside diame- 
ter of the coil will be (A.—A,) H where 
A, is the cross-sectional area of the coil 
(square centimeters) corresponding to its 
inside diameter, and A, is the cross-sec- 
tional area of the cylinder (square centi- 
meters). Some flux also penetrates the 
cylinder, and the magnitude of this flux 
may be calculated from 


ga=AgH (Pa —JQa) (3) 


where P, and Q, are quantities propor- 
tional to the two components of this flux 
and are plotted for convenience in Figure 
3. The total flux linking the coil is then 
the vector sum of the flux in the air 
(A,.—A,)H and the flux in the cylinder 
A,H(Pa—jQ,). If these two are added, 
one obtains for the total flux 


go=AgH (45 +P.) ie] lines (4) 


or in actual magnitude 


A, 2 
\0]=A,H \ (4: = +P.) +0Q,2 lines (5) 


The voltage induced by this flux in the 
turns of the coil will be 
EF, =~/22fT [0 ]10-8 volts (rms) (6) 
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From equations 1, 2, 5, and 6 one may 
calculate power into the work, coil cur- 
rent, and coil voltage for a variety of con- 
ditions. If these quantities are known, 
one may calculate the corresponding 
values of what will be termed “internal 
power factor.” The internal power factor 
will be defined by the equation 


(Power factor); =cos @,;= El, 


where W,, is the total power in watts put 
into the work. It is found that the in- 
ternal power factor is represented by the 
equation 


2Ga(Kqa) 


cos 0; iN ey Re 
q(2.+4-1) +Q? 


Curves of internal power factor for vari- 
ous values of A,/Ag are represented by 
the curves of Figures 4and5. The param- 
eter K,a is used in equation 8 and in 
plotting the curves of Figures 4 and 5, so 
as to make them perfectly general and 
applicable to any frequency and any 
cylinder. One may calculate values of 
cos 0; for (K4a)values creates than 10 by 
using the relation 


(8) 


3 
K.a>10 Pa=0; 4 
a 


Gq(Kqa) = . (9) 


i 
/2K qa 
The voltage E; does not include the 
voltage drop due to the resistance of the 
heating coil nor to flux which actually 
passes through the turns (through the 
copper) of the coil. The coil should al- 
ways be designed, so that the depth of 
penetration of flux and current is less than 
the thickness of the copper from which 
the coil is wound, and for this condition 
and for a close-wound coil the voltage 
drop due to flux inside the copper will be 
approximately equal to the resistance 
drop of the coil. The volt-amperes con-_ 
sumed im the copper of the.coil on this 
assumption will be J,2R(1+j) or will 
have the absolute value +/27,2R where R 
is the resistance of the coil at the fre- 
4 
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INTERNAL POWER FACTOR 


” 


quency used. The total volt-amperes at 
the terminals of the coil may be obtained 
by adding the volt-amperes in the copper 
of the coil to the volt-amperes E,J,, as 
shown in Figure 6a. This diagram is 
drawn for the case where the value of volt- 
amperes in the copper of the coil 1/2RI,? 
is small compared with E,J,. The actual 
volt-amperes input to the coil is, in this 
case, only slightly greater than the in- 
ternal volt-amperes /,J,, and the power 
factor at the coil terminals cos 0, differs 
only slightly from the internal power-fac- 
tor cos 04. 

One may calculate the total volt- 
amperes in the coil from the internal volt- 
amperes /,[, and the relation 


EI,= (ExT, cos 01+J],2R)?+ 
(A\I, sin 0,+J,?R)? 


volt-amperes 


(10) 


Figure 6b represents approximately the 
conditions which would be obtained in 
heating a copper cylinder with the heat- 
ing coil wound closely around the copper 
cylinder and with the frequency high 
enough to make the internal power factor 
equal to 0.707. This is not a condition 


_ likely to be obtained in practice but is 


included to show that, in an extreme case, 
the volt-amperes in the copper of the coil 
may be equal to half the total volt- 
amperes supplied at the terminals of the 
coil. \ 

The actual power factor at the ter- 
minals of the coil is 


Wy»tl?R 


11 
Ele (11) 


cos 8,= 

The curves of Figures 4 and 5 are 
valid only when the cylinder to be heated 
is equal in length or longer than the heat- 
ing coil. The internal power factor for the 


. case where the coil is slightly longer than 


the cylinder, as often will be the case, may 
be estimated by reducing the values given 
by these curves in the ratio /,/l, where 
1, is the length of the cylinder in centi- 
meters. 

It is, in general, desirable to operate at 
a frequency equal to or greater than that 
which will give the maximum internal 
power factor. From the curves of Figures 
4 and 5 this corresponds to a value of 
K,a=3. Solution for the corresponding 
frequency indicates that the frequency to 
use is 


114 p10® 
eee 


cycles per second (12) 

In some cases, where a very large 
cylinder of low resistivity is to be heated, 
this equation may indicate a minimum 
frequency which is absurdly low from the 
standpoint of the generator. In such 
cases, a higher frequency should be used. 
Also, since a low frequency requires a 
thick conductor in the heating coil, the 
mechanical considerations of coil design 
may force one to use a higher frequency 
than that which would give a maximum 
internal power factor. There will be other 
cases where one wishes to heat only a very 
thin layer on the surface of the cylinder. 
In this instance, the frequency should be 
chosen high enough to make the effective 
depth of penetration of current defined by 
the equation 


6=5,030 \ centimeters 


equal to or less than the depth to which 
heating is desired. 


(13) 


Heating of Hollow Nonmagnetic 
Cylinders 


If one desires to heat a hollow nonmag- 
netic cylinder having a wall thickness 
equal to or greater than about one-tenth 
its diameter, the frequency should be 
chosen to make 6 (equation 13) equal to 


Figure 4. Internal power facto 


for nonmagnetic cylinder 


Cylinder longer than coil 
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or less than the wall thickness and use the 
method of calculation for solid cylinders. 
The only precaution necessary is to re- 
member that equation 1 gives the average 
watts per cubic centimeter in a solid 
cylinder, and, since the total power input 
to the hollow and solid cylinders will be 
equal when 6 is equal to or less than the 
wall thickness (¢) of the hollow cylinder, 
the watts per cubic centimeter in the 
hollow cylinder will be greater than that 
indicated by equation 1 in the ratio of 
the cross-sectional area of the solid cylinder 
to that of the hollow cylinder, 


Heating of Thin-Walled Hollow 
Cylinders 


When the wall thickness of a cylinder 
becomes less than about one-tenth the 
diameter, one can obtain satisfactory 
heating with a frequency less than that 
which makes 6 equal to the wall thickness. 
When the depth of penetration is several 
times the wall thickness, the cylinder may 
be considered as a short-circuit d second- 
ary of an air-cored transformer with 
uniform current density throughout the 
thickness of the wall. For this condition 
it can be shown that the power input to 
the cylinder is 


_ 1.23f?d?typH?10~* 
© p?-+3.87ty2fd210718 
watts per square centimeter 


d=outside diameter of cylinder (centi- 
meters) 


(14) 


This equation is applied to a thin- 
walled brass cylinder with the results 
plotted in Figure 7 (curve B). It is seen 
that the power input increases rapidly at 
first, as the frequency is increased, and 
then becomes constant. The vertical 
dotted lines indicate the frequency f, 
where the input has reached 90 per cent 
of the value it has in the flat part of the 
curve and fs, the frequency at which the 
depth of penetration 6 becomes equal to 
the wall thickness. Equation 14, of 
course, is no longer valid when 6 ap- 
proaches or gets less than the wall thick- 
ness, but in this region one may use equa- 
tion 1 with the approximation G,(K,a) = 
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E;Ic SIN ©; 


Ww =E;lc COS 6; Ww=E1le COS 8 
(a) (b) 
Figure 6. Wector diagrams of volt-amperes 
in coil 


(a). Heating high-resistance material 
(b). Heating low-resistance material 


1/./2K,a. When rewritten, this equation 
becomes 


W =0.63 X10-4H?4/ py 


watts per squarecentimeter (15) 


Calculation of the hollow brass cylinder 
with this equation gives curve A (Figure 
7). This equation is not valid when 6 is 
greater than the wall thickness of the 
cylinder but agrees well with equation 14 
when 6=t,. The two curves probably 
can be joined with the dotted curve 
shown. It seems, therefore, that one can, 
with little error, calculate with equation 14 
below fs; and with equation 15 above f;. 
The two frequencies f, and f; will come 
closer together when the ratio of diameter 
so wall thickness is decreased (Figure 8). 
These frequencies may be expressed as 


153p108 


fo= td 


(16) 


6 


| t=0.1 CENTIMETER 
P77 10-® OHM-CENTIMETERS 


b 


Yt TT Uff if[e-equation 14 |] | 


WATTS PER SQUARE CENTIMETER x 105 


100 1000 10,000 


FREQUENCY — CYCLES PER SECOND 
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25.6p 10° 
2 


fs (17) 


by 


The ratio of these frequencies is 


fe 
ci), 167 2 = 
if; 


p w 

This shows that the two frequencies coin- 
cide approximately when d/t,,=6 and are 
farther apart the greater the ratio d/ty. 
If satisfactory power input can be ob- 
tained at the frequency (fs), one may as 
well operate at the lower frequency (f,) or 
at some intermediate frequency. Only in 
cases of extreme power input should it be 
necessary to go to a frequency greater 
than (fs). 


Heating of Nonmagnetic Slabs or 
Strip 


A flat nonmagnetic slab, thin in com- 
parison with its width (see cross-section 
view Figure 9), can be heated by induc- 
tion, and the power input is given by’ 


W =1/2H%fG,(Kst)10~7 


watts per cubic centimeter (18) 


where 


: 4n*f107$ 
\ p 


t=thickness of slab (centimeters) 
G,(K,t) =a function of Kt given in Figure 9 


Kst= 


As in the case of the cylinder, the mag- 
netizing force may be calculated from 
equation 2, and the internal voltage E; may 


Figure 7 (left). 12 
Power input to hol- 


low brass cylinder 


4éo-7 


Wi 


WATTS PER SQUARE CENTIMETER x 10® 
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Figure 9 (left). Non- 

magnetic slab or strip 

G,(K,t) as a function 
of (K,t) 


Figure 10 (right), 
Flux inside nonmag- 
netic slab or strip 
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be calculated from equation 6. The total 
flux inside the coil for this case will be 


go = 4H] (44 1 +P.) 08 lines (19) 


or in actual magnitude 


[¢o]=AsH \(4- 1 +P.) + Q;? lines (20) 


faa 


where 


A,=cross-sectional area of slab (square 
centimeters) 

A,=inner cross-sectional area of coil (square 
centimeters) 


P, and’Q; are given by the curves of 
Figure 10. 
The internal power factor will be 


=cos 0; 
_____2G,(K sl) 


= zi 3 
q( 244 1) +Q;? 


(21) 


(Power factor); 


Values of internal power factor for various 
values of the ratio A,/A, are plotted in 
Figures 11 and 12. If values taken from 
these curves are used, the total volt- 
amperes in the coil and the true power 
factor at the terminals of the coil may be 
calculated from equations 10 and 11, re- 
spectively. 

As in the case of the cylinder, the curves 
of Figures 11 and 12 are good only if the 
slab is equal in length or longer than the 
coil. If the length of the slab is only a 
little less than the length of the coil, the 
internal power factor may be obtained by 


t= 0.4 CENTIMETER 


TL ett 
eT eH 


3 


- coils. 


INTERNAL POWER FACTOR 


reducing the value given by the curves in 
the ratio /,/1,, where /, is the length of the 
slab in centimeters. 

Since the internal power-factor curves 
of Figures 11 and 12 peak around 2.5 in 
the practical range of the ratio A,/A,, it 
can be agreed that the frequency to be 
used in heating a nonmagnetic slab is 
determined by the relation K,t=2.5 or 


pp 1580 108 


: (22) 


cycles per second 


Heating Cylinders and Slabs of 
Small Diameter or Thickness 


The analysis given previously may be 
applied to small nonmagnetic wires and 
thin nonmagnetic sheet, but, because it is 
difficult to construct a coil to conform 
closely to the surface of the work in these 
cases, it is found that the power factor of 
the heating coil and the efficiency of the 
process are extremely low. Small-diame- 
ter iron wire and thin iron sheet, on the 
contrary, may be heated quite efficiently, 
because the magnetic permeability acts to 
increase the skin effect greatly. 


Approximate Calculation of IR Loss 
in Coil—Coil Efficiency 


Some work has been done to develop 
formulas to predict the high-frequency 
tesistance of coils of simple shapes, but 
these equations are generally tedious to 
use and are useless for irregularly shaped 
The writer has found it convenient 
in the case of coils wound from hollow 
copper tubing to calculate the high-fre- 
quency resistance of the length of tubing 
used in a coil, as if it were a straight iso- 
lated conductor, and then multiply this 
value of resistance by a factor K, greater 
than unity to take into account the fact 
‘that the tubing is wound into a coil. 

Tn accordance with the aforementioned 
material, one may write for the resistance 
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at the frequency (f) of a coil wound from 
hollow copper tubing" 


R=K,Ro(0.038d~/f +0.25 ohms) (23) 


K,=empirica! resistance factor 
d=outside diameter of tubing (centimeters) 
Ro=d-c resistance of a solid round copper 
conductor having the same outside 
diameter and same length as the tubing 
used in the coil 
f=frequency in cycles per second 


Tests indicate that the high-frequency 
resistance of single-layer coils of circular 
cross-section wound from one-fourth-inch 
outside diameter to one-half-inch out- 
side diameter copper tubing with diame- 
ters from two to four inches and lengths 
equal to or greater than their diameters 
may be calculated fairly accurately from 


equation 23 by using values of K, given. 


in Figure 15. Some tests made on coils of 
rectangular or oblong cross section (width 
more than five times the thickness) 
showed the resistance of this type of coil 
to be less frequency sensitive than the 
coils of circular cross section. The high- 
frequency resistance of this type of coil 
may be calculated approximately from 
equation 23, using the value K,=2.5. 

It must be noted that, for equation 23 
to be valid and also to obtain an efficient 
coil design, the wall thickness of the 
copper tubing used should be greater than 
the depth of current penetration, equation 
13, at the frequency used. Above ten 


‘kilocycles, standard annealed copper tub- 


ing with an outside diameter of from one- 
fourth to one-half inch is satisfactory. 
Another method of approximating the 
copper loss in the coil is to consider the 
fact that, when the frequency is high 
enough for satisfactory heating K,a=3 
for cylinders and K,f=2.5 for flat plates, 
the current in the work and the ampere 
turns in the coil per centimeter length are 
approximately equal. If the coil were 
close wound of copper strap or a single 
cylindrical turn of copper, the ratio of loss 
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Figure 14. Magnetizing force H from two 
line conductors 
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Figure 15. K, versus frequency for use with 
equation 23 


in the coil to power in the work (non- 
magnetic) should be approximately 


We _ be ne 
Ww Pw ho Pw 


Pc =inside perimeter of coil (centimeters) 
Pw = outside perimeter of work (centimeters) 
1, =axial length of coil (centimeters) 


(24) 
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l,,=axial heated length of work inside coil 
(centimeters) 

p,=resistivity of copper (ohm-centimeters) 

Py =resistivity of work (ohm-centimeters) 


For the usual close-wound coil of copper 
tubing the ratio is more nearly 


Aa hfe 
Wr : Pw bo Pw 


The coil efficiency can be expressed as 


(25) 


Coil efficiency = (26) 


W. 
lta, 
Equation 25 is fairly accurate if the depth 
of penetration (equation 13) is less than 
one-fourth the diameter of a cylinder or 
one-third the thickness of a slab and is 
quite useful with equation 26 to estimate 
the efficiency to be expected in a given 
heating job. 

Equation 26, of course, will give the coil 
efficiency accurately if W, and W, are 
determined accurately. 


Heating by Proximity Effect— 
Flat Nonmagnetic Plate 


If a conductor carrying alternating cur- 
rent is arranged parallel with and close to 
the surface of a metal plate, as shown in 
Figure 13a, the magnetic field from this 
conductor will cause countercurrents to 
flow in the surface of the plate next to the 
conductor and to be concentrated approxi- 
mately under the conductor. If the depth 
of penetration of current, equation 13, 
into the plate and into the conductor is 
small compared with the thickness of the 
plate and the distance between the con- 
ductor and the plate, the problem becomes 
very similar to the classical electrostatic 
problem of a charged cylinder near a 
metal plate.*4 The magnetizing force at 
the surface of the plate is the same as 
would be caused by two line conductors 
carrying current in opposite directions, 
one at (p) height (1) above the surface of 
the plate and one at (p’) distance (h) 
below the surface. The value of (h) is 
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determined from the height of the center 
of the conductor (4; centimeters) above 
the surface and the radius of the conductor 
(a centimeters) and the relation 
h= V/ hy?—a? centimeters (27) 

Figure 14 shows how the magnetizing 
forces of these two conductors add to 
give a resulting magnetizing force at and 
parallel to the surface of the plate at a 
point distance (x) from the origin. The 
value of this magnetizing force (peak) is 
H=0.4\/21 M ted (28) 

=(0. 722 ae steds 

x?-+-h? Ta 


I=conductor current (rms amperes) 


The heating in a surface for a given value 
of H parallel to the surface may be cal- 
culated from equation 15. If the value of 
H from equation 28 is substituted in 
equation 15, the density of heating at the 
surface of the plate is 


= } 2 
w=oanexio-tVir( =F) 


watts per square centimeter (29) 


The curve of Figure 13b shows the 
power input to the surface calculated 
from equation 29 for the size of conductor 
and spacing shown in Figure 13a. 

By integrating equation 29 from x=0 
to infinity in both directions, it is found 
that the total power input to the plate by 
a conductor (J) centimeters long is 

I?4/ py 


W =0.316 X 1074 eee watts 
U 


(30) 

Equations 29 and 30 may be applied 
also to a single-turn circular coil around a 
cylinder, provided that the turn conforms 
closely to the surface of the cylinder. In 
this case, the value of (/) to use in equa- 
tion 30 is the circumference of the cylinder. 
These equations break down in any case 
when (h) approaches zero because of the 
approximate assumptions on which they 
are based. They cannot be applied ac- 
curately if h<105 where 6 is calculated 
for the workpiece from equation 13. 
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Conclusions a 
i 


It will be found by an application of 
the methods described in this paper, that 
the majority of heating jobs on nonmag- 
netic workpieces having a minimum di- 
mension of one-half inch or more can be 
accomplished satisfactorily with fre- 
quencies less than 10,000 cycles per second 
(rotating machine frequencies). Smaller 
sections may be heated with higher fre- 
quencies from vacuum-tube or spark-gap 
oscillators. Since it is difficult to obtain 
close coupling with small nonmagnetic 
pieces, such heating processes usually will 
be inefficient, although they may be fea- 
sible economically, 

Hollow cylinders with thin walls often 
may be heated with frequencies much 
lower than the frequency required to heat 
a flat sheet equal in thickness to the wall 
thickness of the cylinder, as the cylinder 
acts asashort-circuited secondary winding 

The concept and method of proximity 
heating is very useful in applying induc- 
tion heating locally to heat the workpiece. 
One should remember that, when the fre- 
quency is high enough, the currents in the 
inducing coil or conductor cause image 
currents to flow in and heat the workpiece. 

When it is desired to heat a piece 
throughout, the minimum frequency in- 
dicated by equations 12 and 22 should 
generally be used; however, if a super- 
ficial heating of the surface is desired, a 
higher frequency should be used. In the 
latter case, the power input also must be 
high enough to establish the high tem- 
perature gradient necessary at the surface, 
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Synopsis: This paper presents some of the 
considerations involved in selecting electric 
systems for large aircraft. Such systems 
are undergoing intensive development now; 
consequently it is not possible to give com- 
plete answers to all problems which arise. 
Also, certain parts of the electric systems 
are subject to military classification and 
cannot be discussed. Nevertheless it is 
felt that many engineers, particularly those 
engaged in the design of such systems, will 
welcome a brief review of the basic factors 
involved. 

Industrial and central-station experience 
provide a valuable background for study of 
aircraft systems. However, too close an 
adherence to previous practice should not be 
maintained, since aircraft systems differ 
in many ways from those of land equipment. 
The need for minimum weight demands that 
only those features be included which funda- 
mental considerations show to be necessary 
or which at least provide benefits that justify 
the weight involved. 


LECTRIC systems on aircraft have 
been undergoing continuous evolu- 
tion since the airplane was invented. 
Early planes started with a six-volt d-c 
system patterned after the automobile. 
Increasing power requirements led, first, 
to the adoption of 12-volt systems and, 
later, to the 27-volt* d-c systems which 
are now in common use. A few airplanes 
have been operated with 120-volt d-c 
systems, and some with a-c systems hav- 
ing various frequencies ranging from 60 
to 2,400 cycles per second. 
The 27-volt d-c electric system for 
aircraft has done an excellent job to date. 
It is simple, light, easy to control, re- 


liable, and the electric-shock hazard to 
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personnel is negligible. Therefore, it is 
proper to ask, ‘‘Why not use this system 
for all planes, especially since wartime 
conditions already are straining our engi- 
neering and production’ facilities se- 


Paper 44-36, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted November 
10, 1943; made available for printing December 7, 
1943, 


W. K. Borer and L, G, Luvoy, JR., are electrical 
engineers, industrial engineering division, General 
Electric Company, Schenectady, N. Y. 


* Sometimes referred to as 24-volt or 30-volt sys- 


tems. Equipment for such systems is usually de- 


signed as follows: generators, 30 volts; motors, 


27 volts; relay and contactor coils, 18-29 volts. 


Utilization-equipment nameplates are marked 24 
volts. Voltage regulators are adjusted to hold 
28.5 volts at the bus. 
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7. 
verely?”” The answer to this question lies 
in the fact that while the 27-volt system 
has proved satisfactory on the larger air- 
planes such as the B17 Flying Fortresses 
and the B24 Liberators, which are now 
performing in an excellent manner on our 
fighting fronts, there are new designs on 
the drafting boards to meet new military 
requirements. The performance, 
and electric load requirements of these 
proposed new planes are such that the 27- 
volt d-c system is no longer adequate or 
efficient from the standpoint of weight, 
and consideration must be given to new 


size, 


types of systems for these larger planes. 

Since airplanes are designed for many 
different functions, it is not likely that a 
single type of system will be the best for 
every case, even among large planes. 
Thus, military-plane requirements differ 
from those of commercial planes. Small 
plane requirements differ from those 
of large planes. Altitude, range, nature 
of mission, and many other factors 
which are discussed in this paper, 
affect the choice of an electric system. 
It is believed that a review of the prin- 
cipal considerations involved will be of 
value in selecting a system for any given 
case, 

Although the power system is always 
tailored to the airplane, there are some 
variables, such as operating voltage and 
frequency, which can be standardized at 
certain levels and thus provide the in- 
dustry with the benefits of standardiza- 
tion. The United States Army Air 
Forces are contributing to electrical 
progress in this respect by their standard- 
izing and co-ordinating work. The selec- 
tion of 400 cycles for a-c systems for 
certain large military planes is a recent 
example.!. A considerable part of this 
paper deals with problems encountered 
in such systems. 


Purpose and Requirements of 
Electric System 


The purpose of an electric-power sys-: 


tem on an airplane is to generate and to 
distribute electric power to the various 
pieces of utilization equipment which 
are required on the airplane. The best 
system for any particular application is 
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the one which combines most effectively 
the following features: 


1. Maximum reliability under all condi- 
tions encountered in operation 
(a). Reliability of equipment 
motors and generators. 

(b). Service continuity should be main- 
tained automatically even during faults or 
emergency conditions, insofar as possible. 
(c). Minimize hazard to operating person- 
nel, airplane, and equipment. 


such as 


2. Minimum weight 


(a). Minimum installed weight. 
(b). Maximum efficiency (fuel economy), 
(c). Minimum additional aerodynamic 


drag for cooling requirements (fuel econ- 
omy). 


3, Minimum space requirements 
4. Simplicity 
(a). 


(b). Minimum training time for operating 
and maintenance crew. 


Hase of operation, 


(c). Ease of maintenance in field. 

(d). Rapid and accurate checking in 
field. 

(e). Minimize spare-part requirements. 
(f). Ease of installation 

(1). Initially, 

(2). Replacement parts, 


5. System should not interfere with the 
performance of the airplane or its equip- 
ment in any way, or at least as little as pos- 
sible, 


6. Satisfactory life of all component parts 
(a). 
(b). 
(c). 
7. Least cost in man-hours and dollars, 


8. Utilize existing designs of aircraft 
accessory equipment as far as is practical. 


Minimum frequency of replacement. 
Minimum frequency of overhaul. 


Minimum frequency of maintenance. 


The desirability of these features is 
self-evident and, therefore, need not be 
discussed in detail. However, it might 
be well to point out that certain factors 
are interrelated. For example, fuel con- 
sumption can be translated in terms of 
weight for a given-length flight. Ease of 
operation and maintenance are asso- 
ciated with service reliability et cetera. 
In diverse applications the various fac- 
tors have different degrees of importance, 
and it is necessary to compromise on a 
system which provides the best over-all 


characteristics for the particular applica- 


tion under consideration. 

The evaluation of weight and efficiency 
of aircraft accessory equipment is par- 
ticularly important in long-range aircraft, 
since fuel must be provided not only to 
operate it but also to carry the fixed 
weight of the equipment plus any addi- 
tional structural-weight requirements in- 
troduced by it and the necessary added 
fuel. Any increase in fixed weight tends 
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to decrease the pay load per pound of fuel 
for a given airplane and range. For 
example, for a 20-hour crttising range, ap- 
proximately one-half pound of fuel is 
required to carry one pound of fixed 
weight over this range. In addition, the 
engine fuel rate is approximately one- 
half pound of fuel per horsepower-hour. 
On the basis of an assumed over-all 
system efficiency of 50 per cent (which 
includes generator losses, motor losses, 
and distribution losses), this means that 
20 pounds of fuel are required to obtain 
an electric-motor output of one horse- 
power continuously during a 20-hour 
flight. A gain of ten per cent in the over- 
all efficiency of the system thus would re- 
sult in a saving of 3'/3 pounds of. fuel 
per horsepower of continuous motor load. 
Thus, for this case, if the increase in 
over-all system operating efficiency of 
ten per cent can be made for an increase 
of system fixed weight of less than 3'/s 
pounds per motor horsepower, a net gain 
can be shown. If, however, the in- 
creased weight exceeds the weight of the 
fuel-saving possible, the higher-efficiency 
equipment is not justified. 


Operating Conditions 


For satisfactory results, apparatus used 
in aircraft systems should be designed to 
withstand the entire range of conditions 
encountered in use. Many of these con- 
ditions are encountered in industrial de- 
signs, but the combination of conditions, 
together with the weight and space re- 
quirements, is practically unique to air- 
borne equipment. 
as follows: 


These conditions are 


1. Ambient-temperature range. 
2. Altitude range. 


3. Exposure to dust, sand, salt, fungus, 
humidity, and corrosion. 


4. Vibration. 
5. Flight-attitude range. 


6. Acceleration. 
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Numerical values can be assigned to 
these quantities only for specifie air- 
planes. These should be pre- 
scribed by the airplane designing engi- 
neer to meet his particular requirements. 

For military planes, in addition to 
desirable to 


values 


these requirements, it is 
design a system which has the minimum 
exposure and vulnerability to damage re- 
sulting from enemy gunfire. This means 
that damage in one part of the system 
should not be communicated to other 
parts of the system. 


Driving Power for Generators 


Some possible sources of driving power 
for aircraft generators are as follows: 


1. Accessory drive shaft from main’engine, 
(a). Bolted directly to a pad en the main 
engine. 

(b). Separately mounted and driven by a 
flexible shaft from main engine. 


ho 


Auxiliary gas engines or gas turbines. 
3. Exhaust-gas turbines. 
4. Steam turbine using exhaust heat. 


5. Wind-driven generators. 


When a generator is bolted directly 
to the main engine on a suitable accessory 
power take-off pad, certain limitations 
are encountered which must be met by 
the generator design to enable it to fit 
into the space available without putting 
too great a strain on the engine housing. 
Thus the diameter, length, and bending 


moment (at the generator flange) are - 


limited. Also, the generator must be 
designed to withstand the relatively 
severe vibration encountered when it is 
mounted directly on the engine. 

These limitations dictate the maximum 
physical size and weight of the generator 
that can be mounted on a given engine,” 

By mounting the generator separately 
and providing a flexible-shaft drive from 
the main-engine take-off pad to it, these 
limitations are removed, but the addi- 
tional weight and space requirements of 


Figure 1. Side view of main- 
engine-mounted air-blast- 
cooled d-c aircraft generator 


4,550/8,000 rpm; 30 volts; 
300 amperes, continuous; 450 
amperes, two minutes 


Weight, 48 pounds; diameter, 
six inches; length, 14 inches 
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the separate mounting and flexible shaft’ 
must be considered. " 

Accessory-shaft drive from the main 
engine, with a generator bolted directly 
to a take-off pad on it, is probably the 
most common form of drive today. This 
is because it provides an adequate, re- 
liable source of power for little added 
weight and because it operates with good 
fuel economy, In a multiengine plane: 
in which several generators are used they 
may be operated either isolated or in 
parallel. D-c generators with suitable 
characteristics and voltage regulators 
may be paralleled even though the several 
engines may be running at different 
speeds. If constant-frequency a-e gen- 
erators are used, they must be driven 
through some form of  variable-ratio 
drive, which is governed to maintain 
substantially constant speed in spite of 
variations in engine speed. Further- 
more, conventional alternators, if operat- 
ing in parallel, must run at exactly the 
same speed to maintain synchronism. 
This entails rather severe requirements 
for the governors and variable-ratio 
drives,? although this problem is simpli- 
fied to a certain extent by the use of free- 
wheeling between the drive and the 
generator. 

Auxiliary gas engines provide a flexible 
source of power that does not interfere 
with the main power, and can be made 
of any required rating. The main 
disadvantages to such engines, at present, 
are their weight, space requirements, 
lower fuel economy (compared with that 
of the main engines), and relatively 
poorer reliability. In comparing fuel 
economy for a given flight, it is necessary | 
to take into account the efficiency of a 
variable-ratio drive if used, and main- 
engine fuel economy as compared with 
that of the auxiliary engines, Also, the 
load duty cycle has an important bearing 
on this calculation. Where high altitude 
is involved, auxiliary engines either must 
carry their own superchargers or be 
supercharged from the main-engine su- 
percharger. Auxiliary engine-driven gen- 
erators are relatively easy to operate in 
parallel whether alternating or direct 
current, ; 

The exhaust-gas turboalternator looks. 
promising for certain applications in 
which a sufficient amount of energy can 
be extracted from the exhaust to furnish 
the electrical requirements without im- 
pairing the main-engine performance, as,, 
for example, in medium-altitude cargo: 
planes, ;Generators can be operated 
readily in parallel when employing this. 
type of drive. In some. high-altitude: 
aircraft in which exhaust-gas energy is 
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used for supercharging cabins as well as 
engines, and also for deicing, there is not 
sufficient available energy remaining to 
provide driving power for a large elec- 
trical demand under all conditions of 
flight. 

Waste heat from the exhaust can be 
utilized by a closed-cycle steam turbine. 
Such a drive naturally requires a boiler 
and condenser, as well as a turbine, and 
consequently may be difficult to justify 
on a weight basis. Since it operates on 
waste heat, however, it shows up well 
from the standpoint of fuel economy. 
For military use, a condenser having a 
large exposed surface would be objec- 
tionable because of its vulnerability. 
There are many other technical problems, 
such as condenser freezing at low am- 
bients, that will have to be solved before 
this type of drive becomes useful in 
aircraft. 

Wind-driven generators are used ex- 
tensively on small airplanes for furnishing 
small amounts of power. However, 
they are very inefficient aerodynamically, 
and therefore are not competitive with 
other forms of drive when large amounts 
of power are required. 

From the foregoing considerations it 
seems that accessory-shaft drive from 
main engines is the best power source 
available at present for the majority of 
large airplanes. 


Types of Power Systems 


The power system may take any one of 
a variety of forms, several of which are 
listed below. 


1. Generate direct current and_ utilize 
direct current at substantially the same 
voltage, either 27 or 120 volts. 


2. In some cases a dual-voltage d-c system 
may be used, with all the small equipment 
put on the 27-volt system and the larger 
equipment on the 120-volt system. 


8. Generate variable-frequency alternat- 
ing current, and rectify to utilize as direct 
current. . 


4. Generate constant-frequency constant- 
voltage alternating current; utilize part 
as alternating current, and rectify part 
for use as direct current. 
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Figure 2. Aiir-blast-cooled d-c 
aircraft generator, separately 
mounted, but driven from the 
main engine 
5,400/11,200 rpm; 120 volts; 
83/, kw, continuous; 141/. kw, 
five minutes; 171!/. kw, five 
seconds 
Weight, 78 pounds; size, eight 
inches by eight inches by 141/2 
inches long 


5. Generate variable-frequency variable- 
voltage alternating current (voltage pro- 
portional to frequency), and utilize as 
generated. 


6. Generate both alternating current and 
direct current, and utilize as generated. 


7. Generate variable-frequency constant- 
potential alternating current; rectify and 
then invert to constant-frequency constant- 
potential alternating current. 


There are many more possible com- 
binations, but this group includes the 
varieties which have been used, or most 
seriously considered, to date. 


The 27-volt d-c system has the advan- 
tages of simplicity and low hazard to 
operating personnel. It is satisfactory 
for most small and medium-sized planes. 
Where large amounts of electric power 
or large planes requiring long circuits are 
involved, this system becomes inade- 
quate because of the large weight of the 
conductor required as a result of the 
limitations of conductor heating and 
line voltage drop. Commutation and 
brush wear at high altitudes are a main- 
tenance problem, although great strides 
are being made toward minimizing it. 
This system is very widely used today. 


The 120-volt d-c system overcomes the 
problem of excessive conductor size to a 
large degree, but introduces additional 
problems of commutation at higher volt- 
ages, particularly in small motors. It 
also introduces the problems of high- 
altitude higher-voltage switchgear and 
control. For energy-storage magnitude 
normally used for aircraft, batteries for 
120-volt systems are quite heavy com- 
pared to batteries for 27-volt systems. 
The higher voltage is very suitable for 
large hoisting equipment and _ other 
similar apparatus which may be required 
in some cargo planes. Such systems 
have been used successfully and are to be 
included in certain aircraft now being 
constructed. Low voltage (27 volts) 
is usually required, in addition, for cer- 
tain instruments, controls, and lamps 
(high-voltage lamp filaments do not re- 
sist vibration as well as low-voltage lamps 
of the same wattage). | 
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The dual-voltage d-c system combines 
the advantages of the two d-c systems 
previously discussed with a slight added 
complexity. 

Supplying direct current by rectifying 
the output of variable-frequency generators'® 
makes it possible to use an alternator in 
place of the d-c generator. The absence 
of a commutator permits an alternator of 
much greater kilowatt capacity to be 
built for mounting directly on the main- 
engine take-off pad, within the prescribed 
limits of bending moment and diameter. 
Ratings as high as 32 kw have been built 
within these envelope limitations, which 
previously were occupied by six- to 
nine-kw d-c generators. This system 
also eliminates the need for high-current 
brushes on the generator, and therefore 
minimizes. the maintenance problem. 
However, brushes are still used on the 
slip rings, so that the brush problem, al- 
though considerably reduced, is not elimi- 
nated entirely. The weight of a dry- 
plate rectifier, or transformer and recti- 
fier, is added but this is compensated 
partially by the lower weight of the al- 
ternator as compared with a d-c generator 
of equivalent rating. Such systems are 
now under intensive development. 

The constant-frequency .a-c system offers 
a suitable source of power for most loads 
but requires variable-ratio transmission 
and governors if it is to be operated from 
the main engines. These naturally add 
appreciably to the weight. However, the 
advantages!® of this system are suffi- 
ciently great so that now it is being given 
intensive development. 

Use of auxiliary engines with this sys- 
tem eliminates the need of variable-ratio 
transmissions, but it is expected that 
such transmissions will weigh appre- 
ciably less than auxiliary engines. In 
general, the use of alternating current 
minimizes commutation and brush-wear 
problems, thereby decreasing mainte- 
nance. It does not eliminate these prob- 
lems, however, since both exciters and 
slip rings may require brushes, although 
they do not present as difficult a problem 
as on completely d-c systems. 

Variable frequency, with voltage pro- 
portional to frequency is satisfactory only 
for certain loads such as a-c* torque 
motors. The difficulty with this system 
is that motors operating from it run at a 
speed depending upon the frequency, 
which varies widely. This would result 
in unsatisfactory performance of many 
devices. Other equipment, such as 
lights, radios, suit heaters, and so forth, 
normally operate at constant voltage and 
consequently special provision must be 
made for them. For these reasons, this 
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Figure 3. Dual-voltage d-c aircraft generator 
for use with auxiliary engine. The low-voltage 


generator also serves as a starting motor for the 
auxiliary engine 
4,000 rpm; 120 volts, 6.75 kw and 28.5 volts, 
9.0 kw; continuous; both machines are rated 
for 50 per cent overload for five minutes 
Weight, 125 pounds, including coupling and 
cooling fan; diameter, 11 inches; length, 
191/s inches 


Figure 4. 
erator with direct-mounted exciter. Portion 
of housing and air duct removed to show exciter 
and collector rings. Driven from main engine 
at constant speed through variable-ratio trans- 
mission. Generator and transmission are 
mounted separately from the main engine 


6,000 rpm; three-phases 208Y/120 volts, 
400 cycles, 40 kva, continuous; 60 kva, five 
minutes; 80 kva, five seconds; 0.75 power 
factor 
Weight, 80 pounds, including exciter; diam- 
eter, 91/4 inches; length, 171/4 inches 


Air-blast-cooled a-c aircraft gen- 


type of system is used only for certain 
special applications. 

Dual systems a-c and d-c, with separate 
power sources, combine certain advan- 
tages of other systems but increase com- 
plexity. They are used for special ap- 
plications. 

The rectified—inverted constant-frequency 
constant-voltage a-c system dispenses with 
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the necessity for variable-ratio drives 
where main engines are used as the driv- 
ing source. It also eliminates any need 
for synchronizing equipment and simpli- 
fies parallel operation. However, be- 
cause of the weight of conversion equip- 
ment required and lower efficiency re- 
sulting from multiple transformation 
losses, this system does not seem very 
attractive at present. 

The 27-volt d-c system is used most 
commonly in present-day medium and 
large aircraft, and it is likely to continue 
to be an important voltage level. Higher- 
voltage systems such as 120 volts direct 
current or 208 volts constant-frequency 
alternating current, supplemented by a 
small amount of 27-volt d-e distribution, 
appear promising for larger aircraft re- 
quiring greater amounts of auxiliary 
electric power. Much of the equipment 
for these higher-voltage aircraft systems 
is undergoing active development at the 
present time. 

Figures 1, 2, 3, 4, and 5 show genera- 
tors which have been developed for 
various systems. 


Selection of Voltage 


The selection of system operating 
voltage depends primarily upon the 
following factors, most of which can be 
evaluated in terms of weight. 


Transmission distance. 
Power to be transmitted. 


Available utilization equipment. 


a ir 


. Weight of reliable generation, distri- 
bution, and utilization apparatus. 


5. Line-voltage-drop limitations. 


6. Generation, distribution, and utiliza- 
tion of power at one voltage, insofar as 
possible, to avoid weight of transformers or 
converters. 


7. Safety to personnel’ and plane. 


8. Creepage, insulation,’ and arc-inter- 
ruption problems. 


In general, for increased power and 
increased transmission distances, higher 
voltage is desirable to minimize the 
weight in the power conductors. Me- 
chanical limitations establish lower limits 
to wire size in aircraft wiring, and there 
is no gain in increasing the voltage be- 
yond the point at which the minimum 
wire size can take care of a large part Of 
the loads. As the voltage is increased, 
the required insulation increases, and 
consequently the point of diminishing 
returns is reached rapidly.§ Also, the 
hazard to the operator increases with 
increasing voltage.* It is therefore, desir- 
able, to select a practical voltage level no 
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higher than that which will give mini- 
mum over-all weight. _ 

The influence of system voltage on the 
weight of the power-distribution-system 
copper based on the same power, trans- 
mission distance, and current density is 
illustrated by the accompanying table: 


ee ns 


Systems Per Cent 

27 volts, direct current, with 

ground return Fic coker sak eben 100 
120 volts, direct current, with 

ground return iiss shee tales t's Oe 22.5 
120 volts, direct current, two-wire .........+ 45 
208Y/120 volts, three-wire, 

three-phase, alternating current, 


0.75 power) factoms...s.ckive tine aes ste cgi 380 


Alternating Current Versus Direct 
Current! 


The functions of the utilization equip- 
ment and the operating conditions will 
largely determine whether alternating 
current or direct current should be used. 
For example, radios normally require 
alternating current, whereas direct cur- 
rent is best adapted to many control 
devices. 

For large high-altitude afreraft, al- 
ternating current is so promising that a 
great deal of development work on equip- 
ment for such systems is now in progress. 
The simplicity, low maintenance, safety, 
and light weight of a-c motors and genera- 
tors tend to favor its use. Commuta- 
tion and brush-wear problems are mini- 
mized. Because of commutator-design 
limitations, development of very high- 
speed motors appears more promising 
with alternating current. 
equipment requires alternating current, 
which can be obtained directly from an 
a-c system, thereby eliminating the need 
for converters. Alternating current has 
the advantage that various desired utili- 
zation voltages can be obtained by trans- 
formers, which are lighter and simpler 
than d-c voltage converters. 

Direct current has the advantage that 


generators: may be driven directly from_ 


engine take-off shafts without variable- 
ratio constant-speed transmissions. For 
sizes up to 12 kw they can be mounted 
directly on the engine pad. Also, paral- 
leling of d-c generators is relatively easy. 
D-c motors are capable of greater peak 
torques and starting torques than are 
a-c motors of the same weight. They 
are, also, more adaptable to speed con- 
trol. Single-wire distribution, with 
ground return and single-pole switching, 
is possible with direct current on metal 
airplanes. Wiring weight is less, at the 
saine voltage, because it is not necessary 
to transmit the wattless kilovolt-amperes 
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Also, certain 
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associated with alternating current at 
power factors other than unity. Energy 
storage, by use of batteries, is possible 
with direct current. 

Sufficient data are not yet available for 
a complete weight comparison between 
a-c and d-c systems, but they are being 
accumulated as equipment designs are 
developed. Any such comparison must 
consider the weight of all equipment, 
such as generators, motors, wiring, con- 
trol, variable-ratio transmissions, circuit 
breakers, contactors, fuses, et cetera, 
and also the weight of fuel required to 
supply the losses in the system for the 
duration of the flight. 


Selection of Frequency if Alternating 
Current Is Used 


The selection of frequency! depends toa 
large extent upon the type of utilization 
equipment used in the airplane. In 
general, selection should be made for 
minimum weight of the entire electric 
system which will provide satisfactory 
performance. It is desirable to operate 
motors at high speeds up to the limits of 
good bearing performance, since this 
tends to minimize equipment weight 
even when reduction gears are required. 
The frequency should be high enough to 
permit motor speeds in the order of 8,000 
to 12,000 rpm and, yet, not so high as to 
require*®at such speeds, too many motor 
poles for efficient motor design. Much of 
the d-e motor-driven apparatus used on 
present-day aircraft is designed for 
motor speeds of 8,000 rpm. This has 
been found satisfactory for continuous 
operation of grease-packed ball bearings. 
For intermittent operation, grease-packed 
ball bearings in small sizes operate 
satisfactorily up to 12,000 rpm. It is 
desirable to utilize these same speeds in- 
sofar as possible, to avoid unnecessary 
redesign of gear-reduction mechanisms, 
and to make use of maximum speed per- 
mitted by practical bearing design. It is 
desirable, therefore, to select a frequency 
which will provide these speeds. 

The frequency should be selected so 
that speeds up to 24,000 rpm are not 


ruled out, since such speeds may be 


desired for the lightweight turboalter- 
nators which hold promise for the future. 
Such machines probably would be de- 
signed with oil-pressure lubrication on 
the bearings. Again, certain gyroscopic 
instruments may require speeds of this 
order. 

For motors that are not geared, the 


frequency should be such that at least 


the majority of these motors can be de- 
signed with a number of poles (preferably 


Figure 5. Oblique view of 
main-engine-mounted air-blast- 
cooled d-c and a-c aircraft 
generator 
4,000/8,000 rpm; 200 am- 
peres; 30 volts direct current. 
800/1,600 cycles; single 
phase; ten amperes; 120 volts 
alternating current 
Weight, 47 pounds; diameter, 
six inches; length, 131/2 inches 


four, six, or eight) which will result in 
the required speed with an efficient, 
lightweight design. The frequency 
should be high enough so that a sufficient 
number of speed steps are available in 
the desired motor-speed range to permit 
flexibility in application without re- 
quiring an excessive number of poles. 

Iron-core transformers become lighter 
with increasing frequency within practical 
limits, so that this becomes a considera- 
tion in applications where many trans- 
formers are used.!! 

There is a considerable amount of 
115-volt 400-cycle single-phase a-c elec- 
tronic equipment now in use in aircraft. 
From the standpoint of interchangeability 
and elimination of conversion equipment 
it is desirable to be able to operate this 
electronic equipment directly from the 
power system, 

If too high a frequency is used, skin 
effect in conductors and eddy current 
and penetration effects in iron cores in- 
crease the weights of wiring and equip- 
ment. Except for frequencies well above 
400 cycles, however, these effects are 
not significant for most wire sizes 
and equipment designs used in air- 
craft. For example, for all wire 
sizes equal to or smaller than AN-8,* 
the skin and proximity effects at 400 
cycles increase the losses by less than 
one percent. This includes the majority 
of wires on the 208Y/120-volt system 
now contemplated. For larger wire sizes, 
skin and proximity effects increase con- 
siderably. Thus, for AN-O it is 11 per 
cent, and for AN—0000 it is 30 per cent 
at 400 cycles. These figures are based 
on minimum practical spacings with 
insulated aircraft cables. | 


Polyphase Versus Single Phase in 
A-C Systems 


Single-phase systems offer simplicity 
in wiring and switching equipment. 
Single-phase motors require capacitors or 
other means of phase splitting in order to 
obtain starting torque. Polyphase motors 
* Army-Navy Standard Aircraft Wire Size. Ap- 


proximates corresponding American Wire Gauge 
size. 
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and generators are lighter than single- 
phase motors because they utilize avail- 
able winding space more effectively.** 
Systems with three or more phases will 
transmit power with less copper than 
systems with a fewer number of phases. 
Generally there is no advantage in using 
more thari three phases. Of course, 
single-phase loads can be operated from 
three-phase systems satisfactorily, pro- 
vided they are reasonably well distributed 
among the phases to avoid excessive un- 
balance. Single-phase motors will be 
used only for very small incidental 
loads where three-phase power is avail- 
able. 


Types of Alternators for A-C 
Systems 


The alternator may take any one of 
several forms, some of which are as 
follows: 


1. Conventional design, with either rotat- 
ing field or rotating armature. 


2. Inductor alternator, having rotating 
salient poles excited by a stationary wind- 
ing. 


38. Induction alternator, having a squirrel- 
cage rotor. 


The conventional design requires two 
sets of slip rings and brushes for the 
rotating field, and three or four sets for 
the rotating-armature three-phase ma- 
chine, depending on whether or not the 
neutral is brought out. The light weight 
of these generators, their stability when 
used with direct-connected exciters, and 
ease of control make the conventional 
type of machine preferable for most 
cases. 

The inductor alternator requires no slip 
rings or brushes of any kind, but its 
weight is from 40 to 50 per cent greater 
than that of the conventional type, so 
that it is not being developed actively 
for main-power generation. 

The induction alternator also requires 
no slip rings, and can be built with a 
simple, sturdy rotor similar to that in a 
** Except in very small sizes (1/s horsepower and 


less) when it may not be practical to use three-phase 
windings because of space limitations. 
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squirrel-cage induction motor. For this 
type of generator, parallel operation is 
greatly simplified, since the machine 
takes its excitation from the system; 
consequently, synchronization and pre- 
cise speed control are not required, al- 
though a variable-ratio drive is required. 
Where such alternators are used, how- 
ever, excitation must be furnished by 
other synchronous machines on the 
system, either alternators or synchro- 
nous condensers. The weight and vul- 
nerability of these additional necessary 
machines is a disadvantage. Also, the 
ability of the system to recover from 
electrical disturbances tends to be less 
than for systems of comparable weight 
using conventional generators with direct- 
connected exciters. The starting prob- 
lem also must be given special considera- 
tion with this system, as special devices 
are required for this purpose. 


Types of Excitation Systems for A-C 
Systems 


If conventional alternators are used, 
excitation can be furnished by: 


1. A direct-connected self-excited exciter. 
2. Transformation and rectification from 
the a-c system. 


3. D-c generators or batteries on the 
plane, if available. 


The direct-connected exciter is pre- 
ferred because this arrangement makes 
each unit independent of other units 
on the system. It also provides a 
relatively “‘stiff’’ system which will 
not collapse completely under exces- 
sive load or even under solid-fault con- 
ditions, since a fault or load does not 
reduce the available excitation. The 
disadvantage of this system is the 
added weight and space required by the 
exciter, and the fact that brushes and 
commutator are present on the exciter. 
However, since the energy requirements 
for the exciter are relatively small, this 
does not appear to be a serious problem. 
A direct-connected exciter also results in 
lighter voltage-regulating equipment, 
since only exciter field current need be 
regulated, and standard voltage regula- 
tors that already have been developed 
for aircraft can be used with only slight 
modifications. 

Excitation from rectifier supply must 
depend either upon residual in the alter- 
nators or upon the presence of an in- 
dependent d-c system for initial build-up. 
A collapse of the a-c system through a 
sustained solid three-phase fault will 
mean a loss of excitation and, conse- 
quently, the inability to burn the fault 
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clear. It also makes a system that is 
less stiff and has 4 maximum current 
point beyond which both the voltage 
and excitation will collapse unless the 
overload or fault is removed very quickly. 
This system introduces starting problems, 
particularly at low ambient temperatures 
at which the rectifier resistance increases. 
If high residual is incorporated to assist 
in starting, the regulator range required 
is increased considerably. 

Excitation from an independent d-c 
system has the disadvantage that damage 
in the d-c system (a fault, for example) 
is communicated immediately to the a-c 
system as a loss of excitation, thereby 
tending to depress the a-c voltage also. 
It also requires heavier nonstandard 
voltage-regulating equipment compared 
with that for direct-connected exciters. 


Manner of Grounding 


Most 27-volt d-c systems are solidly 
grounded to eliminate one wire in metal 
planes. This not only reduces the 
weight of wiring but also the exposure 
to hazards such as gunfire. One dis- 
advantage of grounding is that any 
energized conductor accidentally coming 
in contact with the metallic skin of the 
plane constitutes a fault on the system. 

Higher-voltage d-c systems probably 
also will be grounded to eliminate one 
wire. While a perfectly isolated system 
would involve less hazard to operating 
personnel than a grounded system, there 
is always in practice, a certain amount 
of capacitance and leakage between 
conductors and ground and also the 
possibility of accidental grounds, so that 
it is doubtful whether grounding signifi- 
cantly affects electric-shock hazard. 

When both voltages of a dual-voltage 
d-c system are grounded, a third voltage 
is made available, which is either the 
sum or difference of the other two volt- 
ages, depending on whether like or unlike 
polarities on the two systems are 
grounded. _ 

Some of the usual reasons for a-c 
system grounding, such as protection 
against transient overvoltages (on sys- 
tems above 600 volts) and possible im- 
provement of lightning-arrester protec- 
tion for overhead transmission systems, 
are not important in aircraft. 

Grounding of aircraft systems has the 
advantage that accidental faults either 
are cleared immediately or otherwise 
detected so that faults are not likely to 
go unnoticed. Ground detectors can 


be used, of course, with an ungrounded — 


system, but they will not indicate the 
location of the fault. Accidental 
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grounds, in an ungrounded system, anh 
are not detected constitute a hazard, 


since the next ground on another con- 
ductor puts a fault on the system. 


Grounding the neutral of a three-phase . 


a-c system on a metal airplane provides 
the equivalent of a four-wire system, so 
that single-phase loads can be operated 
conveniently at line-to-neutral voltage. 
Furthermore, if polyphase motors afe 
operating on the system and their neu- 
trals are grounded, they will continue to 
operate reasonably well if one circuit is 
accidentally open-circuited (by enemy 
gunfire, for example). This is con- 
sidered to be an advantage on certain 
types of equipment for military planes. 
Grounding of the neutrals of a-c 
generators increases the line-to-ground 
fault current of the system. If the 
utilization equipment is ungrounded, this 
ground fault current can be limited to 
any desired value by a suitable resistor or 
reactor in the generator neutral. How- 
ever, in cases where the motors in the 
utilization equipment have solidly 
grounded neutrals, such a _ current- 
limiting device does little to limit the 
line-to-ground current. See Figure 6. 
Whereas grounding the neutral solidly 
increases the fault currents which must 
be handled by the switchgear, it also 
prevents displacement of the neutral so 
that the switch voltage is reduced; hence 
the weight of switching equipmeht is not 
necessarily increased. This is shown by 
Figure 7. Higher ground-fault currents 
speed up the ‘‘burning clear” of ground 
faults and make it more difficult to ob- 


tain a ‘“‘welded” fault.‘ They shorten ~ 


the fault clearing time for fuses which 
may be used in the circuits. 

Grounding of one phase of a three- 
phase a-c system has been given con- 
sideration, but is not being planned for 
any specific projects to date. 
weight of one wire is saved, of course, 
by this means, and switches may be only 
two pole. However, line-to-neutral volt- 
tage is not available then, switchgear 
must handle 73 per cent higher voltage 
per pole, electric-shock hazard is some- 


The 


what increased by the higher line-to-_ 


ground voltage, and an increase of radio 
and interphone interference resulting 
from the presence of unbalanced fields 
may be introduced. . 


Power-Factor Correction 

Capacitors - frequently are used for 
power-factor correction in.industrial a-c 
systems. The benefits are reduction in 
line losses, reduced wire size to transmit 


a given amount of power, and increased 
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power available from a given-size genera- 
tor. In higer-hfrequency a-c systems 
such as the 400-cycle system, the weight 
of capacitors required per kilovolt- 
ampere of correction is substantially less 
than that in 60-cycle systems of the same 
voltage. Capacitor weights ‘of the order 
of 11/, pounds per kilovolt-ampere, in 
sizes of one-half kilovolt-ampere and 
larger, are now available for 208-volt 
400-cycle systems, and future develop- 
ments may reduce this considerably. 

In spite of these relatively low weights 
for corrective capacitors for 400-cycle 
a-c systems, it is doubtful if they will 
have widespread application in aircraft, 
because the lines are relatively short and 
the loading intermittent. Preliminary 
calculations on certain systems indicate 
that the savings in wire weight, losses, and 
generation are offset by the weight of the 
capacitors. Such a calculation can be 
made for any given system to determine 
whether or not power-factor correction is 
justified. In general, the lower the 
power factor, the more effective are the 
capacitors, so that for some very low- 
power-factor apparatus they can be 
justified. It usually does not pay to 
correct to unity power factor, however. 

In addition to the weight and economy, 
there are certain other factors that 
should be considered in any particular 
case in determining whether or not power- 
factor correction is desirable. The capaci- 
tors occupy a certain amount of space 
and, therefore, tend to increase the vul- 
nerability of the system to gunfire, for 
example, and to accidental fault. In 
addition, where parallel operation is 
involved, the system stability is reduced 
if full advantage is taken in reduction of 
possible generator size. 


Parallel Versus Nonparallel 
Operation 


When several generators are used, 
parallel operation provides certain ad- 
vantages and has certain drawbacks. 
The most important of these are given 
in the following tabulation, and apply to 
both a-c and d-c systems. 


‘ADVANTAGES 
1. Greater motor-starting capacity. 


2. Reduction of time and magnitude of 
yoltage disturbances from faults, motor 
starting, or loss of generation. 


3. More effective use of spare capacity, 
so that smaller or fewer generators can be 
used without excessive load-transfer switch- 


- ing. 


4. Greater ability to burn faults clear.‘ 
5. Continued operation of load equipment 


following engine or generator failure does 


PRACTICALLY ZERO 
FAULT CURRENT 


A. Generator neutral ungrounded, motor 
neutral ungrounded 


GENERATOR “ 


840A 


B. Generator neutral directly grounded, 
motor neutral ungrounded 


5854 


C. Generator neutral grounded through a 
reactor (¥,=5%), motor neutral ungrounded 


Figure 6. Effect of neutral grounding and 
neutral impedance on line-to-ground fault 
current 


not require any automatic transfer equip- 
ment nor any immediate attention from 
the operator, 


DISADVANTAGES 


1. Increases weight and complexity of 
control, especially for alternating current. 
Equipment for synchronizing is required for 
paralleled a-c systems. Constant-speed 
transmissions for a-c systems require accu- 
rate governing if generators are to be paral- 
leled (with auxiliary-engine drive this 
problem is not so severe). For d-c genera- 
tors, voltage regulators must control within 
very close limits to permit satisfactory 
parallel operation. Furthermore, equalizing 
circuits must be designed and maintained 
carefully, especially if a large number of 
generators is used, 


2. Routine monitoring of load balance 
and (for alternating current) reactive kilo- 
volt-ampere balance may be required. 


3. Faults and other disturbances affect 
entire electric system. 


4. Heavier switchgear is required because 
of the greater fault currents available. 


5. Co-ordination problems relating to cir- 
cuit protective equipment are more exacting 
because of the possibility of variable gen- 
eration, and the higher currents involved. 


No general rule can be made since the 
selection here depends, to a large extent 
on the type of utilization equipment and 
the nature of the operations involved. 
Both parallel and nonparallel operation 
have been used successfully in airplanes. 
A-c systems which are subject to loss of 
synchronism through fault or other dis- 
turbances should be designed so that 
they can operate either parallel or non- 
parallel. 
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D. Generator neutral directly grounded, 
motor neutral directly grounded 


GENERATOR 
4A { 


}o70a 


E. Generator neutral grounded through a 
reactor (X,=5%), motor neutral directly 
grounded 


Assumptions: 
Generator rated current=100 amperes 
Motor rated current=100 amperes 
Generator internal voltage =100 per cent 


ern ee i aT OSD 


Motor 
Generator (Running Light) 
Reactances (Per Cent) (Per Cent) 
Positive sequence, Xi... 6601 QOL cere ceee 500 
Negative sequence, X2........ QO sake dite 2 20 


Zero sequence, Xo... cece cues bMS Ay Foo 5 


At present, considerable development 
work is being pursued in order to estab- 
lish the practicability and performance 
requirements of parallel operation of 
aircraft alternators from engine take-off 
drives using variable-ratio transmissions. 


Synchronizing Methods for 
Paralleling A-C Generators’ 


If the system selected is alternating 
current, and parallel operation is desired, 
the question of how best to synchronize 
the generators is introduced. There are 
several methods available. These are: 


1. Automatic synchronizing, with full 
voltage on both running and incoming ma- 
chines. 


2. Automatic synchronizing, with reduced 
or zero voltage on the incoming machine. 


3. Manual synchronizing, with either full, 
reduced, or zero voltage on the incoming 
machine. 


4, Random manual synchronizing at full 
voltage. 


It is probable that purely random syn- 
chronizing, without any attempt to 
match the phase angles of the generators 
before switching them together, will 
cause undue momentary disturbance to 
the system voltage. At present, con- 
siderable development is in progress on 
equipment for fully automatic synchro- 
nizing, which will parallel a-c generators 
with practically no resulting disturbance. 
However, this involves appreciable added 
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weight and complexity in control equip- 
ment, so work is being done also on 
simpler and lighter automatic equipment, 
which will connect generators together 
with little or no excitation on the incom- 
ing machine, building its excitation up 
immediately after switching. This will 
cause some disturbance to the system 
voltage, but may be acceptable in some 
cases. In general, automatic synchroniz- 
ing is expected to be preferable to manual 
means, since manual synchronizing re- 
quires considerable attention and skill 
on the part of the operator. 


Size and Number of Generators 


The number of generators is selected 
by considerations of vulnerability and 
amount of stand-by power desired for 
emergency use. Generators should be 
distributed among engines as far as is 
practicable, so that loss of one engine 
will not cause too great a loss of genera- 
tion. From the standpoint of weight 
economy, it is important that the air- 
plane not be burdened with excessive 
generating capacity. Stand-by capacity 
of 100 per cent is considered to be the 
upper limit, even for military combat 
planes. 

It is desirable to select generators 
which individually are large enough to 
start the largest single load (or group of 
loads which must be started simultane- 


ously). This may seem wnnecessary 


CIRCUIT 
BREAKER 


fa 


100% 100 %*1) Grounp 
ot bs FAULT 


as 


A. Grounded system, clearing of line-to- 
ground fault 


CIRCUIT 
BREAKER 


PRIOR ACCIDENTAL 
GROUND ON SYSTEM 


B. Ungrounded system, clearing of fine-to- 

ground fault. (As shown, this fault will not 

cause breaker tripping unless an accidental 
ground already exists on the system) 


Figure 7. Effect of grounding on recovery 
voltages. (Voltages are given in per cent of 
normal line-to-ground voltage) 
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when parallel operation is used, but is a 
desirable feature, since operation from 
one generator may be required in an 
emergency. 

The electric loads can be grouped into 
two main categories, namely: 


1. Those essential to flight. 
2. Allother loads. 


These other loads have varying degrees 
of importance in different planes but 
they are always subordinate to those in 
classification 1. In the selection of the 
amount of stand-by power, this division 
and the degree of importance of other 
loads is an important consideration, 
since service to loads.of lesser importance 
may be discontinued in an emergency. 
It is desirable, of course, to lay out the 
system so that the amount of generation 
left on a crippled plane that can still fly 
will be sufficient to bring the plane back 
safely. 

In totaling the electric load on an air- 
plane, duty cycle and time of operation 
are important considerations, since many 
of the loads are highly intermittent in 
nature. The peak load requirement must 
be met with suitable stand-by, of course. 
Short-time overload ratings are given on 
aircraft generators to permit proper 
selection for such conditions. 


Use of Auxiliary-Engine-Driven 
Generators to Supplement Main- 
Engine-Driven Generators 


An auxiliary set, either hand- or bat- 
tery-started, is of value for ground opera- 
tions such as electrical testing and starting 
the main engines. 

Such a set usually is not supercharged. 
However, at low altitudes it could be 
used to furnish some essential power in 
an emergency, provided that the unit is 
installed in such a manner that it can be 
started after hours of flight at extremely 
low temperatures. 

In cases where the weight of such a 
unit might be considered excessive, it 
can be treated as disposable load, pro- 
vided that the airplane always is to be 
based where auxiliary ground power is 
available or a battery is used that will 
handle all essential ground operations, 
such as engine starting in cases where 
electric starters are used. 

Satisfactory, small, independent, light- 
weight superchargers, suitable for use with 
small auxiliary engines in aircraft which 
must operate at high altitude, and which 
are subject to sudden changes of load, 
have not yet appeared. However, it is 
possible to utilize the first stage (tur- 
bine- or gear-driven) of the main-engine 


Boice, Levoy—Electric Systems for Large Aircraft 


« 


supercharger for this purpose. Anothel 
possibility is to utilize air from the cabin 
supercharger (or cabin waste air), if 
available in sufficient quantity to meet 
the requirements, and if the supply is 
dependable under all conditions of opera- 
tion. 


Use of an Auxiliary D-C System 
With Main A-C Power System “ 


Certain control functions, instruments, 
and other small electric loads are handled 
most economically from a low-voltage d-c 
system and, consequently, it seems de- 
sirable to maintain such a system even in 
cases where the main power is alternating 
current. Such a system may be derived 
from the main a-c system by suitable 
transformation and rectification. It may 
or may not have a battery. If no 
battery is used, it is important to ar- 
range the circuits in such a manner that 
the a-c system can be started, preferably 
without the use of auxiliary ground power. 


Distribution-System Design’ F 


The fundamental principles of good 
distribution-system design are the same 
for all types of systems. Protective 
equipment for generators, busses, lines, 
and utilization equipment for d-c and a-c 
systems, of all voltages used so far in 
aircraft, are available or are being de- 
veloped. It is beyond the scope of this 
paper to discuss-the various means and 
devices for insuring reliable distribution- 
system performance with minimum 
weight. This weight should be evaluated 
in each specific case when selection among © 
types of power systems is to be made. 


Conclusions 


There are many conflicting require- 
ments for different applications, but the 
need for higher-voltage higher-power 
systems has required industry to develop 
apparatus rapidly to meet this demand. 
Consideration of the previously enumer- 
ated conditions and requirements has _ 
resulted in the selection of the 208Y/120- 
volt 400-cycle three-phase grounded- 
neutral system as one standard for a-c 
systems in aircraft. This choice rep- 
resents a compromise of the many 
factors involved. All parts of these sys- 
tems are now undergoing intensive de- 
velopment. These developments entail 
an enormous amount of engineering and” 
development work, as practically every 
piece of apparatus in the generation, 
distribution, and utilization systems has 
to be designed especially for 400 cycles 
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and aircraft use, which requires light- 
weight, vibration-resistant designs oper- 
able at high altitude. 

The selection of 208Y/120 volts, 400 


cycles, and three phases as a voltage and » 


frequency level for a-c systems in air- 
craft appears to be a particularly happy 


- choice, in that this voltage is high enough 


to transmit the required amounts of 
electric power economically over the dis- 
tances required by the largest planes and 
high enotigh for the largest amounts of 
auxiliary electric power in any planes now 
being designed or likely to appear in the 
near future. This voltage is low enough 
so that no unusual difficulties are ex- 
perienced in switching, even at high 
altitudes. It is below the range where 
corona at high altitude becomes trouble- 
some,® Again, it is low enough so that 
it does not constitute a very serious 
hazard to operating personnel from 
accidental contact. Four hundred cycles 
is somewhat less‘hazardous in this respect 
than 60 cycles.® 

A considerable amount of equipment 
in military planes is now served by 115- 
volt 400-cycle single-phase inverters or 
dynainotors operating from the 27-volt 
d-c system. This apparatus can be 
served directly from the 208Y/120-volt 


- 400-cycle system, which probably will be 


adjusted to hold about 205 volts at the 
generator bus so that the utilization- 
equipment voltage will be about 200Y + 
115. In this way, no transformers 
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will be required to serve this apparatus, 
and the need for dynamotors or inverters 
will be eliminated, with a consequent 
saving in weight. 

The proposed system will retain a rela- 
tively small 27-volt d-c system derived 
from the main a-c system for control, 
instruments, and other small loads as 
required. Generators will be of the 
conventional type with direct-connected 
exciters. 

Some work has been and is being done 
on 120-volt d-c equipment. It is prob- 
able that dual-voltage d-c systems (27 
and 120 volts) will make their appearance 
in medium-altitude cargo or transport 
airplanes where commutation and brush 
problems are not so severe and the equip- 
ment is of the nature of hoisting equip- 
ment or similar apparatus for which this 
voltage is well adapted. 

Thus the aircraft industry will have 
the following voltage levels for which 
apparatus already is available or is 
being designed: 


1. For very small planes, such as private 
planes, 6- or 12-volt d-c systems. 


2. For small and medium-sized 
27-volt d-c systems. 


planes, 


3. For large medium-altitude cargo or 
transport planes, dual-voltage (27- and 
120-volt) d-c systems. 


4. For large high-altitude 
planes, 208Y/120-volt 
cycle a-c systems. 


long-range 
three-phase 400- 
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These voltage levels will probably meet 
the needs of the aircraft industry for some 
time to come. 
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Starting Windings for Single-Phase 
Induction Motors 


C. G. VEINOTT 


MEMBER AIEE 


Synopsis: Methods are given to enable 
the design engineer to determine the best 
starting winding and the best capacitor, 
reactor, or resistor required to meet any 
specified requirements. The methods given 
have been in actual use by design engineers 
for over 12 years, and are as useful today as 
they were when developed. Simple circle 
diagrams depict graphically the principles 
involved in the method. Some practical 
observations, based on experience, are 
given. A calculation form, with sample 
calculations, is also included. 


ALCULATION METHODS given 

in this paper supply the designer 
with a tool for computing the starting 
performance of any given winding; they 
also enable him to determine the par- 
ticular auxiliary winding best suited to 
meet any given set of requirements. In 
this paper use is made of the equivalent- 
circuit concept so popular in technical 
writing. Also, use is made of the con- 
cepts of open-circuit reactance and short- 
circuit reactance, introduced by Branson 
in 1912,4 followed by Kron,® Boothby, 
Puchstein and Lloyd,® Himebrook,’ 
Trickey,* and by the author in previous 
papers.”:? 


Locked-Rotor Impedance of a 
Single Winding 


A necessary preliminary to the deter- 
mination of starting performance is the 
determination of the locked-rotor im- 
pedance. Very roughly, the locked-rotor 
impedance is 


Z=(t1+12) +5 (x1+%2) (101) 


This simple relationship usually is not 
aceurate enough for fractional-horse- 
power motor design. A more accurate 
expression, given as equation 2 in 
Appendix I, is 


Z = (" +12C;) +jX Cr 


(102) 


Paper 44-64, recommended by the AIKE com- 
mittee on electrical machinery for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript submitted 
November 18, 1943; made available for printing 
December 27, 1943, 


C. G. Vernotr is special development engineer, 
small-motor engineering department, Westing- 
house Electric and Manufacturing Company, 
Lima, Ohio. 
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The coefficients C, and Cr are defined’in 
equations 9 and 10 and plotted in the 
form of curves in Figure 2. It will be 
observed that the apparent rotor resist- 
ance is always less than the actual, while 
the apparent short-circuit reactance is 
always greater than the ideal. In the 
derivations that follow, the apparent 
impedance, as defined above, is used 
consistently. 

Starting-Torque Equation for 

Single-Phase Induction Motors 


C. R. Boothby! gave the following 
equation for the starting torque of a 
single-phase induction motor with an 
auxiliary winding. Expressed in the 
notation of this paper, and with one 
modification, his equation is 


1.88 
T= Kom’ ye i, sin (9m — a) 


(ounce-feet) (103) 


The modification from this original equa- 
tion is the use of the apparent rotor re- 
sistance, fo’, instead of the actual rotor 
resistance, fo». (See Table I.) Morrill 
has given a more rigorous derivation of 
the starting-torque equation; equation 14 
of his paper is exactly reducible to equa- 
tion 103. This starting-torque equation 
is applicable to all types of single-phase 
induction motors having two windings in 
space quadrature; it is the basis for the 
remainder of this paper. 


Starting Windings for 
Split-Phase Induction Motors 


The design of the main or running 
winding usually is fixed by considerations 


of efficiency and breakdown torque. The 
ry Xx nwo’ 
(0) 5X X 
0.5Xim x 2 
m 
0.515 Yo 
0.5 Xo 
0.5Xm 
0.5 U5 
(A) (B) 
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problem generally is to find the best 
possible companion starting winding; in 
this connection, considerable help will be 
given by Figure 8, which shows in a 
graphical manner how various changes in 
auxiliary winding affect the starting 
torque and line current. 

The magnitude and phase position of 
the locked-rotor current of the main 
winding is computed from equation 102 
and laid out in Figure 3 as OA. A certain 
number of turns and distribution of the 
starting winding is assumed, fixing the 
reactance, X,’. The problem now is to 
determine the optimum resistance for 
this assumed starting winding. The 
semicircle AGB is constructed with 
AB=E/X,'. Now, take any point on 
this semicircle, C, for example; the line 
AC represents the magnitude and phase 
position of the auxiliary-winding current, 
I,, for some as yet unknown value of Ry 
and the assumed value of X,’. In other 
words, the semicircle is the locus of the 
end of the vector J, as R, is varied, all, 
other quantities remaining constant. 
The line current is OC or the vector sum 
of the main- and auxiliary-winding cur- 
rents. The starting torque is propor- 
tional to the length of CK, since 


CK =I, sin (0m,—9q) 


The maximum starting torque that 
can be obtained by varying Rg and leav- 
ing all other terms fixed occurs when CK 
is a maximum in length. This condition 
is fulfilled by point D on the diagram, 
where D is midway between A and G on 
the are. The maximum starting torque | 
per ampere of line current is obtained 
when the ratio CK/OC is a maximum, 
which occurs when the line OC is tangent 
to the semicircle. In the figure, C is 
actually the point for maximum starting 
torque per ampere. 

This diagram shows a considentiten in- 
crease in line current between points C 
and D for an almost negligible gain in 
starting torque. The diagram is most 
helpful: in visualizing the factors in- 
volved and their interrelationships. It is 
not recommended as a routine design 
procedure; algebraic equations are better 


fi 

fa Cr 

XCR yy 

} Figure 1. Equivalent circuit of 
a single-phase induction motor 
at standstill (revolving-field 


(C) theory) © 
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suited to this purpose. Such equations 
may be developed from the diagram. 
First, two distinct starting windings will 
be recognized: a maximum-torque wind- 
ing as indicated by point D, and a 
maximum-torque-per-ampere winding, as 
indicated by point C. 


Maximum-Torque Windings for 
Split-Phase Motors 


For the maximum-torque winding 


—~ 
Di 
e 2 


therefore, by plane geometry 


9m 
ZDAH =0,=") (104) 
' By trigonometry 
86m 1+ cos On 
Oq= eae a t On 
Roane 2 sin 0, sin i ad 
or 
RntZ, 
Ra _RntZm (105) 
ASST es aR 
or 
Xa! ‘ 
Ra =<", (Rm+Zm) (106) 
Xm 


The total resistance in the primary of 
the starting winding is 


Equation 106 gives the total value of 
resistance that must be used in the pri- 
mary winding to obtain a maximum- 
torque winding as shown by point D in 
Figure 3. 4 

At the AIEE North Eastern District 
technical meeting in Rochester, N. Y., 
in 1931, P. H. Trickey presented a stu- 
dent paper on starting windings in which, 
by differentiating a form of equation 103 
and finding the value of 7,, to give a 
maximum 7,, he found that 


ta = K*(tym+Zm) 


which is substantially equivalent to 
equation 106. The comparison is inter- 
esting. Trickey’s*student paper goes on 
to investigate the maximum-torque wind- 
ing quite extensively. Unfortunately, 
however, this winding is seldom the best 
one to be used, as it results usually in the 
use of more copper in the starting wind- 
ing than necessary and sometimes results 
in low pull-up torque. 


(108) 


Maximum-Torque-Per-Ampere 
Windings for Split-Phase Motors 


Point Cin Figure 3 defines a maximum- 
torque-per-ampere winding. It is shown 
in Appendix II that the value of R,, 
corresponding to point C, is 


pe _RmXa!t+2mV Xa!(Xm'+Xa") (109) 
<% ee (20) 


Equation 109 gives the total value of 


02A4 6 8 1012 14 


r2/x 


16 18 


Figure 2. Variation of Cr and Cr with change 
in motor-design constants 


phase to ohtain a maximum-torque-per- 
ampere winding; the total resistance that 
must be used in the primary winding is 
found by subtracting r.,’, as done in 
equation 107. 

Calculation of a maximum-torque-per- 
ampere winding using the form of Figure 6 
can be simplified by rewriting equation 
109 in the form 


a Ya EU OD OE ie hey} 


More useful than the above ave equa- 
tions giving the required values of R, and 
X,' in terms of the desired locked-rotor 
current, since the latter quantity usually 
is specified. For a maximum-torque-per- 
ampere winding designed so that the total 


Tina —Ten' (107) resistance that must be in the auxiliary locked-rotor current in the line is J;, it is 
Table |. Motor Constants for Locked-Rotor Conditions 
Wiodings Only Windings With External Impedance in Series 
Main Auxiliary Auxiliary Winding Auxiliary Winding Main Winding 
Winding Winding With Resistor With Capacitor With Reactor 
1, Applied volts E E E ‘ E 
2. External impedance O O Zr Lie ZR 
3. Real component of external 
impedance O O R, R, Rr 
4. 7 component of external 
impedance O O XxX, 3,65 Xr 
5. Rotor resistance, referred to 
primary winding concerned Tov Yea Toa rien ® Pace 
6. Apparent rotor resistance Pere Corton eq’ = Ciaa PEE Ons pe Ose 3 ne Cn are 
7. Resistance of primary wind- 
ing Yim "ia Na ha Yim 
8. Real component of total im- 
pedance Rin=Nim+hem' Ra=Riatrra’ Rar=Ratk; Rac=Rat Re Rmnr=Rm+Rr 
_ 9. Ideal reactance Xm Xa 
10. Apparentreactance, orjcom- 
' ponent of total impedance Xm! =CrXm _ Xg' =CrXq Xap =Xq' +X, Xacl =Xq' +X, Xmr=Xm'+XR 
eb Total impedance Zn = V Rnt-tXm Ng Zq= WV Ry +Xq"? Zar ah V Ra +Xar”? Zac Zmr 
2 12. Current in one phase . In=E/Z», Ig=E/Zq Tgp =E/Zar Tac=E/Zac Inr=E/Zmr 
3. Angle of lag of current be- . 
Pe? hind the voltage Am , 9q Gar Bac OmR 
a i ion for angle ‘ Xia Xaes 
. a equatio 8 tan 8m = i tan 04= z tan Oqr= z. tan 0qc= z.. tan Omar = ai 
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shown in Appendix II that the starting 
winding has the following constants: 


Rant nto /m) (110) 
Taye (25) 

and 

ee DEX, e (111) 
*  (I1/Im)?—1 (18) 


where J,,=locked-rotor current in main 
winding only. 

Of the equations given so far, 110 and 
111 are the most useful. They com- 
pletely specify a starting winding that 
gives the maximum starting torque per 
ampere of line current for a given main 
winding and specified value of total 
locked-rotor current. In using these 
equations, however, the current density 
in the starting windings must be checked, 
for sometimes these formulas lead to an 
overworked starting winding. 

In general, the maximum-torque-per- 
ampere winding results in less weight of 
starting-winding copper and works the 
starting winding harder than the maxi- 
mum-torque winding. Practical wind- 
ings often are a compromise between the 
two, and generally favor the former, as 
far as possible. 


Alternate Formula for Starting 
Windings for Split-Phase Motors 


The circle diagram of Figure 3 is based 
upon the assumption that R, is the 
variable and all other factors remain 
constant. H. E. Ellis has derived an 
interesting equation from equation 103, 
assuming X,’ to be the variable and all 
other factors remain constant. He 
assumed 


Ke V (Xq'/Xm) 


K thus becomes a variable in his 
analysis. 
Equation 103 can then be rewritten 


T; =constani( «| ( Xm'Ra~ RnX a! 
XG Zm(Ra2+Xq’2) 


(112) 


(113) 
eae a/3—38X,” aN e 
dX," OCG ae 
Xm'Ra? 
3Xq/Ry+——* =0 (114) 
Rn 


Solving for X,’, one finds that the only 
practical root is 
R 0 
Ha a (Xn! -22 sin *n) (115) 
An excellent procedure is to calculate 
R, from equation 110, and _X,’ from equa- 


tion 115, in place of equation 111. This 
procedure is perhaps the best but, of 
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course, the current density in the starting 
winding has to be watched. 


Resistance-Start Motors 


A resistance-start motor differs from a 


split-phase motor only in that an external * 


resistance is used in series with the start- 
ing winding. In such a case, R, as used 


Locus of l, as Ry is varied, X4 
H and K held constant. 


in the preceding expressions, must be 
assumed to include the resistance of the 
external resistor as well as the resistance 
of the motor windings. 


Capacitor-Start Motors 


The locked-rotor conditions of a 
capacitor-start motor are illustrated in 
Figure 4.* Both main and capacitor 
windings are assumed. The magnitude 
and phase position of the main-winding 
current J, is constructed as OA.* A value 
of capacitance has been assumed, and the 
capacitor-phase current J, is laid out 
similarly as AC. Now, if we make the 
assumption that R,,, the total resistance 
in the capacitor phase, remains constant, 
the locus of point C, as the external 
microfarads vary, will be the semicircle 
shown having a diameter of E/R,,. This 
assumption is not strictly correct, for 
Rae will vary slightly as the microfarads 
are changed (because R, does), but it 
leads to convenient and useful formulas, 
and the slight variation in R,, with 
microfarads can be taken into account, 
as will be shown later. 

The point for maximum starting torque 
is D, found by drawing a tangent parallel 
to OA. It is shown in Appendix III that 
the maximum starting is obtained when 


RacKm 
Zm+Xm! 


(116) 


Rac 
XG re ees “4, = ve { a\grnes 


* Some time after these analyses were made, it was 
discovered that W. J. Morrill had shown a similar 
diagram as Figure 4 of his paper,’ though he did 
not develop it to the extent done in this paper, 
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(Xq-’ from equation 116 is always, ‘a 
negative number.) 

The reactance of the external capacitor 
is simply 


Ke=X ge — Aq’ (117) 


where X,,’ is found from equation 116. 


(Since Xq,/ and X, are both nega- 
tive, —X, is the arithmetical sum of 
ve 


Figure 3. Starting-torque dia- 
gram for a split-phase motor 


Xq-/ and X,’.) Equation 116 is similar 
to the one given by Boothby,! who de- 
rived his expression by a different method. 
The value of microfarads obtained from 
equation 116 may be called maximum- 
torque microfarads. Almost without excep- 
tion, this value of microfarads is too great 
for a practical capacitor-start motor. 

A much better value of microfarads is 
that which gives the maximum starting 
torque per ampere, as indicated by point 
C in Figure 4. In Appendix III it is 
shown that the starting torque per am- 
pere is a maximum when 


Xm! Ras 2m Rac Ren alee) (118) 


Xac! Rn (36) 


Thus, the procedure of finding the 
number. of microfarads that will yield 
the maximum starting torque per ampere 
of line current when the main winding is 
fixed, is as follows: 

(a). Compute the algebraic value of X,,’ 


from equation 118. The result will be a 
negative quantity. ; 


(b). Compute the external capacitive re-~ 
actance from equation 117. 
108 
¢). Microfarads = —_—_ 
4 Inf =X.) 


(d). If the value of microfarads so found is 
such that its effective resistance, R,, is con- 
siderably different from the assumed value 
of R,, steps (a), (b), and (c) can be repeated 
using the correct value of R, to obtain Rg. 
This refinement generally is unnecessary, 
however. j 


Calculation of microfarads for maxi- 
mum starting torque per ampere using 
ELECTRICAL ENGINEERING | 


¥ 


a el 


> 


the form of Figure 6 can be simplified 
by rewriting equation 118 in the following 
form: 


Xm'Rac—RmX ac’ =ZmWV RacRmac (118a 


_ Equations are developed in Appendix — 


Ill for R,, and X,,’ in terms of the con- 
stants of the main winding and the locked- 
rotor line current. These expressions are 


Xm! —Zm(I1/Im) 


Xae’= (120) 
(Zy-1 (40) 
Im 
aoe (121) 
Ir\? 
(?) —1 (34) 


These equations are similar to 110 and 111 
for split-phase motors. However, the 
author has not found them so useful as 
their companion formulas for split-phase 
motors. One reason is that usually it is 
practicable and more advantageous to use 
a lower value of R,, than equation 121 
indicates. More important, though, is 
the fact that neither equation 120 nor 121 
gives any clue as to the proper number of 
turns to use in the auxiliary winding. 
Hence these two equations are of an 
interest more academic than practical. 


Best Winding for a Capacitor-Start 
Motor 


Selection of an auxiliary winding and 
capacitor for a capacitor-start motor 
requires the exercise of judgment and 
experience that cannot be expressed 
wholly in the form of equations. Atten- 
tion must be paid to the voltage across 
the capacitor, not only for the locked- 
rotor condition, but also for all speeds up 
to switch-operating speed. Usually it 


2 DA B=-Oac for max. Ts 
ZCAB=Gac for max. T, 
%. 


Locus of the end of 
vector Ja, as micro- 
farads are varied 


Figure 4. Starting-torque diagram for a 
capacitor-start motor 


June 1944, Votume 63 


Locus of Impas Xm 
is varjed 


< DAB=Ompfor max. Ts 
<CAB=Omp for maa. Ty, 


Figure 5. 


Starting-torque diagram for a 
reactor-start motor 


will be necessary to make a number of 
trial designs before selecting the best one 
to meet the conditions specified. One 
procedure is to assume a starting winding, 
compute the microfarads for maximum 
starting torque per ampere from equa- 
tion 118, then with this value of capaci- 
tance calculate starting torque, line am- 
peres, and capacitor volts. If the starting 
torque is low, it may be necessary to do 
some combination of the following: 


1. Increase the number of microfarads. 
2. Increase the resistance of the rotor. 


3. Increase the number of turns in the 
auxiliary winding. 


If the capacitor voltage is high, it may 
be necessary to do some combination of 
the following: 


1. Increase the microfarads. 
2. Increase the resistance of the auxiliary 
winding. 


3. Increase the rotor resistance, 


If the locked-rotor current is high, it 
may be necessary to do one or the other 
of the following: 


1. Increase the rotor resistance. 


2. Increase the number of turns in the 
auxiliary winding and decrease the number 
of ‘microfarads. 


8. Reduce the breakdown torque ‘by in- 
creasing the turns of the main winding. 


Use of the microfarads for maximum 
starting torque from equation 116, as 
shown by point D in Figure 4, may result 
in some of the aforementioned difficulties; 
more microfarads almost certainly will 
give trouble. It is best, usually, to work 
between points C and D in Figure 4, 
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which means that the value of capaci- 
tance chosen should lie between the 
values given by equations 116 and 118. 


Reactor-Start Motors 


Reactor-start motors are generally 
similar to split-phase motors except that, 
during the starting period, an external 
reactor is connected in series with the 
main winding. A circle diagram of the 
starting conditions of such a motor is 
given in Figure 5. In Appendix IV, it is 
shown that the external reactance for 
maximum starting torque is 


RaRmr Rune 
Xp=— _x,,' 
PP Cee 
(Zat+Xa')—Xm' (122) 
(44) 


Likewise it is shown that the external 
reactance for maximum starting torque 
per ampere is 


Xr Xq/Rnv+ZaWV Rme(RatRmp) —Xm' 


a‘ Ra (123) 
(50) 


*Locked-Rotor Line Current for 


Motor With Auxiliary Winding 


If two impedances, Z, and Z, are 
connected in parallel to a voltage E, the 
resultant line current, by Kirchhoff’s laws, 
is 


E(Zm+Za) 
It ne 
LmLa 
=In, Em+Z0) =In, 2ma 
hy Ze (124) 
or 
Lina 
In=Ty Z (125) 
where 
Zma=V (Rm+Ra)?+(Xm+Xa)? (126) 


Equation 125 is a most convenient expres- 
sion for calculating.the line current. It 
appears in modified forms in equations 19, 
35, and 48. 


A Practical Calculating Form 


For determination of the best auxiliary 
windings and best winding and capacitor 
combinations, the calculating form shown 
in Figure 6 was devised with the assist- 
ance of H. E. Ellis; it has been of enor- 
mous practical value. It was designed 
for both split-phase and for capacitor- 
start motors. When all the constants of 
both windings (and external capacitor, if 
any) ate known, the calculations are 
made in the order listed except that three 
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Figure 6. Form for calculating starting per- 
formance 


items may be omitted; these items are 
14 to 16, inclusive, or 17 to 19, inclusive, 
depending upon the preference of the 
calculator. Such a set of calculations is 
shown in column 1, 

For calculating maximum-torque-per- 
ampere windings for capacitor-start 
motors, the following procedure has been 
found very useful and helpful. First, the 
known constants of the two windings are 
entered in lines 1,2, 4,7, 8, 11, 21, 22, 22, 
A value of R, for line 6 is assumed and 
entered. The following lines are then 
computed in the order named: 3, 5, 9, 
17, 27. Line 19 is then computed by 
making use of equation 1184. Then, the 
remaining items are computed and filled 
in in this order: 15, 10, 12, 13, 20, 24 to 

_ 33, inclusive. This procedure yields the 
microfarads for maximum starting torque 
per ampere, starting torque obtained, 
locked-rotor currents in each winding and 
in the line, and capacitor volts and volt- 
amperes, Whereas X,,’ may be com- 

puted from equation 118 and the items 
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DATE //~S5"AZ 


RP 


of Figure 6 calculated in consecutive 
order, the procedure outlined reduces 
considerably the numerical computations 
involved, Such a set of calculations is 
made in column 2, It is seen that the 
capacitor for column 1 wag already 
chosen $0 a8 to give practically maximum 
starting torque per ampere, As a com- 
parison, X,, for maximum starting torque 
was computed, and complete calculations 
made as listed in column 3, 

Maximum-torque-per-ampere windings 
for split-phase motors can be computed 
by a similar procedure, using equation 
1094, but usually it is best to determine 
these windings from equations 110 and 
111, or 110 and 115, 


Symbols (See, Also, Table 1) 


‘= primary resistance 
t=wcondary resistance, referred to pri- 
mary - 
C; mae atEne totes _sepmante 
actual rotor resistance ’ 
defined by equation 9 
Sppasent total reactance 
idea) total reactance 
defined by equation 10 


Cyu= 
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- X =ideal short-circuit reactance. This/is” 


WN Fb) 


J 
fol 


the short-circuit reactance the motor 
would have if the secondary resistance 
were zero J a : 
Xo=open-circuit reactance ; 
T, =starting torque, in ounce-feet 
J, = total locked-rotor current 
P=number of poles 


number of effective 
conductors in auxiliary — 
windin 
number of effective 
conductors in main 


K = winding ratio = 


winding 
/=frequency in cyeles per second 
ZuR49X 
ZaV R+X? 
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Locked-Rotor ni Ad ops of Main 
Winding of a Single-Phase 
Induction Motor 


In Figure | is shown the equivalent cireuit 
of a single-phase induction motor under 
locked-rotor conditions, From inspection 
of this figure, the apparent impedance of the 
motor is 


(jx%m) (ta+-j1) 
tat (Gm %4) 


which can be reduced, by ordinary algebraic 
processes, to the form 


Leni+jiit (he 


£m (r+ 12C;) + GX Cr) “ata 
where 
Os i ee 
(464+- ym) * 19? @) 
; +(St\ ; 
Ci= sa on (A) 
valet) 
tat km ’ 
X =jideal short-cireuit reactance” 
Kok yy for 
ONY Mati ee 
0 ae (5) ; 


The equivalent cireuit corresponding to 
equation 2 is given in Figure 1C, Jf the 
primary and secondary leakage reactanees 
are equal 


th hy aa f hy, é 
Let 
Ky = Ley A Seg, = tat Soy, = OPEN-Cireuit 


Son km Ko~ X ce) ey 

= - =_————— ——w ms bate 
0 tts tnt 1 Xs 7 ob rv 
K,=Ky ay 
When equations 6, 7, and 8 are used, 
equations Zand 4 become , 4 Deter 
Cass K, _ 2Pparent rotor ; 
“Ne (1o/K)* — actual : 
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A+e & 
C ro Lee _ apparent total reactance 
ee ye ideal total reactance 
ae. (10) 


Seiicce 9 and 10, when substituted into 
equation 2, give the identical results re- 
ported in equations 1, 2, and 3 of a previous 

paper,” wherein it was pointed out that the 
same ions were obtained by both the 
F cork pote and by the cross-field method 

of analysis. 

Values of C; and Cz have been plotted on 
Figure 2 to show the range of variation that 
_ may be expected in any given motor. These 

_curyes show that, for most practical pur- 
poses, C, may be taken as equal to K,, 
whereas Cp cannot be neglected, especially 
if the rotor resistance is even moderately 
high. Let 
12’ =12C, =apparent secondary resistance 

(11) 


X’=XCr=apparent totalreactance (12) 


Then equation 2 becomes 
Z= (itn!) +jX’ 


It should be noted in passing that Figure 
1B also applies to a polyphase induction 
motor; hence all equations in this appendix 
apply also to a polyphase induction motor. 
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Maximum Starting Torque Per 
Ampere for Split-Phase Motors 


Consider point C in Figure 3, which de- 
fines the maximum starting torque per 
ampere. The first problem is to express the 
line amperes, I,, in terms of constants 


already known 


OC’ =OF —CF’ =0OF -AF 

(Line OF is omitted from Figure 3 to avoid 
confusion.) 

— But 

OF =OA°+AF'+204 AF sin Om 
Therefore 

OC =0A?+20A AF sin On, 

Dd El SAS Pi 

2Xq' Lin 


(14) 


(15) 


=I? Fa 


(16) 


(17) 


(18) 


5 [Bartha Ota’ HL? 
| (RP+Xq’) 


S [Refer to equation 125] (19) 


Eliminating I, between equations 17 and 19 
and solving for R, gives 


‘ < 4X. ’ 9 he 
Rahm ton a (Xp, +Xq') (20) 


, 
™m 


Ra _ Rm , 2m = 
re eee ee Xe’ 


(21) 
but, from equation 17 
Xm +Xe 

=IJ,/I, (22 
1 x t/ /™ .* } 
so, equation 21 becomes 
Ra _RmtZn(It/Im) ae 
et foe = 
or 

>.€ , 

Ra 6 F (Rat Zylt/Tm) (24) 


m 


Substituting the value of X,’ in equation 18 
for X,’ in equation 24 yields 


Rn+Zn(U1/Tm) 
2 
(2) 
In 
Equations 25 and 18 define the resistance 
and reactance in the auxiliary-winding 
circuit, which yields a line current of I, and 
@ maximum-torque-per-ampere winding. 
These two equations completely define the 
auxiliary winding. If the reactance of the 
auxiliary winding is known, equation 20 


defines the resistance required and equation 
17 the resultant line current. 


R= 
rs (25) 
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Starting-Torque Equations for a 
Capacitor-Start Motor 


ConDITIONS FoR Maximum STARTING 

ToRQUE 

Starting conditions for a capacitor-start 
motor are illustrated in Figure 4. Points C 
and D represent maximum starting torque 
per ampere, and maximum starting torque, 
respectively. 

By the geometry of Figure 4 


“~~  180°--20,, 


AD= 2 =90°+8,, 
> pee 
DB=180°—AD=90—6,, (26) 
or i 
Oe 
1—cos (90—8,,) 
t —8, 
a S° —Om) 
9m _ ¢|2m—Xm' ae a 
=a Zu +Xm* 
or 
~Xac’ _2Zm—Xm' _ Rn 
Keen Ket Z4+X,,' 
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(Zn — Xm’) = {28} 


Equation 28 expresses the total met re- 
actance required in the auxiliary phase for 
maximum starting torque. This equation 
checks one given by Boothby,? if allowance 
is made for the difference m notation. The 
quantities given are all algebraic, not vector, 
quantities. 


ConDITIONS For Maxmrcm STartinc 
Torove Per AMPERE 


Maximum starting torque per ampere is 
represented by pomt C m Figure 4. The 
lme current, OC, is expressed by the rele- 
tionship 


0C =0F-CF=0F—-AF 29) 
but 
OF =04?+AF'+20A AF cos@p (30) 
therefore 
OC =0A°+20A AF c0s 8x, (31) 

1nr4 = EP a 

2 Ree Zn 
Le 4 oa 33) 
or 
R 

Raz ied (34) 


This gives an expression for the total 
resistance in the auxiliary phase. The next 
step is to find a similar expression for the 
total reactance in the auxiliary phase. The 
general expression for lie current for a 
capacitor-start motor is 


1s; ay (Xa 
ee 


(refer to equation 125) 


{35) 
Eliminating J; by combining equations 33 


and 35, and solving for X,,", one obtams 


Xwe'Rec—ZmV Rec(Rm+Rac) ; 


Wee = (36) 


Remembering that 


X,=Xec'—Xe' (37) 


equation 36 can be rewritten 


Xve’Rac—Xe'Rm—ZmV Recent Rac) 
Rn (38) 


Equation 38 gives the value of external 
capacitive reactance to be connected in 
series with the auxiliary winding to obtain 
maximum starting torque per ampere. 

We still have to find X,,’ for maximum 
starting torque per ampere in terms of the 
lime current. Dividing numerator and de- 
nominator of the right member of equation 
36 by Rac 


X,= 


By use of equation 33, equation 39 reduces 
to 


Xm’ —Zm(t/Im) 
oF: 2 
(= 
In 
Equations 40 and 34 give the total reactance 
and total resistance required in the auxiliary 


phase for a maximum-torque-per-ampere 
winding having a locked-rotor current of Ty. 


(40) 
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Starting-Torque Equations for a 
Reactor-Start Motor 


The starting conditions of a reactor-start 
motor are represented by Figure 5. Points 
C and D represent maximum starting 
torque per ampere and maximum starting 
torque, respectively. 


MAXIMUM STARTING TORQUE 


ae 1805205 


B=, 00-8, (41) 
BD _90°-+8 
oma = LDAB= 5 = $ (42) 


By comparing equation 42 with the deriva- 
tion of equation 28 in Appendix III, it is 
seen that 


RaRmr Rink 
Xme= Ze 
mR tals or Rn (Za+Xq') (43) 
since 
Xr=Xme—Xm' 
R did 
ahs My, : pag Xm’ Or el +Xq')—X 
(44) 


Equation 44 gives the value of external 
reactance to be inserted in series with the 
main winding to obtain maximum starting 
torque. 


Maximum SrartING ToroveE Per AMPERE 


In Figure 5, wherein point C represents 
maximum starting torque per ampere, 


0C =0F —CFP=0F -AF (45) 
but 
OF =12+AF +2I,A F cos 0, 
or 
21, a 
=14-—* 
4+ Ran 7: =[;,? (46) 
or 
Rnrt+R, 
rian yah 
3 Rar ae 


The line current, I,, is also expressed by the 
relation 


Vv (Rma+Ra)?+(Xmr+Xa)? 


Lk 
[refer to equation 125] 


Ir=I, 
(48) 
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Crossed-Coil Power-Factor Meters 


N. P. MILLAR 


ASSOCIATE AIEE 


Synopsis: The fundamental relations 
governing operation of the crossed-coil type 
of power-factor meter are derived for the 
particular measurement applications on 
single-phase, three-wire two-phase, three- 
wire three-phase, and four-wire three-phase 
circuits, Emphasis is placed on the useful- 
ness of a graph of either the equilibrium 
equation or the torque relation in determin- 
ing the scale distribution, 


URING the past decade or so, the 
continued growth and, in recent 
years, the rapid expansion of distribution 
systems in industry has made industry 
more and more conscious of the impor- 
tance of power factor. Although it is 
recognized that the electrical industry 
is gradually abandoning the concept of 
power factor as an indication of load con- 
ditions and is concentrating more on 
measurement of watts and vars, there 
still are many applications where the 
measurement of power factor is essential, 
The increased demand for the meas- 
urement of power factor on single-phase 
and polyphase circuits has made it 


Paper 44- -33, hacoikmatided by the AIEEE committee 
on instruments and measurements for presentation 
at the AIEEE winter technical meeting, New York, 
N. Y., January 24-28, 1944, Manuscript sub- 
mitted November 6, 19438; made available for 
printing December 4, 1943. 


N. P. MILiar is with the General Hlectrie Company 
at West Lynn, Mags. 


Equating the right-hand members of equa- 
tions 47 and 48 and solving for Xmp yields 


x _-Xo!Rmn+ZaV Raw(Ra+Rme) 
Wines yo = R oz cig 
a 


(49) 


The total external reactance to be connected 
in series with the main winding to obtain 
maximum starting torque per ampere is, 
therefore 


Xa /RmatZa V Rn Rat Rnn) 


x mB) 
R= Ri dim! 
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Figure 1. Type AD-6 power-factor meter 


ae 


Figure 1a. Moving element of a power- 
factor meter, showing arrangement of crossed 
_ coils 


Power-factor meters of the crossed-coil 
type similar to that shown in Figure 1 
are adaptations of the original Tuma 
phase meter. (See page 546 of refer- 
ence 1.) The Tuma phase meter as origi- 
nally developed is a single-phase in- 
strument for measuring the angle be- 
tween two voltages or a voltage and a cur- 
rent. Although the. three-wire three- 
phase application of the Tuma phase 
meter is more familiar because of use, it 
will be well to consider the single-phase 
application first because of its relative 
simplicity in analysis by comparison. 


Single-Phase Power-Factor Meter: 
Scale Lag-—Lead 


The derivation of the fundamental 
relation is adequately covered in the 


453s 


LOAD 


Figure 2. Diagram of a single-phase power- 
factor meter 
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literature for the single-phase meter. 
However, it will be advantageous to 
review this derivation in order to outline 
the method of attack that will be used in 
the analysis of the polyphase power- 
factor-meter applications. Figure 2 is a 
schematic diagram of the essential ele- 
ments of a single-phase power-factor 
meter. Coils A and B compose the 
moving element. These coils are rigidly 
coupled to a shaft which is pivoted in an 
essentially uniform magnetic field pro- 
duced by field coil F. An inductance in 
series with coil B and a resistance in 
series with coil A is connected to the 
external circuit as shown in the diagram. 
When current passes through coils F, A, 
and B, fields will be set up, and coils A 
and B will each experience turning mo- 
ments in opposite directions. As A and 
B are rigidly connected, the moving ele- 
ment will turn to such a position that the 
resultant moment acting on it will be 
zero, The deflection D will then be an 
indication of the power-factor angle or 
phase angle between the load current 
and the line voltage. 
Referring to Figure 2, let 


D=Angle of deflection as measured be- 
tween the planes of coils Fand A 

8=Angle between coils A and B 

@=Power-factor angle or angle be- 
tween the load current 7 and the 
line voltage V 

A=Angle of lag between current in coil 
B and voltage V 

a= Angle of lag between the current in 
coil A and voltage V 

Za, Zy=Impedances of circuits A and B con- 

taining coils A and B, respectively 

tq = Instantaneous current in circuit A 

1y = Instantaneous current in circuit B 

t=Instantaneous load current 


There will be some mutual inductance 
between the moving and fixed coils, but 
in most applications the effect will be 
negligibly small, In the derivation of 
the fundamental relations the effect of 
mutual inductance will be neglected. 

If voltage V is taken as the reference 


vector from which phase differences are 
measured and the load current J is 
sinusoidal and is lagging, the instantane- 
ous current values are 


i=I sin (wi—é) 


ig =— sin (wt—a) 
a=7 ( 


a 
#)=— sin (wt— A) 
Zs 


The instantaneous torque acting on 
coil A will be 
Ta=Keaitgt sin D 
or 

KalV 


— sin D sin (wt—@) sin (wt—a) 
a 


Ta 


and the average torque over one com- 
plete period is 


Lela? ihe fii 
T,=| —— |sinD= | sin(wt—0)X 
a | Z, | si mh sin (w x 


sin (wt—a)di 


where T is the period and is equal to the 
reciprocal of the frequency f. Frequency 
will be assumed constant in the deriva- 
tion. AK, is a constant involving coil 
configuration, turns, and so forth. 

If the preceding expression is inte- 
grated, the final average torque for coil A 
becomes 


KalV). 
T,=1/2) - - | sin D cos (0@—a) (1) 
Za 
Similarly, the instantaneous torque acting 
on coil Bis 
Tp = Kyipe sin (D+ 8) 
or 


K,yIV | 
=| —-— |sin(D-+8) sin (wt—6) X 
[ Zp | 

sin (wt— A) 


and the average torque over a period is 


KyIV Were 
n=[ of Jmoroz f sin (wi—@)X 
Zp 7 : 


sin (wt— A)di 


Figure 3. Scale dis- 
tribution curves of a 


single-phase power- 


factor meter for scale 


lag-lead, _ plotted 
from the equilibrium 
equation 


B=A 


Curves of 8B 


T 


POWER FACTOR 


for lagging power 
factor 


Curves of B 
for leading power =80 60 re 
factor 
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POWER-FACTOR SCALE 
Figure 4. Scale distribution of a single-phase 
power-factor meter, for condition of 8 =A =90 
degrees 


Therefore 
Kyl V 
A 1/9] ST sin (D+ 8) cos(@—A) (2) 
b 


Now for equilibrium the two torques 
must be equal 
Tag=Ty (3) 


Or 


i | Sst V 
Zz, 


RIVA 
= 1/2 a sin (D+) cos (@— A) (4) 
d 


| sin D cos (0—«a) 


The foregoing is the general expression 
for equilibrium, and if the design of the 
instrument is such that 
SSIS 
Seu NS walk (5) 
Lider Ly 
then equation 4 reduces to 
sin D cos (@—«a) = sin(D+£) cos (0— A) (6) 

In the ideal instrument a=0, B=90 
degrees and A=90 degrees. For these 
conditions equation 6 reduces to 


Sin D cos 0= sin (D+90) cos (@—90) 
or 

Sin D cos 6= cos D sin 0 

and 

Tan D= tan 6 

from which 

Di=9 (6a) 
In practice A is never exactly equal to 90 


degrees, but Laws on page 548 of refer- 
ence 1 has shown that the change in de- 


flection from the unity-power-factor ref- . 


' erence point is equal to the power-factor 
angle when 6 = A, 

If we had originally stated that the 
power factor was leading instead of 
lagging, equation 6 would have become 


Sin D cos (9—«) = sin (D+ 8) cos (6+ A)(6b) 
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POWER-FACTOR SCALE 


Figure 5. Scale distribution of a single-phase 
power-factor meter, plotted from the dynamic 
torque curves 


B=A=90 degrees 


--- CoilA 
Coil B 
and for the ideal instrument the de- 
flection 
D=-—90 (6c) 


Thus we see that for lagging and leading 
power factors the power-factor angle is 
equal to plus and minus values of the 
deflection angle D, respectively. : 

Assuming in equation 6 that a is 
negligibly small and solving for D, we 
find that 


] 
Cot D=- 


——— — : —cot fp (7) 
sin B(cos A-++ tan @ sin A) 


Figure 3 is a plot of function 7 where ¢ 
has been set equal to all assigned values 
of A. The full lines represent the curves 
of 6 for lagging power factor, whereas 
the dotted lines are the 6 curves for lead- 
ing power factor. 

If we arbitrarily let the deflection D 
be positive for lagging power-factor indi 
cations and let the instrument pointer be 


1 (LEAD) 


Figure 6. Vector diagram of a single-phase 
power-factor meter for scale lag-lead 


aligned with the A coil, we are in a posi- 
tion to predict from these curves what 
will happen for any particular value of the 
angle 6 between the coils. For instance, 
if B=90 degrees and it is desired to have 
a lag-lead scale with a total scale angle of 
90 degrees, the power-factor scale would 
be approximately 0.7-1.0-0.7, This as- 
sumes that at unity power factor the 
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pointer indicates midscale and the dey 
flection D must be 45 degrees, 

Again suppose 6= 60 degrees the scale 
angle is still 90 degrees and the pointer 
aligned with coil A, At unity power factor 
the pointer will indicate 30 degrees from 
mid scale on the lag side, Consequently, 
if it was desired to keep the mid-scale 
point the wunity-power-factor point, 
it would be necessary to advance thé 
pointer 80 degrees on the shaft. In the 
conventional design of instrument this 
may not be mechanically feasible, but if 
it were feasible, the scale distribution 
would be identical to that obtained for 
B=90 degrees. From this family of 
curves it is evident that if the angle 6 
between the coils is always adjusted go 
that it equals A, the power-factor scales 
will have identical distributions, 

Figure 4 shows the normal distribution 
of an instrument for the condition where 
B=A=90 degrees, One obtains this 
distribution by projecting the power- 
factor points from the curve to the ab- 
scissa and labeling such points in terms 
of power factor instead of deflection, 
The resulting distribution constitutes 
the power-factor scale, 

The scale distribution can also be 
determined completely from a plot of 
the dynamic torque curves of each moving 
coil, If the torque expressions 1 and 2 


taney 
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Figure 7, Vector diagram of « single-phase 
power-factor meter for scale all lag 


for coils A and B are plotted, for values 
of power factor, the points of intersec- 
tion of corresponding torque curves will 
form a locus of points of equilibrium. 
The points on this locus when projected 
to the abscissa will uniquely determine 
the scale distribution, 

The dynamic torque curves are algo 
valuable in that they describe how torque 
varies with angular deflection for each 
coil, Figure 5 shows a graph of these 
torque curves where for simplicity we 
have arbitrarily set 


KdV | 4 iy | KolV 
iota kal tc 


Theoretically it is possible to obtain 
a scale of 0-1.0-0 power factor, but this 
would require an instrument seale angle 
of 180 degrees, In the types AD-6 and 
7 power-factor meters, the maximum 
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Figure 8. Scale dis- 
tribution curves of a 
single-phase power- 
factor meter for scale 
all lag, plotted 
from the equilibrium 


equation 


8=90 degrees 
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seale for lag and lead is 0.5-1.0-0.5 
power factor. This is obtained with 
8= A=90 degrees and the pointer aligned 
with coil 4. 

Occasionally it is required to produce 
ascale alllag or alllead. In the foregoing 
analysis we have seen that theoretically 
it is possible to obtain a scale all lag or all 
lead by mechanically shifting the pointer 
with respect to coils A and B. Mechani- 
cal design may make it virtually im- 
possible to obtain the proper pointer-coil 
relation to give a scale all lag or lead. 
Consequently, it becomes necessary to 
make certain changes in the electrical 
constants. The method for doing this 

__ is discussed in the following section. 


oh Single-Phase Power-Factor Meter: 
Scale All Lag 


In the following analysis let us assume 
a condition in which the scale is all lag, 
that is, unity power factorisat the right 
end of the scale and zero power factor 
at the left end. This analysis can also 
2 apply to any such scale range as 0.3 to 
Ee 0.8 power-factor lag. To do this and still 
__ keep the same mechanical arrangement 
of coils and pointer as in the previous 
section it is necessary to shift elec- 
_trically the 90-degree relation of the 

_ potential circuits such that the instru- 
ment indication will fall within the pre- 
scribed scale angle. 

In the standard lag—lead instrument of 
the previous section the current 7 in 
circuit A is in phase with the applied 
_-yoltage and 7, is 90 degrees lagging this 


and #, bisects the angle of the lead and 
‘i lag load-current vectors which represent 
_ the extremes of the power-factor scale 
range. Figure 6 shows this vector rela- 
If the scale is to be all lag, then the 
ant 7, must be made to lag V by some 
@ « such that the current vector ti, 
ill approximately bisect the angle en- 
sed by the load-current vectors repre- 
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= 


senting the ends of the power-factor 
scale. Current #, must also lag V by 
(a+90). To obtain the proper lag rela- 
tion between # and V capacitance and 
resistance are placed in series with coil B, 
Current #, will now lead V by (90—a) 
but can be made to lag by reversing the 
connections, Figure 7 shows the new 
vector relations. By referring to the vec- 
tor diagram in Figure 7 the instantaneous 
current values can now be determined 
and the torque expressions derived, 
The instantaneous currents are 


#=] sin (wt—@) 
: Vv tn heed c) 
{2 SI ECE a) 
* WARy?-+ Late? 
y in [wt+-(90—a)) 
he ete IU —— & 
> ARY+1/G%0" 
Following the previous procedure the 
torque on coil 4 is 
K,lV 1 
T= | J sin D-X 
2 i Re+Late* | T 
r 
sin (wt—@) sin (wi—a)dt 
0 
which upon integration yields 
riya ly 
V Ret Lar? 
sin Dcos (@—a) (9) 
and the torque on coil Bis 
KITV 1 
Ty= Lae = |sin(D+8)—xX 
V Ro+1/Co%o* r 
OF 
| sin (w?—@) sin [wt-+-(90 — a) Jat 


0 


or 


T)= 1/2 | Fe kk 
WV/RP2+1/C%0* 
sin (D+ 8) sin (@—«) 
For equilibrium 
Ta=T» 
When 
Ka Ky 


VRetlee® WR e+1/C 


(10) 
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Figure 9. Scale distribution of a single-phase 
power-factor meter with scale all lag, deter- 
mined from the dynamic torque curves 


a= 45 degrees 

B=90 degrees 
--- CoilA 
Coil 8 


the equilibrium equation becomes 
Sin D cos (@— a) = sin (D+ 8) sin (@-a@) (U1) 


For the case when 8=90, expression U1 
becomes 


Sin D cos (@—a) = cos D sin (0a) 
or 

Tan D= tan (@—a) 

from whence 

D=0—a (11a) 


The deflection is now equal to the differ- 
ence between @ and « and not equal to @ 


eae 


Figure 10, Diagram of a three-wire two- 
phase power-factor meter 


as previously, However a is a constant,’ 
and the deflection D is proportional to @, 
If equation 11 is solved for D 


cot (0a) 


D Le 
Cot ne cot B 


(22) 
The plot of this expression for p= 90 
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degrees and varying a is shown on Figure 
8. It will be noticed that the scale 
distribution for any one value of a is the 
same distribution as developed in Figure 
4 for the single-phase power-factor meter 


Figure 11. Wector diagram of a three-wire 
two-phase power-factor meter 


with scale lag-lead. In fact, expression 
12 for a=0 and @=90 reduces to ex- 
pression 7 for B= A=90. From this we 
could have predicted the distribution 
would be the same. 

The torque curves of each element de- 
picted in Figure 9 are radically different 
from those in Figure'4, but the resultant 
scale distribution is the same. Although 
angle a was arbitrarily set equal to 45 
degrees for these torque curves, other 
values of a would give similar scale dis- 
tributions. The essential difference for 
other values of a would be revealed in 
different values of the angle of deflection. 

By referring again to Figure 8 it will 
be noted that if it is required to have a 
scale 0.3 to 0.8 power factor or the current 
lags the voltage by 72.5 and 37 degrees, 
respectively, a should be chosen to be 
approximately 60 degrees. As pointed 
out previously, it is necessary to choose 
« intermediate between the angles rep- 
resenting the scale ends if the same coil 
and pointer relation is to be maintained, 
namely, the pointer lines up with the A 


coil. If this is done, then the resulting 
scale angle will be approximately 38 
degrees. 


Three-Wire Two-Phase Power- 
Factor Meter 


Some applications require the measure- 
ment of power factor on three-wire 
two-phase circuits. 

In Figure 10 coils A and B are con- 
nected in series with resistors to phases 
1 and 2, respectively, while their common 
lead is connected to the neutral. The 
same notation shall be used as previously 
with the exception that a; and a are the 
angles of lag between the currents in cir- 
cuits A and B and the load voltage. 
These lagging currents are due to the 
inductive effect of the movable coils. 

With reference to Figure 11 which is 
the vector diagram for a balanced in- 
ductive load the instantaneous current 
values for lagging power factor are 


i=I sin (wt—6) 


Daa Cie 
AN oe Ww a1 


were Visa: 
tp =— sin (wt+ [90 —a»]) 
Zp 


The coil torques are now 


re=| 42" Hoc aenat Pee 
a> Za sin ref sin(wt —0) X 


sin (wt —a)dt 


41/9] X27 | sin D 08 (0~ai) (13) 
Za 

KylV] . 1 
re=[ oY | sin (o+8) rs 


T 
a sin (wt—@) sin [wt+(90 — az) Jdt 
0 


T)= 1/9] SE) sin (D+) sin(@—az) (14) 
> 


7 


Figure 12. Scale dis- 
tribution curves for a 
three-wire two-phase 
power-factor meter, 
plotted from the 
> equilibrium equation 
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For equilibrium T, must equal T)> 
therefore 


: KalV 
1/3] 2 Jon D cos (@—a) = 
Za 
Kyl 
1/ oe |sin(o+8) sin (@—a2) (15) 
b 
Letting 
Ke Ky ‘ 
Ks Sandia = 
1 Za am 2 Zy 


and solving for D results in 


Ky 1+ tan 6 tan a 


Cot D == ee 
Ko cOS a, SiN ag 
sin a(tane | 


COS a, COS a) 


cot B (16) 


If design is such that K,=K, then a,=a 
=a and equation 16 reduces to 


_ cot (0—a) : 


Cot D - 
sin B 


cot B (17) 
This relation is identical to equation 12 


for the single-phase power-factor meter 


SL aes 


Figure 13. Diagram of a three-wire three- 
phase power-factor meter 


with scale all lag. However, in general 
a in equation 17 is small and can be 
neglected. If this is done, the deflection 
then reduces to 


(18) 


The graph of this expression will give 
the same scale distribution as the single- 
phase power-factor meter for @=90 
degrees. Equation 7 is identical to 
equation 18 for A=90 degrees. The 
essential difference between the operation 
of a power-factor meter on three-wire 
two-phase and a single-phase meter with 
scale lag—lead is that in the three-wire 
two-phase application the 90-degree re- 
lation is obtained by the 90-degree dis- 
placement between phase voltages, 
whereas in the single-phase meter it is 
necessary to lag the current in one cir- 
cuit by the use of a series reactor. 

If expression 18 is plotted for lag and 
lead power factors with varying B, a 
family of distribution curves will-result 
as shown on Figure 12. Each value of g 
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will give a different scale distribution. 
The curve that will give the same scale 
distribution as the single-phase applica- 
tion is the one for which 6= 90 degrees. 
It can be seen from Figure 12 that for 
a given scale angle of 90 degrees with, for 
example, 8=60 degrees that the maxi- 
mum power-factor scale that can be ob- 
tained, for a scale all lag or all lead would 
be 0.5 to 1.0 power factor, Also, for a 


Figure 14. Vector diagram of a three-wire 
three-phase power-factor meter 


scale having both lag and lead with the 
same ®scale angle, the maximum range 
would be approximately 0.8 lag to 0.8 
lead. 

It will not be necessary to plot the 
dynamic torque curves as the curves of 
Figure 5 with the resulting scale distri- 
bution apply to the three-wire two-phase 
power-factor meter for 8=90 degrees. 


Three-Wire Three-Phase Power- 
Factor Meter 


Figure 13 shows the connection of a 
power-factor meter on a_ three-wire 
three-phase balanced inductive load. 
Again use is made of the phase relation 
between voltages to obtain the desired 
condition for power-factor measurement. 
The only mechanical difference between 
the three-wire two-phase and three-wire 
three-phase power-factor meter is the 
setting of the coil angle g and pointer 
location. Although the mechanical dif- 
ference is slight, the torque and distri- 
bution characteristics are radically differ- 
ent between the two instruments. 


B=165° 135° 


In reference to the vector diagram in 
Figure 14 the instantaneous current 
values are 


i3=I; sin (wt —0) =I sin (wt —8) 


for balanced currents 


V. 
tae sin [wt+(150—a)] 


a 


the Waren 
ty=— sin [wt—(150+ a2) | 
Zp é 
where o,=lag angle ‘between 7, and V3_ 
and o.=lag angle between 7 and Va. 
It will be noted that for stability of 
instrument operation it is necessary to 
reverse line voltage Vi3. 

For balanced inductive loads the coil 
average torques are 


K lV 
re=t/4f = 


a 


|sinvi- sin (@— ay) — 


/3 cos (@—a1)] (19) 
T= 1 sin (D+ 8) [sin (6— az) — 
d 
1/3 cos (@—az)] (20) 


For equilibrium T,=T,. Setting T,=7, 
and solving for the deflection D, we have 


Cot D 
1— tan @cot a;— 
Ki v/3 tand—/3 cot a | — 
2 cosa, Sin ae 
sin a( tan (je 
sina; sin a 
cos a& sin a 
4/3. 4/3 tan — ) 
sin a1 sin a1 
cot (21) 
where 


K, CoG 
Ky =——s and Ke Su 
Za Zp 


If design is such that 
Ki=Ke 
then 
a =a,=a 
and equation 21 reduces to 
Cot D 
tan a(1—+/3 tan @) —(tan 0+ 4/3) 


~ sin B[(tan@—/3) — 
tan a(1-++/3 tan 6)] cot 6 (22) 
| 
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Figure 15. Seale dis- 
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phase power-factor 


the equilibrium 


JuNE 1944, VoLuME 63 


=O) fe) 20 
DEFLECTION D— DEGREES 


equation 


a=0 


40 60 80 


Millar—Crossed-Coil Power-Factor Meters 


* 


meter, plotted from. 


In most cases a is small, and 
tan 0+4+/3 
sin B(tan @—~/3) 
When the power factor becomes zero, 


equation 23 is indeterminate but can 
be evaluated. For power factor=0 


1+ cos | 


sin B 


Cot D= l + cot | (23) 


Cot D= -| (24) 

The family of curves resulting from 
equation 23 are shown in Figure 15. 
Each curve will give one particular scale 
distribution. For any given scale angle 
one can determine from these curves the 
power-factor scale range for any coil 
angle £. 

Expression 23 was derived for the 
condition of lagging power factor. For 
leading power factor the relation for the 
deflection becomes 


tan 9—+/3 
sin B(tan 6+~+/3) 


This expression when plotted will give the 
same scale distribution as equation 23, but 
the angles of deflection D will have differ- 
ent values. However, for an instrument 
whose pointer is set to bisect the angle 6 
between coils, the scale distributon will 
be symmetrical about the unity-power- 
factor point for lag and lead conditions 
with any given value of 8. 

The value of 6 most commonly used is 
the one for which B=75 degrees. This 
angle is selected because the resulting 
scale distribution more nearly approaches 
linearity than any other value of B. 

If the curve for B=75 degrees is sepa- 
rately plotted as on Figure 16, the scale 
distribution is more clearly determined. 
It will be noted from this distribution that 
if the scale is to be lag—leadfor a scale 
angle of 90 degrees, the maximum power- 
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cot D'= + cot 6 
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Figure 16. Scale distribution of a three-wire 
three-phase power-factor meter for B=75 
degrees 
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Figure 17. Scale distribution of a three-wire 
three-phase power-factor meter, plotted from 
the dynamic torque curves 
a=0 — CoilA 
B=75 degrees ——- Coil B 


factor range will be approximately 0.6 
lag to 0.6 lead. 

Figure 17 is a plot of the dynamic 
torque curves which also show the result- 
ing scale distribution. Barring inac- 
curacies in graphing, the distribution in 
Figure 17 and Figure 16 are identical. 


Four-Wire Three-Phase Power- 
Factor Meter 


The last application that shall be dis- 
cussed in this article is the condition for 
four-wire three-phase power-factor meas- 


33-16 i 


Figure 18. Diagram of a four-wire three- 
phase power-factor meter 
oe 
Ve 
V3 


Figure 19. Vector diagram 
of a four-wire three-phase 
power-factor meter 
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Figure 20. Scale dis- jo 
tribution curves of a 


#3230 | 


, ! 
105° 75° 45° B215° 


B=165° 135° 


four-wire three- 


phase power-factor 


meter, plotted from 
the equilibrium 
equation 


a=0 


POWER FACTOR 


urement. In this case phase-to-neutral 
voltages are used instead of phase-to- 
phase voltages as in the three-wire three- 
phase application. Angle 8 is then 
selected to give the best scale distribution 
for the particular scale range desired. 

With reference to Figure 19, which is 
the vector diagram of the instrument con- 
nections schematically shown in Figure 
18, the instantaneous currents for a 
balanced inductive load using V3 as the 
reference vector are 


43 =I sin (wt—0) =I sin (wt—6) 


r 


Ve 
ta a sin (wt+120—a1) 


a 


Vv 
y= * sin (wt —120 — ay) 
Z» 


The average coil torques turn out to be 


1.1/4 227 | sin D-V8x 
; sin (@—ai)— cos (@—a1)] (25) 
and 
i i/o sin (D+ 8) [1/3 X 
d 
sin (@—az) — cos (@—az)] (26) 


For 
Ka Ky 
Ki=— and K2=— 
1 Za an 2 Zs 
the expression for the deflection at equi- 
librium is 
Cot D= 


/3—+/3 tan 6 cot ai 


tan @— cot ai 


Ky o 
sel s COS a2 
K sin 6 V3 tan 6 — = 
2| sin a) 
SiN a2 COS ae sin ae 
35 etie ie 6 
sin a, | sin a; sin a; 


cotyB? (27) 
When the design is such that 
Ky =Ko, and ay=a =a 


then equation 27 reduces to 
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Cot D= 
tan a /3 — tan 6) —(+/3 tan 6+1) 
sin B[(+/3 tan @—1) — tan a(+/3+tan 6) | mA 
cot B (28) 


For a=0, which is a practical assumption 


cot D=— 


| 4/3 tan 6+1 
sin B(4/3 tan @—1) 


+ cot | (29) 


By direct comparison of equation 29 with 
23 the similarity that exists will be ob- 
served. The only difference is in the 
location of the »/3 term. This slight 


’ difference, however, makes quite a dif- 


ference in the scale distribution and ~ 
torque curves. For the condition when 
the power factor is zero the evaluated 
indeterminate form of equation 29 re- 
duces to the same expression as equation 


24, 


The analysis of the four-wire three- 
phase application is quite similar to the 
three-wire three-phase case. For this 
reason details have been omitted. 
Expression 29 has been derived for the con- 
dition of lagging power factor, but a 
similar expression for leading power factor 
would give the same scale distribution. 


From Figure 20 one can see that it is 
possible for a 100-degree scale to obtain 
a scale range of 0.9-1.0-0.9 power factor 
if B is set equal to approximately 75 
degrees. The most common condition in 
practice for a lag-lead scale is for B to 
equal 105 degrees. The scale distribu- 
tion for this condition is shown in Figure 
21. Figure 22 also gives the same dis- 
tribution as plotted from the dynamic 
torque curves. 


The foregoing analyses show the theo- 
retical possibilities of scale ranges in 
power-factor meters of the crossed-coil 
type. A variety of scale distributions is 
inherent and to a large extent dependent 
on the particular circuit application of 
the instrument. Limitations on ranges 
and distribution are necessarily imposed 
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- power]. It follows that the power factor of a 
_ polyphase circuit must be designated as 


POWER FACTOR 
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Figure 21. Scale distribution of a four-wire 
three-phase power-factor meter for 6=105 
degrees 

a=0 


because of mechanical design; however, 
the derived distribution curves for each 
application should prove of value as an 
aid in selecting proper power-factor scale 
ranges for given scale angles of deflection. 


Power Factor of Unbalanced 
Polyphase Circuits 


In the previous summary of polyphase 
power-factor meters, emphasis was placed 
on the application to systems having sym- 
metrical sets of voltages and currents or 
balanced loads. Although it is beyond 
the scope of this article to analyze mathe- 
matically the effect of system unbalance 
on the measurement of power factor on 
polyphase circuits, it might be well to 
consider briefly this question. It is con- 
ceivable that, for a given condition of 
unbalance, the torque equations of a 
polyphase power-factor meter could be 
derived, and an expression for the in- 
strument indication obtained. This in- 
dication may or may not be an indication 
of the power factor of the system. The 
question immediately raised is: ‘‘What 


is the meaning of power factor in a poly- | 
_ phase circuit?” 


In the past there has 
been some disagreement as to what power 
factor is in a polyphase circuit and only 
recently has any definition been re- 
corded. ‘‘The American Standard Defi- 


nition of Electrical Terms” gives several _ 
definitions of power. factor. 


To quote 
_ from this publication, they are 


“Power factor is the ratio of active power 
to apparent power. The power factor A is 
given by the equation 


A=P/U 


_ [where P=active power and U=apparent 


arithmetic or algebraic to indicate whether 


a arithmetic or algebraic apparent power is 
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POWER-FACTOR SCALE 
Figure 22. Scale distribution of a four-wire 
three-phase power-factor meter, plotted from 
the dynamic torque curves 


a=0 

B=105 degrees 
— CoilA 
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usedinthedenominator. If boththecurrents 
and potential differences are sinusoidal and 
if both form symmetrical sets, then 


A= cos (B—a) 


“Vector power factor is the ratio of the 
active power to the vector power... If both 
the currents and potential differences are 
sinusoidal and if both form symmetrical 


Figure 23. WVector diagram of a three-wire 
three-phase balanced resistance load |, =l,= 
I,=1 


sets, then the vector power factor is the 
same as the power factor.” 

These definitions clearly suggest that 
three different power factors can be 
realized which are determined by the 
use of arithmetic or algebraic apparent 
power or vector power. For balanced 
systems the three power factors are equal 
for all angular displacements between 
phase voltages and currents. In the un- 
balanced system the three power factors 
are equal only when all phase currents 
are inphase with their respective phase 
voltages and are different for other angu- 
lar displacements. Unity power factor 
is a term that is commonly used to denote 
the condition when a current and a volt- 
age are inphase. 

For an example of the effect of un- 
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balance on instrument indication let us 
take a simple extreme case. Suppose that 
the three-wire three-phase instrument 
shown in Figure 13 is connected to a 
balanced pure resistance load. As unity 
power factor, previously defined, exists 
in this system, let us further assume that 
the instrument is calibrated to indicate 
this unity power factor. Now let us 
unbalance the load by opening the con- 
nection to the load at two, thereby mak- 
ing the current in this phase equal to zero. 
Also let the three line voltages remain a 
symmetrical set and the instrument 
potential circuits be excited. For this 
extreme condition of unbalance the cur- 
rent vector J, which originally was in- 
phase with phase voltage V3, will now 
have shifted 30 degrees leading V3 since 
it will be inphase with line voltage V3. 
Although unity power factor still exists 
for the wnbalanced condition, the in- 
strument no longer indicates unity power 
factor but is in error by 30 electrical de- 
grees. Vector diagrams shown in Figures 
23 and 24 will serve to clarify these two 
conditions. 

One can see that it if possible to have 
several combinations of system unbalance 
that might conceivably produce the same 
instrument indication. If this is true, 
then any given instrument indication 
would tell the observer nothing con- 
cerning the condition of circuit unbalance 
that produced that indication. Con- 


Figure 24. Vector diagram of a three-wire 
three-phase resistance load—balanced voltages 


I, =0, h=h=I 


versely, as previously pointed out, for a 
given unbalance an instrument indica- 
tion might be obtained by means of a 
mathematicalderivation that would tie up 
the indication with a particular unbalance 
condition, but what would be the practical 
value of this since the condition of system 
unbalance is already known? 

For the standard adopted application 
of power-factor indicators on polyphase 
circuits it is reasonable to assert that, 
unless the polyphase system is balanced, 
the power-factor-meter indication is with- 
out significance. 
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Crossbar Toll Switching System 
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N AUGUST of 1943 a new mechanical 
toll switching system was placed in 
service in Philadelphia. It was designed 
by engineers of the Bell Telephone Labo- 
ratories and of the department of opera- 
tion arid engineering of the American 
Telephone and Telegraph Company for 
large toll centers, particularly those where 
most of the offices are of the panel and 
crossbar types. The Philadelphia instal- 
lation was planned before the war. Even 
then it was apparent that a mechanical 
switching system was needed urgently to 
secure faster and more economical switch- 
ing. Warconditions produced an abnor- 
mal growth in toll traffic that accentuated 
the need for the new equipment. The 
system was therefore installed as rapidly 
as the heavy load of war work on the en- 
gineering and manufacturing organiza- 
tions of the Bell System would permit. 
It is now contributing materially to the 
war effort by providing adequate switch- 
ing facilities for the increased volume of 
traffic. 
This new toll switching system includes 
the following important features: 


1. Crossbar switching equipment with 


senders and markers. 


2. Operator dialing or pulsing over toll 
lines to panel and crossbar areas. 


3. A cordless switchboard for handling 
traffic which cannot be dialed or pulsed 
through the system by distant operators. 


4. A new rapid method of transmitting 
switching codes known as a-c key pulsing. 


5. Four-wire switching, that is, the provi- 
sion of separate conductors for voice trans- 
mission in each direction. 


The function of toll switching equip- 
ment is to provide connections that will 
enable subscribers to converse with other 
subscribers in localities too distant to be 
reached over their own local network. 
If the toll areas in which the calling and 
called subscribers are located have a suffi- 
cient community of interest, there may 
be direct circuits between them, and at 
each terminal there will be a switched 
connection to a local office. -Where the 
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ary 24-28,1944, Manuscript submitted November 
i 1943; made available for printing December 11, 
943. 
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call involves two toll offices having no 
direct circuits between them, it must be 
routed through one or more intermediate 
toll offices, and switching connections will 
be required at each intermediate point as 
well as at the originating and terminating 
offices. 

In the past it has been the ordinary 
practice to have every connection made 
by an operator who inserts plugs on the 
two ends of a cord into jacks on which 
the toll lines and trunks are terminated. 
In recent years an improved practice, 
known as toll-line dialing, has been ap- 
plied in a few of the smaller toll areas 
where step-by-step switching equipment 
is used in the local offices. With this 
method, the outward toll operator who ac- 
cepts the subscriber’s call plugs into a 
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toll line, and then by means of a dial 
temporarily associated with her ¢ord 
sends dial pulses to direct the movement 
of switches in the distant toll office to se- 
lect a trunk to the called subscriber’s 
local office. She continues by dialing the 
subscriber’s listed number to drive 
switches in the local office to establish a 
connection. The subscriber’s bell is then 
rung automatically by the local circuit. 
If intermediate switching is involved, the 
operator also dials the connection through 
the intermediate office. Thus the manual 
labor of establishing connections at inter- 
mediate and inward toll switchboards is 
eliminated, the outward operator’s work- 
time is reduced since she does not have to 
pass orders for connections and wait for 
them to be established, and the subscriber 
receives faster service. 

In the toll dialing operation just de- 
scribed, the switching equipment in toll 
and local offices is all of the step-by-step 
variety, the movement of switches being 
under control of impulses dialed on a 
decimal basis. In areas where the local 
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Nearly 1,500 dial toll lines 
covering a4 total of approximately 
77,000 miles are included in the 
network. The numerals in paren- 
theses indicate the number of 
tributary exchanges reached at 
each point by direct dialing 
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- switching equipment is of the panel and 
crossbar types, on the other hand, the ac- 
tion of switches is controlled by senders, 
with -the aid of decoders or markers. 
The new toll switching equipment per- 
mits the introduction of toll-line-dialing 
operation in such areas as well. The 
term “‘toll-line dialing’’ is of generic char- 
acter and includes not only the use of ac- 
tual'dials by operators but also the use of 
keysets and senders that generate signals 
of adifferent nature. The extent to which 
toll-line dialing is used in the Philadelphia 
area is shown in Figure 1. 

There are, of course, many toll-line 
groups in the Philadelphia toll office not 
shown in Figure 1. These are groups that 
at present cannot economically be ar- 
ranged for toll-line dialing. Cordless toll 
positions are provided as part of the new 
toll switching system to provide for han- 
dling calls over these other groups until 
such time as they can be arranged for 
toll-line dialing. They are equipped with 
keysets to direct the establishment of 
connections for the manual groups of lines 
just as connections for the dial groups are 
controlled by dials or keysets at distant 
positions. 


Basic Arrangement 


The crossbar switch used in the new 
toll switching system is shown in Figure 2. 
Since it has been described in detail by 
Scudder and Reynolds,! it will be suffi- 
ciert to describe it as a co-ordinate ar- 
rangement of contacts giving ten lines on 
one ordinate access to ten or 20 on the 
other. 

All toll lines and trunks are terminated 
on crossbar switches, and their intercon- 
nection is accomplished by senders, con- 
trollers, and markers with their connect- 
ing equipment. These units are common 
either to the entire office or to a substan- 
tial portion of it. The circuits comprising 
the common equipment are relatively 
complex and expensive, and are held only 
for the brief periods required for estab- 
lishing connections. The information 
needed by the common equipment to 
guide it in setting up a connection is sup- 
plied in the form of a numerical code, usu- 
ally of three digits, by an operator either 
in the same office with the equipment or 
in a distant office. The code is received 
by an incoming sender, which forwards 
it toa marker. The marker, by means of 
temporary connecting equipment, at- 
 taches itself to the switches on which the 
two circuits to be connected are located 
and establishes a connection between 
them. The relation of the common 
equipment to the toll lines, trunks, and 
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Figure 2. A 10 by 20 cross- 
bar switch 


switches is indicated by the schematic 
diagram in Figure 3. 


Operating Methods 


The manner in which calls through the 
toll crossbar system are handled from the 
operator’s viewpoint may be demon- 
strated by use of a few examples. 


OUTWARD CALLS 


Assume a subscriber in Philadelphia is 
calling a subscriber in Harrisburg whose 
number is 6-5432. The Philadelphia end 
of the connection is illustrated diagram- 
matically by Figure 4. 

The outward operator at a switchboard 
of the familiar cord type will select an 
idle trunk to the toll crossbar office and 
will then dial or key the code 321, which 
represents Harrisburg, followed by the 
called subscriber’s number, 6-5432. The 
crossbar equipment will use the three 
code digits, 321, to select an idle toll line 


and will then transmit the remaining dig-. 


its over the toll line to drive switches to 
the called subscriber’s line. The sub- 
scriber’s bell will be rung automatically, 
and, when the subscriber answers, the 
lighted cord lamp in front of the outward 
operator will be extinguished. On sta- 
tion-to-station calls, the operator then 


ONTROLLER} 


starts timing the conversation for charge 


purposes. At the end of conversation 
both cord lamps will light to indicate the 
hang-up of calling and called subscribers, 
and the operator will pull down her cords. 
This will release the entire connection. 


Now assume an outward call to a 
Chicago subscriber. The Philadelphia— 
Chicago group operates on a ring-down 
basis, and the outward operator, after 
selecting the tandem trunk, will dial or 
key only the three-digit code representing 
the Chicago group. The crossbar equip- 
ment will make the connection to an idle 
Chicago toll line and cause ringing ‘ctur- 
rent to be sent over the line. This will 
light a lamp associated with the toll line 
in Chicago, where an operator will answer 
the call. The outward operator in Phila- 
delphia, will pass the order to the Chicago 
operator, who will complete the call. The 
outward operator must remain on the 
connection until. the called subscriber 
answers, in order to start timing, because 
supervisory signals to indicate the called 
subscriber’s answer and hang-up are not 
returned over a ringdown line. At ‘the 
end of conversation she will pull down her 
cords when the calling subscriber hangs 
up. This will release the connection 
through the switches to the Chicago toll 
line. The inward operator at: Chicago 
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Figure 3. Schematic diagram 
of crossbar toll switching system: 
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will release her connection upon receipt 
of a lighted cord lamp indicating that the 
called subscriber has hung up. 


INWARD CALLS 


An inward call over a dial toll line, il- 
lustrated by Figure 5, requires no opera- 
tor in the crossbar toll area, Assume the 
callis to the Philadelphia number Market 
1234. The distant operator will key or 
dial MAR-1234. The crossbar equipment 
will use the MAR (627) to select an idle 
trunk to the Market local office and the 
remaining digits to drive switches in that 
office to the called subscriber's line. The 
connection will be released at the end of 
conversation when the distant operator 
releases her connection. 

An inward call over a ring-down toll 
line is represented by Figure 6. In re- 
sponse to ringing current on the toll line, 
a cordless position will be connected auto- 
matically to the line. An operator at the 
position will receive the order for Market 
1234 and will key the complete number— 
MAR-1234—on her keyset, causing the 
connection to be established as described. 
Her position is then released from the 
connection. Since the ring-down line can 
give no indication at the inward end that 
it has been released at the outward end, 
the toll crossbar equipment must recog- 
nize the called subscriber’s hang-up in 
order to release the connection. This is 
done by equipment in the relay circuit as- 
sociated with the incoming toll line, which 
times for two seconds after he hangs up, 
and, if he has not again removed his re- 
ceiver from the switchhook, releases the 
connection. If the called subscriber 
flashes, if his line is busy, if he fails to 
answer, or if the outward operator rings 
on the toll line, an inward operator (not 
necessarily the one who originally handled 
the call) is again connected to the line, 
and lamps on her position indicate what 
action should be taken. 


THROUGH CALLS 


The method of handling incoming calls 
that are to be switched through the 
office to other toll lines will be obvious 
from the foregoing explanation. The 
need for an operator in the crossbar toll 
office is determined only by the nature of 
the incoming line. She is not needed 
when the incoming line is of the dialing 
type, regardless of the type of outgoing 
line to be selected. Through traffic is 
illustrated diagrammatically by Figure 7. 


Transmission Aspects 


All the longer toll lines of the Bell 
System are four-wire, that is, opposite di- 
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rections of transmission are over separate 
paths, each with one-way amplifiers at 
suitable intervals. These two paths are 
combined by means of a hybrid coil into a 
single two-wire circuit before reaching the 
telephone at each end. 

At switching offices in this country, 
all four-wire circuits have been previously 
reduced to two-wire by a hybrid coil be- 
fore they reach the switching point and 
thus have been switched as two-wire cir- 
cuits. This is indicated in Figure 8a 
which shows a four-wire tol] line at the 
left switched to a two-wire toll line with a 
terminal repeater. There are limits to 
the transmission efficiency of such ar- 
rangements, since the two-wire junction 
permits speech currents traveling in one 
direction to be reflected partially toward 
the talker at the hybrid coil, thus causing 
echoes. When there are two-wire junc- 
tions at both ends of the circuits, there 
is a closed path around which “‘singing”’ 
may result. In addition, when cord cir- 
cuit repeaters are added at a two-wire 
switching point there is a two-wire junc- 
tion on each side of the repeater, and more 
echoes result—being made greater by the 
gain of the repeater. A similar result is 
obtained at a “‘switching-pad”’ office when 


‘ gain is effectively inserted by removing 


two-wire switching pads instead of by 
adding a repeater, Since any circuit in 
the office must be capable of connection 
to any one of a large number of other cir- 
cuits, which may not all have the same 
characteristics, the balancing network at 
the junction obviously cannot be made to 
balance accurately all of them individu- 
ally. As a result, a “compromise” net- 
work is employed. A two-wire switching 
point, where cord circuit or terminal re- 
peaters are employed, is thus always a 
potential source of echoes because of the 
necessity of using compromise networks. 
Where the network is associated with a 
a single circuit, on the other hand, as at 
the extreme right of Figure 8a, a precision 
network is used which greatly reduces the 
echo volume. — 

With the new crossbar system all lines 
are terminated on a four-wire basis at the 
switches as shown in Figure 8b. When 
these lines are four-wire circuits, this is 
done by omitting the terminating sets 
with hybrid coils that would normally be 
used to bring them down to a two-wire 
circuit, and by changing the signaling 
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means, switching pads, operators’ con- 
nections, and other circuit elements to a 
four-wire basis. On. the two-wire toll 
lines with terminal repeaters the same 
general result is obtained by removing the 
hybrid coil on the office side of the repeat- 
ers. On two-wire toll lines without ter- 
minal repeaters, a hybrid coil is added 
with one two-wire branch toward the 
two-wire line and the other toward the 
balancing network, and with the four- 
wire branches connecting to the switches. 
The net result is the same as the two-wire 
repeatered toll line in Figure 8b with the 
two amplifiers and switching pads re- 
moved. 

When two four-wire or two-wire toll] 
lines with terminal-repeaters are switched 
together on a four-wire basis, all sources 
of echo in the switching office are elimi- 
nated. Some echo is of course returned 
from the hybrid coil connecting the two- 
wire repeater to the two-wire line, but 
this can be kept small by keeping the 
balancing between the precision network 
and its associated line high, 

If the two-wire toll line of Figure 8b 
did not have terminal repeaters or switch- 
ing pads, the switching pads in the four- 
wire toll line would be removed, thus ef- 
fectively inserting gain in the over-all 
connection. Because of the high balance 
at the two-wire hybrid coil, considerable 
gain may be inserted in this manner, thus 
allowing greater loss in the nonrepeatered 
two-wire circuit. This greater loss per- 
mits saving in copper and loading and 
frequently permits omitting a terminal 
two-wire repeater that would be required 
with a two-wire switching system. 

With four-wire switching, therefore, 
certain of the two-wire lines, chiefly those 
that are not used as intermediate links in 
long built-up circuits, may be made of the | 
high-loss type. If two of these high-loss - 
lines are to be connected together di- 
rectly, there may be too much over-all 
loss from subscriber to subscriber. To 
avoid this, repeaters are switched in, thus 
reducing the over-all loss, There are no 
objectionable effects because of echoes or 
singing because at the point where these 
repeaters are inserted the circuit is four- 
wire, and thus there are no hybrid coils 
to act as a source of additional echoes. 
The hybrid coils, where the four-wire 
circuit is connected to the outgoing two- 
wire line, are precision networks, and 
even with the additional gain the echoes 
do not become objectionable, the two-wire 
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balances with precision networks inserting 
loss in the echo returned toward the sub- 
The insertion of repeaters is 
done automatically depending upon 
markings associated with the two lines 
connected. 

These high-loss two-wire lines may be 
lines to other toll offices or connecting 
trunks to local offices. The determina- 
tion of which trunk should be high loss 
and which low loss depends upon the 
economy which may be obtained in out- 
side plant and terminal repeaters com- 
pared to the cost of providing additional 
gain when it is required. 

Switching pads are provided on four- 
wire toll lines and on two-wire toll lines 
with terminal repeaters to permit the loss 
to be adjusted for the different types of 
connections that may be involved. With 
two-wire switching, special hybrid coil 
arrangements and means for inserting or 
removing switching pads were necessary 
to permit satisfactory talking in both di- 
rections on four-wire circuits. 

Potentially, four-wire switching offers 
considerable promise. The percentage of 
four-wire toll lines will increase in the 
future both because long circuits tend to 
increase at a greater rate than do shorter 
circuits and because the general use of 
carrier throughout the toll plant will tend 
to reduce the minimum lengths of four- 
wire toll lines which are economical. 
With four-wire circuits and four-wire 
switching in general use, many improve- 
ménts in echo suppression and volume 
control would become possible and eco- 
nomical. 


Progress of Calls Through the 
System 


The manner in which a connection is 
established through the crossbar equip- 
ment may be demonstrated by pointing 
out the function of each item of equip- 
ment in Figure 3 as the call progresses. 
For this purpose it is not necessary to 
know the composition of the individual 
parts, which will be described later. 

The crossbar switches on which the in- 
coming trunks and toll lines are termi- 
nated are assembled in groups called in- 
coming link frames, and those on which 
the outgoing trunks and toll lines are 
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terminated are called outgoing link 
frames. These two types of link frames 
are interconnected so that any incoming 
trunk or toll line may be connected to any 
outgoing trunk or toll line. 


DIAL OR Kry-PULSING CALL 


The example previously used of the 
subscriber in Philadelphia who has origi- 
nated a toll call to Harrisburg 6-5432 
may again be employed. The outward 
operator selects a “‘tandem”’ trunk con- 
necting to the crossbar toll switching 
equipment. Relays associated with this 
tandem trunk in the crossbar system sig- 
nal the sender link frame that an incoming 
sender is required. A controller circuit 
then becomes attached to the sender link 
frame and connects the tandem trunk 
through the frame to an incoming sender. 
The operator then keys or dials the code 
321, which is assigned to the Harrisburg 
toll-line group. She also keys the called 
number 6-5482, and these digits as well as 
the code digits are recorded by the sender. 
The sender in turn obtains access to a 
marker and transmits the Harrisburg code 
to it. This code is registered and trans- 
lated by the marker which causes a route 
relay in the marke to operate. This re- 
lay directs the marker to the proper trunk- 
block connector where the test leads for 
all the toll lines to Harrisburg are located. 
Upon gaining access to the connector, the 
marker selects an idle toll line and imme- 
diately makes that line appear busy to 
other calls. 

To connect the tandem trunk to the se- 
lected Harrisburg toll line, the marker 
must identify the incoming and outgoing 
link frames on which these are located. 
The signal identifying the outgoing link 
frame is furnished to the marker over a 
lead from the outgoing toll line through 
the trunk-block connector, while the in- 
coming link frame is identified by a signal 
which the marker receives from the tan- 
dem tiunk over one of the leads through 
the sender link frame, and the sender. 

The marker then gains access to the in- 
coming and outgoing link frames involved 
and excludes all other markers from these 
frames. It then selects an idle path 
through these frames and operates the 
proper magnets of the crossbar switches 
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to establish the connection. After this 
the marker releases and disconnects itself 
from the incoming and outgoing link 
frames as well as from the sender and the 
trunk-block connector. The total time 
required for the marker to perform all its 
functions is about one second. 

When the toll line to Harrisburg has 
been selected, an outgoing sender will 
become associated with it through a sender 
link frame under the direction of a con- 
troller. The incoming sender will then 
transfer the called number to the out- 
going sender, and that sender will control 
the switching equipment at Harrisburg 
through which the call is completed. 
Upon completion of their functions, the 
incoming and outgoing senders are dis- 
missed. 


. 


Rinc-Down CALi 


When, as in the case of the call to 
Chicago, the outgoing toll line is arranged 
for ring-down operation, the outgoing 
sender is not used. The operator will key 
only the code number of the toll-line 
group. This is sufficient to cause the call 
to be routed to the Chicago toll line as 
described for the previous call. A ring- 
ing signal is then transmitted by relay 
equipment associated with the toll line to 
signal the Chicago operator. 


CALLS REQUIRING OPERATOR ASSISTANCE 


Incoming calls from ring-down toll 
lines require operator assistance at the 
crossbar toll office as previously men- 
tioned. An incoming signal from such a 
toll line causes the line to be connected 
through an operator link frame to an 
operator position. This position is of the 
cordless type and is equipped only with 
keys and lamps. The operator is auto- 
matically connected to the toll line and 
receives the necessary details of the in- 
coming call from the outward operator. 
She then operates keys which cause the 
called number to be registered in a sender 
associated with the position. This sender 
is then associated with a marker, and the 
call is completed in the manner previously 
described. 

In general, the operator at the crossbar 
toll office is released from the call as soon 
as the positional sender has completed 
its functions. If the call is not com- 
pleted, as when the called subscriber’s 
line is busy, an operator is reconnected to 
the call, and the status of the call is in- 
dicated by lamp signals at the position. 
The operator then makes the proper oral 
report to the calling operator. If the 
crossbar toll operator is required to take 
further immediate action on a call, the 
operator may remain associated with the 
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call even after the called number has been 
registered in the positional sender. This 
is accomplished automatically under con- 
ditions always requiring this association, 
or the operator may operate a key to re- 
tain association with the call. 


THROUGH CALL REQUIRING A SWITCHED- 
IN REPEATER 


If an- incoming call from either a dial 
or ring-down toll line is switched to an- 
other toll line of either variety and both 
lines aré high loss, a switched-in repeater 
is required. The marker is told by a d-c 
potential on a lead of the incoming line 
that it is high loss and by a contact of the 
route relay associated with the outgoing 
toll-line group that the outgoing line is 
high loss. Under these conditions, as 
soon as the marker has established the 
connection, it will send a signal to the 
outgoing line which will cause it to call 
for a repeater. A controller will there- 
upon be attached to the repeater link 
frame on which the outgoing line appears 
and will insert a repeater in the connec- 
tion. The marker and controller are re- 
leased as soon as their functions are com- 
pleted, and the repeater remains con- 
nected for the duration of the call. 


Principal Elements of the System 


1. INCOMING AND OUTGOING LINK 
FRAMES 


A “frame” is an assembly of switches 
interconnected as an electrical unit to 
serve a group of either incoming or out- 
going lines. The incoming and outgoing 
link frames are composed of a primary 
and a secondary bay of switches, each ten 
switches high, with as many supplemen- 
tary bays as are required to accommodate 
the number of trunks necessary to make 
efficient use of the call-carrying capacity 
of the frame. Incoming trunks appear 
on the primary and supplementary 
primary bays of the incoming frames, and. 
outgoing trunks appear on secondary and 
supplementary secondary bays of outgo- 
ing frames. Each bay has a capacity of 
100 trunks. The links connecting the 
primary and secondary bays are called A 
links, those connecting the secondary 
bays of the incoming frames and the pri- 
mary bays of the outgoing frames are 
called B links or junctors, and those 
connecting the primary and secondary 
bays of the outgoing frames are called C 
links, Each incoming frame has connec- 
tions to all outgoing frames but none to 
other incoming frames, and the reverse 
is true of outgoing frames. A simplified 
schematic diagram of the arrangement is 
indicated in Figure 9. 
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It will be noticed that A and-C links in- 
terconnect switches on a frame, while B 
links interconnect frames. The pattern 
of A and C links is fixed, and there are 
always 200 on a frame in ten groups of 20 
each, so that each trunk has access to 20 
A or Clinks. While the distribution of B 
links follows an orderly pattern, it will 
vary with the number of frames, which is, 
of course, dependent upon the size of the 
office. 

There are always at least 20 B links 
from each incoming frame to each outgo- 
ing frame and therefore 20 paths by which 
an incoming trunk can reach a particular 
outgoing trunk. Each path consists of 
three links in series, and between any one 
incoming and any one outgoing line, a 
particular A link can be used with only 
one particular B and C link, and thus, if 
one is busy, the entire path’ is unavail- 
able for use on the call. The method of 
selection employed by the markers is such 
that the lowest numbered path, all ele- 
ments of which are idle, is used. This is 
the simplest method and has the addi- 
tional advantage of giving a lower proba- 
bility of blocking a call because of ina- 
bility to match links than would a random 
choice of links. 

Since there are only 200 B links per 
frame and 20 links to each opposing frame 
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Figure 8. Typical transmission paths through 
switching offices 


are required, the size of an office would 
seem to be limited to ten incoming and 
ten outgoing frames. This limit is ex- 
tended to 20 of each, however, by the 
simple device of providing a supplemen- 
tary bay of secondary switches on incom- 
ing frames, and by multiplying Blinks on 
pairs of frames so that each may share the 
links of the other. An office with 20 in- 
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coming frames and 20 outgoing frames ‘is 
comparable in size to a 10,000-line local 
crossbar office. : 

In the Philadelphia installation it was. 
found desirable to provide two separate 
trains of switches, one for outward and 
through traffic, the other for inward 
traffic. The system is described in this 
paper, however, as a single train system, 
since all that is required for a clear under 
standing of its operation may be pre- 
sented on that basis. 


2. OPERATOR LINK FRAMES 


As shown in Figure 3, an operator link 
frame is used to connect incoming manual) 
trunks to operators’ positions. It is com- 
posed of 100-point (ten by ten) crossbar 
switches in primary-secondary alignment 
and accommodates 100 trunks on the 
primary side and 40 cordless positions on 
the secondary side. Each group of ten 
trunks is served by four links, each of 
which gives access to ten positions. 
Figure 10 depicts half an operator link 
frame, the other half being an exact du- 
plicate of it with the trunks multiplied to 
both halves. 

The establishment of connections 
through operator link frames is directed 
by a group of controllers in much the 
same manner as the markers direct con- 
nections through incoming and outgoing 
frames. The controllers gain access to 
trunks, links, and positions through con- 
troller connectors consisting of multicon- 
tact relays. 

To obtain substantially uniform treat- 
ment of calls and particularly to guard 
against ‘‘orphan calls,” the “gate” prin- 
ciple of serving them is employed. When 
a controller is attached to a link frame, it 
scans the ten subgroups of trunks and ad- 
mits within the gate all which have at 
least one waiting call. Those which have 
no waiting call will be locked outside, and 
calls which may subsequently arrive on 
them will not be served until the frame 
has been released and has secured a new 
controller, The controller then selects 
one of the admitted subgroups and locks 
out the individual trunks of that sub- 
group which do not have waiting calls. - 
Having served all accepted waiting calls 
in that subgroup, it proceeds to the next 
subgroup, treats.it in the same manner, 
and so continues until all subgroups ad- 
mitted within the gate have been served. 
It then releases the frame and so marks it 
that it will not again serve that frame un- 
til all other frames having calls waiting at 
that time! have been served.. When op- 
erators are available, the time required to — 
serve a call is less than a second, 


Several precautions are taken to insure 
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~ even distribution of the load to operators: 


(a). A standard pattern for cabling posi- 
tions to link frames has been carefully con- 
structed with that end in view. 


(6). Half of the controllers test for idle po- 
sitions in one direction, the other half in the 
opposite direction. 


(c). The position appearances on the 
frames are divided into small groups, and a 
controller starts testing with a different 
group on each call until a complete cycle has 
been made, 


3. SENDER LINK FRAMES 


Sender link frames are similar to opera- 
tor link frames and are used to give ac- 
cess to both incoming and outgoing send- 
ers. Two-way dial toll lines appear only 
on incoming sender link frames and obtain 
access to both types of senders through 
them, a portion of the outgoing senders 
being multipled to some incoming sender 
link frames for that purpose. The con- 
nections through sender link frames are 
directed by controllers in the manner 
described for operator link frames. 


4. REPEATER LINK FRAMES 


Repeater link frames are similar in con- 
struction and operation to operator and 
sender link frames but provide 60 links 
giving access to 60 repeaters to serve 100 
outgoing toll lines. The greater link ca- 
pacity is required because the repeaters 
are held for the duration of the conversa- 
tion. 


5. CORDLESS SWITCHBOARD POSITIONS 


The switchboard positions are of the 
cordless type, all functions performed by 
the operator being effected by key opera- 
tions. The physical appearance of the 
switchboard is shown in Figure 11. 

Calls reach a position through three 
channels known as loops, and it is the 
loops which appear on the operator link 
frames. Triplicate channels are provided 
to permit calls which require continuing 
attention by the operator to be held on 
the position and to permit overlap opera- 
tion, that is, the admission of a new call 


to a position before complete disposition ~ 


has been made of a previous call. Each 
loop appears on the position as a key and 
three associated lamps. Normally calls 
are connected to the operator’s telephone 
circuit automatically, but, when a loop is 
held to her position, she may connect her 
telephone circuit to it at will, and the key 
is provided for this purpose. The lamps 
are: 


(a). A guard lamp which flashes when the 
loop is connected to the operator’s telephone 
circuit. 

(6). A busy lamp which is- lighted steadily 
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as long as the loop is held to a trunk through 
the link frame. 


(c). A supervisory lamp which follows sig- 
nals received from the called trunk. 


A complete sender is associated with 
each position and appears on the marker 
connector frame for connection with the 
marker. To permit overlap operation, 
however, the sender is actually divided 
into two parts, that part concerned with 
the code digits being associated with the 
operator’s telephone circuit and the re- 
maining part functioning independently 
as a normal incoming sender. The two 
parts may be simultaneously connected 
to two different trunks through two of the 
position loops. 

The keyset used by the operator in 
pulsing consists of 11 strips of ten-button 
keys and a start key. The setting of the 
first three stiips is transferred to the 
marker for selection of the called trunk, 
and that of the remaining strips is trans- 
mitted to an outgoing sender, or to a 
sender in a distant office if the outgoing 
trunk is to an office equipped to receive 
a-c key pulses. 

A number of Jamps and keys common 
to the position are provided to apprise 
the operator of the proper course of 
action to be foJlowed and to enable her 
to take the necessary action to meet the 
various conditions which are presented 
to her. 


6. SENDERS 


The function of a sender is to accept in- 
coming pulses, interpret them, register 
them as numerical digits, and transmit 
them forward for the purpose of control- 
ling switching operations. The wide 
variety of trunks which must be inter- 
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Figure 9. Links between incoming and out- 
going trunks 


connected by this system has made it ad- 
visable to provide separate incoming and 
outgoing senders, and to transfer to the 
outgoing senders those digits which must 
be used to control switching operations in 
distant offices. Although this method of 
operation results in several types of send- 
ers in the office, each sender is less com- 
plicated, since it may be arranged for 
only the kind of pulsing required by the 
trunks with which it is associated. Out- 
going trunks arranged for a-c key pulsing 
do not require an outgoing sender, the 
pulses being sent from the incoming 
sender directly to a receiving sender in the 
distant office. 

There are two groups of incoming send- 
ers, one arranged to receive dial pulses, 
the other to receive a-c or d-c key pulses. 
Both are arranged to transmit either d-c 
pulses to an outgoing sender in the same 
office or a-c key pulses to a sender in a 
distant office. D-c key pulsing represents » 
digits by combinations of high and low 
conditions of two polarities of battery 
over two wires and ground and is limited 
to use between items of equipment in the 
same building. A-c key pulsing employs 
combinations of frequencies in the voice 
range, and may be used for any distance. 
The key-pulsing senders are signaled by a 
d-e potential on a lead of the incoming 
trunk whether to prepare for reception of 
a-c or d-c pulses. 

There are also two groups of outgoing 
senders, one arranged to transmit either 
the type of pulses required by the equip- 
ment in local panel offices or the type used 
to reach manual offices in a panel area, 
the other to transmit either dial pulses | 
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of the type used to drive step-by-step . 


equipment or call announcer pronounce- 
ments to manual offices equipped for their 
reception, A d-c potential on a lead of the 
outgoing trunk tells the sender which 
kind of pulsing to transmit. 


‘7. MARKER CONNECTORS 


Marker connectors give incoming send- 
ers and cordless position senders access 
to markers. They are composed of multi- 
contact relays. One marker connector 
frame gives 18 senders access to all mark- 
ers through two separate channels. Each 
sender, therefore, appears twice on marker 
connectors and each marker as many 
times as there are marker connectors. 


8. TrRUNK-BLOcK CONNECTORS 


A group of outgoing trunks to a par- 
ticular destination is spread evenly over 
outgoing frames. To enable the marker 
to test the desired growp and select an 
idle trunk, however, it is necessary to as- 
semble test leads representing the group 
at some point. The sleeve and select 
magnet leads of all trunks are brought to 
the trunk-block connector for this pur- 
pose. 

A single connector accommodates 400 
trunks with duplicate appearances and 
gives all markers access to them. A 
block consisting of 40 trunks may be a 
complete trunk group so far as destina- 
tion is concerned, only part of a group, or 
several groups. 

The select magnet lead which is brought 
through the trunk-block connector car- 
ries information to the marker identifying 
the location of the trunk on the outgoing 
frame. Since it is frequently necessary 
to make temporary reassignments of toll 
lines, the trunk-block connector is supple- 
mented by assignment patching jacks 
through which the sleeve and select mag- 
net leads of many toll lines are carried. 


9. MARKERS 


The several hundred relays comprising 
the marker, which is the “‘brains’’ of the 
system, form a number of related but 
somewhat independent groups with dif- 
ferent duties to perform. Only the more 
important of these will be discussed. 

One group of relays checks the integrity 
of the leads between the incoming sender 
and the marker. A second group regis- 
ters the three digits comprising the code 
for the outgoing trunk group. A third 
group, part of which are of the multicon- 
tact class, serves to convert the three- 
digit registration into the marking of a 
single terminal which may be cross-con- 


' nected to a route relay representing a 
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particular outgoing trunk group. These 
route relays constitute another group. 

Each marker is equipped with a route 
relay for each trunk group to be reached. 
The route relay carries contacts which are 
connected to punchings providing infor- 
mation as to the nature of its associated 
trunk group and the means of locating it. 
Some punchings guide the marker to the 
selection of the trunk block on which the 
group appears and tell it where to begin 
and end testing of the trunks in the block. 
Others tell it whether the trunks are of a 
variety requiring the insertion of voice re- 
peaters on some connections and supply 
information to control the action of in- 
coming senders and cordless positions. 

In another group 40 relays are simul- 
taneously connected to the sleeve leads 
of the trunks through the trunk block in 
order to select an idle trunk in the desired 
group. Another group of relays tests A, 
B, and C links, matching them for an 
idle path through the switches of the in- 
coming and outgoing frames. A chain of 
20 pairs of multiwound relays is used for 
this purpose. In setting up a connection, 
an A, a B, and a C link in series form one 
channel, and a set of this sort is connected 
to three of the windings of each pair of 
test relays. If any winding is energized, 
the associated channel is unavailable for 
use on the connection. The first pair of 
relays in the chain remaining unoperated 
selects the channel to be used. 

A set of vacuum tubes and filters is 
used for frame identification, that is, for 
determining on which frames the two 
trunks to be interconnected are located. 
This information is presented to the 
marker in the form of three frequencies 
imposed on the select magnet leads of the 
trunks. The frequencies used are the 
odd harmonics of 85 cycles from 425 cycles 
to 1,615 cycles. : 


A-C Key Pulsing 


One of the interesting new features of 
this switching system is the use of a-c key 


Abraham, Busch, Shipley—Crossbar Toll Switching 


SIX SECONDARY SWITCHES A i 


cretion! 
LOOP NO. 9 


9 18 WIRES: 
Figure 10. Opera- 
tor link frame 


Only half of the 
switches are shown; 
12 primary and 12 
secondary switches 
are used to provide 
access tor 100 trunks 
to 'O operator loops 


18 WIRES 


pulsing to transmit digits over toll lines, 
Exchange names and subscribers numbers 
have previously been transmitted by d-c 
key pulsing within an office, but this is not 
practicable for transmission over long 
toll circuits. A-c key-pulsing signals, 
however, can go wherever the speech cur- 
rents can go and at the same speed, so 
there is no limit on the range of this 
method. 

When an operator uses a suitable key- 
set or when the sender recognizes by suit- 
able marking that the circuit over which 
it is to send a number is equipped for a-c 
key pulsing, a KP signal is sent out which 
consists of 1,100 cycles and 1,700 cycles, 
simultaneously. At the distant end, the 
reception of the two frequencies makes 
the a-c key pulsing receiver sensitive to 
further signals. The numbers or letters 
are then sent one at a time, each repre- 
sented by two of the frequencies 700, 900, 
1,100, 1,800, and 1,500 cycles. Finally, 
a signal consisting of 1,500 and 1,700 


_cycles simultaneously is sent to indicate 


the end of the number and to make the 
receiver insensitive again. The receiving 
sender then proceeds to set up the call, 

The receiver is insensitive to other cur- 
rents such as noise or speech, except dur- 
ing the interval while the signals are being 
sent. To avoid a false KP signal and to 
protect against wrong numbers during the 
sensitive interval, the receiver is arranged 
so that two and only two frequencies can 
indicate a number. If the proper signals 
are not received, supervisory signals are 
sent back to notify the operator originat- 
ing the call by a flashing light that she 
must put the call through again. 

By a-c key pulsing, it is possible to 
transmit numbers over any satisfactory 
telephone circuit faster than any opera- 
tor can send them. An incoming dial 


sender of the new system, for example, re- 


ceives numbers from an operator at the 
calling end of the trunk at the rate of 
about one digit per second, while it will 
send numbers over the outgoing trunk at 
the rate of ten digits per second. The 


4 


ELECTRICAL ENGINEERING 


‘ 


use of pulsing also gives a one-way check 
of the transmission continuity of the toll 
line. « 


Facilities for Handling Delayed 
Traffic 


The cost of long-distance circuits has 
to date rendered it imperative to engineer 
them on a delay basis in order to maintain 
toll service at a reasonable cost to the 
subscriber. This means that in the busy 
hours, calls will frequently encounter ‘‘no- 
circuit’ conditions. Under such condi- 
tions it becomes desirable to relieve opera- 
tors of the burden of making repeated un- 
successful attempts to secure a circuit. 
This purpose is accomplished by means 
of overflow circuits. 

An overflow-control circuit is asso- 
ciated with each toll-line group appearing 
on outgoing frames and permits a maxi- 
mum of from one to four simultaneous 
connections to it depending on the size 
of its associated toll-line group. The 
trunk circuits affording entrance to the 
overflow-control circuit appear on the 
trunk-block relay along with the asso- 
ciated toll lines. A call for a group hav- 
ing all circuits busy is connected to over 
flow. As long as all circuits are busy, the 
overflow circuit returns a slow flash to all 
incoming circuits connected to it, and, 
when a circuit becomes available, a fast 
reorder flash is returned. If all circuits 
of a group are busy and all of its asso- 
ciated overflow trunks are also busy, the 
call will be routed to one of a group of 
master busy trunks common to the office. 


Master busy trunks return a distinctive 


irregular flash. 

The flashes are returned to the originat- 
ing operator on calls employing dial toll 
lines or tandem trunks. On calls coming 
in over ringdown toll lines, the cordless 
operator is held if the connection is routed 
to overflow. She is given a lighted over- 
flow pilot lamp, and the loop is automati- 
cally locked to her position so that she 
may subsequently take action when a 
circuit becomes available. 

Occasionally in normal times, very 
heavy overloads of traffic on some groups 
occur because of holiday demands or un- 
predictable catastrophes. Under war 
conditions these overloads occur rather 
frequently. When they occur, calls tend 
to accumulate in quantities which will 
tax the capacity of an affected trunk 
group for extended intervals. — 

Under these conditions, facilities are 
required to enable the operating force to 
serve calls as nearly as practicable in order 
of their filing time. For this purpose, a 
manual call-order board is provided. 
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This board is similar to other cord switch- 
boards except that twin plugs and jacks 
are used so that through calls may be es- 
tablished on a four-wire basis. The call- 
order operator establishes a through con- 
nection by first plugging one end of a cord 
into a tandem trunk and keying over it 
to secure the toll line, then repeating the 
operation with the other end of the cord 
to secure the other toll line. Her posi- 
tion is equipped with a ten-button keyset. 
Whenever circuit groups become so con- 
gested that calls cannot be served within 
five or ten minutes, call orders for through 
calls are assembled at the call-order board. 

When congestion develops to the point 
where delay must be quoted, a patch is 
made from the overflow-control circuit 
to a delay-quoting trunk appearing in the 
call-order switchboard. As long as con- 
nections are in overflow, a call-order op- 
erator will repeatedly quote the delay 
indicated by the trunk, When the patch 
has been made, all operators except those 
at the call-order board are denied access 
to the group. The outward operators 
in the same toll-center area must then 
leave requests with the call-order opera- 
tors to secure circuits for them. 


Maintenance Facilities 


Perhaps the most interesting of the 
maintenance facilities is the marker 
trouble indicator, When a marker en- 
counters trouble in the process of setting 
up a connection, it calls in the trouble in- 
dicator and leaves a record of the trouble. 
The record is displayed on lamps which 
indicate how far the marker had pro- 
gressed with the call, what individual 
equipment items had been involved, and, 
where possible, the nature of the trouble 
encountered. 

A similar trouble indicator on a smaller 
scale is provided for controllers. Auto- 
matic routine testing equipment for send- 
ers and outgoing trunks is also provided. 

The new toll testboard associated with 
the system carries twin-jack appearances 
of toll lines to permit four-wire switching. 
It is aldo equipped with dialing and key- 
pulsing apparatus to enable it to operate 
with the mechanical equipment. 


Traffic Meters 


A comprehensive set of measuring ap- 
paratus is provided to keep the supervi- 
sory force informed as to the performance 
of the office. This equipment, consisting 
of ampere-hour meters, ammeters, record- 
ing ammeters, message registers, and 
lamps records traffic load carried by vari- 
ous elements of switching equipment, de- 
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layed calls, and other items of interest 
to the office management and to the 
traffic engineer. 


Conclusion 


The new switching system offers many 
improvements over the switching equip- 
ment which has been in use in the large 
toll centers in the past. 

Transmission objectives are met with 
greater ease, and substantial economies 
are made in the outside plant and in re- 
peater equipment. 

It provides facilities which enable out- 
ward toll operators to direct the establish- 
ment of connections without the aid of in- 
ward or through operators. This results in 
operating economies and improved serv- 
ice to the subscriber. The provision of 
a cordless switchboard to handle traffic 
which must remain for some time on a 
ring-down basis enables that traffic also 
to be handled more expeditiously and 
with operating economies. 

The use of senders and markers for 
controlling the establishment of connec- 


Cordless switchboard 


Figure 11. 


tions will undoubtedly play an increas- 
ingly important part in future long-dis- 
tance switching, since these devices per- 
mit more complete mechanization of the 
long distance operating job. The switch- 
ing system which has been described is, 
therefore, inherently well adapted to meet 
the future requirements of the continu- 
ally improving long-distance-switching 
network now functioning in the United 
States. 
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Regulation of A-C Generators With 
Suddenly Applied Loads 


E. L. HARDER 
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ETERMINATION of the voltage 
drop at the terminals of small 
generators during the starting of rela- 
tively large motors has long been an im- 
portant problem, particularly in connec- 
tion with the starting of large motors on 
power-house auxiliary generators. In- 
terest in this problem has been greatly 
accentuated by the wartime application 
of many small a-c generators, in fixed and 
mobile locations, supplying motors of 
ratings amounting to an appreciable 
fraction of the generator rating. It is 
essential in such applications to be able 
to predict accurately the maximum volt- 
age drop in order to be sure that motor 
starters on the line will not drop out and 
that motors already running will not stall 
when large additional loads are started. 
Other types of apparatus are critical to 
low voltages of short duration, particu- 
larly if such low voltages recur frequently. 
A practical method! has been available 
for some time for determining generator 
voltage-time curves following the sudden 
application of load. In this method the 
voltage-time curve is constructed by a 
step-by-step graphical process. In this 
paper equations are derived that yield 
directly the minimum voltage of the 
voltagetime curve. The calculation of a 
large number of specific cases using both 
these methods has indicated that many 
of the factors that enter theoretically 
into the problem have practically a small 
effect on voltage drop, and that by using 
average or typical values for the factors 
of small importance, the maximum 
voltage drop during motor starting can be 
expressed in curves in terms of only a few 
important parameters. 
A general study has been made to deter- 
mine the effects of varying independently 
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all of the factors entering into the regu- 
lation problem. This study demon- 
strates conclusively that average values 
can be used for the less important factors. 
As a result it has been possible to pres- 
ent sets of curves that show with ac- 
curacy the maximum voltage drop to be 
expected when motors of any size are 
started on generators of various char- 
acteristics. These curves can be used 
without involved calculation and with a 
knowledge of only the most essential 
factors entering into the problem; 
namely, the full voltage inrush current 
of the motor, the transient reactance 
and the open-circuit time constant of the 
generator, and the response of the ex- 
citer. Tables are included to show the 
average values of these various constants 
for generators and exciters commonly 
used; therefore, a fairly good approxima- 
tion to the maximum drop can be ob- 
tained from the information given in the 
paper without detailed information re- 
garding the equipment involved. 


Curves of Maximum Voltage Drop 


The final results of the studies de- 
scribed in this paper are the maximum- 
voltage-drop curves, Figure 1, for sud- 
denly applied low-power-factor load. The 
curves apply to a regulating system hav- 
ing essentially the elements shown in 
Figure 2. A direct-acting regulator 
varies resistance in the ‘field of a self- 
excited exciter to regulate the a-c genera- 
tor voltage. This system of regulation 
is the one most commonly used with a-c 
generators ranging in size from the 
smallest up to machines of several thou- 
sand kilovolt-amperes. While the curves 
were calculated for machines having self- 
excited exciters, they apply approxi- 
mately in the case of large machines 
having separately excited exciters. 

Figure 3 is a typical curve of the 
voltage-time behavior of a generator 
under suddenly applied Joad. The cal- 
culated points of this figure were ob- 
tained by means of equations derived in 
a later section of this paper. When a 
low-power-factor load is suddenly thrown 
on a generator, the terminal voltage 
drops suddenly as shown in Figure 3 be- 
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cause of internal reactance drop and then 
begins a gradual drop to a much lower 
value because of armature reaction. 
The initial drop initiates action of the 
voltage regulator, which removes. resist- 
ance from the exciter field. This causes 
the exciter voltage to begin building up, 
stopping the downward trend of genera- 
tor voltage and bringing this voltage back 
to normal. The most important single’ 
feature of this ‘“‘voltage-dip” character- 
istic is the maximum drop reached. En- 
tire dips involve times of 0.5 to 1.5 sec- 
onds, and the voltage is near its mini- 
mum value for several cycles. Conse- 
quently, the maximum drop, reached at 
the low point of a dip, is the criterion of 
undesired starter dropout, motor stalling, 
and other phenomena associated with 
low voltage. It is this maximum drop 
that has been plotted in the curves of 
Figure 1. 

The curves of Figure 1 show the maxi- 
mum voltage drop as a function of the 
amount of low-power-factor load added 
directly at the generator terminals for a 
wide range of values of generator tran- 
sient reactance. Families of curves of this 
type are given for various generator time 
constants and exciter responses. Table I 
shows probable minimum, maximum, and 
average values of the generator reactances 
affecting voltage drop. Figure 4 shows 
typical time constants of machines of 
different sizes and speeds. 


A summary of the basis for the curves 
of Figure 1 is given in Table II. Al- 
though derived on the basis of no initial 
load, the curves apply well for the mixed 
static and rotating initial loads usually 
encountered. The curves were calcu- 
lated under the assumption of 35 per cent 
power factor for the applied load. This 
is a typical starting power factor for 
squirrel-cage induction motors, and as 
shown in a later section wide variations 
in power factor from this typical figure 
will have little effect on the maximum 
drop. 

In the -determination. of maximum 
voltage drops from Figure 1, applied loads 
should be expressed in terms of per cent 
generator current at full voltage. In the 
calculation of the curves the added load 
was treated as a fixed impedance. The 
impedance of a normal induction motor is 
fairly constant at the locked-rotor figure _ 
at speeds up to at least 75:per cent of full 
speed, and a loaded induction motor will 
not normally reach this speed during the 
short time required for the regulator to 
stop the downward trend of generator 
voltage; therefore, in determining maxi- 
mum drops from Figure 1, induction 
motors can be assumed without signifi- 
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cant error to be fixed impedances during 
the starting period. 

Example: Suppose a 50-horsepower 440- 
volt induction motor, having 600 per cent 
starting current at full voltage, is to be 
started across the line on a 500-kva genera- 
tor of 30 per cent transient reactance. Full- 
load kilovolt-ampere input for a typical 
motor of this size is 48.2 kva. The full- 
voltage starting inrush is _ therefore 
6X48.2=290 kva or 58 per cent of genera- 
tor ting. With a generator time constant 
of 2.0\seconds and an exciter response of 
3.0 or higher, the maximum drop according 
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to Figure 1 is 17.5 per cent, or in other 
words the minimum voltage is 82.5 per cent. 
This provides considerable margin above 
contactor-dropout voltages of 65 to 70 per 
cent and the 70 per cent voltage at which a 
fully loaded motor of 200 per cent pull-out 
torque would stall if it were already running 
on a line supplied by the generator. 


Factors Influencing Voltage 
Regulation 


The maximum voltage drops have been 
given as functions of four principal pa- 
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rameters; namely, added load, generator 
transient reactance, generator time con- 
stant, and exciter response. There are a 
number of other factors entering into the 
equations for maximum voltage drop, but 
as will be shown these are generally 
minor factors, which can justifiably be 
represented by average values in deter- 
mining voltage drops. 

In this section all of the various factors 
that affect the terminal voltage of a 
generator during the starting of a large 
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Figure 1. Voltage drop versus suddenly applied load for generators with various transient reactances, xq’, time constant, Tao’, and 
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Figure 2. Essential components of excitation 
system with direct-acting regulator and self- 
excited exciter 


motor or other load are discussed. These 
are taken up in order, consideration being 
given first to generator characteristics; 
second, to exciter characteristics; third, 
to voltage-regulator characteristics; and 
fourth, to the characteristics of the Joad 
itself. In each case, to show the effect 
of a particwlar quantity, all other quanti- 
ties have been held constant at the aver- 
age values shown in Table II while the 
one quantity under discussion was varied. 
In general, the voltage drop is but little 
affected by variations of the minor 
parameters. However, from the curves 
given in this section, approximate cor- 
rections can be made for these lesser 
variables where such 
warranted. 


corrections are 


GENERATOR TRANSIENT RBACTANCE, Xq’ 


The curves of Figure 1 are plotted 
in terms of the saturated or rated-voltage 
value of transient reactance, Xq’sat, which 
is the value customarily supplied by the 
manufacturer as the transient reactance, 
xq’, of the machine. 

Actually two different transient re- 
actances are recognized by the AIEE 
The rated-voltage transient reactance is 
measured by short-circuiting the machine 
at normal voltage, no load. The test 
involves a transient current of, for ex- 
ample, four times normal current for a 
machine of 25 per cent transient re- 
actance. Since such currents introduce 
considerable saturation, the test gives a 
somewhat lower reactance than would be 
effective during motor-starting duty on 
the generator. 

The rated-current transient reactance, 
on the other hand, is measured with the 
machine voltage reduced at no load so 
that the transient current drawn on 
short circuit is just full-load current. 
Because of the low voltage used in this 
test, about 25 per cent of normal for a 
machine of 25 per cent transient react- 
ance, the degree of saturation is less, and 
the reactance measured is consequently 
somewhat higher than is effective under 
motor-starting duty. 

The transient reactance effective under 
usual motor-starting conditions lies be- 
tween the rated-voltage and rated-cur- 
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rent transient reactances. It has been 
found from test and also by analysis to be 
greater than the rated-voltage value by 
approximately one third of the difference 
between the rated-voltage and rated- 
current values. Figure 5 shows a test 
curve of generator voltage under sud- 
denly applied load without regulator 
action. Calculated curves based on 
rated-voltage and rated-current values of 
reactance, %q’sat and %g’unsat, Show that 
calculations based on a reactance greater 
than the rated-voltage value by one third 
of the difference between the rated- 
voltage and rated-current values would 
practically have coincided with the test 
curve, except for the initially high sub- 
transient component that appears in the 
test curve. The subtransient component 
was neglected in the two calculated 
curves and elsewhere in the paper be- 


Table |. Typical Values of Principal Factors 


Affecting Voltage Drop* 


Xd Xd’ sat Xp 
Two-pole turbine 1.10 0.155 0.09 
generators...... ye ‘s 
0.95-1.45 0.12-0.21 0.07-0.14 
Four-pole turbine 1.10 0.23 0.17 
generators...,.. ~ me =. 
1.00-1.45 0.20-0.28 0.12-0.24 
Salient-pole gen- p Gan Or) 0.37 0.32 
CTALOLS Hotels stale 3 4° Me 
0.60-1.45 0.20-0.50 0.17-0.40 
1.0 
Extiter respons, va. soe ss ose = 
0.5-3.0 
Regulator oper- -0.05 
ating time, — 
Seconds Aza e Eamets etal 0.03-—0.10 


* Reactances are per unit. Values below the line 
give the range of values, while those above give an 
average value. 


Table Il. 


Summary of Basis of Curves of 
Figures 1 and 6 


= a 


= 


The curves of Figure 1 are based on average 
constants and assumptions as follows: 


Direct-axis transient reactance xq used in calcu- 
lation = 1.07x4a'sat. 


Direct-axis 


synchronous reactance xd=1.20 per 
unit 


Quadrature-axis synchronous reactance %q=0.75 
per unit 


Excitation required for saturation at no load, 
norma) voltage —0.20 per unit 


Regulator equivalent operating time—0,05 second 
Added load—constant impedance, 0.35 power factor 
Initial load—zero 


Regulating system—shown in Figure 2 


The curves of Figure 6 are ‘based on the forego- 
ing assumptions and in addition the following, ex- 
cept for the one parameter varied in each case: 


Xa’est=0.25 per unit, xa’ =1.07 Xxd'eat=0.268 per 
unit 


T do' =3.0 seconds 
Exciter response = 1.0 


Added load—a 0.35 power-factor impedance which 
would draw 100 per cent of generator full-load cur- 
rent rating at normal voltage 
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cause subtransient effects are normally 
over before maximum voltage dips occtir. 

The ratio of rated-current to rated- 
voltage tratisient reactance varies from 
1.14 for average standard machines to 
1.3 or greater for more highly saturated 
lightweight machines built for mobile 
service. Thus, ‘greater by one third of 
the difference’ means from 1.04 to 1.10 
times the rated-voltage value, Xq'set- 
The curves of Figure 1 were calculated 
using a reactance of 1.07 xq’sat- 

Figure 6a shows the effect of generator 
transient reactance on maximum voltage 
drop for 100 per cent applied load. Dou- 
bling the transient reactance from 20 to 40 
per cent multiplies the maximum drop 
by only 1.38. This illustrates the small 
error involved in the use of the curves of 
Figure 1 when the effective reactance for 
motor-starting duty is other than 1.07 
times xq’ cat: 

GENERATOR SYNCHRONOUS REACTANCE, 

Xqg, AND SHORT-CiRCUIT RATIO 


As shown in Figure 6b, the maximum 
voltage drop increases with an increase in 
synchronous reactance. With the average 
generator and exciter characteristics upon 
which this curve is based, the change in 
maximum drop at 100 per cent applied 
load is about two parts in twenty five 
as xq is varied from 120 per cent down to 
100 per cent or up to 140 per cent. With 
20 per cent saturation at no load, the 
corresponding variation in short-circuit 
ratio is from 1.0 up to 1.2 or down to 
0.86. These variations from the average 
xq of 120 per cent are as large as are usu- 
ally encountered among normal machines, 
and the curves of Figure 1 can be used 
directly for normal machines without 
serious error for most purposes. 

An accurate figure for maximum volt- 
age drop may be required in some cases 
where generator synchronous reactance 
differs greatly from 120 per cent. The 
curves of Figure 1 can be used for the 
precise determination of drop in such 
cases by first expressing generator re- 
actances and the applied load on a new 
kilovolt-ampere base, such that xg on the 
new base is 120 per cent, and then apply- 
ing the curves. For example, suppose a 
low-power-factor load of 1,500 kva (ex- 
pressed at full voltage) is to be applied to 
a 3,000-kva generator having 30 per cent 
transient reactance and 150 per cent 
synchronous reactance. Suppose that 
the generator time constant is 4.0 seconds 
and the exciter has a nominal response of 
1.0. To determine the drop, express the 
transient reactance and the applied load 
on the kilovolt-ampere base upon which 
Xq@ is 120 per cent. The base in this case 
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will be 3,000 X 120/150=2,400 kva. On 
this’ base the transient reactance x,’ is 
30 X2,400/3,000=24 per cent, and the 
applied load is 1,500/2,400=62.5 per 
cent. From the curves of Figure 1, the 
maximum voltage drop is 15 per cent for 
62.5 per cent load applied to a generator 
having 24 per cent transient reactance, a 
time constant of 4.0 seconds, and an 
exciter of 1.0 nominal response. This 
same maximum drop would be obtained 
with the machine and load under con- 
sideration. 


GENERATOR OPEN-CircuUIT TIME 
Constant, 7,’ 


The maximum drop decreases as the 
time constant is increased, as shown in 
Figure 6c, In general, the time constant 
is longer for larger machines, typical 


values being givenin Table I. In view of. 


the relatively large effect of variations 
in this factor, it was selected as one of 
the four main parameters in the calcula- 
tion of Figure 1. 


GENERATOR QUADRATURE-AXIS 
SYNCHRONOUS REACTANCE, %,, AND 
SATURATION, 5 


As shown in Figure 6d, variation of 
%, has practically no effect on the maxi- 
mum voltage drop. This effect would be 
expected for low-power-factor loads, be- 
cause for such loads practically all the 
_ phenomena take place in the direct axis, 
quadrature-axis effects being relatively 
unimportant. 
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Figure 4. Typical open-circuit time constants 
of machines of different sizes and speeds 


a machine having above-average satura- 
tion. 


EXCITER RESPONSE 


The voltage of a self-excited exciter 
builds up at an accelerating rate in an 
exponential curve until limited by satu- 
ration. |The time constant of the ex- 
ponential increase is directly related to 
response as defined by the American 
Standards Association, as will be shown 


will reduce the drop more than indicated 
by the curve. 


REGULATOR OPERATING TIME 


After the voltage drops, the regulator 
requires a finite time to short-circuit the 
resistance in the exciter field circuit. 
While this is not an instantaneous proc- © 
ess, an equivalent regulator operating 
time can be used with negligible error. 
Sudden short-circuiting of the resistance 
at the regulator. operating time is 
equivalent to the actual gradual removal 
of resistance. The curves of Figure 1 are 
based on a “regulator operating time’”’ 
of 0.05 second, a fairly representative 
value for the direct-acting-type regula- 
tor. As shown in Figure 6g the drop is 
increased only 0.7 per cent out of 25 per 
cent, if this time is doubled; consequently, 
no great error is made in using the curves 
of Figure 1, based on a regulator operat- 
ing time of 0.05 second, for cases where 
operating time may be slightly greater or 
less than this figure. 


INITIAL LOAD 


The initial load on a generator in- 
fluences the voltage drop when addi- 
tional load is suddenly applied. As 
shown in Figure 6h, a static or constant- 
impedance initial load reduces the voltage 
drop caused by suddenly applied load. 
However, a load that draws additional 
cutrent as voltage decreases may in- 
crease the voltage drop. Such loads will 
be referred to herein as ‘‘dynamic’’ 
loads. For example, a running induction 
motor may drop slightly in speed during 
the voltage dip so that it actually draws 
an increased current and thereby increases 
the maximum voltage drop. The dy- 
namic initial load curve of Figure 6h is 
based on an initial load that draws con- 
stant kilowatts and power factor as the 
voltage varies. 
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in a later section. Below saturation the 
exciter voltage increases 2.718 times per 
time constant. 

As shown in Figure 6f, maximum gen- 
erator voltage drop is reduced sharply by ) 
an increase in response up to 1.0, but be- 
yond this point the gain is not as pro- 
nounced. The curve is based on a genera- 
tor time constant of 3.0 seconds. With 
shorter generator time constants, in- 
creases in the exciter response above 1.0 


a The increased excitation required for 
‘ ‘saturation in normal machines as com- 
% _ pared with that which would be required 
___ with no saturation enters into the voltage- 
drop calculation. An excitation at no- 
load normal voltage 20 per cent greater 
than that required to produce normal 
voltage on the air-gap line was used in 
-ealculating the curves. Figure 6e shows 
that the drop is not altered materially 
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Figure 5. Test and calculated voltage—time 
curves of an a-c generator with a suddenly 
applied reactive load 
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(d). Generator quadrature synchronous re- 
actance, X¢ 
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(g). Regulator operating time, h 


An initial load is usually some com- 
bination of static and dynamic loads, and 
the voltage drop with additional sud- 
denly applied load is therefore inter- 
mediate between the drop with an initial 
load entirely dynamic in character and 
the drop with entirely static initial load. 
Figure 6h indicates that the drop for such 
an average initial load condition is about 
the same as with no initial load; thus the 
curves of Figure 1, which were based on no 
initial load, apply with sufficient ac- 
curacy for most purposes where initial 
load is present, if such initial load is 
made up of a combination of static and 
dynamic load. 


CHARACTERISTICS OF APPLIED LOAD 


The curves of Figure 1 are based on a 
constant-impedance applied load, which 
as has been pointed out can be used to 
represent an induction motor during the 
starting period. In the curves the power 
factor of applied load was taken as 35 
per cent, a typical motor-starting power 
factor. The maximum voltage drop is 
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(6). Generator synchronous reactance, xa 
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at 0.80 power factor 


Figure 6. Effect of various factors on maxi- 

mum voltage drop when 100 per cent low- 

power-factor load is suddenly applied to an 
a-c generator 


For each curve only the factor given as the 
abscissa was varied, other factors being kept 
constant at values given in Table II 


practically the same for all power factors 
from zero to 40 per cent but decreases 
rapidly for power factors above this 
figure, as indicated in Figure 6i. 


Equations for Maximum Voltage 
Drop 


In this section equations are derived 
into which machine and load quantities 
can be substituted to give directly the 
minimum voltage of the voltage-time 
curve of a generator under suddenly 
applied load. A simple mathematical 
expression for the build-up of voltage of a 
self-excited exciter is derived, based on 
the ASA definition of nominal response. 
This expression is substituted into the 
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(f). Nominal exciter response, R 
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differential equation of generator internal 
voltage under closed-circuited armature 
conditions, and the differential equation 
is solved,-yielding an expression for the 
internal voltage as a function of time. 
An equation for the time at which the 
internal voltage is at its minimum value is 
derived. The time of minimum voltage, 
determined by means of the latter equa- 
tion, can be substituted into the genera- 
tor-voltage equation to determine the 
minimum internal voltage, from which 
the terminal voltage can readily be 
determined. 


ANALYTICAL APPROXIMATION OF EXCITER 
BuiiLp-Up 


The nominal response of an exciter is 
defined as the ratio to the nominal slip- 
ring voltage of the slope in volts per 
second of the straight line, beginning at 
nominal slip-ring voltage on the voltage— 
time curve and continuing for one-half 
second, under which the area is the same 
as the area under the actual no-load build- 
up curve over the same half-second in- 
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Table Ill. Characteristics of Generators and 
Exciters Used in Tests 


Group 1 Group 2 

Transient _—_react- 

ance, Xd'sat...... 0.218 per unit..0.170 per unit 
Synchronous react- 

NOS Anis. os, «= WB Fzs tig Waters 0.715 
Quadrature syn- 

chronous_react- | 

@NGS, Xae.... 200s OO OGE trttassrevey < 0.48 
Open-circuit time 

constant Tdo’..... 1.61 seconds. ..1.40 seconds 
Excitation required 

for saturation at 

no-load normal 

Voltage. ..3....... 0.183 per unit. .0.312 per unit 
Exciter response..... DELO Siaaie oO cee asunt Qt 
terval. Nominal slip-ring voltage is the 


voltage required at the slip rings of the 
main generator to generate full load at 
rated power factor. An illustrative cal- 
culation of nominal exciter response is 
given in Figure 7. 

The definition of nominal response 
suggests a means of approximating ana- 
lytically the voltage-time curve of an 
exciter when the only information avail- 
able about the exciter is its nominal 
response. In a self-excited exciter, ter- 
minal voltage builds up with an exponen- 
tially rising characteristic, following this 
characteristic until saturation limits it to 
a ceiling value. Over the unsaturated 
region of build-up, the voltage can be 
represented by an expression of the form 


ep =eye/" (1) 


in which e¢; is the initial value of e,, that 
is, the voltage at =0, e=2.718, and T, 
is a time constant depending upon ex- 
citer field and armature characteristics. 
Equation 1 can be used to represent the 
effect of an actual exciter by choosing the 
time constant T, so that the resulting 
curve has the same nominal response as 
the actual exciter build-up curve. Such 
a curve, having the same nominal re- 
sponse, will then follow fairly closely the 
actual exciter curve over the half-second 
tange beginning at nominal slip-ring 
voltage, and it can be used as a good 
‘approximation for voltages below nominal 
slip-ring voltage. Maximum voltage dip 
normally occurs with small and medium 
sized generators within one-quarter to 
one second after sudden application of 
load, and any departure of the analytical 
approximation from the actual curve 
within such times will be negligible. 
Use of the nominal response, which is 


_ based on the no-load build-up curve of the 


-exciter, to represent exciter build-up 


_ under load conditions, is a justifiable 
_ approximation for usual exciter pro- 


portions. This will be shown later by 


4 comparison of tests with calculations in- 


volving this approximation. 
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The curve of Figure 8 gives directly 
values of 7, as a function of nominal 
response. The derivation of this curve 
is given in Appendix 1. Exciter build-up 
can be represented by substituting into 
equation 1 the value of 7, from Figure 8 
corresponding to the response of the 
actual exciter. The initial exciter volt- 
age, determined by the excitation re- 
quirements of the main generator under 
load conditions preceding sudden appli- 
cation of additional load, should be sub- 
stituted for e. Figure 7 gives a compari- 
son of a typical exciter build-up curve 
with its analytical approximation, equa- 
tion 1. 


GENERATOR-FIELD-Circuir EQuaATION, 
ARMATURE OPEN-CIRCUITED 


In the analysis of generator voltages 
and currents that follows, attention 
will be confined to effects in the main 
field and armature circuits, that is, sub- 
transient currents in damper windings 
and pole faces will be neglected. The 
reason for this is that the time constant 
of decay of these subtransient effects 
is so short (on the order of two or three 
cycles) that their duration is negligible 
compared to the duration of the transient 
component. The transient time con- 
stants of normal machines and the time 
required for normal exciters to build up 
are so long by comparison that sub- 
transient effects will have disappeared 
‘after a sudden change in the armature 
circuit long before the lowest point of the 
voltage dip is reached. 

The differential equation for the field 
circuit of a generator with open-circuited 
armature is that for a simple series circuit 
with inductance and resistance: 


diy W.. 
RASA he) (2) 


In equation 2, L is field-circuit induct- 
ance, t, is field current, r is field resist- 
ance, and e, is exciter voltage, fixed or 
variable. If this equation is divided 
through by 7, and L/r is denoted by 
Ta’, the time constant of the field cir- 
cuit when the armature is open-circuited, 
it can be written 


+i=" (3) 


If 7,in equation 3 is expressed as a per- 
unit quantity in which one unit is the 
amount of field current required to 
produce unit voltage at no load on the 
air-gap line of the machine, it becomes 
identical with the per-unit value of eg, 
the direct-axis synchronous internal volt- 
age. That is, for each per-unit of value 
field current there is an equal per-unit 
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value of eg. Likewise e,/r can be ex- 
pressed in per-unit terms where one unit 
is the field current required to produce 
unit voltage on the air-gap line. If one 
unit of e, is taken as the exciter voltage 
required to force unit field current through 
the field resistance 7, equation 3 can be 
rewritten in per-unit terms as follows: 
de 


Tao’ a beg = ex (4) 


‘Fre_p-Circuir Equation Wiri CLosep- 


CIRCUITED ARMATURE 


When a sudden change takes place in 
the armature circuit of a generator, 
nearly all the internal voltages of the 
machine, including e,, undergo an in- 
stantaneous change, The one quantity 
that does*not change instantaneously 
during a transition from one operating 
condition to another is eg’, the direct- 
axis transient internal voltdge. This 
quantity is proportional to the total 
flux linkages with the field winding, which 
cannot undergo an instantaneous change, 

The fact that ey’ does not change during 
a transition makes it a convenient quan- 
tity to use in analyzing the effect of 
sudden load changes upon terminal volt- 
age. Theinitial value of e,’ can be deter- 
mined from the original operating condi- 
tions. This initial value can be used as a 
boundary condition in the solution of a 
differential equation for e’ after a tran- 
sition, and the resulting expression can be 
converted to terminal voltage by use of 
the new circuit constants. 

Wagner! has given the relation between 
éq and ey’ under closed-circuited armature 
conditions as 


r 2 
ea =a’ eee (5) 
ry? Kar Xae 
In equation 5 the subscript ¢ indicates 
the sum of a machine quantity and an 
external load quantity, that is 


Kar! = Xa! t+Kext 
1,=Tat+foxt 
and so on. 

In modifying equation 4, which ap- 
plies only when the armature is open- 
circuited, to get an expression for closed- 
circuit conditions, the change in the time 
constant Ty,’ caused by mutual effects 
between the armature and field circuits 
must be considered. Wagner has shown? 
that under closed-circuit conditions Ty,’ 
can be modified to give the equivalent 
closed-circuit time constant Ty’ as fol- 
lows: 


/ 
poe r+ xa Xat 
r+ Kaka 


Ta Tao! (6) 
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Substituting the closed-circuit time 
constant Ty’ for Ty’ in equation 4 and 
substituting for eg its value in terms of 
ea’ from equation 5, we get 


=ez (7) 


which is the differential equation for 
ég’ under closed-circuited armature con- 
ditions. 


SATURATION 


In the derivation of equation 7 satura- 

tion was neglected and eg was assumed 
to be equal under steady-state conditions 
to e,. Equation 7 can be corrected for 
the effect of saturation by subtracting 
directly from e, an amount of excitation 
corresponding to that used in overcom- 
ing saturation as the internal voltages of 
the machine vary. 
* In the graphical method of determining 
the voltage-time behavior of generators 
under suddenly applied load,! a step-by- 
step correction for saturation is made in 
the exciter voltage e, as the voltage be- 
hind the Potier reactance of the genera- 
tor varies. This correction, which is sub- 
tracted directly from e;, is the per-unit 
amount of excitation required for satura- 
tion on the no-load saturation curve at 
voltages corresponding to instantaneous 
values of the Potier voltage e,. Making 
the same correction in equation 7, calling 
the saturation component of excitation s 
and subtracting it from e, we get 


, / 
Tio’ = tay ea’ =ee—S (8) 


Calculation of a large number of specific 
cases using the graphical method indi- 
cates that over a wide range of conditions 
the correction s does not vary greatly 
from its value at no-load normal voltage. 
Analysis shows that this can be expected 
to occur for any normal range of machine 
constants and applied loads. For these 
reasons the saturation correction s has 
been assumed for convenience in solving 
equation 8 to be constant and equal to the 
per-unit amount of excitation required to 
overcome saturation at normal voltage no 
load. One unit of exciiation, as pre- 
viously noted, is the amount required to 
produce rated voltage on the air-gap line 
of the no-load saturation curve. Since 
the saturation correction s is a small 
quantity subtracted from the much larger 
quantity e,, the error introduced by 
assuming s constant is small. The slight 
effect on the maximum voltage drop of 
varying the quantity s over a wide range 
is shown in Figure 6e, which further con- 
firms the assumption that an average 
figure can be assumed for s without serious 
error. 
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GENERATOR VOLTAGE-TIME EQUATION 


In Appendix 2, equation 8 is solved 
under the assumption of constant satura- 
tion, e, being expressed in the form of 
equation 1. The resulting expression for 
the direct-axis transient internal voltage 
as a function of time is 


h 
= t 


Experimental Confirmation of ,_ 
Equations 


The validity of the equations just de- 
rived has been checked by oscillographic 
tests. Two groups of tests were made, one 
on each of two complete generator, ex- 


re 


Viel ee 
aTa'e @—$)Ta" Ta’ T;'F, al ee 

ogi =| Oe ease +[ ate ae = Se (9) 
Tao'(Te+Ta’) Tao Tao'(Te+Ta’) Tao’ 

in which ¢ is the initial exciter voltage in citer, and regulator setups. The com- 


per unit, determined by the excitation 
requirements of the generator under load 
conditions preceding the load change; 
T,/ is the generator transient time con- 
stant in seconds, defined by equation 6; 
Tz’ is the generator open-circuit time 
constant in seconds; 7), is the value read 
from Figure 8 corresponding to the re- 
sponse of the exciter; / is the equivalent 
regulator operating time; s is the per- 
unit excitation required for saturation 
at normal voltage on the no-load satura- 
tion curve of the generator; and eq,’ is 
the initial value of direct-axis transient 
internal voltage, calculated from the 
operating condition of the generator 
previous to the load change. For a 
generator initially operating at normal 
voltage, a per unit current 7, and a power- 
factor angle ¢, ea,’ in per unit will be 


‘ 1+(x¢q'+x,_)i sin p+xg% q's? 
ea, = 
; V 1+42xqi sin +2972? 


For a machine operating initially at no 
load, i=0 and ea’=1.0. Equation 10 
is derived in Appendix 3. The voltage 
eq’ given by equation 9 can be converted 
to terminal voltage e, by the following 
expression. 


(10) 


(11) 


€ 


= WV (cq? tre) (%ext?+Text”) ea! 


/ 
Xai Xqs tri? 


Most convenient use can be made of 
equation 9 in determining minimum e, by 
substituting in it directly the value of t¢ 
at which e,’ and e, have their minimum 
values. By differentiating equation 9, 
setting the result equal to zero, and solv- 
ing for t, it can be shown that the time at 
which these minimum values occur is 


h 


i gpa i 


binations were in both cases identical in 
their essential parts to the setup shown 
in Figure 2. 

In the first group of tests a large induc- 
tion-motor starting load was applied to a 
375-kva generator operating at various 
initial loads. The locked-rotor inrush of 
the motor at rated generator voltage was 
363 kva, or 0.97 per unit of generator 
rating, at a power factor of 0.41. Ex- 
citer response was 2.16, and the operating 
time of the regulator was 0.05 second. 
Characteristics of the generator used in 
this group of tests are given in Table III. 

A typical set of curves from an oscillo- 
gram made during this group of tests is 
shown in Figure 3. In this case the 
initial load on the generator was 0.20 
per unit at unity power factor. Points 
from the voltage-dip curve calculated by 
means of equation 9 are shown for com- 
parison. The calculated curve coincides 
closely with the test curve at minimum 
voltage and up to the time at which in- 
duction-motor speed approaches the 
maximum-torque point. The time of 
minimum voltage, determined by means 
of equation 12, coincides almost exactly 
with the actual time of minimum voltage 
from the oscillogram. 

Figure 9 shows a representative test 
result from the second group of tests. 
In this group a 386-kva motor-starting 
load was applied to a 187-kva generator, 
an added load of 2.06 per unit. For the 
test shown in Figure 9, the generator was 
operating initially at no load. Agree- 
ment of the calculated points with test 
results is close up to the point at which 
motor impedance changes. 


e:Ta’e” —(e—s—Tao!eas'/Ta’)(Tet Ta’) 


[meee | 
0.434(T,+T;") 


By substituting ¢ from equation 12 into 
equation 9 and applying equation 11, the 
minimum terminal voltage e, can be 
determined directly. 
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(12) 


ey Ta’€ 


The two tests presented were chosen at 
random from the two groups of tests 
made. Application of the equations in 
the determination of maximum voltage 
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Figure 7. Voltage build-up 
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Figure 8 (below). Time con- 
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drops in other tests of these two groups as 
well as to several other generator setups 
indicates that the equations can be 
expected to give maximum voltage drops 


well within the accuracy limits usually 


required in engineering applications. 


Conclusions 


As a result of the studies described in 


~ this paper the following conclusions have 


ee es 


- 


— 
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been reached regarding the importance of 
various factors affecting voltage drop 
with suddenly applied low-power-factor 
load: 


1. Inthe generator, the transient reactance 
and the open-circuit time constant are of 
prime importance. Reasonable variations 
in synchronous reactance have less effect. 
A method is presented of correcting for wide 
variations in synchronous reactance when 
using the voltage-drop curves. Variations 
in quadrature reactance and saturation have 
practically no effect on maximum drops. 


2. For self-excited exciters the nominal 
response adequately expresses for practical 
eases the effect of exciter characteristics 
upon maximum voltage drops. 


3. Regulator performance insofar as it 
affects maximum voltage drop is fully de- 
fined by the time required for the regulator 
to short-circuit the regulating resistance 
after a drop in voltage. 


4. Depending upon whether it is static or 
dynamic in character, the initial load may 
reduce or increase the voltage drop slightly; 


stant T. for self-excited exciter 


4 versus nominal response 


TIME CONSTANT Te— SECONDS 


0.20.3 050.7 1.0 
NOMINAL RESPONSE 


2.0 3.0 5.07010.0 


consequently, the assumption of no initial 
load gives a good representation of average 
initial load conditions. 


5. Variations in the power factor of the 
applied load from zero to 40 per cent have 
a negligible effect on the maximum drop. 
This range includes normal starting power 
factors for squirrel-cage induction motors, 
so that the curves apply for usual motor- 
starting problems. 


It has been generally concluded that 
maximum voltage drops can be expressed 
in terms of the four main parameters, 
generator transient reactance, generator 
open-circuit time constant, exciter re- 
sponse, and magnitude of suddenly 
applied load. 

Mathematical expressions for generator 
voltage as a function of time have been 
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derived, based on the assumptions of 
constant generator saturation and the 
representation of exciter build-up as an 
exponential. These approximations are 
shown to be justified. The curves of 
voltage drop were calculated using these 
expressions. 


Appendix I. Derivation of 
Curve of Exciter Time Constant T. 


From the definition of nominal response, 
the area in Figure 10 under the straight line 
between 0 and 0.5 second equals the area 
under the exciter build-up curve over the 
same period, and the slope of the straight 
line is the nominal response times the 
nominal slip-ring voltage, or Re,. Under 
the assumption made in the text that exciter 
voltage rises exponentially, these relations 
can be expressed as follows: 


pe y 
t/T 
Cn€ “dt =— 
- Sie 2 


Integrating equation 13 and solving for R, 
we get 


R=8T,(e'/?7¢—1) —4 


(13) 


(14) 


The curve of Figure 8 was plotted from 
the relation between R and 7, given by 
equation 14. 


Appendix Il. Solution of Differ- 
ential Equation for e.’ 


In the operational solution that follows, 
mathematical notation and the method of 
solution correspond to that used in refer- 
ence 3. In this notation H(t) represents the 
Heaviside unit function, and H(¢—h) repre- 
sents the delayed unit function, that is, the 
function which is zero for ¢t less than h and 
equal to unity for ¢ greater than h. 

The equation to be solved is equation 8. 
The quantity e;—s on the right-hand side 
must be expressed as a function of time. 
If the regulator operating time is called h, 
and if it assumed that the exciter build-up 
curve can be represented by the analytical 
approximation given by equation 1, the 
curve of exciter voltage after application of 
load will be as shown in Figure 11. The 


EXCITER VOLTAGE 


i) 0.5 
TIME, SECONDS 


Figure 10. Derivation of relation between 
response and time constant T, 


Area under straight sloping line equals area 
under curve between O and 0.5 second 
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function shown in this figure can be ex- . 


pressed in terms of unit functions as follows: 


t—h 


ee) eH) tae “HG=A): (8) 


Substituting equation 15 into equation 8, 
dividing by Ty’, and multiplying »s (as- 
sumed constant) by the unit function, we 
get 


deq’ 1 1 
'= H(t) —e, H(t —h 
dt Th ea aa ()-aH(t—h)+ 


t—h 
Te. . (16 
bak bisere SS ae 
Writing equation 16 in operational form 
(replacing d/dt by p), adding the operational 
form of ea’, the initial value of eg’, and 
dividing by p+1/Ty’ we get 


f e—s ee PP 
‘pte ci ay 
Tye! Aes neh 
do (e+) do (e+) 
pee?” pea,’ 


% ( it ay e % (17) 
do\ P Ta! 2 ig: p 7" 


Substituting equation 17 into the Brom- 
wich—Wagner complex integral to get eg’ as 


Figure 11. Exciter 
build-up curve, includ- 
ing delay caused by 
regulator operating time 


EXCITER VOLTAGE 


TIME 


a function of ¢, changing p to the complex 
parameter z, we have 


Hhosl (e,—s)€@dz 
ea 
Qri ; 1 
Bri do atta Pet fo 
1 ee “6 qz 
3 + 
at Son 
Br, 2 (s+ mF 
1 ee "edz 
70 pe ae as 
Br do\ 4 Tay cae! ie 
if eay'€"dz 
Qari 1 (18) 
Bry ath 


from which, upon evaluating the complex 
integrals and simplifying, we obtain equa- 
tion 9, 
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Figure 12. Two-reaction vector diagram of a 
salient-pole synchronous generator 


Mathematically this equation is not valid 
for ¢ less than h (see reference 3), but this 
is not important in the determination of 
maximum drops because the minimum 
value of eg’ will always occur at a value of ¢ 
greater than h, that is, after the regulator 
has operated. 


Appendix Ill. Derivation of Ex- 
pression for Initial Value of e,’ 


Figure 12 is a portion of the conventional 
two-reaction vector diagram for a syn- 
chronous machine. The direct-axis tran- 
sient internal voltage ey’ is the projection of 
the transient voltage e, upon the direct 
axis. That is, assuming unit terminal 
voltage, 


eg’ = cos 6+xq'i sin (¢+58) (19) 


Upon expanding the last term of equa- 
tion 19, we get 


ea’ = cos d+xq' a sin ¢ cos 5-+xq’i cos ¢ sin 6 


(20) 
From Figure 12 
Tapper. (21) 
‘  1+xq sin ¢ 
from which 
We Xt! 
Cos 6= wi ikdat kd (22) 
WV 142048 sin +x 971? 
and 
Siné = Xqt cos p (23) 


V 1+-2uqi sin 6+ x92? 


Substituting equations 22 and 23 into 
equation 20, we get equation 10. 


Nomenclature 


Per-unit values are used for all quantities 
except where specifically denoted otherwise. 


€=2.718 
€a=direct-axis synchronous internal 
voltage 
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eq’ =direct-axis transient internal volt- 
age if) 
ea,'=initial direct-axis transient inter- 
nal voltage 
e;=transient internal voltage 
én =nominal exciter voltage 
e;=generator terminal voltage 
e, =exciter terminal voltage 
€, =initial exciter terminal voltage 
h=regulator operating time 
H(t) =Heaviside unit function ve 
H(t—h) =delayed Heaviside unit function, 
that is, the function which is zero 
for ¢ less than hk and unity for ¢ 
greater than h 
7=armature current. In the Brom- 
wich-Wagner complex integral 
t=~V/—-1 
ig=field current 
L=field inductance 
p=parameter used in operational 
form of time-dependent functions 
7a = generator armature resistance 
rext =external resistance, that is, load 
resistance at generator terminals 


r=T7la + Text 
R=nominal exciter response by ASA 
definition 


s$=per-unit excitation required to 
overcome saturation at no load, 
rated voltage 
t=time in seconds 
Tq’ =short-circuit transient time con- 
stant defined by equation 6 
Tao’ =generator open-circuit transient 
time constant 
T,=time constant of exciter build-up 
xqg=unsaturated direct-axis synchro- 
nous reactance 
Xat=XatXext 
xq’ =direct-axis transient reactance 
Xat’ =%Xq/ +%ext 
Xext =external reactance, that is, load 
reactance at generator terminals 
Xqg=quadrature-axis synchronous re- 
actance 
Xqt =Xq+tXext 
- g=complex variable parameter used 
in Bromwich-Wagner complex 
integral 
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Lightning Protection for Rotating 
3 Machines 


G.D.McCANN 


MEMBER AIEE 


\\ 
Synopsis: The high monetary value and 
low insulation levels of rotating machines 
make it necessary to employ special protec- 
tion. A rotating machine can be conceived 
as a transmission line with distributed con- 
stants, the essential difference being that the 
machine winding is wound back on itself in 
the form of turns, which may permit high 
voltage across the turn-to-turn insulation. 
The installation of special arresters with low 
‘and consistent spark-over characteristics 
will limit satisfactorily the maximum volt- 
age that can appear across the terminals. 
However, capacitors also are required which, 
in conjunction with the inductance in the 
line, slope the front of the wave and thus 
prevent pilin up of voltage across the turns. 
Present methods!~’ of protection, on the 
whole, have proved quite satisfactory. 
However, in view of the statistical data that 
have been accumulated in extensive light- 
ning investigations,’—!* the recognition of 
the importance of providing good grounding 
for the line arresters, and the appreciation 
_ of the value of the inherently low discharge 
voltage characteristics of the deion arrester, 
it has been considered desirable to study 
this problem further. 

The more important results of this study 
are summarized here with the viewpoint of 
providing a simple and straightforward 
basis for machine protection which affords 
the increased protection and saving in in- 
stallation cost and material that it was 
found possible to achieve. Although the 
protection required at the machine and in 
the line are mutually interdependent, it is 
possible to resolve the suggestions for pro- 
tection into the four following categories: 


A. Protection at the machine terminal or bus. 


B. Lime protection for machines connected directly 
to overhead lines. 

C. Line protection for machines connected to over- 
head lines through cables. 

D. Protection of machines connected to lines 
through transformers. 


Protection at the Machine Terminal’ 


or Bus 


IGURE 1 lists the valve-type ma- 
\ chine-arrester and capacitor ratings 
recommended for each voltage class of 
machine together with their method of 
application. It is important that the 
arresters at the machine be valve type. 
They always should be applied with capac- 
itors that are located either reasonably 
close to the arresters or between the ar- 
resters and machine. This combination 
__ prevents the occurrence of steep-front 
surges resulting from a sudden voltage 
drop when the arrester discharges. 
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E. BECK 


MEMBER AIEE 


L. A. FINZI 


ASSOCIATE AIEE 


Protection of grounded machines is ob- 
tained with a minimum amount of equip- 
ment. When more than one grounded 
machine is connected to a bus through 
short feeders, good lightning protection 
is provided with a single set of capacitors 
and arresters at the bus, provided that 
all exposed incoming lines are connected 
to the bus and there is no exposed line 
section between the bus and a machine. 
If more than 500 feet of line connects a 
machine to the bus, it is best to provide 
a set of capacitors and arresters at the 
machine. In some cases, machine-pro- 
tective apparatus may be desirable for 
protection against switching surges. 
Then it should be placed on the machine 
side of the machine breakers. 

Experience has shown that the present 
practice of applying the same amount of 
capacitance to ungrounded machines as 
for grounded machines up to 6,900 volts 
and of using double capacitance for 11,500 
to 13,800 volts in general has provided 
satisfactory protection. This study; how- 
ever, indicates that for certain conditions 
more positive protection of the neutral 
is desirable, and it can be obtained by 
the addition of a capacitor and arrester 
in the neutral with arresters and the 
same capacitance as used for grounded 
machines at the machine terminals. 
The neutral arrester prevents overshoot- 
ing of voltage at the neutral from re- 
flections.» The capacitor prevents a steep 
neutral voltage rise and a sudden drop 
when the neutral arrester discharges. 
This method of protection can be justified 
economically for 11,500- to 13,800-volt 
machines where the neutral is brought 
out, where mounting space is available, 
and where protection is applied to each 
machine. 

Where more than one ungrounded 
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machine is connected to the bus, one set 
of arresters and two sets of capacitors 
may be applied to each phase at the bus, 
or preferably one set of capacitors and 
arresters on each phase at the bus and 
one set at the neutral of each machine. 

In general, ungrounded machines re- 
quire different machine-protective equip- 
ment from grounded machines only when 
they are connected directly or through 
cables to overhead lines. 


Line Protection for Machines 
Connected Directly to Overhead 
Lines 


Line arresters must be placed far 
enough out on the line so that sufficient 
equivalent inductance is present to pro- 
duce, in conjunction with the machine 
capacitors, the required wave sloping. 
Five-hundred feet of line for 650-volt 
machines and 1,500 feet for all higher- 
voltage classes were commonly used in 
the past. A detailed study has been 
made of the machine-voltage conditions 
that can be produced with various cir- 
cuit and line-arrester grounding condi- 
tions. The lightning-current investiga- 
tions®—'* indicate that line-arrester dis- 
charge currents of 20,000 amperes pro- 
vide a conservative basis for such a study. 
One set of valve-type line arresters, 1,500. 
feet out on the line, will permit too steep 
machine-voltage fronts for ground resist- 
ances in excess of two to three ohms when 
overhead ground wires are not used. 
The new type-A deion arrester with its 
unlimited fault-current rating, obtained 
without the use of a series resistance, has 
been found more efficient for use as the 
line arrester because of its very low dis- 
charge voltage. However, even with 
one set of these, the grounding resistance 
should be limited to three to five ohms. 

The two methods of line protection 
shown in Figure 2 are recommended for 
providing the most effective and eco- 
nomical schemes for general application. 
The scheme of Figure 2a is recommended 
where the section of line within the line 
arresters is exposed to lightning. The 
multiple arrester grounds provided by the 
overhead ground wire permit a minimum 
length of 500 feet for the ground wire 
when the listed pole-grounding resistances 
can be obtained. For this length of 
ground wire, sufficient direct-stroke pro- 
tection is obtained with a line insulation 
level of 250 kv. If these ground resist- 
ances cannot be obtained with driven 
rods, a buried counterpoise can be used. 
The line construction usually will be 
moré economical, even with the counter- 
poise, than a longer section of ground 
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Table | 


= 


Hydrogenerators and Other 
Slower-Speed Machines 


Machine—Kilovolt Class 


Turbogenerators and Other 
Machines 1,800 Rpm and Above 


Machine—Kilovolt Class 


Transformer-Bank Connection 2.4 4.16 4.8-6.9 11.5-13.8 2.4 4.16 4.8-6.9 11.5-13.8 
(a). Wye to delta on machine side 

Grounded systems—80 per cent 

PABLESCELS CORR ee icaity stereo ee eteaurictets 6OKeren GR NSD Sens AD OT ce eake ZOOk esc On eee BO cease 15 
Ungrounded systems—100 per : 
PELE ALLESLETS ey wise calcite wae» geese PD verate Arete goer 5 Cet cera ADT veils ZO ees LO Sees 5 


(b). Machine arresters and capacitors are recommended with wye-wye banks having both neutrals 


grounded 

(c). All other bank connections 

Grounded systems... sf-c00 00. s+-=- ZO sPrerene Wh 8p 
Ungrounded systems..;............ RC bt lee 


* Station arresters on line terminals of transformer. 


CAPACITOR 


CAPACITOR 


a wile 


ARRESTER 


(a). For all grounded machines and for un- 

grounded machines up to and_ including 

6,900 volts. Arrester rating is determined by 

machine grounding conditions when mounted 

at machine but on system grounding when 
mounted at bus 


Surge Capacitors Machine-Valve- 
—_— Arrester Ratings 


Voltage (Rms-Kiovolts) 
Machine- hc 
Voltage Micro- (Rms— Un- 
Class farads Kilovolts) Grounded grounded 
For Grounded and Ungrounded Machines 
CSO On ore OLO5 0.75 Pu ORLS 
DEAOO Havens ONG teen OA hy sects: 3.0 138.0: 
ANGOcr ans OD set AO nn 8.. SOV: a 85) 
A BOO sper OD a mest Gan cate 405 . 6.0 
6,900..... 0.5 6.9 eH) eS 
For Grounded Machines 
OOO. OLD. eeeal 1.5 . 9.0 
13;800Fro OOS ae. See 12.0 
ONE 0.25 MF TWO 0.25 MF 


CAPACITOR 


NEUTRAL CAPACITOR 
PER TERMINAL (0.25. MF 


«. CAPACITORS 
PER TERMINAL 


> NEUTRAL 
ARRESTER 


WHERE NEUTRAL IS NOT AVAILABLE OR 
NEUTRAL PROTECTION NOT ECONOMICAL 


WHERE NEUTRAL IS READILY 
AVAILABLE AND SPACE PERMITS 


(6). -For 11,500-13,800-volt machines with 
neutral floating, grounded through resistance 
or reactance exceeding 50 or 0.2 ohms, re- 
spectively, per 100 ohms of winding surge 
impedance. Minimum surge impedance can 
be taken as 100 ohms. IF grounding imped- 
ance at 60 cycles is low enough, so that 
machine can be considered grounded from 
normal fault-voltage standpoint, the arresters 
listed under (a) may be used at the terminals, 
and the following may be used at the neutral: 


Terminal Equipment 
(Voltage Rating in 


Neutral Equipment 
(Voltage Rating in 


Machine- Rms-Kilovolts) Rms-Kilovolts) 
Voltage 
Class Capacitors Arresters Capacitors Arresters 
DL SOO Mee asi vte WARD cesteme TDP ies tas O.ONke Ge 
1S;800.45 san AS 2B 5 255:te i |stensetes cio TALS eee OO) 
Figure 1. Apparatus requirements for light- 


ning protection of rotating machines 
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wire with higher pole-ground resistances, 
since an increase in line insulation level 
would be required also. For the case 
where an overhead ground, wire is not 
used, Figure 2b, the benefit of multiple 
sets of line arresters arises from the fact 
that, for incoming surges, the farthest 
set of arresters discharges most of the 


500 FT. RES Se GROUND WIRE 


LINE eas MACHINE 
ARRESTER VALVE 
aE 


BURIED COUNTERPOISE IF REQUIRED 


(a). 


Cases where overhead ground wire is 
required for adequate shielding 


Maximum Permissible Pole-Grounding Resistance, R, in Ohms 


Spacing of pole grounds (feet)........ 250. 125 
Type of line arrester 
Deéloni.jsesete cpio erac rae be cin eters ees 5-10....10-20 
Valve Seite cieee notamment 9-5 4-10 


surge current, permitting a much lower 
line-to-ground voltage at the inner sets.’’ 


Line Protection for Machines 
Connected to Overhead Lines 
Through Cables 


Figure 3 lists the line protection rec- 
ommended with cables connected be- 
tween the line and machine. When line 
arresters are connected directly to the 
cable sheath through short leads, the 
voltage which can be transferred through 
the cable is only the arrester discharge 
voltage plus the drop across the short 
grounding lead. The much lower dis- 
charge voltage of deion arresters permits 
considerable simplification in the line 
protection. These schemes should be 
used only when deion arresters are ap- 
plied at the cable pothead. 


Protection of Machines Connected 
to Overhead Lines Through 
Transformers 


The following steps provide a method 
of determining the lightning protection 
required for machines connected to ex- 
posed overhead lines through trans- 


OVERHEAD LINE 


MACHINE 
VE ARRESTER 


LINE ARRESTER 
(TYPE A DE-ION) 


R(NOT CRITICAL) 

> CAPACITOR 
(a). For cables sufficiently long that section 
of overhead line is not required for wave 
sloping 


If these resistances cannot be obtained conveniently with 
driven ground rods, buried counterpoise connecting line 
arresters to machine ground may be used. 


8 SOOFT A __SOOFT. 


LINE Leas 
ARRESTERS waver. 


CAPACITOR 


(6). Cases where overhead ground wire is 
not used (strokes to line within 1,000 feet 
may endanger machine) 


Maximum Permissible Line-Arrester Grounding 
Resistance, R in Ohms 


Type of 
Line Two Sets of Arresters Three Sets of Arresters 
Arrester at A and B at A, B, and C 
Deloni een TO=O0 4 3 a oe ao aee 20-40 
Malveu Mee iene: S=10 scien Shree 10-20 
Figure 2. Recommended line-protection 


methods for machines connected directly to 
overhead lines 


Machine-valve arresters and capacitors should 
be applied as described in Figure 1 
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Cable surge impedance in ohms 5.0) TOP 2Se, 560 
Minimum cable length in feet. .2,000. .1,000. .500. .300 


OVERHEAD LINE 500 FT. 


MACHINE 
VALVE ARRESTER 


LINE 
ARRESTER caBle 


————— 


LINE ARRESTER 
(TYPE A DE-ION)| 


RESISTANCES NOT CRITICAL! = 
CAPACITOR 


= + 


(b). For cables longer than 200 feet, but 
not long enough to be classified under (a). 
Ground wire preferred but not essential 


(c). Forshorter cables the protection methods 
of Figure 2 are recommended with the addi- 
tion of a set of deion arresters at the cable. 

pothead , 


Figure 3. Recommended line-protection 
methods for machines connected to overhead 
lines through cables 


Machine-valve arresters and capacitors should 

be applied as described in Figure 1. Date 

on cable surge impedance are given in Table 

Ill. Deion arresters at cable pothead should 
be interconnected to cable sheath 
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formers. Since the transformer-leakage 
inductance is always sufficient for wave- 
sloping purposes, it is not necessary to 
provide arresters out on the line. 


(a). Station-type arresters should be pro- 
vided on the line side of the transformer 
bank. 


(b). Both capacitors and machine-valve 
arresters should be used when the need for 
either is indicated. 


(c). When machine protection is required, 
only one set of standard capacitors and 
machine-valve arresters is required at the 
machine terminals, regardless of whether 
the machine is grounded or ungrounded. 


(d). Machine-surge-protective apparatus 
should be applied to protect against surges 
transferred electrostatically through trans- 
formers unless 50 to 100 feet of cable, pro- 
viding an effective capacitance of 0.005 
microfarad or more per phase, is connected 
to the machine terminals. The data on 
cable capacitance given in Figure 10 can be 
used. 


(e). Machine-protection apparatus also 
should be used to protect against surges 
transferred electromagnetically unless. both 
of the following conditions are satisfied: 


1. (Ci is equal to or greater than 15/L 

where 

(i= positive-sequence line-to-neutral capacitance of 
cable in microfarads 

L=leakage inductance of transformer bank in 


microhenrys on line-to-neutral base referred to 
machine side 


2 GEG 
377(3¢ kva) 


Figure 4. Definition used for effec- 
tive front of machine-terminal voltage 


40 LIMITED 
Py ~_BY_ MACHINE 
5 ARRESTER BREAK- 
2 DOWN VOLTAGE 
a LINE TANGENT TO MAX. 
=< 20 


EFF. FRONT 
10 MICROSEC. 


fo) 5 10 15 
MICROSECONDS 


ONE WINDING ALONE 


600 


200 


te) 5 


400 


(0) 5 10 [5:22.10 5 
By MICROSEC. 


- 


ws 
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MICROSEC, 


THREE WINDINGS 
IN PARALLEL 


MICROSEC, 


X =per cent leakage reactance of transformers 
E=secondary line-to-line voltage in kilovolts 
This condition assures adequate wave sloping. 


2. C1is less than (AL)10~6 

where A has the values indicated in Table I. This 
condition limits the magnitude of the induced surge. 
(f). This means of determining the use of 
protective apparatus is conservative. A 
more detailed method of calculation is given 
in. the paper. The authors are of the 
opinion that in any doubtful cases protec- 
tion should be applied, since the expense is 
small compared with ’the investment in 
machines. If machine-protection apparatus 
is not required for lightning surges, it still 
may be desirable for protection against 
switching surges. However, it is usually 
preferable to limit such surges by proper 
grounding methods. 


Surge-Protection Levels 


Consideration will be given first to the 
character of the voltages which it is safe 
to permit at machine terminals. Little 
direct data are available on _the surge 
strength of the machine insulation and its 
variation with service. In Table II the 
standard AIEE crest 60-cycle voltage 
tests for machine line-to-ground insula- 
tion are compared with the protective 
characteristics of the machine-valve ar- 
resters recommended for each voltage 


tion has been demonstrated by ten years 
of field experience with many installa- 
tions. 


TURN-TO-TURN INSULATION 


The turn-to-turn insulation of most 
modern large machines is designed and 
tested, so that each coil will stand full 
line-toline rated voltage. This means 
that, if it is a two-turn coil, the insula-_ 
tion between turns will stand this full 
voltage. If it is a three-turn coil, it will 
stand one half of this voltage, and so on. 
However, many smaller motors and older 
machines were designed for only one-half 
this insulation strength. Most, turbine 
generators have from one- to three-turn 
coils, while water-wheel generators usu- 
ally have ‘from two- to six-turn coils. 
Some smaller machines have as high as 
40 turns per coil with 20-turn coils not 
uncommon. The standard practice of 
sloping the permissible surge voltage to a 
front of ten microseconds is adequate for 
coils with the higher number of turns. 
Fronts of three or four microseconds 
probably would not cause severe duty on 
one- or two-turn coils of modern large 


machines. However, the extent to which 


class. That these provide safe protec- successive voltage impulses age machine 
Table Il. Protection Levels of Special Autovalye Machine Arresters 
Grounded Neutral Machine Ungrounded Machine 
Terminal Terminal 
Machine Standard AIEE Machine Arrester Gap Machine Arrester Gap 
Voltage 60-Cycle Test Rating Breakdown Rating Breakdown 
| Class (Kilovolts—Crest) (Kilovolts) (Kilovolts)* (Kilovolts) (Kilovolts) * 
(GSOV saves eis ctaeee So mierncsee ker crtis ONS de kts oe alae PAD ila, ete OST Siete cee 2.5 
2 AO i 5,5 ols aia riele A BED CEN Late lovee Eh eg Seay ere OF ache tas: teas < Cie Bee A PES ON aeet ie 9 
AGO ete alate at iaiatere 1 Oe eae CR Diy Beets Meavssavar nies ea adie otbca ohare YS tae ee rei 13 
A BOO TS ee aoe sdiehen VEN enti, CUP ER TO ICINS yee Ser Bey ET 15 ARR ens Sete Be eer i et are AOC 17 
G29 OD eric ke iete sinters ZOD jesidad os ca kig GI Retin ot ahi a) ote Li ee A er 3 (ROY Se mee oon 21 
VAS SOG Se irene caste acer DOs ete ees wa nets hi eee 2 Re nna ES Or rmeredstel riage edhe LO cn rede ek eee 34 
LS! SOO ccc aneete ides BOLD cman. ys) eee Die Nord tay rien CS Wt aurs omer renee ol 15 0h Rei cts teat 42 


* Breakdown for wave with ten-microsecond front. 


Figure 5 (left). 
Surge - impedance 
characteristics ° of 
(100-kva 2,400-volt 
| synchronous ma- 
‘chine used for 
grounding study 


Figure 6 (right). 
Neutral voltage pro- 
duced by various 
grounding resistance 
conditions 
Impedance of the 
grounding resist- 
ances were as fol- 
lows: 
R=infinity 
R=500 ohms—L= 
0.01 
ite) R=250—L=0.005 
R=100—L=0.001 


10 
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(a) ONE PHASE 


Vy NEUTRAL OPEN 


5 MICROSECOND FRONT 


These values are not exceeded by the arrester dis- 
charge voltages (RJ drop) for currents of the order of 2,000 amperes. 


LA SOOOOITT ti 
R 1. 


Vy NEUTRAL OPEN 


{b) ALL PHASES fi 
IN PARALLEL 


Vu NEUTRAL OPEN 


10 MIGROSECOND FRONT 
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insulation in service is not clearly known. 
The conservative ten-microsecond front 
for all machines is still considered justi- 
fied, not only for this reason but also to 
provide a uniform surge-protection basis. 
To obtain such a uniform basis for com- 
paring various methods of wave sloping, 
the definition of the machine-terminal- 
voltage front given in Figure 4 is used 
throughout this paper. This limits the 
maximum voltage rise to a magnitude 
such that a uniform rise at this rate 
would not allow the test machine strength 
to be reached in less than ten micro- 
seconds. 


Neutral Protection for Ungrounded 
or Impedance-Grounded 
Machines 


The majority of machines are wye- 
connected. If the neutral is ungrounded 
or grounded through too high an im- 
pedance, reflections at the neutral for 
surges of the same polarity applied to 
two or more phases simultaneously may 
cause the neutral voltage to tend to 
double both in magnitude and rate of rise. 
The voltage will be highest for surges on 
all three phases, because the effective 
impedance of the three in parallel is less 
than for any other condition, and there 


Figure 7 (left). Ef- 

fect of neutral ca- 

pacitance in sloping 
neutral voltage 


Figure 8 (right). 
Electrical characteris- 
tics of equivalent 
circuits used to rep- 
resent overhead-line 
and cable sections 
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been used with success. It generally 


is no additional phase left to act as a 
shunt impedance. If wave distortion and 
attenuation are neglected, and if the 
windings are considered as distortion- 
less lines, the rate of voltage rise at the 
neutral of an ungrounded machine will be 
doubled for any incoming surge. Its 
magnitude will be doubled for any front 
less than two times the winding length, 
the overshoot decreasing for longer fronts. 
Winding lengths for a single-phase ma- 
chine range from 5 to about 50 micro- 
seconds. Recommendations specifying 
the use of twice the machine-terminal 
capacitance for ungrounded machines 
have been based on limited tests which 
indicated that attenuation in the windings 
would prevent excessive neutral voltages 
if the front were increased to 15 or 20 
microseconds. Whether or not this is 
true for all machines, the use of a neutral 
arrester to limit the crest voltage and a 
neutral capacitor to limit the rate of volt- 
age rise provides a more positive method 
of protection. The neutral arrester has 


Table Ill. Effective Surge Impedance in Ohms of Paper-Insulated Cables* 
Conductor Size Belted Cables* Type-H 
(American Wire Voltage Classes Cables 

Gauge or Sosa ar 
Circular Mils) 0-1 Kv 2-3 Ky 4-5 Ky 7-8 Ky 14-15 Ky 14-15 Kv 
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Specific inductive capacity k =3.7, 
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Velocity of propagation vy =512 feet per microsecond. 
* Effective surge impedance for surge propagation on only one phase. 

For single-conductor and type-H cables this is the positive-sequence su 
conductor cables, it is equal to 4/3 the positive-sequence surge impedance, 


This is the most severe condition, 
rge impedance. For belted three- 
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has been an obsolete type of gapless ar- 
rester which would not permit a sudden 
voltage drop following gap spark-over. 
An abrupt drop produces a steep-front 
surge propagating back through the 
windings which might overstress the turn- 
to-turn insulation. The use of conven- 
tional arresters in the neutral, therefore, 
has been criticized.5 However, a capaci- 
tor in parallel eliminates this severe 
drop at the neutral and the terminal ar- 
resters, as pointed out by Calvert and 
Roman.° 

Surge tests were made on a 2,300-volt 
100-kva synchronous machine having 
five-turn coils and no parallel sections. 
Its surge-impedance characteristics are 
shown in Figure 5. These curves were 
obtained by applying a square voltage 
wave to each winding combination — 
connected in series with a resistor and by 
measuring the current and voltages at the 
machine terminals. As shown, the wind- 
ings at no time have a constant surge im- 
pedance; however, after about one 
microsecond the variation is not very 
great, for the cases of one winding alone 
or two in parallel, until reflections from 
the neutral reach the terminals. The 
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electrical length for one winding is about 
five microseconds, and for two in parallel, 
it is about three microseconds. However, 
the three windings in parallel act more 
like a lumped inductance and show little 
distributed capacity effect. Mutual cou- 
pling between phase groups distributed 
around the armature induces voltages 
more nearly simultaneously in all coils 
of each phase reducing greatly the effec- 
tive electrical length. 


EFFECT OF GROUNDING RESISTORS 


The cast grid resistors most commonly 
used for neutral grounding have about 
one-millihenry inductance for each 50 
ohms of resistance at a frequency of 
50,000 cycles per second, which corre- 

! sponds to the surge fronts being con- 
| sidered. Figure 6 shows the effect of 
grounding impedances of this type on 


the neutral voltage. The five-micro- 
second front used for the terminal voltage 
Evin the left-hand set of oscillograms is 
equal to the electrical length of one wind- 
ing alone and more than double the ef- 
fective length of the three in parallel. 
The terminal voltages used for the right- 
hand set of oscillograms has an effective 
front between 10 and 15 microseconds, 
which is about three times the length 
of one winding and at least six times that 
of the three windings in parallel. These 
tests, therefore, are representative of a 
range of conditions. Figure 6 shows that 
overshooting of the neutral voltage is 
permitted by resistors of 250 ohms or 
more for the three windings in parallel, 
even for the slower front. This indicates 
that 15- to 20-microsecond fronts at the 
terminals produce severe neutral voltages 
in machines with longer windings, unless 


there is considerably more damping than 
appears in this machine. Overshooting 
occurs for grounding resistances as low 
as one-half the surge impedance of one- 
phase winding. The lower limit of 
machine surge impedance is about 100 
ohms. Thus, unless sufficient data are 
available on the surge impedance, a ma- 
chine should be considered as ungrounded 
for any conventional resistance above 50 
ohms. 


GROUNDING REACTORS 


Neutral voltage overshooting in this 
machine did not occur for inductances of 
less than about 2.5 millihenrys or a re- 
actance at 60 cycles of 0.9 ohm. For the 
lower limit of machine surge impedance, 
a 60-cycle reactance of 0.2 ohm or less 
should not cause excessive neutral volt- 
age. For more than (.2-ohm reactance 
per 100 ohms, surge-impedance neutral 
protection should be provided. 


Table IV. Maximum Safe Line-Arrester Ground Resistances Permitted by the Various Protection Schemes of Figure 19 Based on Protection 


Against 20,000-Ampere Arrester Discharge 


Maximum Permissible Line-Arrester Ground Resistance in Ohms 
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1,500 Feet Out on Line (No Ground Wire) (No Ground Wire) 
(No Ground Wire) See Figure 19 See Figure 19 


D Two Sets of Arresters 


One Set Arresters 
Connected to Ground 
Wire—See Figure 19 


Interconnected to 
Ground Wire— 
See Figure 19 
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DELTA MACHINES 


Similar tests made with the machine 
connected in delta showed somewhat 
higher voltages and rates of voltage rise 
at the midpoint of each phase than indi- 
cated in Figure 6 for the neutral open- 
circuited. For delta- or wye-connected 
machines, the neutral of which is inac- 
cessible, the only practical method of pro- 
tection is the use of sufficient capacity 
at the machine terminals to prevent over- 
shooting. These tests indicate that, for 
machines of longer winding Iengths, more 
capacity should be used than recom- 
mended in the past. However, in view of 
satisfactory experience, it is believed that 
the capacitance that has been recom- 
mended is generally adequate. If neu- 
tral protection can be applied, it is the 
most effective scheme where neutral 
protection is required. This material 
applies only to machines connected di- 
rectly to overhead lines. Machines con- 
nected through transformers will be con- 
sidered later. 


CAPACITANCE REQUIRED FOR SLOPING 
NEUTRAL VOLTAGE 


Figure 7 shows tests made to determine 
the amount of neutral capacitance re- 
quired for adequate sloping. A given 
amount of capacitance is less effective 
for lower-winding - surge impedances. 
However, 0.05 microfarad is more than 
sufficient for this machine. One-quarter 
microfarad (the lowest value now com- 
monly used for surge-protective capaci- 
tors) should be ample for machines of 
lowest surge impedance. Since these are 
machines with one- or two-turn coils, the 
steeper fronts would be permissible, and 
this value is not critical. Calvert and 
Roman® show that about 0.175 micro- 
farad is required to prevent a severe 
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Figure 12. 
kilovolt type-A de- 
ion arrester 
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Table V. Required Inductance of Choke Coils for Protection of Machines Connected to 
Overhead Lines Through Cables 


\Choke-Coil Inductance in 
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* Cables less than 200 feet in length. 


drop in voltage when the arrester dis- 
charges. Similar tests made in this in- 
vestigation (see Figure 29) show that 
0.25-microfarad capacitors are adequate. 
The capacity used at the machine ter- 
minals is recommended for the neutral. 


Methods of Analysis 


When calculating the machine-ter- 
minal voltages produced by traveling 
waves, analytical solutions are practical 
for the simpler cases in which the voltage 
at the line-arrester location can be ex- 
pressed by a square wave, and only a 


FIBRE’ 
METAL 


Nine- 


TYPE A ‘DE-ION’ PROTECTOR ‘TUBE 


McCann, Beck, Finzi—Lightning Protection 


continuous single section of line or cable 
is connected between it and the capacitor. 
However, for more complex cases, it is 
simpler and more accurate to set up 
equivalent circuits, produce the desired 
voltage or discharge current at the line 
arrester with a surge generator, and 
measure the terminal voltages with a 
cathode-ray oscillograph. It was found 
that overhead-line sections can be rep- 
resented to sufficient accuracy for this 
study by using one equivalent II circuit 
for each 125 feet. These consisted of 
series inductance and shunt capacitance. 
For cables one II circuit was. used for 
each 62.5 feet. The electrical char- 
acteristics of some of these circuits are 
shown in Figure 8. The coils for the 
overhead-line sections had _ resistance 
about equal to the surge resistance of an 
actual conductor. Low-loss condensers 
were used, and most of the damping was 
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Figure 13. Spark-over characteristics of the 
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in the coils which had Q factors ranging 
from 200 to 300 at one megacycle. 
Damping in the circuits representing 
cable sections, in most cases, was some- 
what less than that of*an actual cable. 
Figure 9 shows a comparison between the 
solutions obtained with an actual 50- 
ohm cable and its equivalent circuit. 
When cases with 0.25 microfarad or more 
connected to the machine terminals are 
considered, the machine does not have to 
be represented. Its impedance is always 
sufficiently high compared with that of 
the capacitors at the frequencies of the 
circuits being considered. Single-phase 
circuits were used for most cases, the cir- 
cuit constants being chosen so as to rep- 
resent the most severe condition. This 
is usually for a surge on only one phase, 
because the product of the effective ma- 
chine-terminal capacitance and line or 
cable surge impedance is always as great 
or greater for surges on more than one 
phase than for a surge on a single phase. 
A surge impedance of 450 ohms was used 
for overhead lines. 


SuRGE IMPEDANCE AND CAPACITANCE OF 
CABLES 


For surges propagating through a cir- 
cuit containing either single-conductor or 
type-H three-conductor cables having 
each conductor individually shielded, the 
positive-sequence surge impedance should 
be used. For other three-conductor 
cables, the most severe condition is given 
by a surge impressed on only one con- 
ductor. However, since it is electrically 
coupled with the other two conductors, 
the effective single-circuit surge imped- 
ance for this case is a function of both the 
positive- and zero-sequence surge im- 
pedance. For all cables of the voltage 
class used in machine circuits, the posi- 
tive-sequence surge impedance is very 


nearly equal to one half of the zero- 


sequence surge impedance, and the 
effective single-circuit surge impedance is 
quite close to four thirds of the positive- 
sequence values. Table III lists the 
effective surge impedances of the paper- 
insulated cables commonly used for 
machine circuits. Figure 10 gives the 
positive-sequence capacitance of these 
cables. 

The surge-voltage to ground at the 
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line arresters is a governing factor in 
determining the machine-terminal volt- 
ages: After spark-over this is the im- 
pedance drop in the arresters and their 
grounds. It is also necessary to con- 
sider the voltage which can occur at the 
machine before the line arresters dis- 
charge or for surges propagating into the 
machine, the magnitudes of which are 
below the arrester spark-over voltage. 
Data, therefore, are required on the 
characteristics of the line arresters and 
the lightning currents, on which they may 
be called to discharge. 


CHARACTERISTICS OF LIGHTNING 
DISCHARGE CURRENTS 


Crest Currents. Lightning current 
measurements have been made in several 
extensive investigations.’—!? Probability 
curves for both distribution and station 
arresters are given in Figure 11, together 
with similar data on direct strokes. Dis- 
tribution arresters are sybject to a 
greater percentage of higher-magnitude 
surges. The line arresters for machine 
protection probably operate under condi- 
tions more closely approaching those of 
the station arresters. Balanced against 
their greater chance of receiving high- 
current discharges by being cut on the 
line is the fact that they are used on 
shorter lines of lower insulation than rep- 
resented by Figure 11. It is thought 
that the average curve of Figure 11 pro- 
vides a conservative basis for this ap- 
plication. The highest current recorded 
at a station arrester is about 15,000 
amperes. The highest at a distribution 
arrester is somewhat above 30,000 am- 
peres. These curves are based on indi- 

gvidual arrester discharges. Data avail- 


- able from the three-phase station ar- 


rester studies enable a conversion of this 
to the probability of a disturbance 
(which may involve from one to all three 
arresters) producing a given magnitude 
discharge. Analysis of these data has 
shown that the average curve indicates 
a probability of about one 20,000-ampere 
discharge every 140 years at an arrester 
bank, : 
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of type-A deion arresters 


Wave Shape. The principal range 
of times to half value of arrester currents 
is 20 to 100 microseconds? with an aver- 
age of 45. The maximum average rate 
of rise that has been recorded in the 
Westinghouse investigation? from 82 
station-arrester wave-front measurements 
is 7,500 amperes per microsecond. After 
all of the factors are considered, it is 
believed that recommendations for the 
protection of important installations 
should be based on line-arrester discharges 
of 20,000 amperes with a two-micro- 
second effective front or an average rate 
of rise of 10,000 amperes per microsecond. 
Since consideration need be given to the 
machine-voltage wave shape for the first 
10 or 15 microseconds only, the assump- 
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tion of an infinite tail for the discharge 


current gives good accuracy and is con- 
servative. For purposes of analysis and 
comparison of various protective meth- 
ods, this discharge current will be used 
as a basis. Consideration will be given 
then to the variation in protective meth- 
ods justified for cases of less impor- 
tance or where lightning conditions might 
not be so severe. It will be shown that, 
for the methods of protection recom- 
mended in this paper for machines con- 
nected directly or through cables to over- 
head lines, higher discharge currents 
would only have the effect of shortening 
somewhat the front of the machine-ter- 
minal voltage. The crest magnitude, 
which is more important, would be limited 
to a safe value. 


CHARACTERISTICS OF PROTECTIVE 
DEVICES FOR LINE APPLICATION 


Distribution valve-type lightning ar- 
resters have been used mostly for the 
line arresters of machine-protection cir- 
cuits. Average characteristics for these, 
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deion arresters—no 
ground wire 


as compiled by the AIEE lightning ar- 
rester subcommittee, are given in refer- 
ence 14. The new type-A deion arrester 
(Figure 12) is a more effective line ar- 
rester for this particular application than 
are the valve arresters. Although its 
spark-over voltage (Figure 13) on steep- 
front surges is slightly higher than that 
of the valve arrester, the voltage across 
its terminals during discharge collapses 
quickly to relatively low values, as shown 
by the impedance-drop curves of Figures 
14 and 15. Consequently, this deion 
arrester will transmit less surge energy 
to the machine capacitor, thereby im- 
proving the protection to the machine.g 
Likewise, conditions at the line arrester 
may be more severe without impairing 
the degree of protection. For example, 
the impedance drop in the six-kilovolt 
deion arrester (Figure 15a) for a rate of 
current rise of 9,000 amperes per micro- 
second is 20 kv just after spark-over, but 
drops to about six kilovolts at the peak 
of the discharge. It will be shown that, 
as far as charging the machine capacitor 
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is concerned, the effective impedance 
drop of this arrester is an equivalent 
square-topped voltage wave of not more 
than ten kilovolts, as compared with an 
IR (current-resistance) drop of about 
30-34 kv for a valve arrester at the same 
discharge current. For a_ discharge 
current of 1,500 amperes, the equivalent 
square-topped voltage for the tube will 
range from one to four, kilovolts for the 
3- to 15-kv arresters. This deion ar-_ 
rester has an unlimited current-inter- 
rupting capacity without a series resist- 
ance which would produce a much higher 
discharge voltage. 
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VOLTAGE CONDITIONS BEFORE LINE 
FLASHOVER OR. ARRESTEP.. BREAKDOWN 


Before flashover occurs or a line ar- 
rester discharges, the machine-terminal 
voltage is determined by a wave propa- 
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gating in from a great distance. Figure 
16a gives such a solution for a square 
wave. It can be seen readily that, un- 
less a reflection point is established by 
flashover close to the machine terminals, 
no severe voltage condition will be per- 
mitted by the deion arresters. For in- 
stance, the maximum square-wave volt- 
age that the 12—-15-kv arrester will per- 
mit is 57 kv for negative polarity. 
Figure 16a shows that, for C=0.25 
microfarad, the machine voltage produced 
in ten microseconds by this wave could 
be only about ten kilovolts, which is 
sufficient sloping even for a 2,400-volt 
machine. 


VOLTAGE CONDITIONS PRODUCED BY 
FLASHOVER AND ARRESTER DISCHARGE 


Strokes producing line flashover estab- 
lish a point of reflection. During the 


period before a line arrester discharges, 
the machine-terminal voltage is deter- 
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Figure 21 (right). 
Effect of sheath 
grounding on surges 
transferred through 
cables 


mined by the voltage maintained at the 
point of flashover and the circuit con- 
stants between this point and the capaci- 
tor. After a line arrester discharges, 
the machine-terminal voltage can be 
determined from the line-arrester loca- 
tion and voltage. It was found that, in 
practically all cases where a stroke pro- 
duced flashover beyond the line arresters, 
the machine-terminal voltage before the 
line arresters discharge is insignificant. 
Strokes occurring to an unshielded line 
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Figure 22 (left). 
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Figure 23 (right). 
Typical solutions 
for a range of 
cable-circuit 
conditions 
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within the line arresters are likely to 
cause flashover so close to the machine 
that insufficient line inductance is avail- 
able for wave sloping. Also, severe cur- 
rent duty is likely to be imposed on the 
machine arresters resulting in too high 
discharge voltages. Adequate protection 
from this can be secured only by pro- 
viding adequate ‘shieldirg, and the 
probability of such direct strokes, there- 
fore, must be considered. The machine 
voltage produced by the voltage main- 
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Figure 24 (left). Method for calculating ma- 
chine voltage produced by actual line-arrester ce.5 
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tained at the line arresters® after they 
spark-over will be the principal considera- 
tion in this analysis. The other condi- 
tions will be considered where they are 
important. 

For circuits representing one set of line 
arresters and only a single section of 
overhead line between the arresters and 
machine capacitors, the line can be 
represented by a lumped inductance. 
The effect of the line capacitance is 
negligible compared with a machine- 
terminal capacitance of 0.25 microfarad 
or more. The general solution for a 
square voltage maintained at the end of 
an inductance connected to a capacitance 
is given in Figure 16b by the curve for R 
equal zero. Typical solutions obtained 
with the equivalent circuits are shown 
in Figure 17. These solutions cannot 
be distinguished from those calculated 
by the curve of Figure 16b. For most of 
the more complex cases considered, a 
solution was obtained with the equiva- 
lent circuits and a square voltage across 
the line arresters. The solution for the 
actual voltage that would be produced 


POTENTIAL AT"X" POTENTIAL AT “Y* 


150 


100 B 


across the line arrester, its lead induct- 
ance, and its ground resistance then 
was determined by the superposition 
method applying a series of square waves 
to approximate the actual line-arrester 
voltage. An example of this is shown in 
Figure 24, ; 


Machines Connected Directly to 
Overhead Lines 


Two general methods are available for 
obtaining the necessary inductance for 
wave sloping. One is to provide a set 
of choke coils between the line and ma- 
chine capacitors with line arresters on the 
line side of the coils. The other is the 
use of the line inductance. Several fac- 
tors should be considered in comparing 
these two methods. Choke coils have the 
advantage that a ground wire is not re- 
quired to insure against direct strokes to 
the line section. Also, the line arresters 
can be placed at the machine bus and 
their grounds interconnected with the 
machine grounds to eliminate the ar- 
rester-ground resistance drop. On the 
other hand, the coils must ke designed for 


C A 8B G __-TUBE BREAKDOWN 


80 


4S N25 O54 8a 12 
MICROSECONDS 


(6). Cable — 500 feet, 25 ohms Sie) 5 10 15 20 


MICROSECONDS 


adequate short-circuit and continuous 
current conditions. Their necessary 
size and construction features frequently 
have made them difficult to apply. 


CHOKE Comt—CapaciTtor METHOD 


A comparison was made of the neces- 
sary inductances and capacitances re- 
quired when either valve or deion ar- 
resters are used as the line arrester. It 
was found that, if two of the standard 
capacitor units listed in Figure 1 are used 
at each machine terminal, the necessary 
choke-coil inductance is 175 microhenrys 
per phase when valve arresters are used 
as the line arresters. When type-A 
deion arresters are used, the inductance 
can be reduced to about 90 microhenrys. 


Metuop USING LINE SECTION FOR WAVE 
SLOPING 


One Set of Arresters 1,500 Feet Out on 
Line—No Ground Wire. Calculations 
of the machine voltages produced by the 
20,000-ampere-arrester discharge with 
two-microsecond front have been made 
for each voltage class and a range of 
grounding resistances., Several of these 
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Figure 27. Comparison of voltage transferred 

through transformer bank when secondary 

winding is open-circuited and connected to 
rotating machine 4 
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Figure 28. Equiva- 
lent circuit and solu- 
tions for determining 
the machine terminal 
voltages transferred 
electromagnetically 
through transformer 


banks 
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charge voltage 
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C,=positive-sequence line-to-neutral capacitance in microfarads of cables or 
machine-protective capacitors connected to machine side of transformer bank 
R=effective resistance in ohms given by paralleling surge impedances of all 
machines connected to transformer bank 


Vin = machine terminal surge voltage 


are shown in Figure 18. For this case, 
30-foot line-arrester ground leads were 
assumed. As shown by Figure 18, the 


machine-terminal voltage in most cases is 


too steep when valve arresters are used 
with a ground resistance above one 
ohm. For deion arresters the permis- 
sible resistance ranges from 2.5 to 5 
ohms. Even this resistance is frequently 
difficult to obtain. 

Multiple Sets of Line Arresters—No 
Ground Wire. The high rates of 
machine-voltage rise permitted by one 
set of line arresters with high ground re- 
sistance can be reduced very effectively 
by the use of more than one set spaced at 
intervals along the line. This is illus- 
trated in Figures 19a and 19b for cases 
where deion arresters are used. The bene- 
fit results from the fact that initially prac- 
tically all of the surge current will be dis- 
charged by the arrester farthest out on the 
line. The percentage of current which 
initially flows past this point to the next 
arrester set depends on the ratio of the 
arrester ground resistance to the line 
surge impedance. The rate at which it 
increases depends on this and the dis- 
tance between the arresters. It was found 
that the optimum distance between ar- 
rester sets for this application is about 500 
feet. For the test shown in this figure, the 
discharge current flowing into the point A 
had a 70-microsecond tail. As shown by 
‘the left-hand oscillogram of Figure 19a, 
when two arrester sets are used, the volt- 
age at the second arrester builds up slowly 
and does not exceed about one fourth of 
the maximum voltage across the first ar- 
tester. The machine-terminal voltage is 
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also reduced to about one fourth of the 
magnitude permitted by one set of arrest- 
ers at A only. Figure 19b shows the 
added benefit of a third set of arresters 
1,500 feet out on the line. 

In column B of Table IV are listed the 
grounding resistances permitted by two 
sets of arresters. When valve arresters 
are used, the range is 2.5 to5 ohms. For 
deion arresters, itis 5 to 12 ohms. Column 
C gives similar data for three sets where 
the corresponding ranges are 5 to 10 
ohms and 10 to 20 ohms, respectively. 
In determining these values, considera- 
tion was given also to the current surges 
of lower magnitude which would not dis- 
charge the inner sets of arresters. The 
most severe voltages that can be produced 
under these conditions are about equal 
to that set up by the 20,000-ampere surge. 

Benefits of Interconnection With Over- 
head Ground Wire. Aside from shield- 
ing, the interconnection of grounds pro- 
vided by a ground wire is of considerable 
benefit. This is illustrated in Figures 19c 
and 19d for ground-wire lengths of 500. and 
1,000 feet. For these two cases, pole- 
ground leads were spaced at 250-foot 
intervals providing about the minimum 
number of grounds that would be used 
normally. The shorter the ground wire 
the greater the benefit it provides in 
interconnecting the line arresters to the 
machine or bus ground. Balanced against 
this, however, is the steeper front result- 
ing from shorter lengths of phase con- 
ductors. The minimum distance found 
practicable is about 500 feet. As shown 
by Figure 19c, the voltage and current at 


the line arrester has been reduced greatly — 
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Figure 29. Machine terminal lightning surge 
voltage as calculated from Figure 28 


10,000-kva 13.8-kv machine (surge imped- 
ance R=500 ohms). One hundred feet of 
750,000-circular-mil type-H cable be- 
tween transformers and machine (from Figure 
10, G=0.0175 microfarad). Transformer 
leakage reactance=8.5 per cent (L=4,200 
microhenrys). Station arrester E,=9234 kv at 
20,000 amperes and 260 kv at 50,000 


amperes. From Figure 28, 0.57=26 micro- 
seconds, M=0.47, NKE,=0.2X0.57E,= 
0.114E, 


after about 12 microseconds for the 500- 
foot case. Thus, the benefit of the ground 
wire is considerable. Columns D and E 
of Table IV show the ground resistances 
permitted for these two cases. The 500- 
foot ground wire permits resistances only 
about 25 per cent below those of column 
B, where two sets of line arresters and 
1,000 feet of line are used. When the 
interval between pole grounds is cut in 
half, the permissible grounding resistances 
can be about doubled, thus allowing an 
upper limit of about 15 ohms for the 500- 
foot ground wire and 50 ohms for the 
1,000-foot ground wire when deion ar- 
resters are used. 

Probability of Direct Strokes Within 
Line Arresters. The exposure of this 
section of line to direct strokes will vary 
widely for different cases. It usually will 
be less than the average for the total line, 
since there frequently are shielding struc- 
tures, such as buildings and other lines 
near by. However, the only direct data 
available on the frequency of direct 
strokes pertain to whole lines. The most 
complete data are those of Waldorf! for 
66- to 220-kv circuits, which indicate a 
range of 50 to 250 strokes per 100 miles 
of line per year with a general average of 
100 for isokeraunic levels between 25 and 
40. Limited data obtained on 33-kv 
wood-pole lines indicate the same general 
average. For estimating purposes this is 
thought to be applicable to exposed lines 
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of the voltage classes considered here. It 
is probably too high for the section of line 
adjacent to the machine station in most 
cases. When the value of 100 strokes per 
100 miles of line per year is used, the proba- 
bility of direct strokes occurring within 
the farthest set of line arresters is about 
once every ten years for each 500 feet. 
The shortest practical length of line when 
no overhead ground wire is used is the 
1,000 feet for the case of column B, 
Table IV. The possibility of 20 strokes 
every 100 years or a stroke every five 
years within this length is thus indicated. 
This is much greater than the estimated 
probability of once every 140 years for a 
20,000-ampere discharge through the line 
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(c). Discharge voltage and current for 500- 

foot ground wire interconnected to line 

arresters. 10 ohms ground resistance. C= 
0.25 microfarad 


Figure 30. Typical machine-arrester discharge 

current and voltage obtained with model 

circuits (b) and (c) as compared with charac- 
teristics of actual arrester (a) 
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arrester. Even if the estimate of direct 
strokes were high by a factor of 10 or 20, 
the overhead ground wire should be used 
to equalize the two probabilities. 


Recommended Overhead Ground-Wire 
Construction. The four principal con- 
struction factors determining the eff- 
ciency of overhead ground wires are the 
shielding angle, the insulation level of the 
line, the pole ground resistances, and the 
distance between pole grounds. The 
shielding angle should not be greater than 
30 to 40 degrees.!® Calculated line flash- 
over performance, based on the direct- 
stroke current data now available,!’ is 
shown in Figure 20. Part of the analysis 
was made analytically and part obtained 
with the model circuits. On the figure is 
also drawn a line corresponding to a prob- 
ability of flashover of once every 140 
This is the degree of protection 
being considered for strokes originating 
beyond the line arresters and, therefore, 
the degree of protection that should be 
provided by the ground wire. For the 
500-foot ground wire where column D of 
Table IV shows a maximum permissible 
ground resistance of seven ohms, Figure 
20 indicates a line-insulation level of 250 
kv to be sufficient. If the length between 
pole grounds is only 125 feet, this is ade- 
quate for resistances up to about 15 ohms. 
When 1,000 feet of ground wire are re- 
quired for resistances up to 25 ohms with 
250-foot pole-ground intervals, or 50 
ohms with 125-foot intervals, an insula- 
tion level of about 750 kv is indicated. 


It should be emphasized that the 
grounding resistances in Table IV are not 
intended to indicate a precise set of rules 
for protection design. The individual 
values of maximum resistance for each 
machine-voltage class were tabulated to 
afford a basis for comparing the various 
protective schemes being considered. 
Both the 20,000-ampere arrester discharge 
and the 100 strokes per 100 miles of line 
for direct-stroke density are considered to 
be conservative amply to allow a varia- 
tion of two to one in the permissible 
ground resistances. For more important 
installations in exposed regions, the tend- 
ency should be to approximate the listed 
values. When a comparison is made of 
the cost of the various elements of a line, 
it will be found usually that, if a ground 
wire is used, a 500-foot section is most 
economical. The shorter length of over- 
head ground wire, fewer pole grounds, and 
lower required line insulation usually will 
exceed greatly the required added cost of 
obtaining sufficiently low ground resist- 
ances. Probably, in most cases, it even 
will permit the installation of a buried 
counterpoise connecting the line-arrester 


years. 
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: } 
ground with the machine ground. This 
will provide adequate protection for 
practically any grounding condition, 


Machines Connected to Overhead 
Lines Through Cables 


EFFECT OF SHEATH GROUNDING 
CONDITIONS ert 


There has been some question in the 
past as to the effect of various sheath 
grounding conditions on the voltages that 
will be transferred through cables. To 
study this, the tests illustrated in Figure 
21 were made. The most significant are 
those of Figure 2la. At one end, the 
conductor and sheath were connected 
through a one-ohm resistor and the sheath 
grounded through a resistor varying from 
zero to 25 ohms. A constant current 
surge was introduced at this end for the 
various values of resistance, thereby 
applying a constant surge potential be- 
tween the conductor and sheath, while 
successively higher sheath potentials re- 
sulted as the variable resistor was in- 
creased. These tests show that the po- 
tential applied to the sheath has little 
effect as long as the potential between 
conductor and sheath does not increase, 
and the machine end of the cable is 
grounded. It is the conductor-to-sheath 
potential that determines the voltage 
transferred through the cable. Figure © 
21b shows that, for any other condition of 
grounding, the transferred voltage is es- 
sentially determined by the line-to-ground 
potential introduced into the cable. When 
the arrester grounds are interconnected at 
the cable pothead, the transferred surge is 
determined by the voltage across the ar- 
rester and its short ground leads. Cables, 
therefore, provide a definite voltage- 
limiting benefit which is greatest for de- 
ion arresters with their low discharge 
voltages. 


Cable Circuits Studied. Three princi- 
pal types of cable conditions were studied 
for which typical solutions obtained with 
the equivalent circuits are shown in 
Figures 22 and 23. To determine the pro- 
tection afforded with line arresters at the 
cable pothead only, the solutions of Figure 
22 were obtained for a range of cable surge 
impedances and lengths, and various 
amounts of terminal capacity and lumped 
inductance at the line potheads. Studies 
also were made (Figure 23a) of the ma- 
chine conditions produced by voltages 
maintained various distances out on an 
overhead line. This is typical of line 
flashover or of the discharge of line ar- 
resters out on the line. The effect of 
various amounts of cable in parallel with 
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machines is shown in Figure 23b. : 
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Protection With Deion Arresters at 
Cable Pothead Only. It can be seen 
readily from Figure 22 that the voltages 
permitted by valve arresters will produce 
too steep fronts at.machines for the more 
common cable lengths, unless fairly large 
choke coils are provided. It was found 
that they should be of the order of 75 to 
100 thicrohenrys for cables over 500 feet in 
length and as high as 300 for shorter cables. 
However, the deion arresters permit much 
lower values of inductance. In some 
cases none is required. Typical calcula- 
tions of the voltage permitted by a deion 
arrester with a five-foot ground lead to the 
cable sheath are shown in Figures 24 and 
25. For lengths less than about 200 feet, 
the cable itself provides little sloping and 
acts only as a voltage-limiting device. 
The location of the choke coils is not im- 
portant. However, for lengths greater 
than 200 feet, sufficient increased wave 
sloping is provided by the cable capaci- 
tance to warrant placing them at the line 
' end. 


_ Table V lists rounded-off conservative 
values for the required choke-coil induct- 
ance when deion arresters are used only at 
the line pothead of cables connected to 
exposed overhead lines. These are much 
smaller than required when cables are not 
in the circuit. The largest needed is 50 
microhenrys, if two standard capacitors 
are used for 6,900- and 11,500-volt un- 
‘grounded machines. Table V is based on 
the reasonable assumption that a direct 
stroke within 500 feet of the cable pothead 
will cause the deion arresters to discharge. 
‘Figure 26 illustrates calculations made to 
show that a stroke causing line flashover 
500 feet away will not cause a severe 
machine-voltage front. Three flashover- 
voltage conditions marked A, B, and C 
were considered, causing either no dis- 
charge of the arresters or spark-over after 
various time intervals. The wave shape 
of the arrester voltage was obtained from 
the oscillograms of Figure 23a. 


Use of Line Section Instead of Choke 
Coils, Past practice has been to treat 
machines connected to overhead lines 
through cables the same as without cables, 
except for the addition of arresters at the 
cable pothead; these are required for 
cable protection. If valve-type arresters 
are used at the cable pothead, it is still 
_ recommended that this procedure be 
followed. However, as shown in Table V, 
deion arresters at the cable pothead only 
are sufficient for certain cable lengths. 
If, for the other cases, a section of line 
(with additional arresters out on the line) 
is used instead of the choke coils, more in- 
ductance is required. This is because 
interconnection of these line arresters with 


the cable cannot be provided through 
short leads. However, the line-protection 
schemes found necessary for machines 
directly connected to overhead lines are 
not required. It was found that, for 
cables longer than 200 feet, a single addi- 
tional set of arresters, 500 feet out on the 
line and having grounding resistances 
even as high as 50 to 75 ohms, provides 
good protection. This amount of line 
inductance is sufficient’ for any surge not 
discharging the pothead arresters. For 
more severe surges the pothead-arrester 
discharge current will be limited to a rela- 
tively low rate of rise by the line ar- 
resters. The type-A deion-arrester dis- 
charge voltages are much lower for cur- 
rents having low rates of rise. The dis- 
charge conditions of Figure 15b are prob- 
ably considerably more severe than any 
that could be propagated past the line 
arresters. Calculations, such as those of 
Figure 24, showed that good protection 
was provided for any cable longer than 
200 feet, even with pothead-arrester dis- 
charge currents, such asthat of Figure 15b. 
Cases with cables shorter than 200 feet 
should be treated as if the cables were not 
present with the addition of pothead ar- 
resters. 


Cables in Parallel With Machines. 
Cables at the machine or bus terminals in 
parallel with the circuit into which a 
surge is propagating were found to pro- 
duce practically the same sloping as an 
equivalent amount of lumped capacitance. 
As shown by Figure 23b, the superimposed 
oscillations are less severe for a larger 
number of shorter cables or for cables of 
lower surge impedance. However, if the 
cables provide a capacitance of 0.2 micro- 
farad or more, the pulses will not be 
dangerously steep. Thus, if sufficient 
capacitance is provided in this way, 
surge-protective capacitors are not re- 
quired. One condition which it is impor- 
tant to avoid is that illustrated by Figure 


‘23a for a machine at point B. If capaci- 


tors are| provided, they should be so 
placed that the surges will reach them 
before the machine, so that severe oscilla- 
tions which can appear on the line side of 
the capacitors will not be impressed on the 
machine. 


Machines Connected to Overhead 
Lines Through Transformers 


The mechanism by which surges are 
transferred through transformers has been 
treated in detail elsewhere.18:19 It will be 
considered here only to the extent of es- 
tablishing a basis for machine protection. 
Since the transformer-leakage inductance 
is always sufficient for wave-sloping pur- 
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poses, it is not necessary to provide ar- 
resters out on the line. Station-type ar- 
resters, however, should be provided on 
the line side of the transformer bank con- 
nected to very low station grounds and 
preferably interconnected to the machine 
grounds. The surge-voltage conditions 
are determined by the station arresters. 
Average data on the discharge-voltage 
characteristics of the station-type ar- 
resters commonly used for transformer 
protection are given in reference 20. For 
33 kv or higher, the arrester discharge 
voltage is sufficiently high compared with 
the short-duration lead-inductive drops 
which might occur, so that only the dis- 
charge voltage need be considered. It can 
be represented as a square voltage wave. 
This, of course, assumes that low station 
ground resistance or interconnection with 
the machine grounds is provided. For a 
current of 20,000 amperes, the arrester 
discharge voltage is about 2.5 times the 
crest-rated line-to-line voltage when 80 
per cent arresters are used on grounded 
systems. For ungrounded systems using 
100 per cent arresters it is about 3.1. 
Even for abnormally high discharge cur- 
rents of 50,000 amperes, these values are 
increased only to 2.7 and 3.4, respectively. 
When a steep-front surge is applied to a 
transformer bank, voltage can be trans- 
ferred electrostatically through the dis- 
tributed capacitance between windings 
and also electromagnetically. The volt- 
ages transferred in these two ways can be 
considered separately. 


ELECTROSTATIC COMPONENT 


The electrostatic component is depend- 
ent on not only the total capacitances be- 
tween windings and to ground but also 
their distribution along the windings. 
In general, therefore, it is not practical to 
consider individual cases. A study was 
made of a representative group of shell- 
and core-type transformers, and this was 
co-ordinated with the tests reported by 
Bellaschi.!° With the secondary winding. 
of transformer banks open or connected 
to impedances of several-hundred ohms, 
the electrostatic component can produce 
surges of severe magnitudes and fronts 
that usually range from 0.5 to three micro- 
seconds. However, in any transformer 
bank it can be reduced sufficiently for ma- 
chine-protection purposes if resistances of 
50 ohms or less or capacitances of 0.005 
microfarad or more are connected across 
the secondary terminals. 

Since the total capacity of machine 
windings usually ranges between 0.02 and 
0.6 microfarad, it might be thought that 
the machine itself would eliminate this 
component. However, actual tests made 
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by applying surges to transformer banks 
connected to the 100-kva machine de- 
scribed show that this is not so. The 
transformers used had lower capacities 
compared with capacities of the machine 
than is usually typical. However, tests 
such as that of Figure 27 show that the 
machine acts only as a surge impedance or 
resistance and has little effect on the 
electrostatic component. Except when 
surge-protection capacitors are applied, 
the only circuitelementscommonly present 
to eliminate the electrostatic component 
are cables. The data of Figure 10 can be 
used to determine the capacitance pro- 
vided by these. A 50-foot length is all 
that is required for most cables to supply 
the necessary 0.005 microfarad. Thus, if 
such cables are connected either between 
the machine and transformer or in parallel 
with the machine, special surge-protection 
capacitors are not required for the electro- 
static component. 


ELECTROMAGNETIC COMPONENT 


With sufficient capacitance in the cir- 
cuit to eliminate the electrostatic com- 
ponent, the electromagnetic component 
can be determined quite accurately from 
the equivalent circuit and solutions of 
Figure 28. A complete tabulation of 
transformer-leakage reactances (including 
autotransformers) is given in reference 21. 
Three-winding transformers can be 
treated accurately in terms of their 
equivalent leakage-reactance circuit.?! 
However, a safe approximation results 
from considering the tertiary windings 
open-circuited and treating them as two- 
winding transformers. The constant K, 
determining the effective applied surge 
voltage for different bank connections, is 
discussed in detail in reference 18. It 
gives the highest machine voltages which 
can be produced. This is usually from 
surges on one or two phases. An example 
of the use of Figure 28 in calculating ma- 
chine lightning-surge voltages is given in 
Figure 29. After M is evaluated, the 
shape of the voltage curve can be deter- 
mined from the curves of Figure 28. The 
proper time scale is supplied from T and 
the magnitude from NKE,. For this case, 
the cable provides sufficient capacitance to 
limit safely surges induced both electro- 
statically and electromagnetically. 

Examination of the equations for T and 
M in Figure 28 shows that sloping is in- 
creased by increased values of capaci- 
tance, but that overshooting of the voltage 
is also increased, Thus, there is a limited 
range of capacitance for which machine 
arresters and capacitors are not required. 
If a calculation such as that of Figure 29 
should show the need of machine arresters 
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to limit the machine voltage, capacitors 
also should be used to prevent steep-front 
surges resulting from a sudden drop in the 
machine-arrester voltage when it dis- 
charges. Likewise, if the need for surge 
capacitors is indicated to provide ade- 
quate wave sloping (or to prevent elec- 
trostatically induced surges), macltine 
arresters also should be used, because the 
capacitors usually will increase the over- 
shooting of voltage to a dangerous value, 
even for the lower range of machine surge 
impedances. Thisis true unless resistance 
were placed in series with the capacitors. 
For capacitances of 0.25 microfarad or 
more the machine surge impedance need 
not be represented and the solution, for 


this case is given by Figure 16b. Calcu-_ 
- lations of the series resistance necessary 


to provide adequate damping-show that it 
usually must exceed 50 ohms. If no 
other capacitance is available in the cir- 
cuit for suppressing the electrostatic com- 
ponent, a resistance in series with the 
surge capacitors appreciably in excess of 
50 ohms might permit this component to 
besevere. Ingeneral,the use of the capaci- 
tors and machine arresters is to be pre- 
ferred. 


Ungrounded Machines. Except for 
the case of an ungrounded machine con- 
nected to a wye-wye bank with both 
neutrals grounded, no more severe voltage 
conditions can be set up at the machine 
neutral than at its terminals. For surges 
produced on one or two phases of the pri- 
mary winding, all bank connections, ex- 
cept the grounded wye—wye, produce 
surges of opposing polarities at the ma- 
chine terminals, so that they tend to can- 
cel at the machine neutral. For surges 
appearing simultaneously on all three 
phases of the primary winding, no appre- 
ciable voltages are transferred electro- 
magnetically to the machine. Thus, no 
extra protection is required. For 
grounded wye-wye banks, machine ar- 
resters are always required, and, thus, 
capacitors should be added also, In most 
cases the addition of the standard capaci- 
tors provides fronts in excess of 30 or 40 
microseconds, so that severe neutral volt- 
age conditions are not likely. 

Quick Method of Determining Need for 
Machine Protection. In the summary is 
given a quick method for determining the 
need for machine arresters and capacitors. 
Two steps are listed for considering elec- 
tromagnetically induced surges. Step 1 
pertains to adequate sloping, and the rela- 
tionship is obtained from the equation for 
T in Figure 28. It provides a value of 12 
microseconds for 0.57. Step 2, pertain- 
ing to adequate damping of the induced 
voltage, was obtained from the equation 
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for M. It is based on the following con- 
servative assumptions: 


1. The damping is provided by only one 
machine. ; 

2. Effective surge impedances ranging from 
500 ohms for 2,400-volt machines to 1,000 
ohms for 13,800-volt machines are assumed 
to be conservatively high for hydrogenera- 
tors and other slower-speed machines. A 
resistance of 250 to 500 ohms is assumed for 
turbogenerators and other machines with 
speeds above 1,800 rpm. 


3. The voltages permitted by the station 
arresters are assumed to be 2.5 and 3.1 times 
crest line-to-line normal line voltage for 
80 and 100 per cent arresters, respectively, 


4. The machine insulation strength is con- 
sidered to be only that given by the stand- 
ard test voltages of Table II. 


Magnitude of Machine-Arrester 
Discharge Currents 


Best protection is afforded when the 
machine-arrester discharge currents are 
limited to 2,000 amperes or less, since their 
discharge voltages may exceed the safe 
protective levels for higher currents, A 
study, therefore, was made of this for 
each protection method recommended 
here. Using a model arrester having gap 
breakdown and discharge voltage char- 
acteristics scaled down by a factor of 10, 
the currents were measured in the equiva- 
lent circuits being studied. In Figure 30 
are shown two of the solutions obtained 
together with the voltage characteristics 
of an actual machine arrester. In all 
cases, it was found that the currents were 
limited to safe values which were appreci- 
ably less than permitted by the former 
recommendations of 1,500 feet of line and 
one set of arresters for machines con- 
nected directly to overhead lines. This 
isillustrated in Figure 30. 
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Electric-Circuit Fault-Protective Principles 


as Applied to D-C Aircraft Systems 
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IRCRAFT d-c electric systems are 

being extended constantly in respon- 
sibility and physical size. The assign- 
ment of more important tasks to the elec- 
tric system emphasizes the need for the 
highest order of reliability of power supply, 
particularly in military craft exposed to 
unusual hazards. The increase in electric 
plant capacity increases the concentra- 
tion of electric power which may be un- 
leashed with damaging effect in the event 
of electric-circuit fault. 

An electric-circuit fault results from an 
unintentional connection between ener- 
gized conductors of different potentials or 
between an energized conductor and the 
ship structure or metallic enclosure con- 
nected thereto. The location of a particu- 
lar electric fault is, of course, quite un- 
predictable and may appear at any point 
along the energized conductor system or 
machine internal windings. Through the 
by-pass circuit provided by the electric 
fault, excessively high current may flow 
which may jeopardize continued opera- 
tion of the entire system, as well as con- 
stittrte a serious hazard to equipment and 
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personnel in the immediate vicinity of the 
fault. 

It is the purpose of this paper to pro- 
vide a clear understanding of system fault- 
protective measures as applicable to cur- 
rent d-c aircraft systems. Many of the 
principles herein described may be ap- 
plied equally well to a-c aircraft systems. 
It will be well at this point to distinguish 
between equipment thermal protection 
and system fault protection. 


Thermal Versus Fault Protection 


Thermal protection aims to prevent 
electrical failure by interrupting the 
supply of power when the maximum safe 
operating temperature is reached. Tem- 
perature measurement may be made by 
embedded temperature detectors or deter- 
mined from previous time-current his- 
tory. The presence of thermal protection 
may eliminate or minimize needless burn- 
outs of circuits or equipment. On the 
other hand, in aircraft service under com- 
bat conditions, there are certain functions 
which are extremely important, and addi- 
tional combat hazards resulting from the 
inability of such important machines to 
operate may more than offset the hazards 
encountered by continuing the operation 
of these machines above maximum safe 
temperatures. Under these circum- 
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thermal protection seems quite sensible. 
Except during such hectic circumstances, 
normal properly applied thermal protec- 
tion will pay dividends in the form of in- 
creased useful life. If, in the course of 
driving a machine above its normal ther- 
mal operating limit, a failure is induced, 
its usefulness abruptly ceases at that 
point. 

In contrast to this is fault or system 
protection which aims to interrupt 
promptly the flow of power following the 
occurrence of electrical failure. The 
purposes of interruption are: 


l. To minimize the energy liberated at 
the point of fault, thus minimizing fire 
hazard. 


2. Toavoid burning up electric conductors. 


3. To minimize damage to immediately 
adjacent electric conductors and additional 
fire hazard. 


4. To divorce the faulted circuit from the 
main electric system in order that the latter 
may continue to operate in a normal manner. 


To permit fault protection to be overrid- 
den is most hazardous and easily may re- 
sult in a destructive fire, mechanical dis- 
ruption of electric-system elements in the 
vicinity of the fault, and/or complete 
collapse of the main electric system. It 
may be noted that the flow of 5,000 am- 
peres into a ten-volt fault circuit repre- 
sents the liberation of power in the form 
of heat at the rate of 50 kw. To sustain 
such high-current levels into a fault pro- 
duces no useful result whatsoever. The 
overriding of fault protection is distinctly 
different and not to be confused with 
permissible reclosure using a trip-free 
circuit breaker which immediately will 
operate to interrupt the circuit if ab- 
normally high-current flow is again estab- 
lished. 

In many instances it may be possible 
to combine thermal and fault protection 
in a common mechanism. However, the 
two functions shall continue to retain their 
individual significance. Although moder- 
ate overcurrents may be permitted to 
continue for a substantial time interval 
before significant damage results, current 
flow far in excess of normal value is un- 
questionably the result of a fault, and no 
time should be lost in severing the faulted 
section from the system. 

Obviously, it is important that any 
protective system correctly appraise 
operating conditions and function to in- 
terrupt promptly a circuit element in- 
volved in fault, yet positively refrain 
from interrupting in the absence of 
fault. Furthermore, only protective de- 
vices immediately adjacent to the fault 
should operate, thus limiting service 
area interruption to the absolute mini- 
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if 
mum. Many questions immediately 
arise as to the manner in which this is ac- 
complished. The first concerns the mat- 
ter of positive fault detection. An open 
circuit is, of course, one form of fault but . 
requires no protector action, unless and 
until contact with other conductors or 
ground occurs. 


ve 


TIME —= 


Fault Detection 


OTHER RESISTANCE LOADS 


The most common means of identifying 
fault currents, as contrasted to normal 
current, include: 


1. Current flow in excess of the maximum 
normal current. 


2. Current flow in a direction opposite to 
normal. 


3. Appearance of unbalanced current in a 
balanced resistance double-channel circuit. 


4. Appearance of current flow between the 
frame of a machine or electrical housing and 
ground. 


TIME —* 


5. A measured resistance (ratio of E/J) as 
viewed from the supply end of the circuit 
lower than that of the maximum normal 
load. 


6. Temperature rise. 


INCANDESCENT LAMPS 
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Excess Current Flow 


In the majority of examples, particu- 
larly in the case of small normal ampere- 
rated circuits, the occurrence of an electric 
fault will result in a current flow consider- 
ably in excess of the maximum normal 
value. In some instances this may not be 
true. In the case of large motor circuits, 
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Upper figures—Possible normal load currents 
Lower figures—Fault-protection application 


There are many electrical-equipment 
items (of which generator circuits and 
parallel feeder lines are representative) in 
which the flow of current in any sub- 
stantial magnitude is normally in one 
direction only, but, as a result of electric 
fault in that element, substantial current 
flow will be observed in the direction op- 
posite to normal. : : 
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normally will have equal current flow in 
the same direction in both branches. The 


occurrence of an electric fault in one. 


branch, however, disturbs this balance 
and results in a greater current flow in one 
leg than in the other. This difference 
current (one current subtracted from the 
other) constitutes a very reliable fault 
indicator. This method has the distinct 
advantage of being insensitive to faults 
occurring outside the limits of its own two 
paralleled branches. 


Ground-Current Flow 


By insulating the frame or housing, 
which encloses a particular system of elec- 


Resistance Measurement 


For circuits which demand high normal 
currents compared with minimum avail- 
able short-circuit current, a resistance- 
measurement detector may be useful. 
The fundamental principle of the detec- 
tor may be obtained by assuming a bal- 
anced magnetic armature pivoted at its 
center. On one side of the pivot is a cur- 
rent coil in series with the circuit being 
protected which tends to move the arma- 
ture in the trip direction. On the other 
side of the pivot is a voltage coil energized 
by line-to-ground voltage at the detector 
location which opposes the action of the 
current coil. Ata particular level of cur- 


Table I. 


Elemental Fault-Protective Devices 


temperature relay 


Through Boundary- 


are voltages may be a sizable fraction of 
the system operating voltage and thus 
result in a fault-circuit resistarce sub- 
stantially equal to or greater than tke 
minimum normal resistance which would 
result in failure to operate. 


Temperature Rise 


Fault-current flow produces abnormal 
power loss, which is reflected in a rising 
temperature in conductors through which 
the current flows. As a matter of fact, 
all protectors which incorporate thermal 
tripping means actually operate in re- 
sponse to a specific temperature attained 
in the thermal element. Directly at the 


Separate Trip Source 


ture at relay 


tric winding, from ground, except for one 
purposely made connection through a cur- 
rent relay, a sensitive fault detector is ob- 
tained. An unintentional connection 
between internal energized windings and 
the enclosing housing results in current 
flow in the ground-detector coil circuit. 
Such a detector is particularly useful for 
obtaining sensitive fault detection on 
large rotating machines and for vulnerable 
junction boxes.- Both terminals of the 


‘power winding must be insulated from 


the enclosing frame, of course. 


1944, VoLuME 63 ; 


rent, operation will occur only if the volt- 
age is below a particular critical value. 
At different current levels the trip point 
will be established at the point where the 
ratio of voltage to current is the same-as it 
was in the first instance. Under condi- 
tions of electric fault, the ratio of voltage 
to current will be less than that obtained 
under normal conditions and thus would 
allow operation of the device. 

The value of resistance-fault detection 
on 30-volt d-c aircraft systems is question- 
able under arcing-fault conditions. Fault- 
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Type Representative Construction Trip Boundary Needed 
toe rate ; , St Lu TRie 
Overcurrent oy Circuit breaker with direct-acting series- a 
Instantaneous magnet trip 3| mee No 
re) 
M1 Circuit breaker with direct-acting series- TIME —= 
ome 
TO. thermal trip No 
Inverse time Ty — Circuit breaker with direct-acting series- Nese 
TO. time-delayed-magnet trip j No 
\—— Fuse or limiter & TRIP No 
; Dey TRIP 
Instant and in- Me Circuit breaker with both a series-magnet No 
verse time Tato and series-thermal direct-acting trip rr 
Directional Overcurrent 
Pictantancous (el ey ee EN Circuit breaker with direct-acting polar- (NO _LIMIT) No 
f nea ized series-magnet trip TRIP 
Inverse time o-oo aN te : ; NO_LIMIT Yes 
To! Circuit breaker electrically tripped from fue 
oa polarized inverse-time relay TRIP 
Current Balance 
a Circuit breaker with direct-acting series- 
Semel balanced-magnet tri 
Instantaneous Atay! . : a ; No 
a) Circuit breaker electrically tripped from (No limit) , 
LS current-balance relay Trips only on unbalanced current Yes 
> etN Ss Circuit breaker electrically tripped from 
Inverse time mn inverse-time current-balance relay Yes 
tee! 
TO, 
Ground Current WSULATED 
MOUSIN. ° . * . . . ° 
a Circuit breaker with direct-acting current (No limit) No 
Instantaneous aed trip coil connected between the insu- Trips only on ground current 
‘ ae lated housing and ground : 
Resistance 
Instantaneous vo Circuit breaker with direct-acting series- Trips only when ratio E/J] becomes No 
he current trip opposed by shunt potential lower than trip coil-design value 
magnet l Y 
Temperature Circuit breaker electrically tripped by Trips only in response to tempera- Yes (if used for thermal 


protection, line voltage 
may be used as trip 
source) 


fault location the liberation of heat is 
accentuated and temperature rise is both 
rapid and high; however, unless the tem- 
perature-detecting element happens to be 
in close proximity to the fault location, an 
appreciable time elapses before heat in 
any substantial quantity reaches the de- 
tector location. In the case of fractional- 
winding faults within motors, an internal 
embedded temperature-responsive detec- 
tor may well indicate trouble in much less 
time than a line-current actuated device. 
Note particularly that, during the exist- 
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ence of such marginal faults, the gross 
power input to the motor may be of the 
same order as normal rated power, al- 
though a large fraction of it may be ap- 
pearing as heat at the fault location within 
the motor instead of being converted to 
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mechanical power and delivered to an ex- 
ternal load machine. 

Before the several practical devices for 
fault detection are summarized, it will be 
desirable first to examine one additional 
topic, namely, selectivity, inasmuch as it 
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SOLID CIRCU 


has a very prominent influence on the 
make-up and application of fault-detect- 


ing devices. ° 
Selectivity 


Selectivity concerns the incorporation 
of proper discrimination between several 
fault detectors which may be actuated 
simultaneously by a single fault in such 
manner that only the protectors im- 
mediately adjacent to the fault operate. 
The absence of complete selectivity would 
allow a single fault to produce service 
disruption over a greater area than neces- 
sary. 

The complete electric system will con- 
tain a large number of individual elements 
or sections. The occurrence of a fault in 
some one section quite likely will actuate 
overcurrent fault detectors in a consider- 
able number of electric channels quite re- 
moved from the fault location and may 
actuate reverse-current fault detectors 
in several sections removed from the one 
in fault. 

To permit selective operation among 
the several actuated protective detectors, 
the element of time delay is introduced, 
which usually will be in the form of an 
inverse-time characteristic, such that the 
operating time diminishes as the current 
magnitude increases. An inverse-time 
characteristic is an inherent property of 
all fusible circuit interrupters and thermal 
trip devices. Time-delay characteristics 
may be incorporated in magnetically 
operated detectors in the form of an air 
or oil damper, or an eddy-current drag 
disk. 

In general, the inverse-time characteris- 
tic for a particular line of equipment will 
be almost constant, if current is consid- 
ered as a multiple of normal rating. In 
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some cases, the time characteristic will be 


subject to adjustment (as in the case of 
air- or oil-damping mechanisms and eddy- 
current drag disks), and, in other cases, 
it will be fixed permanently by thermal 
design (as in the case of fuses and ordinary 
thermal trips). 

A summary of the various common fault 
detedtors with and without time-delay 
features is presented in Table I. 

In attempting to evaluate the selec- 
tivity which will be obtained in a particu- 
lar system among several simultaneously 
actuated fault detectors, it becomes neces- 
sary to examine the operating tolerance 
in a particular protective device. 


Operating Tolerance of Fault 
Protectors 


The operating tolerance of protective 
device is quite distinct from its ability to 
withstand normal service conditions, 
such as fault-current magnitudes, vi- 
bration, and temperature. Variations in 
its operating current-time characteristic 
may result from one or more of the 
following: 


Manufacturing tolerance. 
Variation in ambient temperature. 


Repetitive operation in service. 


NE 


. Degree of electric load carried prior to 
fault occurrence. 


5. Variation in altitude. 


6. Total clearing time as contrasted with 
operating time. 


Manufacturing Tolerance 


To construct supposedly duplicate de- 
vices which individually will exhibit iden- 
tical characteristics is virtually impossible. 
The degree to which individual items de- 
viate from the mean may be narrowed by 
more refined construction and more ac- 
curate control of manufacture, which is 
reflected in increased man-hours per de- 
vice produced. Reasonable manufactur- 


Table Il. 


ing tolerance thus constitutes a compro- 
mise between performance accuracy and 
man-hours invested in its construction. 
A reasonable permissible manufacturing 
tolerance might be plus or minus five per 
cent variation ‘in the minimum current, 
which would cause operation, and plus 
or minus 10-25 per cent variation in time 
to operate at ten times normal current. 


Ambient-Temperature Variation 


All devices which operate on a thermal 
principle will be influenced by ambient- 
temperature variations to a degree de- 
pending on the operating temperature of 
the thermal element. Both the minimum 
operating current and the time at ele- 
vated current will be affected. The am- 
bient temperature will directly establish 
the required temperature rise to reach the 
tripping point. The minimum operating 
current will be affected substantially as 
the square root of this required tempera- 
ture rise, inasmuch as generated heat is 
proportional to current squared, The 
operating time at a high-current value— 
say ten times normal—will be substan- 
tially proportional to the required tem- 
perature rise. Table IT indicates the order 
of variation in operating current and oper- 
ating time which would be expected for: 


1. A thermal trip operating at 120 degrees 
centigrade. 


2. <A zinc fusible unit operating at 420 
degrees centigrade. 


8. A copper fusible unit operating at 1,080 
degrees centigrade, 


The current required to operate mag- 
netic types of relays is insensitive to am- 
bient temperatures within the aircraft 
operating range, although associated time- 
delay devices may or may not be affected, 
depending on their type. 


Repetitive Operation in Service 


Operating characteristics may be al- 
tered by repeated use in service, because 
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Ambient-Temperature Variation 


From 25 Degrees Centigrade 
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of such things as mechanical displace- 
ments resulting from wear and changes in 
the magnetic strength of polarizing per- 
manent magnets. Of a distinctly differ- 
ent character is the matter of interference 
with free motion of working parts due to 
dust or dirt accumulation which can be 
corrected by proper maintenance. Toler- 
ances of this character can be covered 
partially by equipment manufacturing 
specifications, and the balance must de- 
pend on adequate maintenance procedures 
in the field. 


Previous Load-Current History 


All thermally operated devices will as- 
sume a temperature on the thermal ele- 
ment above the ambient temperature as a 
result of normal load-current flow. A stb- 
sequent application of high-fault-current 
flow will entail a shorter operating time, 
since the thermal element already has 
been elevated somewhat in temperature. 
Of course, the minimum operating cur- 
rent level will be unaffected by previous 
load-current flow. 


Altitude Variation 


The minimum current which will op- 
erate any thermal type of overcurrent ele- 
ment is established by the balance be- 
tween heat generated and heat dissipated 
from the thermal element. As altitude is 
increased, air density becomes less, and 
the heat dissipated from the thermal ele- 
ment at a given temperature also di- 
minishes. Thus, there will result a tend- 
ency to operate at a lower minimum 
current level at increased altitude, unless 
compensated by an appropriate reduction 
in ambient temperature. Under high 
overcurrent conditions, on the other hand, 
the tripping point is controlled mainly by 
heat stored within the thermal element 
itself, and, hence, altitude would have 
substantially no effect on the operating 
time at high current. 


Total Clearing Time Versus 
Operating Time 


All circuit-protective devices to a 
greater or lesser extent allow current flow 
to continue beyond the operating or trip 
point. This additional current flow 
passes through other protective devices 
and tends to propel them to the operating 
point. At moderate overcurrents the cur- 
rent which flows after a particular pro- 
tective device has been tripped is not a 
substantial part of the total. At high cur- 
rents, on the other hand, the heating ef- 
fect of the current which flows after the 
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device has been tripped may become com- 
parable with that required to operate. 
In the latter case, one overcurrent device 
which requires twice as long a time to 
operate than one with which it is in series 
would tend to be operated as a result of 
the current flow through the first unit in 
the course of its operation. At high alti- 
tudes the tendency for current flow fol- 
lowing operation of most protectors is 
increased, 

To stimmarize, it is necessary to recog- 
nize that the operating characteristic of a 
particular protector constitutes a band 
rather than a line on a time-current curve. 
Furthermore, current flow which con- 


differ, depending on their nature. Repre- 
sentative of the several broad types are: 


1. Rotating machines. 
2. Incandescent lamps. 
3. Static resistance loads. 


1. Rotating machines, including series 
and shunt motors, dynamotors, and in- 
verters, are unique in that the normal 
load current is controlled by the magni- 
tude of externally applied load rather 
than by the internal-winding resistance 
(except at start). With the rotating- 
machine rotor at standstill, the current 
demand is primarily controlled by the 
internal resistance of the windings but is 


Figure 3a (left). Feeder-system 
tie-circuit elements 
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tinues for a short interval after the opera- 
tion of one protector tends to operate an 
adjacent protector through which this 
same current is flowing, although the two 
protectors were intended to be selective. 
Protectors in different locations of the 
ship may be affected differently in respect 
to ambient temperature, atmospheric 
pressure, previous load-current level, and 
so forth. The longest possible total con- 
duction time of a protector nearest the 
fault location must be shorter than the 
shortest possible operating time of the 
next removed protector between which 
selective operation is to be attained. 

In the absence of accurate band-width 
characteristics, it would seem reasonable 
to require a time discrimination ratio of 
3:1 at high-current levels (above ten 
times normal) and 2:1 at moderate over- 
currents (below six times normal) to be 
considered as being selective. 

In approaching the matter of fault- 
protection application procedure, there 
~ are two subjects which promptly will as- 
sume a significant position, namely, the 
character of normal load currents and the 
incorporation of duplication of service. 


Normal Load-Current Character 


The normal load-current requirements 
of the various individual load circuits 
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Figure 3b (below). Selective 
bus protection using ground- 
current flow for detection 
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influenced by the magnitude of impressed 
voltageand machine-winding temperature. 
This is illustrated in Figure 1. If the ro- 
tor is prevented from turning, there will 
exist a specific time for each condition of 
impressed voltage and machine tempera- 
ture during which current may be per- 
mitted to flow before the internal wind- 
ings reach an injurious temperature, such 
as shown in Figure 1. 

Under normal conditions, with the rotor 
free to turn, the rotor will accelerate 
rapidly, and the current demand will drop 
simultaneously approaching the steady 
running condition. While the rotor runs 
continuously at constant load, there will 
be a specific current level above which. 
injurious winding temperatures will be 
realized, the limiting current level of 
which will be higher in the presence of 
reduced ambient temperatures and/ or de- 
creased altitude. For short time inter- 
vals a higher running current will be 
permissible, the magnitude of which will 
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\ 4¢ 
depend on the winding temperature Al- 
ready reached as the result of prior load- 
ing. 

2. Conventional tungsten-filament in- 
candescent lamps, when initially ener- 
gized, demand a high inrush current which 
rapidly decays as the filament comes up 
to temperature. In contrast to motor cur- 
rent, the current decay is controlled by 
the lamp-filament thermal design and is 
quite independent of external effect. The 
time constant of current decay is quite 
short (in the order of 1/2, second), al- 
though the time constant is influenced by 
filament diameter, becoming longer with 
increasing diameter. It is generally true 
that fuses, the current rating of which is 
equal to or in excess of the lamp normal 
rating, will not be operated by the heating 
inrush. It might be well to review this 
characteristic from the standpoint of air- 
craft service, since lamp-filament diame- 
ters may be greater and fuse melting time 
faster than that on which previous experi- 
ence is based. 

3. Other resistance loads characterized 
by heater circuits, magnetic operating 
coils, and so forth, tend to demand a 
fixed current commensurate with normal 
rated current immediately on being 
switched across theline. The resistance of 
the load may be influenced somewhat by 
ambient temperature; however, the vari- 
ation in current demand resulting from 
this is much more moderate than that 
encountered in the other load classes. 


Service Reliability—Duplication of 
Service 


A consideration of protective-equip- 
ment application to aircraft systems will 
involve almost immediately the question 
of service reliability of duplication of serv- 
ice in view of the hazards to which the 
electric system is subjected. By service 
reliability is meant the ability to main- 
tain electric power supply to a particular 
point of load application with any specific 
element or section of the supply system 
out of service. Furthermore, it shall be 
understood that, should such element or 
section become faulty while in operation, 
it shall sever itself automatically from the 
system without disrupting service over 
other channels. To be effective to full 
extent, the complementary power-supply 
channels shall extend to and include in- 
dependent generating or source units, 


Fault-Protection Application 


In the treatment of fault-protection 
application, the complete system may be 
subdivided conveniently into classes or 
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zones in which the problems are similar. 
The several classes of circuit equipment 
are identified as follows: 
1. Individual load circuits. 
2. Individual generator circuits. 
3. Main-feeder system. 
AN. 
B. Busses or junctions. 


Lines. 


Individual Load-Circuit Protection 


‘All individual load circuits represent 
radial extremities of the electric system. 
Excessive current flow in these branches 
is immediately indicative of a fault in 


Line-element 1 
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Figure 4a (above). Selectivity 
considerations in a chain of 
inverse-time protectors 


Figure 4b (below). The ap- 
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that particular element. Instantaneous 


_ overcurrent trip set slightly above the 


maximum normal circuit current is very 
useful in quick dispense of the faulty 
section. It is well to bear in mind that 
fuse protection applied to the smaller 


_ ampere-rated circuits provides fault pro- 


tection, which is substantially instantane- 


otis in view of the fact that fault-current 


magnitudes may be very high in com- 
parison with normal circuit rating (100 


times or more). Fuses may be considered 
as providing instantaneous protection in 
all cases where fault-current magnitudes 
are in excess of 30 times the fuse normal 
rating. 


Motor Circuits 


Characteristic normal current require- 
ments of motor circuits have been estab- 
lished previously and are illustrated in 
the upper part of Figure 1. The maxi- 
mum starting inrush current for a par- 
ticular motor is influenced by ambient 
temperature and the system-voltage dips 
during starting. The maximum time 
which the stalled-rotor current could be 
permitted to flow without burning up the 
windings is influenced by: 


1. The design characteristics of the ma- 
chine. 


2. The ambient temperature in which it is 
being operated. 

3. Theavailable voltage which is impressed 
on the motor windings. 


With the motor running, a time limit 
will be imposed for currents in excess of 
the normal continuous rating, the per- 
missible time becoming shorter as the 
current magnitude becomes greater. 

The maximum boundary of motor 
normal current recognizing the variation 
in the several influencing factors is shown 
in the lower part of Figure 1. In the 
application of system or fault protection 
to the motor line circuit, it is important 
that the trip boundary does not enter the 
zone of normal permissible operating 
current in order that the motor may be 
free to deliver its maximum output abil- 


OF A (MUST BE ABOVE MAX.I WITH FAULT AT 2) 
OF B (MUST BE ABOVE MAX.I WITH FAULT AT 3) 
OF © (MUST BE ABOVE MAX.I WITH FAULT AT 4) 
OF D (MUST BE ABOVE MAX, LOAD 1) 


ity; yet it should approach as closely as 
possible the normal current boundary so 
as to clear the circuit promptly, when it is 
known that a faulty condition exists, 

An instantaneous overcurrent trip set 
slightly above the maximum starting in- 
rush current will insure prompt removal 
in the event of a motor internal-winding 
fault of serious character or a motor-line- 
circuit fault. Additional protection could 
be obtained by including also an inverse- 
time overcurrent trip closely approaching 
the maximum permissible current—time 
curve of the motor. It is not to be in- 
ferred that this characteristic would pro- 
vide thermal protection to the motor, but 
rather that it would function to remove 
the motor as soon as it definitely were 
damaged or unserviceable. If the motor 
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includes thermal protection, as it normally 
should, the latter would have tripped 
off the motor in a shorter time. The dis- 
advantage of attempting to use an in- 
verse-time protective characteristic alone 
is clearly evident on the time-current 
chart. In that case, currents far in 
excess of normal maximum currents 
would be permitted to flow for a substan- 
tial time interval. For the case illus- 
trated, a current of 16 times the motor 
normal rating would be permitted to 
flow for about one-half second, which not 
only would impose a severe burden on the 
power-supply system but also would con- 
stitute an accentuated fire hazard at the 
fault. 


It should be realized that a line-over- 
current protector cannot provide infal- 
lible fault protection. Imagine, for in- 
stance, that a motor develops a fault in 
one coil while otherwise running normally. 
Initially, this single-coil fault would 
result only in a moderate increase in line 
current, probably not exceeding mini- 
mum starting inrush current. A sub- 
stantial time interval may elapse before 
the burning has progressed to a point 
where the line protective equipment will 
operate. During this interval substan- 
tial amounts of energy may be liberated 
at the point of fault which are conductive 
to increase fire hazard. This would be 
particularly true in the larger-size ma- 
chines, since a greater amount of energy 
could be liberated at a particular fault 
location before circuit tripping occurs. 


A much-improved type of protection 
for faults of this nature can be obtained 
by the application of ground-current 
detection; but this requires that the 
motor structure be insulated from the 
ship frame and all internal windings be 
kept insulated from the ship frame and 
the motor structure, with the ground con- 
nection made external to the motor frame. 

To illustrate the limitation in protec- 
tion afforded. by fuses in the case of 
motor circuits, a representative fuse 
operating characteristic has been plotted 
on the current-time chart. To avoid 
tripping during the maximum permissible 
time of stalled-rotor current flow, the 
fuse must have a normal current rating 
several times the motor normal continu- 
ous current rating. The fuse operating 
characteristic thus provides an exces- 
sively long time to operate in the presence 
of moderate overcurrent, up to four or 
five times the motor normal rating, and, 
at the same time, it requires a substantial 
time interval for operation in the presence 
of currents considerably in excess of the 
maximum stalled-rotor current. Such a 
characteristic represents merely a com- 
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promise protection, both at very high 
currents and at moderate overcurrents. 


Incandescent-Lamp Circuit 


The inverse-time-overcurrent charac- 
teristic represented by the conventional 
fuse is well-adapted to the protection of 
incandescent lamp circuits. While the 
initial current surge into a cold lamp fila- 
ment tends to approach about 15 times 
normal, the duration is quite short. It 
may be noted that the inrush current on a 
50-ampere filament has dropped to 
about five times normal in 1/;5 of a second. 
The inrush surge current for smaller- 
ampere-rated lamps decays more rapidly. 
The selection of fuses with current rating 
substantially equal to the normal lamp 
current will provide good protective 
characteristics, yet be free of false opera- 
tion on initial heating inrush for lamp- 
filament current ratings up to 50 amperes. 


Other Resistance Loads 


Other resistance loads would include 
heaters of all types, solenoid operating 
coils, machine field circuits, and so forth. 
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Figure 5a. Selectivity considerations in a 


multiple paralleled-line system using only 
inverse-time protectors 


Line-protective element 2 used throughout. 
With fault at: 

1,F; should clear before F; Fz or E; Ey operate 
1, current through E£; and Fs should not operate 
C, G (G D, out of service) 

1, current through £3 and F; should not operate 
A; Az (source 1 out of service) 

2, E; E, Ez should clear before C, Cy operates 
(C; Ds out of service) 

2, E, Ey Es should clear before A; A» operates 
(source 1 out of service) 

3, Ai Az should clear before As Ay (not 
possible without directional or bus protection) 
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For the major part, individual circuits of 
this character are of low normal ampere 
rating, few of which would be in excess of 
30 amperes. The protective character- 
istic represented by the conventional fuse 
is well-adapted to this class of circuit, 
since, as a result of small normal ampere 
rating, the operation becomes substan- 
tially instantaneous in the presence of 
fault currents of 900 amperes or more. 
In selection of fuse normal ampere rating, 
it should be recognized that many such 
load circuits consist of copper windings 
or are composed of circuit material ex- 
hibiting considerable temperature co- 
efficient of resistance, which will mean 
that the normal current demand at low 
ambient temperatures will be increased 
substantially. Therefore, it usually will 
be necessary that the fuse-rated currents 
be selected on the basis of 11/2 to 2 times 
the normal load-circuit current at a 25- 
degree-centigrade ambient temperature. 


Individual Generator-Circuit 
Protection 


Generators constitute the prime source 
of electric power and are of the utmost 
importance to the operation of the electric 
system. They are deserving of the most 
careful consideration in the application of 
protective equipment to insure that their 
operation will not be interrupted falsely. 

It is considered preferable that genera- 
tor loading should be subject to manual 
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Figure 5b. Ser considerations in a 
multiple paralleled-line loop system using 
only inverse-time protectors 


Line-protective element 2 used throughout. 


Section internal-fault selectivity similar. With 
fault at: 

1, Gi Gz Gs should clear before A; A> A; 
operate 


2, E, Ez should clear before’C, Cy operate 


(Neither of these can be assured without other 
types of protection or reliable fault-current 
sources on load busses) 


Kaufmann—Electric-Circuit Fault Protection 


supervision, and that automatic thermal 
protection should be omitted. (A warn- 
ing signal actuated by generator over- 
temperature is, of course, acceptable.) 
Should a generator be cut out automati- 
cally, as a result of forward overcurrent, 
it would result merely in further increase 
of load levels on remaining generators. — 
To permit reasonable supervision by the 
responsible member of the flight crew, 
it would be recommended that individual 
generator ammeters be provided (minia- 
ture style with coarse scale). With this 
aid any erratic operation of a particular 
generator would be brought to the super- 
visor’s attention immediately and, by its 
nature, allow him best to appraise the 
situation and decide whether this genera- 
tor could be restored to normal perform- 
ance, whether its output must be con- 
sidered negligible for the duration of that 
flight, and whether it will be necessary to 
ask for a reduction in nonessential load 
to permit completion of that flight with- 
out danger to generator units. 


As a result of an electric fault in a 
generator or its immediate circuit, an 
abrupt reversal of current in that genera- 
tor circuit will occur; the magnitude 
will be influenced by the character and 
ocation of the fault and limited to the 
fault current, which can be supplied by 
the remaining electric system in operation 
at that time. The fault-current mag- 
nitude easily may be many times the 
generator rating and in excess of the 
interrupting ability of the generator- 
circuit relay. 


Figure 2a portrays system character- 
istics pertinent to the application of 
generator-circuit fault protection. Four 
conditions of system operation (A, B, C, 
and D) have been recognized as applied 
to a representative six-generator system. 
The battery equipment consists of a 
single-type G, battery in good condition 
ata temperature around 25 degrees centi- 
grade. An electric fault is assumed to 
occur on G3 generator circuit. 

The curves of Figure 2a define the 
magnitude of J; (current contributed by 
the main system to the faulty generator 
circuit) and 2J,2t as a function of time for 
all four operating conditions and for both 
200- and 300-ampere generators in the ~ 
presence of a low-resistance generator- 
circuit fault. The 2/,% is quite useful in 
judging the operating time of thermally 
operated protectors, such as thermal trip 
circuit breakers and fusible links. ‘ 

Should the fault be of arcing character 
or contain substantial circuit resistance, 
the initial current magnitude and the sub- 
sequent decay would be diminished. If 
sufficient fault resistance is present to 
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diminish the initial current to half the 
solid fault value, subsequent current 
magnitude would be substantially con- 
stant and actually might increase with 
time. 

Figure 2b identifies the proper location 
of the generator-circuit protector and de- 
fines the current-time operating charac- 
teristics of three types of protectors 
(based specifically on a 200-ampere- 
generator rating): 


1. Instantaneous reverse-current circuit 
breaker. 
2. Inverse - time - overcurrent circuit 


breaker. 


3. Limiter (fusible link protector). 


Figure 2c identifies the fault clearing 
time for the three protector types, based 
on a low-resistance fault and 200-ampere- 
rated generators, for the following condi- 
tions of operation: 


1. Operating-condition A—all generators 
and rotating load in service. 


2. Operating-condition D—generators Gi, 
G14, G2, and G; alone in service. 


3. » Engine 3 dead and associated generator 
relay contacts frozen closed—no other elec- 
tric fault present. 


The predicted clearing time for these 

specific cases is given in Table III. 
Although this specific comparison has 

been based on the use of 200-ampere 


generators, it will be evident that per- 


formance with generators and associated 
protectors of other ratings will be similar. 

Prompt disposition of fault-current 
flow in aircraft d-c systems is important. 
In the case of a low-resistance fault, the 
system voltage is reduced to extremely 
low values, which, if sustained for an 
interval of more than about !/2) second, 
will allow generator-relay contactors and 
magnetic switches throughout the system 
to lose their holding force which is conduc- 
tive to false dropout and welding of con- 
tacts. With the system electric load 
composed of a substantial amount of 
rotating shunt or compound-wound motor 
equipment, a serious depression of system 
voltage for more than one-half second 
may be conductive to electric stalling 
from which recovery may be effected only 
when a portion of load equipment is dis- 
connected manually. Any unnecessary 
prolongation of fault-current flow, of 
course, means increased fire hazard. 

The reverse-current circuit breaker, be- 
ing insensitive to forward current flow, 
can be made instantaneous in action and 
set to trip at a current just above the 


‘maximum reverse current incident to 


normal operation. Extensive tests dis- 
close that this current, with most rapid 


engine deceleration, will not exceed about 
75 per cent of generator rating. A cir- 
cuit-breaker trip setting of about 150 per 
cent is judged appropriate to insure 
freedom from false tripping. 

Overcurrent protectors necessarily must 
incorporate time delay to avoid tripping 
on momentary starting-current demand 
and short circuits occurring on the system 
remote from the particular generator cir- 
cuit in question. As *the overcurrent 
protector is nondirectional, the same time 
delay will be incurred in clearing fault 
currents fed to a faulty generator circuit. 


Generator-Field-Circuit Interruption 


Upon the occurrence of a fault in a 
generator circuit, the local protector 
functions to divorce that unit from the 
balance of the system. The generator, 
however, continues to rotate at normal 
speed, and the voltage regulator attempts 
to recover normal terminal voltage by 
cutting out resistance in the generator 
field circuit. The individual generator 
in trouble is thus free to continue to 
supply fault current locally, which would 
result in objectionable sustained sputter- 
ing at the point of fault and might easily 
result in sufficient generator current to 
cause a burnout of that unit or even start 
a fire. To correct this deficiency, the 
operation of the generator-circuit protec- 
tor also should open the generator field 
circuit. This function can be incorporated 
readily in a circuit breaker by the inclu- 
sion of an auxiliary switch connected in 
the generator field circuit to open the 
latter when the mechanism moves to the 
trip position. 


Generator-Circuit-Protector 
Location 


The generator-circuit fault protector 
should be located directly at the junction 
of the individual generator circuit with 
the main distribution system, so as to 
include within the protected zone the 
generator line circuits and associated 
auxiliaries, such as generator relay and 
voltage regulator. (In similar manner, 
the individual load-circuit protectors 
should be located directly at the junction 
between such individual circuits and the 
main distribution bus system.) 


Main-Feeder-Line Protection 


The electric distribution system will in- 
corporate a multiplicity of main feeder- 
line sections which interconnect the power 
source busses with the several utilization 
busses. 
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Appropriate fault-protective equip- 
ment applicable to elemental line sections 
is portrayed in Figure 3a. Element 1 
incorporates an inverse-time—overcurrent 
protector at the end nearest the source 


‘and limited in application to conditions 


in which the line element is subject to one- 
way feed only. Element 2 differs from 
element 1 in that inverse-time—overcur- 
rent protection is applied at both termi- 
nals of the line and is suitable for applica- 
tions which energize the line from both 
ends. Element 3 contains inverse-time— 
overcurrent protection at the end nearest 
the source and directional inverse-time— 
overcurrent at the terminal farthest re- 
moved from the source, and is likewise 
applicable to double-ended feed. Ele- 
ment 4 incorporates balanced-current 
protection at both ends of the line section. 

The application of these several ele- 
mental line sections to form composite 
systems will be taken up in sequence 
later, and their relative merits will be 
evaluated. 


Bus Protection 


It will become evident shortly, that bus 
sections at which a number of line ele- 
ments converge to a common junction 
constitute vulnerable spots which are 
difficult to protect satisfactorily.. An 
effective sensitive form of bus protection 
can be secured in the manner illustrated 
in Figure 3b. The metallic structure 
which supports the bus work, together 
with the metallic enclosing shield or guard 
members, is attached to the ship structure 
through electrical insulating supports. 
This insulated framework is then con- 
nected to the ship frame through an 
electric circuit containing a trip coil on a 
circuit protector of each supply feeder 
which forms a junction at that point. 
Any electric connection between ener- 
gized electric conductors and the bus- 
supporting members or guard shield im- 
mediately circulates current through the 
several trip coils, which promptly inter- 
rupt all sources of supply. Individual 
load circuits which might radiate from 
this same bus would be equipped with 
protective devices at the junction to the 
bus. 


Selectivity by Inverse-Time-— 
Overcurrent Protection 


Figure 4a illustrates the application of 
inverse-time characteristics to obtain 
selectivity. Consider a chain of feeder- 
line sections connecting several utilization 
busses with the source bus. A, B, C, and 
D represent inverse-time—overcurrent pro- 
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tectors, each associated with its own 
elemental line section. By appropriate 
selection of the inverse-time-current 
characteristic of the protectors at A, B, 
C, and D, as illustrated in the left-hand 
figure, selectivity of fault clearing is 
secured for moderate overcurrents. For 
a fault at location 4, circuit-protector D 
functions to clear the fault current in less 
time than that required to operate either 
C,B,orA. Likewise, a fault at location 3 
causes-protector C to clear the circuit in 
less time than that required to operate B 
or A. Similarly, a fault at location 2 
causes protector B to clear the circuit in 
less time than required to operate A. 
Thus, complete selectivity would be 
attained. 

It will be observed that, as the magni- 
tude of fault current increases, the clear- 
ing time of the faster protector approaches 
more closely the minimum operating time 
of the next slower protector, and they 
overlap ultimately. At this current, 
selectivity between those adjacent pro- 
tectors is lost; that is, for a fault at loca- 
tion 4, protector C may operate before 
protector D has cleared the fault circuit, 
and thus both C and D open. At high 
overcurrents a four-section chain, such as 
illustrated here, which possessed perfect 
selectivity at moderate overcurrent, may 
lose selectivity completely; that is, a 
single fault at location 4 may cause all 
four protectors, A, B, C, and D, to open. 


It is important to test the selectivity of 
nverse-time cascaded protectors at the 
highest level of fault currents to which 
they will be subjected. If selective at 
these levels, there will be no doubt of 
their selectivity at lower-current levels. 


Addition of Instantaneous Trip 


The addition of instantaneous trip to 
inverse-time-overcurrent protectors may 
prove useful, under certain circumstances, 
in extending the current range over which 
selectivity will be obtained and provide 
faster clearing time at higher overcurrents 
(Figure 4b). The utility of instantaneous 
trip depends on the existence of sub- 
stantial impedance in the various line 
sections, such that there is a distinct 
difference in the fault-current level for a 
fault at locations 1, 2, 3, and 4, respec- 
tively. The reason for this will be evi- 
dent. The instantaneous trip setting 
applied to protector C must be above the 
maximum fault current ever encountered 
for a fault at location 4. Otherwise, the 
latter fault would cause protector C to 
operate in error. Unless the fault- 
current level at 3 is substantially greater, 
an instantaneous trip applied to protector 
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C would be useless, since there would be 
no occasion for it to operate. 

It is doubtful, because of the small 
change in fault-current magnitude as the 
fault location moves along the line sec- 
tion, whether the addition of instantane- 
ous trip to inverse-time protectors will 
be of general utility in main-feeder-circuit 
lines on aircraft installations. Instan- 
taneous trip will be useful in the protec- 
tion of individual load circuits and other 
circuit extremities, since the appearance 
of overcurrent in these branches is di- 
rectly indicative of faults and should sig- 
nal a trip operation on the protector. 


Selectivity in Multiple Paralleled 
Lines Using Inverse-Time- 
Overcurrent Protection 
One purpose of multiple paralleled lines 

is to provide service reliability. Power 
supply to the several utilization busses 
can be continued in the absence of one 
elemental line section of any group of 
paralleled conductors. In order that any 
particular elemental line section be 
capable of clearing at both ends without 
resulting in automatic tripping at any 
other point involves considerations of 
selectivity. The problem of examining 
any particular system configuration to 
insure proper selectivity under all operat- 
ing contingencies becomes quite tedious 
and laborious. 

Figure 6 illustrates the considerations 
involved in examining the selectivity of 
such a system. Figure 5a shows a radial 
or stub feed, while Figure 5b portrays a 
loop feed. 


Application of Directional Tripping 


It may be noted that certain instances 
exist in which inverse-time—overcurrent 
protectors are simply incapable of insur- 
ing selective operation. In Figure 5a, a 
fault at location 3 equally well may cause 
operation of protectors A; and A,, or B, 
and Bp, as operation of the correct protec- 
tors A, and A», or Bz; and By. The sub- 
stitution of elemental-line 3 (Figure 8a), 
incorporating directional overcurrent at 
the end remote from the source for all the 
A-B channels, would allow this de- 
ficiency to be corrected. Similar de- 
ficiencies will be observed in the loop-feed 
arrangement for faults on either source 
bus or on either of the intermediate load 
busses. 

It was observed that directional trip- 
ping could be used to advantage in over- 
coming deficiencies in multiple paralleled 
line systems. Selective clearing of one 
line of a double line circuit may be accom- 
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plished in similar manner using elemental- 
line 3 as outlined in Figure 6a. 

The single-channel loop circuit, as 
portrayed in Figure 6b is another typical 
example making use of directional trip- 
ping to secure selectivity. 

It must be conceded that directional 
inverse-time tripping characteristics, 
while they do permit the attainment of 
assured selectivity under sone difficult 
circumstances, do not materially simplify 
the selectivity problem and still require 
careful consideration of time factors 
among numerous protectors which may be 
actuated simultaneously. All systems in- 
corporating a multiplicity of intercon- 
nected electric channels employing over- 
current fault detection will necessarily 
entail considerable complexity in regard . 
to the attainment of correct selectivity. 


Duplicate Nonparalleled Lines 


The use of nonparalleled lines for 
service reliability allows a substantial 
simplification of the selectivity problem 
when employing overcurrent fault detec- 
tion. The fundamentals of such" an 
arrangement are illustrated in Figure 7a. 
Each feeder system represents a radial or 
stub-feed channel in which each protector 
shall be time selective with the next 
adjacent protector, A fault on one such 
channel produces no substantial fault- 
current flow in other channels. Hence, 
the faults on one channel inherently have 
no tendency to open the protectors on the 
complementary feeder channels. Indi- 
vidual load distribution centers are each 
provided with transfer switching, either 
manual or automatic, which allows that 
particular load to be derived, from either 
of the two complementary feeder chan- 
nels... Under normal operatirg condi- 
tions, the transfer switches would be 
positioned so as to divide the total load 
between the two feeder channels, thus 
minimizing system voltage drop, power 
losses, and conductor heating. 

Another important advantage of this 
system lies in the ease in which field test- 
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Protector | Protector Protector 
1 3 


(Second) (Seconds) (Seconds) 


a 
Operating con- 
dition Anyi. ONOLB eta. 6.69 aaa 0,013 
Operating con- HH 
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Engine dead, 
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* If it is assumed that 1,800 amperes are sustained 
through protector, . 


** If it is assumed that 750 amperes are sustained 
through protector. 
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ing may be applied to insure that all sec- 
tions are initially intact. For example, 
should the right-hand-protector B be 
operated or the line section interconnect- 
ing B with C interrupted, this will be 
evident immediately in the absence of 
voltage on the right-hand side of the 
center and lower load transfer switches. 


( 
Balanced-Current Line and 
Ground-Current Bus Protection 


The real answer to the selectivity prob- 
lem in a multiple-channel interconnected 
system is obtained through the use of 
fault detectors which are sensitive only to 
internal faults occurring within the 
associated system element. Such a sys- 
tem is illustrated in Figure 7b. 


SOURCE 


A {r0. B {r0. 


FAULT FAULT 
NESS fe Os ier 
Cc fro. ip) {ro. 
= TO OF tr 
FAULT FAULT 
Pace ys 3 


Geel TOn oH { T.O. 


d 


FAULT 
Figure 6a. Selectivity considerations in a 
parallel-line system using directional tripping 


Line element 3. With: 
Fault at 1, D must clear before C operates 
Fault at 2, C must clear before D operates 
Fault at 3, H must clear before G operates 
Fault at 4, G must clear before H operates 
Apply directional tripping using line-protec- 
tive element 3. Other considerations: 
Fault at 3 combined current through F and H 
shall not operate A alone 
Fault at 5 combined current through E and F 
shall not operate A alone 
Fault at 1 (line EG open) H shall not operate 
as a result of rotating machine back feed trom 
' lower bus 


Each elemental line section is of the 


_ balanced-current type (line-protective- 
element 4). 


A fault on either conductor 
of any such line section results in unbal- 


anced current, between the two lines, 


which operates the protectors at each end 
Through fault cur- 


to trip the protector.. (Obviously, small 
error or unbalanced current may result 
because of differences in contact resist- 
ances in the two parallel branches, for 
which allowance would be made in select- 
ing the minimum operating current un- 
balance.) 

Fault protection, using differential 
ground-current fault detection as outlined 
in Figure 3b, is provided for individual 
junction busses. The occurrence of a bus 
fault created by a dislocated bolt or nut, 
a screw driver or wrench, or any other 
cause, will result in immediate tripping of 
all sources of supply to that local bus. 

Obviously, individual load and genera- 
tor circuits should contain fault-protec- 
tive equipment located directly at the 
point of connection with one of the junc- 
tion busses. 

The outstanding advantages of this 
type of system arrangement are: 

1. Instantaneous fault-interrupter action 
is obtained in response to system faults at 


all locations. Time is not a factor in secur- 
ing selective tripping. 


2. The sensitivity of fault protection is 
limited only by the inherent error current in 


SOURCE | SOURCE 2 
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Figure 6b. Selectivity considerations in a 
closed loop system using directional tripping 


Line element 3. With: 
Fault at 1, B must clear before C operates 
Fault at 2, C must clear before B operates 
Fault at 2, D must clear before E operates 
Fault at 4, E must clear before D operates 
Fault at 4, F must clear before G operates 
Fault at 3, G must clear before F operates 
Apply directional tripping using line-protec- 
tive element 3 
Fault at 1, B must clear before D operates 
Fault at 2, D must clear before F operates ~ 
Fault at 2, C must clear before A operates 
Fault at 4, F must clear before H operates 
Fault at 4, E must clear betore C operates 
Fault at 3, G must clear before E operates 
This forms two four-section inverse-time— 
selective chains, one including A, C, E, and G, 
the other including H, F, D, and B 
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circuit elements. There will be no tendency 
to operate on large swings in normal load 
current or as a result of high starting-current 
demands. 


3. Fault selectivity is an inherent property 
of individual system elements eliminating 
tedious time-consuming checking which 
would be required with overcurrent fault 
detectors. 


Summary of System Fault Protection 


While system electric faults in 30-volt 
d-c aircraft systems eventually, in the 
majority of cases, will burn themselves 
clear, they cannot be considered to do so 
dependably. It has been demonstrated 
by test that electric faults in the larger- 
size conductors may weld solid to the ship 
framework and thereafter conduct system 
short-circuit current almost indefinitely. 
In the process of burning clear, substan- 
tial amounts of molten metal may be 
thrown for considerable distances con- 
stituting a distinct fire hazard. Further- 
more, if power conductors are broken and 
not rigidly supported close to the arcing 
portion, the unsupported cable end may 
follow up and produce persistent arcing 
and sputtering for a substantial time 
interval. Not only is fire hazard in- 
creased, but also, the persistent arcing 
fault represents the equivalent of a heavy 
electric load imposed on the power supply 
system which may allow the generating 
system to become stalled and capable of 
recovery only after a substantial portion 
of rotating machine load has been dis- 
connected. 

In the light of these circumstances, it is 
considered essential that an effective sys- 
tem of automatic fault interruption be 
employed. 


Principles of Automatic Fault 
Interruption 


System fault-protective equipment 
should allow the ultimate ability of load 
equipment to be utilized with complete 
freedom from false tripping of any protec- 
tors throughout the range of operating 
conditions in respect to temperature, alti- 
tude, vibration, and so forth. It is im- 
portant that all circuit protectors possess 
assured ability to interrupt the maximum 
possible fault current to which they can be 
subjected, such ability having been 
demonstrated by test. 

Upon the occurrence of an electric 
fault, fast operating speed of the im- 
mediately associated circuit protectors is 
extremely important. Solid faults should 
be disposed of within a time interval of 
about '/29 second, and severe arcing faults 
(equivalent to an extremely large start- 
ing-current demand) may result in elec- 
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Figure 7a. Selectivity considerations in a 
duplicate-circuit nonparalleled system using 
only inverse-time protectors 


Line-protective element 1 used throughout. 
With fault at: 
1, C shall clear before B operates 
2, Bshall clear before A operates 
3, A shall clear as fast as possible, yet satisfy 
fault at 2. Normally half of transfer switches 
on one line and half on other 


tric-system collapse if maintained for 
more than approximately one-half second. 

The importance of simplicity cannot be 
overemphasized and applies equally weil 
to equipment design, application pro- 
cedure, operation, and field-servicing 
practices. In general, a simple type of 
system design employing simple protec- 
tive devices, for which performance char- 
acteristics can be defined easily and accu- 
rately, is to be preferred to a more com- 
plex system requiring much laborious 
analysis to verify operating character- 
istics. 


Fault-Protection Application 


Fault-protective equipment application 
may be divided into three groups: 
1. Individual load-circuit protection. 
2. Individual generator-circuit protection. 
3. Main-feeder-line and junction-bus pro- 


tection. 


Individual load circuits constitute ex- 
tremities of the electric system in which 
the appearance of excess overcurrent is 
immediately indicative of fault. Fault- 
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Figure 7b. Inherent selectivity in 
any system arrangement using 
balanced-current line protection 
(element 4) in combination with 


ground current bus protection (see 
Figure 3b) 


Line-protective element 4 used in 

combination with ground-current 

bus protection. Each section pro- 

tective equipment responds only to 
fault within that section 


BUS SUPPORTING FRAME 
—<, AND SHIELD 
| (NSULATED FROM GROUND) 
| 
DISTRIBUTION BUS 


—+ ALL LOAD CIRCUITS 
—! PROTECTED 


current flow is in the same direction as 
normal operating current. | Instantane- 
ous overcurrent protection set above the 
maximum normal operating current pro- 
vides effective high-current fault protec- 
tion for moderate circuit-current ratings. 
Fuses may be considered as essentially 
instantaneous at fault-current levels of 30 
times or more their normal current rating, 
and thus provide a high order of fault pro- 
tection to the smaller-ampere-rated cir- 
cuits. For the larger-ampere circuits 
mechanical circuit breakers with appro- 
priate actuating trips are indicated, and it 
will be desirable to incorporate in a com- 
mon mechanism both fault-current inter- 
rupting ability and ability to perform 
normal switching operations. Motor cir- 
cuits, particularly in the larger sizes, 
deserve special consideration in that elec- 
tric faults occurring in the armature 
winding during normal operation may 
result initially in a current flow which is 
not in excess of starting-current magni- 
tudes. 

Individual generator circuits, likewise, 
constitute extremities of the electric sys- 
tem. Fault current flows in a direction 
opposite to normal operating current. 
Reverse-current flow incident to normal 
operation does not exceed approximately 
75 per cent of generator rating. Instan- 
taneous reverse-current protection set at 
about 125 to 150 per cent of generator 
rating is recommended in lieu of current- 
differential protection. Should non- 
directional overcurrent protection be em- 
ployed, it is of the greatest importance to 
insure that generator circuits are not 
interrupted as a result of forward current 
flow incident to heavy motor-starting de- 
mand or electric faults external to the 
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generator circuit. ' The generator-circuit 
protector should incorporate means for 
simultaneously de-energizing the genera- 
tor field to prevent the local generator 
from continuing to supply current to the 
fault. 

Generator circuits preferably should 
avoid automatic thermal protection rely- 
ing on manual supervision to avoid ex- 
cessive loading. In the presence of ex- 
cessive load levels, the correct maneuver 
is to cut off nonessential or semi-impor- 
tant load and most emphatically not to 
disconnect a generator. To permit rea- 
sonable supervision, individual ammeters 
should be installed in all generator cir- 
cuits. 

Main-feeder-circuit equipment con- 
stitutes the class in which adequate fault 
protection is most difficult of attainment. 
Excess current magnitude will exist in a 
number of sections of the main-feeder 
system as a result of a single fault, even 
though the latter is in one of the indi- 
vidual load circuits or generator circuits. 
In many of the main-feeder sections, the 
direction of fault-current. flow may be in 
either the same or the opposite of normal- 
current flow, depending on the location of 
the external fault. In some instances 
directional-overcurrent protection may 
be used to advantage but requires inverse- 
time characteristics to insure correct 
selectivity. ' 


The attainment of a selective protec- 
tive system using overcurrent protectors, 
either with or without current-directional 
features, relies on the judicious use of in- 
verse-time characteristics. It is to be 
expected that fault-clearing time will be- 
come progressively longer for feeder- 
system protectors located closer to the 
generating source busses. 

Definite advantages accrue from the use 
of fault detectors actuated by differ- 
ential current or ground fault current, 
rather than by overcurrent. The pro- 
tectors then are actuated only when the 
fault lies within that particular section. 
By this means, all line sections may oper- 
ate equally fast in response to internal — 
fault, and the tedious time-consuming job 
of selecting and analyzing the inverse- 
time properties of the resulting system is 
eliminated. A system making use of — 
balanced-current protection in transmis- 
sion channels and ground fault current at 
junction busses is illustrative of such 
protection. 
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Effect of Altitude on Electric Breakdown 


and Flashover of Ajircraft Insulation 


L. J. BERBERICH G. L. MOSES 
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Synopsis: This paper reports a rather 


extensive investigation made to determine 
the requirements for insulation clearances 
for aircraft electric apparatus rated up to 
600 volts and intended for use at altitudes 
up to 65,000 feet. All the tests were con- 
ducted on the ground under simulated high- 
altitude conditions. Tests were made with 
a variety of materials, including the actual 
rocker ring of a high-production 28.5-volt 
d-c generator. A table of recommended 
striking distances and creepage distances to 
meet these conditions is given. These 
recommendations are compared with certain 
existing standards. It is shown that the 
clearances and spacings required for high- 
altitude operation cannot be checked by a 
sea-level dielectric test without injuring the 
solid insulation, unless the tests are made in 
a partial vacuum. 


LECTRIC power to operate auxili- 

aries is now an indispensable require- 
ment of modern aircraft. Within the 
past ten years the electric load on an air- 
plane has increased more than tenfold.1 
The optimum voltage for electric systems 
for large aircraft already has more than 
exceeded the present 24-volt standard,?:’ 
and the use of higher-voltage systems, 
already tried experimentally,4 now ap- 
pears to be a certainty. Moreover, the 
operating altitudes of modern airplanes, 
particularly military craft, are climbing 
steadily to ever increasing heights. Each 
of these factors indicates a need for 
a careful study of the requirements for 
insulation of aircraft electric apparatus in 
order to achieve minimum weight and 
space without sacrifice of reliability. A 
preliminary study of. this subject was 
made and reported? prior to the use of the 
120-volt a-c’ system on the XB-19, but 
the projected use of 208-volt systems? 
for still higher altitudes makes a more 
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comprehensive study, of this problem 
most timely. 

Atmospheric pressure, temperature, 
and humidity all affect the insulation 
clearances required, both over surfaces 
and through air. The importance of 
these factors was investigated experimen- 
tally for pressure altitudes up to 65,000 
feet in order to recommend suitable safe 
practices for the design of electric equip- 
ment, not including ignition systems. 
Because the electric breakdown strength 
of solid dielectrics apparently is not af- 
fected by altitude, no investigation of 
this phase of the insulation problem was 
included. Dirt, oil, and conducting par- 
ticles obviously affect the flashover 
strength, and a reasonable allowance for 
them is made in the safety factors incor- 
porated in the insulation spacings recom- 
mended. 


Atmospheric Conditions 


Considerable data on atmospheric con- 
ditions are available in the literature.*—® 
Average barometric pressure decreases 
regularly with altitude, as shown in Fig- 
ure 1. Actual temperatures vary over 
the wide range bounded by the two 
curves used by the United States Army 
shown in Figure 2; as a reasonable com- 
promise between these extreme curves, 
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the National Advisory Committee for 
Aeronautics standard, curve was used to 
represent “‘standard’’ conditions through- 
out the investigations reported in this 
paper. The stratosphere is the upper 
region of the atmosphere in which the 
temperature is practically constant in a 
vertical direction; ‘according to the 
NACA curve, the stratosphere begins at 
36,000 feet. Air density varies with al- 
titude, as shown in Figure 3, which is a 
NACA standard curve. Clouds are 
known to exist at all altitudes up to 
about 40,000 feet or more. The high cir- 
rus clouds consist of fine particles of ice 
in suspension, and the lower clouds, 
where moderate temperatures prevail, 
consist of droplets of water.9 

Electric apparatus carried in an air- 
plane is subject to variations of tempera- 
ture and pressure of the atmosphere. In 
addition, considerable moisture is to be 
expected due to condensation or other 
causes. Moreover, at high altitudes the 
presence of more ultraviolet and cosmic 
rays may influence the breakdown 
slightly. Proper interpretation of the 
experimental data on this subject requires 
a review of the principles involved in the 
breakdown of a gaseous medium. 


Fundamentals of Gaseous 
Breakdown 


Spark-over or breakdown between 
electrodes in gases is much better under- 
stood than the phenomenon of the break- 
down of liquids and solids. The present 
knowledge is embodied in the ionization- 
by-collision theory proposed by Town- 
send! and modified by others. Loeb?! 
and Cobine! give a comprehensive dis- 
cussion of this theory as it stands at the 
present time. The breakdown voltage 
of a gas is determined primarily by the 
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Figure 2. Variation of temperature with 
altitude 
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electrode spacing, the gas pressure, the 
electrode metal and its configuration, 
the nature of the gas, the frequency of 
the voltage, and its rate of increase. 
Paschen’s Law!* is the guiding principle 
in all gaseous breakdown work. This 
law states that, for a uniform field and a 
given gas, the breakdown voltage is a 
function of the product (pd) of the pres- 
sure of the gas and the electrode spacing. 
Actually, a more nearly correct statement 
of Paschen’s Law would involve the 
product of density and electrode spacing, 
rather than the product of pressure and 
electrode spacing, since density is a func- 
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Figure 4. The Paschen relationship for air 
and hydrogen for uniform fields at 21 degrees 
centigrade (Schumann) 
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Figure 5. Diagrams of rod gap-and sample of 
insulating material fitted with electrodes 


(a). 4/i.-inch diameter rods 

(b). Steatite supports 

(c). One-half-inch brass 
thick 


squares—!/j6-inch 


tion of temperature as well as pressure. 
The important factor influencing break- 
down is not simply the pressure but the 
total number of molecules between the 
electrodes. For a given gas and a given 
electrode configuration the total number 
of molecules is directly proportional to 
the density, which is proportional to 
pressure only if temperature is held con- 
stant. However, in this investigation we 
have taken a series of breakdown tests at 
varying pressures at a number of different 
spacings, plotting the results at each dif- 
ferent spacing in terms of specific weight 
which is proportional to density. 

The solid lines of Figure 4 give the re- 
lationship between breakdown voltage 
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Figure 6. Diagram of apparatus 

for determining air breakdown 

and flashover under various atmos- 
pheric conditions 
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and the product (pd) under uniform fiéld 
conditions for both air and hydrogen. 
The lower part of this figure is an ampli- 
fication of the region close to axes of the 
upper part of the figure. The curves go 
through a definite minimum, showing 
that, regardless of electrode spacing or 
pressure, the minimum breakdown volt- 
age for air under uniform field conditions 
is about 350 volts. These data were ob- 
tained for d-c voltages at normal and re- 
duced’ pressures and were taken from 
Schumann’s treatise. Data for pres- 
sures considerably above atmospheric are 
given by Howell.'® 


Our work covers the region from sea- 
level atmospheric pressure down to about 
42 millimeters of mercury, which corre- 
sponds to an altitude of 65,000 feet. The 
limits of our pd values are indicated ap- 
proximately by the vertical lines shown in 
Figure 4. It is thus evident that the re- 
gion we are concerned with in this paper 
lies somewhat above the minimum in 
Paschen’s relationship. The region below 
the minimum is generally referred to as 
the low-pressure or vacuum region, and 
that above the minimum as the pressure 
region, even though part of it is for sub- 
atmospheric pressures. In the region we 
have covered the curves are approxi- 
mately straight lines. In a rough sense 
we may say that, for a fixed electrode 
spacing, the breakdown strength of air is 
proportional to the density of the gas in 
the pd region between the vertical lines of 
Figure 4. Thus, the breakdown data for 
a fixed electrode spacing may be plotted 
conveniently as a function of the density 
or pressure if temperature is constant. 

The foregoing discussion concerns the 
case for uniform field conditions between 
the electrodes. In all of our work we 
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have used sharp-edged electrodes of 
relatively small dimensions in order to 
simulate more closely practical conditions 
encountered in aircraft apparatus. With 
such an electrode system, voltage stress 
concentrations and nonuniform field con- 
ditions prevail. These stress concentra- 
tions with the accompanying space charge 
around the electrodes result in a lower 
breakdown strength than for uniform 
field. conditions, such as obtained with 
sphere gaps. For the purpose of com- 
parison, our data on d-c breakdown for a 
1/,,-inch-diameter rod gap with a one-half- 
inch electrode spacing, determined at 25 
degrees centigrade are given by the 
dashed curve in Figure 4. This curve not 
only lies below the solid curve for uniform 
field conditions, but its slope is somewhat 
less. However, the curve is approxi- 
mately a straight line, and, even for a 
rod gap, the breakdown strength is nearly 
proportional to the density of the gas in 
the region covered by our work. It 
should be remembered that Paschen’s 
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Law is valid only for uniform field condi- 
tions. Thus, the dashed curve of Figure 
4 does not apply to any other electrode 
spacing except the spacing used in de- 
termining it. 

The discussion so far has been con- 
cerned with breakdown of a gas on appli- 
cation of d-c voltage. Aircraft auxiliaries, 
however, use direct and alternating cur- 
rent at frequencies up to 800 cycles. 
Therefore, it is important to consider 
what differences in breakdown strength 
may be expected between direct and al- 
ternating current in the frequency range 
from 60 to 800 cycles per second. It has 
been accepted generally that the 60-cycle 
a-c peak values are the same as the d-c 
values, especially for farge electrode 
spacings and uniform field conditions. 
Data are given in this paper for a small- 
diameter rod gap in which both direct 
current and 60-cycle alternating current 
were applied. The comparison between 
these two sets of data is made in this 
paper. Since no data were obtained 
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_ ™* These data were obtained at 25 degrees centigrade, and the pressure was chosen, so that they correspond 
_ to an altitude of 30,000 feet where the temperature is minus 44.5 degrees centigrade. 
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above 60 cycles, it is desirable to deter- 
mine what may be expected in the 60-to- 
800-cycle range. 

Some valuable data are given on this 
point by Reukema!® who worked with a 
sphere gap in the frequency range of 60 
to 425,000 cycles. He found no reduction 
in breakdown voltage up to 20,000 cycles. 
At 60,000 cycles the breakdown strength 
was only 13 per cent below the 60-cycle 
value for a one-inch electrode separation. 
The increased percentage of positive ions 
held in the gap as space charge as the 
frequency increases is given as the ex- 
planation for the gradual decrease in 
breakdown strength observed above 20,- 
000 cycles. Unfortunately, no data are 
given for nonuniform field conditions 
which can be applied directly to our case. 
However, it appears safe to assume that 
our data obtained at 60 cycles should be 
valid up to at least 800 cycles, 


Description of Apparatus and 
Testing Procedure 


The work described in this paper may 
be divided into two parts. The first is 
concerned with determining the sparking 
or striking voltage through air gaps of 
varying lengths under varying atmos- 
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Figure 9. A-c breakdown voltage versus 
electrode spacing for dry air 
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pheric conditions. The second part is 
concerned with flashover voltages across 
varying lengths of surfaces of a number of 
insulating materials, also under varying 
atmospheric conditions. Since the ulti- 
mate purpose of this work is to determine 
minimum safe striking and flashover 
voltage distances for aircraft apparatus, 
the electrodes were chosen to simulate 
conditions encountered in aircraft elec- 
tric equipment. The particular electrode 
arrangement finally chosen for the break- 
down tests through air is shown in Figure 
5A. The electrodes themselves consist of 
1/,¢-inch-diameter brass rods with square 
ends resulting in sharp edges. These 
were mounted on steatite supports as 
shown. The electrode spacing is adjust- 
able, and measurement of the gap over 
the range from !/3. to one-half inch is ac- 
complished with the help of suitable feeler 
gauges. A needle gap was considered but 
rejected, because sharp needle points 
usually are burned during the first spark- 
over, resulting in higher values for suc- 
ceeding spark-overs. The small rod gap 
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spacing for dry air 
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appeared to approximate practical con- 
ditions sufficiently well without having 
the serious disadvantage of the needle 
gap. 

In surface flashover tests on various 
materials, a sharp-edged electrode sys- 
tem is also desirable. A simple arrange- 
ment is the one-half-inch brass squares, 
1/1,inch in thickness, mounted on the sur- 
face of the material under test, as shown 
in Figure 5B, with the corners opposite 
each other. It should be remembered 
that, aside from the effect of electrode 
configuration, the voltage necessary to 
flashover an insulating surface is pri- 
marily influenced by the pressure or den- 
sity of the gas surrounding the insulating 
material and by the dielectric constant of 
the material. In general, the voltage 
necessary to flashover a certain insulating 
surface is lower than the voltage neces- 
sary to break down a gap of the same elec- 
trode separation, because the presence of 
a solid material distorts the field, particu- 
larly near the electrodes. Again it is 
convenient to plot the data against den- 
sity or specific weight of the gas surround- 
ing the sample. 

In this investigation a pressure range 
from 40 to 760 millimeters of mercury and 
temperature range from —55 to +30 de- 


_ grees centigrade were covered. Further- 


more, it was necessary to produce sub- 
stantially dry air as well as air supersatu- 
rated with moisture, so that conditions of 
clouds, moisture condensation, snow, and 
ice could be simulated. The apparatus 


shown in Figure 6 was devised and served 


to reproduce the various atmospheric 
‘conditions desired in a satisfactory man- 
ner. The principal part of the apparatus 
consists of a four-inch diameter Pyrex 
glass chamber fitted with a ground glass 
joint which enabled the easy introduction 
of the rod gap as well as samples of the 
various materials. 


The accessories consist of a manometer, . 
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connection to a vacuum pump, two leads 
sealed through the glass for introducing 
the high voltage, a thermocouple, and a 
sulphuric-acid—sodium-hydroxide—liquid- 
air trap drying train for producing dry air. 
The major portion of the test chamber is 
surrounded with a Dewar flask containing 
a dry-ice—alcohol mixture which is used to 
obtain the various low temperatures de- 
sired. The conditions of cloud, moisture 
condensation, snow, and ice were pro- 
duced in the following manner. The dry- 
ing train shown in Figure 6 is removed, 
and the side arm of an ordinary one-liter 
suction flask is connected to the stopcock 
by means of a rubber tube. Several hun- 
dred grams of water are added to the flask. 
A dense cloud is easily produced above the 
water surface by adding a little liquid air 
to the warm water. 

Other methods for forming clouds were 
tried, but none appeared so satisfactory 
as the water—liquid-air method. When 
the liquid air comes in contact with the 
water, it evaporates so rapidly, that it 
carries minute droplets of water with it 
into the gas space above the water. 
After the liquid air is added to the flask, 
and the cloud starts forming, the main 
opening to the flask is closed by means of a 
rubber stopper. The slight pressure de- 


veloped by the evaporating liquid air 


makes it easy to transfer the cloud to the 
test chamber which is opened to the at- 
mosphere by means of a stopcock. In the 
temperature range from 0 to 30 degrees 
centigrade, the cloud is relatively persist- 
ent over a small range of pressure. From 
15 to 0 degree centigrade the cloud con- 
denses on all surfaces, including that of the 
specimen. A coating of ice is obtained 
-on the surface of the moisture-laden 
sample by cooling to temperatures below 
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Figure 13 (left). A-c 
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dry air 


Figure 14 (right). 
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freezing. Successive layers of ice are ob- 
tainable by repeating this process. In 
the temperature range from 0 to — 10 de- 
grees centigrade, the cloud is of short dura- 
tion, since it condenses rapidly on the 
walls of the test chamber. When the test 
chamber is below — 10 degrees centigrade, 
the entering cloud forms snow crystals 
which slowly precipitate to the bottom of 
the chamber or on the test piece. 

Tests were made with direct current and 
60-cycle alternating current. The 60- 
cycle power supply consists of a small 15- 
ky transformer having a good wave form. 
The d-c power supply consists of a well- 
filtered 30-kv rectifier set of the voltage- 
doubler type. The poor regulation of 
either power supply results in a sudden 
drop of voltage when breakdown occurs. 
This provides a convenient means for 
determining when breakdown takes place 
in cases where the spark or glow could not 
be observed visually. In the region close 
to sea-level pressures, both breakdown of 
the gap and flashover of the samples take 
place with a spark discharge. In the 
lower-pressure regions the breakdown and 
flashover are initiated with a glow dis- 
charge. In our investigations either a 
spark or glow discharge was considered to 
constitute breakdown or flashover; no 
distinction between these two types of 
discharges was made. In all cases the 
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Figure 15. A-c flashover voltage versus 
spacing for material A in dry air 
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voltage was increased gradually (200 to 
500 volts per second) by means of a 
Variac (variable attotransformer) until 
breakdown occurred. The voltage was 
measured by means of a 100-megohm re- 
sistor connected in series with a micro- 
ammeter, as shown in Figure 6. In the 
a-c tests, the microammeter was of the 
rectifier type. The resistor-meter com- 
bination for both a-c and d-c tests was 
calibrated by means of a precision volt- 
meter equipped with a multiplier made of 
precision resistors. 

Most of the data on dry air in both 
breakdown and flashover tests was ob- 
tained at room temperature, pressure be- 
ing the only variable. _The specific weight 
in pounds of air per cubic foot was then 
calculated for each pressure. The break- 
down as well as flashover voltages were 
then plotted against specific weight. 
Figure 7 gives an example of such a plot. 
Then, by means of Figure 3, which relates 
specific weight and altitude, this plot can 
be transferred to a breakdown or flashover 
voltage versus altitude plot. The data 
thus are related conveniently to altitude 
with the temperature and pressure auto- 
matically corrected to those correspond- 
ing to the NACA standard atmosphere. 
A few tests were made in which both the 
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Figure 16. D-c flashover volt- 
age versus altitude for material 
A in dry air 
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temperature and the pressure conditions 
of the standard atmosphere were repro- 
duced simultaneously. The two sets of 
data agree within the limits of accuracy 
of our tests. 

In the tests where conditions of mois- 
ture condensation, clouds, snow, and ice 
were simulated, it was necessary to du- 
plicate the standard atmosphere condi- 
tions of temperature and pressure rather 
closely. The temperature corresponding 
to a given pressure could not always be 
held at an exact value. Corrections to the 
specific weight for small temperature 
changes were made by assuming the air 
to be dry. This assumption is justified, 
because at no temperature nor pressure 
in the standard atmosphere is the partial 
pressure of the water vapor greater than 
1.5 per cent of the total pressure. 


Experimental Data and Discussion 


As previously stated, much of the data 
given in this paper was obtained at room 
temperature on the assumption that den- 
sity or specific weight is the primary 
factor affecting breakdown of a gap and 
flashover of a material for dry-air condi- 
tions. However, some parallel tests were 
made in which the conditions of both 
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Figure 17. D-c flashover voltage versus elec- 
trode spacing for material A in dry air 


temperature and pressure corresponding 
to the standard atmosphere were repro- 
duced in an attempt to show that tem- 
perature has an effect only as it affects 
the specific weight. All of the data for air 
containing moisture in any form were ob- 
tained under conditions of actual tempera- 
ture and pressure closely corresponding 
to the standard atmosphere, because the 
moisture content of saturated air depends 
on temperature. Both d-c and 60-cycle 
a-c tests were made in many cases in 
order to compare the effects of the two 
types of voltages. Each plotted point for 
dry air is the average of from five to ten 
individual determinations. The spread 
in individual values was generally less 
than 10 per cent; however, in some cases a 
spread as high as 25 per cent was ob- 
served. In the tests involving moisture, 
the spread was, in general, greater than 
for dry air, and the values for individual 
determinations were plotted. 


BREAKDOWN TEST RESULTS ON Rop Gap 
With Dry AIR 


Figure 7 gives the results for dry air 
obtained at 60 cycles plotted against 
specific weight for five electrode spacings 
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Tablelll. Proposed Minimum Striking and Creepage*** Distances for Aircraft Electric Apparatus 


Up to 40,000 Feet Up to 60,000 Feet Underwriters’ 
Standards 
Circuit Observed Observed Railway — 
Voltage— Break- Fac- Break- Fac- Appa- General Small 
Direct or Dis- down tor Dis- down tor ratus Indus- Controls 
Alternating tance— Volts of tance— Volts of Stand- trial (One 
(Rms) Inches (Rms) Safety Inches (Rms) Safety ards Control Horsepower) 
Striking Distance 
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* New, clean, dry, insulation. 


** Underwriters say, ‘‘The spacing between wiring terminals of opposite polarity shall be not less than 
one-fourth inch in any case, if the terminals are in the same plane.” 


*** Not applicable to bar-to-bar spacings of commutators. The materials employed for insulation and the 
mechanical rigidity of the assembly are such as to permit a much lower factor of safety on bar-to-bar 
spacing. Actual bar-to-bar spacings,vary from 0.018 to 0.032 with voltages usually in the order of five to 


ten volts per bar. 


varying from 0.032 to 0.50 inch. These 
data were transferred to the altitude plot 
shown in Figure 8 using the curve in 
Figure 3. Figure 9 shows the same data 
plotted against electrode spacing with 
altitude as parameter. Figures 10 and 11 
give similar data for d-c tests, except that 
the specific weight plot is omitted in this 
case. The peak of the a-c effective values 
given in Figure 8 compare quite favor- 
ably with the d-c values of Figure 10. 
Thus, it can be concluded that there are 
no significant differences between the 60- 
cycle peak and d-c breakdown voltages 
for the rod gap. 

All of the data for the rod gap are sum- 
marized in a convenient and useful man- 
ner in Figure 12, where the breakdown 
voltages at various altitudes are expressed 
in per cent of the sea-level values. Here 
again it is apparent that the a-c and d-c 
relative values are in satisfactory agree- 
ment. The d-c values for the different 
electrode spacings are in such close agree- 
ment, that all of these data are repre- 
sented by the dashed curve. The a-c 
values for electrode spacings require two 
curves as shown, but these are fairly close 


together. These curves are particularly: 


Figure 18 (left), 
Flashover voltages at 
various altitudes in 
per cent of sea-level 
values for alternating 
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Figure 19 (right). D-c 
breakdown voltage 
versus altitude for 
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useful in determining what breakdown 
voltages may be expected at various alti- 
tudes when only sea-level test data are 
available. Conversely, they show what 
voltage to impress at sea level to dupli- 
cate the effect of any given voltage at a 
higher altitude. 


SURFACE FLASHOVER TEST RESULTS FOR 
Various MATERIALS IN Dry AIR ~ 


A number of insulating materials com- 
monly used in electric apparatus were in- 
vestigated. These are described in Table 
I. This table also gives the flashover 
values for a-c and d-c voltages with an 
electrode spacing of one-fourth inch and at 
an altitude of 30,000 feet. No significant 
differences are apparent among the vari- 
ous materials in respect to their flashover 
behavior in dry air. It should be noted 
that, in nearly all cases, the a-c peak 
values are somewhat higher than the d-c 
values. However, the differences in most 
cases are not large enough to attach im- 
portant significance tothem. When these 
flashover values are compared -with the 
breakdown values in Figures 8 and 10 for 
the corresponding one-fourth-inch elec- 
trode spacing and 30,000 feet altitude, it 
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is found that the flashover values are 
roughly 25 per cent lower than the corre- 
sponding breakdown values, except for 
small spacings where the discrepancy is 
greater. This result is what would be 
expected and emphasizes the need for 
allowing a greater flashover or creepage 
distance than striking distance for a given 
voltage. This comparison, however, can- 
not be placed on a strictly quantitative 
basis, for the electrode configuration is 
somewhat different in the two cases. 

Material A of the list given in Table I 
was investigated more completely over 
ranges of electrode spacing and altitude. 
Figure 13 gives the a-c data for a series 
of electrode spacings plotted against 
specific weight. From these curves the 
family of flashover voltage versus altitude 
curves of Figure 14, as well as the family 
of flashover voltage versus electrode spac- 
ing curves of Figure 15, are derived. 
Similar families of curves are given for 
d-c test voltages in Figures 16 and 17. 
The peak values of the a-c data of Figure 
_14 agree quite well with the d-c values of 
Figure 16. This indicates that there are 
no significant differences between the 60- 
cycle peak values and the d-c values over 
the range of altitude and electrode spac- 
ing covered in this work. 


The data on flashover voltages for ma- 

_ terial A are summarized in a convenient 
form in Figure 18. The relative flashover 
voltages for both a-c and d-c voltages are 
given in per cent of the sea-level values. 
There is good correlation between the a-c 
and d-c relative flashover values but not 
such good correlation between small and 
large gaps. The explanation for the dis- 
crepancy between the larger and the 
smaller electrode spacings is not clear. 
In any case, no very great accuracy 
should be ascribed to flashover tests. It 
is interesting to note from a comparison of 
Figures 12 and 18, that the relative break- 
down voltage for the rod gap decreases 
with altitude at nearly the same rate as 
the flashover voltage. This is another 
indication that surface flashover under 
dry conditions is influenced primarily by 


__ the density of the air surrounding the ma- 


_ terial under test. 
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Figure 20. D-c flashover voltage 

versus altitude for material A with 

one-fourth-inch electrode spacing 

under various atmospheric condi- 
tions 
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BREAKDOWN TEST RESULTS ON Rop Gap 
Wits MolIstureE-LADEN AIR 


All breakdown tests with moisture- 
laden air were made using d-c voltage 
only. The results obtained are plotted 
as individual points in Figure 19. The 
curve represents the data for dry air 
which are reproduced for the purpose of 
comparison. The points enclosed by the 
circles are for the one-eighth-inch elec- 
trode spacing which were taken from Fig- 
ure 10, the data for which were obtained 
at room temperature. The points en- 
closed by squares are also for dry air but 
were obtained by reproducing the actual 
temperature and pressure conditions of 
the standard atmosphere. The close 
agreement between the two sets of points 
indicates that the temperature affects the 
breakdown of a given air gap only through 
its effect on density. 

When either snow or ice particles are 
suspended in the air between the elec- 
trodes it is interesting to note that no 
lower breakdown voltages were obtained 
than with dry air under otherwise 
identical conditions. The same is true 
for air saturated with moisture, as is 
indicated by the two points enclosed 
with the open triangles in the lower- 
altitude region of Figure 19. This is in 
qualitative agreement with the work of 
Fielder!* who actually found some increase 
in breakdown strength with increase in 
moisture content of the air, Thisincrease, 
however, was only slight for the smaller 
electrode spacings. On the other hand, 
when moisture is present in the form of 
iquid droplets or dense visible cloud, the 


breakdown of the rod gap is lowered. 
This is indicated by the solid triangular 
points shown in the 2,000-foot-altitude 
region of Figure 19. Thus, it may be con- 
cluded that moisture in the frozen state 
has no appreciable effect on the break- 
down strength, and that suspended mois- 
ture in the liquid droplet form appreci- 
ably lowers the breakdown strength of the 
rod gap. 


SURFACE FLASHOVER TEST RESULTS FOR 
Various MATERIALS IN MOISTURE- 
LADEN AIR 


All flashover tests on materials sub- 
jected to moisture-laden air were made at 
one-fourth-inch electrode spacing and 
with d-c voltages only. Although only 
three materials were investigated, a rea- 
sonably good picture of the behavior of 
flashover of surfaces in the presence of 
moisture was obtained. The results for 
material A are presented in Figure 20, 
The data for dry air obtained at room 
temperature are given for purposes of 
comparison. The tests on dry air were 
repeated under conditions in which the 
temperature and pressure conditions 
corresponding to the standard atmosphere 
were closely simulated. These data are 
represented by the upper solid curve and 
the somewhat scattered points enclosed 
by squares. Coincidence of the two 
curves was expected, and, therefore, the 
reason for this anomalous behavior is not 
entirely clear, except that temperature 
must in some way directly or indirectly 
affect the results. However, it can be said 
that all of the data for dry air obtained at 
room temperature are at least on the con- 
servative side, and no difficulty should be 
encountered in using them. 

The crosses shown in Figure 20 repre- 
sent the data obtained with snow or ice 
deposited on the surface of the material. 
These results show that moisture in the 
frozen form results in no lower flashover 
voltage than that obtained with dry air. 
On the other hand, when there is liquid 
moisture condensed on the surface of the 
material, and when there is a visible cloud 
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Figure 21. .D-c flashover voltage 

versus altitude for material E with 

one-fourth-inch electrode spacing 

under various atmospheric condi- 
tions 
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in the air surrounding the material, the 
flashover is lowered by 50 per cent or 
more. The data obtained under these 
conditions are given by the solid tri- 
angular points shown in the lower-alti- 
tude region of Figure 20. 

A similar set of data for material E are 
given in Figure 21. Again, there are the 
two curves which represent the data ob- 
tained with dry air by the two different 
methods. The discrepancy between the 
two curves is not so great as that observed 
for material A. The effects of moisture 
with this material are very similar to 
those observed for material A. 


Figure 22 gives the results for material 
K obtained under conditions similar to 
those used for the previous two materials. 
It is at once apparent that no discrep- 
ancy exists between the data for dry air 
obtained at room temperature and those 
obtained when the standard atmosphere 
conditions were reproduced. The set of 
points enclosed by circles and those en- 
closed by squares all lie close to the same 
smooth curve. The differences in be- 
havior of these three materials give some 
clue as to a possible cause of the dis- 
crepancy observed with materials A and 
Be) 

The laminated phenolic materials, to 
which class of materials A and E belong, 
are known to have a relatively large posi- 
tive temperature coefficient of dielectric 
constant. The dielectric constant of ma- 
terial K or Insanol, on the other hand, has 
a much smaller temperature coefficient. 
The greater the dielectric constant of a 
material, the greater is field distortion, 
and the lower is the flashover voltage. If 
this is true, then one would expect a con- 
siderably lower dielectric constant for 
materials A and E when the low tempera- 
tures of the standard atmosphere were 
simulated than when the tests were carried 
at room temperature. Hence, higher 
flashover voltages should follow when the 
tests are carried out at low temperatures. 

The chief objection to this theory is 
that the discrepancy between two pro- 
cedures should be greater at the higher 
altitudes where the temperatures are 
lower, A glance at Figures 20 and 21 
shows that this is not true. However, a 
few check tests made with 60-cycle alter- 
nating current revealed a far less dis- 
crepancy than was obtained with direct 
current. This agrees with the theory in 
that the temperature coefficient of the 
static or d-c dielectric constant should be 
greater than that for the 60-cycle dielec- 
tric constant. Further investigation of 
this point is indicated. 

With reference again to Figure 22, it is 
seen that, with material K, moisture in 
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the frozen form also does not produce any 
lowering of the flashover values, as was 
the case with the other two materials. 
Liquid moisture condensed on the surface 
and suspended in the air produced a very 
marked lowering of the flashover voltage. 
The results of this work indicate that 
moisture condensation can produce flash- 
over voltages at low altitudes which are as 
low or lower than those for an altitude of 
40,000 feet. However, if the creepage 
distances are designed to be adequate for 
an altitude of 60,000 feet, it appears that 
there should be little likelihood of a flash- 
over occurring because of moisture con- 
densation. No positive statements can be 
made as to differences among various 
materials in their behavior under condi- 
tions of moisture condensation. Although 
very little tracking was observed in these 
tests, some of the organic materials, of 
course, may become tracked under surface 
flashover conditions when a higher energy 
power source is used than was the case in 
our experiments. Inorganic materials like 
Insanol (material K) do not track, but 
their use is limited because of the diffi- 
culties encountered in fabrication. 


RESULTS OF TESTS ON AIRCRAFT- 
GENERATOR BRUSH-HOLDER ASSEMBLY 


In order to obtain some idea of the 
agreement between tests made on labora- 
tory samples and those made on a prac- 
tical piece of apparatus, a brush-holder 
assembly for a 28-volt aircraft generator 
was investigated. The assembly consists 
of eight brushes mounted on a ring of in- 
sulating material G, which is described in 
Table I. The closest striking distance 
(7/e4 inch) is between a brush spring and 
an adjacent brass brush holder. The d-c 
breakdown voltages for this air space 
under dry-air conditions are plotted 
against altitude in Figure 23. The short- 
est creepage distance (19/4 inch) is be- 
tween mounting flanges of adjacent brush 
holders. The d-c flashover voltages for 
this creepage distance under dry-air con- 
ditions also are given in Figure 23. 

On comparing the breakdown-voltage 
data of Figure 23 (lower curve) with those 


. for the rod-gap set at the 125-mil' spacing, 


the agreement is found to be close. A 
similar comparison of the flashover- 
voltage data given in Figure 23 with 
those given in Figure 16 shows that the 
former are somewhat higher than the 
latter. This is to be expected, since, in 
the laboratory samples, sharp-edged elec- 
trodes were used; whereas, the edges of 
brush-holder flanges were rounded appre- 
ciably. While the agreement between 
tests on laboratory samples and those on a 
piece of apparatus is very satisfactory, it 
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(d). 


should be pointed out that the tests on. 
the laboratory samples are likely to be on 
the conservative or safe side. 


A Comparison With Railway Practice 


Railway apparatus is subjected to serv- 
ice most nearly comparable to aircraft 
duty, except for the extreme reductions in_ 
atmospheric pressure and ambient tem- 
perature. Both types of apparatus are 
subjected to moisture, vibration, and dirt. 
Consequently, the experience with test 
voltages, striking and creepage distances 
on railway apparatus, was examined to 
determine what factors of safety have 
been proved acceptable by successful 
operation. Furthermore, on railway 
equipment space and weight are at a pre- - 
mium (as on aircraft), and the tendency 
has been to keep down size by reducing 
clearance between live parts. A 250-volt 
application was selected for comparison. 
Standard practice has been to use one- 
eighth inch as a minimum striking dis- 
tance and 5/;,inch as a minimum creepage 
distance over surfaces. The one-eighth- 
inch air-gap distance breaks down at 6,500 
volts (rms) with a rod gap at zero altitude. 
The 5/,-inch creepage surface breaks 
down at 8,300 to 9,800 volts (rms) when 
dry (eight different materials). When the 
surface is moist, these same materials 
break down at 2,700 to 4,200 volts rms. 
The normal insulation test for such an 
application is 2,000 volts rms (2E+1,500). 
From this it can be seen that the success- 
ful background of experience on this class 
of apparatus is based on the following: 


(a). Test for new apparatus is 8X£ or 
2E+1,500 =2,000 volts, where £ is the rated 
voltage of the apparatus. 

(6). The minimum permissible striking 
distance breaks down at 3!/. times the 
normal test voltage, or 26 E. 


(c). On dry surfaces the minimum per- 
missible creepage distance breaks down at 
somewhat more than four times the normal 
test voltage or 32 E. ) 


On moist creepage surfaces failure 

may occur at a voltage 30 per cent above 

the normal test voltage (depending on the . 
character of the surface), which is 10XE 

(minimum observed). 


While comparable spacings may be al- _ 
lowed for aircraft apparatus, and com- 
parable factors of safety thus obtained — 
while on the ground, these factors of 
safety must be reduced at the higher alti- 
tudes in accordance with Figures 12 and 
18. To-obtain a breakdown voltage of 
4,000 volts at 65,000 feet would, accord- 
ing to Figure 9, require a spacing well in 
excess of one inch, a rather impractical 
figure. 
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Recommended Insulation Spacings 


In establishing proposed standards for 
insulating and testing practice, it appears 
desirable to segregate apparatus by volt- 
age classes. The classifications proposed 
are given in Table II. 

Much of the apparatus now designed is 
being used up to altitudes of 40,000 feet. 
Future needs of the industry appear to 
include operation up to a 60,000-foot 
altitude. It is suggested that two differ- 
ent altitude classifications be established, 
as the use of a single class based on 60,000 
feet might unduly penalize certain types 
of existing apparatus or apparatus not 
intended to be used above 40,000 feet. 

Proposed standards for minimum strik- 
ing and creepage distances are given in 
Table III, which also shows the experi- 
mental “factor of safety.’’ The factors of 
safety are based on tests at the specified 
altitudes for the recommended spacings. 
These factors of safety are high for the 
lowest-voltage class, partly because it is 
usually unsafe to rely on extremely small 
spacings and partly because of the in- 
creased danger of filling the space with 
particles of conducting dirt or water. As 
a matter of interest, comparative stand- 
ards for railway apparatus, also standards 
of the Underwriter’s Laboratories for 
Industrial Control, are given. The stand- 
ards recommended for aircraft apparatus 
are the authors’ personal evaluation of the 
experimental results obtained, with the 
practical side in mind. As the factors of 
safety indicate, it sometimes may be satis- 
factory to use smaller clearances, particu- 
larly if the apparatus is enclosed to ex- 
clude dirt and so rigid mechanically as to 
prevent any relative movement between 
_ the two parts at different potentials. In 
other cases it may be necessary to use 
_ greater clearances than indicated. 


Dielectric Test of Insulation 


Electric apparatus is customarily given 
' all overpotential test to check the ade- 
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Figure 22. D-c flashover voltage 

versus altitude for material K with 

one-fourth-inch electrode spacing 

under various atmospheric con- 
ditions 


quacy of the insulation for all normal volt- 
ages plus transient overvoltage surges. 
By insulation is meant solid insulation, 
clearance through air, and creepage over 
surface. If a sea-level dielectric test is 
to prove electrically that the spacings in 
the device are adequate for operation at 
40,000 feet, for example, the test voltage 
must be just under that value necessary 
to break down the gaps specified in 
Table III. These voltages are from 3,500 
to 6,600 volts rms. Such a requirement 
would unduly penalize the design by re- 
quiring an unnecessary amount of solid 
insulation. The obvious conclusion, then, 
is that no reasonable sea-level dielectric 
test can check the spacings and clearances. 
In other words, the sea-level dielectric 
test voltage must be selected from the 
standpoint of solid insulation. To check 
the spacings electrically would require 
that the dielectric tests be conducted in a 
partial vacuum. 


Summary and Conclusions 


The breakdown strength of air and the 
surface flashover behavior of a number of 
materials have been investigated under 
conditions corresponding to an altitude 
range from sea level to 65,000 feet. The 
various atmospheric conditions encoun- 
tered by aircraftin thisaltitude range were 
simulated by use of a special test chamber. 


D—C VOLTAGE—KV 


Figure 23. D-c breakdown and 

flashover voltage versus altitude 

between adjacent brush holders of 

d-c aircraft-generator brush-holder 
assembly 
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The more important results of this in- 
vestigation are as follows: 


1, Moisture in the frozen form, such as ice 
and snow, does not lower either the break- 
down voltage of air or the flashover voltage 
of an insulating surface. 


2. Moisture in fhe vapor form does not 
have a significant effect on the breakdown 
strength of small air gaps (1/32 to 1/2 inch) 
or the flashover of insulating surfaces, pro- 
vided condensation is absent. 


8. Moisture in the cloud or suspended 
droplet form lowers the breakdown strength 
of small air gaps. Moisture condensation 
on the surface of an insulating material 
results in a marked lowering of the flashover 
voltage. 


4. Some differences were observed in the 
flashover behavior of various materials, 
particularly at low temperatures and with 
d-c voltages. Dielectric constant changes 
with temperature are believed to play a role. 
These differences in materials, however, are 
small compared with the safety factors that 
must be allowed in practical designs. 


5. The overpotential test voltages neces- 
sary at sea level to determine the adequacy 
of striking and creepage distances for high- 
altitude operation may result in excessive 
stresses on the solid insulation. This can be 
avoided by conducting such tests in a partial 
vacuum, 


6. On the basis of the data obtained and 
general experience with various types of 
electric apparatus, specific striking and 
creepage or flashover distances have been 
proposed which are believed to be adequate 
for the electric equipment used in aircraft. 


7. Asshown in Figures 12 and 18, both the 
breakdown and flashover voltages decrease 
less rapidly. with altitude than does the 
relative air density. This is to be expected 
because of the nonuniform field conditions 
used in this work. 
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Current Rating of Cables as Affected by 
Mutual Heating in Air or Conduit 


IPCEA COMMITTEE ON RESEARCH 


HE current rating of a cable is deter- 

mined-by its surroundings in addition 
to its inherent characteristics. The cable 
may be exposed in air, drawn into a con- 
duit in the air, buried directly in the 
ground, or drawn into a duct in the 
ground. It is rarely necessary to con- 
sider a single cable, that is, it is customary 
to install a number of cables in a group. 
Thus, instead of a single cable dissipating 
its heat to the surroundings, the problem 
becomes more complex because of the 
effect of the heat being dissipated from 
each cable on all of the cables in the 
group. Therefore, the current rating 
for a single cable must be modified. For 
cables drawn into duct systems, duct 
heating constants obtained from experi- 
mental data are added to the thermal 
resistance of a single cable.-* In the 
case of buried cables, there is a similar 
term added to the thermal resistance of a 
single cable for each additional cable. 
For cables in air or in conduit in air, no 
experimental data have been available 
to show the influence the grouping of the 
cables or the conduits have on the cur- 
rent rating of the cable. Correction fac- 
tors for the rating of a single cable in air 
or when installed in a conduit have’ been 
estimated theoretically, but lack of con- 
firmatory data made assumed values of 
doubtful accuracy. 

The Insulated Power Cable Engineers 
Association recognized this situation sev- 
eral years ago, and in July 1941 an ap- 


propriation was obtained from a group of 
manufacturers to carry out a research on 
the effect of mutual heating of a group 
of conduits for different numbers of con- 
duits and various geometric groupings. 

The research was carried out by the 
Electrical Testing Laboratories under 
the supervision of a committee from the 
IPCEA with certain supplemental data 
from the laboratories of one of the sub- 
scribing companies. 

The research consisted of taking one- 
and four-inch standard conduits in groups 
of 1, 3, 6, and 9 with standard spacing 
between conduits, inserting in each con- 
duit a twisted pair of number 19 Ameri- 
can wire-gauge hotbed heater wires, and 
applying various amounts of heat (watts 
per foot) to obtain a curve of temperature 
rise of the conduit above ambient tem- 
perature. As it is important to know the 
effect on the heat dissipating properties 
of the conduits when conduits are in- 
stalled close to a wall, near ceilings, or in 
completely covered runways, tests were 
made with conduits freely open to the air, 
with barriers of paper board about four- 
feet high, spaced about two feet from the 
conduit, and with barrier and covers, the 
latter about two feet above the conduits. 
These three conditions simulated free dis- 
sipation of heat, side restriction but ver- 
tical dissipation, and an enclosure restrict- 
ing heat dissipation. Details as to the 
test methods, taken from the report of the 
ETL will be found in Appendix A. 
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i 
Many data have been collected, which 


have been reported by ETL, but it is not 
possible to include them in this paper be- 
cause of space limitation. _ A typical test 
tun for a four-inch conduit is shown in 
Tables X, XI, and XII, test 26. 

Table I gives a summary of the results 
for the four-inch conduit, and Table II 
gives the summary of the results for the 
one-inch conduit. 

The results obtained for the four-inch 
conduit are shown in the following figures: 
Figure 1 (ETL plate 36,391). A single- 


conduit bank compared with the center 
conduit (5) hottest of a nine-conduit bank. 


Figure 2 (ETL plate 36,464). Various 
groupings with banks isolated (barriers) and 
covered. 


Figure 3 (ETL plate 36,605). Various 
groupings with banks isolated but not 
covered. 


Figure 4 (ETL plate 36,606). Various 
groupings with banks open, that is, no bar- 
riers or covers. 

The effect of grouping is very definite 
for a given watts-per-duct foot, but the 
differences between open (that is, no 
barriers or covers), isolated (barriers) 
and covered, and barriers and not cov- 
ered, are not very great. 

The results for the one-inch conduit are 
shown in the following figures: 

Figure 5 (ETL plate 36,513). A single con- 


duit compared with the center conduit (5) 
hottest of a nine-conduit bank. 


Figure 6 (ETL plate 36,607). Various 
groupings with banks open (that is, no bar- 
riers or covers). 

Figure 7 (ETL plate 36,608). Various 


groupings with banks isolated (barriers) and 
covered. 


Here, also, the effect of groupings is 
very definite for a given watts-per-duct 
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Figure 1 (left). Tem- 

perature rise of four- 

inch black steel con- 
duit 


6 


Banks ‘‘open.’’ One- 


TEMPERATURE RISE ABOVE PIPE IN IDLE BANK 


foot, and the differences between open, 
barriers and covered are not great. 

The matter of drawing conclusions from 
the data may be approached in two ways: 


(a). The number of watts of energy allow- 
able in each conduit in a group that will 
result in the same temperature rise for the 
conduit giving the highest temperature. 


(b). The temperature of the hottest con- 
duit for a given number of watts of energy. 


The allowable conductor temperature 
in a cable determines its current rating. 
Therefore, it is obvious that the watts per 
foot of conduit must decrease as the num- 
ber of conduits in a group increases to 
give the same temperature rise of the con- 
ductor. It was decided, therefore, to 
study the variations in the number of 
watts-per-conduit foot for the same con- 
ductor temperature rise. 


and —_nine-conduit 
banks only under test 


Figure 2 (right). 

Temperature rise of 

four-inch black steel 
conduit 


TEMPERATURE RISE ABOVE PIPE IN IDLE BANK 


isolated and 
covered 


Banks 


Tables IIIA and IIIB show the number 
of watts per foot for various groupings of 
conduit for the same temperature rise for 
both one- and _ four-inch conduits 
and the ratio of watts per foot for a group 
to the watts per foot for a single conduit 
for a given temperature rise. 

These data disclose some interesting 
information, provided that we do not try 
to be too exact. This will be found to be 
justified when one considers the manner 
in which the data will be used: 


A. There is not a great deal of difference, 
in the ratio of the watts per foot for a group 
to the watts per foot for a single conduit for 
a given arrangement of conduits and a spe- 
cific temperature rise, between the conduitsin 
the “open,” “isolated,” or ‘‘isolated and 
covered.” This fortunately simplifies the 
problem, because it can be assumed that 
all are alike, and, therefore, the same cor- 
rection will apply for all cases. 


Table 1. Summary—Temperature Rise of Hottest Conduit Above Idle Conduits—Banks 
“Isolated” : 


Four-Inch-Conduit Tests (Final Series), All Banks 


Temperature Rises (Degrees Centigrade) 


Ducts Per Bank 


Test Watts 
Run Per Foot 1 2V-3H° 3V-2H 3V-3H 3V-1H 1V-3H 
if 
Barriers Between Banks But Banks Not Covered 
eee oh sass 5 UGS OSA SNA HAS IER ERAT CROICEC GR AMT ERR 9 MERC cr EIEN Lane tiiay ir aint sanacah ibe oe ote! 3 17.4 
CCS Rea STARS EM Uetis Avarie i: stariale efarahi 20.4 
Os 5 ee MBS Oa fe are LB) Bnet oy a eta ee PUD rola, ncgaiere ht Oe aera ree ae ae 18.7 
ei aa dss SS Ohwes ys rate be TASS eens evagahes yatneene eee tele ZONK RE Alaska senmsunteteuia ae hi, 20.9 
UB) js ee Los Omen seine. VAD Facies QO NG edie Soot cictave, «aan air ek er amc Rea ss theese ok Sh he 18.6 
BES ete ty oc Is 7s EZ OVE aakelercue iret etree woman leases okey erat eanis Deel cline ssw Sole amer tare eh cute aceiter airs ptiaratiecays Tose 
its) gaia ZR nematic cee vec aieyese teenies (ai LGR iste cts te narertcetiins OP angie orb ncarCatepe seh 18.3 
> oe Os natn ras LT OLS is See eee eee iA wm Se UE Be any cinta abana matt tn eh 17.6 
11 ee eee SOE on erat Oss ote. cave vege ome nde ae MGM Gers nagueea ¢ A eAMOe Sey 13.7 
BESS. iste DD Gi exe? ever Bi \Oigi ves ees WZ Osler hatctaa mrss Rat see oie ee tenes alias hehe i ate 11.6 
(fo). Morne cits PAO ro cca» DD Oia rae eae haconina weathers LOD evga reek « teehee oh totes 10,4 
Barriers Between Banks and Banks Covered 
KG)i nO. UB SOR Re es LGR Le ioe AG epee uncy eearicats alte ¢ os SL Aap Meee a ve Macuetiastenn 19.0 
Dae hy nai) PDO i itrrdetans TS). Galea DADO ike dls Pawsa el ceases te as Ie pink SHU ee Se pac) oN EE Ae en 17.0 
20: We ae Ne OD) Oa, ots DOM Mae. sete GE Giesatrro: utin ym ecune nh als tits LS Oe ee eee at codabres. 4s oeaeaniene 13.6 
OOS a? (hao) aro OF Bhan area fe RORY aR eo TER, Se LAO SE MA es 8 ea, 12.0 
Barriers Removed and Banks Not Covered 
emer at eeu MORON east LQ O tose Sn LS OT ei aaNet som een AO WE etee eres SBR CRN ER a 17.3 
“1s ear TD ake ts Mei fits: Stay MER TA OT at clr wee cag ale 3 DEO erate acaba acaneavst ies te 10.4 


The letters a, b, c, and d designate the runs for which the detailed data will be found in Tables X, XI, and 


XII. 
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Current Rating of Cables 
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B. . There is an increase in the ratio with 
an increase in the temperature rise un- 
doubtedly due to the increase in air-con- 
vection currents. This, too, is helpful as 
the ratio for, say, a ten-degree-centigrade 
rise may be taken, when it is known that, 
if the cable is designed to give a higher tem- 
perature rise of the conduit, the values for 
grouping based on a ten-degree-centigrade 
rise will result in conservative ratings. 


C. There is not much difference between 
the ratio for a given case for the one- and 
four-inch conduits for the conditions of in- 
stallation, namely, the standard spacing of 
conduits. This is helpful, as it means that 
the factors set up are applicable to any size 
conduit. 


D. It is obvious that, as the spacing be- 
tween conduits is increased, the influence of 
conduits on each other will decrease. These 
tests probably represent the closest spacing 
likely to be encountered. Larger spacings 
will permit higher currents and, if conditions 
warrant, should be made the subject of 
special investigation. ' 


E. As one wishes to make it as simple as 
possible in calculations, average values must 


Table Il. Summary—Temperature Rise of 
Hottest Conduit Above Idle Conduits—Banks 
“Isolated” 


One-Inch-Conduit Tests, All Banks 


Temperature Rises 
(Degrees Centigrade) 


Ducts Per Bank 


Watts jan} m io] q jae) 
Test Per v it ui iy ? 
Run Foot i be = a is 
Banks Open, That Is, No Barriers or Covers 
Ey eamies oie) cu tL ste i b'day dias Papi so 14-0) oo seas, 11.4 
SB emia LIL OGD LONG erence 291.9). cranes 22.4 
Bae AO De AW Satis acy pt Latte St Ou 31.5 
DOA AP ORO nO take Ca, tony DM bes Serene as watts IWAN 
BOL cael OmtrLGe aa yet ate eute BOAO see ae ic 24.9 
OC arate LL Os eek Sl antiseie cae hie BANOS rc uweieene 35.7 
With Barriers, Banks Not Covered 
Bod LOA Bin. OOO ah «aly HO NAM Pete heres Acs 
With Barriers, Banks Covered 
Coram Onn LOCO sbaedincy nite MOWO chan 11.6 
BO emi Onre BO) Ole On Ou aierene SUE sGecene, Sina 22.6 
Ns VASO LSS iv tia eU igi a8 beds BBB Matha eevee 33.1 
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Table IIIA. Four-Inch-Conduit Temperature Rise 
Temperature Rise =5 C Temperature Rise =10 C Temperature Rise =15 C Temperature Rise =20 C 
Arrangement — 
Watts A B Watts A B Watts A B Watts A B 
Num- Per Watts Relative Per Watts Relative Per Watts Relative Per Watts Relative 
ber Block Foot Ratio Current Foot Ratio Current Foot Ratio Current Foot Ratio Current 
Four Inches, “Open,” 1 and 9 Ducts Only Loaded, Figure 1 
CORLISS craters BUBB eon aL OOO pactsinds OO eeraetelet OO) Ee 1,000.'.......1,00.....0.-. 05.15. 51. O00, 0 yA 1008 25. i(ZOR) cre ater OOo een 

Oi SV OMe. 1AB 0)... Osi2sn 0565 aren 3:85 {..,0.389... 0.0% O62) ete 6950 55.0. 458%, 01... O68 toute TO255( 2% Os Seen 0.72 
Four Inches, Isolated and Covered, Figure 2 

it RLS ARS aie heinaSis (BR2) craters OOO aie LOO ecco 83051 Hee OOO Wr ect: EXOO co aatiee LSS \eiaer VSO00t esse LOO sciences (19.45)..... 1 000M aes 1,00 
Sle ate OYESY¢ bagn 3\ Cer adele e 0.704...... 0.84.53 .6 3 (S85)ee Onc 20 davies « OVBOs sie ais LO VSP een ONT AG iy citer 0.865 cron WO)” Neneienere 0.70 Titers 0.88 
62 Vm 8 Hiss oe (1- 65)! oa cs BLS yan see 0,92 ceoente (A.B) abate sOn DO a bon vis ONT Sie poeste (ho OU Ss Sac 0.5617... 3. On (Ont a LB EE ASLE cops 0.604...... 0.78 
RC dared « GaP @ Une Us) eR ON Sb Ort. ou 026055. .10« (Bz16) Fe nOrao Lea woes ON BSlntstne at (6. 2) 265 0.450...... OF OTe. ame A ehh See Se 0.506. S30 0.7% 
Four Inches, Isolated, Not Covered, Figure 3 

Bei atet cus costauicaes (45.55). OOO R uate dL OOS tama 10.05 Dp OOO US a LOS eaten AG is1'B Nate 1000 /\.5-ierats LOO: tmacvere PPAV ARTE NOY As 1.000... 7 1.00. 
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Cee LOY — 2A. i 12/115) ote eee COREY RIBS Sieccied 02692555 (ESS D) een OOO): aaa ate UEC Rn Roe O16. Se OF59T chad Oar rhe eats ye Ope 0.634...... 0.79 
Oe BV-8F 2 SEB) eos OF ZEB 5.0 ODO wes exis (BAB) 5. 3). OF S435 5, cp 0.59 SS ee ae 6,563 305. 0240635; .0ns% OBA arats LO OD oe nes 0:452....44 0.67 
Four Inches, “Open’’, Figure 4 
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be selected in such manner that any errors 
are on the conservative side. Also, they 
should be applied easily. 

The data which have been obtained 
give the temperature of the conduit as 
compared with a base temperature or 
the temperature rise of the conduit due to 
various loadings inside the conduit. 
Therefore, any factor that is obtained for 
groups of conduits, as compared with a 
single conduit, applies only to the tem- 
perature drop from the conduit to the 
ambient temperature. This factor is in 
the nature of a thermal resistance. It 
may be an additional term to be added to 
the total thermal resistance of a cable in a 
conduit, or it may be converted to a cor- 
rection factor to the conduit factor Q, 
which had been determined previously 
by a committee of National Electrical 
Manufacturer’s Association and __ pre- 
sented by S. J. Rosch before AIEE.* 
Values of Q have been adopted by 
IPCEA and may be found in their cur- 
rent-carrying capacity tables for rubber- 
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insulated and 
lated cables. 

If a multiplying group correction factor 
for Q is used instead of an additive factor, 
it simplifies the work and results in a 
representative average value slightly on 
the safe side. The formula for thermal 
resistance then may be written as 


R=R;+R;,+GQ 


where 


varnished-cambric-insu- 


(1) 


R,=thermal resistance of insulation 
R,=thermal resistance of surface of cable to 
conduit 


Q=conduit correction factor as given in 
IPCEA tables 
G=group correction factor 


The value of G must be determined 
from the test data. Calculations indicate 
that a ten-degree-centigrade temperature 
rise for the one-inch conduit and a 15 de- 
gree-centigrade temperature rise for the 
four-inch conduit are average values for 
a fully loaded cable in the respective con- 
duit sizes, Data, therefore, are taken 


Figure 3. (left). 

Temperature rise of 

four-inch black steel 
conduit 


iss] 
so 


Banks isolated, but 
not covered 
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Figure 4 (right). 

Temperature rise of 

four-inch black steel 
conduit 


TEMPERATURE RISE ABOVE PIPE IN IDLE BANK, te 


Banks ‘“‘open”’ 


Current Rating of Cables 


from the test results for these tempera- 
ture rises and tabulated in Table IV. 

The value of G listed is the ratio of the 
watts per foot for a single conduit (1V X 
1H) to the number of watts per foot for 
various groupings under the same condi- 
tions of installation. Although these 
data are rather limited in extent, it is 
possible to draw curves with them to ob- 
tain values for any grouping. Figure 8 
shows the plotting of these data for four- 
inch conduit in two ways: 

(a). The correction factor G as ordinates 
against the number of vertical conduits as 


abscissa for a specific number of horizontal 
conductors. 


(b). Gas ordinates against the number of 
horizontal conduits as abscissa for a specific 
number of vertical conduits. 


The solid lines on the curves show the 
values of G up to 3V X3H conduits which 
is the range covered by ETL tests. These 
curves then are extrapolated for arrange- 
ments up to 6X6 conduits following the 
‘general shape of the curves obtained by 
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Table IIIB. One-Inch-Conduit Temperature Rise 


Temperature Rise = 10 C 


Temperature Rise = 20 C 


Temperature Rise =30 C 


Duct Arrangement - 
Watts A 


B "Watts A B Watts A B 
Num- Per Watts Relative Per Watts Relative Per Watts Relative 
ber Block Foot Ratio Current Foot Ratio Current Foot Ratio Current 
One Inch, ‘‘Open,”’ 1 and 9 Ducts Only Loaded, Figure 5 
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Pe nS V HOE eos kc we Dea (aS teri ie OAC Ti ocsiots ssa OVGBc... emote NSAI ati OPEB reo iahercs 0.68. hen (Asia Nees Wa 8 OGO0 ssa Ne 0.71 
One Inch, Covered, 1 and 9 Ducts Only Loaded, Figure 5 
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One Inch, “‘Open’’, Figure 6 
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One Inch, Covered and Isolated, Figure 7 
MRM ces ah iss ty 200 /« “cb nie wn, OS i oa ee TO00 Fist tas MOE written aae & (ae ee OOO tos a OO Wrsntsses tes 1 ie eee T0000 ones s 3 1.00 
CeteMn ales » aS: 2 Sa nae 2 BU Sere een OF SSC aren ters OE Da Mer eyst sate Svat. Ouamosis ns cei fa BGS ee tein ONOStt we attorney Uh fy Grama ex Be OR87G6 oh. Mates 0.94 
Gana... QV OLE cites sa 6\soe De Bi aterat Nel ah ONSET Anodes QuS Bret pice aings BuO Go aes ras OG EZEe aie By ce (atc f ti geen eae SVL Sian OSZSL AA wines 0.86 
SRG aan CHAI 2 a a LaPeniee Gans GOOGT sates cain ae ON ZS: yawee mento Be Oi hin anti a ORGOO ES ths cab QED is cra ien teed GuGo Ms ciatior 1D. BIG eto erinn fe 0.77 


W. A. Del Mar on an investigation car- 
ried out by his company as an aid in in- 
terpreting the ETL data. This investi- 
gation is summarized in the appendix. 
The solid lines in Figure 8 have been 
drawn straight, as these will fit the points 
as well as curved lines and give better 
agreement between the two sets of curves 
on the drawing. It must be remembered 
that various points on one set of curves 
must fall on corresponding points on the 
other set of curves. For example, the 
point for 2VX3H must be the same for 
both curves. This greatly reduces the 
possibility of obtaining a better fit of the 
curves to the points, but also helps in lo- 
cating the curves where no test values 
are available. The actual test values 
are shown in the figure, the points belorg- 
ing on the various curves being identified 
by crosses, circles, or triangles at the end 
of each of the three curves. Designation 
of the points is shown, so that it can be 
seen which curve the various points 
should fall on. The fit of these points 
does not appear to be good, but when the 
individual values are considered, the rea- 
son for their being off the curve can be 
seen. For example, the two points above 
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the curve on both sets for three condt:c- 
tors in three rows are values corre- 
sponding to conduits without barriers or 
covers and for barriers with covers. The 
point through which the curve passes is 
for the case with barriers but with no 
covers. This point would seem to be the 
most logical, and the fact that, both with 
all barriers removed and with all barriers 
and covers in place, the results are higher 
throws some question on the validity of 
these points. 

It may be noted from Table IV that 
the values for one-inch conduit for dif- 
ferent arrangements are close enough to 
the values for a four-inch conduit, so the 
same curve may be used for both sizes. 
Only four-inch values are shown so as not 
to make the curves confusing. 

From these curves it was possible’ to 
make up a table of proposed correction 
factor G for various groupings. This 
correction factor is multiplied by the 
thermal resistance from the surface of a 
single conduit, as expressed by Q, re- 
ferred to previously to obtain the correct 
thermal resistance due to the grouping of 
this conduit with other similar conduits. 

Table V) gives the values of G which 


Figure 5 (left). Tem- 

perature rise of one- 

inch black steel 
conduit 


One- and nine-con- 
duit banks only 
under test 


Figure 6 (right). 

Temperature rise of 

one-inch black steel 
conduit 
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have been obtained from these curves. 

The current rating of a cable in a con- 
duit grouped with other conduits is deter- 
mined by standard methods, using for- 
mula 1, for the total thermal resistance, 
selecting for G the proper number and 
grouping of conduits. _ 

It would be much more convenient if 
a correction factor could be applied di- 
rectly to the current rating of a single 
cable rather than to the thermal resist- 
ance, so that standard tables of currents 
could be used. Stch a correction factor 
may be calculated from the aforemen- 
tioned values of G. 

As stated previously, the analysis of 
the data has been based on a given tem- 
perature rise for all groupings of conduits; 
in other words, the same permissible con- 
ductor temperature for the hottest con- 
duit as for a single conduit. This means 
that the number of watts of heat energy 
to be dissipated, times the thermal resist- 
ance for a single conduit, will be the same 
as the watts of heat energy of a single 
conduit as a part of a group, times the 
thermal resistance of the group, or 
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where 1 signifies a single conduit alone, 
and g signifies a part of a group of con- 
duits’ As 


W, =TI,?7 : 
of conduits 
and ©—Test points for two rows 
of conduits 
2 
etn A—Test points for three rows 
Then of conduits 
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Figure 7 (left). 
Temperature rise of 
one-inch black steel 
2V-3H NO.3 conduit 


WSH NOT Banks isolated. and 


covered 


Figure 8. Group correction 
factor G for various groupings 
of conduit 


X—Test points for single row 


Po 20 213 4e Star Li) 203 TASS 
or ‘NO OF VERTICAL CONDUITS NO OF HORIZONTAL CONDUITS 
L=hW R/R 
if t 1 Ri+R,+0 of a group of conduits. If the value of 
or K,_=correction factor = R,+R,+G0 this correction factor is known, then the 
I,=hK, current rating of the cable in the group 


J,;=current for a cable in a single conduit 
I,=current for a cable in a conduit as a 
part of a group of conduits 
R, =thermal resistance of a cable in a single 
conduit = R;+R,+Q 
Rg = thermal resistance of a cable in a single 
conduit as a part of a group of conduits 


The square root of the ratio of the ther- 
mal resistance of a cable in a single con- 
duit to the thermal resistance of a cable 
in a conduit as a part of a group of con- 
duits is the correction factor for the cur- 
rents for a cable in a single conduit to 
give the same conductor temperature 


may be calculated directly from the cur- 
rent in the table for a cable in a single 
conduit by multiplying by this correction 
factor K. 

It is possible to use the correction fac- 
tor G for conduits also as the correction 
factor for cables in air, as it applies to the 


=R,+R +GQ when the cable isin a conduit whichisone thermal resistance of a dissipating sur- 
face. This means that, where there is a 
Table IV Conduit Group Correction Factor G SrOUD, ie peer be air, the thermal resist- 
ance of a cable becomes 
Data From ETL Chart 
ie R=R;+GR, 
One Inch for 10 C Rise Four Inches for 15 C Rise 
where 
Number of Chart Watts Per Chart Watts Per i =. be Sota 
Conduits Number Foot G Number Foot G R,= thermal resistance of insulation 
So R;=thermal resistance of surface of cable 
IV=1F7 opens). ki 50! UG UF ee A MOB OPN yao toes te ee BE; 0G ere ose Mn 1971 
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Table VI. Current-Carrying Capacities of Cables in Air or in Conduit in Air 


— 


I,=current for cable if a group in air 
T,=current for a single cable in air 


R:+R . 
K,=correction factor = es 


During the preliminary analysis of the 
test, values of G were set up prior to those 
given in Table V, and a study was made 
of the current rating of a cable in conduit 
for various conductor sizes. Table VI 
gives these currents for different cable 
constructions, and Table VII gives the 


% 


in groups as compared with a single con- 
duit. It is interesting to note that con- 
ductar size has very little influence on the 
ratio, a circumstance which simplifies the 
problem. With the assumption that con- 
ductor size has no influence, Table VIII 
has been calculated for the correction fac- 
tor K for three types of insulation of 
cable. Again, it is fortunate that the 
kind of insulation has very little influence 
on the correction factor K, and it is pos- 
sible to take a value which will be safe 
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where ratio of the currents for cablesin conduits for all kinds and slightly more conserva- 


tive for the others. For example, the 
paper-insulated cable shows a higher cor- 
rection factor than for eithes rubber or 
varnished-cambric-insulated cables. If 
the value for rubber cables is taken, then 
the varnished-cambric and paper cables 
will be more conservative, but only by a 
small percentage. 

Table IX gives the final proposed 
values of correction factor K, for the cur- 
rent rating of a cable in a conduit as a 
part of a grouping of conduits. - The table 


Table VII. Reduction Factors for Table VI for Cables in Air or Conduit as Compared With a Single Cable in Air or Conduit 
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Table VIII. Current-Rating Correction 


Number of Cables Grouped Horizontally 


Number of Cables 
Grouped Vertically a b 


In Conduit 


a refers to single-conductor 4/0 rubber-insulated cable for five-kilovolt service. 


6 refers to single-conductor 4/0 varnished-cambric insulated cable for 600-volt service. 


covers groups up to six vertical and six 
horizontal. The test data did not go be- 
yond 3X3, but the research done by Mr. 
Del Mar (see Appendix B) gave a means 
of extrapolating the data. Perhaps. un- 
due liberties have been taken, and recom- 
mendations should not be made for such 
a large number of conduits in a group. 
It is agreed that a total of 36 conduits is 
not good engineering, yet we know that it 
is done, and, therefore, we are offering 
correction factors for these large group- 
ings as a guide to the current loadings 
that may be used without shortening the 
life of the cable. In setting up these cor- 
rection factors, it is assumed that all of the 
conduits will be loaded with the same 
kind of cable and 100 per cent load factor. 
Different load factors for all cables or 
diversity of loadings for some cables have 
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Figure 9. Details of conduit supports 
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not been considered. Naturally, a di- 
versity of loading will permit a higher 
loading, how much, it is difficult to 
say. As an approximation, it might 
be taken as the square root of the ratio of 
the total watts that may be dissipated by 
all the conduits to the total watts to be 
dissipated. 

Correction factor K, for air will not be 
the same as K, for conduit. Asin the case 
for conduits, these correction factors hold 
only for cases where the cables are 
grouped closely together. An increase 
in spacing results in a decrease in mutual 
heating effect, and, therefore, a higher 
value of correction factor applies. | These 
values of correction factor may be taken 
as giving the maximum reduction in cur- 
rent rating. Tables VI and VII show 
that, here also, conductor size has very 
little influence on the correction factor; 
and Table VIII shows that, as in the case 
of conduits, the kind of insulation has 
little influence, the rubber insulation 
showing less reduction in current rating 
than varnished-cambric and paper insu- 
lation. 

Table IX gives the final proposed 


Table IX. Proposed Current-Rating Correc- 
tion Factors for Various Groupings of Cables 


Number Number of 
of Cables Cables Grouped Horizontally 
Grouped 


Vertically 1 2 3 4 5 6 


In Conduit Ke 


Toe 1.00..0.94..0.91..0.88..0.87. .0.86 
Derren 0.92. .0.87..0.84..0.81..0.80..0.79 
Sz hee 0.85. .0.81..0.78..0.76..0.75. .0.74 
Cree 0.82..0.78..0.74. .0.78. .0.72. .0.72 
D cisteiar 0.80. .0.76..0.72..0.71..0.70. .0.70 
O15 0.79. .0.75..0.71..0.70. .0.69. .0.68 
In Air Ka 
1 cies 1.00. .0.93..0.87..0.84..0.83..0.82 
2... .0.89..0.83..0.79. .0.76..0.75. .0.74 
ce ons 0.80. .0.76..0.72..0.70. .0.69. .0.68 
Ai eae 0.77. .0.72..0.68..0.67. .0.66. .0.65 
Lena? 0.75. .0.70. .0.66. .0.65. .0.64. .0.63 
Gysaet 0.74. .0.69. .0.64. .0.63..0.62..0.61 


Current Rating of Cables 


c refers to three-conductor 4/0 paper-insulated cable for 12-kv service 


d refers to proposed values. 


values for correction factor K, to deter- 
mine the current rating of a cable in air 
as a part of a group of cables in air as com- 
pared with a single cable in air. 

The IPCEA has adopted these correc- 
tion factors, for both thermal resistance 
and current ratings; and they will be 
found in their most recent tables of cur- 
rent ratings for rubber, varnished-cam- 
bric, and paper cables in air and conduit. 

Many data were collected on the dis- 
tribution of temperature around a conduit 
and also on many of the conduits in a 
group. Appendix C gives a short sum- 
mary of this phase of the investigation, 


and some conclusions are suggested, such — 


as, avoid if possible vertical grouping of 
conduits, staggering if mecessary, and 
avoid loading up inside conduits in order 
to get the benefit of the better heat dis- 
sipation from outside conduits. 


The IPCEA expresses its indebtedness 
to those manufacturers who contributed 
the necessary funds to conduct this re- 
search. The data obtained have been 
needed by both users and designers of 
cable systems, and we are certain that it 
will have a wide usage contributing to the 
conservation of materials, now and even 
after the present emergency has ceased to 
exist. 


Appendix A. Method Used in 


Determining the Temperature Rise 


of Conduits for Various Groupings 


as Reported by ETL 


The purpose of these tests was to deter- 
mine the temperature rise of standard black- 
enameled rigid-steel conduit of one-inch and 
four-inch-pipe sizes, supported in still air, 
over a range of internal watt losses per foot, 
with various bank arrangements of conduits, 
and with the banks both enclosed and open. 
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Method Figures 10 and 11, respectively, show the copper bus extending along one end of the 


ARRANGEMENT OF TEST CONDUITS 


A total of 560 feet of each of the two sizes 
was submitted. Two ten-foot lengths 
coupled together constituted a test conduit. 

_ These were set up in six groups or ‘‘banks’’ as 
follows: 


Single duct (1 V—1 H) 

2 vertical and 3 horizontal (2 V-3 H) 
8 vertical and 2 horizontal (3 V-2 H) 
3 vertical and 3 horizontal (3 V-3 H) 
3 vertical and 1 horizontal (3 V—1 H) 
1 vertical and 3 horizontal (1 V-3 H) 


‘The general method of supporting and 
spacing the conduits is shown in Figure 9. 
Two supports were used for the 20-foot test 
length, one of the supports being located at 
the mid-point of each of the two coupled 
lengths of conduit. 

The six banks were arranged side by side 
in a large room and spaced five to six feet 
center to center over a rectangular area 
approximately 35 feet on a side. Some 
tests were made with partitions or barriers 
of light paper board four feet high separating 
the bank spaces; -others had such barriers, 
but with these enclosures covered; and 


still others had no barriers between banks 
and no covers; that is, all were open to the 
general room. When the bank spaces were 
covered, the space above the top conduit or 
conduits was of the order of two feet. 


layout when entirely open and with one- 
inch conduits under test, and again when 
the bank spaces were separated with bar- 
riers, and the four-inch conduits were under 
test. 

The test space was near windows along 
one side of the room. As these faced south, 
a continuous ‘“‘curtain’’ of white cotton 
muslin was hung up to cut off the sunlight. 
It was found, however, that a double layer 
of the cloth was necessary to eliminate com- 
pletely the effect of direct sunlight. 


HEATING OF Test CoNDUITS 


The conduits were heated by current cir- 
culated through twisted-pair insulated re- 
sistance wire of the kind used for soil heating 
(two number 19 American wire-gauge hot- 
bed heater wires) supported at the center of 
each conduit by wood spacers about 30 
inches apart. The ends of the conduits 
were closed with wood stoppers or the ap- 
proximate equivalent. The twisted-pair 
heater wires were all cut to exactly the same 
length; one end of each pair was short- 
circuited by a movable brass clamp, while 
the other end was connected to a heavy 


Figure 10. One-inch-conduit banks under 
test 


No barriers or covers 
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BP oh fF 
~~ ~-~ 
~ oR Se Sk 
Average pipe tempera- 
BUTS yore rte eizintr ac lente ok 39.3..47.2,.50.2..42.2 
Average ambient temp- 
OLAtiTeN? ina’ s thas trate 24.2. .27.1..28.9. .26.1 
Average room temp- 
CV AEULE. jose iy cactareres 22.4, .22.4,.22.4..22.4 
Average idle-duct and 
reference-pipe temp- 
ENAEUNE Mreesieiaial ciel aataty ste 23.2. .23.2..23.2..23.2 
Rise above ambient tem- ! 
PETACULES: fis ccictay trays oceiat: 16.1.,,20.1. 21.8... 16;1 
Rise above room temp- 
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conduit banks. The voltage on this bus was 
maintained at a constant value. Thus, the 
watts per foot released were always the 
same in all 28 conduits, any slight difference 
that was found initially being reduced to a 
negligible value by adjusting the short- 
circuiting clamp at one end. A _ small 
switch was connected between one side of 
the bus and each heater wire. It served two 
purposes: namely, to permit the simul- 
taneous testing of any number of conduits, 
and to facilitate the convenient insertion of 
an ammeter or wattmeter in each heater 
circuit. 

Power was obtained from the 60-candle- 
power public-utility supply through a 
booster generator controlled by a thermionic 
regulator, an arrangement which provides a 
source of electric power at an extremely 
steady voltage. Adjustment of the loads 
was obtained by means of an induction 
regulator. 


MEASUREMENT OF TEMPERATURE 


The temperatures of the conduits were 
measured by means of copper-advance ther- 
mocouples (wire-size number 26 American 


Table X. Summary of Final Rises, Run 26, 
Four-Inch Conduit 


IV-3H, 3<V-3H, 2V-3H and Single-Duek 
Banks, Covered and With Barriers—Load on 
at 15 Watts Per Foot at9 A. M. 


Degrees Centigrade 


1 
NUMBER OF CONDUITS 


NUMBER OF CONDUITS 


Figure 12. Thermal resistance of one-inch 
conduits (Habirshaw test data) 


Figure 11. Barriers between conduit banks in place (without covers) 


Figure 13 (left 
andright). Group 
correction factor 
G (from Habir- 
shaw test data) 
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eee a Figure 17 (left). Temperature HNL CONDUT | 4:INCH CONDUIT 
i i i SADING. HBATTS FT (oaome-15 
ALL CONDUITS LOADED CONDUIT LOADED rise for nine-conduit banks of four- WATTS FERFT 


wire gauge) securely attached to the outer 
surface. Sufficient couples were used to HINCH CONDUIT 4-INCH CONDUIT 
LOAD=1! WAT ee PER FT. LOAD=IS WATTS ae FT. 


show the approximate differences between ‘e 
the temperatures at various locations in 

the conduit bank, but the great majority, [33 3] 

in the case of the four-inch conduit, and EEES —— 


all, in the case of the one-inch conduit, were 
attached to the top surface of the pipe. rot Pea ath 56 Figure 19. Temperature rise above idle con- 
duit with barriers, but not covered 


In the four-inch conduit tests 97 couples 
were installed. In the one-inch conduit 218 
tests 73 couples were installed. All couples O ’ 

were connected to suitable selector switches 
on the test table, shown in Figures 9 and 10, 
which permitted rapid transfer of the poten- 
tiometer-type temperature indicator (Leeds 
and Northrup, portable form) from one 
couple to another. 

The suitability of the method employed 
to attach the couple junction to the surface 
of the pipe was demonstrated by embedding 
in the pipe wall the junction of an extra 
couple adjacent to a surface couple. Re- 
peated measurements showed agreement be- 
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tween the two couples within a maximum of pti 
about one degree centigrade at the highest 


temperatures attained, the embedded couple : a at 
showing the higher temperature. Ca) ES : 
The reference temperatures observed are: 14 


(a). The ambient temperature, that is, the tempera- 

ture of the air adjacent to the conduits of a particu- 

lar conduit bank. 

(b). Idle-conduit temperature, that is, temperature 

of one or more conduits carrying no “load,” in- 

eluding a piece of four-inch wrought-iron water 

pipe about six-feet long which was used to represent 

an idle conduit when the test conduits were all 

loaded. 338 8321 333 197 19) 99 
(ce). The temperature of the open room adjacent to e) oO (e) 
the space occupied by th2 six conduit banks, meas- 

ured on the east and west sides, respectively. 
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The ambient or immediately adjacent air Figure 18. Temperature rise above idle con- O 
temperature in each duct space was taken duit with barriers and covers 338 
Table XI. Spot Readings 307 
os = Oo 
: Degrees Centigrade 
Sclector-Switch cpp ee ek See ae a 34 32 «3B 123 
Position Couple 12:00 M. 1:00 P.M. 2:00 P.M. 3:15 PM. Orr Oran O O O 
nie 2 eee oe yt Bae 30. 52> aces 39.0-39.0........ Soe eee ae 39.8 Figure 20. Temperat: i - 
2 SS ee 10s Fee PEE yas BOTS te bee et 45.6 : si re nie abave idfe con 
i pee 7 te ee 2 (Re eo 23.0-23.0...... iy a> = eee SPD 23.5 uit 
oo ee o50) ace: issn & SAD p ee BOUL eko Mt 50.3° 7% Sa 
| Mercury cup.......... TIE od AS VEE ee VRS Cs eae Paes TA 46.0-45.7 Banks “open.” Figures shown with an asterisk 
8 22 _ eee i eee ae ve Oe SP he 25.:6-25.7........ Pot RG Wey ar ee 26.5 were obtained in the first series of tests at the 
ia ae ae By AD GTN Sel aR EE TO a ee 42.6 : Slee 
MEME D22-6 <0... Ti ae Si Ose ASS Wee SO ek 22.0 higher loads and were not repeated. Rises in 
_ -Mercurycup.......... ee ae re ee, Oe py ae Oy ee SSSR 85 ae te 23.9-24.0-23.8 this case are above i 
. Mercury cup ) fr Ge SE yl | REN oe A 7g 0 eae 7 7: Re 23.1 conn not above idle 
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Table XII. 


Run 26 


Final Readings at 3:45 P.M. f 


Selector-Switch Temperature 
Position Couple (Degrees Centigrade) 

Single Duct 
RUBS ok se - . Se o | Ae 39. 0-39. 1-39.1-38.8 
Bessie Mee sme ae Dietrete ere 39 .7-39.7 
ME tio ec oh Xp ear Sikes 39.6 
TS a eee eee by eae 39.1 
TUS SR Se Gach ees 40.1-39.9 
EEGs, eaten Sar Bis. SAS 39.0-39.0 
NOs 32 ee ORIN GR Ce CRC Se 39.3 

2 Vertical, 3 Horizontal 
Wh Pe sy oe Sone ee 46.9-46.7 
GRON Ribs steeds 4 - 44.7-44.7-44.9 
BSG OPO cere eis s 8s et tae 47.347 ..2 
Mercury cup.....-.. SSo hin x 45.9-46.0 
OO tats Gee ii Bagont 45.3-45.3 
BARES pone mae wins PE 46.4-46.3 
te Fhe ee ee 22 ou aes 45.0 
OR Ve ee See 1S BAS 47.0 
237503 8 ee as iY eos os 47.0 
Ch At SRA Ap eee OSs cele 46.2 
MSOAL Os den stalesa's $<ik' ose) ° ee NE 47.4 
AEE dial ali actos a= 1 if (gees, a 47 .1-47.0 

2 Vertical, 2 Horizontal (Idle Bank) 
(OAD eee ee en BO esas 23 .0-23.1 
PENAL aaB th iain 3) cxeh= sas ocean 23 .0-23.1 
PRC CEEVC: foro Pes chew de tine afiistels 23.0 

3 Vertical, 3 Horizontal 
Tp 2 ee eee are 7 RE 48.9-49.0 
<7 CPR RAE een BBS sis te 47.9 
MER LIS weeds sn 2 ork DO sa scyete 42.9-43.0 
03 Le ae a Co ae ae 51.2-51.2 
RRA Ma eee 26 en. 50.2 
ES Fee eS ae a p+ en ge 46 .9-46.9 
(1302 Se eee PS oe 49.1 
SPE ee a Bie. 49.9-49.9 
Ser halh. Gia OAs os. os Bos tees 2D 
eat soe toys ats cs Ch RSS oe 51.9-52.0 
29271 ey ae ee ee ATT acs 53.0-52.9 
SOAS sande: Gare Se 52.4 
BDZ Fe deities Gs BTR ane 51.7-51.9 
BPOZI-1D. 0,5 b sieicrss on Ce AG ee 51,5-51.7 


Average, conduit 5* (33 to 37 ‘inclusive 
plus 68 to 71 inclusive)—50.2 


Mercury cup........ BOs. 49.1 
Mercury cup........ Sas dates 49.3 
Mercury cup........ S8ec0k.. 47 .9-48.0 
Mercury cup........ BOSk. sss 49 .7-49.7 
Mercury cup........ GO Eres 40.6-40.5 
Mercury cup........ CSE eis 8 41,.9-42.0 
Mercury cup........ DBZ Karna o's 42.9-42.7 
Mercury cup........ Oates 44,.3-44.3 
1 Vertical, 3 Horizontal 

697 2 Bere Cae reas 42 .8—42.8-42.9 
Be ela cles > blarnts r We fol 42.2-42.3 
BP e Bo ancis sy am ae Be tates 2 43 ,.2-43.0 
Mercury cup........ OB eels as 42.0-41.9 


Reference Pipe : 
Mercury cup........ bai terksoe 23 .4-23.0 


Average reference pipe and 
IME Conduit. cine Pike ois 23.1 


—t 


Temperature 
Selector-Switch (Degrees 
Position Couple Centigrade) 
Mercury cup...... ee eae 24,2-24.2 
Mercury cup...... pt a aes 24.1 
Mercury cup...... SU oarat 23.9-23.9 
Mercury cup...... SOK. a 24.5-24.6 
AZOFaRe ii) scid ch wit yas tte 24.2 
Mercury cup...... AGE o50.c 26.9 
Mercury cup...... ee Sp 27.9-27.9 
Mercury cup...... Bo. ew 27.0-26.9 
Mercury cup...... BBs ia x 26.0 
AVEFaRE Sc Stn isibews aA 27.1 
Mercury cup...... SBuic owes 24.0-24.0 
Mercury cup...... BAe cere 23.7-23.7 
IAWETARE oc viatte eye) upvaterctalel a 23.8 
Mercury cup...... i een a ee 49 .8-49.9 
Mercury cup...... OX cas 47.1-46.9 
Mercury cup...... G8 acer 48 .6-48.8 
Mercury cup...... OO y Sreents 47.5 
Mercury cup...... OG tee. 46 .9-46.9 
Mercury cup...... 1 GUE A ee 46.0 
Mercury cup...... VA cherie, 31.3-31.2 
Mercury cup...... Ueanateiss 26.5-26.0 
Mercury cup...... v0 Etec 30.9 
Mercury cup...... CD aats 26.2-26.2 
Mercury cup...... WG iiss sats 31.9 
Mercury cup...... OR Gutsy eae 27. 7-27.56 
Mercury cup...... 1B tates 32.0-32.0 
Mercury cup...... TO ate ds 26.9-27.0 
Mercury cup...... BOisiees 30.0-30.2-30.0 
Mercurycup...... pA PAE Re 32.2-32.2 
AVEPA RE ics) chess 72 to 79 inclusive plus 
50 and 51—28.9 

Mercury cup......54...... 25.9-26.1 
Mercury cup...... BON scase 26.0-25.9 
Mercury cup...... O85 sce 26.4-26.3 
Mercury cup...... 94... ines 25,8-26.0 
AVETARES. Wis dix aecae-teaes 26.1 

Room Air 

BDZ2-6 is view eoe ice aR 21,8-21.6 
Mercury cup...... OB i ick 23.9 
AVETORO. 6065p cniecanie a anos 22.4 


* Selected as “‘hottest’’ conduit of bank. 


as the average of not less than four couples 
suspended in the air at the four corners 
formed by the two conduit supports. In the 
ease of the 3VX3H or nine-duct bank, 
there was a total of ten ambient couples in 
the air around the bank, suspended about 
15 inches from the nearest conduit of the 
bank, and from about 15 to 25 inches above 
the floor. 


Test CONDITIONS 


Asindicated previously, the heating cur- 
rent was supplied with voltage automati- 
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cally regulated to be practically constant; 
the variation in the watts supplied to the 
conduits rarely exceeded the limits of 
+0.25 per cent of the value to which the 
load had been adjusted. 

In each test run, the test was continued 
until readings of the indications of repre- 
sentative couples showed constant tempera- 
ture rises for at least one hour. This usually 
required from five to six hours of heating. 

In general, the procedure was to make a 
“run” at each of a sufficient number of cur- 
rents to give a reliable curve between load 
(watts per foot of conduit) and temperature 
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Table XIII. Conduit Correction Factor Q | 


Conduit Correction Factor 
Q—100 Per Cent Load Factor 


Single- or Multiple-Conductor Cables 


Nominal 

Conduit Per Conduit 

Diameter 

(Inches) One Two Three 
OSB T tetera oe EA weaned 9.5 ¥ 15.4 
DG i cistpan’ BC ieicewan age BO. iat uae 13.9 
EAL URNS rie ro B25 > cakes yA Pate YY, 12.4 
2b cere Bie ea wn ake 6.7 suc eee 11.0 
GOs arsine 20cm rent 6.2. acne 10.2 
2 OOo iat: Pa ei A Ba De cee . 8.9 
2 604)..cceieuace Bit comet 8 7.6 
SUD atte wale L239) catia. Cy Poe 6.6 
S200) eciiarenta LSS stem’ 8.8.0. ane 6.0 
Se OD Pak aca Lisrdteie atetiin hd 8.8 ua. scene 5.5 
BOs eS orvtacs pA \ Sie ira § O18 ik ene 5,2 


These values refer to number of cables in a conduit, 
not to number of conductors in aconduit, Example: 
The correction factor for one three-conductor cable 
in a two-inch conduit is 2.3, whereas, for three 
single-conductor cables in same size conduit, it is 
8.9. 


Tables do not extend beyond 4,.5-inch nominal out- 
side diameter because of unknown losses when very 
large conductor sizes are used. 


Table XIV 


Vertical Groups Horizontal Groups 


High Wide Wide High 
Diiny Aceh Ry 2p Get yin sia 1 Seth 01,258 
Zits otrattes! ea Ly 28 ui cents 2. cae 1,2,3 
Oiistoria varia 12; Sites ots 8. degen 1,2,3 
Ay alysatberas Ly By Bijsilcie tans cr cy re 1,2,3 
B ie ae wiginsty U2 p8 is anaes 5... wae skye 
OP arcienacbayer Wie aes sia ee Ne 6. wieaia sien 1,2 
Ure iehatst. pe es ered i. Tui hanoate 1.2 
Beit Winer Ge 1 

LOT rea iii ont 1 


rise, after which values for any load condi- 
tion could be found (see Table X). 


Appendix BB. Supplemental 
Work in Habirshaw Laboratories 


When the ETL values of G in Table IV 
are plotted against the number of conduits 
in a group, the points are very sparse and 
appear to be somewhat erratic, making it 
difficult to draw curves through them with 
any degree of reliability. 

The work in the Habirshaw Laboratories 
was initiated for the purpose of finding the - 
shape of the curves of R,, and G and not to 
check the ETL values. By this means it 
was hoped that curves might be drawn 
which, by interpolation and extrapolation, 
would yield reasonably accurate data over 
a wider range from the limited number of 
cases covered by the ETL tests. 

These tests were made with one-inch pipe 
operated at temperatures considerably above 
those likely to be encountered in service in 
order to obtain fair accuracy in spite of 
variations of ambient temperature and tun- 
avoidable drafts. ’ 

Tests were made on groups, as shown in 


' Table XIV. ol 


The results are shown in Figures 12 and 
13, while Figure 14 shows curves of similar 
shape drawn through the ETL points, thus 
justifying the apparently erratic ETL data 
by the unexpected crossing of the curves. 
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| to this work, the relation be 

een Ra and watts dissipated was deter- 
for a single conduit, a plot of which is 
in Figure 15. The ETL data fit this 


curve, thus affording a point of contact be- 


tween the ETL and Habirshaw data, thereby 
indicating that the two sets of tests are con- 


4. sistent and mutually complementary. 


‘The setup for the tests is shown in Figure 
16, the front opened to afford a view of the 


Thermocouples at the centers of the pipes 
gave the basic temperature data, but tests 
were made with pipes equipped with several 
thermocouples which showed a practically 
uniform temperature for the part of the pipe 
within the enclosure. 


Appendix C 


Appendix A, under description of test 
procedure, refers to the large number of 
thermocouples which were attached to the 
conduits and which permitted taking a tem- 
perature survey of the various conduits. 
The following brief description of the results 
may be of interest. 

Figure 17 (ETL plate 36,609) shows the 

ture rise for the nine conduits when 
all nine conduits carried the same load of 15 
watts per foot, and when the center conduit 
(5) did not carry load. This test was made 
to show the marked reduction in the tem- 
perature of the center conduit if not carrying 
lead, but only affected by the surrounding 
conduits. As shown in Figure 12, the room 
air temperature was reported for all conduits 
loaded and for the idle bank temperature 
for eight conduits loaded. The room air 
temperature for the latter case was 20.9 


degrees centigrade; therefore, to get a more 
accurate comparison of temperature rises, 
the values given for eight conduits loaded 
should be increased by 0.3 degree centigrade, 
The pocketing of heat around the center 
conduit, when loaded, is clearly shown, 
There is a reduction of ten degrees centi- 
grade on the bottom of the center conduit 
and 14 degrees centigrade at the top of the 
center conduit when it does not carry load, 
It is also interesting to note that even the 
outside conduits show a lower temperature 
when the center conduit does not carry load, 

The temperature rises given in Tables I 
and II are based on the temperatures 
measured on the top side of the conduits, 
that is, the hottest point. In a few cases 
the temperatures were measured on one or 
more of the other sides in addition to the 
top side, The corresponding rises above the 
temperature of idle conduits, including the 
top side reported in the tables, are shown in 
the following diagrams for one load for each 
size of conduit and for the three exposures: 


Figure 18 (ETL plate $6,610)-—with barriers and 
covered 


Figure 19 (ETL plate $6,611)-——with barriers but 
not covered, 


Figure 20 (ETL plate 36,612)-—banks open, no bar 
riers, NO Covers, 


The teniperature rises noted in Figures 18, 
19, and 20 for the two sizes of conduit can- 
not be compared, because the loads are 
higher than would be carried in service, We 
would not expect temperature rises of more 
than ten degrees centigrade for the one- 
inch conduit and 15 degrees centigrade for 
the four-inch conduit, They do show which 
conduit will be hottest, and how grouping 
does give higher temperatures, as the num- 
ber of conduits increases, Im the case of 
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three conduits all in the same horizontal 
plane, there should not be much difference 
between conduits, It is surprising to find 
the center conduit showing a slightly lower 
temperature than the other two, When all 
three conduits are in a vertical plane, the 
center conduit is hottest, as is ta be ex 
pected, The grouping of six conduits, two 
vertical and three horizontal, show the 
center conduit of top row the hottest—again 
to be expected, Where the grouping is 
three vertical and two horizontal, the center 
conduits are the hottest, as expected, As 
in Figure 12, the center conduit of a group 
of nine conduits, three vertical and three 
horizontal, shows the highest temperature 
rise, 

Although the data shown are meager, they 
indicate that a vertical grouping of conduits 
should be avoided whenever possible. A 
staggering «of the conduits vertically, so 
that there isa chance to produce conveotion- 
air currents around the conduits, will help 
to overcome the impinging of the heat of 
lower conduits on those directly above, 
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Transformer Magnetizing Inrush Currents 


and Influence on System Operation 


G. CAMILLI 
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HEWN a transformer is energized, a 

transient current, known as magne- 
tizing inrush current, generally flows for a 
short period of time until normal flux 
conditions are established. Under most 
practical system conditions, this current 
transient is of little consequence. How- 
ever, in very rare cases a combination of 
circumstances may be obtained which 
results in this inrush being of such con- 
sequence as to impair momentarily the 
proper operation of the system. Because 
of the numerous factors bearing upon this 
general problem, an investigation has 
been made to determine the effects of 
transformer inrush currents under a wide 
variety of system conditions. 

That transformers may require a large 
initial transient magnetizing current 
when connected to a voltage source has 
long been recognized.!~* Explanations of 
the nature of this initial inrush current, 
together with oscillograms obtained from 
tests on a few specific transformers, have 
been published. No information, how- 
ever, has been found in the technical 
literature defining the parameters which 
determine the variations in the transient 
inrush current among individual trans- 
formers, or indicating how the inrush 
current may be affected by the design 
and connections of the transformers 
themselves or by the characteristics of the 
electric systems to which they are applied. 

A working knowledge of these factors 
is made increasingly important by ad- 
vances in the art of transformer design 
and manufacture. A particularly im- 
portant advance is the trend toward the 
use of improved silicon steel. The use of 
this steel offers several distinct advan- 
tages, namely: 


1. Permits operation at higher flux densi- 
ties without increasing core loss, exciting 
current, or core temperature. 


2. Permits a saving of steel and copper, 
both critical materials, in that less actual 
material is required for a given design. 


_ 3. Reduces the size and weight of trans- 
formers per kilovolt-ampere capacity. 


The attainment of these advantages, 
however, has been accompanied by a 
tendency to increase the initial transient 
inrush current. This current, together 
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with the system voltage dips which it 
may produce, can have an important 
bearing not only on the application of the 
transformers themselves, but also on 
fuses, relays, contactors, motors, or other 
system equipment which is influenced by 
the inrush current or the resulting system 
voltage dips. 

It is the purpose of this paper to dis- 
cuss the mechanism by which inrush 
currents are produced, the results of 
tests and calculations, and studies made 
with the miniature-system analyzer. Fac- 
tors that determine the significance of 
inrush current from the standpoint of 
system operation and methods for re- 
ducing the inrush current or mitigating 
its effects are also discussed. 


Effects of Inrush Current on 
System Equipment 


The magnetizing inrush currents of 
transformers may, in extreme cases, ap- 
proach in magnitude the currents which 
result from short circuits across their 
secondary terminals. Calculations and 
measurements indicate that, on typical 
systems, inrush currents may cause the 
voltage level of one phase at the trans- 
former terminals to drop as much as 20 
per cent momentarily. Fortunately, 
however, even these momentary currents 
and voltage dips occur only very infre- 
quently, as transformers generally are 
not switched often; and, when they 
are energized, only the pyramiding of 
several critical factors, which are dis- 
cussed later, can produce disturbances 
as severe as those obtainable under care- 
fully controlled test conditions. In this 
paper, the emphasis is placed on the 
extreme values of inrush current and the 
resulting system disturbances, because 
these define the upper limit of the prob- 
lem. However, in many actual cases, 
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greatly reduced and may even be absent 
altogether. 

The effects of inrush currents and volt- 
age dips on other system equipment are 
most pronounced in the case of fuses and 
some types of relays but may also in- 
fluence the behavior of motors, starting 
contactors, and lighting circuits. 

In applying fuses in series with trans- 
formers, care should be taken to select 
fuses which are large enough so that 
they will not be damaged by the trans- 
former inrush current, but on the other 
hand the fuses selected should not be un- 
necessarily large so that inadequate pro- 
tection to the transformers and system 
results. Although it is often the practice 
to apply fuses on the basis that their nor- 
mal current ratings should be approxi- 
mately equal to some multiple of the 
transformer full-load current, this oc- 
casionally results in unnecessary fuse 
blowing because the normal fuse rating 
does not in any way reflect its character- 
istics in the short-time-high-current part 
of the range. For example, current- 
limiting fuses inherently have limited 
ability to withstand current surges, 
while other fuses are available that have 
specially designed characteristics to per- 
mit them to withstand relatively large 
overcurrents for short periods. Hence, 
since inrush phenomena are usually asso- 
ciated with the first few seconds or less 
after transformers are energized, this is 
the part of the fuse-characteristic curve 
that should be examined, and the fuse 
applied on this basis. 

A series of tests, to which later re- 
ference is made, has indicated that there 
is a simple criterion for selecting fuses 
which will be adequate to withstand the 
inrush current, namely, that the fuses 
selected should have such character- 
istics that they will carry without damage 
12 times the normal transformer full-load 
current for one tenth of a second. 

Where transformers are expected to be 
loaded above their nameplate kilovolt- 
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ampere ratings in accordance with pub- © 
lished guides for transformer operation*’> 
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Figure 1. Flux and voltage relation at instant 
of switching : 
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Figure 2. 
first cycle after switching in at instant of 
voltage zero 


the fuses selected must necessarily be of 
sufficient rating to meet the increased 
load-carrying requirements, and _ will, 
therefore, almost certainly be large 
enough so that there is no possibility of 
being damaged by inrush current. The 
fusing of potential transformers con- 
stitutes a special problem and has been 
covered elsewhere.® It has been found 
also that, where fused transformers are 
exposed to the effects of lightning surges, 
the fuse ratings must be greater than a 
certain minimum value to avoid being 
damaged by the lightning current.’ 
Nearly all large or important power 
transformers are protected in event of 
internal faults by percentage differential 
relays and circuit breakers which operate 
to isolate the transformers from all 
sources of power if the currents in their 
windings differ by more than a predeter- 
mined per cent from one another. Since 
magnetizing inrush currents flow in the 
transformer primary windings orly, the 
differential relays may respond as for 
transformer internal faults, thereby trip- 
ping the breakers immediately after they 
have been closed. Although the relays 
used for transformer applications are 
_ made inherently less sensitive than those 
used for differential protection of busses 
or generators, in recognition of the in- 
rush problem, this is not always sufficient 
to prevent false operation. A remedy 
sometimes used to prevent such false 
operation consists in temporarily reduc- 
ing further the sensitivity of the differ- 
ential relays or making them entirely 
ineffective for a few seconds or until the 
inrush current has had an opportunity to 
decay.* Unfortunately, however, this 


tends in some measure to defeat the pur- 
pose of the differential relays, since in- 
sulation failures in transformers have 
been known to occur at the instant 
of energizing, particularly in the case of 
transformers that have been standing idle 
for long periods of time 

Harmonic-restrained differential relays 
offer another solution to the problem.° 
In these relays the restraining forces 
are produced by harmonic components 
of current; and since typical inrush-cur- 
rent wave forms are rich in harmonic 
content, relay operation is prevented so 
long as the differential current is of this 
type. Full sensitivity of operation, how- 
ever, is retained for protecting the trans- 
formers if faults should develop during 
the transient inrush period. For parallel 
operation of transformers, one harmonic- 
restraint relay must be used with each 
transformer bank in order to insure cor- 
rect relay operation.!° 

Induction-type inverse-time overcur- 
rent relays, as normally used for overload 
and short-circuit protection of power 
transformers, are not likely to be caused 
to operate by magnetizing inrush cur- 
rents, except possibly when used for 
protecting transformers having unusually 
severe inrush-current requirements, and 
then only if the relays are adjusted for 
minimum pickup and fastest time-lever 
setting. Instantaneous _ plunger-type 
overcurrent relays similarly used oc- 
casionally might be caused to operate 
by the inrush current. 


With correctly applied motors and 
starting equipment, difficulties resulting 
from the system voltage dips produced 
by transformer inrush current are not 
likely to occur. The starting contactors 
normally used with small and medium- 
size motors are held in their closed posi- 
tion by magnet coils connected across the 
sourceof supply voltage. These contactors 
are designed to remain closed until the 
voltage falls to 60 per cent or less of 
rated value and hence are unaffected by 
the voltage dips resulting from trans- 
former magnetizing inrush currents, since 
the system voltage during the inrush 
period usually does not drop to this low 
level even momentarily. Large motors 
are usually provided with undervoltage 
protective relays which may be adjusted 
to cause the motors to be disconnected 
from the system at any predetermined 
drop in voltage. These relays, however, 
are normally of the time-delay type and 
therefore are not caused to operate by 
the transient voltage dips produced by 
connecting transformers to the system. 
However, the motors themselves, may, 
if heavily loaded, tend to pull out of 


reactance on 


Effect of source 
voltage wave shape 


Figure 3. 


Single-phase miniature-system transformer 101.5 
volts at source, base ohms=450 ohms, 3 per 
cent exciting current. Effect of system im- 
pedance on inrush current, and voltage wave 
shape. Transtormer d-c resistance, 5.57 ohms. 
Saturation curve A of Figure 12 
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step or to stall when the system voltage 
drops materially. With correctly ap- 
plied motors, troubles of this nature are 
not likely to occur unless the transformer 
inrush current is sufficient to lower the 
voltage at the motor terminals approxi- 
mately 20 per cent, which, as already 
stated, is’ about the maximum voltage 
drop that may be expected to result from 
this cause. 

The switching of transformers of ap- 
preciable size is seldom done directly on 
low-voltage lighting circuits, and hence 
light flicker from this cause is rarely a 
problem, However, if transformers are 
switched at a substation which supplies 
lighting circuits, this may cause lamp 
flicker over the entire area served by the 
substation. This will be particularly 
true in the case of single-phase circuits or 
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Figure 4. Effect of source 
impedance on magnitude of 
inrush currents 


Residual of magnitude and 
polarity to give maximum in- 


rush current. Instant of closing 
controlled to give maximum 
inrush. Source voltage normal 


as defined by Figure 12. 

Single-phase transformer, as- 

suming 3 per cent normal ex- 

citing current. Base ohms= 

450 ohms. Saturation curve A 
of Figure 12 


MAXIMUM CREST INRUSH CURRENT IN TIMES NORMAL LOAD CURRENT 


certain three-phase circuits (for example, 
four-wire with wye-connected transform- 
ers) where the inrush associated with any 
one phase is not modified by the presence 
of the other phases. As stated pre- 
viously, however, the switching of trans- 
formers is generally so infrequent an 
occurrence that the resulting voltage dips 
are not a serious problem. On the other 
hand, if the switching is done frequently, 
the light flicker resulting even from small 
voltage dips may become objectionable 
through repetition. 


Inrush-Current Phenomena 


It is well known that when a trans- 
former is connected to a circuit, the cur- 
rent taken by it generally will not as- 
sume immediately its final or normal 
wave form and magnitude. 

The magnitude, as well as the number 
of cycles of the transient, depends on: 


1. The point of the voltage wave at the 
moment of the closing of the switch. 


Table |. 


5 10 
X IN PER CENT ON TRANSFORMER BASE 


2. The value of residual magnetism and its 
sign with respect to the first half cycle of 
the alternating flux. 


3. Saturation or maximum flux-carrying 
capacity of the iron. 


4. Total impedance of the circuit through 
which the current flows. . 


PHYSICAL EXPLANATION 


Under normal steady-state conditions 
corresponding to a voltage wave £, a flux 
wave ¢ in quadrature with the voltage 
exists ignoring the negligible resistance 
drop of the primary winding for exciting 
current. Starting from a, Figure 1, 
corresponding to the negative maximum 
point of the flux wave and the zero 
point of the voltage wave, the flux at a 
has a value (—@max) and, in one-half 
cycle, increases through zero and reaches 
a maximum value of (+@max) at b. So 


max — ( —¢max) =2dmax 


is the change in flux necessary to produce 
the electromotive force E. 


Relative Magnetizing Inrush Currents for Various Transformer Connections 


—— —— —~ 


—— = 


Three Single-Phase Transformers 


Three-Phase Transformer 


Transformer Connection 


cols are 20* X normal... 


30t X normal...15.5{ X normal. ..15.5¢ X normal 


20* Xnormal...30{ X mormal...15,5¢ X normal...15.5¢ X! normal 


Simultaneous Sequential Simultaneous Sequential 

Primary Secondary Switching Switching Switching Switching 
aS Ss OR aie 26 X normal..... 26 X normal....13 X normal...... 14.5 X normal 
eet > 26 X normal..... 29 X normal... . 13 X normal...... 14,5 X normal 
; AG, [> OR aS 20 X normal..... 20 X normal....11.0 X normal....11.0 X normal 
Nea [> 20 X normal..... 20 X normal....11.0 X normal....11.0 X normal 

Be 
> ; 


*[Based on normal phase current; equals 11.5 based on normal line current. 
¢{Based on normal phase current; equals 17.3 based on normal line current. 
¢ Based on normal phase current; equals 9.0 based on normal line current. 
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FORMER IN PER CENT OF NORMAL 
is) 
o 


RMS VOLTS AT TERMINALS OF TRANS~ 


SYSTEM REACTANCE IN PER CENT 
ON TRANSFORMER BASE 


Effect of source reactance on 
system rms voltage 


Figure 5. 


Residual of magnitude and polarity to give 
maximum inrush current. Instant of closing 
controlled to give maximum inrush, Source 
voltage normal as defined by Figure 12. 
Single-phase transformer, assuming 3 per cent 
normal exciting current. Base ohms=450 
ohms. Saturation curve A of Figure 12 


1. Curve A of Figure 12 
2. Curve B of Figure 12 


It follows from this elementary con- 
sideration that if the transformer is 
energized by closing the primary switch 
at the instant a corresponding to the 
zero point of the voltage wave, and, if it is 
presumed that there is no residual flux, 


the maximum peak flux corresponding to ~ 


the impressed voltage FE will become 2@max 
one-half cycle after the closing of the 
switch. The flux curve is shown in 
Figure 1, a’b’. 

If the core at the instant of closing the 
switch possessed a residual flux (@re,) the 
final maximum peak flux becomes 


2hmax = dres 


From this it is evident that residual may 
increase or decrease the maximum peak 
value of the flux. 

Not all of the flux is carried by the core. 
The core can carry only a flux (sat) 
corresponding to its saturation; the rest 
is carried by space. The flux that is 
carried by space and has its return path 
through the air is: 


2Qdmax + ros — Paat = 1 (1) 
The current to produce this flux is 
$1 
max exo = 2 
Ines oxo=5 (2) 


where JL; is the air-core inductance of the 
winding under consideration. 
Theoretically the current wave cor- 
responding to the flux wave can be cal- 
culated with the aid of the hysteresis 
loop (or average magnetization) curve 
of the core. But hysteresis loops or 
magnetization curves cannot be obtained 
very easily for very high densities and 
generally are not available. The peak 
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TIMES CREST OF NORMAL LOAD CURRENT 


MAXIMUM CREST INRUSH CURRENT IN 
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Figure 6. Effect of system voltage on maxi- 
mum crest inrush current 


Residual of magnitude and of polarity to give 
maximum inrush. Closing at voltage zero. 
Source voltage normal as defined by Figure 12. 
Single-phase transformer, assuming 3 per cent 
normal exciting current. Base ohms = 450 ohms 


value of the current, however, can be 
approximated fairly closely as follows: 

With reference to equations 1 and 2 the 
maximum flux density which iron mole- 
cules can add to a given magnetic field is 
estimated as 130 kilolines per square 
inch. At densities greater than this 
value the field behaves as if the medium 
were entirely air, with no iron present. 

In the present case, the maximum peak 
flux is equal to (Bres + 2Brmax) Als A, 
being the cross-sectional area of the core. 
Of this, then, something like 130 A, 
kilolines will.be carried by the iron, the 
rest (Bres+-2Bmax—130) A, by space A, 
which is the space occtipied by the core 
legs plus the space between the core legs 
and the excited winding. 

The ampere-turns necessary to produce 
(Bres+2Bmax—130) A,/Ay; kilolines den- 
sity in space will ordinarily be so large 
that it may be considered as adequate to 
produce the 130 kilolines density in the 
iron molecules in parallel with the flux 
in space; and, therefore, the inrush cur- 
rent for the saturated range of the wave 
can be calculated in terms of the air-core 
inductance of the winding and the space 
flux. ; 

Briefly, if B, is the flux density in space, 


kilolines per 
square inch (3) 


and, therefore, if the length of the sole- 


noid is h inches, and the turns in series 1, 


the maximum instantaneous current 
imax Will be 


i 1,000hB, 10°hA,(Bres+2Brmax— 130) 
= = 


3.2n 3.2nA, 


(4) 


Curve A—Residual of magni- 
tude and polarity to give maxi- 


mum inrush. Source voltage 
normal as defined by Figure 12. 
Single-phase transformer, as- 
suming three per cent, normal 


exciting current. Base ohms 
= 450 ohms 


CURRENT) 


Curve B—No residual 
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BEFORE VOLTAGE ZERO 
60 


AFTER VOLTAGE ZERO 
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SWITCHING ANGLE - DEGREES 


80 100 


Figure 7. Maximum crest inrush current versus switching angle 


This formula is only approximate and 
is offered not for the calculation of the 
entire wave but only for its peak.! 

Since, as explained heretofore, the 
inrush peak is determined by the air-core 
inductance of the excited winding and 
since generally the higher-voltage winding 
has higher percentage inductance, there- 
fore, exciting a transformer through its 
higher-voltage winding leads to smaller 
inrush current. This is particularly 
true of concentric transformers in which 
the higher voltage is generally the outer 
solenoid, the lower-voltage winding the 
inner, 


TIME OF SWITCHING AND RATE OF DECAY 
OF THE INRUSH CURRENT 


The flux wave, a’b’ of Figure 1 is sinu- 
soidal and offset. It can be resolved 
into two components: a sinusoidal a-c 
component and a d-c component which 
eventually decays. The general equation 
for the transformer flux can be expressed 
as follows: 


t 
$= (¢r+¢max cose) fi 4 dt— 
fF 0 
max COS (wt+0) (5) 


where 


ér=residual flux at the instant imme- 
diately preceding energizing the 
transformer 
dmax =Maximum value of steady-state flux 
R=resistance of circuit through which 
magnetizing current flows 
@=instantaneous value of flux at any 
time 
6=the phase angle measured from the 
instant of zero voltage at which the 
transformer is energized 


Since the flux controls the inrush cur- 
rent from the preceding expression, it will 
be seen that the maximum crest inrush 
current will be obtained when 0=0, 7, 
2m... which leads to the well-known 
conclusion that closing the switch at a 
voltage zero results in the maximum in- 
rush. It should be noted, however, that 
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the d-c component is not reduced greatly 
by a small variation from a voltage zero. 
In fact, assuming no residual flux, if 
0=30 degrees, the crest value of the 
flux is still 1.866 which is only a slight 
reduction from the maximum of two for 
6=0. 

The transient inrush current for typical 
transformers is shown in Figures 15 and 
16. It is characterized by being almost 
entirely unidirectional, rising abruptly to 
its maximum value in the first half cycle 
and thenceforth decaying until normal 
steady-state magnetizing current is 
reached. 4 

The mechanism by which this decay 
is accomplished is illustrated in Figure 2. 
It will be noted that the inrush current 
has modified the impressed voltage on 
the terminals of the transformer by a 
small value equal to the voltage drop 
produced by the series resistance . R. 
Examination of the resultant voltage 
curve shows that the effect of this drop is 
to decrease the area of the positive volt- 
age wave and to increase the area of the 
negative voltage wave, thus making the 
voltage applied to the transformer asym- 
metrical. As the transformer flux is 
strictly proportional to the areas of the 
impressed voltage, it is evident that 
under these conditions, the positive flux 
generated in each cycle in the trans- 
former is less than the negative flux gener- 
ated by an amount equal to 


2a 
ee ke Ridt 
0 


where A@ is the flux change per cycle. 
From this it is evident that the flux and 
corresponding inrush immediately begin 
to decay an amount which is largely a 
function of the resistance of the circuit 
and that the decay will continue until 
the magnetizing current of the trans- 
former becomes symmetrical, that is, to 
normal value of the magnetizing current. 

It might appear that the core loss also 
may be a factor influencing the rate of 
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decay of the inrush current. If the 
eddy-current losses are considered this 
may be partially true during the first 
few cycles when the rate of decay is 
highest and appreciable eddy currents 
might be induced thereby. So far as the 
hysteresis loss is concerned, its influence 
is for all practical cases absent. 


Factors Affecting the Magnitude 
of Inrush Currents 


Source IMPEDANCE 


Impedance between the transformer 
and the source of sustained voltage acts 
to reduce the magnitude of the peak 
inrush curreit. Simultaneously a reduc- 
tion in voltage at the transformer ter- 
minals takes place. This is illustrated 
by means of oscillograms shown in Figure 
3. Figure 4 indicates the reduction in 
the peak inrush current for a typical 
modern single-phase transformer, as the 
source impedance is increased. 

A study of Figure 4 in connection with 
the corresponding voltage wave shapes 
shown on oscillograms of Figure 3 reveals 
the fact that when inrush currents are of 
the highest magnitude (no system im- 
pedance), the voltage distortion is at its 
least. Generally in practical systems 
there will be some external impedance 
which will tend to reduce the ivrush 
current below the maximum that could 
be obtained if the transformer were con- 
nected to an infinite bus. Thus, if the 
transformer is small as compared to the 
system, which will be the more common 
case, relatively high inrush currents may 
be obtained. However, with a system 
reactance of 1.18 per cent on the trans- 
former base, for example, the system 
voltage as shown in oscillogram 116-2, 
Figure 3, is not seriously affected even 
though the inrush current is 21 times 
normal full-load current for the trans- 
former. The general effect of source 


impedance on system voltage indicated 
by these oscillograms is in good quanti- 
tative agreement with some unpublished 
results based on calculaticns made by 
The relationship between 


Edith Clarke. 


source reactance and system rms voltage 
at the transformer terminasl during the 
inrush period is shown in Figure 5. 


System VOLTAGE LEVEL 


It is well known that the normal ex- 
citing current of a transformer varies 
essentially linearly with applied voltage 
up to the point where saturation of the 
iron begins to take place. Increasing the 
voltage beyond this point produces more 
than a proportionate increase in the ex- 
citing current. In the case of maximum 
transient inrush current, however, there 
is a linear relation between maximum 
peak inrush current and applied voltage 


which prevails over a wide range of ap-, 


plied voltage, both above and below the 
rated voltage of the transformer. This 
is indicated by Figure 6 which shows 
the results of tests on a miniature-system 
single-phase transformer. The straight- 
line relationship is explained by the fact 
that under the conditions of residual flux 
and switching angle which produce the 
maximum inrush current, the iron is com- 
pletely saturated. Hence the transformer 
impedance which limits the inrush current 
is essentially the resultant of the air-core 
reactance of its windings as previously 
pointed out. Under maximum inrush 
conditions, this remains constant over a 
range of applied voltage extending up- 
ward from approximately 60 per cent of 
rated transformer voltage. 

While large initial inrush currents are 
most frequently encountered in trans- 
formers connected at system locations 
where the voltage is relatively high, as 
for example at generating stations or 
close to substation busses, it is important 
to note that the relation between inrush 
and voltage is essentially a-linear one; 
not second or third power relationship 


Figure 8. Effect of switching angle on sys- 
tem rms voltage 


Residual of magnitude and polarity to give 
maximum inrush. Source voltage normal as 
defined by Figure 12. Single-phase trans- 
former, assuming 3 per cent normal exciting 
current. Base ohms=450 ohms 


1.'= 5:5) per ‘cent 
system reactance— 


curve A, Figure 12 
25, 5:5" pen scent 


system reactance— 
curve B, Figure 12 


3. 92.75 per cent 
system reactance— 


AFTER 
0) 60 40 x 20 
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curve A, Figure 12 


4.. 2.75 per cent 
system reactance— 
curve B, Figure 12 
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as might be assumed from familiarity 
with normal .exciting-current character- 
istics. In this connection, it seems prob- 
able that the few cases of trouble which 
have been experienced from inrush cur- 
rents of transformers installed at points 
of relatively high system voltage have 
been caused as much by the low system 
reactance viewed from these points as by” 
the relatively high operating voltage level. 


SWITCHING ANGLE 


It has been pointed out that when a 
transformer is energized at a zero point 
on the voltage wave, the maximum in- 
rush current will be obtained. As the 
switching angle is varied in either direc- , 
tion from a voltage zero the crest inrush 
current is reduced. Figure 7 shows the 
relation between crest inrush current 
and angle of switching, as obtained from 
tests on a miniature single-phase trans- 
former. Figure 7 also indicates the 
effect of residual flux. The upper curve 
shows the inrush current for the condition 
of maximum residual of the polarity to 
produce the maximum flux. The lower 
curve is for the condition of no residual 
flux. If a residual of opposite polarity 
exists, then the current resulting from 
switching at voltage zero will be still 
lower. 

Since any instant of closing may be’ 
realized in practice, the effect of switching 
angle and the resulting inrush current 
on system rms voltage becomes of in- 
terest in determining the range of varia- 
tion of system voltage for various switch- 
ing angles. This effect is shown in 
Figure 8. In connection with Figures 7 
and 8, it is recognized that for relatively 
high voltages and for slow rates of con- 
tact travel, prestriking may occur before 
mechanical closing of the switch contacts 
takes place. Hence the probability of 
closing at a voltage zero is reduced. 


THREE-PHASE SWITCHING 


In energizing a three-phase trans- 
former, the inrush current will generally 
be quite different in the three phases. 
Furthermore, modification may be intro- 
duced by the nonsimultaneous closing 
of all poles of the switch.’ 

In order to get a clear picture of the 
effect of switching angle on inrush in the 
case of a three-phase core-type miniature- 
system transformer, tests were made using 
a delta-connected winding. All poles” 
were closed simultaneously, and the in- 
stant of‘closing the switches was varied 
throughout a 360-degree range. The 
results are shown in Figure 9. 

The winding currents are seen to line 
up properly with the instant of closing as 
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MAXIMUM INRUSH TIMES NORMAL FULL LOAD LINE CURRENT. 


_ MAXIMUM GREST INRUSH TIMES NORMAL Fi 


should be expected; that is, each winding 
behaves as if it were a single-phase unit. 
However, the line currents are deter- 


mined by the sums of two winding cur- , 


rents. This sum can never be greater 
than the arithmetical sum of the two 
winding currents and never less than the 
difference. The polarity of the maximum 
crest will be that of the greater of the two 
winding currents. As the instant of 
closing is varied, passing through that 
instant which causes two winding cur- 
rents to be equal, the polarity of the maxi- 
mum peak line current will suddenly 
teverse as shown in this figure. , 


SEQUENTIAL SWITCHING 


In three-phase switching it is possible 
and likely that all poles of the breaker do 
not close at exactly the same instant. 
In order to show what the maximum 
possible inrush currents would be as 
compared to those obtained for simul- 
taneous closing for all possible trans- 
former connections, Table I has been 
prepared. ° 

The results presented here show that 
based on normal line currents, the wye- 
grounded transformer with delta second- 
ary gives the highest inrush while the 
lowest is obtained with the delta-con- 
nected primary winding, with the second- 
ary either wye or delta. This is true for 
either three-phase core-type transformers 


n 
a 


nN 
fo} 


ULL LOAD CURRENT 
4 


T—current in top leg 


M—currentin middle} delta 
leg currents 
l—current in lower 
leg 


A—line current=7—L 

B—line current=L—M 

C—line current=M—T 

Delta currents should be multi- 

plied by 4/3 to become times 
normal.delta currents 


Three-phase transformer delta- 
connected operated under nor- 
mal conditions as indicated in 
No external impedance. Three 


Figure 12. 
per cent exciting current assumed, base ohms 


=100 ohms. Three phases closed simultane- 
ously. When phase c voltage is a maximum, 
switching angle is 90 degrees 


Figure 9. Effect of closing angle on maxi- 
mum crest inrush currents 


or for three-phase banks of single-phase 
transformers. 

Table I also shows that sequential 
switching in a three-phase transformer 
increases the inrush by about ten per 
cent only for the wye-grounded. primary 
with secondary either delta or wye. For 
other connections, there is no increase 
due to sequential switching. 

For single-phase banks, the wye-con- 
nected primary gives no increase due to 
sequential switching for any condition 
except when the secondary is delta-con- 
nected. For this case an increase of 
about ten per cent was observed. For the 
delta-connected primary, the increase in 
magnitude of inrush current was 50 per 
cent with the secondary either wye or 
delta. 

In connection with Table I it should be 
pointed out that substantial reduction in 
inrush-current magnitudes can be ob- 
tained by energizing the winding farthest 
from the core. Since the absolute ceiling 
on magnetizing inrush crest current is 
determined by the air-core reactance of 


Figure 10. Effect of resistor 
switching on inrush currents. 


a 


& 


Single-phase transformer. 
Source voltage normal as de- 


fined by curve A, Figure 12. 
Residual of polarity to give 
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maximum inrush. Time lag is 
interval between closing 5S, 
and 5S), For any given time 


lag, the inrush given by these 
curves is the maximum possible 
for the conditions specified 
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Figure 11. Effect of capacitor on maximum 
transformer magnetizing inrush currents 


Transformer de-energized under normal opera- 
ting flux-density conditions leaving the capaci- 
tor at normal voltage to discharge through the 
transformer each time before the transformer 
was again energized at an instant controlled 
to give maximum inrush. Saturation curve A 
of Figure 12 with transformer operating at 
110 volts 


Curve A—lLast half-cycle of current in trans- 
former before switch was opened of same 
polarity as first half-cycle of inrush current 


Curve B—Last half-cycle of current in trans- 
former before switch was opened of opposite 
polarity to the first half-cycle of inrush current 


that winding, it follows that the winding 
having the greatest air-core reactance 
should have the lowest inrush. For the 
single-phase miniature-system units, it 
was found that the inrush currents ould 
be cut in half by energizing the winding 
farthest from the core rather than the 
winding nearest the core. Thus, other 
things being equal, for concentric wind- 
ings, there is some practical merit in 
energizing transformers on the high- 
voltage side, since that winding, ordinarily 
being farthest from the core, will gener- 
ally have an appreciably higher air-core 
reactance. 


Characteristics Affecting the 
Duration of Inrush Current 


In the case of transformers connected 
to systems having negligible source re- 
sistance, the transient inrush currents 
decay at a rate determined by the re- 
sistance of the transformers themselves. 
Tests on representative power trans- 
formers, both single-phase and three- 
phase, indicate that for ratings in the 
neighborhood of 1,000 kva, the crest 
inrush current decays to approximately 
half its initial peak value in ten cycles. 
With larger transformers, the rate of de- 
cay is slower, the inrush current some- 
times lasting a second or more in extreme 
cases. Conversely, smaller transformers 
generally have higher rates of decay. 
The inrush current of a typical small 
distribution transformer, for example, 
may be only approximately 20 per cent 
of its initial crest value after ten cycles. 
Transformers having relatively high losses 
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Figure 12. Saturation curves for miniature- 
system transformers 


Constants are for 60 cycles per second 


A. Single-phase transformer. Base voltage 
(normal) 100 volts rms. Magnetizing reac- 
tance Xm =15,000 ohms at 100 volts rms 


B. Same as A but less abrupt saturation 


C. Three-phase core-type transformer. Aver- 

age of three legs. Average magnetizing 

reactance, Xm =10,000 ohms at 100 volts rms. 
Base voltage (normal) =100 volts rms 


will in general have faster rates of decay 
than those which are more efficient. 

Resistance in the circuit between the 
transformer terminals and the source of 
sustained voltage not only reduces the 
maximum initialinrush current that can 
be obtained but hastens its rate of decay 
where only one transformer is involved 
and aids in restoring normal voltage wave 
shape more quickly. Source’ reactance 
does not alter the rate of decay of inrush 
currents for practical cases. 

The effect of system resistance in 
causing circulating magnetizing currents 
to flow when one transformer is energized 
on the same bus with another which is 
already energized has been investigated. 
The summary of that investigation is 
included in reference 10. 


Means for Reducing Magnitude 
of Inrush Currents 


SWITCHING WITH RESISTANCE 


The use of resistance as an intermediate 
step in closing a switch to reduce the in- 
rush current was investigated with the 
miniature system. The results are shown 
in Figure 10. In these tests, the interval 
between the instant of closing S, and the 
instant of closing S, was varied through 
360 electrical degrees. For each value 
of this interval, the synchronous switch 
was adjusted to give the maximum in- 
rush for the particular value of resistance 
being used. Thus for the given trans- 
former, and for the resistance used, the 
curve shows the maximum peak inrush 
current that can be obtained, correspond- 
ing to any interval between the closing 
of the switches. 

It is significant that for relatively short 
intervals on the order of 180 electrical 
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Figure 13. Hysteresis loops for single-phase 
miniature-system transformers 


Saturation curve A of Figure 12. 25-ohm 
resistor in series to give voltage drop for 
amplifier to oscillograph 
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degrees the inrush current is approxi- 
mately cut in half for practical values of 
resistance. For time intervals up to 
about 200 electrical degrees, the value of 
resistance (for reasonable values) is not 
nearly so important as the time interval. 
For greater values of time interval the 
resistance is practically the sole deter- 
mining factor, although the magnitude 
of inrush current is so low for any interval 
greater than 200 degrees that a wide 
range of resistance values will accomplish 
the desired result. Thus, if the time 
interval between closing S, and S, is 
200 degrees or more, maximum inrush 
currents can be reduced to half value 
by using a resistor of ten per cent ohms 
on the transformer base. A higher re- 
sistance iseven more effective, although 
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Figure 14. Hysteresis loop for modern silicon 
steel as used in typical power transformer 


it is apparent that if this resistance be- 
comes so high as to limit appreciably the 
flow of normal magnetizing current it will 
again lose its effectiveness. The impor- 
tant conclusion to be drawn from this is 
that breakers equipped with resistors 
useful in preventing switching over- 
voltages on opening may also be helpful 
in reducing inrush currents on closing." 


MEANS OF REDUCING RESIDUAL FLUX 


Since one of the factors tending to in- 
crease inrush currents is the residual 
magnetism, it follows that any means of 
reducing it would have some merit. 
The possibility of mechanical jarring, for 
instance, was tried and found to have 
only slight effect. 

«The possibility of using a capacitor con- 
nection in parallel with the transformer to 
cause a damped oscillation to occur when 
the switch is opened has been suggested. 
as a means for eliminating the residual. 
Following the opening of the switch, the 
oscillation theoretically should cause an 
alternating current to flow inthe trans- 
former winding decreasing in amplitude 
with time, thus gradually reducing the 
area of the traversed hysteresis loop until, 
when the current oscillation has died 
away, no residual remains. ; 

Such an arrangement was tried, and 
results as shown in Figure 11 were ob- 
tained. These results show that capaci- 
tors can eliminate the residual magne- 
tism and that there is a minimum size of 
capacitor that can do this. Smaller 
capacitors cause the circuit to be more 
than critically damped rather than os— 
cillatory so that the current, flowing in 
the transformer due to the capacitor dis- 
charge just after the switch is opened does 
not oscillate at all. In fact, the amplitude 
of the current never reaches that re-° 
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quired to bring the residual to zero. 
However, as the capacitance is increased, 
the crest current during discharge in- 
creases without oscillation until a value is 
reached which is just high enough to 
eliminate the residual. This optimum 
value corresponds to capacitor kilovolt 
amperes of from 40 to 50 per cent of the 
transformer kilovolt- 
amperes. 

An increase in capacitance beyond this 
optimum value causes the crest current 
during capacitor discharge to exceed that 
required for eliminating the residual. 
Thus, a residual of opposite polarity is 
introduced and reaches a maximum when 
the capacitor kilovolt-amperes equal the 


magnetizing 


transformer magnetizing kilovolt-am- 
peres. In this area, the discharge begins 


to be oscillatory so that, as the capaci- 
tance is increased, the first oscillation 
of current due to discharge from the 
capacitor reverses the residual, but the 
second oscillation reverses this. Con- 
sequently, as the capacitance is increased, 
a value is reached which causes this 
second oscillation to reduce the residual 
to zero. Further increase of capacitance 
causes similar phenomena involving more 
reversals during discharge, which result 
in a number of values of capacitance 
which can reduce the residual to zero. 
Subsequent tests revealed that the 
effectiveness of the capacitor was rela- 
tively unchanged by the amount of 
residual in the practical range. This 
suggests that a capacitor selected in 
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Figure 15. Oscillogram showing inrush current 
transient in 833-kva single-phase transformer 


Upper trace—Transformer terminal voltage 
Center trace—Transformer current 
Lower trace—Source voltage 


accordance with the foregoing results 
could be of some practical value in par- 
tially reducing transformer inrush cur- 
rents. 


Miniature-System and Test Data 


MINIATURE-SYSTEM —TRANSFORMERS 


The saturation curves for the minia- 
ture-system transformers are shown in 
Figure 12. These have Mumetal cores 
in order to give the desired abruptness of 
When operating at 100 volts 
rms, the saturation characteristics cor- 
respond very nearly to those of some of 


saturation. 


the newer silicon strip steels when used 
at an assumed density of 100 kilolines 
per square inch. At 100 volts, the ex- 
citing impedance of the single-phase units 
is 15,000 ohms. Their leakage reactance 
is 25 ohms at 60 cycles, and their average 
d-c resistance is approximately 5.5 
ohms for the winding nearest the core 
and 11.0 ohms for the outside winding. 
Curve A of Figure 12 is the saturation 
curve for these units while curve B is 
for another transformer identical in 
every respect except for less abrupt 
saturation. 

For the three-phase core-type units, 
the resistance of the windings nearest the 


#CO theesh 


Max 
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core is 7.0 ohins and of the winding far- 
thestfromthecore,24.0ohms. Thesatura- 
tion characteristic shown in Figure 12, 
curve C, was obtained with the trans- 
former connected in delta, currents being 
measured in the transformer windings 
and not in the line. In the line, the 
third harmonic and multiples thereof do 
not flow. Consequently, the apparent 
saturation is much less abrupt when line 
currents are used. 

For the single-phase transformers satu- 
rating as in Figure 12, curve A, the 
hysteresis loops are as shown in oscillo- 
grams 94-1, 94-3, 94-5, Figure 13. For 
excitations of the order of 100 volts, the 
hysteresis loop is such as to yield residual 
flux of the order of 50 to 60 per cent. 
Thus, while the saturation characteristic 
appears to be similar to that of new silicon 
steels, the residual is somewhat less than 
that associated with such steels. The 
residual in these units is more on the 
order of that for transformers using the 
old types of sheet steel. However, this 
does not invalidate the qualitative results 
obtained, although direct numerical 
checks cannot be made in some cases. 
A hysteresis loop for typical modern- 
power-transformer steel, indicating ap- 
proximately 80 per cent residual, is shown 
in Figure 14 for comparison. 


Tests ON AcTUAL ‘TRANSFORMERS—— 
COMPARISON WITH CALCULATED VALUES 


(a). Single-Phase Transformer. This 
unit was a 60-cycle core-type design 
rated 833 kva. The core steel was of the 
new high-permeability high-saturation 
type, and the unit was energized from a 
2,300-volt winding. The calculated peak 
inrush current was 14 times peak full- 
load current based on an assumed 75 
per cent residual and a core saturation 
flux of 130 kilolines per square inch. 


Figure 16. Oscillogram showing inrush current 
transients in three-phase 750-kva transformer 


Figure 17. Calcu- 
lated inrush charac- 
teristics of single- 
phase transformers 


Excitation on low- 
voltage side 
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PEAK INRUSH CURRENT TIMES NORMAL CURRENT CREST 


The maximum measured inrush cur- 
ent obtained in 30 trials was 11 times 
the peak full-load current. The oscillo- 
gram for this test is shown in Figure 15. 
The switch was not closed exactly at 
voltage zero but nearly enough to zero 
so that the maximum inrush should not 
be appreciably greater, based on the 
earlier considerations in this paper. 

(b). Three-Phase Transformer. This 
unit was a 50-cycle core-type water- 
cooled design rated 750 kva. It was ex- 
cited from its 3,000-volt windings which 
were delta-connected. The calculated 
inrush was 12.5 times peak-line full-load 
current based upon 75 per cent residual 
and core saturation of 130 kilolines per 
square inch. 

The maximum inrush current obtained 
in 20 trials was 10.35 times peak-line full- 
load current. This is shown in the os- 
cillograms of Figure 16. 

(c), Generalized Calculated Values of 
Inrush Currents. A more comprehen- 
sive summary of calculated inrush cur- 
rents is shown in Figures 17 and 18. 
This summary includes numerous de- 
signs and is of help in showing the prac- 
tical limits between which the maximum 
inrush current will likely fall for various 
voltage levels and for various kilovolt- 
ampere sizes Generally, calculations 
tend to give too high a value as indicated 
by the foregoing examples. Conse- 
quently, actual maximum values will 
generally be slightly less than the values 
indicated by these bands. In the afore- 
mentioned test cases, part of the dis- 
crepancy between calculated and test 
results is attributable to the fact that 
generator source used in the test was not 
actually an infinite bus, while calcula- 
tions were based upon the source being 
an infinite bus. These calculations also 
indicate that for typical 25-cycle and 60- 
cycle transformers, there is no appreciable 
difference in the peak inrush currents. 


Tests TO DETERMINE HEAT GENERATED 
IN Fuses DurInc INRUSH PERIOD 


Essentially all of the heat developed 
in a fuse during the transient inrush 
period goes into raising the temperature 
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of the fusible element, very little being 
dissipated elsewhere during the short 
interval involved. Hence, the following 
equation may be written, applying to the 
fuse during the inrush period. 


TAK 
where 


J =current in the fuse, in amperes 
t=time in seconds 
K=a constant, depending on the size and 
material of the fusible element 


The Jt of any given fuse may be deter- 
mined from the manufacturer’s published 
characteristics, usually given in curve 
form, and plotted on logarithmic co- 
ordinates so that this portion is rep- 
resented as a straight line. 
necessary then to know the J*t corre- 
sponding to the transformer magnetiz- 
ing inrush current, in order to select a 
fuse which will withstand it safely. 
While the /*t representing the inrush for 
any specific transformer is of course a 
function of both the magnitude of the 
first current loop and the rate of decay, 
neither of which is usually known with- 
out a rather exhaustive study of the trans- 
former and the system to which it is con- 
nected, a series of tests has indicated 
that the total Jt of the inrush may be 
approximated with sufficient accuracy 
for purposes of fuse application. In 
these tests, for which the authors are 
indebted to H. C. Stewart of the General 
Electric Company, oscillograms were 
taken of the inrush currents of represen- 
tative samples from a complete line of 
transformers, under conditions designed 
to produce the greatest inrush current 


It is only’ 


‘ 
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and the slowest rate of decay. Although 
the maximum-crest inrush currents of the 
several sizes of transformers tested 
ranged from 11 to 20 times their normal 
full-load crest currents, and the intervals 


required for these transient currents to 


decay to normal value extended from 33 
to 120 cycles it was found that for each 


transformer tested the total Jf in its “ 


magnetizing inrush was numerically al- 
most the same as if ten times normal full- 
load current had been flowing for 0.1 
second. This leads to a rather simple 
criterion for selecting fuses which will 
safely withstand transformer magnetiz- 
ing inrush currents. When what ap- 
pears to be a reasonable margin in ex- 
cess of the actual Jt in the transformer 
inrush is allowed, it is suggested that 
fuses be selected on the basis that at the 
0.1-second point on their characteristic 
curves, they be capable of carrying at 
least 12 times the transformer normal full- 
load current. It will be apparent by 
referring to the equation J*+=K that any 
other pair of corresponding figures be- 
sides 12 and 0.1 could have been used. 
These values, however, have the ad- 
vantage of being round numbers which 
are easily remembered, and at the 0.1- 
second point, most fuses adhere closely 


rr 


to the straight-line characteristic. Fuses | 


selected on the basis outlined may be 
expected to be amply large for the 
majority of applications, since it is un- 
likely that actual inrush currents will be 
as severe or prolonged as those obtained 
under the carefully controlled test condi- 
tions, and where the testing source was 
so much larger than the transformer as 
to be practically an infinite bus. Further- 
more, the transformers tested were of a 
design that is considered fairly representa- 
tive of modern transformer designs with 
regard to the severity of inrush current 
to be expected. 


Conclusions 


1. The inrush currents associated with 
transformer energizing do not, in the vast 
majority of cases, produce any system dis- 
turbances. This is true even for trans- 


formers utilizing the modern steels and de- ~ 
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The Geometry of Arc Interruption—Il 


Current-Zero Phenomena 


E. W. BOEHNE 


Synopsis: During the microsecond period 
in which an interrupter is performing the act 
of changing from a conductor to an insulator 
(termed interruption) the current, voltage, 
and arc resistance undergo variations which 
materially affect the performance character- 
istics of the interrupter. The natureof these 
variations depends upon the medium of 
interruption design features of the inter- 
rupter, and the constants of the current and 
recovery-voltage circuits. Modern power 
interrupters employing air present variations 
in the current-zero region of an entirely dif- 
ferent type from that observed in the fluid 
interrupters. A knowledge of the nature and 
cause of these variations is becoming of more 
importance from a design performance and 
application viewpoint. 

The rapidly varying resistances within 
the interrupter during the process of inter- 
ruption have always presented obstacles to 
the analyst. In reapproaching this prob- 
lem on the basis of an orderly, yet practical, 
variation of circuit current in the region of 
current zero and allowing the parameter of 


resistance to become secondary, the prob- , 


lem reduces to one of linear constants and 


Paper 44-44, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944. Manuscript submitted 
November 29, 1943; made available for printing 
December 11, 1943. 


E. W. BoeEune is in the switchgear engineering di- 
vision at the General Electric Company, Phila- 
delphia, Pa. 
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can be solved by standard methods. This 
paper presents such a treatment. It is 
generalized in such a way as to include all 
practical types of current-zero phenomena 
generally encountered. Recovery-voltage 
characteristics are literally fabricated from 
“standard building blocks’ of which rela- 
tively few are required. The method is 
flexible enough to be applied to any as- 
sumed current variation in the region of cur- 
rent zero. The analysis is presented in terms 
of the accepted nomenclature of circuit 
theory. The operational attack is em- 
ployed. 

Current-zero phenomena are closely as- 
sociated and largely dependent upon the 
events which take place during the arcing 
period. This action has been previously 
described.!_ Correspondingly, the unique 
current-zero characteristics of the Magne- 
Blast air circuit breaker gave rise to this 
generalized study. The application of this 
work to recovery rates, d-c interruptions, 
and allied phases of circuit interruption is 
discussed. 


Pe final proof of the ability of an a-c 
circuit interrupter to sever the circuit, 
whether it be a circuit breaker, fuse, light- 
ning arrester, or rectifier, is determined 
over the very short interval in the region 
of current zero. At each current zero 
in the are or conducting medium the 


important thermal actions of the arcing 
or conducting period are integrated! 
and pitted against the recovery-voltage 
transient to determine the outcome, the 
success of which is termed interruption. 
The environment of the arc, not only the 
medium of interruption but the nature 
of the adjacent circuits,?"* plays an im- 
portant role in the phenomena of circuit 
interruption. The arcing period, in par- 
ticular, is capable of having a tremen- 
dous influence upon the current-zero 
phenomena.! In addition, however, the 
circuit interrupter is capable of imparting 
changes in the normal current flow in the 
region of current zero which play an 
important part in the final outcome. 


It is the purpose of this paper to present 
a more géheral attack of these current 
variations in the region of current zero; 
to present for the first time some hereto- 
fore unsuspected current variations in 
this microsecond interval; and to co- 
ordinate these considerations with the 
general problem of circuit interruption. 

The shortness of the interval, the rela- 
tive magnitude of the current just prior 
to the current zero, the lack of a means of 
measuring a rapidly varying dielectric 
strength, all add to the difficulties of 
measuring the important events which 
take place over this interval in power in- 
terrupters. As a result of these difficul- 
ties the interpretation of the phenomena 
which take place in thisbrief interval, with 
few exceptions, has been reported in 
qualitative physical terms which are not 
all subject to oscillographic measurement. 
Although a description of the current- 


signed for operation at relatively high flux 
densities, because only under a very rare 
combination of circumstances can the 
theoretically possible maximum  inrush 
current be obtained. In any practical 
systems, the effect of source impedance in 
reducing the peak inrush currents and 
shortening their duration, together with the 
probabilities regarding the direction of 
residual flux and instant of closing will 
usually result in negligible system dis- 
turbance. 


2 In those cases where tripping of differ- 
ential relays occurs too frequently to be 
tolerable during the inrush period, har- 
monic-restraint relays or desensitizing de- 
vices can be used to overcome the difficulty. 


8. The damaging of fuses during the inrush 
period can readily be avoided by proper 
fuse-application practices, 


4. In those relatively few cases where it is 
desirable to minimize the magnetizing 
current inrush, several helpful measures are 
suggested. : 

(a). Energizing on the winding having the higher 
air-core reactance when possible. 

(6). The use of resistor switching (two-step). 
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(c). The use of a parallel capacitor of from 40 to 
50 per cent of the normal transformer magnetizing 
kilovolt-amperes to eliminate the residual mag- 
netism. 


(d). Energizing on the delta winding rather than 
wye if there is a choice, other things being rela- 
tively equal. 


5. From, the standpoint of mechanical 
stresses, inrush current is not a special 
problem because its maximum peak value 
can never be as high as the maximum 
possible peak ‘value associated with a 
through fault with maintained primary 
voltage, which is a condition that the 
transformer may be subjected to in actual 
service. 
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HIGH-RATE REGION 


Figure 1. On the normal current path to zero, 
DGP, the current is assumed diverted at G 
to take a new linear path to zero 


This diagram defines the pendulum action of 
the current in the region of current zero and 
the resulting high-rate and low-rate regions 


zero phenomena is of assistance to the 
understanding of the problem and in 
many cases is the forerunner of the 
quantitative analysis, it still remains 
that the arc in the interrupter becomes a 
parameter of the electric circuit and is 
capable of a more rigorous treatment in 
electrical nomenclature. This paper is 
devoted to this philosophy and will in- 
clude mention of the physics of what is 
taking place only as a guide in the con- 
sideration of possible cases. 
On inspection of the current-zero: re- 
gion, even with the assistance of all 
modern measuring equipment, the largest 
single missing factor is the current varia- 
tions. The voltage variations are meas- 
ured accurately by the cathode-ray 
oscillograph. If all the external parame- 
ters of the circuit are available, to- 
gether with the transient voltage which 
appears across the arc gap, it is a mathe- 
matical fact that the nature of the cur- 
rent over this interval is then capable of 
determination. With the current and 
are-gap voltage both available, the arc 
resistance and, of more importance, the 
arc-gap energy during this interval are 
made available. This information to the 
physicists should enable a still more 
accurate description of the physics of this 
important period. This suggests that 
particular known circuits and resulting 
recovery transients be analyzed to com- 
pute the current variations in the cur- 
rent-zero region. This has been done and 
gave rise to the treatment presented here. 
‘Such an analysis is tedious and when 
- completed gives the result for only one 
particular case and is of little general 
value. A new approach was then sought 
which would permit of greater generaliza- 
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tion and was found in the expedient of 
arbitrarily permitting the current in the 
region of current zero to vary, in a defi- 
nitely prescribed manner and to compute 
the recovery characteristics which would 
result. On the basis of many specific 
cases in which the true current was com- 
puted from the cathode-ray records, 
covering many types of interrupters, a 
pattern of the current variation was 
chosen which is extremely simple and ap- 
proximates the range of phenomena to be 
expected with a faithfulness exceeding 
the original expectations. 

Operational methods of attack, coupled 
with a simple form of superposition® 
termed the cancellation principle, permit 
a maximum degree of flexibility to be 
achieved. The resulting recovery-volt- 
age curves are literally fabricated from a 
stock of “standard building blocks’ of 
which only relatively few are required to 
build all observed recovery-voltage phe- 
nomena. The work will be of interest to 
the student of operational methods. 
The recovery-voltage “‘building blocks’ 
are derived in the appendixes of the paper 
and will be found useful in constructing 
recovery-voltage phenomena beyond the 
scope of those presented in this paper. 


Thesis of Attack 


By the simple expedient of permitting 
the current to be pivoted at a small in- 
stantaneous magnitude 7,, which occurs 


y degrees ahead of the normal current. 


zero, and permitting the current to ap- 
proach zero in-a straight line at any de- 
sired slope, both greater and slower than 
the normal path as shown in Figure 1, 
the vast majority of recovery-voltage 
phenomena observed in power circuit 
breakers can be closely approximated. 
In this pendulum action of the current 
two special cases occur, namely: 


1. The normal approach to current zero. 


2. The vertical cutoff of current at 1%). 
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ORIGINAL CURRENT 
HAS THE SLOPE 
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Figure 2. Special type of current-zero phe- 
nomena in which the current is suddenly inter- 
rupted at i, 


The resultant path DGOPH is composed of the 

original path DGPF plus the rectangular cancel- 

lation current OZMW and the triangular can- 
cellation current ONX 


The former is the assumption in comput- 
ing the standard rates of rise of recovery 
voltage in power circuits.?*6 It pro- 
duces a true measure of the circuit 
severity in which the breaker plays no 
part; a severity which the breaker is 
given credit for overcoming,’ regardless 
of the manner in which it controls the 
current in the region of current zero. 
The vertical cutoff of current at 7, y 
degrees ahead of the normal current zero, 
is a special case of maximum severity,‘ 
which, if taken to extreme can produce 
dangerous overvoltages,’ particularly in 
circuits having a high natural fre- 
quency.®'? 

The scope of the cases considered by 
the pendulum swing of the current from 
the vertical cutoff case, through the nor- 
mal rate of decay, to rates of decay con- 
siderably lower than normal may be 
divided in general into two groups (see 
Figure 1). 


A. Those which decay faster than normal, — 


or the high rates. 


B. Those which decay slower than normal, 
or the low rates. 


Although not subject to such a clean-cut 
division as suggested here, the evolution 
of the physics ‘of the interrupting phe- 


nomena. is of interest. It is shown in the 


paper that, in general, the high rates are 
capable of producing accelerated rates of 
arc-gap resistance which are capable of 
approaching extremely high values in 
the region of the true current zero The 
low rates on the other hand are shown, 
in general, to be associated with are-gap- 
resistance changes which are slower than 
normal and in some cases are charactet- 
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Figure 3. General case of 
current diversion (high-rate case) 
The resultant path DGOPH is composed of the 


original path DGPF plus two triangular cancel- 
lation currents, JZMW and ONX 


ized by glow-discharge states within the 
interrupters, which are strong enough 


_ to reduce tremendously the recovery 


pin 


‘ 
a 1944, Vo_ume 63 


‘é 


transients without permitting the circuit 
to be reignited. Interruptions under 
these conditions are thus independent of 
the recovery severity of the circuit. The 
high-rate phenomena are, in general, 
associated with oil-breaker performance 
at moderate currents, low-rate phe- 
nomena not being unusualat high currents. 
Low-rate phenomena are, in general, 
prevalent in the performance of air inter- 


‘rupters of the magnetic type and have 


been mastered’ in an unusual manner 
in the design performance of the Magne- 
Blast air circuit breaker.'! At extremely 
light currents, however, the performance 
of these breakers trends slightly into the 
high-rate region. 


THE CANCELLATION PRINCIPLE 


Cancellation, as the term applies to 
this problem, consists of the introduction 
of currents into the circuit in such a 
manner that the sum of the original un- 
affected current and cancellation currents 
produces the current path desired. The 
net sum of all voltages resulting from 
each of the currents, including the origi- 
nal, produce the resulting recovery 
characteristic sought. Consider the spe- 
cial case of the vertical cutoff of 7, am- 
peres as portrayed in Figure 2. The 
current is approaching zero along the 
line DGPF and would reach zero at P. 
The slope of this ine is determined by 
the history of the arcing period:and will 
be discussed more fully later. At the 
point G, i, amperes, the current is 
suddenly interrupted. This result is 
accomplished by adding to the original 
current, the cancellation current OZ PX’, 


_ which in turn is made up of the rec- 
_ tangular component OZMW of —i, am- 


PM, PN GI _ 2 Ei7ea) 
JPOP JP) CL 
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peres and the triangu’ar component OVX 
which has a slope opposite to that of 
the original current. 

By the principle of superposition it 
follows that the voltages which appear 
across the circuit as a result of the 
introduction of these two cancellation 
currents, when added to the voltages 
present as a result (or cause) of the 
original current, will produce the net 
recovery-voltage characteristic sought. 
The special case mentioned heretofore 
introduces the only two types of: can- 
cellation currents necessary to approxi- 
mate closely the vast majority of re- 
covery-voltage phenomena encountered 
in power interrupters. 


GENERAL CASE 


Before considering the circuits of 
practical importance in which the afore- 
mentioned phenomena occur, consider 
the more general case revealed in Figure 
3. Here at G the current is diverted to 
approach zero at a rate faster thannormal. 
In this case the two cancellation currents 
are both triangular in form, namely 
JZWMandONX. Unlikethespecialcase 
of Figure 2 the two cancellation currents 
must be introduced into the circuit a 
time interval JO apart. By plane ge- 
ometry it can be shownthat thesum of the 
slopes of the two triangular cancellation 
currents is equal to and of opposite 
sign to the original current slope—a 
fact true of Figure 2 also. This fact 
simplifies the ultimate expressions of the 
recovery voltages. 

In a similar manner, Figure 4 reveals a 
new case of considerable interest in which 
the current is diverted at G to decay at a 
rate slower than normal. This phe- 
nomenon is frequently accompanied by 
glow-discharge states within the inter- 
rupter which, as will be shown, react to 
minimize the recovery-voltage transient. 
Here again the sum of the slopes of the 
two cancellation currents is equal and 
opposite to the slope of the initial cur- 
rent. Other current-zero phenomena are 
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Figure 4. General case of current diversion 
(low-rate case) 


The resultant path DGMOH is composed of the 

original path DGPF plus two positive triangu- 

lar cancellation currents JZMW and ONX. 

Each of these three currents is responsible for 

a corresponding component of the resulting 
recovery voltage 


revealed in Figure 5 all of which may be 
similarly fabricated by cancellation com- 
ponents, of the two types mentioned. 


EFFECT OF THE ARCING PERIOD! 


The slope of all the triangular cancella- 
tion currents in the preceding analysis 
is dependent upon the slope of the 
initial current DGP as it approaches zero. 
This slope in turn is a function of many 
factors, including the total history of the 
arcing period to the current zero in 
question. A method of determining this 
current slope has been fully described? 
previously and bears a striking resem- 
blance to this analysis, the are voltage 
being employed as the cancellation par- 
ameter. In all cases the slope of the 
current DGP is 


j=! (1) 


where, in the nomenclature of the pre- 
vious paper? 


i, =the instantaneous magnitude of the 
generated voltage, E#, in the neighbor- 
hood of current zero 

ép,=corresponding magnitude of the arc 
voltage eg. Except for leading phase- 
angle interruptions of zero-power-factor 
(lagging) circuits, @s, is numerically 
negative with respect to E; 

L=the inductance which limited the cur- 
rent 


The voltage (Hi—ez,) is plotted in 
Figure 6 as a function of the are voltage 
ég for zero-power-factor symmetrical 
short circuits which have experienced 
are voltages for only one loop of current. 
This function is presented in Figure 6 for 
both the flat-top and linearly rising arc- 
voltage characteristics. These curves 
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Figure 5. More complex current-zero phe- 

nomena which may be fabricated by the sum- 

mation of rectangular and triangular cancella- 
tion current components 


may be considered as the nominal in- 
fluence of the arcing period upon the 
recovery-voltage characteristic. Initial 
displacement, various angles of arc- 
voltage initiation, multi-half-cycle arc- 
ing, and so forth, will all cause variations 
in this basic coefficient of the recovery- 
voltage phenomena.t When the arc 
voltage is assumed zero in the symmetri- 
cal zero-power-factor circuit, the afore- 
mentioned slope equation for the current 
reduces to E,,/L. ‘This is the value used 
in computing the basic recovery rates of 
the circuit independent of the action of 
the breaker.?-3 


The Circuits 


Having held the number of cancella- 
tion-current components to a minimum 
of two, let us consider the minimum num- 
ber of circuits necessary to cover the 
practical field of application. As in a 
previous study of circuit-recovery rates*® 
the division into single-frequency and 
double-frequency circuits becomes clearly 
defined. 

The single-frequency circuits employing 
linear, lumped parameters are shown in 
Figure 7. It can be shown that the 
series resistance r of the circuit of Figure 
7b can be transformed effectively to the 


Figure 6a. Nominal relation between the 

current slope coefficient (E,—ez,), the gen- 

erated voltage at current zero (E,), and the 
arc voltage of the flat-top characteristic e, 


For this type of arc voltage es,=eR (com- 
pletely described in reference 1) 


nm 
3 
} 


shunt resistance R of Figure 7c by the 
relation 


R=L/re (2) 


In a similar manner the resistance 7 
of Figure 7d may be combined with the 
shunt resistance R by first converting to 
a parallel resistance by means of equation 
2 and adding the two shunt resistances in 
parallel. In both cases this procedure is 
accurate to a high degree for low-power- 
factor circuits although subject to some 
second-degree corrections which are so 
small as to be readily neglected. Since 
the circuit of Figure 7a may be obtained 
by permitting the shunt resistance of 
Figure 7c to approach infinity, it follows 
that we have but one single-frequency 
circuit to consider, namely Figure 7c. 
The basic building blocks of the recovery- 
voltage characteristics for single-fre- 
quency circuits may therefore be deter- 
mined by injecting the two cancellation 
currents, —?, and (E:—eg,)f/Z into the 
parallel impedance of R, L, and C of 
Figure 7c. The solution of this circuit 
for the rectangular and triangular can- 
cellation currents is presented in Appen- 
dix A. The solutions are 


1. For the rectangular cancellation cur- 
rent, 7), applied to the circuit of Figure 7c, 
the voltage e’ which appears across the 
circuit-breaker contacts becomes 


’ —d 


aD: * sin wt (3) 
wC 
where 


1 wolea 1 
5b=(| — }: = ne A = = 
( 3 -) Go VS too? b2, and w, C 


2. For the triangular cancellation current 
(E\—es,)t/L applied to the circuit of Figure 
7e the voltage e” which appears across the 
circuit-breaker contacts becomes 


a (Bi-en)} 1— 2 €* gin (wt+¢) \ (4) 
where 


Tan ¢=/b 
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ARC VOLTAGE -= LINEARLY RISING eg 


Consider the application of these rela- 
tions to the special case of vertical cutoff. 
as shown in Figure 2. It follows from the 
principle of superposition that the net 
voltage, e, which appears across the cir- 
cuit-breaker contacts as a result of the 
three currents, becomes 


e=en,+e'+e" ee 


When these three relations are com- 
bined into one expression for the special 
case of Figure 2, there results 


1 
e=B es (E,\—en,) cos wl+——X 
\ oC 


| - | sin wt t (5) 


This result is in agreement with the 
classical solutions* of this special case 
presented in 1931, provided the term E 
in the previous solutions‘ be redefined as 
the instantaneous magnitude of the 
gererated voltage. By permitting R to 
become infinity, equation 6 reduces to the 
solution of Figure 7a (Appendix A of 
reference 4). By replacing R_ with 
(L/rC) of equation 2, equation 5 re- 
duces to the solution of Figure 7b (Ap- 
pendix C of reference 4) in which 6 now 


becomes r/2L and wae w2—b?. The 
circuit of Figure 7d, being capable of 
reduction to either Figure 7b or Figure 
7c, has, therefore, been adequately con- 
sidered. : 
In the numerical use of equation 5 it 
might be pointed out that 7, is numeri- 
cally negative with respect to A, and 


Figure 6b. Nominal relation between the 

current slope coefficient (E,—ex,,) the gen- 

erated voltage at current zero, (E;), and the 

arc voltage, Ex, of the linearly rising type 
defined in the figure 


These relations hold for zero-power-factor 

conditions. They describe the coefficients of 

all the recovery-voltage equations and thus 

indicate the influence of the arcing period 
upon the recovery transient! 


08 09 7 1O= 
ae 


sage 


see 
cae T. Single-frequency circuits 


Circuit c is the most applicable to the general 
recovery-voltage problem. The developed 
equations are exact for this circuit. Circuit ¢ 
is a good equivalent of circuits b and d for 
recovery-voltage analysis (See equation 2) 


hence —7, in equation 5 is positive. For 
the great majority of cases es, will also 
be negative with respect to £;, permit- 
ting (E,:—es;) to be numerically greater 
than A. For leading phase-angle inter- 
ruptions! of zero-power-factor lagging 
circuits, EZ; also becomes negative. 
The special case of vertical cutoff (equa- 
tion 5—Figure 2) can be further simplified 
. by expressing 7, in terms of the angle y 
and the slope of the current (£i— 
ép,)/L. With all angles expressed in 
radians on the base of 2m radians being 
the period of the undamped natural fre- 
quency, it follows that 


. —¥ (Li—ex, 
Sa a 
0 


and equation 5 reduces to the expression 
found in equation 10. 

In the general problem of current diver- 
sion as pictured in Figures 3 and 4, two 
triangular cancellation currents are en- 
countered which, unlike the special case, 
are injected an interval JO or a degrees 
apart. This general case is solved in 


Figure 8. Typical triangle systems describing 

the geometric relations between the slope 

coefficients (kz and k;) and the undamped 
pendulum coefficient K, (Equation 13) 


These triangles both fall in a spiral generated as @ is varied 


(a). The high-rate triangle 
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(b). The low-rate triangle 


Appendix B and reduces to the compact 
form of equation 12. Equations 6 
through 18, inclusive, describe the evolu- 
tion of the single-frequency recovery- 
voltage equations. If one starts with the 
simplest case (equation 6) of normal cur- 
rent zero in a symmetrical zero-power- 
factor circuit, having no are voltage, no 
resistance damping (Figure 7a), and 
without current diversion, equations are 
presented which successively introduce 
the various actions of the circuit inter- 
rupter and the circuit upon the final 
recovery-voltage characteristic. 

Equation 12 is the most general single- 
frequency recovery-voltage equation here 
developed. It includes 


Displacement. 
Arc voltage. 
Resistance damping. 


se ae as i 


Linear current diversion of which 
vertical cutoff is a special case, compactly 
expressed by equation 10. 


When a=y, equation 12 reduces to 
equation 9, The general equations 12 
and 13 are only valid for values of time 
exceeding a/w, that is, following the 
introduction of the second cancellation 
current. For values of wi less than a the 
recovery voltage is given by the ex- 
pression 


e= [ksen,+ke (equation 9) ] 


The maximum voltage of all the un- 
damped recovery-voltage expressions oc- 
cur when the total angle is 270 degrees or 
37/2 radians. At this point the sine has 
a value of minus one, and the maximum 
voltage of equation 13, for example, be- 
comes 


em=Ei+K (i —e,) 


The function K, therefore is a measure 
of the transient crest voltage. This 
coefficient is plotted in Figure 9 as a 
function of a. When a is zero, K, ter- 
minates in M, which is also shown 

| 


Mo AND Ko 


plotted in Figure 9 as a function of y. 
The crest value of voltage for the special 
case of vertical cutoff becomes 


en = EAi+M, (A- €B,) 


When no are voltage is present (en = 0) 
and F,=£,,, this reduces to 


Cm = Em (1+ Mo) =Em(1+-V1+¥" ) 


This shows the maximum recovery 
transient to be a function of the angle y, 
the value of cutoff current (equation 5) 
being of secondary importance except to 
indicate that y is usually largest when the 
current is small. Small, highly inductive 
currents are found in the magnetizing 
current of transformers, particularly when 
energized from the high-voltage side. 
The additional internal reactance of fur- 
nace transformers, together with a 
breaker close to the terminals (small C, 
high natural freqtiency) which is, ca- 
pable of sudden cutoff of light currents, 
makes this application one of the most 
vulnerable to overvoltages.$° No small 
part of the hazard of this application is 
the frequent interruption of magnetizing 
current. The solution has been to de- 
crease ¥, and hence the overvoltage, by 
increasing the period of the natural 
frequency of the circuit by the addition 
of shunt capacitors.®:$ 

When no current diversion is con- 
sidered, then A,=M,=1.0, and the 
crest voltage is expressed as (24,)— 
és). This function has been previously 
determined! and termed e,. Curves of 
e, as a function of are voltage and other 
circuit parameters are shown in reference 
1, 


Figure 9. The undamped pendulum coefficient 
K, asa function of the diversion angles a and ¥ 


When a=0, then K,=Mb,, corresponding to 
vertical cutoff. See equations 13 and 11 


=V1—2hk(1— cosa) 
M, =V14+¥2=(K fora =0) 


7 a FOR Ko AND FOR Mo : 
PERIOD OF THE NATURAL FREQUENCY 
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SINGLE-FREQUENCY RECOVBRY-VOLTAGE 
EQUATIONS 


Normal current-zero interruption, no 
damping, no are voltage, symmetrical 
ease. Used for calculating circuit re- 
covery rates: 
e=E,(1— cos wet) (6) 


(For nomenclature see page 386.) 
Same, except general asymmetrical case 


e=E,(1— cos age) (7) 
Including are voltage 
e= FE, —(Ei—ex;) cos wot (8) 


With resistance damping added (Figures 

7b, c, and d) 

en —(Ei-en,)s oe sin (wi+¢) (9) 
w& 


Including sudden cutoff, » degrees ahead 
of normal zero (Figure 2) 


e=E,—(E:—em)- Me sin (wt+8) (10) 
Cutoff, but no resistance damping 

e=FE,—(E:—ea,)-M,: sin (wet+d,) (11) 
General case, everything including linear 


current diversion 


e=E, —(E,:—en,)-Ky- 7" sin (wt-+¢—4) 
for t>(a@/w) (12) 


General case, current diversion but no 
damping 


e=F,—(E£i—ex,) Ky: sin («t+ 4.) 


for {> = 


Wo 


(13) 
Where, in the preceding equations 


re 
b=— (Figure 7b) 


1 
MO AALC 2L 


1 tei 
b= pe Figure 7c) w= V wtb? 


Tan ¢=> a=(2+¥) 


© Leg oe 
Tan s~(-*) ky=ea kins: ¥ 
@B 


M=Vi+y? Tan =e) 
(ke-+hs) =1.0 

Ky=/ ka?-+2kakski cos at (Roki)? 
K,=V1—2kaks(1— cos a) 
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Figure 10. Interpre- 
tation of the current- 
zero phenomena in 
an interrupter which 
has or develops a 
transient leakage re- 
sistance R in shunt 
with the arc gap 


The division of arc- 
gap current into two 
components sheds 
considerable light 
on the mechanism of 
the low-rate case 


ARC VOLTAGE ,é@s 


Tab 6 ks sin a 
an 6,=4.——— 
i ko+ks cos a 


OTHER TYPES OF CURRENT-ZERO 
PHENOMENA 


Figure 5 shows several other types of 
current-zero phenomena which may be 
fabricated by the use of the rectangular 
and triangular cancellation currents. 
The special case of vertical cutoff as 
shown in Figure 2, together with the 
resulting recovery-voltage (equation 10), 
may be utilized in a new and more 
general manner by reintroducing at the 
sudden interruption, any new type of 
nonlinear current path desired and 
adding the resulting recovery voltage to 
equation 10. One assumption which 
probably comes closer than the linear 
diversions assumed by the rectangular 
and triangular components is the ex- 
ponential decay. This case is shown by 
the family of curves in Figure 11 and 
covers a host of current-zero variations. 
Although more complicated than the 
linear components it is probably the 
easiest of the nonlinear current variations 
from an analytical viewpoint: 

The solution of this case will only be 
indicated here. If at the point G, Figure 
2, the current decays exponentially from 
7, according to the equation 


ine 

it follows that by introducing this current 
into the circuit and by adding the result: 
ing voltage to the case of vertical cutoff 
at 7, (equation 10), the true recovery- 
voltage variations will result. The volt- 
age resulting from the. introduction of 


i,e-™ into the general single-frequency 


circuit of Figure 7e is given by the. 


expression 


1, F Y 
on ted sin (tty ent (14) 


where 
S= VALE 


N=(b-2) y=2 


*Approximate—see Appendix A, 
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TOTAL CURRENT PATH, t+tR 
CURRENT COMPONENT, GASEOUS PATH, bt 
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RESISTANCE CURRENT, iq= 7 OR € 


ZERO FOR GASEOUS COMPONENT 


OSECONDS ——» 
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RESISTANCE CURRENT 
DECAYS AS TRANSIENT 
=f RESISTANCE INCREASES 
\ RAPIDLY TO OPEN 
CIRCUIT VALVE 


W,=V1+2¥ cos 2+ Y? 


Tan 2=w0/N 


7 Y sin Q dw 
ea V+ cos nf” )S*EAN 


When \=0, this reduces to the e’ 
of equation 3. The net recovery voltage 
as a result of an exponential decay 
(i,e—™) of current from i,, y degrees 
ahead of normal current zero, is given by 
the superposition equation 


e=ente’+e"+e, 


The ultimate recovery voltage for this 
case becomes 


e= E,—(E,—en,)— { Aen" sin (of fT) 
Wo 


Je-™} (15) 


where 


A= q3-m+(2-7) 


%Y 
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Figure 11 


(a). Exponential decay of current in the cur- 

rent-zero region. The resulting recovery 

voltage is obtained (equation 15) by adding 

the voltage produced by the exponential cur- 

rent, ix (equation 14) to the case of vertical 

cutoff (equation 10). Computed case shown 
in Figure 14° J 


1 
A method of producing current zeros at 
any point on an exponential basis 


(b). 


\=—? when a=time constant 
a 


ve 
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- nonlinear current-zero phenomena, 


Figure 12. A\rc-gap-resistance variations in 

the current-zero region as defined by the ratio 

of recovery voltage, e, to the corresponding 
arc-gap current, j 


High-rate phenomena tend to produce are- 
gap resistances which approach infinity at 
actual current zero. Low-rate phenomena 
produce arc-gap-resistance variations which 
indicate a finite arc-gap resistance at current 
zero. Figure 10 sheds additional light on the 
mechanism of low-rate phenomena 


b wY YN 
aa(24y); ro) n=i(1+2) 


The recovery voltage resulting from 
the exponential decay (equation 15) 
is plotted as one of the cases shown in 
Figure 14. When the time constant of 
the exponential decay is a (radians), 
then A=,/a. In equation 15, as in 
equations 10 through 13, the angle wy 
is always positive. This indicates that 
i, of equation 5, which is the magnitude 
of the rectangular cancellation current, 
is included in all subsequent equations 
with a negative sign. This is also true 
of equation 15, and, in addition, the sign 
of the exponential component has been 
considered as positive, Thus in equation 
15 when ¢=0, e=en,; when A=0, equa- 
tion 9 results. When A= ©, equation 10 
results, and so forth, 

The exponential solution of equation 
14 may also be used to fabricate various 
By 
permitting both the rectangular can- 
—cellation current —i, and the initial 
“magnitude of the exponential current 7, 
to be increased to i,’ (see Figure 11b), 
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Figure 13. Some typical recovery-voltage 
circuits having two natural frequencies 


All are equivalent to circuit a.8 Can- 

cellation current components produce re- 

covery-voltage components in each of the cir- 

cuits as dictated by the natural frequencies and 

in amplitude proportional to the respective 

inductances. Damping of these oscillations is 
important 


current zeros may be obtained at any de- 
sired point on an “exponential” basis, 
The balance of thenegative current which 
would approach (7,—%/) may be can- 
celled by adding at ¢=0 the cancellation 
current (i,’—4,)(1—e7*9). This com- 
ponent could be neglected in the majority 
of cases. In some cases slight negative 
currents are representative of true con- 
ditions and represent glow states within 
the interrupter, Under such conditions 
the recovery-voltage transient must pass 
through zero with the current in order to 
avoid an ambiguity in the concept of 
are-gap resistance, 


Arc-Gap RSISTANCE 


Although the solutions presented here 
consider the resistance R to shunt the 
are, it is not intended that this resistance 
necessarily be considered as the are re- 
sistance. Are-gap resistance is a by- 
product of this analysis. It is defined 
as the ratio of are-gap voltage to arc-gap 
current and at all times must remain a 
positive quantity, Inasmuch as the 
recovery voltage ¢, as developed in the 
relations presented, is initiated at the 
point of current diversion G and prior 
to current Zero, it follows that are-gap- 
resistance variations are available for the 


entire period by expressing the ratio of 


are-gap voltage e to the corresponding 
instantaneous current 7, 

Consider the case where the current 
proceeds normally to zero along the 
path DGP in the presence of a constant 
are voltage eg, The are resistance is then 
the reciprocal of the current (Ry = ép/i) 
and will approach infinity as the current 
approaches zero, ‘This resistance varia- 
tion is shown as curve a in Figure 12, 
In spite of this distinctly nonlinear re- 
sistance characteristic the solution of the 
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Figure 14. Numerical solutions describing 

the nature of various recovery transients as 

influenced by current-zero phenomena and 
damping 

Curve 1—Normal current zero, no damping 

Curve 1b—-Normal current zero, with damp- 

ing, b#O0,Qw, 
Curve 2—Vertical cutoff, ~=0.5r (90 de- 
grees. No damping 

Curve 2b—Vertical cutoff, with damping. 

b=0.2u, 


Curve 3a—Exponential current-zero  phe- 


nomena. Voltage resulting from injection of 
cancellation component ipe” (equation 14, 
Figure 11) ; 


Curve 3b—Total recovery voltage as a result 
of exponential decay, including damping. 
3b=3a+2b (equation 15) 


arcing period! was accomplished by 
linear equations and did not require the 
direct consideration of this nonlinear re- 
sistance parameter, 

When the current is diverted to ap- 
proach zero at a faster rate than normal 
(high-rate case Figure 12) the initial 
recovery voltage exhibits a negative dip 
contributed by the rectangular cancella- 
tion component, which, together with 
the more rapid decay of current, gives 
rise to a resistance characteristic which 
departs from a, Figure 12 and follows 
curve 6. Again the resistance is per- 
mitted to approach an infinite value 
at current zero, For this reason the re- 
covery voltage inherently cannot pass 
through zero until after the current has 
reached zero, Interrupters which “force” 
the current zero are capable of developing 
rapidly increasing are-gap resistances; the 
resulting overvoltages, however, place an 
additional stress on the, are gap which 
sometimes tends to offset the apparent 
gain in dielectric strength, 

When the current is diverted to ap- 
proach zero at a slower rate than normal 
(low rate of Figure 12) both triangular 
cancellation currents are positive (Figure 
4) which permits the are-gap voltage e to 
depart from the are voltage én, and bend 
immediately toward the voltage axis. 
This decreasing are-gap voltage,  to- 


} 
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gether with the higher per-unit are cur- 
rent, define an arc-resistance variation 
which follows curve C of Figure 12. This 
characteristic indicates that a finite re- 
sistance is being approached as the cur- 
rent approaches zero. If this current is 
assumed to become entirely extinguished 
at current zero in the presence of a finite 
are-gap voltage, then the are-gap resist- 
ance becomes discontinuous at current 
zero, jumping suddenly to infinity. 
Under certain conditions this is a practi- 
cal assumption; however, an artifice 
more in keeping with the physics of the 
phenomena would permit the arc-gap 
resistance to become discontinuous at 
current equal zero but to approach a 
new high finite resistance level. 


This practical condition may be con- 
sidered within the boundaries of the de- 
veloped equations without introducing 
new initial conditions at the instant of 
current zero; namely, by the expedient 
of permitting this high arc-gap resistance 
to be present throughout the current- 
zero period. This resistance may there- 
fore be represented completely, or in part, 
by the parameter R but considered as 
part of the arc gap. Figure 10 describes 
these considerations. Here the arc-gap 
current is considered divided into two 
parts, the gaseous component 7 and the 
resistance component (fg). The gaseous 
current component is assumed to follow 
the line DGO (Figure 10), as decribed in 
this paper for the circuit of Figure 7c. 
The resistance current component is 
then the resulting recovery voltage (equa- 
tion 12—low-rate case) divided by the 


Figure 15a. Numerical solution describing 

the influence of the diversion angle a on the 

magnitude and position of the crest value, e,,, 
of the recovery transient 


No resistance damping included. The dotted 
region implies improbable conditions and 
shows that low-rate phenomena are more prob- 
able under conditions of high arc voltage’ 
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resistance R, The true arc-gap current is 
then the sum of the two currents. The 
reason for the new diversion of total are- 
gap current at O’ to F is clear and reca- 
pitulates the basic cause of the initial di- 
version at G. A still clearer insight into 
the basic mechanics of the low-rate case 
may be obtained by adding to the current 
i (DGP), which produces the voltage e 
of equation 9 (resistance and no diver- 
sion), the resistance current e/R. The 
arce-gap resistance R, then becomes 


-| em,R t j_eR t 
Ke= en tRt OT etR ai 


(16) 


and is equal to Rat f=0. The approxi- 
mation of the true nature of current 
diversion seems strengthened when com- 
pared to the preceding case. _ 

At the outset, the nature of the are-gap 
resistance following current zero should 
be made clear. Since this analysis is 
dealing with phenomena which take place 
on a microsecond scale, it is a fairly 
safe approximation to consider this are- 


* gap resistance to remain constant for the 


interval from current zero through the 
first positive recovery-voltage crest. Ac- 
tually this resistance increases, probably 
exponentially, to the open-circuit insula- 
tion resistance in a matter of a few 
hundred microseconds. It is a purely 
transient parameter, and in no way 
should it be interpreted as permitting a 
permanent current to flow across the 
interrupter following current zero. 

The preceding concept of permitting 
the current within the interrupter to be 
divided between the main are current 
in the gaseous medium and the current 
through the transient leakage paths 
within the interrupter, during and im- 
mediately following interruption, has 
been of considerable aid in analytically 
interpreting the cathode-ray oscillograms 
depicting the behavior of a wide variety 
of commercial designs. The degree to 
which the beneficial action of a controlled 
transient leakage path within an inter- 
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ae 
rupter has been mastered is demonstrated 
by the cathode-ray oscillograms (Figures 
18 and 19) showing the mildly oscillatory 
recovery voltages associated with the 
performance of Magne-Blast air circuit 
breakers. The recent extension of this 
line of circuit breakers to include 15-ky 
service and higher interrupting capacities 
is described in a separate paper? Its” 
consideration will shed additional light on 
the design of a modern air interrupter 
which incorporates these desirable tran- 
sient-resistance characteristics in its nor- 
mal performance. Other oscillograms 
showing this action may be found in 
reference 1. Not all of the apparent 
damping exhibited in these records may 
be attributed to resistance damping, how- 
ever. A more complete description of 
damping phenomena follows. 


DaMPING OF RECOVERY-VOLTAGE 
OSCILLATIONS 


One of the most interesting observa- 
tions to be made in the analytical treat- 
ment presented here is the manner in 
which the nonlinear portion of the are- 
gap resistance (prior to current zero) 
has its effect upon the magnitude of the 
recovery oscillation. Those interrup- 
tions in the low-rate region (Figure 1) 
which permit the arce-gap resistance to 
approach a finite resistance at current 
zero (Figure 12) give rise to two similar 
recovery-voltage components displaced 
by a degrees. Theoretically, if this 
interval of separation, a, represented 180 
degrees of the natural period, then the 
recovery-voltage components would be 
completely out of phase, and their addi- 
tion, following wi=ae, would appear as a 
smooth curve with no trace of the os- 
cillatory nature of the circuit, A casual 
inspection of stich a condition would give 
the impression of enormous damping. 


Figure 156. Corresponding influence on the 
tate of rise of recovery voltage 


“No resistance damping 
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A natural, but erroneous, conclusion 
would be that a low resistance path was 
present following current zero. This 
limiting case is, however, impossible of 
attainment. It is clear, however, that 
this condition can be partially approached 
and still permit the arc-gap resistance 
following current zero to be expressed in 
megohms. 

Apparent damping of the recovery 
oscillations may, therefore, be divided 
into two separable components 
1. The neutralizing action of the two re- 


covery-voltage components which arises as 
a result of their out-of-phase relationship. 


2. The normal resistance damping of both 


of the recoyery-voltage components as a 
result of the resistance R which shunts the 
interrupter both before and immediately 
following current zero. 


The nature of the resistance R is dis- 
cussed more fully in the previous section 
under the heading of ““Arc-Gap Resist- 
ance.” The effect of circuits having two 
natural frequencies introduces an addi- 
tional component peculiar to this prob- 
lem and is discussed under that heading. 


Cireurrs Hayvinc Two NATURAL 
PERIODS 


It has been shown’ that all the practical 
recovery-voltage circuits encountered in 
the field which have two natural fre- 
quencies may be reduced to the equiva- 
lent circuit shown in Figure 13a. It 
follows that any of the cancellation cur- 
rents previously considered, when ap- 
plied to this circuit, will produce voltage 
oscillations across each of the circuits as 
indicated by the equations developed in 
this paper. Cathode-ray oscillograms of 
interruptions which take place in the 
high-rate region (Figure 1) will exhibit 
both frequencies in the recovery-voltage 
oscillation, the higher frequency being 
the more highly damped. The magni- 
tude of the respective oscillations is 
proportional to the voltages associated 
with the inductances of this circuit.? 
When the air interrupters of the magnetic 
type are tested on the same circuits, how- 
ever, the low-rate imterruptions permit 
the leakage resistance R to be developed 
prior to current zero as described. The 
exact method of dividing this resistance 
effectively across the two circuits of 
Figure 13a is not known; nevertheless, 
the result, invariably, is to find the high- 
frequency component so highly damped 
as not to be discernible-on the cathode- 
tay trace. This damping may arise as 
a result of several actions, namely 


(a). Nonoscillatory relations. 


_ (6). The displacement angle between the 
two cancellation components @ which can 
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more readily permit the two high-frequency’ 


components to neutralize. 


In other words, the aforementioned 
high-frequency component in the recovery 
oscillation is absorbed within the resist- 
ance changes which take place between 
current diversion and current zero, and 
in addition this region is capable of 
imparting considerable (apparent) damp- 
ing to the low-frequency component of 
the recovery oscillation as previously de- 
scribed. The loss of the high-frequency 
component fg leaves but one frequency 
fe to appear on the recovery-voltage 
trace, and this in turn is limited in magni- 
tude (exclusive of damping) to the.voltage 
associated with the inductance Lz shown 
in Figure 13a. Asa result the magnitude 
of the remaining single-frequency oscilla- 
tion in circuits having two natural fre- 
quencies is inherently lower than had the 
high-frequency circuit not been present. 
This fact, in the majority of cases, per- 
mits, the double-frequency circuits of 
Figure 13 to be slightly less severe for 
low-rate interrupters while tending to 
be more severe for the high-rate inter- 
rupters. 


APPLICATION TO D-C INTERRUPTIONS 


The interruption of d-c solenoids, trip 
coils, field circuits, and so forth, may be 
analyzed quite readily by the use of the 
triangular cancellation currents alone. 
The actions are, in gereral, so slow as to 
be able to neglect the inherent capaci- 
tances of the circuit. When capacitors 
are present across the switch, the solu- 
tions in this paper are valid. For the 
circuit without capacitance considered, 
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Figure 16. Numerical solutions describing 

the evolution of the recovery-voltage transients 

as a function of the diversion angle a, for a 

value of ¥ equal to the period of the natural 
frequency 


No resistance damping is included. Disruptive 
voltages can be produced when y is large and 
a small 


it can be shown by cancellation prin- 
ciples that the maximum voltage which 
appears across the solenoid is 


ERL §,_-(4)4) 


eeaeee a7 
(R4 arts } ) 


&m = 


where 


E=normal d-c voltage 

R=resistance shunting the coil, ohms 

L=inductance of coil circuit, henrys’? 

r=resistance of coil circuit, ohms 

t;=time in seconds for the switch to bring 
the steady-state d-c current linearly to 
ETO 


A plot of this relation will show the 
importance of #, in relation to R. For 
vertical cutoff interruptions of d-c cir- 
cuits the inherent capacitances cannot 
be neglected. 


INFLUENCE UPON RECOVERY RATES 


For application purposes the rate of 
rise of recovery voltage, as determined, 
is a circuit constant and is independent of 
the action of the circuit breaker and is 
usually computed independent of any 
damping afforded by the series resistance 
r of the circuit. For single-frequency 
circuits, equation 6 expresses the re- 
covery voltage in its simplest terms. 
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Recovery rate is defined as the maximum 
slope drawn from current zero to the 
recovery-voltage characteristic (Figure 


15b). The results of equation 6 there- 
fore form the natural bench mark with 
which to survey the recovery character- 
istics of single-frequency circuits, with 
their corresponding rates of rise, which 
accrue as a result of the action of the 
breaker. 

The ultimate recovery voltage ex- 
perienced by a circuit breaker may be 
broken roughly into four parts: 


1, The influence of the circuit constants 
and connections including the damping fac- 
tors offered by series and shunt resistance 
exclusive of the breaker. These may be 
termed the static factors. 


2. The asymmetry of the fault current 
experienced by the breaker with the parting 
of contacts. This is a random phenomenon 
and is capable of influencing considerably 
the events which take place within the arc- 
ing period. In this section should be in- 
cluded the random angle between the cur- 
rent zero prior to arcing and the parting of 
contacts. These may be termed the random 
factors. 


3. The arcing period is capable of playing 
a tremendous part in influencing the re- 
covery period. It determines the factors 
i,—(E£i—ep,) in equations 8 through 13. 
Because of the random factors listed, to- 
gether with the action of the breaker, any 
magnitude of are voltage eg, (within design 
and circuit limitations) may occur with 
any value of £;. The arcing period also is 
capable of so influencing the arc gap follow- 
ing interruption as to permit short-lived 
glow states to exist in the microsecond period 
following current zero. This in turn in- 
troduces an additional damping factor in 
the form of a shunt resistor R, which is 
present long enough to modify the first 
peak of the recovery transient. 


4. The action of the breaker in permitting 
the current path to be modified in: the 
region of current zero may be termed the 
true current-zero phenomena. It has a 
direct and positive effect upon the ultimate 
recovery characteristics. This action is not 
independent of the arcing period which in 
turn is somewhat dependent upon the 
random factors. The magnetic-type air 
circuit breakers appear to offer the greatest 
opportunity in controlling this current-zero 
action 111 
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Figure 17. Cathode- 
ray oscillograms 
which exhibit typical 
characteristics associ- 
ated with the vertical 
cutoff of current in 
the region of current 
zero 


See Figure 2 and equation 10 


It is beyond the scope of this paper to 
present curves of the many possible 
combinations of these variables. One 
such problem is presented in Figures 15a 
and b. Here is shown the case of current 
diversion taking place one quarter of the 
natural period before the normal current 
zero P. This solution (equation 12) 
is based upon the relations between es, 
and £, as exhibited in Figure 6a for the 
flat-top are voltages characteristic com- 
mon to several successful commercial 
interrupters.1° These curves assume a 
single-frequency-circuit rate of rise of 
‘5,000 volts per microsecond as would be 
given by equation 6. Figure 15a shows the 
variations which take place in the maxi- 
mum value of recovery-voltage transient 
as the current, pivoted at G, is permitted 
to swing from a=0 to a=180 degrees. 
The recovery-voltage angle 6r is also 
plotted which enables the rate of rise 
curves shown in Figure 15b to be com- 
puted. 


Figures 15a and b reveal not only the 
influence of the diversion angle a but 
show the effect of the flat-top are volt- 
ages upon the crest recovery voltages 
and the corresponding rates of rise. The 
values of k shown on Figures 15a and b 
are the are energies in watt hours per 
megavolt-ampere as a result of the flat- 
top are voltages produced in a zero- 
power-factor circuit under symmetrical 
conditions... The flat-top arc voltage 
of 31 per cent of the generated crest is 
the condition for maximum are energy 
under these conditions. 


No resistance damping is considered in 
the curves of Figure 15. Resistance 
which develops during and following in- 
terruption as a result of the presence of a 
short-lived glow discharge would cause 
these curves to fall still lower in the low- 
rate region. Interruptions in the high- 
rate region are not likely to experience 
the benefit of glow-discharge effects. 
The problem of resistance damping is 
discussed more fully under that heading. 

One interesting aspect of Figure 15 
is the time relation of actual current zero 
(from which recovery voltage is meas- 
ured) backward to the energy developed 
during the previous arcing period. The 
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high-rate interruptions are not only 
closer, in time, to the arcing period but 
impress a higher voltage across the gap. 
The low-rate interruptions, on the other 
hand, delay the current zero and in turn 
permit a lower recovery voltage and rate 
of rise to exist. This action tends to 


accentuate effectively the variations ex- ,. 


hibited between the two regions. The 
are-gap-energy characteristic during the 
diversion period is available from the 
equations presented in this paper but 
is beyond the scope of this presentation. 


OTHER APPLICATIONS 


Brief mention has been made of the 
mechanism of the generation of over- 
voltages by the too rapid extinction of 
the current prior to normal current zero.” 
(See Figure 16.) This phenomenon is 
sometimes encountered with the inter- 
ruption of small, highly inductive cur- 
rents by interrupters of the fluid type. 
The conditions which bring this about 
become accumulative as the inductive 
current is decreased, namely: 


1. Small currents are more easily cooled 
and hence more likely to become unstable 
before a natural current zero. 


2. Higher natural-frequency circuit is as- 
sociated with smaller magnetizing induct- 
ance. 


3. The angle y increases for a given instan- 
taneous cut-off current. 


These conditions are further accentu- 
ated in the arc-furnace*® application 
on the following counts: 


1. Lower than normal magnetizing current 
when supplied from the high side. 


2. Close proximity of the breaker to the 
transformer which further increases the 
natural frequency due to the small inherent 
capacitance to neutral. 


3. Frequent interruption of magnetizing 
current. 


Two solutions are available: 


1. Decrease the natural frequency (smaller 
W) by the addition of shunt capacitors in 
parallel with the transformer.*® 


2. Employ an air interrupter which is 
capable of interrupting magnetizing current 
efficiently in the low-rate region, thus avoid- 
ing the primary cause of the overvoltage.” 

One of the most practical applications 
of this work is the opportunity it affords 
to predetermine the relative severity of 
various circuit applications for a given 
interrupter, its performance character- 
istics being available on a known set of 
circuit constants. The relative severity 
of various circuits will be different de- 
pending upon the current-zeto character- 
istics of the interrupter. For interrupters 
which exhibit low-rate phenomena, rela- 
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circuit phenomena. 


Single-frequency 
‘Compare with the analysis shown in Figure 10 


(a). 


as 
(6). Low-rate phenomena in a circuit having 
two natural frequencies, the higher of which is 


“shock-excited”’ in a manner similar to (a) and 
described in Figure 10 


Figure 18. Cathode-ray traces which exhibit 

phenomena in the low-rate region and which are 

accompanied by evidence of transient-resistance 
characteristics 


tive circuit severities all but disappear 
leaving the circuit voltage and _ short- 
circuit kilovolt-amperes as being the 
major considerations. 

On a development-design basis, the 
variations of the current-zero character- 
jstics can be traced and catalogued with 
respect to the arc-chute-design changes. 
In this manner the factors which contrib- 
ute to the most desirable current-zero 
characteristics can be determined and 
incorporated in the completed design.'° 


Summary 


1. A straightforward method of determin- 
ing the interrelation of recovery-voltage, 
are-current, and arc-resistance variations 
has been presented. 


2. A study of the complete pendulum 
action of the current in the region of current 
zero has permitted a keener insight into 
generation of the complete family of re- 
covery-voltage characteristics associated 
with both oil and air circuit breakers. 


3. Interrupters which exhibit large arc 
voltages over the entire arcing period experi- 
ence reduced recovery-voltage oscillations 
and have the additional advantage of 
operating in a region which permits the 
current to be diverted and approach zero 
at a rate slower than normal. 


4. Conversely, interrupters which develop 
low are voltages are, in general, capable of 
producing greater than normal rates of 


_ change of current in the current-zero region. 


Hence, under conditions of small inductive 
currents in circuits of high natural fre- 


“quencies, this action leads to overvoltage 


conditions which must’ be considered in 
their application. 


5. The concept of dividing the are cur- 
rent into parallel paths, the gaseous medium 
and the transient leakage path, has not 
only permitted the determination of the 
exact nature of interrelated variations of 
current and voltage but also gives a clearer 


insight into the mechanism of circuit inter- 


ruption. 


(a). Interruption which.occurs with es, =0.6 
and Ey =0.7 


(b). Cathode-ray trace of a leading phase- 
angle interruption of a zero-power-factor 


short circuit. Low-rate phenomenon is ex- 
hibited in which es, =0.60 and &; is negative 
at —O0 95 


Figure 19. Typical low-rate phenomena as- 
sociated with the performance of the Magne- 
Blast air circuit breaker!? 


6. Apparent damping of the recovery oscil- 
lations has been shown to be due not entirely 
to resistance effects but to a combination 
of resistance, heterodyning action (out-of- 
phase relationships) of the recovery-voltage 
components, and the early loss of the high- 
frequency component in circuits having two 
natural frequencies. 


7. The method of attack lends itself to 
the study of any type of current-zero 
phenomena in any circuit involving the a-c 
are. 


8. Circuit interrupters which employ the 
beneficial aspects of a controlled current- 
zero phenomenon have been indicated. 


Appendix A 


Solution of the Voltages Resulting 
From the Introduction of the 
Rectangular (i,) and the Triangular 
(E,—e,,)t/L Cancellation Currents 
in the Circuit of Figure 7c 


The generated voltage is assumed con- 
stant at #, during the current-zero interval. 
The presence of are voltage (eg) in a zero- 
power factor circuit permits the current to 
have the slope (#,—ep,)/L in the current- 
zero region, where eg, is the instantaneous 
are voltage just prior to current zero,! 
Hence, the voltage ep, is one of the terms of 
the recovery voltage and is the contribution 
of the circuit current. The cancellation cur- 
rents are always introduced ‘‘through the 
breaker’? and hence encounter the parame- 
tersof R, L, and C (Figure 7c) in parallel. 
As dictated by superposition principles, all 
other sources of current are considered re- 
moved but retain their through impedances. 
In this light, the parameter L (Figure 7c) 
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always includes the inductance of the pri- 
mary source of current. Since we are deal- 
ing with phenomena in the region of current 
zero, the L parameter may be considered 
constant as those portions of the circuit con- 
taining iron will not be influenced by satura- 
tion.'$ 

Since the parallel impedance of Z;, Zs, 
and Z; is 


J -Zi-Za-Zs 


wisely 2.2; { 


(21) 


the operational impedance of Figure 7c, 
viewed from the breaker, may be obtained 
by substituting 


1 
A= RS (Za= Cp’ and Z;=Lp 
Performing this operation and reducing, we 
have 
P 
P Cc 
Z(p)= PS’ 5% 1 (22) 
ARO. LC 


The voltage e’ resulting from the rectangular 
cancellation current #)-1 is therefore 


e’=Z(p) iol 

which becomes 

Hee eee fee st (23) 
C\ pP+2bp +e? f 

where 


b=1/2RC and w,?=1/LC 


From a table of operational relationships,® 
however 
f -4 

© 
eee Zl a \, =-— sin wf 
Lprt2dptea%f  —~ « 


(24) 


where w*=(w,2—0*) and remains positive. 
It follows therefore that e’ becomes 


e = . 
e! sin wt 


paabe 
wl 


ex 


(25) 


The voltage e” resulting from the injection 
of the triangular cancellation current #(é) 
=(Fi—ep,)t/L (see text) becomes 


We" l 
Qp-te,!f 


e” =Z(p)i(t) =(Bi-en) 
(26) 


This is made possible by the operational 
formula 


(27) 


From the operational relationship 


Wome as 
peat 
[1-* e" sin (atte) | (28) 
w 


where again w? = (w,?— b*) and remains posi- 
tive and tan ¢=w/), it follows that 


c= (Een). eo sin (atop (29) 
w 
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Both e’ and e” are zero for £=0. The afore- 
mentioned relationships hold for Figure 7a 
when R= o (or b=0) and w=a, 

e’ then becomes 


aN L/C Sin wot 
and 


e” =(E,—es-) {1— cos wt} (30) 

Relationship of equations 25 and 29 are 
accurate to a high degree for the circuits of 
Figure 7b- by permitting b=r/2L and 
w?=(w,?—b*?). This procedure neglects a 
term similar to equation 28 whose coefficient 
is ir. This term is negligible compared to 
the master term whose coefficient is 7,/wC. 
This is equivalent to considering 7 in rela- 
tion to V L/C. For the triangular cancel- 
lation current the error is smaller since the 
initial slope is truly (Hi—es,—i,r)/L and 
tends to neutralize the error referred to. It 
can be assured that these errors are neg- 
ligible in comparison to the natural assump- 
tions made in a study of this type. 

The circuit of Figure 7d may be considered 
by converting 7 to R of Figure 7c as described 
below equation 2. This is subject to the 
same negligible limitations. 


Appendix B 


Development of Compact Expressions 
for the Recovery Characteristics 
as Exhibited by the Cancellation 
Equations of Figures 2, 3, and 4 


A study of Figure 2 together with Ap- 
pendix A reveals that the recovery-voltage 
characteristic for the case of sudden cutoff 
becomes 


e€=ep,+e'+e" =(en,+equation 25+ 


equation 29) (31) 


Making this addition as dictated by Figure 2, 
we have 


e=E, saat —ep,) cos wt+ 


+ -i Be Be AT) 
oC 0 OR sin wt ¢ (32) 


The use of such an expression becomes of 
more practical value when expressed in 
terms of the natural period of the circuit. 
The base chosen is the period, 7,, of the 
natural angular velocity w,. An inspection 
of Figure 2 will show that when y is meas- 
ured in seconds 


E,— CB, hin 
L v 
When y is measured in radians 


a a) E\—eB, v 
: 1, Wo 


When this substitution is made in equation 
Be 


(33) 


(34) 


e 


| Ei: —(E:—en,)e~™+ M- sin (wt+6)} 


b 
a=(2 +9) 
Wo 
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(35) 


S/ra\s 
u=fq{o4(2) and tan s-(.) (36) 
a Wo WB 


When y=0, no vertical cutoff occurs, and 
B=b/w; M=a,/w and 6=¢ and equation 35 
reduces to es, +e” (see equation 29). 
When £,=E,, e2,=0, b=0, and y=27; 
then em =1+V1+4r?=7.35 or 7.35 times 
normal crest. If y were reduced to 0.4m by 
increasing the capacitance 25 fold, then 


ém=1+V1+45?X0.04=2.61 


Development of Recovery-Voltage 
Equations for the General Case of 
Current Diversion in a Single- 
Frequency Circuit of Figure 7c 


For the general case of current diversion, 
requiring the introduction of two triangular 
cancellation components (Figures 3 and 4) 
having respectively the slopes kz and k; 
times the initial current slope; the latter 
being introduced a@ radians following the 
first, the expression for e following wt!=a 
may be expressed as 
e=eB,+ke" (t) + ke" (t—a) (38) 


From plane geometry it can be shown 
that 


kg=p/o (39) 

amy gary t (40) 
Qa 

and 


Making all substitutions in equation 38 
and reducing, we have 


e=E,— (Bienen! {ke sin (wtt+ $)+ 
. w 


kyk, sin (wtto—a)} (42) 


where 


kg = eba/e 


Reducing further 
stitution, we have 


by trigonometric sub- 


e=E,—(Ei—en,)-Ky-€ "X 
sin (w!+q¢—6,) for t>= (43) 
@ 


k3-kg- si 
Tan hee 3°Rs- SIN @ 
Rot+ks-ky- cos a 
When resistance damping is neglected, 


b=0; ki=1.0; w,/w=1.0 and 6 =90 degrees. 
Then 


Ky =K,=\/ 1 Sok hyd cone) 


The undamped recovery voltage then be- 
comes 


e=E,—(Ei—en,)-K,- sin (wot+90° —8,) 


where 


mnipls k3-sin a 
ig Ro+ks« cos a 
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y At 


/ 
When. no diversion occurs, ke=0 and 


k3=1. Hence Q=a=y~=0 and K,=1.0. 
Under these conditions, 


e={E,—(E,\—ex;) - cos wot } 


Then should the are voltage, e,,=0 and 
E,=Em, we obtain e=Em(1— cos wot). — 

This is the simplest recovery voltage for 
a single-frequency circuit and the one 
normally assumed in determining the basic 
rate of rise of voltage of the circuit inde- 
pendent of the action of the interrupter. 
In contrast, the recovery-voltage expression 
of equation 48 includes all aspects of dis- 
placement, resistance damping, are voltage, 
and the complete pendulum action of the 
current in the region of current zero. 

For all the equations of the general case 
involving k and k; it is clear that they are 
only valid for values of ¢ equal to or greater 
than a/w. For values of time less than 
a/w the recovery voltage is expressed by the 
equation 


e€=ep, tke" (t) (46) 


which becomes 
Wo —dt 
cmboem th] B.—(Bi—en)” € x 
@ 


sin (at+4) for t<a/u (47) 


Nomenclature 


E=generated voltage, open circuit across 
breaker 

Em =crest magnitude of generated voltage, 
assumed 1.0 

E, =instantaneous value of generated volt- 
age at interruption 

ep=are voltage, function of time 

en, =instantaneous are voltage at current 


diversion 
e=recovery voltage following current 
diversion 
&m=crest value of recovery-voltage tran- 
sient 


y=angle behind normal zero at which di- 
version occurs, radians* 
a=angle from current diversion to actual 
current zero, radians* 
k3=W/a=per-unit slope of second triangu- 
lar cancellation current 
Qa 


ko =(1—kg) = (=) = per-unitslopeoffirst 
Qa 


triangular cancellation current : 
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The Capacitor—an Aid to Electric- 


Power Service for Pipe Lines 
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N the over-all design of an electrified 
oil pipe line, power service constitutes 
a major problem, not only because of its 
importance in the economic structure, 
but also because it is a problem more 
varied in its component parts than almost 
any other phase of the project. Station 
designs are for the most part repetitive; 
power-service facilities, up to the point of 
delivery, vary widely from station to sta- 
tion. In the completion of three recent 
major pipe-line projects, power service 
has been facilitated in numerous instances 
by capacitors; in some cases, under condi- 
tions imposed by wartime conservation of 
power-service materials, capacitors have 
been the key to successful station opera- 
tion. 


Power Service to Pipe-Line Pumping 
Stations 


Trunk oil pipe lines of today range in 
size up to 24 inches in diameter and up to 
1,400 miles in length. Such are the 
dimensions of the line popularly known as 

‘the “Big Inch,” now under completion to 
carry 300,000 barrels of oil per day from 
Texas to the Atlantic seaboard. In 
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usual modern trunk-line practice the 
task of propelling the oil through the pipe 
is performed by centrifugal pumps in 
stations at intervals along the line, with 
one, two, or three pumps operating in 
series in each station. In the major pipe- 
line projects of the last several years these 
pumps are driven by electric motors of the 
squirrel-cage induction type, in ratings 
ranging up to 1,500 horsepower per unit. 

The installed motor capacity on a large 
line totals as much as 131,000 horsepower 
in the case of “Big Inch,” 126,000 horse- 
power of which is applied to main-line 
pumping. Data on motor capacity, 
units per station, average spacing of sta- 
tions, and number of stations are given 
in Table I for three major lines. 

From this table it can be appreciated 
readily that power service is a large factor 
in pipe-line design, and, with load factors 
well above 90 per cent the rule, power 
cost is an important item in operating ex- 
pense. As an indication of just how im- 


portant it is, the annual power bill for 


operation of the “Big Inch’’ line will be 
some $6,000,000. 

The whole character of pipe-line opera- 
tion and, in turn, of power supply stems 
from subdivision into stations separated 
geographically but joined physically. 
Reference may be made to a discussion 
presented elsewhere! of the hydraulic 
conditions determining station spacing 
and location, A brief summary of it 
follows. 

For a given condition of pipe, fluid, and 
rate of flow, the friction pressure drop per 
mile is fixed. Interchangeability of 
pumping equipment requires that the 
station incremental pressures be uniform 
throughout the line. Under these condi- 
tions the station sites are determined 
quite rigidly by the profile of the line, 
without appreciable flexibility. In re- 
gard to power service, then, station loca- 
tions cannot be chosen to facilitate line 
construction; rather, power service must 
be extended to station sites as determined 
by pipe-line hydraulics. 

In planning power service, considera- 
tion must be given, of course, to both the 
maximum running load and to voltage 
conditions incident to motor starting. 


Figure 1. Three 1,500-horsepower 1,780-rpm 

motors with switchgear for incoming 2,300-volt 

power and reduced-voltage starting control 

in 24-inch-line station of War Emergency 
Pipelines, Inc. 
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CAPACITOR Figure 2 (left). Powet-service 
SECTIONS Be INCOMING POWER and capacitor arrangement in 
4 En Gai 24-inch-line station of War 
S77 Emergency Pipelines, Inc. 
t 
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Fortunately, from the standpoint of 
power supply, on the larger pipe lines 
employing the higher total horsepowers 
per station it is economical to divide the 
load into as many as three units. This 
results in a much more advantageous 
ratio of motor starting current to running 
current than exists in a single-unit sta- 
tion. 


Capacitor Applications 
on the War Emergency Lines 


The 24-inch line has, in general, three 
1,500-horsepower motors per station, 
each with a full-load input of 1,285 kva 
at 0.92 power factor, or 1,181—7501 kva. 
Starting current per motor is 1,500 am- 
peres (locked) at 0.22 power factor, or 
1,318—75,840 kva at 2,300 volts. Total 
running load per station is 3,546—j1,503 
=3,860 kva. The demand with two 
units in operation and the third motor 
starting at full voltage is 3,682 —76,844= 
7,770 kva, or about 200 per cent of station 
full-load kilovolt-amperes. A number of 
stations employ reduced-voltage starting 
by autotransformer, the demand during 
starting being then, with 80 per cent tap 
starting voltage, about 3,208—74,740= 
5,730 kva, or 150 per cent of station 
full-load kva. Figure 1 is a typical view 
of motors and switchgear in one of the 
24-inch-line stations. 

The 20-inch line has, in general, three 
1,250-horsepower motors per station, 
each with a full-load input of 1,050 kva at 
0.93 power factor, or 986—7394 kva. 
Starting current per motor is 1,480 am- 
peres (locked) at 0.24 power factor, or 
1,370—75,730 kva at 2,300 volts. Total 
running load per station is 2,958—71,182 
=3,180 kva, and the demand with two 
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Figure 3 (right). Outdoor ca- 

pacitor construction as used on 

certain 20-inch and 24-inch 

War Emergency . Pipelines 
stations 


units in operation and the third motor 
starting at full voltage is 3,342—j6,518= 

7,320 kva, or 230 per cent of station full- 

load kva. With 80 per cent tap starting 

voltage, the demand during starting of. 
the third unit is 2,849—74,448=5,280 

kva, or 170 per cent of station full-load 

kilovolt-amperes. 

Since the ratio of starting demand to 
full-load running demand is not excessive 
in these stations, the use of capacitors is 
directed primarily to improving the run- 
ning-load power factor in order to facili- 
tate carrying the station loads with 
minimum reinforcement of existing facili- 
ties, 

On the 24-inch line, capacitors are 
employed at three station sites. In each 
case the total station bank is divided into 
three sections, as indicated in Figure 2. 
Each section is associated with one motor 
and is equipped with an electrically 
operated circuit breaker controlled: to 
switch on and off simultaneously with the 
corresponding motor. Two of the sta- 
tions have, each, three 720-kva sections, 
and one station, three 360-kva sections. 
Each 720-kva section operates in com- 
bination with its motor at full load with a 


slightly leading resultant power factor, 
making 219 capacitive kilovolt-amperes 
available to the power system. Each 
360-kva capacitor section operates in 


combination with its motor with a 
slightly lagging resultant power factor, 
drawing 141 reactive kilovolt-amperes 
from the power system. ; 
On tke 20-inch line a similar arrange- 
ment of capacitors is employed at four 


stations; two stations having, each, three 


720-kva sections, and two having, each, 
three 360-kva sections. Here each 720- 
kva capacitor and motor combination de- 
livers 326 capacitive kilovolt-amperes to 
the power system, and each 360-kva 
capacitor and motor combination draws 
34 net reactive kilovolt-amperes, 
_ Each capacitor section is equipped 
with an overvoltage relay to trip the 
capacitor breaker in case of overvoltage 
resulting from self-excitation of the asso- 
ciated motor. 
A 120-mile 110-kv transmission line 
along the pipe-line right of way will serve 
three station sites common to the 24- 
inch and 20-inch lines. In addition to 
capacitors at five stations at these three 
sites, two sections of 1,260 kva each are 


Table |. Miscellaneous Data for Three Major Pipe Lines 
Plantation* War Emergency 5 
Line (Refined Products) Refined Products Crude Oil 
as 
Pipe: size (inches)y,, .chaupioenaneare ston deere tte 12); LOW. So cene VAM ei A 24 
Bartels iper:day (capacity: 4 he ements 90,000. . .63,000...30,000....... 235,000. 4. am 300,000. 
Approximateilength® (miles): 020.000. 4.0. see 432. 357. GB hreteras 1,560. ..< 5/0 sree 
LOtal Stations a Vy aan emia ie st wan ge letsieee tetas 14.. 14... 4.. 29). ssi. tae 28 
Average station spacing (miles).............++ 80.8% 2 oe 2B On. pals Uy 52:5); aan 52.5.7 
Pumpsiper ‘stations, \i sn. oniees oP ee a ene oe 2: Dile--4 eae Mer, te 3 
Pump-motor horsepower per unit............. 900. . G00 SAPGOO) nero 1,250... =m... 1,500 
Total motor horsepower installed on main : 
PUINDS His haw wih ole ne coral elect maroon een 26,100...17,400 ZA00 ce vite 2 108,860.30 126,000. — 
Number of companies supplying power........ 1O0\foritotalsliner 4. ties. coeetas 1654.5 eee 17 


* Data for main line only, from Baton Rouge, La., to Richmond, Va. 


lines, 1,425; total number of stations, 35. 
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applied at the bus of the switching sub- 
station where this feeder originates, 

These capacitors all consist of 15-kva 
one-phase 2,400-volt units, in outdoor 
housings. Oversize housings are pro- 
vided for all sections at pumping stations, 
permitting later addition of capacitor 
units if desirable. Figure 3 shows one of 
these outdoor housings, built to accom- 
modate a 1,080-kva capacitor section, 
initially installed with 720 kva of capaci- 
tor units. With interchangeability of 
capacitor units, the flexibility of this 
arrangement is apparent. 


Capacitor Applications on Plantation 
Pipe Line 


Somewhat more varied requirements 
governed the selection of capacitors on 
Plantation Pipe Line Company’s refined- 
products line from Baton Rouge, La., to 
Greensboro, N.C. The original 14 main- 
line stations, built in 1941, were served 
without particular difficulty. However, 
when an increase in capacity was effected 
in 1942 by the addition of 14 booster 
stations, a number of the new station 
sites required considerable power-service 
extensions. Meanwhile, the develop- 


ment of a critical situation in power-line 


construction materials made their con- 
servation imperative. 

Each of the stations on the 12-inch sec- 
tion of the line contains two 900-horse- 
power motors. Starting requirements 
for these units have been discussed in 
another paper.? Each 900-horsepower 
motor has a full-load input of 776 kva at 
0.91 power factor, or 706—j82C kva. 
‘Starting current per motor is 1,200 am- 
peres (locked) at 0.17 power factor, or 
815—74,700 kva at 2,300 volts. The de- 
mand with one motor in operation at full 
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load and one motor starting at full voltage 
is 1,521—75,020 or 338 per cent of station 
full-load kilovolt-amperes. Use of auto- 
transformer starting on 85 per cent volt- 
age tap reduces this demand to 1,296— 
78,720 kva which is 254 per cent of station 
full-load kilovolt-amperes. 

In each of the seven new intermediate 
stations of the 12-inch line, it was found 
that shunt capacitors would conserve 
transmission-line capacity either by en- 
hancing running power factor or by im- 
proving starting conditions to facilitate 
delivery of the required starting voltage. 
In co-operation with the power company, 
in each case, capacitors were installed in 
these stations as shown in Table IT. 

Views of the equipment in one of these 
stations are shown in Figures 4 to 7, in- 
clusive. 

In two of these stations where the power 
company installed transformers with load- 
tap changers, as shown in Figure 7, ad- 
vantage was taken of this equipment as a 
further means of providing adequate 
motor-starting voltage by arranging the 
motor control automatically to run the 
tap changer to the full-boost position in 
preparation for each motor start, and 
then at completion of the start to return 
the tap-changing mechanism control to 


Figure 4. Two 900- 
horsepower 3,585- 
rpm motors driving 
12-inchproducts-line 
pumps in intermedi- 
ate station of Planta- 
tion Pipe Line 


Figure 5. Switchgear for con- 
trol of 2,300-volt incoming- 
power breaker, two 900-horse- 
power reduced-voltage motor 
starters, and auxiliary low-vol- 
tage power and lighting on 
Plantation Pipe Line. Control 
panel for single-section capaci- 
tor is at extreme left 
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its own voltage relay for normal opera- 
tion. 


INTERMITTENT CAPACITOR AT FLUKER 
STATION 


The capacitor application at Fluker 
station is of special interest. Under the 
power-rate schedule applying to this sta- 
tion there would be no return to the Pipe 
Line Company for operation at power 
factors higher than the normal running 
values attained by these units; conse- 
quently, the capacitor is employed for 
improvement of starting conditions only. 

The station is served over a 23-kv cir- 
cuit of number 2 copper, 17 miles long, 
having an impedance, including step- 
down transformer at the pumping station, 
of approximately 0.183-+-j0.387 ohm per 
phase. With one pump unit operating 
at full load and at 2,750 rpm—critical 
speed from the standpoint of motor- 
torque margin—and with the second unit 
starting on 85 per cent autotransformer 
tap, the current demand is 320—j780 
amperes at 2,300 volts. This combina- 
tion of line and load impedance indicates 
a voltage at the station bus of about 78 
per cent of the sending voltage, a value 
inadequate to provide reliable starting. 

It was decided to apply sufficient 
capacitance to reduce the current during 
starting to a value of 8320—7315 amperes 
at 2,300 volts. The resulting station-bus 
voltage was calculated as about 88 per 
cent of the sending voltage. 

The corrective current of this capacitor, 
465 amperes at 2,300 volts, corresponds to 
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a rating of 1,860 kva. To conserve 
materials and capacitor cost, an inter- 
mittent capacitor was designed for start- 
ing duty only. This was accomplished 
by employing units continuously rated at 
1,750 volts and operated at 120 to 137 
per cent of rated voltage during starting. 
This capacitor, rated 1,080 kva at 1,750 
volts, provides the same corrective effect 
as would a standard 2,400-volt 2,030-kva 
capacitor and thus represents a saving of 
950 kva or 47 per cent in applied capaci- 
tive kilovolt-amperes. 

The capacitor was installed as a single 
section switched by an electrically oper- 
ated circuit breaker. Its control is com- 
bined with the control of the two 900- 
horsepower pumping motors so that, 
when either motor is started, the capaci- 
tor is connected simultaneously to the 
station bus until the completion of the 
starting period, when it is tripped auto- 
matically by an auxiliary relay operated 
by the motor starter. 

Comparison of the no-load saturation 
curve of the motor with the capacitor 
volt-ampere line indicated a possible self- 
excitation voltage of about 4,000 volts in 
case of service interruption with the 
capacitor and one motor at full speed on 
the bus, and about 3,500 volts with the 
capacitor and two motors, one running 
and the other just completing a start.® 
An overvoltage relay, therefore, was in- 
cluded in the capacitor control to trip the 
capacitor breaker, limiting the overvolt- 
age duration to a fewecycles. 


TESTS AT FLUKER STATION 


Oscillograph tests were made at this 
station to check the starting performance 
of the installation. Table III gives com- 
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Figure 7. This sub- 
station with com- 
pletely self-pro- 
‘tected transformer, 
which serves the 


Figure 6. Rearview 
of equipment shown 
in Figure 5, showing 
capacitor in fore- 
ground 


pumping station on 
Plantation Pipe 
Line, features mini- 
mum use of construc” 
tion materials 


parative results with and without the 
starting capacitor: pump 1 was operat- 
ing at full speed and about 76 per cent 
load, and pump 2 was started with closed 
discharge valve. These tests were made 
with the pumps operating on kerosene of 
0.80 specific gravity, a condition imposing 
about eight per cent lower pump-load 
torque during -acceleration than the 
maximum design condition handling 
0.867 specific-gravity fuel oil. 

Without the aid of the capacitor, the 
voltage during starting dropped to a value 
below that permissible with the line han- 
dling fuel oil, although the unit did start 
successfully handling kerosene. 

This test was made with the motor 
starting on 80 per cent autotransformer 
taps, a condition imposing about 89 per 
cent of the demand that would be de- 
veloped using 85 per cent taps. This 
condition was the basis of design of the 
capacitor installation. Calculation of 
voltage conditions with motor 1 running 
and motor 2 starting on 80 per cent of the 
autotransformer taps indicated a bus 
voltage of 79.8 per cent of sending volt- 
age with the capacitor in service. The 
test results are in fair agreement with 
these values. Sections of the oscillo- 
grams for these tests are shown in Figure 8. 

Tests also were made to meastire the 
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self-excitation voltage obtained with this’ 


combination of motors and capacitor. 
In each case the incoming line breaker 
was tripped with the motor (or motors) 
and the capacitor connected to the bus, 
the motor being at full speed and the 
pump discharge valve closed—a condition 
developing about half load on the motor. 


The self-excitation voltage, measured 
with the capacitor and one motor, was 
3,760 volts at 98 per cent motor speed. 
The predicted voltage was about 4,000 
at full speed, or about 3,920 volts at 98 
per cent speed. The self-excitation volt- 
age, measured with the capacitor and two 
motors on the bus, was 3,200 volts at 96.5 
per cent speed; the calculated voltage 
corrected for motor speed was about 
3,380 volts. 


Motor Starting at Roxboro Station 


Moror AND Pump CHARACTERISTICS 


The Roxboro, N. C., pumping station, 
on the eight-inch extension of the Planta- 
tion Line from Greensboro, N. C., to 
Richmond, Va., contains one main-line 
centrifugal pump. This pump is coupled 
to a 2,300-volt three-phase 60-cycle 
squirrell-cage motor with a 600-horse- 
power 3,586-rpm rating. Full-load input 
is 131.2 amperes at 0.91 power factor or 
417—j219 kva. The motor is started on 
full voltage. Locked rotor current at 
2,300 volts is 823 amperes at 0.17 power 
factor, or 558—j3,240 kva. This is 626 
per cent of full-load kilovolt-amperes. 

The motor has speed-torque and speed- 
current characteristics by test as shown 


in Figure 9, curves 1 and 3. Curve 5a 
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hows .the speed versus torque of the 
pump when it is started with the dis- 
charge valve closed, while handling fuel 
oil of 0.867 specific gravity, the heaviest 
product anticipated. Comparing the 
motor speed—-torque curve with the pump 
speed—torque curve, it is evident that, 
under reduced-voltage conditions, the 
motor torque will have minimum excess 
above the required pump load torque in 
the region of 2,800 rpm. For reliable ac- 
celeration it is necessary to deliver not 
less than 1,760 volts to the motor in the 
critical speed range, permitting the motor 
_to develop a minimum margin of ten per 
cent over the pump torque. The maxi- 
mum sustained voltage allowable at the 
motor under continuous operation is 2,530 
volts. 

The motor current at 2,800 rpm with 
1,760 volts applied is by shop test 603 
amperes per phase, at approximately 0.20 
power factor (curve 4). In the calcula- 
tions forming the basis of application, a 
slightly higher motor current was used, 
obtained from tests on a motor of similar 
characteristics. This current, 658 am- 
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peres at 0.20 power factor for 1,760 volts 
and 2,800 rpm, is within the range of 
manufacturing variation that may be en- 
countered on individual motors of the 
same design. 


CONDITIONS OF POWER SERVICE 


In serving this pumping station it was 
necessary in the interest of line-materials 
conservation to make use of an existing 
12-kv power line of number 2 copper from 
the power company’s 7,500-kva 132/12.4- 
kv substation to a point about 16.4 miles 
distant, where a new tap line of number 2 
copper extends about three miles to the 
pumping-station site. 

The total impedance of the supply to 
the 2,400-volt bus at the pumping station 
is approximately 0.745 + 7 0.875 ohm 
per phase, referred to the 2,400-volt bus. 


STARTING VOLTAGE WITHOUT 
CORRECTIVE MEANS 


From the motor impedance at 1,760 
volts and the total impedance of supply, 
the calculated starting voltage at the 
motor, assuming a sending voltage of 
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2,530 and no other load on the feeder, is 
1,388 volts. This is below the minimum 
allowable voltage for starting the motor. 
Alternative service facilities were con- 
sidered, but were not permissible from the 
standpoint of ea materials conser- 
vation. 


CAPACITOR REQUIREMENT 


The power company agreed to serve the 
pumping station over this circuit and to 
deliver a minimum voltage of 1,760 dur- 
ing starting, provided Plantation Company 
installa two-section capacitor atthe pump- 
ing station bus.* With both sections ener- 
gized during starting of the pump motor, 
the total bank was required to provide a 
capacitive effect of 1,185 kva at 1,760 
volts. Imarriving at this value of capaci- 
tance it was assumed that, simultaneously 
with the motor-starting demand, there 
would also exist on the feeder 80 per cent 
of the distribution load, or 355 kw at 0.80 
power factor. 

Figure 8. Sections of oscillograms showing 


starting performance of 900-horsepower pump 
motor from the Fluker station test 
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After completion of the motor-starting 
period, one section is switched off, leav- 
ing an effective capacitive kilovolt-am- 
pere of 650 at 2,530 volts, which is 
the calculated voltage attained with this 
capacitor, with the motor running at full 
rated load, and with a 20 per cent dis- 
tribution load. The capacitive kilovolt- 
amperes of 650 at 2,530 volts was devel- 
oped by applying a standard 2,400-volt 
capacitor of 585-kva rating (—79.85 ohms 
per phase, line to neutral) as the continu- 
ous-running capacitor section. 

Since the required total effective capaci- 
tive kilovolt-amperes at 1,760 volts must 
be 1,185 kva, 315 of which are obtained 
at this voltage from the continuous-run- 
ning capacitor, the difference or 870 kva 
at 1,760 volts must be provided by the 
second capacitor section. This section, 
being in service only during starting of 
the motor, was designed for intermittent 
operation. 


FEEDER VOLTAGE REGULATION AS 
AFFECTED BY CAPACITOR 


Investigation indicated that applica- 
tion of a capacitor as large as 1,185 kva at 
1,760 volts for starting conditions would 
introduce a critical problem of voltage 
regulation. At the end of the motor-start- 
ing cycle, when the motor approaches full 
speed, its starting current suddenly de- 
creases to a low value, leaving a large net 
capacitor current on the bus until the 
starting capacitor can be tripped off. 
This results in an increase in voltage at 
the bus, which in turn increases the capac- 
itor current, and this further increases 
the voltage; the condition stabilizes at a 
value calculated as about 3,200 volts, a 
value undesirably high, 

Consideration was given to the possi- 
bility of reducing the peak voltage by re- 
laying, responsive to change in motor 
power factor or impedance, to trip the 
starting-capacitor breaker as soon as the 
motor reaches a speed at which this capac- 
itor is no longer necessary. However, 
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Figure 9. Starting characteristics of 600-horse- 
power pump drive on eight-inch products line 


Speed-torque for motor at 2,300 volts 
Speed—torque for motor at 1,760 volts 
Speed-current for motor at 2,300 volts 
Speed—current for motor, at 1,760 volts 
Speed-torque for pump starting with 
closed discharge 
(a). With fuel oil of 0.867 specific gravity 
(b). With gasoline of 0.73 specific gravity 
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the capacitor is required until the unit is 
well up to full speed, after which accelera- 
tion is extremely rapid because of the 
low inertia of the motor and pump and 
the suddenness with which the motor 
torque increases after passing the critical 
range, While such relaying would serve 
to limit the duration of overvoltage to 
within a fraction of a second, it should be 
borne in mind that this overvoltage would 
occur each time the motor is started. 


Table II. Capacitor Applications in Plantation Pipe Line 12-Inch-Line Intermediate Stations 
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Installed Number 
: Capacitive Capacitor 
Station Kilovolt-Amperes Sections Operation Method of Control 
RCAARNCALE 35.582 irk a lata) wos BUSOU Rea rAe iy soe tN es RA ae Intermittent...... Energized only during starting 
of either motor 
TARGLU OLY «3-5 ofl pid oh BIO Pictogie Ac Ace, Ok DO Continuous ...... Both sections energized during 
s operation of either motor 
PE AUUIO oes avast cesteta! QB ieta Aon aiieis as aR a, Continuous ...,.. Energized during operation of 
either motor 
LES if Bodie i beh liek Meta itr Are TIZBOUG areas dstae et AES se Continuous ....,. Each section energized during 
; operation of associated motor 
OATES ae ai Peppa OBO ss. Deyo oie | ar eee Continuous ...... Energized during operation of 
ACER Fy ac dee nie So C20 7. are. ces 1 Mee, Peer Continuous Rie Coals 
refit ay sane, sees. BS0n eee Lis, acs.) Continnote saint ee Conan 


Continuous ...... Same as Coaling 


All sections consist of 15-kva one-phase 2,400-volt units 


1,750-volt units, 
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, except Fluker, which consists of 15-kva one-phase, 


This condition was undesirable from the 
standpoint of service to the pipe line and 
to other customers on the line. 


Metruop oF LIMITING LINE-REGULATION 
VOLTAGE 


The problem thus devolved into find- 


ing a means of preventing the occurrence , 


ve 


of this overvoltage. The attack was to de- 
vise a way of neutralizing the increase in 
capacitor current inherent with increase 
in applied voltage. 

The solution was effected by providing, 
in opposition to the capacitor, an induc- 
tivereactance suitably controlled through- 
out the starting cycle. Such control im- 
plies a small reactive current at the low 
voltage existing during most of the start- 
ing period, but a large reactive current 
when the voltage increases near the end 
of the starting period, to balance the ex- 
cess capacitor current at the higher volt- 
age. One method proposed for accom- 
plishing this control was use of an iron- 
core reactor designed to become saturated 
at a voltage slightly above that at which 
the capacitor effect is primarily desired. 

In the case of Roxboro station, an 
economical intermittent capacitor bank 
was devised by using standard 2,400-volt 
capacitor units and connecting the bank 
to the station bus through an autotrans- 
former so as to impress upon the capacitor 
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bank a voltage about 1.4 times the bus’ 


voltage. Thus the operating kilovolt- 
amperes of the capacitor is increased to 
about twice the kilovolt-amperes at 


which the capacitor would operate if 


connected directly to the bus. 

It is apparent that the autotransformer 
supplying the intermittent capacitor sec- 
tion can be utilized to provide the neces- 
sary controlled reactive current for limit- 


ing the effect of the capacitor in the upper 


range of voltage. 
the magnetizing current of the autotrans- 
former at 1,760 volts should be as low as 
feasible, while, at voltages above 2,400, 
saturation should occur with resultant 
sharp increase in lagging current. 


LABORATORY INVESTIGATION 


To detérmine quantitatively the re- 
quired autotransformer proportions, cer- 
tain tests were conducted: 


1. An extended no-load saturation test 
was taken on a 600-horsepower motor 
identical with the one at Roxboro pumping 
station. Whereas ordinary test procedure 
is to carry the no-load saturation test up toa 
voltage of about 20 per cent above rating, in 
this test readings were taken with voltages 
up to 200 per-cent normal. Results are 
plotted in curve M of Figure 13. ; 


2. Aseries of tests was made on a capacitor 


To accomplish this, 


bank electrically similar to the proposed 
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Figure 10. Oscillograms from combination 
test of autotransformer and capacitor 


E,n=Vvoltage, phase AB, applied to auto- 
transformer (65 per cent tap) 

Fo=voltage, phase AB, on capacitor (100 
per cent tap) 

1,=line current, phase A, on input side of 


autotransformer 
Test EaB Eo lA 
Sh whale kts 1,198....1,688....230= 0 +/230 
Bibiee 2 1,770. ...2,440....314= 34.7+/313 
c 2,560....3,445....377= 97.5+/364 
d 3,120....4,140....391=188 +/364 


intermittent section at Roxboro pumping 
station, in combination with an autotrans- 
former. 


The test capacitor was a three-phase 
delta-connected, bank, consisting of 19 
capacitor units in parallel per phase, each 
unit being rated 15 kva, 2,300 volts. The 
autotransformer was of the standard 
motor-starting type, rated 600 horse- 
power, 2,300 volts, three phase, open 
delta, with voltage taps of 50, 65, 80, and 
100 per cent. This unit was connected to 
deliver current from its 100 per cent taps 
to the capacitor, and to receive current on 
its 65 per cent taps from a large testing 
plant generator. To simulate line condi- 
tions at Roxboro station, a series imped- 
ance, equivalent to 0.80+ 70.90 ohm per 
phase was inserted on the low side, 

A series of oscillograms was made re- 
cording autotransformer input voltage 
and current, and autotransformer output 
voltage, over a range of input-voltage 
values up to about 3,100 volts. Figure 10 
shows typical oscillograms. 

From these tests the following data were 
derived: 

1. The volt-ampere characteristic curve 


for the combination of capacitor and auto- 
transformer was plotted as shown in curve 


_ A, Figure 11. 


2. From each test oscillogram the input 
power factor was calculated, and the total 
input current was separated into its power 
and wattless components. The power- 
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component values are shown in curve B, 
and wattless-component values in curve C. 


3. The net volt-ampere curve for the test 
capacitor referred to the input side of the 
autotransformer is shown in curve D. This 
is a straight line, obtained by actual meas- 
urement of the capacitance of the capacitor 
(—j5.88 ohms, line to neutral), then de- 
ducting the series reactance of the auto- 
transformer to obtain a net resultant 
capacitance for the combination. The 
value obtained, referred to the low side of 
the autotransformer is —j2.83 ohms per 
phase, line to neutral. For a line-to-line 
voltage of 2,400 on the low side, the corre- 
sponding current is 490 amperes. Plotting 
these two values determines the effective 
volt-ampere curve for the test capacitor. 


4. The reactive current (curve C) is the 
resultant of the leading reactive current of 
the capacitor (curve D) and the lagging 
magnetizing current of the autotransformer; 
hence, the latter is obtained by subtracting 
the current values on curve C from those on 
curve D, giving curve E, 


It is apparent that, with increasing 
voltages, as saturation occurs in the auto- 
transformer, the magnetizing current 
drawn by the autotransformer assumes 
disproportionately greater values, neu- 
tralizing to an increasing extent the capaci- 
tor current and, finally, at about 2,700 
volts, causing a decrease in the total re- 
active current. 


LINE-TO-LINE VOLTAGE 


1°) 
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Figure 11. Test volt-ampere characteristic 
curves for capacitor—autotransformer combina- 


tion. Capacitive reactance= —j2.83 ohms 

A. Total'current input to combination 

B. Power-component current 

C. Wattless-component current 

D. Capacitor current Cinput side) 

E. Autotransformer magnetizing current 
(D-C) 
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This effect, of course, can be increased 
by increasing the magnetizing current 
drawn by the autotransformer. In Figure 
12, curve F is a magnetization charac- 
teristic calculated for two autotransform- 
ers, identical with the one tested, con- 
nected in parallel to feed an intermittent 
capacitor. 

In this case, the capacitor consists of 78 
standard 15-kva single-phase 2,400-volt 
units, with 26 units per phase. 

The capacitive reactance of the capaci- 
tor bank alone is 4.92 ohms, line to neu- 
tral. The series reactance of the auto- 
transformer is now half the value pre- 
viously used, The resultant effective 
capacitive reactance referred to the low 
side is 2.44 ohms, line to neutral. Fora 
line-to-liné* voltage of 1,760 on the low 
side, the phase current is 416 amperes. 
These two values determine curve G. 

At 1,760 volts the magnetizing current 
drawn by the autotransformer bank is 98 
amperes, leaving a net effective capacitor 
current of 318 amperes, or 970 bank kilo- 
volt-amperes at 1,860 volts. This approxi- 
mates the 312 effective amperes for the 
test capacitor. Either capacitor bank 
provides about ten per cent margin of ef- 
fective capacitive current at 1,760 volts 
above the minimum requirement for the 
intermittent capacitor at Roxboro sta- 
tion. 

Curve H is the total reactive current for 
the combination, and is obtained by sub- 
tracting the current values of curve F 
(transformer magnetizing current) from 
those of curve G (capacitive current). The 
power-component-current curve K is con- 
structed by doubling the power-compo- 
nent currents obtained in curve D, Figure 
11, for a single autotransformer. Finally, 
the total current curve L is obtained by 
combining the power- and total reactive- 
current curves K and H. 

Next, consideration was given to the 
self-excitation voltage possible with the 
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Figure 12. Calculated volt-ampere curves 

for combination of standard 2,400-volt 

capacitor and double autotransformer. 
Capacitive reactance = —j2.44 ohms 


Autotransformer magnetizing current (QE) 
.. Capacitor current (input side) 
Wattless-component current (G-F) 
Power-component current (2B) 

Total current input to combination 
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Figure 13. Self-excitation characteristics for 
600-horsepower motor and capacitors 


M. Excitation current for one motor 
N. Capacitor current for continuous capaci- 
tor (X= —j9.85 ohms) 
O. Excitation current for one motor plus 
single autotransformers (M+ ) 
P. Capacitor current for test capacitor plus 
running capacitor (D+N) 
R. Excitation current for one motor plus 
double autotransformer (M+2E) 
S. Capacitor current for intermittent capaci- 
tor plus running capacitor (G+N) 


Figure 14 (below). Sections of oscillograms 
showing starting performance of 600-horse- 
power motor, from the Roxboro station test 


capacitor banks and. the motor connected 
to the pumping-station bus, the motor at 
full speed, and the bus isolated from the 
power supply by tripping of the main 
breaker. Two operating conditions must 
be considered: 


1. In normal running operation, the 585- 
kva running capacitor will be connected to 
the bus with the motor. 


2. During starting, both capacitor banks 
will be in use, and self-excitation may occur 
with this combination at full motor speed 
at the end of the motor-starting cycle. 


Consider first the conditions obtaining 
during running. The maximum value of 
self-excitation voltage with no load on the 
station bus may be predicted by finding 
the value at which the no-load excitation 
curve for the motor intersects’ the volt- 
ampere characteristic of the continuous 
capacitor. As shown in Figure 13, curves 
M and N, this occurs at about 3,750 volts. 

Now, considering the starting condi- 
tion, the intersection of the combined 
magnetization curve for the motor and 
test autotransformer (curve O) with the 
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volt-ampere characteristic of the effective 
test capacitor, plus the running capacitor 
(curve P), occurs at about 4,750 volts. 
The combined magnetization curve for 
the motor and two autotransformers 
(curve R) intersects the volt-ampere line 
of the combined intermittent capacitor 
plus the continuous capacitor (curve S) 
at about 3,600 volts. In practice thesev 
values will be decreased because of the 
loading effect of the losses in the auto- 
transformer feeding the intermittent bank. 


In making the capacitor application at 
Roxboro station, circumstances dictated 
use of equipment promptly available; 
hence, it was decided to employ for the 
intermittent capacitor bank the 2.44-ohm 
capacitor combined with two autotrans- 
formers identical with the .autotrans- 
former used in the laboratory test. 


Use of two autotransformers in prefer- 
ence to one was for reasons of: 


1. Sharper limitation of net capacitive 
current at voltages above 1,760, and, there- 
fore, less overvoltage at the end of the 
starting cycle. 


| Full Speed ~2lsec. 
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2. Lower self-excitation voltage in case of 
power interruption during the starting cycle. 


For this capacitor—autotransformer 
combination, the maximum voltage on 
the pipe-line station bus at the end of the 
starting cycle was calculated as 2,605 
volts, a value quite acceptable from the 
operating standpoint. 


Oscillograph Tests at Roxboro 
Station 


After installation of this equipment, 
oscillograph tests were made to check the 
performance of the apparatus under serv- 
ice ‘conditions, During these tests the 
pump was operating with gasoline, and its 
load torque during acceleration thereby 
was reduced from the values shown in 
Figure 9, curve 5a, in the approximate 
ratio of the specific gravities of gasoline 
and fuel oil which equals 0.842. This re- 
sults in a somewhat lower present speed— 
torque curve, 5), meaning that, when gaso- 
line is being handled, a lower starting 
voltage is permissible on the motor. Com- 
parison of curves 1 and 5b in Figure 9 
indicates that for zero torque margin the 
voltage at the motor at 2,800 rpm would 
be about 1,520 volts. 


A test was made starting the unit with- 
out any capacitors. The motor accel- 
erated the pump with avery narrow margin 
of torque, requiring 21 seconds to reach 
full speed.. The oscillogram showed a 
voltage of 1,530 at 2,800 rpm. Since the 
observed margin of torque is extremely 
small, starting performance under this 
condition would be unreliable. Further- 
more, during the major portion of the 
start, the voltage dropped to a sustained 
value of 1,440, or 60 per cent of the no- 
load voltage, a behavior unacceptable 
from the standpoint of service to other 
customers:on the line. For these reasons, 
regular operation without the aid of 
starting capacitors is impractical even 
when the line is handling gasoline, and 
would be impossible with fuel oil. 
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Table lil. Results From Tests at Fluker Station 
on the Starting Performance of Capacitor 


Starting Starting 
Capacitor Capacitor 
Inoperative Operative 
Accelerating time for pump 2 
(secondayetidlan/rdntcd se dies a BOSE Levan lacs 
Bus voltage: 
Before starting pump 2..2,190....... 2,160 
With pump 2 at 2,750 
PPOs rake ahareschde yea iences uy is eae 2,015 
Both pumps at full 
speed (capacitor en- 
CLEIZER) Face alsa eee eh eles Wisc 2,370 
Both pumps at full 
speed (capacitor dis- 
connected) ........... 2100. vo. ve eyOLO 


Tests with the complete capacitor in- 
stallation in use showed initial start- 
ing voltage sustained values of 1,870 to 
1,960, or 76 to 79.2 per cent of the ob- 
served bus voltages with no station load. 
At 2,800 rpm motor speed, voltages 
ranged from 1,900 to 2,020. Voltages with 
the motor at full speed and with capacitors 
on the bus ranged from 2,515 to 2,700 ex- 
ceeding by 4 to 6 per cent the observed 
station-bus voltages with no station load. 

The majority of these tests measured 
voltages across one phase. To check 
voltage balance, a test was made measur- 
ing the three-phase voltages, and the re- 
sults indicated bus-voltage unbalance ex- 
pressed in terms of maximum deviation 
from average as percentage of average: at 
no load, three per cent; with motor ac- 
celerating, four per cent; and with motor 
at full speed and capacitor connected to 
bus, 11 per cent. 

It is apparent that conditions at this 
installation are not ideal from the stand- 
point of voltage balance, firstly, because 
the transformer bank serving the station 
is composed of dissimilar units, and sec- 
ondly, because the autotransformer sup- 
plying the intermittent capacitor is of 
open-delta construction. These condi- 
tions were necessities of the times. The 
unbalance inherent in the use of an open- 
delta autotransformer can be obviated 
readily by employing an autotransformer 
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of three-phase three-leg construction. By 
special design this autotransformer also 
can be given more desirable saturation 
characteristics. 

Additional oscillograph tests were made 
to observe the self-excitation voltage ef- 
fects obtainable. 

A test made with the continuous capaci- 
tor only showed a maximum self-excita- 
tion voltage on the station bus of 3,360 
volts, with a motor speed of 94 per cent. 
The corresponding self-excitation voltage 
predicted from curves M and JN, Figure 
13, corrected to a motor speed of 94 per 
cent, is 3,370 volts. 

A test made with both continuous and 
intermittent capacitors on the bus showed 
a maximum self-excitation voltage of 
2,910, at asmotor. speed of 98 per cent. 
The value of 3,600 volts indicated from 
curves S and R, Figure 13, corrected to 98 
per cent motor speed, is 3,520 volts. 

This combination of capacitor and 
saturating autotransformer has been in 
satisfactory operation at Roxboro station 
since June 1943. The scheme of control 
should extend the field of usefulness of 
the capacitor by permitting a relatively 
large capacitor to be used with a squirrel- 
cage induction motor for purposes of 1m- 
proving starting conditions without. in- 
curring the overvoltage effects normally 
experienced in such applications, Just as 
Roxboro station is being served over an 
otherwise impossible circuit, this solution 
should point the way to transmission-line 
conservation in many situations involving 
single-unit loads in isolated locations. 
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Synopsis: In the field of transportation of 
petroleum and its products by pipe line, the 
24-inch and 20-inch lines, built by War 
Emergency Pipelines, Inc., from Texas 
to the MiddJe Atlantic Coast as emergency 
war projects, rank as world record breakers. 
The 24-inch line for crude oil is the largest 
ever built, and pipe-liners have picturesquely 
named it the Big Inch. The 20-inch prod- 
ucts line is the largest for refined products 
and the longest line in existence, and is 
called the Little Big Inch. All pumping 
stations on both of these lines are operated 
by electric power, and in its application a 
number of interesting engineering problems 
developed. Results of the consideration 
given to these problems to meet successfully 
the anticipated operating conditions are 
given in this paper, and may be grouped as 
covering 

1. Adequate protection of main pump motors and 


their circuits when supplied with power through 
transformers having various connections. 


2. Use of capacitors for maintaining voltage on 
“soft”? power systems, and their proper switching 
for optimum effect. 


3. Power-utilization-equipment performance ob- 
tained as the result of emergency engineering under 
war conditions. 


RIOR to World War II, nearly all 

the petroleum and products require- 
ments of the eastern states were supplied 
by coastwise tankers running from the 
Gulf Coast of Texas to the refining areas 
on the coasts of New York, New Jersey, 
and Pennsylvania. Very little came by 
pipe line and still less by tank car, as 
tankers provided transportation at much 
lower cost. With the advent of war, 
many of these tankers were withdrawn 
for overseas service, and it was necessary 
eventually to withdraw the remainder 
because of the submarine attacks along 
the Atlantic Coast and in the Gulf of 
Mexico. 

Fortunately thousands of tank cars, 
most of them on railroad sidings where 
they had been idle for years, were avail- 
able immediately and were pressed 
rapidly into service by the railroads to 
bring the oil up from Texas to the East, 
but at best they were able to transport a 
maximum of only about 900,000 barrels 
per day to supply the normal eastern 
requirement of 1,400,000 barrels per day 
plus the rapidly growing needs of the 
Armed Forces overseas. It was im- 
perative that all of these needs be met; 


396 


W.G. TAYLOR 


NONMEMBER AIEE 


OSCAR WOLFE 


NONMEMBER AIEE 


consequently, a general revamping of 
eastern pipe-line systems was inaugu- 
rated, and construction of the 24-inch 
and 20-inch lines was planned and 
authorized with this object in view. 


General Description 


The 24-inch line (Figure 1) extends 
from Longview, Tex., through Norris 
City, Ill., to Phoenixville, Pa., a distance 
of 1,254 miles, where it divides into two 
20-inch branches, one to Marcus Hook, 
Pa., a distance of 23 miles, and the other 
to Linden, N. J., a distance of 86 miles. 
Four feeders in Texas bring the oil to 
Longview, and numerous distribution 
lines extending from the eastern ter- 
minals deliver it to the various refineries. 
The line has a rated capacity of 300,000 
barrels (12,600,000 gallons) of crude oil 
per day, and will handle as high as 325,000 
barrels per day in the summer months 
when the viscosity is lower. At rated 
capacity, oil flows through the line at a 
velocity of 6.1 feet per second, or 100 
miles per day. 

The 20-inch products line (Figure 1) 
begins at Beaumont, Tex., and runs 
through Louisiana to Little Rock, Ark., 
where it meets and parallels the 24-inch 
line all the rest of the way east over the 
same right of way. The branches east 
of Phoenixville are 16 inch, and a 16- 
inch feeder from Baytown, near Houston, 
Tex., to Beaumont, Tex., is part of the 
project. This line has 1,485 miles of 
20-inch pipe and 157 miles of 16-inch pipe. 
The rated capacity for gasoline is 235,000 
barrels (9,870,000 gallons) per day. 
The capacity is about ten per cent less 
for kerosene and 20 per cent less for 
heating oil or other distillates. The 
velocity of gasoline flow through the line 
is 7.5 feet per second, or 123 miles per 
day. 


Paper 44-61, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript sub- 
mitted November 20, 1943; made available for 
printing December 18, 1943. 
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PuMPING STATIONS ON 24-INCH PIPE 
LINE 


The 24-inch line has 29 pumping sta- 
tions, excluding the eastern terminals. 
Their average spacing is approximately 
53 miles, but it varies from a minimum 
of 31 miles on the upgrade over the 
Allegheny mountains in Pennsylvania tor 
a maximum of 78 miles on the downgrade 
farther east. Two of the stations on the 
New Jersey branch are not now fully 
equipped, and will be used only when it 
may be desired to deliver the full capacity 
of the main line through that branch. 
There are now a total of 82 main pumps, 
each 1,500 horsepower, and 17 auxiliary 
booster pumps, of which three are 500 
horsepower, three are 250 horsepower, and 
11 are 100 horsepower. 

The 100-horsepower booster pumps are 
used to maintain adequate suction head 
on the main pumps. They are located 
at pump stations near tank farms and 
upgrades; namely, three at Station 1, 
three at Station 11, and one each at 
Stations 16, 21, 22, 23, and 24, Many 
other pumps are used, some for supplying 
oil to the pipe line and others for deliver- 
ing it to tank cars, other pipe lines, and 
terminals. These include two 350-horse- 
power delivery pumps -and two 250- 
horsepower loading-rack pumps at Sta- 
tion 11, two 400-horsepower delivery 
pumps at Linden, N. J., and also, one 
20-horsepower sump pump and, three 
one-horsepower exhaust fans at every 
station. The present total connected load 
is approximately 128,500 horsepower. ‘ 

At one station location in Missouri 
there was insufficient electric power avail- 
able to operate the station as a single 
unit and it was necessary to spread the 
load by inserting another station 18 
miles farther east in Illinois and dividing 


‘the main pumps between them, Another 


station, in Pennsylvania, has an extra 
main pump installed for use in case of a 
shutdown of any of the three normally 
used pump units, because this station 
is located at the beginning of a steep 
grade to the East and two pumps alone 
could not provide sufficient pressure to 
push any oil over the top. 


TypicAL PumMpPING STATION, 24-INCH 


LINE 


With these exceptions, the typical 
pumping station (Figure 2) has three 
main 16-inch by 12-inch single-stage cen- 
trifugal pumps (Figure 3) rated 8,750 gal- _ 
lons per minute at 630 feet head. These 
pumps are connected in series and are by- 
passed by check valves so that any pump 
can be shut down without stopping the 
flow of oil through the line. Each pump 
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produces approximately 240 pounds pres- 
sure. Suction head on the upstream 
pump is approximately 30 to 40 pounds 
and station discharge pressure approxi- 
mately 750 pounds, 

Each pump is driven by a_ 1,500 
horsepower 1,800-rpm 2,300-volt squirrel- 
cage itduction motor of the general type 
shown in Figure 4, and direct-connected 
to it through a fire wall. The motors 
are of open-frame construction with 
ventilating air discharged at the top 
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Figure 1. Map of 24-inch and 
20-inch pipe lines built by War 
Emergency Pipelines, Inc. 


* where it is picked up through ducts by 
exhaust fans and delivered to the pump 
room or outdoors in accordance with 

“room-temperature requirements. The 
motors are limited by their design to 
“500 per cent starting current at full 
voltage. Fourteen of the 29 stations are 
equipped with reduced-voltage starters 
and the others with full-voltage starters, 
as specified by the power companies, 
Full compliance with the recommenda- 
tions of the power companies in using 
reduced-voltage starting equipment at 

some of these stations is an example of 
the emergency engineering measures 
that were necessary to complete these 

' projects on the fast schedule planned, as 
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insufficient time was available to make a 
study of power conditions in advance of 
purchases of electrical equipment. 

On installations such as these, where a 
large transformer serves one group of a 
few motors, there is considerable react- 
ance in the transformer and the high- 
voltage feeder, which acts the same as a 
line-starting reactor in reducing the 
motor voltage under starting conditions. 
Whether reduced-voltage starting equip- 
ment can be of much further value in this 
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ditions at these pumping stations 
equipped with reduced-voltage starting 
equipment, the relaying of the running 
breaker can be adjusted to put the motor 
on the line while it is accelerating, be- 
fore the margin of torque available for 
acceleration is too greatly reduced, 
Under these circumstances a reduction 
of starting kilovolt-amperes of approxi- 
mately ten per cent below that required 
for full-voltage starting is all the ad- 
vantage that reduced-voltage starting will 
give. 

Metal-clad switchgear of the general 
type shown in Figure 5 is used in all 
pumping stations for control of the main 
pump motors. Each installation con- 
sists of an incoming-line unit, an auxiliary 
unit, and starting units for each motor, 
all equipped with electrically operated 
(autematic-trip) oil circuit breakers hav- 
ing an interrupting rating of 100,000 


Figure 2. Layout of typical three-unit pump- 
ing station on 24-inch oil pipe line 
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respect depends upon the stiffness of 
the power system and the character of 
the feeder supplying the power for this 
load, and upon the margin in motor- 
accelerating torque above that required 
by the pump. Because of the fact that 
the high-voltage feeders built to reach 
the pumping stations carry no other 
load, and that the load itself is closely 
unified, the reduced-voltage starting 
method has less value to the power com- 
pany than in areas of concentrated but 
unrelated loads that include lighting. 
Under the most unfavorable power con- 
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SCRAPER BOX 


kilovolt-amperes. The switchgear is lo- 
cated in the same room with the motors, 
separated from the pumps by the fire wall. 

A typical one-line station-power dia- 
gram is shown in Figure 6. 

In addition to the usual protection 
against undervoltage, motor and station 
overcurrent, and short circuits, suitable 
pressure switcl es are provided on each 
pump to function at abnormally low or 
high pressures. If the station suction 
head drops to 385 pounds, an alarm is 
sounded automatically. If it goes as 
low as 15 pounds, the three main motors 
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SANNA 


Pump room in three-unit pumping 
station on 24-inch pipe line 


Figure 3. 


are shut down automatically and suc- 
cessively at two-secondintervals by timing 
telays. If the pressure recovers before all 
the motors are disconnected, further 
action is arrested automatically. Motors 
which have been shut down must be re- 
started by the operator, by push-button 
control. 

If the station discharge pressure reaches 
SCO pounds, pressure regulators shut down 
the motors and prevent restarting until 
the pressure drops below 750 pounds. 

All valves in the stations on the 24- 
inch line are manually operated, and 
each pump is stopped normally by push- 
button control. 

Of the total of 23 auxiliary pump 
motors at various stations along the line, 
20 are equipped with magnetic starters 
having current-limiting fuse protection, 
and the others with oil-circuit-breaker 
type starting equipment. 

The stations on the 24-inch line handle 
12.43 gallons of fluid per minute per 
square inch of floor space. This sets 


what is believed to be a new high record 
for efficient use of building area for this 
purpose, and makes these the smallest 
big pumping stations in the world. The 
motor room, 60.5 feet long by 20.8 feet 
wide, has a volume of 21,700 cubic feet 
in which motor heat losses of 575,000 
Btu, or 26.5 Btu per cubic foot, are pro- 
duced hourly that would result in a tem- 
perature rise of something on the order 
of 50 degrees Fahrenheit if not disposed 
of by the exhaust fans. However, for 
centrifugal-pump stations they are the 
most efficient so far built, as each pump 
unit has an over-all full-load efficiency 
of about 82 per cent. 


POWER SUPPLY FOR 24-INCH LINE 


Power is supplied by 16 public utilities. 
Not more than four stations are fed by 
any one system, and in eight cases only 
one station is supplied. High-line volt- 
ages are 22, 25, 26, 33, 34.5, 66, 69, and 
110 kv. The typical station (Figure 7) 
has a 3,750-kva three-phase oil-insulated 
self-cooled transformer, with a secondary 
voltage of 2,400, located just outside the 
pumping station and protected by sta- 
tion-type lightning arresters. A bank of 


Figure 4. Motor 
and control room in 
three-unit pumping 
station on 24-inch 
pipe line, showing 
1,500 - horsepower 
1,800-rpm_  2,300- 
volt induction motors 
(left) and switchgear 
for full-voltage start- 
~ ing (right) 
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Figure 5. Metal-clad switchgear for full- 
voltage starting, in pumping station on 24-inch 
pipe line 


three single-phase 2,400-240/120-volt 
transformers, one of them 25 kva and the 
other two 15 kva, is mounted on the out- 
door structure and furnishes power for 
lighting, auxiliaries, and camp service. 

The outdoor substation is of creosoted- 
wood-pole construction to comply with 
War Production Board limitations in 
the use of steel. 


PUMPING STATIONS ON 20-INCH PIPE 


LINE ' 


The 20-inch line, though longer than 
the 24-inch line, has the same number of 
pumping stations because split and 
stand-by stations have been eliminated. 
Where the two lines are parallel, station 
sites are in the same locations. ‘There 
are a total of 86 1,250-horsepower 3,600- 
rpm main centrifugal pumps, all in series; 
also there are three 700-horsepower 
3,600-rpm feeder pumps, two 1,500- 
horsepower 1,800-rpm, and one 400- 
horsepower 1,800-rpm, delivery pumps, 
and five 150-horsepower booster pumps 
on the 20-inch pipe-line project, as well 
as a sump pump and three fans at each 
station. The total connected load is 
approximately 114,500 horsepower, thus 
making a total of approximately 243,000 
horsepower on both pipe lines. 

The main pump speed of 3,600 rpm 
was selected because of its much higher 
efficiency in pumping gasoline, a fact 
which illustrates that the technique of 
pumping this product differs materially 
from that required for crude oil and_ 
explains: why more elaborate station 
control is used. The pumps are 14 
inch by 12 inch single stage, rated 6,855 
gallons per minute at 825 feet head. 

The 1,250-horsepower motors of the 
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general type shown in Figure 8 are similar 
to the 1,500-horsepower motors on the 
24-inch line except that they are de- 
signed with normal starting current and 
provided with a forced-oil lubrication 
system built integrally with the motor 
and supplemented by oil rings. 

Thé, station arrangement on the 20- 
inch line (Figure 9) differs somewhat 
from that on the 24-inch line, as may be 
seen by comparison with Figure 2. A 
slight air pressure is maintained in the 
control room to exclude gasoline vapors, 
and a large sealed glass area in the parti- 
tion gives the operator a view of both 
motor and pump rooms. 

Operating pressures and voltages, the 
number of pumping units per station, 
the pump connections and by-passing 
arrangement, the switchgear and start- 
ing methods, and the transformers and 
other outdoor equipment on the 20-inch 
line are all the same as, or correspond 
closely to, those on the 24-inch line. 
The same number of power companies 
supply the power, the total number for 
the two projects being 19. 


AUTOMATIC FEATURES ON 20-INCH LINE 


As gasoline requires much more care 
in pumping-station operation, numerous 
safeguards in the form of automatic pro- 
tection and some features of automatic 
operation have been provided for the 
20-inch line. 

Inasmuch as it has been the policy of 
War Emergency Pipelines, Inc., to 
confine such features to essentials, no 
electrical interlocking has been provided 
between successive pumping stations 
along the line. Operations depending 
upon the action at the upstream or down- 
stream stations are governed in accord- 
ance with the hydraulic suction and 
discharge conditions thus created at 
each station. 

The electric contro! equipment neces- 
sary to provide the automatic functions 
is housed in a cubicle separate from the 
switchgear and located adjacent to it in 
the control room. All indicating lights 
are located on a schematic station dia- 
gram (Figure 10) incorporated in a con- 
trol desk located in the control room 
where full view of the motor and pump 
rooms is obtained by the operator 
through the glassed partition. On the 
control desk are also mounted “start’’ 
and ‘‘stop’”’ push buttons for each unit 
and an alarm cut-out button. Lighted 
arrows incorporated in the schematic 
station diagram show the path of the 
product through the station in accordance 
with the units in operation. 

The control-desk assembly also provides 
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a panel on which are mounted the suction- 
and- discharge-pressure controllers, re- 
corders and indicating gauges, air-pressure 
gauge and regulator-adjusting knob, anda 
clock. 

The schematic wiring diagram (Figure 
11) shows the automatic operating and 
protective circuits in a typical three- 
unit station, 


LOCATION OF OPERATOR'S CONTROL 
STATIONS, 20-INCH PrPE LINE 


The incoming-line breaker is operated 
by a manual control switch (device 11) 
located on the incoming-line panel. 
It is used to control all normal opening 
and closing operations of the breaker. 

For each of the three main pump 
motors there are three locations from 
which manual-control operations can be 
performed: 


1. Push buttons (devices 102, 202, and 
302) for motor starting and stopping are 
located on the control desk. 


2. Control switches (devices 101, 201, and 
301) are located on the motor-switchgear 
panels and have two operating positions, 
“trip” and ‘‘remote.’’ The “‘remote’’ posi- 
tion provides permissive starting through 
the “start”? push buttons (devices 102, 202, 
and 302) located on the control desk. When 
the control switch is in the ‘‘trip’”’ position, 
remote closing of the motor-starting breaker 
is prevented. 


3. “Stop-run”’ push-button stations (de- 
vices 103, 203, and 303) located in the pump 
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Figure 6. Power diagram of typical three-unit 
pumping station on 24-inch and 20-inch pipe 
lines 


room are used to shut down the correspond- 
ing pump unit. The unit cannot be re- 
started from this position; the push button 
must be in the ‘‘run”’ position before the 
unit can be restarted at the control desk. 


NORMAL OPERATION, 20-INCH PIPE-LINE 
STATIONS 


Each pump unit has motor-operated 
suction and discharge valves with limit 
switches, and is started separately by 
the pushing of a button at the control 
desk by the operator. Provided that no 
protective device associated with the unit 
is registering an abnormal condition, this 
starts the ventilating-fan motor and the 
opening of the pump suction valve. At 
the end of the valve travel, the switch- 
gear is energized automatically to start 
the pump motor. When the running 
breaker on the motor starter closes, this 
starts automatic opening of the pump 
discharge valve. Valves of the plug 
type are used, with sufficient overlap so 
that the motor is practically up to full 
speed before the discharge valve is open 
materially. 

The motor cannot start unless the 
suction valve is fully open and the dis- 
charge valve fully closed. If the suc- 
tion valve leaves its fully open position 
because of any abnormal condition while 
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Table I. Miscellaneous Data for Transmission-Line Extensions and Transformer Substations 
New Conductors Transformer 
Utility Services and Extensions* = (Rated Kva 
Pump - Spacing and 
Station Line Length Material (Equivalent Con- 
‘Number Company Designation (Kv) (Miles) and Size** Feet) nection) ** 
Sat not Southwestern Gas and Electric 
(oe Skt yeaa te eee eee 66 0765: |. Steel; O.5:inchiie. 5: 8.5 ... 1-—3,750 
Diets 3 Southwestern Gas and Electric 
ar Nes ae atlie GON. Sede ares nurhy aie ticki 66 2.40) .: Steel, HTC-130,.....5.. 855% 1—3,750 
Ca Arkansas Power and Light Co.....110 Le U7 OB OkECl OLD ARGH i rayanct-rs 18.0. 1— 3,750 
4,....Arkansas Power and Light Co.....110 Lolly 55: 2. Steel, O26 acho: 27) 18.0. 1+-3,750 Y 
A....Houston Light and Power Co..:?.. 66 ...3-00 ..Steel,O.5inch......... 8.5 1— 2,000 
Bcc Cth StRLES UCllities (CO: .enre eieicyn airs Ou lem heer etahelis ter Line tap 
(100 feet long) ta see = 1—3,750 
CP ater, Gulf States Utilities Co......... 66 eiv00™ ve Steel) Osbnceh! ua. 8,672 1— 3,750 
D....Louisiana Power and Light Co... .110 ..55.00 }.Steel, 0.5inch......... 18.0. 1—3,750 Y 
E....Louisiana Power and Light Co... .110 1.25, 00's... Steel O:b4nchi se nico TS.0)% 1—3,750 Y 
HEN etc Arkansas Power and Light Co.....110 . 6.00 .. Steel, 0.5ineh,........ 18.0. 1—3,750 Y 
Gant oe Arkansas Power and Light Co.....110 yO 00° ee Sreels Ospina ances LS Qi 1—3,750 Y 
Dire eres Arkansas Power and Light Co.....110 [200.010 3 eSteel, Osbticht = oss an 2—3,750 Y 
CA mints Arkansas Power and Light Co.....110 .. 1.66 ..Steel, HTC-130.,.-... 18.0. ... ©2--3,750 VY 
Tags ios Arkansas—Missouri Power Corp. .110 .. 4,48*. .Steel, */ginch*....... 18.0 ... 2—3,750 
Steins’ Arkansas—Missouri Power Corp. .110 .-48.40 ..(a) CuW............ 18.0 ..» 4 2—3,750 Y 
QA>. . Missouri Utilities Co.. 2.)..5.,. 33 «. 0.07 4. Steels0.5 inch’... 2. 4.0%, 1—1,500 . 
Ghana Arkansas—Missouri Power Corp.. .110 204) 95... 6b) ACSREG cists. 18.0. 1—5,000 Y 
9B...Central Illinois Public Service.... 66 » l8c2L 5. Steel, 0. 5inch. oe: 8. Bai, 1— 2,500 
10... ,.Central Illinois Public Service.... 66 .. 8.85 ,.Steel, HTC-130....... 8.5 ,.. '2-—3,750 
1 Be ar Central Illinois Public Service. ... 66 +20. 105s, Steel, OF imchisr. as nw tats earn eee 
1—500 
12..... Public Service Co, of Indiana..... 341/2... 3.00 ..Coppernumber4............. 2—3,750 
13..... Public Service Co. of Indiana..... 341/2... 7.00 ..Copper number 2............. 2—3,750 
Lae ery 2 Public Service’Co- of Indiana..«... 69-... 1.00 ° Copper 2/07 eine woe a cums ye 2—3,750 
a Tee tee Public Service Co. of Indiana..... 34!/2... 3.00 ..Copper number 4............. 2—3,750 
16.....Cincinnati Gas and Electric Co.... 66 . $200)". HDBG ntinitberiZ 522.0 lenis wer 2—3,750 
ic es Columbus and Southern Ohio J 
Hilectric! Gow wre e aie y 69 P1649) 2 CaS we 8 /gench se 2 ans cocina etal 2—3,750 Y 
Poors MOMIO Power Oonick Wayesta cow 69 1°40... AGSR number 225. 6.902.575 2—3,750 Y 
Ore ark Ohio Power:'Co. uh. foe en ee 108 .16.00 ..ACSR number 2... 6.95..... 2—3,750 Y 
BOR ns. West Penn. Power Cou: for. cs e250 L200 F Copper L/Ouercicins seus vecciemets 2—3,750 
21 .. West Penn Power Co. ........... 25 2002.4 Copper 1/0 uae hemes mie 2—3,750 
22. Pennsylvania Electric Co,,...:... 22 8,50: 5 Gopper:2/ Oe seth a teaner.cee 2—3,750 
23 Southern Pennsylvania Power 
On rime Pee athe annie 69 0:'50)..,..Coppergl (0. sey. ee. stoican teat 2—3,750 
7: Se Pennsylvania Power and Light 
One a caksmhe mae Masta ei meee 66 . 4.50 ..Copper number 4,........ 2—3,750 
25..... Philadelphia Electric Co........ 33 1000" -(CulCw=1/0 42k. 2—3,750 
Emer- 
gency 
AS tsi. Philadelphia ilectric-Cos \ orm 198.9) 10 fete elaine ee eee ee eee Oe eens ae aig eee 1—3,750 S 
2G thames New Jersey Powei and Light Co... 33 1.00 ACSR=37/iOiays a cneee tere tae 2—3,750 
Emer 
gency : 
B.....Punlic Service Electric and Gas 
Come reat 2 Sacer ate oo DO icistato apy ta cde eee Re Gare peat eee ave 2 1—3,750 S 
* Power is supplied to pump stations 7 and 8 by a common feeder using 12-strand, 2/0 type-F, 40 per cent 


Copperweld conductors for a distance of 9.44 miles to the pipe-line right of way, where it is connected toa 
sectionalized line running 4.48 miles in one direction to pump station 7 and 48.40 miles in the opposite 


direction 


** Abbreviations signify as follows: 
bare copper; Cu W, Copperweld; Cu CW, copper-Copperweld; 


forced; 


(a). 


to pump station 8, 


HTC-130, high-tension cable-130 strands; 


and §, special connections for several high voltages. 


HDBC, 


hard-drawn 


ACSR, aluminum conductor, steel-rein- 


Conductors of this line consist of 7-strand, 2/0 type-F, 40 per cent Copperweld for 3.57 miles; 1/2-in. 


40 per cent Copperweld for 36.55 miles; and type V (0.522-inch diameter) 30 per cent Copperweld for 8.28 


miles. 


(b). Conductors of this line extension from pump station 8 to 9 consist of 2/0 steel-reinforced aluminum 
for 10.29 miles and 1/0 steel-reinforced aluminum for 44.66 miles. 
to prevent excessive corona losses 
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lightning 
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Figure 7. 


and 
phase power trans- 
former and 2,400- 
volt circuits with aux- 
low-voltage 
transformers (right) 


The latter size of conductor is minimum 


Typical 
substation 


on 24-inch pipe line, 


110,000- 


volt fused discon- 
necting switches and 


arresters 
three- 


1) 
the pump is in operation, the unit is 
automatically stopped. 

Normal stopping of each of the pump 
units is accomplished by pushing a 
button. In case of either normal or 
automatic abnormal shutdown, the as- 
sociated ventilating fan is automatically 
stopped simultaneously and the valves 
travel automatically and at once to their 
closed position. In case of power inter- 
ruption causing the motor switchgear to 
trip, the valves return automatically to 
their closed position upon resumption 
of normal voltage. 


AUTOMATIC PROTECTIVE FEATURES IN 
20-INCH-LINE STATIONS 


The protection provided is as follows: 


(a). High motor-stator temperature, low 
air pressure, and high sump level will each 
result in sounding an alarm and lighting a 
red lamp indicating where the trouble is 
located. 


(b). Incoming power or motor overcurrent, 
high motor or pump-bearing temperature, 
high pump pressure or casing temperature, 
low station suction head, and high line dis- 
charge pressure will each not only sound the 
alarm and light the corresponding indicating 
lamp, but will trip the corresponding circuit 
breaker. High pump pressure, furthermore, 
will result in a sequential tripping action 
further described. 


(c). Undervoltage will result only in a time- 
delay tripping of breakers. 


When the high-pump-pressure pro- 
tective switch functions it immediately 
shuts down the pump on the downstream 
side of the station, and if this does not 
relieve the condition, the next unit up- 
stream in the station is shut down auto- 
matically after a time delay, adjustable 
from one-half to four seconds. If this 
still does not relieve the condition, the 
third unit is shut down automatically 
after a similar time delay. 

Station suction and downstream line 
pressures are controlled by air-operated 
regulators, and if the suction head be- 
comes too low or the line pressure on the 
discharge side too high, the entire station 
is shut down automatically, and check 
valves function to by-pass the station. 
Any individual pump which is shut down 
is likewise by-passed by a check valve. 


Adequate Relay Protection . 
Many engineers think of two-coil 
overload relay protection as being ade- 
quate for three-phase motors on non- 
grounded distribution systems. This is 
so when the incoming-power transformer 
is protected by a breaker, but not neces- 
sarily so if it is protected by high-voltage 
fuses. Delta~wye- or wye-delta-con- 
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nected transformers, fused on the pri- 
mary side and having nongrounded 
neutrals, are exceptions to the general 
rule, as may be seen by referring to 
Figure 12. These exceptions may war- 
rant the use of three-coil overload relay 
protection or its equivalent for motors, 
especially for motors as large as those 
being’\ used by War Emergency Pipe- 
lines, Inc. 

Wye-delta-connected transformers hav- 


ing substantially grounded neutrals 

should always be protected by breakers 
controlled by suitable relays. However, 
two-coil overload relay protection is 
sufficient for motors connected to the 
secondary circuit of such transformers. 

It may be economically undesirable to 
require three overcurrent relays in each 
motor circuit for small motors even 
though they receive power from a delta— 
wye- or wye-delta-connected transformer, 
as circumstances seldom may occur to 
cause a motor burnout owing to trans- 
former connections. However, large and 
expensive motors warrant more adequate 
protection, especially if they are in pipe- 
line pumping service or other load- 
sequencing operations, 

Some of the 19 power companies 
supplying power to these projects recom- 
mended the use of wye—delta-connected 
transformers having nongrounded neu- 
trals, and all of them are fused on the 
high-voltage side. The single-phase oper- 

ating condition would cause twice as much 

current in one motor-phase conductor as 
in the other two. This condition means 
that two-coil overload relay protection 
_is inadequate, irrespective of whether 
the motor is connected wye or delta. 
War Emergency Pipelines, Inc., added 
a current-balance relay to the incoming 
2,400-volt bus breaker equipment to 
provide the equivalent of three-coil over- 
__ load relay protection at these locations. 
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Adequate Power Supply 


The choice of a suitable right of way’ 


for the 24-inch crude oil and 20-inch 
products pipe lines was based on many 
factors, and one of the more important 
ones was the availability of power for 
urgent projects of this nature. Avail- 
ability of central-station power along the 
pipe-line right of way made this source 
of power the most attractive one from 


Figure 8 (left). 1,250-horse- 

power 3,600-rpm 2,300-volt 

induction motor for main pump 
drive on 20-inch pipe line 
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the standpoint of over-all economy in 
time, critical materials, and capital 
investment. Furthermore, it is under- 
stood that purchased power rates for 
these high-load-factor projects are com- 
petitive with power generated on the 
right of way. Some preliminary calcula- 
tions indicate that this is especially so 
for partial-load operation, such as two 
motors per pump station. 

A typical pump-station site includes 
two pump stations; one for the 24-inch 
line and one for the 20-inch line. Their 
incoming-power services are practically 
identical in that each station receives 
power through a 3,750-kva three-phase 
oil-insulated self-cooled transformer, with 
provision for mounting fans at a later 
date to increase the maximum output 
to 5,000-kva if necessary. Calculations 
show that the inputs to each transformer 
will be approximately 3,600-kw for the 
24-inch line and approximately 3,000-kw 
for the 20-inch line. This gives a total 
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load concentration of 6,600-kw at each 
pump-station site, with a power-factor 
for this load in the range of 87 to 90 per 
cent on the high-voltage side of each 
transformer. These figures include power 
for auxiliary services. The total load of 
6,600-kw represents an average trans- 
mission-line loading of 125-kw per mile 
of pipe line on the common right of way 
for the two pipe lines. 

The problem of desigring the high- 
voltage line extensions to serve this load 
was essentially one of doing it with avail- 
able materials yet making them ade- 
quate to carry the load of all of the 
motors at each pump-station site, with 


CABINET 


lop |} 


CONTROL ROOM 


SWITCHGEAR 


Figure 9. Layout of 


typical _—_ three-unit 
pumping station on 
20-inch pipe line 


one of them being started without intro- 
ducing too much voltage drop, Only one 
high-voltage circuit extension is being 
provided for each pump-station site. 
Creosoted-wood-pole structures were used 
as much as practicable in these high- 
voltage line extensions and transformer 
substations at eaeh pump-station site 
(see Figure 7). 

Critical materials were saved as much 
as practicable by the substitution of 
wood construction for steel, and steel- 
wire conductors for copper and alu- 
minum, where feasible. Table I gives a 
partial list of information pertaining to 
transmission-line extensions and trans- 
former substations. 

Common practice in oil fields is to 
place boilers at least 150 feet away from 
the oil well being served so as to mini- 
mize the fire hazard resulting from gas 
from the well. The original intention 
in designing the pipe-line stations was to 
use a similar means of protection in 


401 


3 
“ 


ve 


39YVHOSIO 
3NID_HOIK 


yo1v1n93y (LS 7 
aynsssugN ZS _ 


41nOLnd 3YyNSSs3yd 
SNISVD dJWNd 


O 


BMWA 39YVHOSIG 


YO! 
-P42do jen}de ul syiun Suldwnd 2uj WO4J 
Sul}jnsa4 MOY JO YOND2IIP 24} YIM 
22uepsosse ul pa2jySlj 21P sMOo\y 


uolqesipul uo} 
-Isod 40) 24° sdwey Jaquie pue u22ic) 


UONIPUOD jeWioUge ue MoYs oO} 
AlUO paqyS!) 21e sdwey Suyjesipul pay 


aul adid 
syonpoid youl-Q% uo suole};s Suiduind 
ul sxsap jouUuod jo do} ul pajeiod 
-lodul wesbeip uoyjes ‘OL ainBiy 


dWwv1 
auvds 


3unss3aud 
ONISWD dWNd 


BAIA NOILONS 


aW3t 
ONINV3S 81 


ANSYYNDYSAO 


dW3L 
SNIGNIM 
YOLOW 


dW3L 
ONINV3S 8 0 


dOls LVS 


4noino aunssaud 
ylv_aO? 


BATA 39YVHOSIO 


2 ON LINN 


9! 


ONISV2_ dWNd 


dW3L 
NINV3S 8 O 


© 


3uNnsSs3ud 


3) 3MVA NOILINS 
N3d0 a3so719 


9 


SATIVA S9YVHOSIO 


OGW3L 
ONISVD dWNd 


dW3L 
ONINV3S “8 | 


dW3L 


ONINV3S8 ‘8! 


dW3L 
ONINV38 ‘8 0 


FOYINOS BOIOW- 


dOls 


1UuvLs 


VON LINA 


ONISWD dWNd 


ONISVD dWNd 


oW3L 
NINV38 '8°O 


SYNSS3ud 


dW3L 


dW3L 
ONINV3S S| 


“AW3L 
ONINV3S 81 


dW3L 
ONINV38'S 0 


OYINOS NOLOW 


d01sS 


4AYWvLs 


SAWA NOILSNS 


Thomas, Taylor, Wolfe—Pipe-Line Electric Equipment 


AIEE TRANSACTI 


402 


‘SHOWN ae PRESSURE ON SUCTION LINE 


14 
ISIR} 


Se FOR NOL! UNIT =F DEVICES FOR NO.2 oid ME FOR NO.3 ped bors FOR STATION FUNCTIONS sa 


a & 7} 


10. 
fan. 
10 


318 is 


uf ee 


STATION PROTECTIVE AND ALARM CIRCUITS 


t TO TRIP CIRCUIT 
7 @ NO.| MOTOR STARTER 
4 


“TCLOSING RELAYS 
1NO.| MOTOR STARTER. 
"(MAGNETIZING BK'R 
IF RV; RUN BKR IF 

FV STARTER) 


OVERGURRENT 
RESET 


? 


i42R 


u2-¢ us 


FAN 
MOTOR 


FAN MOTOR CONTROL 
FOR NO.) UNIT 


te UNIT *2 Ne 
HIGH PUMP PRESSURE TRIP 


INDICATING LIGHT 
ON CONTROL DESK 


Figure 11. Sche- 


a matic station 
° 
= sequence-contro! 
a |} zs | i 
T <9} + diagram for 20- 
<8 inch _ products 
1% © pipe line 


UNIT “3 


¥ OS W2SEG E¥ L25 TO4 SEG 
CIRCUIT DETAILS FOR TiN MING 
RELAY SHOWN FOR REDUCED 
VOLTAGE STARTING. FOR. FULL 
VOLTAGE STARTING, OMIT CONTACTS 
MARKED 4, AND CHANGE CONTACT 
MARKED @ TO 242Re (OR 342Re) 


Valve limit switch positions 
are shown for both valves in 
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locating the transformer substations with 
respect to their associated pump stations, 
but it was necessary to make a saving in 
the heavy-copper conductors from the 
transformers to the 2,400-volt bus in the 
pump station by reducing this distance 
to approximately 25 feet, as may be 
seen in Figure 7. This practice does not 
seem to represent a greater hazard than 
that for the oil-well situation because of 
the fact that the disconnecting switches 
and fuses associated with the trans- 
former are located from 20 to 30 feet 
above the ground, 

The arrangements for adequate power 
supply to all pump stations are expected 
to provide successful operation without 
further additions except in two areas; 
one being served by the West Penn 
Power Company, and the other being 
served by the Arkansas—Missouri Power 
Corporation. Capacitors are being added 
to the 2,400-volt terminals of the main 
power transformers at pump stations 
7, 8, 9, and 20 to obtain a satisfactory 
voltage level at these locations. These 
capacitors are to be switched automati- 
cally with, their associated motors. 

The West Penn Power Company 
found it necessary to strengthen their 
power supply by adding 7.5 miles of new 
circuit to the 132-kv system feeding the 
25-kv substations, from which line ex- 
tensions shown in Table I supply power 
to pump stations 20 and 21 on both pipe 
lines. It was necessary, furthermore, to 
add capacitors at both pump stations at 
pump-station site 20, There are six of 
these outdoor capacitor units, each being 
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rated 360 kva at 2,400 volts, three phase, 
60 cycles, and each including a circuit 
breaker with necessary relays for auto- 
matic operation with its associated main 
pump motor, 

Figure 13 is a typical schematic dia- 
gram showing the application of capaci- 
tors to the Arkansas—-Missouri Power 
Corporation system services at pump 
station sites 7, 8, and 9. A tabulation 
of the size of each outdoor capacitor 
unit per motor is shown, and the diagram 
indicates the provision for automatic 
switching of each capacitor unit with its 
associated motor so as to minimize voltage 
variations on the system. Studies made 
by the power company determined that 
these sizes of capacitor units are needed 
in this area to maintain system voltage 
at this point of their system, which was 
designed for a maximum load of about 
8,000 kw but which must carry now the 
additional pipe-line load of approxi- 
mately 18,000 kw. It is understood that 
the Arkansas Power and Light Company 
has a postwar project for a new power 
plant in this general area, a fact that 
should make it unnecessary to continue 
the use of these capacitors after the plant 
is completed. 

These capacitor units are much larger 
than those normally associated with 
individual motors of 1,250- and 1,500- 
horsepower, and it was advisable, there- 
fore, to investigate and provide protection 
against the possibility of overvoltages 
that could be caused by the capacitors 
if the 2,400-volt system of the pump 
station became isolated from the source 
of power. This could occur if two high- 
voltage fuses should blow simultaneously, 
although the possibility of such an oc- 
currence is rather remote. Provision for 
protection was made, as shown in Figure 
13, by using sensitive overvoltage relay 
equipment for tripping the capacitor 
breakers. 
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Figure 13. Typical power diagram showing ar- 

rangement of switching capacitors with associ- 

ated motors in pumping stations 7, 8, and 9 on 
the two pipe lines 


The extent and duration of such over- 
voltages depend upon the amount of 
load being carried by the motor at the 
time of power failure. The rate at which 
the peak overvoltage is reached depends 
upon the time constant of the motor, and 
the magnitude of the overvoltage de- 
pends upon the rate of motor deceleration 
when the source of incoming power is 
disconnected. Data obtained indicate 
that such overvoltages will prevail for 
less than two seconds under expected 
operating conditions. 

Calculations were based upon ‘the 
connection of three 1,500-horsepower 
1,800-rpm 2,300-volt motors to one 3,750- 
kva 110/2.4-kv transformer, and were 
made by determining the magnetiza- 
tion curve of one motor and the trans- 
former for overvoltage conditions, and 
combining that information with the 
discharge rate of the capacitors. The 
capacitor discharge absorbed by trans- 
former excitation reduces the maximum 
overvoltage to be expected at the motor 
terminals by 15 to 20 per cent. Cal- 
culated results without load on the motor — 
are approximately as listed in Table II. 
These voltage percentages allow for the 
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Factory tests were made by connecting 
720 kva in capacitors across the ter- 
minals of one of the 1,500-horsepower 
motors, from which the approximate 
data listed in Table III were obtained. 
The sensitive overvoltage relay equip- 
ment Was used to trip the capacitor 
breaker under the no-load condition on 
the motor, and the voltage rise was not 
appreciably greater than the relay set- 
tings used in making the tests, thus dem- 
onstrating the effectiveness of the relay 
for preventing excessive overvoltages. 


Emergency Engineering 


It is remarkable that these urgent 
projects were carried forward by War 
Emergency Pipelines, Inc., so rapidly 
that the 24-inch crude-oil line was com- 
pleted without having in advance full 
engineering information on the co-ordina- 
tion of pipe-line electrical equipment with 
the transmission system of the 16 power 
companies involved. Of all the early 
engineering decisions made, only one of 
them seems to warrant being mentioned 
here. Transformers for pump stations 
7 and 8 were purchased five months be- 
fore engineering studies for this area 
were completed by the power company, 
but the transformer taps chosen still 
provide voltage at the motor terminals 
within guaranteed limits without injury 
to the motor insulation, even though the 
motors are operated at full load con- 
tinuously. These engineering studies 
were completed before transformers were 
purchased for the 20-inch products line, 
so it was then practicable to determine 
the proper taps for the transformers, 
namely, four five per cent taps below 


‘normal-rated voltage at pump station 


4 


sites 7, 8, and 9. Table IV shows ex- 
pected operating conditions at these 
stations, The voltage at the motor ter- 
minals can be improved readily in pump 
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Table IV. Capacitors Switched With Motors 


Load With Full-Voltage Starting of 1,500-Horsepower Motor in Station 9A— 
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stations 7 and 8 of the 24-inch pipe line 
by adding booster transformers on the 
2,400-volt side of the power transformer. 
It is believed that the data in Table IV 
make an interesting example of note- 
worthy results of emergency engineering 
under the conditions required to expedite 
the construction and operation of the 
“Big Inch” and “Little Big Inch’’ projects. 

In view of the urgency and size of these 
projects, War Emergency Pipelines, 
Inc., distributed their purchases of elec- 
trical and other equipment among several 
manufacturers, all of whom co-operated 
to produce interchangeability of their 
products where needed and rendered 
engineering assistance to the pipe-line 
organization in many ways. The fore- 
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most thoughts and efforts of all concerned 
were devoted to hastening the work and, 
thus, to assisting in the alleviation of the 
critical oil situation in the eastern states 
and in the supplying of the Armed Forces 
with oil products which they need. 
Among the several men in the organiza- 
tion of War Emergency Pipe’ines, Inc., 
who were associated with the electrifica- 
tion, special mention is deserved by 
W. H. Stueve, Oklahoma City, Okla., 
who acted as power consultant and who, 
in that capacity, negotiated the power 
agreements with the 19 power companies 
involved. His advice on engineering 
problems connected with distribution of 
power to pipe-line pumping stations was 
of very great value to the projects. 
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Costs Study of 69- to 345-Kv Overhead 


Power-Transmission Systems 


JOHN GRZYBOWSKI HOLM 


MEMBER AIEE 


Synopsis: With transmission voltages of 
long and heavy trunk lines having exceeded, 
in the case of the Boulder Dam line, the 
popular 230-ky voltage, it appears in order 
to investigate the cost of lines at a still 
higher voltage, particularly since the design 
and manufacture of the 345-kv equipment 
do not seem to present special difficulties. 
The study undertaken endeavors to find 
the economic relationship between voltage, 
block of power, and distance for the trans- 
mission of various blocks of power over 
distances up to 500 miles. The systems 
studied are made stable in the transient 
state by equipping them with devices which 
increase their transient-stability limit. The 
prices of equipment are those which were in 
force immediately prior to the outbreak of 
the second World War, and the costs of 
various system parts, as installed on 
foundations, have been obtained from the 
study of numerous actual construction proj- 
ects in different parts of the country and 
reduced to the 1938-39 cost level. The 
system capital and annual costs are ana- 
lyzed. The quantities of major equipment 
items in each system are given either by 
number or by weight, and the costs of 
major equipment groups and of items within 
a group are represented on a percentage 
basis. This representation permits the 
estimation of the cost of a transmission 
project based on cost of equipment and cop- 
per and steel prices other than those taken 
inthestudy. Thecost of stability improve- 
ment is calculated, and this expenditure 
proves to be amply justified. A region de- 
fined by transmission distance and block of 
power is outlined, for which the transmission 
at 345 kv is more economical than when 230 
kv are used. The curves given may be 
interpolated, and transmission-cost data 
may be obtained for a wide variety of sys- 
tems at any basic price. 


BOUT 25 years ago when the highest 

transmission voltage in this country 
was approximately 160 kv, Silver analyzed 
the, possibilities of 220-kv power trans- 
mission in a paper presented to the Insti- 
tute. Since then numerous 230-kv lines 
have been built, and in one case a 287-kv 


Paper 44-62, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944. Manuscript 
submitted November 22, 1943; made available for 
printing December 17, 1943. 


Joun GrzyBowsk1 Hom is electrical engineer of 
the Boston Port of Embarkation, Boston, Mass. 


To the engineers of the General Electric Company, 
the Westinghouse Electric and Manufacturing 
Company, and the General Cable Corporation, and 
to several electric-public-utility, steel-construction, 
and consulting engineers the author expresses 
appreciation for valuable data and advice. 
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transmission line was constructed. In 
the meantime the question of power 
supply from local and distant steam- 
power stations, or from distant hydro- 
electric stations, was quite active, and 
papers on this subject were written by 
Fortescue,? Fowle,? and Funk‘ in this 
country, and by Rtidenberg® and Végeli® 
in Europe., In every case the authors 
estimated the costs of transmission lines 
of various voltages and mileages, fre- 
quently making liberal assumptions and 
simplifications, especially in regard to line 
design and system-stability requirements. 
Until now, however, there has been no 
generally accepted view as to the eco- 
nomics of transmission lines at very high 
voltages, and particularly as to the rela- 
tionship between the voltage, the block of 
power transmitted, and the transmission 
distance as these affect the total cost of 
the project. In view of this, and be- 
cause of postwar construction projects 
and coming developments in the art of 
power transmission (such as d-c trans- 
mission), it seems appropriate that a cost 
study of a variety of transmission projects 
be made on a more or less uniform basis, 
with similar standards of requirements 
applied in all cases. 

The transmission systems investigated 
in this paper have no specific geographic 
location and are treated as a purely re- 
search project. All prices taken are those 
prevailing in the 12-month period im- 
mediately preceding the second World 
War. All prices of equipment are aver- 
ages obtained from various manufac- 
turers. The costs of land, structures, 
substation secondary equipment, labor, 


and installation on foundation were ob- 
tained from various public-utility com- 
paries as well as from the literature. 
The data thus secured were carefully ana- 
lyzed, weighted, and reduced to those of 
the aforementioned 12-month period, 
using appropriate labor indexes. Sound 
public-utility practices in cost estimating 
have been followed and recommendations 
of the Railway and Utility Commission- 
ers’ adhered to. Capital and annual 
costs are kept separately for each system. 
The costs of major groups within a system 
are calculated as a percentage.of the total 
system cost, the percentage method being 
applied also to major items within a par- 
ticular group. Since quantities of all 
major equipment parts are given in every 
system either by actual numbers or by 
weight, any variations that may be en- 
countered in a particular project in the 
amount of equipment or in the costs of 
particular items may be easily introduced 
and the cost of the project rapidly esti- 
mated. Until the present time, however, 
the prices of basic materials—copper and 
steel—changed but little from those as- 
sumed in this study. And although the 

details of design and the actual costs of 

particular transmission projects consid- 

ered may vary from those arrived at in 

this paper (depending to some extent on - 
the locality), the relationship between the 

costs of particular systems will remain 

basically as given. The various cases 

considered permit the determination of 

the effect of different voltages on system 

cost. The most economical block of 

power and distance of transmission can 

also be determined. 


System Description 


The 31 power-transmission systems 
studied transmit blocks of power of 
50,000 to 800,000 kw (at the receiving 
end) over distances of 50 to 500 miles at 
sending-end voltages of 69, 138, 230, and 
345 kv, at 60-cycle frequency. The 
power is transmitted from hydroelectric 


Figure 1. Capital cost of the 
entire system per kilowatt trans- 
mitted 
A. 500-345 K. 75-930 _¥ 
B. 950-345 Ll. 75-138 &% 
C. 950-930 M. 75-69 38 
D. 250-138 N. 50-345 =} 
E. 150-345. P. | 50-930 me 
F. 150-230 R. 50-138 %$S 
G. 150-138 5S. 50-69 %4 
H. 75-345 he 
(First figure represents trans- 


mission distance in miles; the 
second, kilovolts of sending- 
end voltage) 
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Figure 2. Capital cost of the entire system per 


mile 
A. 800,000-345 G; 250,000-138 
B. 800,000-230 H. 100,000-230 
C. 500,000-345 K 100,000-138 
D. ~500,000-230 Et 50,000-138 
E. 250,000-345 M. 50,000— 69 
F. 250,000-230 


(First figure represents kilowatts transmitted; 
the second, kilovolts of sending-end voltage) 


plants to distant metropolitan load cen- 
ters. All systems have a high degree of 
reliability and security of operation. 
They were represented on the a-c net- 
work analyzer and their stability charac- 
teristics determined. The system tran- 
sient-stability limits are brought up to the 
100 per cent rating which the systems 
deliver fully under a double line-to-ground 
fault at the sending-end bus, cleared in 
10.5 cycles, with a subsequent loss of a 
circuit or a section of it. All data per- 
taining to system layout, design, and 
characteristics are given in another paper 
by the present author.’ The cost of the 
various means applied because of the 
stability requirement is fully accounted 
for. 

The systems as comprised in this study 
include the sending-end substation, the 
transmission line, the intermediate-con- 
denser and sectionalizing substations, the 
right of way, and the receiving-end sub- 
station. The latter substation contains 
synchronous condensers and the system 
receiving-end bus whose voltage is the 
primary distribution voltage of the load 
center. The substations are of the out- 
door type. All systems have high- 
_ voltage busses at both ends, the heavier 
systems having double busses. For every 
system the oil-circuit-breaker interrupting 
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Figure 3. Capital cost of the 
transmission line per kilowatt 
transmitted 


Cost of the right of way is not 
included in the cost of the 


transmission line. For ex- 
planation of identification  let- 
ters, see Figure 1 


COST PER KILOWATT TRANSMITTED— DOLLARS 


© 100 200 300 400 
POWER TRANSMITTED — MEGAWATTS 


capacity is calculated according to the 
accepted procedure for the circuit opening 
time as determined on the network ana- 
lyzer. Alltransmission lines are protected 
by two ground wires, with additional 
ground-wire protection of all substations. 
The systems have a single continuous- 
type tower-to-tower counterpoise, and the 
end-substation equipment is protected by 
lightning arresters. All systems have 
carrier-current equipment for both com- 
munication and relaying, the details of 
which are discussed in the appendix. 
Systems transmitting 250,000 to 800,000 
kw have one spare generator unit, and 
one spare three-phase transformer bank 
when the number of transformer banks in 
the system is not over four. Where a 
larger number of transformer banks are 
installed, the question of spare capacity is 
solved by requiring of all transformers a 
25 per cent overload for two hours. Sys- 
tems transmitting 50,000 and 100,000 kw 
have one spare single-phase transformer 
unit. 

Supplementary details on system equip- 
ment affecting the system costs are given 
in Table I. 


Method of Estimating System 
Capital Cost 


For the purpose of estimating the capi- 
tal cost, the system is divided into the 
following six groups: 

Equipment comparative increment cost. 
The sending-end substation. 


The transmission line. 


Sane a. 


The right of way. 


5. All the intermediate-condenser and sec- 
tionalizing substations. 


6. The receiving-end substation. 
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The group called “equipment compara- 
tive increment cost’’ contains certain sys- 
tem parts not belonging to the transmis- 
sion line proper but which result from re- 
quirements imposed on the operation of 
the line and consequently must be ac- 
counted for. Certain pairs of systems 
transmitting equal blocks of power over 
equal distances at different voltages have 
generators of different design, because of 
the fact that the stability condition must 
be met. The system operating at the 
lower of the two voltages might often need 
generators of lower transient reactance, ~ 
with damper windings, higher short-cir- 
cuit ratio, and greater inertia. The dif- 
ference in the cost of generators of these 
two systems is one of the items included 
in the ‘equipment comparative incre- 
ment cost’ group. In systems where 
shunt reactors are placed on the generator 
bus, the cost of these reactors, the cost of 
the larger kilovolt-ampere generator 
capacity required by them, the cost of the 
increment in water turbines necessary to 
carry the losses in these generators, the 
cost of the power-house superstructure for 
these generators and turbines, and the 
cost of the increase in size of the sending- 
substation structure needed to house the 
shunt reactors are other items included in 
this group. Thus the “equipment com- 
parative increment cost’”’ group contains 
items originating within the transmission 
line but grouped separately merely for the 
purpose of clarity. 

The various subdivisions of the remain- 
ing five groups forming the system capital, 
cost structure are given in the appendix. 

The capital cost of each group is arrived 
atin the following fashion: The cost of all 
equipment (material) is obtained from the 
manufacturers. In cases where the cost 
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Table I. List of Systems and 
For Other Major Equipment 


Conductors 
Trans- Transformers With Intermediate — 
Block of mission Number Synchronous Condensers Cross 
System Power Trans- Voltage of Section Total Insulators, 
Identi- mitted to Transmission at Send- Circuits Number Kva Per (Thousand Weight Total Number 
fication Receiving End Distance ing End in of Three-Phase Voltage Circular (Thousand of Units in 
Number (Kw) (Miles) (Ky) System Banks Bank (Kv) Type* Mils) Pounds) System “ 
GVae svelte 50000 Wersta ele ene DO tera Ai aioe GO einer Dcdetnce ais ste tees a Nate pe a, 2a acho doy sleigh ete eet sees Mane CSCi cade SOO Wes ahs tes 1,247 11,2603 59 
0-2a...-<. 50,000.. OO ae eke LOST eon VP ET IRE Pee MEM HY NOR COUT ae Pee i moet ty wba, chic Jos ae AR yee Se 687.5 19,800..... 
0-3a...... 50,000. . (hijee eee COA cA Da ahcee PareteL opis afi woke, Vie dust cao le igh Swen eile agit Gl vie aR Me Aaa GS Gyo ite CBO ta ed QO ZO Fa a dala 16,700)... 23 
0-4a...... 50,000. Dice 1385) cc DE Abr cig lrkiidly Pale fe avy tie een ea rc ae 17 85 las ob Hie TOS yn bits 1,031 29,800..... 
QroG anita 50,000. bist Poe tebe LOS ain eas Dirge etek aie oink ober tcctin aie feo testa Ne ae ae tee CS Czuomt 250s alesse SViAait seh 59,600..... 
0-6a...... OO;000). erties a 200) see WS tina okie 2 sti sabre tte ab ishetebese 26,300 1356/1873. CSCan ae S00 sie a2 7,470 99,300..... 
Bsns ett 100,000. . BO ers. LSSinyea nes Pe ale ae Pe ine eT EEO RS ahs utes Catchy Do 0 ie Bee DE ides a 1,058 19,800,.... + 
O-Saties es: 100,000. . hae BARC L3Sie% arta yea We AR ME LAP EL ioe HORT PR sr ee ae, CS G.aep re 250s yaa bee 1,871 29,800..... 
O-Garite sy. LOOO0O ns os vase PEO 5s ati iepate NSS. oreo y OE SO ee ER eke Ske ee eget, CSC. yar BOD es tele dk D990. o ies sh aie 59,600...... 
0-10a..... LOOSOOQ 2 eee AOD 2 he ayes 2B0n Sih iaee Die ARE Nic cibidews a ta dis: o'r dine beet ate AUR reat SRI as nae el pe TE Ai dna ZOO = Sorcare t 6,967 © veel gine 89,200..:.. 
O= Dba ii ox VOD; GOGO?" Ses ovat A540 kale Rees 230) Sais cite Lan Aa tehs TAS © 89,500 .... Q25f16 Dw et ED es ieee ZOD aha cie sae 6,605...  1aS; O00 en 
Q0-12¢....: 2H0, 0002 ney c-s em xara wit 1382 ata Din Soiled Sopig. of i Rloadia ea NE EaY Otel niin ee ate ea eee Le GSC, Byte SEQ aiap « 4,240. ou... 0 LO SO pean « 
0-13¢..... PSUS U0 ORE ES 50 ZOO Ai cieieieye Dea ze yated Stepeltotee so araiaielia\'ondla dp euaiclst hte ote aaa teed ELE eh ike OL Oh ree, toak 1 O70). ataconee 29,800..... 
0-14a..... ZED O00! sh he iad cts hy ees p81) a ee 7 NE Ae a eR Nee Hee hey oe heey AES, Pee BUG Saas CAN ere) 2 802)15 ye are 44,700..... 
O-15a..... 250 ;G00 tye aes DO sates nit 230.7, aves DIG, Raich: d Sie abe wana ete el atierehtalioa) eae ae aap CES oy AIST FLEES ore 400 i for avad 5,999 .., 89,200... .. 
Q-16a..... SIOMOO Seis steelers Du stres Aleteda. Ws 230°... .%.: 7 Bie Rah eh Ae Alea ls 112,000 2265/16).65),,CSCranes « 66035 Abele 16,220 5c. oa 148,600..... 
0-17a..... ZBO OOO ey oy nae OL fete re eller O45), Sidi stehare Diets eaniiet en Zs Reaee’, Seah 85,000.... 887 8/138 bate wee BOB is ale ote 12,600 205,300.... . 
0-184..... 250,000.... BOO hci swetats BaD ital vers Di RAcares Se ea A 81,000: .. .3840 and 335/16.5..HH 5m ster wkpeea ba 29,230 410,700. .... 
ey, pacts isthe 82,750 
0-19a..... BOO OOO Five crus COQ we cco = DSO reve ails tee tes Aacaaye yl a huiwos wiarecakdl bialeih balere cnet eee nate Ree ete Ee ey SLO aire 2,362.5 44,100 inate 
0-20a:.... 500 COO Si crlc ene CONS Yolen 2305... 3 Doo taGiiaie wo Tee ete oo skhens eM Depate ay tan, tar enpe aya eaten one ELE Pi aD NO sk ee ee 3,542 67,000, .... 
0-22¢a..... 500000 25 aie cure LAO ve as eae QBO SLs Siaits o Od aie ehe peed d ecote supyatavdta akan tea © oetieyd ov eke Teather ae (6) OP Anes TOU. a wooo 15,700 133,900... ... 
0-23a..... BOO M00 cir ae pce hOO Li wakes OAD tee SD ia, ta late dl ok Speo eee ol~ 1a sella va: sees oS re fe ae ee Dad aa RP at BOO. es ss shoe 7,560 123,300..... 
0-24a..... 500;000) 7a. e200 R oe oe ats BAD: Sheen Dae cate em By ystestaii> 97,500.... 837..5/16'. BiiEL Ee oem DOB ne foray 12,600 ..,205,800..... 
0-25a..... OO 000M erasers OOK a s:ote ete B46 5. sie < One rosie ier 62,500. ..240 and 337.5/16.5..HH ...... OBO Bayi: tre 48,660 . 616,000. .... 
COR EIAE rare 66,000 
0-26a..... S00;000 Tae eiDO Tea iad 2B0 fala etate Biche, b cilen 5a SWhara ce RD abc eiaittetn leh Merely We areca cae eee aly re CSGage ae Ut Aco 2 5,615 44,700..... 
0-276....., SOO O00 Arent ayer inveterate B45 « éivete 4 eOahe erie dS ans cbteirietrrnel detainee iit ayaa Sete Rants ET Ee CBU Es tha ate 3,780 61,600..... 
0-28a..... B00 ;000 cies LO atin re 230. eee Boia dlpcote. tie bao eidiek Aly cyey oe Nee See Th we ai ar eee MEP te ae Pea GS Crepes BOO cisaveve ae 8970" 22. cane 67,0007...) 
0-29a..... SOOO0O Sets coeke este tele ake 345..... Bitsy wince het fides eon igla F Oia ht beg abe meter ie eens 2 9 eT NB SOB: Green 5,668 92,400..... 
0-30a..... SOO 000.) Ve. Cc U BOW ac weet 345..... Dia. ods c His epee Ja aptiniocapaners: oNalp fatale psokea ae ein Renate ED nh OOD 2. paca 11,336 184,900..... 
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For other major equipment items, see reference 8. 


For generators, their design data, and means necessary for system stability, see Tables II and VI of reference 8. For sending-end and receiving-end transformers, 


see Tables II and VI of reference 8. For synchronous condensers at the receiving end of systems, see Table III of reference 8. 
For conductors, see Table I of reference 8. 


condensers, see Table V of reference 8. 
system identification numbers are used. 


of freight and delivery to site of erection 
is not included, one per cent is added to 
the cost of generating-plant and substa- 
tion equipment, and three per cent is 
added to the cost of the transmission-line 
equipment proper. On top of the cost of 
equipment as delivered, certain percent- 
ages are added to cover costs of labor and 
installation on foundation. These per- 
centages are determined from data ob- 
tained from the public utilities, manufac- 
turers’ service departments, and con- 
struction companies, and they vary with 
the type of equipment and voltage. 

To the cost of equipment as installed 
on foundation, two more items are added: 
The indirect expenses constitute one item. 
They include engineering expenses, field 
supervision, miscellaneous construction 
expenses, legal expenses, expenses con- 
tingent on engineering and financial 
methods (such as taxes and insurance 
during construction), and normal con- 
tingencies (such as injuries and damages). 
To cover this item, 22.5 per cent is added. 
The other item is the cost of money during 
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construction. This is taken at six per 
cent for one-half the length of the con- 
struction period and is calculated on the 
entire cost, including the indirect ex- 
penses. The construction period varies 
from six months for the smaller systems 
to 18 months for the larger. 

A typical calculation of system capital 
cost is given in the appendix. 


Salient Points on the Cost of 
Principal System Parts 


All prices are based on a.cost of copper 
of 101/, cents per pound of ingot copper, 
free on board New York, and on a cost of 
fabricated steel of shapes involved in 
structures of $102 per ton, free on board 
Pittsburgh. 

Standard prices are taken for water- 
wheel generators of normal design, with 


appropriate price increases for special. 


design requirements. In the few cases 
where the cost of water turbines had to 
be accounted for, these are of the standard 
Francis type with a uniform water head 
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For circuit layouts, see Figure 1 of reference 8. 


For intermediate synchronous 
In both papers, the same 


of 75 feet. The prices of power trans- 
formers, high-voltage oil circuit breakers, 
air-break disconnectors, and dightning 
arresters for voltages up to 345 kv are 
given in the appendix. 

Costs of copper conductors, Copper- 
weld ground wires, and the counterpoise 
were calculated by the manufacturers 
from the ingot-copper price taken in the 
study. Wherever the HH-type hollow 
conductors are used, their cost is taken at 
a value five per cent higher than that of 
concentric stranded copper conductors of 
equal cross section. The prices of all 
hollow cables are sometimes lower and at 
other times higher than the prices of the 
concentric stranded copper cables. The 
somewhat higher price for the hollow 
conductors, however, has been taken in 
order to forestall possible objections to — 
taking both types of conductors at equal 
prices. :Had aluminum conductors been 
chosen instead, the over-all economic re- 
sults would remain substantially the 
same, 

The costs of a few subdivisions of the 
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Some of Their Major Equipment Items 


Items, See Note Below 


High-Voltage 
Air-Break 
Ground Wire Disconnectors High-Voltage 
= _ Lightning 
Total Counterpoise High-Voltage Oil Circuit Breakers Total Arresters System 
Diam- Weight ‘/w-Inch Rods -——-—— ————- ——___————— Number (Total Number of Identi- 
eter, (Thousand (Thousand Number of Three-Phase Oil Circuit in Am- Three-Phase fication 
dn Pounds) Pounds) Breakers in System and Their Data** System  peres Units) Remarks Number 
Rf a 180 BOr eek Re 2(8) 1,000; 6(8)500 16 OU a. cue Mere cere alee nels yd An VA TOR BAN Lm caTy 0-le 
2 GAS Aer BO eis Bk 8(8)750 arecha dt Lys. 040! “OOO cites Sulelan GE aR eas we nhs nierv inn Cite Aeon eas 0-26 
eek aE Ns noc A fe LED sete 2(3) 1,000; 2(8)500; 4(8)500 See, Osi hes O00» vue 5 nee Ria ishoretat Meataale ecotala ves n'est OR eh Ole Tae 0-34 
to, Oe ke, AR Pa BIOS ees 8(8)750 6. 600. . Dare erate atein aiarthe ane Saase, Ware hs AUIS TEES TOE 0-4a 
i | ARE A 239 .....12(8)750 Dae Cy ag ES ES ee ya IC) Soe, Ce EE te oy 0-54 
ho Dy, i ee Ad dined RN 5X sh $98... acm 12(8)750 Ghia Le tS Bien EER One JC at mid-point***, . . 0-60 
awe ees. OU ea ete Oo 80... ..2(8)1,500; 8(8)750 ee al) eee ae TERS REE I OPPO! VE Soe ihe 0-7¢ 
<3) aS 267 119... ..2(8)1,500; 8(8)750 5 ee LES EER onic eae bin eae NC Ra Pers 0-8a 
er sa/8; 3 SS A eee 288 a) oe 8(4) 1,500; 6(8)750 DP. ths Or esas, S00 Bi Se gecem Sormih cleat, cic mbes ealele paola eatete 0-9¢ 
Sa. : Ree en RGGGGT |, > sete. 5 Bei ROO... Ch ck hed RN ek ect at nei Ay SL 0-10e 
DE site's. 2,806 : She sleds C1420 Satya. One JC at mid-point....... O-lla . 
f, ESO he sti a's 5's 80 ~8(8)2,500; 6(8)2,500; 10 (8) 1,500 riety eRe NOOO Be aisle Nica Cas. 64/8 Parade hues SUR Oe rate 0-12e¢ 
24 1,200 
Sn oS Wt A 159 . ..24(8)2,500 OAT CRC OCICS ne NIM OS ISI tee, son et 0-18e 
a ens BN iin en a 8S 239 ©... .8(6)2,500; 16(8)2,500 aie te ME ies be U sos tales WA io Aine. WW tt cn fe bw KOK eee PTO Pete 0-l4e 
3 he PEREGO. are 0 ve oe 77.5... .24(8)2,500 SPER SESS GTR CAG MUU hin wieinik Gn, Are cisiete re, CUALs ales Sec stata Mtg eee! ieth Q-15a 
3 VC Uae an WOO cet 8(8)8,500; 16(8)2,500 SN OG NICROU Oy eet Weis caus scsd One JC at mid-point... .... 0-16a 
SEK As BSUS ier exh TOG Proc kt §$(3)8,500; 16(8)2,500 SIN OS PR RAMU An cute Wain Omicledt One JC at mid-point....... 0-17a 
ETS oy Rus BO9l.. 2 6\....1,592 . .24(8)2,500 Ht SoS Et Pere SERN WE tig ae ae Two IC equally spaced... .. 0-18a 
A? SC es BOM Y ass BOOe Sent 42(8)3,500; 8(8)2,500 eA & aes Winans AR Ma wat hte neces cS eee Re iE 0-19a 
“2 oS ADU 358... ..12(6)3,500; 26(8)3,500; 12(8)2,500 CRD cst ROG Hoe eek Ga treater iine MCN ecw wth malin © crc eteerenele 0-200 
apes A) a TAG Oak vi 16(6)3,500; 30(8)8,500; 8(8)2,500 a nee Rare lot RUG Thc Cae GSR Ue ee bias Cid wr Es ARAL RCE S 0-226 
Says oe ENED aratine 9 «9,0 477.5... ..26(8)3,500; 22(8)2,500 ' a to OO eR MOU « x stutigin ¢ tT CNA ee tT err oar re 0-234 
Ae CTS Om RIS Se ics Aw: MOG. fawn ss 8(4)4,000; 28(8)4,000; 2(8)3,000 Ss PEDOSS C518 ORMOND scone lnictcla WXoeie's icisiais One JC at mid-point... .... 0-246 
SY OL RR i by a 58(8)3,000 124 Lo BOO Oke outs Gita csicts Two IC equally spaced... .. 0-256 
RF aA As os Pa esk S kee. rs, 5:01 SAS ie 12(4)6,000; 26(8)6,000; 8(8)4,500; 4(8)8,500... 100... . 1,200. PVE ay hra Nia <i, cPattn sala, ast KIRN a Are RAS. 0-260 
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ake Cae RRR SSS et oes 12(6)5,500; 26(8)5,500; 8(8)4,500; 4(8)3,000, ...100....1,200........ Gere emer aie weia)\ whl sntieh aie bya? « Me etc itie staat 0.296 
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co Cee 1 RS a 1,194 . .16(6)5,500; 26(8)5,500; 8(8)4,000; 4(8)3,000,.. 112, ...1,200... 20... Gat ow atic One /C at mid-point,.......Q-81a¢ 
Peake xa 21,181 SLSR hein ks $2(6)5,000; 24(8) 5,000; 8(8)4,000; 4(8)3,000. , . 148... 1,200. ....0.. 8.0... Two JC equally spaced... ,.0-32a 


* CSC denotes concentric stranded copper conductor. AH denotes hollow-type copper conductor, General Cable Corporation patents. 
** First figure indicates number of three-phase oil circuit breakers, second figure (in parentheses) indicates breaker opening time in cycles, third figure indicates 


breaker interrupting capacity in megavolt-amperes. 


*** 7C denotes intermediate synchronous condenser placed for 100 per cent load, 


six major groups forming the system 
capital cost structure are given in Table 
II. These costs are determined from the 
study of data obtained from public utili- 
ties and construction companies and from 
the literature.°—% The data are for 
items installed or on foundation in various 
parts of the country. These data were 
reduced to the price level of the 12-month 
period preceding the war and analyzed 


and averaged. 


Since the supporting structures are one 
of the major system cost items, the de- 
tails on the type and number of structures 
and foundations, as well as their esti- 
mated weights, are given in Table ITI. 
It is assumed that the steel-construction 
company will build and deliver the struc- 
tures, install foundations (supplying the 
required cement), erect the structures, 


and string all conductors and ground 


wires. As quoted by steel-construction 
companies, this adds to the price of $102 
per ton of fabricated steel $70 per ton 


‘of structure weight, when erected on 
grillage anchor, and $95 for structures 
erected on concrete anchors, 


The in- 
direct expenses on the supporting struc- 
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tures are not included twice—by the 
steel-construction company and in this 
study—a corresponding adjustment hav- 
ing been made in the final structure cost. 
A slight reduction in cost is also made for 
structures erected on a common right of 
way. 


The Right of Way 


The cost of the right of way is fre- 
quently one of the most important items 
of the system capital cost. Still in 
numerous studies it is entirely neglected. 
A study of rights of way in various parts 
of the country shows that the line may 
pass through all types of territory: urban, 
suburban, and rural. It is very seldom 
that the line passes through one type of 
territory at a uniform cost per mile of the 
right of way. In the present study it is 
assumed that all lines pass through urban 
and rural territory, and that all right of 
way isheldinfee. Itis assumed that the 
length of the urban right of way in each 
system is a function of the length of the 
transmission line and the block of power 
transmitted, varying from a total of four 
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miles in the shorter and lighter systems to 
18 miles in the longest and heaviest lines. 
The total length of the urban right of way 
need not necessarily be concentrated at 
one or both ends of the line but may be 
scattered in various parts of it. Under 
the assumption made, the percentage 
which the length of the urban right of way 
constitutes of the total length of the line 
decreases as the latter increases. 

In the existing transmission lines all 
over the country the width of the right of 
way held in fee varies in comparable lines 
more than in 1-to-5 ratio. In determin- 
ing the width of the urban and of the 
rural right of way in the systems under 
study, the average height of the towers 
and the width of the longest crossarm are 
taken as guiding factors. Thus in one- 
tower-line systems the width varies from 
100 feet in 69-kv systems to 175 feet in 
345-kv systems. Where two tower lines 
are on a common right of way, the tower 
center-to-center distance is taken at not 
less than the average height of towers. 
In such systems the width of the right of 
way varies from 225 feet in some 230-kv 

systems to 290 feet in some 345-kv sys- 
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per mile 
Cost of the right of way is not included in the 


cost of the transmission line. 
In the present study the cost 


per mile of a 125-foot strip is assumed at 


Capital cost of the transmission line 
$50,000 for the urban and $2,000 for the 


Where there are two separate and 


LENGTH OF TRANSMISSION LINE—MILES 
remote rights of way with one tower line 


of identification letters, see Figure 2 
The cost per mile of the right of way 
in the existing systems varies in a 1-to-12 
The study of the effect of the width of 


the right of way on its cost per mile 


on one and two tower lines on another, 
shows that of all the items ent 


these are of two different widths in ac- 


cordance with the outlined principles. 
ratio, reaching at times the figure of 


$100,000 per mile for a strip 125 feet wide. 
In the study made by the St. Lawrence 


Power Development Comm 

cost of the right of way held in fee was 
taken at $50,000 per mile for a strip 500 
feet wide over the entire length of the 300- 
its cost—fee paid to grantor, surveying, 
drafting, agent’s expenses, recording deeds, 


title examination and other legal expenses, 
release of liens, and other minor costs— 


only the fee paid to grantor 


c 
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way. This fee forms 70 to 78 per cen 


proportional to the width of the 


On the basis of the study 


made, it is assumed that when the width 
of the system right of way varies by 50 
per cent or less from the standard width 


of 125 feet, 26 per cent of the total right- 


Ss 


When, how- 


ever, the width of the system right of way 


of-way cost—whether urban or rural 


proportional to its width. 
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Figure 5. Cost of the entire 
system per kilowatt-hour 
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For explanation of identifica- 
tion letters, see Figure 1. All 
costs at 50 per cent annual load 
factor except as follows: 
Fi, 150-230 at 35 per cent 
FQ. 150-230 at 75 per cent 
annual load factor 
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varies from the standard width by more 
than 50 per cent, it is assumed that 39 
per cent of the urban right-of-way cost 
and 35 per cent of the rural cost are pro- 
portional to its width. Under these 
assumptions the cost per mile of the urban 
_ right of way varies from $47,400 for a 

strip 100 feet wide to $75,700 for the 
290-foot strip. In the case of the rural 
right of way the cost per mile varies 
correspondingly from $1,896 to $2,925. 

The width and cost of the right of way 
in all systems are given in Table III. 


System Capital Cost 


Capital cost of the systems under study 
for the system as a whole, for the trans- 
mission line, and for the substations is 
given in Table IV. Costs are calculated 
per kilowatt transmitted, per mile, and 
per tower-line-mile. Cost of the six 
major groups into which the capital cost 
structure of the system is divided is given 
also in per cent of the total system cost. 
Considering all factors involved, the costs 
obtained compare favorably with the 
costs of existing systems. 

The capital costs per kilowatt trans- 
mitted and per mile for the entire system 
and for the transmission line alone are 
represented in Figures 1, 2, 3, and 4. 

It is seen from the figures that there is 
an economic relationship between the 
magnitude of the block of power trans- 
mitted, the transmission distance, and the 
voltage. 

When power is transmitted over dis- 
tances up to about 200 miles at voltages 
up to and including 230 kv, the most 
economical block of power is not the larg- 
est that may be transmitted over the 
system under accepted conditions of reli- 
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ability. Transmission of a block con- 
siderably smaller than the largest will re- 
sult in a more economical solution, For 
example, transmission of about 150,000 
kw over 50 miles at 188 kv costs approxi- 
mately six dollars per kilowatt less than 
if the system were to transmit 250,000 
kw, and about 11 dollars less, were it 
transmitting 300,000 kw. When large 
blocks are to be transmitted, it is more 
economical to pass to higher voltages. 
For example, curves G, F, and £ in 
Figures 1 and 8 show that when the trans- 
mission distance is 150 miles, a transmis- 
sion voltage of 138 kv should be used with 
blocks of power not exceeding about 
225,000kw; after which a 230-kv voltage 
is more economical until the transmission 
of approximately 550,000 kw is reached. 
As kilowatts are further increased, a 345- 
kv voltage is the most economical until 
this block of power is about doubled. 
That the transmission voltage should be 
raised when a certain block of power is 
transmitted over gradually increasing 
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Figure 6. Cost of the trans- 

mission line per kilowatt-hour 

at 50 per cent annual load 
factor 
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ters, see Figure 1 
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distances, is a well-known fact. Curves 
D, Cand F, E of Figures 2 and 4, how- 
ever, show at what mileages the increase 
in voltage should take place for economi- 
cal transmission, At transmission dis- 
tances such as 500 miles, power cannot be 
transmitted economically at a voltage 
below 345 kv because of stability con- 
siderations. At this distance very small 
blocks of power may be transmitted at 
230 kv, but at an entirely prohibitive cost. 

As the transmission distance increases, 
the cost of the transmission line per mile 
increases, because of the effect the voltage 
required has on the cost of the conductors 
and supporting structures. Simultane- 
ously, the cost of the entiresystem permile 
decreases, because of better utilization of 
copper in the line resulting from the effect 
the higher voltage has on system stability. 
For the same reason the cost of the trans- 
mission line per kilowatt transmitted goes 
down as the block of power transmitted 
increases. The rate at which this cost 
decreases in the short transmission lines 
is much more rapid than in the longer 
lines. This shows that, insofar as the 
cost of the line per kilowatt is concerned, 
once the voltage is properly chosen, the 
transmission of large blocks of power over 
long distances is not as critical as the 
transmission of small blocks over short 
distances. On the other hand, had the 
block of power been increased to about 
1,200,000 kw, the cost per kilowatt 
transmitted over a distance of 800 miles 
would again tend to rise, indicatirg that a 
transmission voltage of 460 kv is in order, 
if lower costs are to be obtained. 

In every case of transmission, therefore, 
where either the distance of transmission 
or the magnitude of the block of power is 
fixed, there is a most economical relation- 
ship between the block of power, the 
length of the line, and the transmission 
voltage. 

Table IV shows that the capital cost of 
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Table V. Division of Capital Cost of the Transmission 
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Capital Cost of the Component Parts of the Transmission - 
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The cost of land for the substations has been omitted from the table. 


of the component parts of substations. 


the receiving-end substations is greater 
than that of the sending-end substations. 
The reason for this is that the former 
include synchronous condensers, and 
their power transformers are more ex- 
pensive. 

The total capital cost of some systems 
is greatly influenced by the cost of various 
measures applied for the increase of the 
system transient-stability limit. That 
this expenditure is highly justified will 
now be shown in a few extreme cases. 

In the system 0-1a the cost of stability 
measures,® including the proportionate 
share of indirect expenses and the cost of 
money, is $1.20 per kilowatt of system 
rating, or a total of $60,000, with a result- 
ing increase in the transient-stability 
limit from 44,600 to 50,000 kw. Without 
the application of these measures the 
capital cost of the entire system per kilo- 
watt transmitted (44,600 kw) is $60.90, 
while the expenditure of $60,000 lowered 
the cost to $55.50 per kilowatt trans- 
mitted (50,000 kw), or 8.9 per cent. In 
the system 0-6a the cost of stability 
measures is $12.50 per kilowatt of system 
rating, with a resulting increase in the 
transient-stability limit from 42,250 to 
50,000 kw. The cost per kilowatt trans- 
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mitted is reduced from $159 to $146.70, or 
7.7 per cent. In the system 0-l5a the 
cost of all stability measures is $6.10 per 
kilowatt of systemrating. This increases 
the transient-stability limit from 157,500 
to 250,000 kw, with a cost reduction from 
$108.80 to $74.70 per kilowatt trans- 
mitted, or 31.3 per cent. In the system 
0-18a the cost of the stability measures 
exceeds that of any other system and 
amounts to $72.15 per kilowatt of system 
rating. This results in an increase of 
system transient-stability limit from 
136,300 to 250,000 kw and lowers the cost 
per kilowatt transmitted from $287 to 
$228.30, or 20.4 per cent. In the case of 
the longest and heaviest system, 0-32a, 
the cost of all stability measures is $36.40 
per kilowatt of system rating, or a total of 
$29,120,000. As a result of this expendi- 
ture the system transient-stability limit is 
raised from 398,200 to 800,000 kw, and 
the cost per kilowatt transmitted is 
lowered from $234 to $152.80, or 34.8 per 
cent. 

In every case the application of various 
devices increasing the transient-stability 
limit results in substantial decrease of the 
capital cost per kilowatt transmitted, thus 
amply justifying their use. In the same 
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The percentage cost of this remaining item may be determined from the given percentages 


proportion the economy obtained is re- 
flected in the system annual cost. The 
economy is, of course, predicated on the 
premise that the additional power it is 
possible to transmit can find a ready 
market. 

The analysis shows that the least ex- 
pensive of all the means applied to in- 
crease the transient-stability limit is the 
use of high-speed circuit breakers. In the 
system 0-3a, for example, where nothing 
but  three-cycle-opening-time circuit 
breakers are used, these cost only 14 cents 
per kilowatt of system rating. Their 
application increases the transient-sta- 
bility limit from 37,000 to 50,000 kw, de- 
creasing the cost per kilowatt transmitted 
by 25.7 per cent, or from $92.00 to $68.40. 

The average cost of the intermediate- 
synchronous-condenser stations in the 
economical systems is $17.80 per kilowatt 
transmitted. This cost includes the syn- 
chronous condensers and their trans- 
formers, the required high-voltage and 
low-voltage equipment—installed on 
foundation—the proportionate cost of 
substation structures, the corresponding 
indirect expenses, and the cost of money. 
Had series capacitors been used instead, 
the cost of the intermediate-series-capaci_ 
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Line and Substations Into Their Component Parts 


Parts of Substations in Per Cent of the Capital Cost of the Substation 


All Intermediate-Condenser and Sectionalizing Substations 


Receiving Substation 
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tor stations would undoubtedly be lower, 
In two-circuit lines, however, the inter- 
mediate-capacitor station, like the inter- 
mediate-synchronous-condenser station, 
would contain equipment for transmis- 
sion-line sectionalizing. Therefore the 
over-all economy obtained in the total 
system cost may not be as significant per- 
haps as might appear at first when the use 
of series capacitors is planned. 


Division of System Capital Cost 
Into Its Component Parts 


The percentage division of the system 
capital cost into its six main component 
parts is given in Table IV. The table 
shows that the receiving-end substation is 
the largest cost item in the total cost. 
The sending-end substation and the 
transmission line are next in magnitude of 

cost, The percentage costs of the three 
main items vary greatly, depending on the 
relationship between the length of the line 
and the block of power transmitted. The 
total cost of all the intermediate-conden- 
ser and sectionalizing substations also 
constitutes a large item in some systems. 
The percentage cost of the right of way is 
a smaller item and varies within narrower 
limits. 
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Table VI. Annual Fixed Charges and Annual Expenses for Maintenance and Operation on 
System Parts, in Per Cent of Their Capital Cost 
Annual Fixed Charges Annual 
Expenses 
Depreciation Interest for 
and on Money Maintenance 
Taxes Insurance Obsolescence Invested Total and Operation 
Item (Per Cent) (Per Cent) (Per Cent) (Per Cent) (Per Cent) (Per Cent) 
Equipment comparative 
increment cost........... OOF ss Sate te a ee ee TBO 4 catia (na esate LORO 2S ere tetene 2.0 
Sending substation,........ 2 Or ete obaze Qs Giasrervatid ixite Br S2 Bie baa is S20 Fn uae TONS23.ne sete 2.0 
Transmission line,.....,.... Die Q cpeneehoea—alc sists erates eS tec tate cnet OO e rasetensr ORB 2a mate aul 1.3 
Rigiet OF WY ).5 01:0 sires an DROW ea rercce amen Neg Sega alle Se as GLOvts so SOWA eaten 0.25 
Intermediate-condenser 
and sectionalizing 
Slibstations oc. s.ccd eee OO fos cote Oye Bic she seumeae ects ph eS Aree 6.0 een LO RSZS/syavanvee 2.0 
Receiving substation........ PEON Bee mS Oe Bizrate eras cia Ue S2S eeu tractors 6) OS tesa ce LOMB QOn Aan ate 2.0 


Charges for depreciation and obsolescence calculated by the sinking-fund method, at six per cent per annum 
money cost, for a 25-year life span of all system parts. 


equipment constitute the major items of 
the sending-substation cost. Synchro- 
nous condensers and power transformers 
occupy the first place in the subdivisions 
of the cost of the receiving-end substa- 
‘tion. The cost of land, held in fee, is the 
smallest of all items; it rarely exceeds 


The percentage division of the capital 
costs of the transmission line and of the 
substations into their component parts is 
given in Table V. The costs of the sup- 
porting structures and of the overhead 
conductors form the major component 
parts of the line. The percentage varia- 


tion of these items depends on the length 
(or the voltage) and on the load of the 
line. The cost of the counterpoise and of 
adjusting the tower-footing resistance is 
the smallest of all the items. 

The costs of power transformers and 
high-voltage switching and protective 
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two per cent of the substation cost and 
frequently is less than this figure. 

The percentage division of the system 
capital cost into its component parts 
makes it, possible to evaluate the effect of 
changes in the cost of system parts or 
basic materials. If the cost of any sys 
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Annual Cost of Losses for Entire System 


Total Annual Kilowatt-Hours of 


Cost of Energy Loss Per Kilowatt-Hour 


Losses in System 


At 75 Per Cent 


Annual At 35 Per Cent At 50 Per Cent 
Expenses for At 35 At 50 At 75 Annual Load Factor* Annual Load Factor* Annual Load Factor* 
Maintenance PerCent PerCent Per Cent = , 
Annual Fixed and Operation Annual Annual Annual Cost of Cost of Cost of Cost of Cost of Cost of 
System Charges for for Entire Load Load Load Trans- Energy Trans- Energy Trans- Energy 
Identi- Entire System System Factor Factor Factor mission Loss mission Loss mission Loss 
fication (Thousands (Thousands (Millions (Millions (Millions (Mils Per (Mils Per (Mils Per (Mils Per (Mils Per (Mils Per 
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* Cost of hydrogeneration is taken at 7.57 mils per kilowatt-hour at 35 per cent annual load factor, 5.37 mils per kilowatt-hour at 50 Bet cent annual load factor, 
and 3.64 mils per kilowatt-hour at 75 per cent one load factor. 


tem part is changed, it is only necessary 
to find from Tables IV and V the per- 
centage the cost of the particular part 
forms of the total system cost, calculate in 
per cent the change that is introduced 
into the cost, and multiply it by the figure 
found from the tables. The figuré thus 
obtained will show the resulting percent- 
age change in the capital cost per kilo- 
watt. When it is desired to estimate the 
effect of changes in prices of copper or 
steel, tse must be made of quantities of 
these materials in various system parts, 
such as overhead conductors, supporting 
structures, and so forth, given in Tables I 
and III. The cost of a particular system 
part is calculated at the new basic price of 
copper or steel, and the procedure de- 
scribed may then be applied. 

As an example, the cost of clearing 
brush will be considered. From Tables 
IV and V it may be found that for a 
particular system the cost of clearing 
brush and trimming trees representsabout 
3.5 per cent of the total capital cost. 
Should the cost per acre of clearing brush 
double, it will result in about 3.5 per cent 
increase in the capital cost of the system 
per kilowatt. 

In the case of the right of way, for ex- 
ample, if in a particular system its width, 
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the proportion of urban and rural right of 
way, and its cost per mile should charge, 
the effect of the width on the cost per 
mile and the total cost of the right of way 
in the system may be calculated from 
data givenin Table III. From Tables IV 
and V the total cost of the original right of 
way in dollars at the old price may be 
calculated, as well as the percentage this 
cost forms of the total capital cost. The 
ratio of the dollar costs of the new and of 
the original right of way is then deter- 
mined and applied to the percentage 
which the cost of the original right of way 
forms of the total system capital cost. 
The resulting percentage increase in the 
capital cost per kilowatt may now be 
easily estimated. 

One of the most important items affect- 
ing the capital cost are the indirect ex- 
penses. It will be recalled that these are 
taken care of by adding 22.5 per cent to 
the cost of all system items, except the 
right of way. Assume, for example, that 
in a system where the cost of the right of 
way constitutes ten per cent of the total 
capital cost, an estimate must be made of 
the effect on the cost per kilowatt of in- 
direct expenses amounting to 27.5 per 
cent. From these figures it may be calcu- 
lated that this increase in the indirect 
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expenses will raise the cost per kilowatt 
by about 3.6 percent. The new cost per 
kilowatt may then be obtained by apply- 
ing this percentage to the figure given in 
Table IV for the particular system, 

In this fashion the percentage division 
of the capital cost may be made use of 
when it is desired to consider costs 
different from those employed in the 
Paper. 

Similarly when system design is 
changed and the:amount of equipment 
used is modified, the new cost may be 
estimated by reference to both the equip- 
ment and the percentage-cost tables. 


Method of Estimating System 
Annual Cost 


The system annual cost is taken as the 
sum of the annual fixed charges and the 
annual operating expenses. 

The annual fixed charges cover | the 
following four items: taxes, insurance, 
depreciation and obsolescence, and in- 
terest on TROREY invested. Every one of 
these items is calculated separately for 
each of the six major groups into which 
the capital cost structure is divided. The 
total annual fixed charges on various 
system parts are given in Table VI. ‘ 
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The annual operating expenses cover 
the following two items: maintenance 
and operation, and cost of energy loss. 
The annual expenses for maintenance and 
operation are taken as a percentage of the 
system capital cost, varying with each of 
the six major groups forming the capital 
cost, and are given in Table VI. 

The cost of energy loss per kilowatt- 
hour is taken equal to the sum of the cost 
of generation and the cost of transmission. 
The calculations are made for annual load 
factors of 35, 50, and 75 per cent. 

The capital cost of the hydroelectric 
power plant is taken at $200 per kilowatt 
for all systems under design. The 
annual fixed charges of the power plant 
are taken at 10.323 per cent, which is the 
rate used for the equipment-comparative- 
increment-cost item of the system. The 
annual maintenance expenses are taken 
at one per cent of the capital cost per an- 
num, and the cost of operating labor is 
taken at 0.20 mil per kilowatt-hour. At 


these charges the cost of generation at 35, 


50, and 75 per cent annual load factors is 
correspondingly 7.57, 5.37, and 3.64 mils 
per kilowatt-hour. 

The cost of transmission per kilowatt- 
hour, taken in determining the cost of 
energy loss, is calculated at the corre- 
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COST PER KILOWATT-HOUR — DOLLARS 


et ae 


100 200 300 ° 400 500 
LENGTH OF TRANSMISSION LINE ~ MILES 
Figure 7. Cost of the entire system per kilo- 
watt-hour at 50 per cent annual load factor, 
with all costs reduced to one tower line 


For explanation of identification letters, see 
Figure 2 
The shape of curve C is due to the fact that 
the 500-mile system (0-254) has three tower 
lines, of which two are on a common right of 
way and the third on a separate. The other 
systems represented by this curve have one 
tower line per right of way 
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Table VIII. Division of Annual System Cost 
Into Major Component Parts at 50 Per Cent 
Annual Load Factor 


In Per Cent of Total Annual System Cost 


Expenses for Cost of 
Fixed Maintenance Energy 
System Charges and Operation Loss 
Number (PerCent) (Per Cent) (Per Cent) 
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Table VI gives also the cost of the kilo- 
watt-hour at the receiving end of the sys 
tem Tis is the sem of the cost of 
generztzon, the cost of transmission as 
calenleted for the purpose of determining 
cost of energy loss, and the cost of energy 
loss 


Division of System Annual Cost 
Into Its Component Parts 
The division of system annual cost nto 


its three major component parts is given 
tm Table VIII for the 50 per cent annual 


load factor. At 35 and 75 per cent load — 


factors the division of the annual cost is 
very similar to that at the 50 per cent load 
factor, ‘ 
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Typical Calculation of Total System Capital Cost—System O-16a (Continued) 


— — 


Cost of Item 
Installed (on 


Foundation 
Cost of Item Where Needed) 
as Delivered Including Group 
(Material Cost) Labor Cost Cost 
(Dollars) (Dollars) (Dollars) 
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Cost of money during construction......... 


otal System Capital Cost............ 0.00 ce eee ee 


235,700..... 8,091,200 


Tale) Seale Pree TM cee Pager ah ees 38,998,400 


System 0-16a transmits 250,000 kw over a distance of 250 miles, at a voltage of 230 kv, over two circuits on 


two separate and remote rights of way. 


Construction period taken at one year. 
half construction period. 


Cost of money during construction taken at six per cent for one- 


Cost of stringing overhead conductors and ground wires, cost of hanging suspension insulation and attaching 
hardware (labor cost) are included in total cost of supporting structures as installed on foundation, 


System 0-16a is essentially an uneconomical system, as may be seen from Table VI of reference 8, where are 


outlined all the means necessary to keep the system stable in the transient state. 


This is reflected in the 


high capital cost of the ‘equipment comparative increment”’ item. 


total annual cost. Should the tax rate 
double, the cost per kilowatt-hour would 
increase by about 12 per cent. The per- 
centage method of the division of the 
annual cost into its component parts may 
also be used to evaluate the effect of 
maintenance and operation costs, as well 
as energy-loss costs, when these differ 
from those taken in the study. Even a 
different cost of generation may be 
introduced and its effect on the kilowatt- 
hour cost determined. 


The 345-Kv Systems 


Study of the 345-kv systems as a sepa- 
tate group shows that the economics of 
these systems is a function of both the 
block of power and the transmission 
distance. 

The larger the block of power, the 
shorter the distance at which the 345-kv 
transmission voltage becomes more eco- 
nomical. For example, at distances under 
100 miles the block of power must be of 
the order of 800,000 kw if 345 kv is to be 
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the most economical voltage; at distances 
approaching 200 miles, 345 kv becomes 
economical when 500,000 kw is trans- 
mitted; and when the transmission is 
over distances exceeding 200 miles, 
250,000 kw may already be transmitted at 
345 kv at a cost smaller than at 230 kv. 
There are several cases of transmission 
of large blocks of power over long dis- 
tances for which no comparison between 
the 345-kv and the 230-kv voltages may 
be made. This is when the system is un- 
stable transmitting any reasonably large 
block of power at 230 ky, or when stability 
could be attained at a cost very much 
greater than that obtainable with 345 kv. 
When transmitting with 345 kv, the 
cost of substations per kilowatt always 
exceeds the corresponding cost at the 
230-kv voltage. The economy, however, 
of the 345-kv systems is due to the lower 
cost per mile of the transmission line it- 
self, as well as to the smaller equipment 
comparative increment cost. 
kv systems this item of the capital cost 
structure is either-very small or entirely 
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TRANSFORMER KILOVOLT-AMPERES 


Figure 8. Cost of single-phase power trans- 
formers 


Sending transformer, delta grounded wye: 


A—13.8/345 kv B—13.8/230 kv 
C—13.8/138 kv 


Receiving transformer, grounded wye-delta— 
wye: 
D—330/16.5/66 kv 
E—990/16.5 or 13.8/33 kv 
F—132/16.5 or 13.8/22 kv 


Transformer for intermediate synchronous con- 
denser, grounded wye-delta: 


G—340-335/16.5 or 13.8 kv 
H—295/16.5 kv K—135/13.8 kv 


All transformers are oil-insulated self-cooled. 

The receiving-end transformers have +10 per 

cent load-ratio control. Their main-winding 
kilovolt-amperes are used in the figure 


nonexistent, because of the stability being 
so much more easily attained in these 
systems. 

Insofar as the total weight, and hence 
the total cost, of the supporting structures 
for the 345-kv systems is concerned, it is 
not appreciably greater than that for the 
230-kv systems, when equal blocks of 
power over equal distances are trans- 
mitted under identical conditions of de- 
sign and reliability. 

It is entirely possible that when a 345- 
kv transmission project becomes an 
actual business proposition, the 345-kv 
equipment may be obtained at a cost 
lower than that taken in this study, thus 
increasing the savings obtained from the 
use of the 345-kv systems and extending 
the range of their economic application. 


Effect of Design Conditions and 
Economic Factors on System Cost 


The various design conditions, techno- 


logical assumptions, and economic factors 
involved in arriving at specific system 
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costs could have been modified in different 
ways, either separately or simultaneously. 
It is impractical and even impossible to 
estimate the possible ways in which the 
‘various modifications of adopted methods 
and factors, or their combinations, could 
affect the system costs. A general inter- 
pretation of the problem, however, can be 
given. 
The most important of all conditions of 
system design is that of reliability and 
continuity of service, coupled with the re- 
quirement of proper operating facilities, 
The minimum number of circuits allowed, 
their sectionalization, the type, place, and 
duration of fault, as well as the question 
_of a separate or common right of way— 
much as these affect the total cost—are of 
less importance from the economic view- 
point than might appear at a first glance. 
One single-circuit tower line will require 
less copper than two tower lines, and the 
total cost of its supporting structures and 
of the right of way will be smaller. On 
the other hand, ultrahigh-speed reclosing 
circuit breakers will be required and the 
necessity of interconnection with other 
systems will become imperative. In sys- 
tems with one tower line where one cir- 
cuit would replace two, the number of 
towers would probably not be reduced, 
their height might have to be greater and 


the right of way wider, and the ultimate 
economy would be questionable. The 
less stringent conditions of reliability for 
the light and short transmission systems 
will affect the total cost very little. In 
the larger and longer systems the saving 
will be somewhat greater, but it will be 
obtained at the cost of greatly impaired 
operating results and facilities. 

In the same class of design conditions 
affecting the system cost are the high- 
voltage busses, their sectionalization, 
receiving-end synchronous condensers, 
self- instead of water-cooled power trans- 
formers, and the provision for a certain 
amount of spare equipment. Any of 
these might be changed in order to lower 
the system cost, but this would not be 
good operating practice. In some cases 
the use of voltages such as 115 kv and 161 
ky might possibly slightly reduce the 
total cost, but this might not always be 
the case. The use of wooden supporting 
structures would affect the cost consider- 
ably, but this is a matter of choice. 

In a few systems the total costs could be 
slightly reduced by installing a somewhat 
greater kilovolt-ampere capacity of gener- 
ators and transformers, so that the copper 
in the line would be utilized to the fullest 
extent. This would increase the system 
rating. The resulting decrease in the 
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cost per kilowatt or per kilowatt-hour,, 
however, will not be appreciable. 

The economic factors affecting the sys- 
tem cost are: prices of basic materials, 
cost of equipment, cost of labor and in- 
stallation, cost of the right of way, finan- 
cial methods of cost estimates, annual 
fixed charges, and cost of operation. 
Any, or all, of these may vary from those- 
taken in the study. The only manner in 
which their effect on system cost may be 
estimated is through the medium of 
equipment-cost curves and through the 
use of tables giving system equipment and 
the percentage division of capital and 
annual costs into their component parts. 

In estimating the magnitude of error in 
the final cost figures, it will be seen that 
its sources are in the system design and 
the cost estimates. In various system 
parts the two errors may lie in the same or 
opposite directions. In the former case 
the resulting error is their sum, and in the 
latter—the difference. The error in the 
design of any system part is considerably 
below ten per cent, since the system char- 
acteristics were studied on the network 
analyzer. The error in the cost figures is 
probably around ten per cent. The 
equipment costs contain the usual error 
present in all quotations obtained from 
the manufacturers; it is somewhat 
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* These include losses in shunt ‘reactors on generator bus, in the increment generator kilovolt-amperes required by the shunt reactors, and in the current-limiting 


reactors. 
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CIRCUIT-BREAKER COST — THOUSANDS OF DOLLARS 


fireater only where the 345-kv equipment 
is involved. The error in estimating 
labor costs, costs of installation, and costs 
of miscellaneous substation equipment is 
probably close to 15 per cent. If one 
considers that these costs are obtained 
from study of actual systems and that in 
themselves they form only a.part of the 
total system cost, it will be seen that the 
error is well within the limits of allowable 
engineering accuracy. 


Summary and Conclusions 


Results of the study may be summa- 
rized as follows: 


1. The magnitude of the block of power, 
the transmission distance, and the voltage 
of transmission are economically interre- 
lated. Transmission of a certain block of 
power at a certain voltage requires a definite 
distance of transmission if the most eco- 
nomical results are to be obtained for the 
system as a whole. Similarly when trans- 
mission is over a certain distance at a certain 
voltage, there is a definite magnitude of the 
block of power that can be transmitted most 
economically. The voltage of transmission 
over a certain specific distance depends on 
the block of power transmitted: for an 
over-all economical transmission, the voltage 
must increase to the next standard value as 
the block of power increases at certain inter- 
vals. These conclusions follow from both 
the capital and the annual cost figures. 


2. As the block of power transmitted in- 
creases, with a simultaneous increase in the 
transmission distance, the cost per mile of 
the entire transmission system decreases at a 
rate greater than the rate of voltage increase. 
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CIRCUIT-BREAKER 3-PHASE INTERRUPTING 
CAPACITY — MEGAVOLT-AMPERES 


Figure 9. Cost of three-phase ‘oil circuit 


breakers 
A. 345-8 E. 230-6 
B. » 345-6 F. 230-4 or.3 
C. 345-4 or 3 G. 138-8 
D. 230-8 H. 138-4 or 3 


First figure represents circuit-breaker con- 
Hpuous operating voltage, the second, its 
interrupting time 
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‘with all the necessary detail. 


’ 


8. For the highest economy of operation, 


the transmission system must carry a load 


which is as close to the load for which it is 
designed as possible. Therefore the system 
must be designed for the block of power 
which is fully marketable either immediately 
or in the near future. 


4. The curves given may be used to deter- 
mine the most economical transmission volt- 
age, distance, or block of power within the 
range investigated. They may he interpo- 
lated for voltages other than those used in 
the study. Both capital and annual costs 
may be estimated from the curves at the 
basic costs and economic factors assumed. 


5. Study of the cost of various means em- 
ployed for the increase of system transient- 
stability limit, as reflected in the increased 
system rating, shows that this expenditure 
is amply justified, in every case greatly de- 
creasing the cost of kilowatt transmitted. 
Of all the means available for this purpose, 
the high-speed circuit breaker attains the 
result at the lowest cost. The means for in- 
creasing the system rating by raising its 
transient-stability limit, however, are to be 
employed only when the additional kilo- 
watts that may be delivered can find a ready 
market. In systems operating at a voltage 
which is too low in comparison with the 
distance of transmission or with the block of 
power transmitted, the cost of stability 
improvement is so high as to make it more 
economical to resort to a higher transmission 
voltage. 


6. There is a certain region of kilowatt- 
mileage combinations where the transmis- 
sion voltage of 345 kv is decidedly more 
economical than the 230-kv voltage. If 
ever the cost of the 345-kv equipment be- 
comes lower than that taken in the study, 
the region of the economical application of 
the 345-kv voltage will be extended beyond 
the range indicated in this study. 


7. Tables are given showing the division on 
a percentage basis of the system capital and 
annual costs into their major component 
parts. Tables also show the amount of 
various equipment used in the system, by 
number or by weight of material. When 
costs other than those used in this study are 
considered for system equipment, for labor 
and installation, for the right-of-way or 
other system parts; when basic prices of 
steel and copper change; or when it is de- 
sired to modify some of the factors affecting 
the capital or annual cost structure—all 
of these modifications may be introduced 
through |the use of the percentage-cost and 
the equipment tables. Similarly the tables 
may be used for estimating the cost when it 
is desired to modify the design of some sys- 
tem parts or to change the amount of equip- 
ment used, at the same time retaining the 
costs and economic assumptions of the 
study. Thus the cost of the system may be 
easily recalculated, and the effect of result- 
ing changes on the cost per kilowatt, per 
mile, or per kilowatt-hour may be estimated 


without making a new design or cost calcu- | 


lation. 


8. It is emphasized that for an exact deter- 
mination of capital or annual costs of an 
actual system, these must be calculated 
In some 
cases, with a certain combination of various 
factors, costs lower or higher than those 
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reached in this study may be obtained. It 
is believed, however, that the relative costs 
and the effect of various factors will remain 
as presented. 


9. In view of the economic advantages the 
345-kv systems have in numerous instances 
over the 280-kv systems, the belief is ex- 
pressed that the development of 345-ky 
equipment should begin. The engineering 
principles for this equipment will be essen- 
tially the same as for lower voltages, and 
the problem should present no extraordinary 
difficulties. 


Appendix 


1. The costs of 345-kv power transform- 
ers, oil circuit breakers for various opening 
times, air-break disconnectors, and lightning 
arresters are given in Figures 8, 9, and 10, 
jointly with costs of the corresponding 
equipment for lower voltages. 

The type of grounding and the higher- 
than-normal voltage of the secondary wind- 
ing of the transformers are accounted for in 
their cost. When transformers are required 
to operate for two hours with a 25 per cent 
overload, their price is increased by 12.5 per 
cent for the 230-kv units, and by 15 per cent 
for the 330- to 345-kv transformers. Prices 


of transformers of non-standard kilovolt- ~ 


ampere sizes are determined by interpola- 
tion between adjacent standard sizes. 

Prices of three-phase oil circuit breakers 
with lower than eight-cycle opening time, as 
well as those with an interrupting capacity 
higher than at present manufactured, are 
averages obtained from various manufac- 
turers. 

Prices of lightning arresters are for Thy- 
rite-type units for grounded-neutral circuits. 

In a few cases prices of the 345-kv equip- 
ment are obtained by extrapolation of prices 
for 230- or 287-kv equipment. All prices of 
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Figure 10. Cost of air-break disconnecting 
switches and lightning arresters 


A. 600-ampere air-break disconnector 

B. 1,200-ampere air-break disconnector 

C. Three-phase lightning arrester, grounded 
neutral 


Air-break disconnectors are three-pole out- 
door motor-operated 
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the 345-Ey equipment contam from 10 to 15 
Ber cent allowance for development costs. 


2 All systems are equipped with carrier- 
emrrent apparatus for both communication 
and relaying purposes. The carrier-current 
equipment for communication is 2 single 
frequency “Duplex,” with 2 bus coupling at 
both ends of the system through capacitors 
with potential devices. Carrier-current 
apparatus for relayimg is connected directly 
to the lime and is duplicated for each trans- 
mussion-lmme circuit. Each sectionalizing 
station is equipped with a “Simplex” trans 
Hiftter+eceiver for communication, con- 
nected also drectly tothe bus. Systems 75 
tiles and longer are provided with patrol- 
man sets for communication purposes; they 
are coupled permanently to the Ime and 
duplicated for Imes on the separate right of 
way. 

All prices, incindimg those for the 345-kv 
systems, were obtained from manufacturers. 


3 A typical calculation of the total sys 
tem capital cost is gives im Table IX. The 
table gives the six major parts of the capital- 
cost structure and their subdivisions- 


4. System losses are given im Table X. 
All losses are divided into those independent 
of the load and those dependent on it- 

The corona loss in the line is calculated by 
the Carrofl-Rockwedil method The [°R 
losses in the line are calculated from currents 
actually measured on the a-c network ana- 
lyzer. Thelossesin the Ime are greater than 
im other system parts. In long and heavy 
systems the Ime efficiency is actually con- 
trolled by requirements of reliability and 
sexvice continuity, which require a certain 
system voltage, a definite conductor di- 
ameter, and a certain amount of copper. 


» 


The generator losses are calculated only 
for the incremental generator kilovolt- 
ampere capacity, for pairs of systems trans- 
mitting equal blocks of power over equal 
distances at different voltages. The same 
Procedure with regard to the incremental 
generator kilovolt-ampere capacity has been 
followed im the capital cost structure. 
Generator losses independent of the load 
and dependent on it are taken as equal. 

Two fifths of the total losses in the sending 
transformer and in the main winding of the 
receiving transformer are taken as inde- 
pendent of the load; the remaining three 
fifths are copper losses dependent on the 
load. To the latter are added copper losses 
in the third winding of the receiving trans- 
formers. 

Losses in the synchronous condensers, 
whether hydrogen- or air-cooled, are taken 
as supplied by manufacturers, and are 
divided equally between those dependent on 
the load and those independent of it. 

In systems where shunt reactors are con- 
nected to the generator bus, it is assumed 
that 35 per cent of their capacity is perma- 
nently connected to the system; their losses 
therefore are independent of the load. 
Losses in the remaining shunt reactors de- 
pend on the load. These are air-core reac- 
tors, and their efficiency at 100 per cent load 
is taken at 99.6 per cent. 
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Transformer Magnetizing 
Inrush Currents and 
Influence on System 
Operation 


Discussion and authors’ closure of paper 44-10 
by L. F. Blume, G. Camilli, S. B. Farnham, and 
H. A. Peterson, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
24-28, 1944, and published in AIEE TRANS- 
ACTIONS, 1944, pages 366-75. 


W. R. Brownlee (Commonwealth and South- 
ern Corporation, Jackson, Mich.): The 
quantitative analysis presented of the many 
design and application factors governing 
transformer magnetizing inrush currents 
should be most useful from the standpoints 
of system planning and operation, not only 
in connection with units employing the 
newer high-permeability iron but for the 
solution of existing problems involving 
transformers with conventional iron. 

The difficulties encountered in securing 
sensitive differential protection, even for the 
older units, are greater than is generally 
recognized, since the expedients introduced 
to eliminate false tripping on magnetizing 
current inadvertently may nullify the in- 
tended sensitivity. Sometimes current 
taps are raised, or restraining spring torque 
increased the required ariount to prevent 
false tripping, and the reduction in sensi- 
tivity is neglected. The addition of devices 
to desensitize the relays for a short period 
following energization is almost as objec- 
tionable, because transformer faults are 
likely to occur when the unit is energized 
(as brought out by the authors), and because 
of the practice of many operating companies 
of making a thorough inspection of a trans- 
former after a relay operation and then 
energizing the transformer once (if load is 
interrupted). Thus, protection is reduced 
at the very time when rapid sensitive opera- 
tion is urgently needed. At first thought, 
the addition of an undervoltage cutout to a 
time-delay desensitizing device appears to 
offer a solution, until it is realized that 
faults requiring sensitive protection, such 


as those involving only a portion of a wind- - 


ing, usually will be accompanied by voltages 
high enough to defeat the undervoltage 
interlock. 

From the authors’ conclusion 2, it may be 
inferred that a certain number of incorrect 
relay operations on magnetizing current may 
be ‘‘tolerated.’”’ The present-day power 
transformer is a most reliable device, the 
failure rate due to all causes probably not 
exceeding one in five years, as contrasted 
with probably five to ten outages per year of 
typical subtransmission lines. This proved 
reliability is taken into account in system 
planning, so that only a small fraction of 
false relay operations on’a transformer may 
be ‘‘tolerated,’’ as compared with those as- 
sociated with satisfactory line relay per- 
formance. Another way of viewing this 
ratio is that, after only one incorrect opera- 
tion, transformer differential relays would 
have to render perfect performance for 
about a century in order to result in 95 per 
cent correct operation. 

The magnitude of problems associated 
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with transformer magnetizing inrush cur- 
rents has been increased gravely by the use 
of trarisformers built with high-permeability 
iron. However, the striking reduction in 
materials thus made possible should result 
eventually in attractive economies to the 
users. It is hoped, therefore, that the study 
of an adequate solution of these problems 
will be given new impetus. 


J. A. Elzi (Commonwealth and Southern 
Corporation, Jackson, Mich.): From the 
standpoint of transformer protection, either 
by means of fuses or relays, the energizing 
inrush current of transformers is of consider- 
able importance. The number of cases in 
which troubles from this source have been 
experienced in the past has not been very 
great, but the trend in the use of low loss 
steel and corresponding higher normal flux 
densities can be expected to make it neces- 
sary to give this matter considerably more 
attention in the future. Apparently the 
maximum inrush current to be expected can 
be determined quite accurately in advance 
so that the protection engineer can have this 
information available when planning the 
protective scheme. 

It is thought that the authors are some- 
what overoptimistic in reporting that the 
relaying difficulties can be overcome by 
applying harmonic restraint relays or by 
using desensitizing devices. As mentioned 
in our discussion! of C. D. Hayward’s paper, 
reference 10 of the paper, some harmonics 
of the inrush current are neutralized and 
others considerably reduced for certain com- 
monly used transformer connections and 
associated current transformers, so that the 
desired restraint is not always available. 
Also, it is usually very important that the 
sensitivity of the relays be retained at the 
time of energizing a transformer bank. 

With reference to the selection of fuses, 
the authors outline a method which will 
insure that the fuses will not be damaged by 
the inrush current. It is believed that some 
emphasis should be given to the fact that 
this refers to damaging the fuse and not to 
blowing it. Most published fuse curves 
give average blowing time, whereas, for this 
purpose, the minimum damaging time— 
current curves should be used. This, in 
many cases, will result in selecting con- 
siderably larger fuses than would be the 
case if average melting-time curves were 
used. 
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C. L. Schuck (General Electric Company, 
Philadelphia, Pa.): This paper gives a 
much-needed quantitative statement on the 
magnitude of magnetizing inrush current of 
power transformers, appraises the affecting 
factors, and shows the use of inrush data in 
application problems. Engineers interested 
in continuity of service will welcome the 
guidance afforded by this paper, so that, in 
making applications, a considerable percent- 
age of outages formerly encountered may be 
eliminated. 

The paper emphasizes the importance and 
usefulness of the J?7 parameter for evaluat- 
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ing inrushes of short duration as well as 
the ability of fuses and other series-con- 
nected devices to pass these inrush currents 
without damage to themselves. The J?7 
concept has been made use of increasingly in 
power-system applications of fuses, in po- 
tential-transformer-fuse applications, in dis- 
tribution-system co-ordination studies in- 
volving reclosers or repeating fuses, and also 
in welding circuits for which a meter has 
been developed for measuring ampere- 
squared seconds directly. 

With reference to Table I of the paper, 
which shows the relative crest inrush cur- 
rents for sequential versus simultaneous 
switching of transformers connected in 
various ways, it appears that these data 
would be more useful if expressed in the 
form of the maximum possible integrated 
ampere-squared seconds flowing through 
any phase conductor relative to the J?T of 
the transformer in a single phase. Generally 
one fuse is used, one in each phase conductor 
leading to a power transformer bank, and, 
with the inrush data in the suggested form, 
it would be apparent whether sequential 
switching of three-phase banks would call 
for a higher-fuse-ampere rating than a 
single-phase transformer having the same 
primary full-load current. 


E. M. Wood (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ont., Canada): 
On the large 25-cycle systems in Ontario 
the problem of the effects of magnetizing 
transients on the protection of transformers 
has been outstanding for many years. AI- 
though we have not yet seen any scheme 
which we think is perfect and, therefore, be- 
lieve that there is need for further develop- 
ment, our practice for protection of medium 
and large transformers has evolved to the 
following. 

For protection against incipient internal 
faults we install on each transformer unit 
a gas-pressure relay of the Bucholz-Kidde 
type. Our experience with these as to their 
effectiveness. in clearing incipient winding 
faults and in detecting conditions, such as 
failure of corebolt insulation, has been very 
favorable. 

While the form of relay we have used has 
some detail defects, if appreciated they do 
not reduce greatly the usefulness of the 
device. In several years’ use we have had 
no case of incorrect tripping on external 
faults. 

We supplement the gas-pressure relay 
with transformer-zone differential relays of 
usual type for high-speed clearance of heavy 
zone faults, either in or out of the trans- 
former, 


L. F. Blume, G. Camilli, S. B. Farnham, 
and H. A. Peterson: Mr. Brownlee’s com- 
ments appear to be predicated on the as- 
sumption that a relay operation attending 
the transient inrush current that results 
when a transformer is energized necessarily 
creates an interruption to service. On this 
basis he questions whether any false relay 
operations can be tolerated. 

Let us consider the typical case of a 
radial system with one transformer bank 
supplying a load. An actual interruption to — 
service must necessarily already be in 
progress when an attempt is made to re- 
energize the transformer. Hence, if in a 
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very few cases the inrush current is sufficient 
to cause an immediate tripout, it cannot 
be said that service was interrupted thereby. 
Actually, the principal consequence is only 
the embarrassment of having to close the 
breaker a second time. On the other hand, 
if the system is in the form of a network, 


there is not even an interruption to service. 


when a transformer is switched out. There- 
fore, if a breaker trips on the first attempt 
to re-energize it, service is in no way af- 
fected, and the only serious consequence is, 
again, the embarrassment of having to make 
another attempt. This being the case, it is 
not a matter of service interruptions but 
only one of convenience that is being evalu- 
ated when one questions whether the trip- 
ping of differential relays during the inrush 
period can be tolerated. As has been 
pointed out in the paper, if such infrequent 
tripping cannot be tolerated, properly ap- 
plied harmonic restraint relays offer a solu- 
tion. 

As Mr. Elzi states, it is true that, with 
certain transformer connections, some of the 
harmonic components of inrush current may 
be reduced in the relay circuits. Neverthe- 
less, within the application range of the 
relay, as determined by the ratio of maxi- 
mum internal fault current to minimum 
relay-operating value, the harmonic-re- 
straint relay applied to protect a single 
transformer bank (as pointed out in the 
paper) will prevent operation on magnetiz- 
ing inrush current. 

Fuse-application practices, Mr. Elzi 
states, should prevent damage to the fuse 
links during the transient inrush period. 
An attempt was made to do this in the sug- 
gested criterion of “12 times normal cur- 
rent for 0.1 second.’’ The actual inrush 
currents, as stated in the paper, were found 
to be substantially equivalent in their heat- 
ing effect to ten times the normal full-load 
current of the transformer for 0.1 second. 
If data generally were available on the 
damaging time-current characteristics of 
fuses, the factor 10 could be used. How- 
ever, since most published fuse data are 
based on melting time, the factor was 
raised to 12 in order to allow a margin which 
would permit the use of the available melt- 
ing-time characteristics. 

Mr. Schuck makes the suggestion that 
Table I of the paper, which illustrates the 
relative magnitudes of the peak inrush cur- 
rents for various transformer connections, 
would be more useful if expressed in the 
form of integrated ampere-squared seconds. 
His purpose is to permit a direct comparison 
between the fuse sizes required for three- 
phase transformer banks and single-phase 
transformers having the same primary full- 
load current. It should be pointed out, 
however, that the data presented in Table 
I of the paper are entirely the relative 
magnitudes of the first peaks of the inrush- 
current transients for representative trans- 
formers, whereas, any evaluation of ampere- 
squared seconds must take into account not 
only the magnitudes of the first peaks, but 
also the rates of decay of the transients. 

In general, the rates of decay will be dif- 
ferent for the various physical sizes of the 
transformers involved, as is stated in the 
paper. Since Mr. Schuck’s suggestion 
(which involves comparing three-phase 
transformer banks with single-phase units 
having the same full-load primary current) 
actually would result in a comparison of the 
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inrush characteristics of transformers hav- 
ing different kilovolt-ampere ratings, and, 
therefore, different rates of decay, the gen- 
eralized form of presenting data as used in 
Table I of the paper no longer could be 
utilized. Instead, it would appear necessary 
to list separately the inrush characteristics 
for each individual case, which would be 
entirely prohibitive. 

Furthermore, by presenting the data in 
the form used in Table I, it is not restricted 
to fuse applications, and it is usable much 
more readily for indicating relay settings 
and the relative severity of the system- 
voltage dips that may result from inrush 
currents for the various transformer con- 
nections. 


Current Rating of Cables 
as Affected by Mutual 
Heating in Air or Conduit 


Discussion and closure of paper 44-53 by the 
Insulated Power Cable Engineers Association 
committee on research, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, pages 
354-65. 


C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., N. Y.): The 
authors of the paper should be compli- 
mented on obtaining and correlating data 
on a subject on which there has been a 
scarcity of actual test data. 

It is noted that the conduits were grouped 
with what is specified as a standard spacing 
and that this is assumed to be the minimum 
spacing which will be used for the installa- 
tion of conduits. In practical application of 
conduit installation, all conduits may not 
be installed with the same space separation. 
Therefore, the correction factors given will 
have to be considered as giving a loading 
which is the most favorable to a cable, 
whereas, in practical application the cables 
may be given a higher rating due to the in- 
creased space separation. 

Our experience has been confined to 
relatively small conduit grouping such as 
2X3 and in these cases the rating for the 
cables has been based on the envelope sur- 
face of the group of conduits. Values ob- 
tained from this method give an average 
rating for the conduits which results in 
ratings higher than those which would be 
allowed by the use of the authors’ figures. 
For grouping of conduits the authors’ cor- 
rection factors will be of value in determining 
ratings. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The Insulated 
Power Cable Engineers Association cer- 
tainly has made a substantial contribution 
in this paper. I have a few questions that 
follow: 

1. In determining the current-carrying capacities, 
was the thermal resistance of the surface of the 
cable to conduit calculated so as to take into ac- 
count the effect of contact of the cable with the 
conduit? That contact would cause a great reduc- 


tion in the surface thermal resistance, particularly 
for a lead-sheathed cable in contact with an iron 
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pipe. As brought out in my AIEE paper, “Load 
Ratings of Cable,’’! the surface emissivity resistance 
for such cable, even in a concrete duct, is less than 
half of what one finds for a cable in air. Even fora 
cable with nonmetallic covering the surface thermal 
resistance in iron conduit is probably less than in 
open air. 


2. For the nine-duct conduit banks at the left of 
Figures 17 and 18 and right of Figure 20 of the paper 
what is the explanation for the conduit temperature 
rises varying 15 or 20 per cent between the left- 
hand conduit and right-hand conduit in the middle 
horizontal row? : 


3. What was the reason for giving temperature 
rises usually above the temperature of an idle con- 
duit instead of above the room temperature? 


In the tests the conduits were horizontal, 
and the ends were closed. With open ends, 
especially for short runs, the temperature 
rises in service would be relatively smaller. 
Also, where conduits are vertical, the dissi- 
pation of heat is facilitated. The tests were 
made with still air in the room, and the 
presence of a slight wind in service would 
make for smaller temperature rises. For 
instance, in the AIEE paper, ‘‘Thermal 
Rating of Overhead Line Wire,’’ by Myron 
Zucker,” it is shown that, for a bare wire 
carrying a given current with a wind velocity 
of only 2.4 miles per hour, the temperature 
rise is 60 per cent less than for the same 
wire when there was no draft in the room. 

The data should be very helpful as guides 
in determining current-carrying capacities. 
However, each major application, I believe, 
should be studied to determine what modify- 
ing factors enter to justify higher current 
ratings than would be obtained by simple 
direct use of the paper. 
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Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The Electrical Testing Laboratories’ data 
are based on tests of six groupings of con- 
duit. The tables prepared by the IPCEA 
committee, however, show 36 groupings. 
When the data on the six groupings were 
studied, it became obvious that they were 


‘insufficient to permit reliable interpolation 


and extrapolation over the range of group- 
ings required for practical design purposes. 

The cost of making the requisite addi- 
tional tests at ETL and the delay that would 
have been ‘involved stood in the way of 
making a useful report. 

The tests in the Habirshaw laboratories 
were designed to overcome this impasse. 
They were on a smaller scale and involved 
higher-conduit temperatures than would 
occur in normal practice, but they gave the 
shapes of the curves relating thermal re- 
sistance with the number of conduits in 
vertical and horizontal groups, thereby 
permitting the ETL data to be extrapo- 
lated with a very practical degree of ac- 
curacy. ; 

Mr. Halperin has questioned the propriety 
of using the surface emissivity factor derived 
from sheaths in free air for the case of cables 
in conduits. He has found that the surface 
emissivity resistance is lower in under- 
ground ducts than in free air. This is un- 
doubtedly true. However, it is not an im- 


AIEE TRANSACTIONS 


portant factor, either in the derivation of 
carrying capacity in underground ducts or 
in groups of conduits in air. In the former 
case, the duct factor is not the true thermal 
resistance of the duct and earth; but it is 
a factor which, added to the thermal resist- 
ance of a cable in free air, gives the thermal 
resistance of the cable in a buried duct. 

In the latter case, that of cable in con- 
duit, the correction factor K, is the square 
rootof the ratio of two summations of three 
thermal resistances each. The cable sur- 
face resistance R, is one of the three in both 
numerator and denominator. Considerable 
change of R,, therefore, after the division 
and square root processes will make but 
little change in K,. 


A. F. Gambitta (Phelps Dodge Copper Prod- 
ucts Corporation, New York, N. Y.): 
The Insulated Power Cable Engineers As- 
sociation, the Electrical Testing Labora- 
tories, and the Habirshaw Laboratories 
have given in this paper a fine example of 
co-ordinated work by three groups, the re- 
sults of which should be of great value in 
making the most economical layouts of wire 
and cable in power stations, substations, 
and large business or industrial buildings. 
For the most important cases the formulas 
using the correction factor K, or Ky, 
would be used; whereas, for the less im- 
portant cases, Table IX of the paper would 
suffice. 

However, in using Table IX, its limitation 
must be appreciated. The paper states that 
the current-rating correction factors given 
in Table IX hold only when cables or con- 
duits are grouped closely together, and their 
values are conservative. It is stated further 

that the conductor size and the kind of 
insulation have little influence on these cor- 
’ rection factors. Nothing, however, is said 
about the cable-voltage ratings. It seems 
to me that these correction factors are sub- 
stantially correct for low-voltage cables, 
regardless of their conductor size and kind 
of insulation. For high-voltage cables, 
however, these correction factors are en- 
tirely too conservative. For instance, if we 
take the case of 500,000 circular-mil single- 
conductor paper-insulated cables installed 
in air in a group of 12 (three vertically and 
four horizontally), the correction factor given 
in Table IX is 0.70, regardless of cable- 
voltage rating. 

On the other hand, calculations made in 
accordance with the procedure shown on 
page 358 of the paper and the conduit 

group correction factor G given in Table V, 
will give a current-rating correction factor 
for cable rated at 15 kv of 0.72, which is 
close enough to the value of 0.70 given in 
Table IX; but for cable rated at 69 ky, 
this factor becomes 0.83 which is entirely 
out of line. 

It seems, therefore, that the effect of 
cable-voltage ratings should be stated clearly 
in the paper in order to avoid misunder- 
standings. This could be accomplished very 
well by inserting in the title of Table IX 
the words “low voltage’? and by emphasiz- 
ing it in the text of the paper. 


Joseph Sticher (The Detroit Edison Com- 
pany, Detroit, Mich.): The IPCEA paper 
gives a nice story of the experiments con- 
ducted at ETL and of the reduction of the re- 
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sults topracticalapplications. Itgivesagood 
outline of the reason for undertaking the 
study, a good presentation of the methods 


of attack to obtain a solution, shows a 


healthy aggressiveness on the part of the 
manufacturers, is fairly concise and com- 
plete, and certainly can be considered of 
great value in practical applications in the 
electrical-engineering profession. 

There is, however, at least one item that 
might be questioned, that is, the extreme 
effort at simplification employed to make the 
results yield a single table of current-rating 
correction factors for various groupings of 
cables. It is entirely possible that this 
simplification leads to unnecessarily conserv- 
ative ratings. This question could be settled 
if, instead of one table covering the entire 
field of application, several tables, each 
covering a given set of conditions, had been 
prepared from the results obtained. From 
a comparison of the various tables it could 
be determined then whether the use of a 
single table is justifiable. If it were found 
that more than one table is desirable, then 
savings to the consumer would result. 


Sergius Vesselowsky (The Detroit Edison 
Company, Detroit, Mich.): Thereport of the 
IPCEA committee on research about the 
experiments made with the view of clari- 
fying the important question, ‘‘Current 
Rating of Cables as Affected by Mutual 
Heating in Air or Conduit,’’ represents a 
very important contribution to sound load- 
ing of cables. Since appearance of the 
“Underground Systems Reference Book,’’! 
no work of similar nature has been at- 
tempted in this country in spite of many 
questions of burning interest and importance 
waiting for an experimental study. 

The committee on research is to be con- 
gratulated for its job. It is very desirable 
that this work should be continued and ex- 
panded, embracing other questions of cable- 
loading practice. As a small but relatively 
important detail, the desire can be expressed 
that, in the setup of future experiments, the 
eventual possibility of the theoretical ap- 
proach to the problems be taken into ac- 
count wherever it is possible and not only 
immediate practical needs. For instance, 
certain temperature measurements would 
give basis for analytical predeterminations 
of loading characteristic, even if they are 
not needed by the practical engineer. This 
desire does not decrease the value of the 
experimental work done by the committee, 
because the data obtained from the specific 
problem, studied experimentally this time, 
do not lend themselves to an analytical 
approach.) 
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Andrew Gemant (The Detroit Edison Com- 
pany, Detroit, Mich.): This IPCEA paper is 
considered, as a whole, very good and most 
elaborate. Although a few tables are 
given, showing final temperatures, a few 
samples of whole temperature-time curves 
would have been useful. These curves 
would indicate whether stationary conditions 
were reached. This is not quite evident 
from the figures submitted. 

It is not obvious from the material pre- 
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sented whether end effects of the cables had 
been eliminated. A few distribution curves 
of temperatures along the entire cable length 
would be desirable in order to clarify this 
point. 


R. J. Wiseman (chairman, IPCEA commit- 
tee on research): The spacing used for the 
groups of conduits was that obtainable with 
the standard fittings for the particular size 
of conduit, therefore, the minimum spacing. 
We would like to have made tests at various 
spacings as may occur, as stated by Mr. 
Hatcher; but, as our funds were limited, 
it was necessary to obtain the most essential 
data to indicate how grouping affects mutual 
heating. By using minimum spacing for 
tests, the mutual heating would be less for 
any greater spacing, and, therefore, the 
currents obtained for the minimum spacings 
would be the lowest values to use. Mr. 
Hatcher’s experience, with small conduit 
groupings* indicating that, by using the 
envelope surface of the group of conduits, a 
higher rating than indicated in our results is 
possible may be explained on the basis that 
he may be using the temperature of the 
outer conduits; whereas, we take the hottest 
conduit in a group as the control conduit. 
If we took an outer conduit, we, too, would 
have higher current ratings. 

In reply to Mr. Halperin’s first question, 
we used the well-known formula for the 
thermal resistance for the surface of a 
cable, namely, R,= K/D where K varies 
from 2.06 to 4.11 for a cable diameter D=0 
to 1.75 inches and 4.11 for all diameters 
over 1.75 inches. In other words, we use 
the same formula for a conduit as that used 
for a cable in the air or in a duct. Ina 
duct we have the drop from the surface of 
the cable to the air in the duct and also 
from the air to the duct itself. The same 
is true for a conduit. Several years ago 
this subject was studied by the IPCEA, 
and, with the meager information available, 
it was decided that it was best to take the 
emissivity constant for the covering in air, 
as we have always done, and use it for cables 
installed in ducts and conduits. Mr. Del 
Mar comments very nicely on this subject. 

We are unable to explain the differences in 
temperature of the outside conduits for the 
grouping of nine as shown in Figures 12, 13, 
and 15. Unfortunately, we did not know 
this occurred until after all tests were com- 
pleted. 

In answer to Mr. Halperin’s third ques- 
tion, the room temperature would have 
been a logical reference temperature, but 
the tests were conducted in a very large 
room which did not have a constant tem- 
perature. It was thought that an air tem- 
perature fairly near the conduits would 
represent more nearly the true conditions in 
a building or power station. Actually, the 
difference between the two _ locations 
amounted to a degree or so and did not in- 
fluence any conclusions. 

It is true, as Mr. Halperin states, that, 
with open ends and short runs, temperature 
rises in service would be smaller. It is not 
possible to cover every condition that may 
exist, but only the least favorable, knowing 
that any departure gives that much better 
factor of safety of operation or there is an 
emergency overload condition that may be 


used if warranted. We would have liked to 


have made tests with vertical runs of con- 
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duit and also the effect of wind, but as 
stated above, our funds were limited. It is 
hoped that someone will make such studies 
in the future. We all know how helpful 
it is to have a breeze blowing on a cable to 
dissipate the heat. 

The data obtained by Mr. Del Mar in the 
Habirshaw Laboratories were most helpful 
in clearing up some questionable points 
that arose when we were studying the ETL 
data. 

If it is desired to get an accurate value of 
current for cables in conduits, then, as Mr. 
Gambitta states, it is desirable that the for- 
mula to determine K, or Kg be used; 
otherwise, Table IX of the paper is suffi- 
ciently accurate. When we started this 


Table | 


Temperature 
(Degrees Centigrade) 


One foot from northend............. 49.4 
Center of northsection..............50.4 
Coupling between sections,,......... 49.8 
Center of south section.............. 49.3 
One foot from southend............+ 48.4 


investigation we had in mind cables in- 
stalled in buildings or power stations. 
Normally, such cables are of relatively low- 
voltage operation. That is why we did not 
show calculations for over 12 kv. We are 
fortunate that the correction factor K, is 
almost independent of voltage, as it simpli- 
fies our setting up tables that anyone can 
use. This results from the fact that, as the 
thermal resistance of the insulation increases, 
the surface thermal resistance decreases, so 
that the sum of the two terms almost stays 
constant for moderate changes in voltage 
rating. We agree with Mr. Gambitta that, 
to be accurate, it is desirable that we confine 
the application of Table LX to low-voltage 
cables, and use the formulas for calculating 
K,or K, for voltages over 15 ky. 

It is true, as stated by Mr. Sticher, that 
we employed simplification to an extreme 
degree and did so intentionally. The table 
was set up so that anyone who has to design 
conduit systems, such as an electrical con- 
tractor, would not have to use formulas to 
determine the correct conductor size or 
eurrent rating for a specific conductor size. 
We have in mind the high degree of simpli- 
fication with which the current ratings are 
tabulated in the National Electric Code. 
Some of us believe that it is overdone, but 
here also, it was intentional. We thought it 
was necessary to follow suit. Even so, we 
believe that the current ratings obtainable 
by the proposed methods are liberal, yet 
not conservative and on a much more 
rational basis than has been possible in the 
past. 

We agree with Mr. Vesselowsky that our 
investigation of this subject is only the 
beginning. We hope that others will become 
interested and study the many factors sug- 
gested by Mr. Vesselowsky and Mr. Hal- 
perin. 

In answer to Doctor Gemant’s comments, 
the data collected by ETL are quite volumi- 
nous, and it was impossible to include them 
in our paper. We gave representative data 
to show the nature of the ETL data. The 
temperature rise used to plot the various 
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curves for each loading and grouping is that 
found after steady-state condition occurred. 
The conduits were about 20 feet long, and 
the temperature rise recorded is for the cen- 
ter of the conduit where end effect is absent. 
We do have data showing the difference in 
temperature along the conduit as shown in 
Table I of this discussion for the four-inch 
conduit and a loading of 15 watts per con- 
duit foot. 

The IPCEA would like to express its 
appreciation for the favorable viewpoint 
taken by the discussers. It makes us con- 
fident that our efforts to clarify that which 
we have been guessing in the past have been 
worth while, and that their recommenda- 
tions will be used when current ratings for 
cables in conduits in groups are being cal- 
culated. 


The Accuracy of 
Measurements in Lumped 
R-C Cable Circuits as 
Used in the Study of 


Transient Heat Flow 


Discussion and authors’ closure of paper 44-55 
by Victor Paschkis and Michael P. Heisler, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, April section, pages 165-71. 


E. L. Armi (Leeds and Northrup Company, 
Philadelphia, Pa.): As stated in part IV, 
section 1 of the paper, it would be desirable 
to have theoretical curves for comparison 
with the experimental results obtained. 
Fortunately, such curves can easily be 
plotted for the case illustrated in Figures 13 
and 14 of the paper. Carslaw! and Byerly? 
give an expression for the temperature in an 
infinite slab whose faces are held at fixed 
temperatures and which has a known tem- 
perature distribution at the time ¢=0. If 
appropriate boundary values are used, the 
expression will read, in symbols of the paper 
under discussion: 
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For t/RC<1 it is permissible to use the 
picture of a semi-infinite solid instead of an 
infinite plate,!.? resulting in the simplified ex- 
pression 
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A check of Paschkis and Heisler’s curves 
for 12 sections in Figures 13 and 14 shows a 
quite satisfactory agreement with values 
obtained by theoretical calculations. 
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N. E. Polster (Leeds and Northrup Com- 
pany, Philadelphia, Pa.): If m equal capaci- 
tances C and resistances R, are used in each 
of 1 sections of an electric network used to 


simulate a heat-flow system, the total 
capacitance and resistance are 

n 

>C=nC (1) 
1 ’ 
and 

n 

SoRusnRa (2) 
1 
respectively. 

If the capacitor time constant is 

r=R,C (3) 
then 
Lg 

Rien 

Tn* 
(4) 
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Equation 4 shows that R,/R, is propor- 
tional to n? for a constant r. It follows 
from the curves of Figure 5 of the paper that. 
the errors for various R,/R, are independent 
of the number of sections 2. 

Example: Let 


Re : 
— =1,000 for 14 sections 
Uu 
Then 
R 9)? 
zn 1,000 =414 for 9 sections 


If we refer to Figure 5 of the paper, both 
current ratios are 1.055. 

The errors which limit the number of 
sections are caused by those conductances 
which shunt the capacitors and are of such 
a magnitude that they change r. While it 
may not be possible to make 7 independent 
of the magnitude of C, it should be possible 
to reduce the shunting conductances to 
make their effect negligible. 


Victor Paschkis and Michael P. Heisler: 
It is gratifying to learn from Mr. Armi’s 
discussion that he checked our Figures 13 
and 14 and found satisfactory agreement 
between his calculated values and our ex- 
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' perimental values. In this connection, it 
may be mentioned that M. Avrami has de- 
veloped formulas and graphs which permit 
checking not only Figures 13 and 14, but 
also Figures 11 and 12, that is, the charts 
which determine the temperature rise of 
walls having finite boundary resistances. 
His work has not yet been published. 
Based on his work some points on our Fig- 
ures 11 through 14 had been checked 
mathematically and showed satisfactory 
agreement. 

Mr. Polster’s comments are of interest. 
Check on our Figure 5 shows that the three 
curves can be reduced to one new curve in 
which the current ratios again are plotted 
as ordinates and values of r/Ttotal as 
abscissas. 


+/T otal ae Ri /(Re Xx n*) 


Following Mr. Polster’s suggestion, we 
analyzed Figures 6 through 8 of the paper 
and find that these three figures can also 
be replaced by one figure. The new chart 
for current ratios is presented herewith in 
Figure 1, the new chart for voltage ratios 
in Figure 2. 

That the several curves of Figure 5 can 
be combined into one curve is only an 
empirical fact and has no theoretical basis. 
It does not hold for any value of 7 and any 
value of R,/R,. This may be found by 
comparing the case for one and two sections. 
The current ratios for both these cases can 
be determined numerically without diffi- 
culty. With the notations of the paper, the 
calculation of the current ratio for one 
section can be made from the following 
equation: 


ISG 1 

1 
ty Bw 3B 
le Ri, 


For two sections having the same total re- 
sistance and total capacitance as the one 
section in equation 1 the equation reads as 
follows: 


Ry 1 
4 a if it 
QR, R, 1 
aa 
I, ia R, OR, (2) 
a Re 


Note that in both cases 7 and 7 total are the 
same. It is evident that the two equations 
are not identical. 

Further proof can be found by evaluating 
equations 1 and 2 separately for different 
values of r/Ttotal. Equation 2 yields values 
which fit satisfactorily the general curve of 
Figure 1. The equation 1, however, yields 
values which are somewhat different. 

These remarks should not detract from 
the importance of Mr. Polster’s contribu- 
tion. It is very helpful to be able (in the 
practical range between sections 5 and 14 
and R,/R,=200-10,000) to reduce all 
curves to one single curve. The fact re- 
mains, however, that the equipment leak- 
age (part III, section 2) is not covered by 
this simplification. “The remark by Mr. 
Polster that ‘‘it should be possible to reduce 
the shunting conductances to make their 
effect negligible’ may apply to some future 
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development. 


For the present equipment, 
which is built with special thought to versa- 
tility, his assumption does not hold. 


Symmetrical-Components 
Analysis of the 
Four-Phase System 


Discussion and author's closure of paper 44-24 
by A. Boyajian, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
24-28, 1944, and published in AIEE 
TRANSACTIONS, 1944, February section, 
pages 48-51. 


A. N. Garin (General Electric Company, 
Pittsfield, Mass.): This paper is, in my 
opinion, a welcome and perhaps even an 
overdue addition to the still rapidly growing 
literature of the method of symmetrical 
components. Although the fundamental 
principles and even the formulas for ex- 
pressing the current and voltage vectors of 
a four-phase system in terms of their sym- 
metrical components, and vice versa, have 
been published quite some time ago, as 
indicated by the references given in the 
paper, this, so far as I know, is the first 
presentation of the formulas for the fault 
currents. | 

The author has invited comparisons be- 
tween the three-phase and the four-phase 
techniques of symmetrical components. I 
should like to go further than that and com- 
pare the technique of sequence impedances 
with the old classical and recently much 
maligned technique of self- and mutual im- 
pedances. The well-deserved success of 
Doctor Fortescue’s innovation has been so 
overwhelming that it has become customary 
to dismiss the alternative of the classical 
method of analysis with a few brief deroga- 
tory remarks, as for instance in this paper. 
And yet, I believe, the classical method can 
be of great help in clarifying the newer con- 
cepts, in adding another physical interpre- 
tation to their meaning, and quite often in 
facilitating the actual solution of a specific 
problem. 

Any point in a symmetrical four-phase 
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system is characterized by the four sequence 
impedances Z;, Zp, Z;, Z. An alternative 
way of expressing the same characteristics 
is by means of the line-to-neutral self- 
impedances of the phases and mutual im- 
pedances between phases. Naturally, this 
method will also require the use of four 


quantities. They are: 
1 The self-impedances 
21:4+24:+2;+Z 
Z44=Zpp=LZec=Zpp= SA BIA LS 
(1) 


2. The mutual impedances between ad- 
jacent phases, taken in the positive- 
sequence direction 

(Zi—Zr—jZi+Z 
Zas=Zpc=Lop=Lpd4 sa en 


(2) 


impedances between 
taken in the negative- 


3. The mutual 
adjacent phases, 
sequence direction 
Zan=Zpc=Zcos=LZBA 

< —jZ:—Lrt+jZ,+Zo 


4 (3) 
4. The mutual impedances between 
opposite phases 
va =Zos=Zpp=ZpB 
_TAth—2ZitZo (4) 


4 


The equality of the four impedances, 
identified by subscripts denoting the phases, 
in each one of the above equations is the 
criterion of the symmetry of the system. 
For a static circuit 


2Z2,+2.+Z 
Z4=Z58=Zco=Zpp=—— (5) 


Zap=Zpo=Zon=Zpa=Zap=Lpe 
—Z.+Zo 


et St Saal Yao aR aa (6) 


N 


Figure 1. Equivalent circuit of a symmetrical 

static four-phase system with the line-to-neutral 

self- and mutual-impedances of the four phases 
expressed in terms of sequence impedances 
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Zac=Zoa=Zan=Zpa= TB tee (7) 

It will be observed that for a static circuit 
the j’s have disappeared from all expressions, 
so that when Z;, Z:, Z) are pure reactances, 
the self- and mutual-impedances are also 
pure reactances. 

At this point I should like to digress for a 
moment, to quote from the paper the state- 
ment that an attempt at analysis by the 
classical method was abandoned partly be- 
cause the problem involved unknown mu- 
tual impedances. By whatever method the 
sequence impedances given in Table I of 
the paper were finally determined, whether 
by calculation or by test, if these impedances 
are 


Z, =Z;=8.8 per cent 
Z,=75 per cent 
Z,)=150 per cent 


based on 15,000 kva and four phases, the 
self- and mutual-impedances are just as 
definitely known to be 


Za, etc. =60.65 per cent 
Zaz, etc. =18.75 per cent 
Zac, etc. =51.85 per cent 


based on 3,750 kva per phase. 

Now let us calculate the line-to-ground 
fault determined in the paper. By The- 
venin’s theorem the fault current is given 
by the line-to-neutral voltage at the point 
of the fault, preceding the fault, divided by 
the line-to-neutral-self-impedance of one 
phase, that is 


Traut = = 1.65 times normal 


60.65 

This, of course, is exactly the value ob- 
tained in the paper. The voltage induced 
by this current in the opposite phase ob- 
viously is given by 


Zoala= Zc aljauit = 51.85 X 1.65 = 85.7 
per cent 


Since voltages NA and NC are reckoned 
in opposite directions, the voltage of phase C 
is given by 100+85.7=185.7 per cent, 
exactly as obtained in the paper. ‘‘Distaste- 
ful’”’ as this method of solution may be, I 
would hesitate to call it “lengthy and 
burdensome.”’ 

Obviously, the self- and mutual-imped- 
ances of phases do not have to be calcu- 
lated by the roundabout process of first 
determining the sequence impedances. Clear 
perception of the relations between the two 
sets of impedances, however, will expedite 
the solution of many problems. Figure 1 of 
the discussion shows these relations for a 
static system. The equivalen: circuit has 
five terminals, one for each phase and one 
for the neutral, and seven branches. There 
are no mutual impedances between branches, 
and the values of the branches are easily 
obtainable from equations 5, 6, and 7. 

All the fault conditions solved in the 
paper, and many others, can be solved 
readily by this equivalent circuit. Consider, 
for instance, the line-to-line fault of Figure 7 
of the paper. Tracing the current path 
from the terminal A of the equivalent 
circuit to the terminal B we find that the 
impedance encountered is equal to 


Z43/2(-— 2,42) +1/2(-2,4+2)+Z, 
=Z,+Z, 
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For a fault of zero impedance, the fault 
current is given therefore by 


Epa 
Z,+Z. 


Traut = 


which is equation 15b of the paper. 

Only when voltages and currents at sev- 
eral points of an extensive system must be 
determned under conditions of unsymmet- 
rical loading or during an unsymmetrical 
fault at some other point in the system will 
the method of symmetrical components 
display its full power and elegance. If the 
importance of existing four-phase systems 
warrants it, now that the ice has been 
broken, we should not have to wait too long 
for information on the properties of the 
networks of the four sequences, on their 
interconnections for various types of faults, 
and on the sequence impedances of four- 
phase apparatus. In general, it might be 
expected that a four-phase system would be 
linked at some point with a three-phase 
system. A complete investigation, there- 
fore, must include a study of the laws of 
transformation of the sequence voltages and 
currents by the phase transformation links. 

This paper should be of great value both 
in conducting further work on four-phase 
systems and in assimilating the results of 
such further work. For many years it will 
be the first item in the list of references on 
this new subdivision of symmetrical- 
components analysis. 


A. W. Rankin (General Electric Company, 
Schenectady, N. Y.): The subject paper is 
a well-written and welcome addition to the 
technical literature on a-c systems, as the 
four-phase system is not so rare as the 
author’s synopsis suggests. In the more 
ordinary three-phase systems, for instance, 
it is well known that large turbine generators 
are never built as true three-phase ma- 
chines, but are built as six-phase machines 
and connected internally for three-phase 
operation; in a similar fashion, large turbine 
generators for two-phase systems really are 
built as four-phase machines. On some 
installations these four-phase generators are 
not connected internally for two-phase 
operation, but for switching reasons the 
terminals of all four phases are brought out 
to the generator terminal board. Asa con- 
sequence, adequate protection of such ma- 
chines must be based on four-phase analysis 
in order to insure proper relay operation for 
faults during the switching period. From 
this discussion, it is evident that Mr. Boya- 
jian’s analysis of the four-phase system will 
be used to a considerable extent, and his 
detailed results are very welcome. 

The author has a great deal of logical 
justification for defining his four sym- 
metrical systems as he does in Figures 1 to 4 
inclusive, since such logic can be easily 
extended to m-phase machines. Neverthe- 
less, to. most engineers the subscripts 1, 2, 
and 0 immediately suggest ‘the positive-, 
negative-, and zero-sequence phase orders 
respectively because of the much wider 
application of these subscripts in three- 
phase systems. For that reason, and with 
special emphasis on the character of the 
negative-sequence system which is im- 
portant in the operation of turbine genera- 
tors, it has seemed more practical to this 
writer to retain the subscript 2 for the 
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negative-sequence and let the subscript ‘3 
apply to the odd system in Figure 2 of the 
paper. With this method the 1, 2, and 0 
subscripts have the same definition as in 
three-phase analysis, and higher subscripts 
automatically assume a special significance. 
The justification of this logic is seen when 
one considers that four-phase systems are 
not in too frequent use, and systems with a 
greater number of phases in even less fre- 
quent use. It is interesting to note that 
this latter notation has already been pub? 
lished by Edith Clarke;! in addition, Miss 
Clarke refers to the odd-component system 
(I, of the subject paper) as a “repeating 
positive-sequence two-vector system,’’ which 
defines it completely. In the subsequent 
paragraphs the subscript notation previously 
outlined will be used, which differ from that 
of the author in the interchange of subscripts 
2 and 3. 

The expressions obtained by this writer 
on various four-phase short circuits agree 
completely with those of Mr. Boyajian, but 
with Z, replaced by xg” or xq’ depending on 
whether the subtransient or transient com- 
ponent is desired. It might be noted, 
however, that a short circuit of all four 
phases will give a short circuit current equal 
to 


t= (1) 


which is the same as the value obtained for 
a short circuit of opposite lines of a four- 
phase turbine generator. This result could 
have been obtained by noting that adjacent 
phases are independent of each other be- 
cause of their angular position. It is inter- 
esting to note further that for a short circuit 
of a single phase of a four-phase turbine 
generator in which xg” =x2, the result given 
by 9a of the subject paper 


. E 
{=—___———_ 
xa" +x2+x%3+xX0 
4 


(2) 


may be put in the form 


i ee (3) 


Xa" +%0-3 
z 


in which x_3 is the reactance obtained with. 
zero-sequence currents in two opposite 
phases and zero currents in the two remain- 
ing phases. This can be verified by noting 
that the subscript-three system plus the 
subscript-zero system (Figures 2 and 4 
respectively of the subject paper) will give 
zero current in the b and d phases, and dou- 
ble current in the a and c phases. Therefore 


Xo+%s 
4 
- (4) 


Xxo-3 = 


In conclusion, it has been observed that 
for a large four-phase turbine generator, the 
reactance x; is of the order of magnitude of 
1/, to 2/3 the direct-axis subtransient re- 
actance, 


- 
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A. Boyajian: Mr. Garin’s spirited defense 
of the older methods provides perhaps a 
good balance to the present author’s par- 


tiality to symmetrical components. Of 


course much depends on one’s previous 
experience and taste, and what proves ‘‘dis- 
tasteful’ to a person is certain also to be 
very ‘“‘burdensome”’ to him. Mr. Garin has 
obtained the present results very nicely, but 
may it not be said that, as Samson put it, 
he did a little ploughing with the author’s 
heifer and that the rest of Mr. Garin’s 
method (item B below) is not old by any 
means? 

There are two valuable contributions in 
Mr. Garin’s discussion: 


A. In the symmetrical-components ap- 
proach to a problem, it may be wise to raise 
the question whether that method should 
be carried to the “bitter end”’ (so to speak), 
or whether the work can be transformed 

back into the old system at some inter- 
mediate stage of the solution to good ad- 
vantage. The most attractive feature of the 
symmetrical components approach is the 
ease with which the impedances can be 
obtained or estimated. With these on 
hand, it sometimes may be advantageous 
to derive from them the ordinary kind of 
impedance values and then proceed in terms 
of the actual circuit currents and voltages. 
This is the method Mr. Garin used in the 
‘first half of his discussion. He does say that 
“Obviously, the self- and mutual impedances 
of phases do not have to be calculated by 
the roundabout process of first determining 
the sequence impedances.” Theoretically 
not; but I suspect that few engineers could 
do it the direct way and would prefer the 
“roundabout” way. Few tourists would 
pass up a well-paved roundabout route for 
an unpaved short cut. 


B. In simple networks, Mr. Garin’s 
equivalent network is valuable for calcu- 
lating-board use, provided that it does not 
have negative links. The network is new, 
as far as I know, and cannot be credited to 
the old art in defense of it. 


Mr. Rankin’s statements about the tur- 
bine generator are interesting and the im- 
pedance data he has given valuable. As to 
the subscripts, I may be reconciled to the 
interchange of 2 and 3 by the authority of 
popular usage, but I will have to be cold to 
any forced interpretations of the novel 
component to justify it. 


Polarized-Light Servo System 


Discussion of paper 44-9 by T. M. Berry, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, April section, pages 195-8. 


F. J. Maginniss (General Electric Com- 
pany, Schenectady, N. Y.): The polar- 
ized-light servo system described by Mr. 
Berry is an important part of the Gen- 
eral Electric differential analyzer dis- 
cussed by Peterson and Kuehni. This 
analyzer has now been in service for 
about eight months. Among the considera- 
tions which led to the choice of this 
system to replace the mechanical torque 
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amplifier, used in previous analyzer de- 


sign, two may be mentioned. They are re- 
duction of required maintenance and elimi- 
nation of feedback between output shaft 
and integrating wheel. In both of these re- 
spects, the polarized-light servo system has 
shown up very favorably. 

The differential-analyzer application of 
this system subjects it to rather severe duty, 
more severe than that to which it is sub- 
jected by the Pressure Traverse Recorder. 
The follow-up system has to work equally 
well in both directions,, speed accelerations 
may be high, and the input signal may not 
always be smooth or continuous. Despite 
this duty, the polarized-light follow-up 
system described in the paper, with some 
modifications to meet these particular de- 
mands, has shown itself to be accurate and 
dependable. 


A New Differential Analyzer 


Discussion and authors’ closure of paper 44-16 
by H. P. Kuehni and H. A. Peterson, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 24-28, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
May section, pages 221-8. 


C. N. Weygandt (Moore School of Electrical 
Engineering, University of Pennsylvania, 
Philadelphia, Pa.): To those of us at the 
Moore School of Electrical Engineering who 
have had eight years experience in the 
operation of a differential analyzer, a paper 
on a new differential analyzer is naturally 
of great interest. It is also very gratifying 
to us that this new differential analyzer is 
not so very different from our own. 

The outstanding difference between the 
new General Electric Company analyzer 
and the one at the Moore School is the de- 
sign of the integrating units. There are 
two major changes. First, the revolving 
disk on the new machine is fixed, and the 
wheel which rolls on the disk is moved by 
the lead serew which is proportional to the 
integrand. This arrangement reduces the 
friction load of the integrand lead screw 
very considerably. Since the lead screw 
loads are by far the largest on the Moore 
School analyzer, the new arrangement 
should give decidedly improved performance. 
The second new feature of the General 
Electric Company analyzer is the way in 
which the revolutions of the integrator 
wheel are|coupled to the interconnecting 
shafts. This is accomplished by means of 
an electronic servo system, instead of by a 
Niemann-type string and band torque 
amplifier such as is used at the Moore 
School. The servo mechanism together 
with changes in the wheel and disk size of 
the integrator itself make the integrator 
constant twice as large, and the maximum 
practical integrator speed double that of the 
Moore School integrators. 

Those of us who have spent a great deal 
of time and effort in trying to design a servo 
system for this purpose realize the difficulty 
of the job, and we want to congratulate Mr. 
Berry on his solution of the problem. 

The differential analyzer servo-system 
problem is a difficult one because of the 
wide speed range which must be covered, 
and also because in the setup of a problem 
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a number of the servo mechanisms may be 
cascaded; that is, the output of one servo 
mechanism is the input to the next. A 
servo system which is stable in itself may 
not remain stable when interconnected with 
other similar systems. 

The use of a servo system also should 
make possible, by some rearrangement of the 
present apparatus, the use of the Kelvin 
integrator as a differentiating device. This 
should be a great advantage in the solution 
of certain differential equations from the 


standpoint of increasing the accuracy and - 


shortening the solution time. 


H. Poritsky (General Electric Company 
Schenectady, N. Y.): The completion of a 
new differential analyzer must be regarded 
as an important occasion in the scientific 
and engineering world. It is of interest to 
point out that, while a differential analyzer 
is primarily a machine for solving ordinary 
differential equations, it can be adopted for 
solving simultaneous linear algebraic equa- 
tions and certain linear partial differential 


equations. 
Let 
413%; + diex2+ <iee +dintn = Ci 
AyX1+A22%e+ ... =(C, (1) 
AniXit+Gnewxat ... =C, 


be a set of m linear equations in the variables 
X1, X2., - -, Xn. The basic idea in solving 
such a set of equations by means of the 
differential analyzer is to reduce the equa- 
tions to the solution of a set of differential 
equations whose initial values can be found 
by inspection and whose terminal values 
yield the desired solution. This may be 
done in various ways. Thus, if one multi- 
plies all the terms not in the main diagonal 
by > 


QyX1+A[aiexe+ ... +4inXn)=Ci 
Ado1X1 + Aooxe-+A [aogX3+. Ai +denXn) = Cy (2) 


A[anitit ..- +nsn—1%n-1] +ennXn = Cy 
then the resulting equations 2 reduce for 
\=0 to the diagonal terms only 


Qyx1 = CQ, QA22X2 = C2, ane AnnXn = G (3) 


whose solution is found by inspection 


m= Ci/au, x%2=C2/de,... (4) 


while for \=1 they reduce to the original 
set of equations 1. By differentiating the 
set of equations 2 with respect to \, keeping 
in mind that the variables x; are functions 
of \, one obtains 


(Gy2X2-++ . . - + @inXn) + ut1+d(Gizé_2+ 
13%3 + Bah +ainkn) =0 
(GaiX1 + Ga3%3+ . . . + G2n%n) + do2%2+ 
N(datitasids+ ... +denF_) =0 (5) 


(Qpikit ... +Onsn—1%n—-1) + Onntn+ 
(Gnd + ous +dnin—1En-1) =0 

where dots indicate differentiation with 
respect to }. This is a set of differential 
equations which can be set up on the 
differential analyzer. One merely starts the 
differential analyzer for \=0 at the initial 
values determined by equations 3; follow- 
ing the solution to the point where \=1, 


429 


one arrives at the requisite values of the x's 
which satisfy equations 1. 

It is clear, of course, that many other 
ways of reducing equations 1 to a set of 
differential equations are possible. Thus 
one might multiply the right-hand constants 
of equations 1 by \. Differentiation then 
yields 


Qyyt) + aK +dintn = Ci 


Qpiti+ oa +anntn mG (6) 


The solution is started at x,=0 for \=0 
and run ont toA=1. 

While the solution of linear equations by 
elimination or by means of determinants is 
well known, both methods get to be fairly 
complicated when the number of variables 
and equations is large. Of course other 
methods of solving linear equations by ma- 
chines are known; for instance, in certain 
cases the network analyzer furnishes one 
such rather convenient method. 

Turning to the question of partial differ- 
ential equations, one will recall that in an 
ordinary differential equation the unknown 
functions depend upon only one independent 
variable, say a length x, or the time variable 
t. As already stated, the differential ana- 
lyzer is a tool for solving such differential 
equations which express relations between 
these functions and their rates of growth or 
derivatives; the answer is given in form of 
curves exhibiting the variation of these 
functions with the independent variable. 
However, many scientific and engineering 
problems lead to the solution not of ordinary 
but of partial differential equations, where 
the unknown functions depend upon not 
one but two or more independent variables. 
A machine designed for tracing a function 
of several variables is a decidedly more 
complicated affair; in trying to design it 
one gets lost, because the values of the un- 
known function cannot be arrayed as a 
simple sequence as in the case of a function 
of a single independent variable. For this 
reason it is of interest to point out that, in 
certain cases, the differential analyzer may 
be adopted even toward this more difficult 
problem, provided one is willing to allow 
certain. approximations. 

To illustrate with a specific example, 
consider the well-known Laplace equation 


Oru 8 
Ox? oy? 


0 (7) 


whose solution is sought over a region R in 
the (x, y)-plane. It is known that solutions 
of the differential equation 7 are charac- 
terized by the fact that they minimize the 


integral 


SS Ou \* ld 
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over the region R in question among all 
functions which take on the same boundary 
values over B, the boundary of R. This 
being the case, one can dispense with the 
differential equation 7 and proceed directly 
to minimize the integral 8, or at least to 
find among a particular set of functions that 
function which makes the integral 8 as small 
as possible. Suppose that for each x the 
profile of uw as a function of y consists of a 
straight line picked in such a’ way as to 
agree with the boundary values, along with 
a parabola which vanishes at the end points, 
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but whose height is undetermined, One 
then can choose the height of the parabola 
in such a way as to minimize the integral 8. 
When this is done, there results an ordinary 
differential equation for the parameter 
determining the height of the parabola, and 
it is the solution of this equation which can 
be found on the differential analyzer. 

The assumed quadratic profile, of course, 
constitutes an approximation; by forming 
a third- or fourth-degree profile one is led 
to a better approximation to the function. 
This results in a system of ordinary differen- 
tial equations of higher order. In practice 
the order would be determined by weighing 
the accuracy which is desired against the 
increasing complexity of the resulting 
system. 

After the differential equations have been 
set up, proper ‘‘end-point’’ conditions at 
the extreme values of x are required for 
picking the pertinent solution of the re- 
sulting system of differential equations. 
This may lead to linear algebraic equations 
whose coefficients are related to particular 
solutions. : 

The preceding method is applicable to 
two-dimensional and axially symmetric 
problems of fields, both static and alter- 
nating-wave type, and to elastic problems. 
For more details of particular cases see 
H. Poritsky’s paper.! 

A related and older method of reducing a 
linear partial differential equation 


L(u) =f (9) 


to ordinary ones is due to Galerkin.? It 
consists in multiplying equation 9 by vari- 
ous functions of y, Yo, Yi, . . ., and inte- 
grating over the proper interval in y, thus 
replacing equation 9 by 


S YoL(u)dy = S Yofdy, 
AML ()dy= Lf Vifdy; ... 


Thus in cases where the partial differential 
equation is not readily reducible to a mini- 
mizing integral, it still may be converted to 
a system of ordinary differential equations 
by assuming for each x a shape consisting 
of several profiles and determining the 
constants of the latter in such a way as to 
satisfy the differential equation on the 
average for that x, and so as to make several 
moments of the left-handed term of equa- 
tion 9 equal to the moments of its right- 
handed»member. 

A further way of utilizing the differential 
analyzer in solving differential equations 
which can be reduced to a minimum integral 
is by assuming a combination of a particular 
set of functions, for instance, by means of 
polynomials of a certain degree in x and y, 
that is, by a linear combination of a certain 
number of terms of the display 


(10) 
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In this case the coefficients of the poly- 
nomial are to be-determined in such a way 
as to satisfy the boundary values and so as 
to render the integral 8 a minimum. In 
carrying out the latter integration, one of 
the integrations can be carried out easily, 
while the other one can be done on the 
differential analyzer. One then would be 
led to a set of linear equations in the coeffi- 
cients, whose solution might be found by 
means of the network analyzer or the 
differential analyzer in the manner already 
pointed out. 


Discussions 
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Edward W. Kimbark (Massachusetts Insti-* 
tute of Technology, Boston, Mass.; on 
leave from Northwestern University, Evans- 
ton, Ill.): Six years ago, in discussing a 
paper by Kuehni and Lorraine on “A New 
A-C Network Analyzer,’’! I called attention 
to the possibility of automatically running 
swing curves, or angle-time curves, in a 
transient-stability study by means of the 
combination. of a network analyzer (such as 
the one described then) with integrators of 
a differential analyzer (such as the one de- 
scribed today). The integrators would 
eliminate the need of point-by-point solution 
of the swing equations—now the most time- 
consuming part of a network-analyzer sta- 
bility study—as the network analyzer had 
already eliminated the tedious longhand 
solution of the electric network. 

The network analyzer described on that 
former occasion had one of the requisites of 
the proposed scheme: namely, power 
sources with good voltage regulation, whose 
voltage magnitude remains constant while 
the phase varies directly with the mechani- 
cal angle. Integrators with suitable servo 
mechanisms are a second requisite. Now. 
that these two requisites are available in the 
same laboratory, I wish to call attention 
again to the proposal and express a hope 
that the authors may explore the possibili- 
ties of speeding up stability studies in this 
manner. 

The principal missing link is a wattmeter 
provided with a servo mechanism to control 
the angular position of a high-torque output 
shaft. This should not be too difficult to 
develop. 

For a more detailed explanation of the 
proposal, consider the swing equation of a 
generator 


=(1/M) SS (Pi-Py)d? 


Here 6 is the angular position of the genera- 
tor with respect to a reference axis rotating 
at the normal speed of the machine; 6 is also 
the reading of the angle dial of the power 
source on the network analyzer. MV is the 
inertia constant of the generator, P; is the 
mechanical power input to the generator— 
usually assumed constant, and P, is the 
electric-power output of the generator given 
by the wattmeter on the power source 
representing that generator. There is such ~ 
an equation for each machine on the power 
system, and they are interrelated by the 
fact that the power output of each machine 
is a function of the angular positions of all — 
the machines. The network analyzer is used 
to find the power outputs. 

Two integrators are required per machine. 
(Hence the 14-integrator differential ana- 
lyzer could solve a seven-machine system.) 
The disks of all integrators are driven by 
the time motor. The output of each 
generator, acting through a proposed servo 
wattmeter, drives the displacement of the 
first integrator of the pair; the output of 
the first integrator displaces the second 
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integrator of the pair. The output of the 
second integrator represents 6 and turns the 
power source so that its angle dial always 
treads 6. The output of the second inte- 
grator also drives vertically a pencil which 
at the same time is driven horizontally by 
the time shaft. This pencil records the 
swing curve of one machine. These events 
occur at the same time for all generators on 
the system. Change gears or an additional 
integtator are required per generator for 
adjusting the constant 1/M. 

The initial settings may be made as fol- 
lows: The network is adjusted for the 
normal or prefault condition; and the servo 
mechanisms are then turned on. The dis- 
placements of all integrators are set on zero 
(that is, so that the wheels rest on the cen- 
ters of the turntables). Next, the fault is 
applied to the network, causing the power 
outputs to change and consequently to dis- 
place the integrators to the initial values of 
P,—P,, The time motor is then started. 
After it has turned a number of revolutions 
representing the clearing time of the fault, 
the time motor is stopped, and the appro- 
priate network connections are opened to 
represent clearing of the fault. After the 
servo wattmeters have been permitted to 
alter the displacements of the integrators in 
accordance with the change of outputs 
caused by clearing the fault, the time motor 
is restarted and the run resumed. A com- 
plete set of swing curves of a multimachine 
system probably could be obtained in about 
15 minutes by this method, as compared to 
two or three hours by the point-by-point 
method. 
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F. J. Maginniss (General Electric Com- 
pany, Schenectady, N. Y.): Kuehni and 
Peterson have given a very complete de- 
scription of the new General Electric Com- 
pany differential analyzer. In so doing, 
they have pointed out the methods by which 
high accuracy and solution time were ob- 
tained. It might be well to group together 
the factors which lead to improvement in 
solution time, it being understood that the 
accuracy to be obtained with either the old 
or the new design is within the limits 
required for engineering problems. 

Fundamentally the three factors which 
limit the number of solutions obtainable in a 
given time are: 


1. The maximum scale of the variables which may 
be used on the integrator lead screw. 
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2. The maximum allowable turntable speed, 


3.. The mechanical loads on the integrator outputs. 


The first two factors may be combined into 
one: namely, the maximum level of the 
variables appearing as shaft rotations in the 
bed of the machine, that is, the maximum 
number of revolutions of a shaft per unit 
of the variable per unit time. A comparison 
between the new and older design can be 
obtained by referring to Figure la and b 
of this discussion which show maximum 
obtainable output shaft speed as a function 
of integrator setting and as per cent of full- 
scale setting. 
These show two things: 


1. The new design allows a larger scale of the 
variable to appear on the integrator lead screw. 


2. When the variable is covering a small range of 
the lead screw, the new design allows a greater 
output. 

Both of these factors contribute to the speed 
of solution by allowing a reduction in the 
required scale of the independent variable. 
Many problems solved on the differential 
analyzer consist of transients in which the 
variables may have very large values for a 


_ cycle or two after which they may drop to 


half or less of their initial peaks. For the 
remainder of the solution then, only a small 
percentage of the lead-screw range is being 
utilized. The availability of high speed at 
smaller lead-screw ranges is particularly 
useful for this type problem, especially if 
the time required for the initial peak tran- 
sient is only a small percentage of that for 
the complete solution required. 

The load on the output of an integrator 
may be composed of gear trains, adders, 
front lash units, input or output tables, and 
integrator turntable or lead screws or com- 
binations of them. As shown in the body 
of the paper, two of these loads have been 
decreased substantially in the new analyzer. 
The integrator lead-screw load is a light 
carriage in place of the previous turntable 
assembly with its associated right-angle 
gear box. The new adders in addition to 
being smooth in operation are also a very 
light load. ‘Reduction in load means that 
less speed stepdown is required at the inte- 
grator outputs with a consequent reduction 
in solution time. 


H, P. Kuehni and H. A. Peterson: As 
mentioned by Doctor Weygandt, the prob- 
lem of cascading several integrators is one 
of the most difficult from the standpoint 
of over-all stable performance. We origi- 
nally had difficulty in cascading several inte- 
grators through stiff mechanical connec- 
tions but have obtained very satisfactory 
operation by using simple flexible couplings 
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Figure 1. Comparison of maximum integrator output speed versus integrator setting for new- and 
old-design integrators 
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Discussions 


on the integrator-output shafts together 
with mechanical dampers. Using this 
auxiliary damping means five integrators 
have been cascaded. The performance of 
the last integrator was so smooth that 
more integrator units undoubtedly can be 
cascaded when this is required. 

Doctor Poritsky has suggested two spe- 
cific methods whereby the analyzer can be 
adapted to the solution of special problems. 
The first of these outlines a procedure for 
solving linear simultaneous algebraic equa- 
tions, and the second outlines a procedure 
for solving partial differential equations. 
It might be well to point out that the 
approximate solution of partial differential 
equations has been accomplished in some 
cases. 

We are aware that there are numerous 
dynamic systems, including power systems 
as suggested by Professor Kimbark, studies 
of which undoubtedly can be facilitated by 
combining two or more analyzers of different 
types. Sueh combinations will materialize 
as the need for them increases and as such 
methods prove practical from an economical 
standpoint. 


REFERENCE 


1. MECHANICAL INTEGRATION IN ELECTRICAL 
Progvems, D. R. Hartree. Institution of Electrical 
Engineers Journal (London, England), volume 90, 
part 1, October 1943, pages 435-42. 


Some Aspects of Inductance 


When Iron Is Present 


Discussion of paper 44-45 by L. T. Rader and 
E. C. Litscher, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
24-28, 1944, and published in AIEE 
TRANSACTIONS, 1944, March section, 
pages 133-9. 


C. Concordia (General Electric Company 
Schenectady, N. Y.): This paper is of con- 
siderable interest as it calls attention to a 
situation which may not be _ generally 
appreciated. I should like to make some 
additional points which may supplement 
the remarks of the authors. 

First, I believe there is a great deal to be 
said for the definition of equation 1 of the 
paper for general application. This defini- 
tion comes nearest to the elimination of the 
concept of inductance and the substitution 
of the concept of flux linkage which is much 
more general. It should be pointed out that 
it is not only engineers concerned with 
rotating electric machinery who should see 
the virtues of equation 1, but also those - 
concerned with regulators, contactors, and 
relays, and, in general, with magnetic de- 
vices having moving parts, even if they do 
not rotate. The advantage of equation 1 
over equation 2 appears even without the 
consideration of saturation, when the in- 
ductance (however defined) becomes a func- 
tion of the varying position of some element 
of the magnetic circuit. 

If saturation is to be considered, it would 
seem more simple to treat the problem 
directly in terms of a y—z relation rather 
than to introduce the concept of inductance 
at all, and, as already mentioned, this is in 
a sense what equation 1 does. Moreover, 
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when coupled circuits are to be considered, 
all of these kinds of inductance break down 
in some respect, and, in fact, problems may 
be treated simply only when it is possible to 
identify magnetic circuits and leakage paths 
in the sense of being able to visualize and 
calculate the magnetomotive forces acting 
on the various paths. 

Although coupled circuits are not dis- 
cussed in the paper, eddy currents are, and 
it may be of interest to mention that the 
presence of eddy currents may be considered 
approximately by representing the current 
path in the solid iron as an equivalent 
secondary coil, estimating a coupling 
coefficient from the geometry of the device 
being considered. It may be important to 
consider such a coupled circuit, rather than 
merely to modify the apparent inductance 
of the coil, in those cases where the flux 
change as well as the current change are of 
interest. For example, in the case of a 
machine field, the effect of the solid iron 
may be to increase the rate of build-up of 
the current but to decrease the rate of 
build-up of the flux. 


G. H. Fett (University of Illinois, Urbana, 
Ill.): The difference between the three 
definitions of inductance given by equations 
1, 2, and 3 can be illustrated clearly by 
Figure 1 of this discussion. OF is the mag- 
*netization curve, and DE is tangent to the 
curve at B. Then definition 1, L=N®#/I, 
gives a value of inductance proportional to 
the triangular area OBCO formed by the 
straight lines OB, BC,and CO. Definition 2, 
L=WNd®/dI, gives a value of inductance 
proportional to the triangular area DCBD. 
Definition 3, L=2W/I*, gives a value of 
inductance proportional to the area bounded 
by the magnetization curve and the straight 
lines CB and OC.} 

It is evident from the comparative sizes 
of the three areas that definition 1 should 
give the largest value of inductance, and 
definition 2 the smallest. These conclusions 
are checked by the authors’ Table I. 

Attention should be called to the anoma- 
lous character of inductance when evaluated 
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Areas representing inductance 


Figure 1. 


1—L=N¢/I, triangle OCBO 
2—L =Nd¢/dl, triangle DCBD 
3—L=2J//?, OCB—magnetization curve—O 
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Figure 2. Effect 
of hysteresis on 
inductance 
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by definition 2 at a point correSponding to 
B of Figure 2 of this discussion. It is evident 
that, when hysteresis is present, there are 
two distinct values of inductance for the 
same conditions, depending upon the slope 
of thé tangent EF on the rising part of the 
hysteresis loop, and the slope of the tangent 
CD on the decreasing part of the loop. The 
fact that these two values exist means that 
the definition given by equation 2 is not of 
value in this case. Of course, the circuit 
correctly behaves, because, at the instant 
that point B is reached, dI/dt is zero, and 
hence any value of L will give the zero 
voltage required. 

It should be pointed out that all of the 
relations developed for inductance have 
corresponding equations when capacitance 
is evaluated, even to the fact that the defi- 
nitions give different values of capacitance 
when the dielectric permittivity is not 
constant. 

The authors express surprise because L,, 
is a function of frequency when written in 
terms of voltage. If the equations in the 
last column of Table I of the paper are 
examined, it will be noted that L,, is a 
function of (w/E)n/2. Now it is true that 
(E/w) is a function of B, the flux density. 
Hence L,, is a function of (1/B), which is 
expected’ since a large value of B gives a 
small value of incremental permeability, 
and a large value of B at a definite voltage 
means a small value of frequency. When, 
however, L,, is written in terms of the cur- 
rent, the operating point is independent of 
frequency, as shown in Table I. 

When the destruction of contacts in an 
inductive circuit is studied, attention should 
be directed toward the energy-stored defini- 
tion of inductance. However, the specifica- 
tion must be made that the value is ob- 
tained from the decreasing hysteresis curve 
when the contacts are opened, since the 
increasing hysteresis curve includes some 
energy which is dissipated in the core and 
not in the are at the contacts. When 
studying welding of the contacts on make, 
the definition 2 is important in specifying 
the limiting current. Hence the particular 
problem dictates which definition is to be 
used. 
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Walther Richter (Allis-Chalmers Mant’ 
facturing Company, Milwaukee, Wis.): 
This paper is of a type of which more de- 
cidedly would be welcome, and the authors 
should be congratulated on the excellent 
presentation of the subject. The publica- 
tions of the Institute, of course, would fail 
in their duty if they did not present papers 
on developments in specialized fields such 
as circuit breakers or electric machinery, 
but a paper like this one treats fundar, 
mental concepts of importance to all elec- 
trical engineers, nomatter what theirspecial- 
ized field may be. It can be stated without 
fear of contradiction that all of us could 
stand more knowledge of fundamentals. 

The authors show in a very clear way that 
not less than’ seven definitions are possible 
for a value which most of us are using every 
day without giving too much thought to the 
complexity of the problem. All seven 
definitions will give numerically different 
results, but for one particular problem, only 
one of the definitions is the right one to 
use! This is something to think about. 

Table I shows the inductance L,, to be a 
function of frequency when expressed in 
terms of the applied voltage, a result which 
the authors consider as somewhat surpris- 
ing. Equation 35 in Appendix V shows, 
however, that with £,, held constant, the 
value B, will be inversely proportional to 
the frequency; expressed in words, this - 
states that with a sinusoidal voltage of 
constant amplitude but varying frequency 
applied to an inductance, the maximum 
flux will be inversely proportional to the 
frequency. With a nonlinear relation be- 
tween flux and exciting current, the opera- 
ting point will therefore cover different 
parts of the B-H curve, and the frequency 
dependence of the inductance therefore, is 
easily explained. If the inductance is ex- 
pressed in terms of current, the operating 
point always will cover the same part of the 
B-H curve, regardless of frequency, and the 
inductance will be independent of frequency. 

Among the conclusions shown in the 
paper, number 7 brings up a question of 
much interest to the designers of circuit- 
interrupting equipment. The problem of 
standardizing circuit-breaker tests is con- 
siderably more complicated than one would 
think. In order to simulate the conditions 
of a stalled induction motor for instance, the 
use of an air-core reactor with a certain 
series resistance of such value that the same 
current would flow as in actual motor circuit 
has been proposed. Such a combination 
imposes, however, a considerably higher 
strain on the contacts than the actual 
motor circuit where iron is present in the 
magnetic circuit. Furthermore, it should 
be kept in mind that whereas, for any par- 
ticular frequency, any series combination 
of resistance and inductance can be replaced 
by a parallel combination, the transients 
produced when opening a series circuit are 
considerably more severe than the transients 
in the parallel circuit. In a magnetic cireuit 
containing iron, the eddy currents produced 
when opening the electric circuit have a 
considerable damping effect which reduces 
the induced voltage across the contacts in 
the moment of opening. It would seem 
that it will be very difficult to’ standardize 
on an inductance containing iron for the 
testing of circuit breakers, and the logical 
solution would be an air-core reactor with 
a resistance shunted across it. — 


AIEE TRANSACTIONS 


Design Features of Genera- 
tors for Diesel-Electric 
Switcher Locomotives 


Discussion and author's closure of paper 44-25 
by C. A. Atwell, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 


AIEE TRANSACTIONS, 1944, February 
section, pages 41-5. ; 


John C. Aydelott (General Electric Com- 
pany, Erie, Pa.): Since the simple gener- 
ator-excitation scheme described was used 
first by General Electric Company on 
gas-electric busses and was applied subse- 
quently to industrial Diesel-electric loco- 
motives, in all fairness it should be noted 
that considerable engine stalling is involved, 
causing considerable loss of horsepower 
when the generator field is cold as it often 
will be in slow-speed-switching service. 
A more complicated scheme may be justified 
to avoid engine stalling and to insure full 
engine output whenever it is called for. 
Such a refined scheme long has been the 
goal of the designers of Diesel-electric- 
locomotive transmission apparatus. An 
accurate, reliable, and economical solution 
is much nearer to being a reality today 
than at any time in the past, thanks to the 
high amplification and quick response 
characteristics of the amplidyne exciter. 


C. A. Atwell: The use of a self-excited 
d-e generator with a small amount of 
separate excitation from a battery for 
loading an engine is not new. 

In 1924 the Westinghouse company re- 
ceived an order for a generator for use on a 
large eight-wheel gas-electric bus for the 
Versare Corporation. At that time it was 
decided to use a _ self-excited 200-volt 
generator with some separate excitation 
from a 12-volt battery. In that applica- 
tion there was a small handle on the steer- 
ing-wheel column that made several changes 
of resistance in the self-excited field circuit. 

The results with generators using this 
type of excitation were not very satisfactory 
with regard to engine speed regulation, 
however, until several years ago when we 
started modifying the load-saturation curves 
by special one-direction shaping of the main 
pole faces. As the generator voltage is 
necessarily low at high-armature amperes, 
the armature reaction is too high at maxi- 
mum loads. By correct pole-face shaping, 
‘the effect of armature reaction can be 
made just the right amount at maximum 
load. The net result is a much “flatter” 
engine-generator speed regulation over a 
given range of ampere load. 

The expression ‘‘engine stalling,’ that 
Mr. Aydelott uses in his discussion, is 
probably misleading to most readers. Per- 
formance, such as that shown in Figure 6 of 
the paper, does not have any tendency to 
stall the engine. Over certain ranges of 
the ampere load, the generator torque is 
greater than the engine torque, causing 
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the speed to drop a maximum of about 
ten per cent. A maximum speed drop of 
15 per cent in no way should be harmful 
to the engine. While there is some loss in 
engine-horsepower output caused by operat- 
ing at the lower speeds, this decreased 
horsepower does not reduce the pulling 
ability of the locomotive, but only reduces 
the speed at which the pulling is done. 

The effect of change in excitation be- 
tween a “cold” and “‘hot’’ field is reduced 
to a small amount by designing the field for 
low-temperature rise and also by using a 
large percentage of external resistance. 

The fact that a large percentage of small- 
and medium-size switcher operation is 
done at less than full throttle (and, conse- 
quently, less than full horsepower and 
locomotive speed) is proof that 15 per cent 
speed reduction at some full-throttle loads 
scarcely would be noticed in the day’s 
work. At least it does not justify the use 
of a complicated scheme for obtaining an 
exactly flat speed regulation at full throttle. 

Special field-excitation schemes for ob- 
taining exact engine loading are justified on 
the larger Diesel-electric locomotives (either 
freight or passenger) that operate for long 
periods at near maximum horsepower. 

A scheme that is as near the ultimate as 
has been used so far is described in the 
article given as the first reference at the 
close of the paper. 


Electrification of Large 
Open-Pit Copper Mines 


(44-90) 


Modern Electric Locomotives 


in Open-Pit Mine Haulage 
(44-98) 


Discussion of paper 44-20 by L. W. Birch, 
and discussion and author's closure of paper 
44-28 by J. E. Borland and L. G. Riley, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., Janusry 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, January and February sections, pages 
30-8 and 52-8. 


Sidney Withington (New York, New Haven, 
and Hartford Railroad Company, New 
Haven, Conn.): These two papers con- 
tain data of value in connection with a 
special type of railroad operation, and sup- 
plement each other very well. It would add 
to the interest of both papers if some men- 
tion could be made of the method used in 
dividing the service between electric loco- 
motives and the Diesel equipment in opera- 
tion at Morenci. It would be logical to use 
the Diesel locomotives where it is necessary 
to move the tracks and contact system fre- 
quently and where blasting debris would 
injure the contact system; leaving the elec- 
tric equipment to operate where the power 
distribution can be permanently installed. 
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It may be asking too much under present 
conditions, but it would be of great interest, 
also, to learn something of the relative cost 
of maintenance and operation of the electric 
and Diesel locomotives in this service, where 
the locomotives of each type presumably are 
maintained in the same shops. The cost of 
operation appropriately could be correlated 
with the unit cost of electric power and the 
cost of Diesel fuel oil in that locality. 


L. G. Riley (nonmember): The division of 
service between electric and Diesel loco- 
motives is determined basically by the fact 
that the main-line heavy-grade haulage to 
the reduction plant involves starting and 
speed characteristics beyond the capa- 
bilities of the Diesel locomotives available 
on this property. I quote from the last 
page of the article: ‘‘Diesel locomotives 
(are) used in waste haulage and for general 
duty.” The latter includes moving of 
cranes and track sections, delivery of drilling 
supplies, and miscellaneous service haulage. 

No data have been compiled by the 
authors on the relative cost of maintenance 
and operation of the electric and Diesel 
locomotives. Any direct comparison might 
be inconclusive because of dissimilarities in 
the service. 


Gear Ratio and Its 
Effect on Traction Motors 


Discussion of paper 44-26 by G. M. Woods, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, February section, pages 65-8. 


John C. Aydelott (General Electric Com- 
pany, Erie, Pa.): At a particular state of 
the art, and with a given arrangement of 
gearing, gear reduction can be increased 
only to a point which in railway service we 
know as ‘maximum reduction,” at which 
the pinion is the smallest considered to be 
reliable. Most railway designs are worked 
out on the basis of maximum reduction. 
By changing from single reduction to double 
reduction or from double reduction to triple 
reduction, the designer has a whole new 
range of possibilities involving, of course, 
increased complication and more expensive 
gearing. In some cases the best solution is 
to use single-reduction gearing and to put 
enough material in the motor to do the job. 
In other cases the best solution is to use 
double-reduction gearing and much less 
motor material. There is a range in which 
these two solutions tend to overlap to some 
extent. Asarule of thumb, it may be stated 
that double reduction is particularly useful 
at speeds below 35 miles per hour, and that 
above 35 miles per hour single reduction 
generally will be found preferable. As indi- 
cated by Mr. Woods, however, the trend in 
railway motor design is still toward higher 
and higher speeds. 
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The MHO-Carrier 
Relaying Scheme 


Discussion and author's closure of paper 44-46 
by R. E. Cordray and A. R. van C. Warrington, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 


May section, pages 228-35. 


W.R. Brownlee (Commonwealth and South- 
ern Corporation, Jackson, Mich.): War- 
time conditions have accelerated studies of 
methods of securing maximum emergency 
capability from transmission lines. It has 
been practicable to build very few new 
lines to accompany increased loads and 
additional generating equipment, and the 
necessary pooling of power resources, includ- 
ing co-ordination of generating-plant main- 
tenance schedules over wide areas, has 
greatly increased the duties on these lines 
and interconnections. It is hoped that the 
economy benefits of peacetime will be at- 
tractive enough to maintain an urgent de- 
sire for improved reliability of transmission 
connections. The emergency reliability of 
lines is especially important, since the avoid- 
able opening of one or more unfaulted trans- 
mission lines along with the faulted line may 
result in complete separation at all other 
points (through instability) of entire gen- 
erating plants from loads, overspeed trip- 
ping of turbine throttles, loss of station serv- 
ice power, and prolonged service interrup- 
tions to widespread areas. 

The avoidable tripping of transmission 
lines is more frequent than is generally 
recognized. Sometimes the relay opera- 
tions are blamed on-highly improbable si- 
multaneous faults, or dismissed as “‘out-of- 
step operations,’’ with no critical analysis 
to show whether the system actually lost 
synchronism or whether swing currents op- 
erated the relays incorrectly. Even when 
causes are analyzed and the operations 
found preventable, the relatively high cost 
of carrier-current relaying and its formid- 
able complexity have made its considera- 
tion a last desperate resort. The authors are 
to be commended, therefore, on the simplifi- 
cation which they have made in the basic 
carrier relay equipment and its functions. 

The simplification of system swing char- 
acteristics into a straight line at right angles 
to the circuit impedance and at an elevation 
depending on the distance of the relay ter- 
minal from the system electrical center is 
most useful for general analysis. An inter- 
esting deviation from this characteristic has 
been found in connection with an a-c calcu- 
lating-board stability study, which included 
readings of current, voltage, and phase angle 
at 0.1-second intervals at the principal tie- 
line terminals. This characteristic was 
neither a line nor a circle but a badly dis- 
torted version of both, with the relative 
height on the circuit-impedance line chang- 
ing during the power swing. The effective 
relay impedance was found to enter and leave 
certain relay protection zones twice during 
one major-swing cycle. In practice, swing 
current on a line is usually initiated by a 
fault on another line at a point near their 
common bus. If the faulted line is protected 
with distance relays, the swing will progress 
after instantaneous clearing at the near end, 
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but the supplying of fault current to the re- 
mote end of the remaining network changes 
the value of equivalent reactance and there- 
fore the location of the electrical center. 
This is altered when the far end of the 
faulted line is cleared. On this particular 
system it was found necessary to represent 
five separate generators on the system con- 
nected to one terminal of the tie line and 
two at the other. Swings between units con- 
nected by the shorter lines have time pe- 
riods about one quarter of that of the major 
swing, and these so affect the equivalent 
system reactance as to produce marked varia- 
tions in the effective impedance presented 
to the relays. This analysis suggests the 
desirability of including swing currents and 
voltages in stability studies, and also points 
to another difficulty which besets any block- 
ing scheme depending solely on the rate of 
change of relay impedance. 

Answers to the following questions are 
desired: 


1. What is the over-all tripping speed of the 
arrangement described? 


2. Are standard bushing potential devices (for 
138-ky lines, for example) entirely adequate for the 
operation of the scheme? 


3. The authors’ conclusions pronounce the pro- 
tective scheme as applicable to all lines which are 
long enough to justify the cost of carrier-current 
relaying. Will they please state this minimum 
length (on a 138-ky-line basis), and thus reveal not 
only the application limit but also their judgment 
regarding how short the line must be before the 
cost of carrier-current relay equipment is not 
justified? 


S. L. Goldsborough (Westinghouse Electric 
and Manufacturing Company, Newark, 
N. J.): This paper is an excellent re- 
description of material presented to the 
AITEE in January 1943. The intimation in 
the paper is that this is a new carrier relay 
scheme, but a close examination of the ma- 
terial given does not disclose anything par- 
ticularly new, as all of the relay elements 
and the method of using them have been in 
use for a number of years. Also, the state- 
ment is made that this so-called new scheme 
is a simplification. Whatever simplification 
has been obtained in the over-all scheme ap- 
parently is done merely by omitting the 
backup elements or elements that have been 
used in the carrier scheme for a number of 
years but which had no direct function in 
the carrier scheme itself. Some simplifica- 
tion has been made in the ground relaying 
in that ground preference has been omitted 
and, also, the overcurrent ground relays are 
missing. This means a certain degree of 
simplification but, as will be pointed out 
later, the omission of the overcurrent ground 
elements introduces some definite hazards 
in the scheme. 

It is felt that the designation of the offset 
impedance characteristic in the voltage re- 
strained directional element is confusing 
to the industry. The industry has been ac- 
customed to considering a relay that meas- 
ures ohms as an ohm relay, and I feel that 
the designation of a particular kind of ohm 
relay as a MHO relay is confusing. Using 
the definition of a MHO relay that is im- 
plied in the paper, that is, a mho element 
that trips when the mhos are greater than 


a critical value, then any ‘‘under’’ ohm re- , 


lay also can be termed an “‘over’’ mho relay. 
On this basis there is no more justification 
for calling the voltage restrained directional 
element a MHO relay than there is calling 
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any other ohm-measuring relay a MHO re 
lay. 

The paper exhibits considerable confu- 
sion in regard to this so-called MHO relay 
which is typified in Figure 6A. This figure 
is obviously an error, since the voltage re- 
straint does not and cannot bend the 
straight-line characteristic of a directional 
element on a current diagram into the circles 
as stated, and neither can the circles, as 
shown, be converted.into the cireular mho_ 
characteristic on the R and A diagram. 

As previously mentioned, the carrier 
scheme in respect to the ground relays ap- 
parently has been simplified somewhat. 
However, this simplification apparently has 
been made at the expense of correct opera- 
tion under certain very likely system con- 
ditions. The use of directional elements 
alone to start and remove carrier very 
greatly increases the sensitivity and there- 
fore raises the doubt that for external 
ground faults the carrier-starting directional 
element will function before the carrier-re- 
moval directional element functions. <A. 
specific instance of this would be the case of 
fairly short lines where it is necessary to use 
voltage polarization. In this case the cur- 
rent through the directional elements at 
both ends of the line will be the same and the 
polarizing voltages also will be practically 
the same. Therefore, when the fault cur- 
rent hovers around the pickup value of the 
directional elements, there is no definite as- 
surance that the directional element closest 
to the fault will provide a blocking signal 
before the carrier-removing directional ele- 
ment at the other end of the line functions. 

The authors claim that the directional 
element cannot operate incorrectly on series 
ground currents because of current-trans- 
former unbalances, since only one coil is 
affected. It is agreed that this is the case if 
consideration is given only to effect of sec- 
ondary current unbalances. When, how- 
ever, the possibility of primary-circuit un- 
balances is considered, the scheme proposed 
definitely will give incorrect results. In 
many cases the phase conductors of the 
transmission line are not transposed. This 
means that on _ phase-to-phase faults, 
ground current will be induced in the third 
phase. This induced current will flow from 
the line into the bus and down the ground- 
ing-bank neutral at one end of the line, and 
will flow up the neutral from the bus and 
into the line at the other terminal. Under 
this condition the ground tripping direc- 
tional elements at both ends of the line will 
close contacts and thus incorrectly trip for 
an external phase-to-phase fault. This con- 
dition has been met with many times on ac- 
tual power systems, but heretofore it has 
been overcome by the use of separate starter 
and tripping elements with different sensi- 
tivities. It is very much doubted, there- 
fore, that the scheme can be simplified in 
this manner with impunity. 


E. E. George (Southwest Power Pool, Little 
Rock, Ark.): The new scheme appears 
to have several outstanding advantages, 
even over the present Kansas—Nebraska tie- 
line scheme which has been operating satis- 
factorily. Of course, the new scheme should 
have thorough staged testing when installed. 
The elimination of phase or ground prefer- 
ence is a step forward. In this area, out-of- 
step blocking and back up protection of 
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conventional schemes have had to be re- 
duced or omitted on account of heavy line 
loading; straightforward use of directional 
ground relays of the current polarized type 
is also desirable. The power equation 1 and 
impedance equation 3 in the previous 
Ebasco paper! can be related as follows: 
&=180 —20 —5,5. 
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C. A. Streifus (Ebasco Services, Incorpo- 
rated, New York, N. Y.): The MHO- 
carrier relaying system described is con- 
siderably simpler, with fewer elements and 
contacts than other carrier systems that are 
in the long-line class. It appears to be sat- 
isfactory for shorter transmission lines, and 
at the same time its basic principles embody 
those of long-line relaying, permitting it, 
to a great extent, to meet rather exacting 
specifications. However, each long-line re- 
laying problem and application is a special 
one and, therefore, each should be carefully 
analyzed. Size of systems on each end of 
line; magnitude of system impedance-to- 
line terminal busses; and maximum per- 
missible angular difference between system 
internal transient voltages at which systems 
may be expected to recover are related to 
relaying problems and to maximum permis- 
sible angular difference of line terminal 
voltages, further emphasizing importance 
of detailed analysis of each problem to see 
that the proposed relays will meet all 
conditions. 

While the simplified method of calculating 
“impedance circle diagrams,’’ as discussed 
under “Impedance Diagrams” in the paper, 
may be satisfactory for short lines, exact 
calculations should be used for lines of 200 
to 300 miles or longer, particularly if the 
combinations of line and terminal systems 
can tolerate a comparatively high angular 
difference between tran$ient internal volt- 
ages and stil! recover. Location of Z as 
viewed by terminal relays on the impedance 
diagram for maximum permissible swing and 
magnitude of equivalent impedance of peak 
load may influence the number of elements 
required, such as addition of angle imped- 
ance units and setting of carrier-start unit, 
and, therefore, more exact methods should 
be employed for long lines. 

Figures 2, 3A, and 12 in the paper show 
values of #, the angle between system tran- 
sient internal voltages. Since the impedance 
circle diagrams, or the straight line in the 
previously mentioned figures representing 
power-swing impedance loci, are based on a 
definite relation between line ABCD con- 
stants, V4 and Vz, and 6, representing an- 
gular difference between line terminal volt- 
ages, as emphasized in references 2 and 8 of 
the paper, it would seem more correct and 
desirable to have values of 5 shown on these 
figures rather than 0, a value describing in- 
ternal system conditions. Perhaps both 
- could be shown. 


; A. R. van C. Warrington; We were ex- 


tremely gratified by the number of excel- 
lent discussions of our paper. 


The answers to Mr. Brownlee’s interesting 
questions follow. 
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1. The over-all tripping time of the ar- 
rangement described is substantially the 
same as that of the standard one-cycle 
GCX distance relay. The same units are 
employed except that the MHO unit, which 
is the starting unit of the standard distance 
relay, is set for less reach. 

The tendency to slower operation of the 
MHO unit for faults near the end of the 
section resulting from the lower ohmic 
setting is offset by the powerful polarizing 
circuit, which has three times the ampere 
turns of the standard GCX relay. 

A single MHO unit used as zone 1 with- 
out carrier may operate slightly faster than 
the GCX relay. In addition, it is an excel- 
lent backup device for carrier or pilot-wire 
applications because it is a simple self-con- 
tained directional distance relay and pre- 
sents only a single set of contacts between 
the battery and the trip coil. 


Qeve- 


x _— BLOCKING 
(BIASED MHO) 


Figure 1. Characteristic of blocking relay 
for providing out-of-step blocking with a 
MHO unit 


Blocking relay is a MHO unit with current 
bias K/2? and has the general equation 


KI?—K2E’+El cos (@—0)=0 


2. The burden imposed by the potential 
circuits is about the same as that of the 
standard GCNX relay. The internal phase- 
angle conditions of the MHO unit enable 
more watts to be put in the coils with no in- 
crease in watts input to the circuit because 
there is much less loss in series resistors. 
Bushing potential devices of 188 kilovolts 
have enough capacity to supply the relay. 


; 


The solid circles represent loci 
of admittance vectors presented 
to the relays at the sending end 
S, at the receiving end R, and 
at intermediate points 20, 35, 
50, 65, and 80 per cent of the 


38. The length of line to which it is eco- 
nomical to apply carrier relaying depends 
upon a comparison of the installed cost of 
relay equipment and the over-all cost of the, 
equipment and line to be protected, Gen- 
erally the value of the relay protection, com- 
munication, and other services derived from 
the equipment, should easily justify the 
slight increase in over-all project investment 
for the carrier relay equipment. 

However, since a direct question de- 
serves a direct answer, it is our observation 
that, for lines longer than 15 miles, carrier 
is generally less expensive than pilot-wire 
relaying with leased wires. 

A definite contribution the manufacturer 
can make to this question is a statement of 
the minimum length of line to which the 
ohm unit is applicable. If 300/5-ampere 
current transformers are assumed, the mini- 
mum length of line that could be protected 
with the MHO unit is at present 25 miles 
at 188 kilovolts, with a minimum fault of 
300 amperes, which corresponds to a one-ohm 
secondary. Below this limit the current 
pickup is above normal current, and will in- 
crease as the ohmic setting is reduced fur- 
ther. In other words there is a minimum 
voltage limit for a fault at the end of the 
protected section, 

Mr. Goldsborough’s comments will be 
discussed now, As he points out, we have 
already had many years of experience with 
the relay elements used in the MHO carrier, 
but I think he has overlooked the fact that 
the new method of setting and connecting 
the units has resulted in much improved 
protection witha simpler circuit because of 
the incorporation of characteristics in the 
distance units which formerly had to be 
obtained by additional relays. The main 
changes are: 


1. The use of a MHO unit for limiting the reach 
of zone 1, zone 2, and carrier trip, instead of the 
conventional reactance or impedance units, 


2. The use of a nondirectional impedance unit for 
zone 3 reaching back one section of the line, instead 
of a directional impedance or starting unit reaching 
forward two sections, 


3. The use of an offset MHO unit concentric with 
the MHO unit, instead of the conventional imped- 
ance unit for out-of-step indication, 


MHO units of this type, including even 
the memory action, have been used success- 
fully since 1937 in General Electric Com- 
pany relays by the Pennsylvania Railroad 


system impedance from the 
sending end. Refer to Figure 
2 of the paper for legend 


The abscissas are conductance, 
G; the ordinates are suscept- 
ance, B 


The units correspond to the 
reciprocals of the values in 
Figure 2 of the paper; five 
units correspond to 50 per 
cent system impedance; 2.5 
units correspond to 100 per 


cent system impedance Figure 2. 
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Admittance Hisaes of a 75-degree system 
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for the same purpose as the present units— 
for distinguishing between fault and load 
impedance of equal magnitude. 


LIMITATIONS OF OLDER CARRIER SCHEMES 


Originally, a power swing was thought to 
act like a traveling three-phase fault which 
passed through the electrical center when 
the generating sources were 180 degrees out 
of phase. Whereas this is still true, yet it is 
misleading, because the traveling three- 
phase fault does not enter into the fault 
zone along the line LL’ in Figure 3A of the 
paper, but enters along a line at right angles 
to this line. This definitely limits the load- 
carrying ability of the transmission line to 
the point where present-day relays are un- 
satisfactory. For example, the starting-unit 
reach must not be set for more than half the 
total impedance between the equivalent 
generators of the system, and similar limita- 
tions exist for the impedance relay. 

Probably the principal objection to pres- 
ent-day carrier-current schemes is their com- 
plexity. Relays have been added repeat- 
edly to take care of conditions as they came 
up, both real and imaginary, until now the 
elementary diagram is unduly complicated. 
Since an out-of-step condition is a three- 
phase phenomenon, the contacts of three 
impedance-type fault detectors were con- 
nected in series to control a time-delay 
auxiliary relay which would open the trip 
circuit if not prevented by the contacts of 
other fault-detector relays which had higher 
current settings and instantaneous opera- 
tion. It was soon found that the blocking 
might not be set up on a swing started by a 
phase-to-phase fault because the combined 
swing and fault current was liable to be so 
unbalanced that at least one fault detector 
would fail to pickup. This was remedied 
by connecting the initiating fault detectors 
in parallel, which has the disadvantage of 
delaying tripping of an internal fault im- 
mediately following an external fault behind 
the bus. 

In addition to the inability to distinguish 
between power swings and out-of-step con- 


[oRect TONAL 
UNIT AT 


WITH VOLTAGE 
RESTRAINT 


Figure 3. GMB relay characteristics plotted 


on an R and X diagram 


The tripping area is the vertically shaded 

portion plus the unshaded center. The latter is 

the tripping area when voltage restraint is not 
removed 
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ditions, another defect was the inability 
to trip on an internal phase fault occurring 


during a swing. The earlier carrier relays © 


included an instantaneous auxiliary relay 
which would cut off the out-of-step blocking 
as soon as any fault detector reset; this 
allowed tripping somewhat before the zero 
current point of the swing, but was aban- 
doned because it permitted wrong tripping 
by the distance relays which could over- 
reach when measuring the swing impedance 
in parallel with the fault impedance. 

The new scheme has none of these defects 
because it does not use the rate-of-change- 
of-impedance method of blocking on swings. 
It measures the impedance of the system at 
all times, and does not need blocking be- 
cause its pickup on load and swing currents 
is high enough to prevent tripping except 
on out-of-step conditions. 

Mr. Goldsborough apparently failed to 
notice the paragraph headed “‘Origin of the 
Term MHO Unit,” which explains why a 
relay which measures a constant compo- 
nent of admittance is a MHO unit, and not 
an ohm unit. Mathematically the MHO 
unit measures Y cos(@—6@) in mbhos or 
Z/cos(¢—@) in ohms. The first expression 
is a constant component of admittance at 
the angle 6; the second has no constant 
component of impedance at any angle. 

He will be less confused by Figure 6A of 
the paper if he regards it as an impedance 
diagram. His oral statement that the mem- 
ory action varies the pickup of the relay was 
based on the assumption that the memory 
action affects only the operating torque, 
whereas actually it affects the restraining 
torque equally and hence has no eftect on 
the pickup. To illustrate this mathemati- 
cally, the torque of the MHO unit can be 
written E,(I cos (6—0) —E,), where E, and 
E, are the polarizing and restraining poten- 
tials, ¢ is the impedance angle of the line, and 
6 is the angle of the MHO-unit characteristic. 

He stated that a MHO unit having only 
E? and EI torques would be sluggish during 
nearby faults because & tends to zero. Ac- 
tually this is not so, because the memory 
action of the MHO unit is so strong that the 
operating time with a 20-ampere fault is 
the same at zero voltage as at 50 per cent of 
normal. 

His belief that the lack of an overcurrent 
ground unit will cause wrong tripping on an 
external fault is based on the erroneous as- 
sumption that the G, is as sensitive as GD). 
In the case he cites, where the residual cur- 
rent and potential are the same at both ends 
of the section, GD, at the blocking end 
would have at least 50 per cent more torque 
than GD, at the tripping end. 

In the second case of possible ground re- 
lay misoperation we presume that the in- 
duced current comes from a paralle) line 
and that the polarization is by neutral cur- 
rent transformers. In such a case the GD, 
unit can be given the same pickup as the 
G2 unit which was eliminated. 

The current bias he proposes for making 
the beam unit work as a MHO unit is used 
in the MHO carrier for recognizing out-of- 
step conditions where it is desired not to 
reclose after tripping on out-of-step condi- 
tions. With the current bias, the blocking- 
unit characteristic is made concentric with 
the MHO unit tripping characteristic 
but of larger radius so that any swing con- 
dition will operate the blocking relay first, 
as shown in Figure 1 of the discussion. 
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The torque eqtiation of the MHO unit 
at the threshold of operation is EJ cos (¢—8) 
—K'E?=0. The current bias necessary 
to produce this characteristic adds an J? 
term to the equation of the MHO unit so 
that it now becomes the general equation 
KI?—K'E*+EI cos(¢—6)=0, which is a 
14+4KK’ 

2K’ 
center is 1/2K’ from the origin at an angle @ 
from the reference (R) axis. This subject 
is covered more thoroughly in ‘‘A Conden- 
sation of the Theory of Relays” by A. R. van 
C. Warrington.! . 

We have been asked for characteristics 
of our GMB carrier relay similar to Figures 
4A and 4B of the paper. This is given in 
Figure 3 of the discussion and shows some 
interesting properties. 
a polyphase MHO unit, which was accom- 
plished in 1937 by not removing voltage re- 
straint by the impedance fault detectors. 
The tripping area is then defined by the 
area between the two MHO-unit circles. 
The angle of maximum torque is 20 degrees, 
and was chosen when the GMB was first 
designed as being better for out-of-step 
conditions, without clearly knowing why. 
For phase-to-phase faults the angle of maxi- 
mum torque shifts to 50 degrees and the 
reach in ohms is halved—the main disadvan- 
tage of a polyphase MHO unit. 

Note that the tripping area is so limited 
in the direction of power swing that no blind- 
ers would be needed, even for the longest 
lines. Casual inspection would indicate 
no margin in the mho characteristics for 
operation on arcs, but it must be remem- 
bered that the arcs are reversed for the relay 
at B so that arc resistance is to the left for 
that relay and to the right for the relay at A. 

Some engineers asked why we did not 
plot the line and relay characteristics on an 
admittance diagram, since we are dealing 
with a MHO unit. This suggestion would 
please those individuals who are used to 
thinking more in terms of current pickup 
values of relays. An admittance diagram is 
shown in Figure 2 of the discussion which 
corresponds to the impedance diagram that 
was Figure 2 in the paper. 

Zero load is at the origin; as the load in- 
creases it progresses along one of the circles 
marked power-swing loci. A power swing 
may oscillate through the origin to points 
on each side such as 60 degrees on one side 
to 300 degrees on the other side. The 
smallest swing circles are those of the send- 
ing- and receiving-end terminals, and it is 
impossible, of course, to have a condition 
inside these circles. The MHO-unit char- 
acteristic is a straight line at right angles to 
the fault line, and it can be seen that a 
typical MHO-unit characteristic will oper- 
ate on power swings up to say 120 degrees 


circle whose radius is \ and whose 


_of system separation. 


As Mr. Streifus points out, the simplified 
method illustrated in Figure 2 of the paper 
for estimating the effect of power swings is 
satisfactory for ordinary lines, but the exact 
method is. necessary for lines over 200 miles 
long, particularly if the system can swing to 
a large angle of separation and still recover. 
The same comment, of course, applies to 
the admittance diagram in this discussion. 
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The Functions of Ground 
Preference in Carrier- 
Current Relay Schemes 


Discussion of paper 44-51 by S. C. Leyland 
and S. L. Goldsborough, presented at the 
AIEE,\winter technical meeting, New York, 
N. Y., January 24-28, 1944, and published 
in AIEE TRANSACTIONS, 1944, March 
section, pages 97-100. 


A. R. van C. Warrington (General Electric 
Company, Phi'adelphia, Pa.): In addition 
to the ground preference troubles cited by 
the authors, an external ground fault has to 
be cleared before a simultaneous internal 
fault can becleared. Furthermore, spurious 
residual current caused by current-trans- 
former inaccuracy during a heavy internal 
phase fault can delay or prevent tripping. 

The authors have found that the use of 
delta current in phase directional and phase 
impedance relays reduces the likelihood of 
wrong operation on heavy loads or on zero- 
sequence currents unaccompanied by posi- 
tive- and negative-sequence currents. 

This principle has been used in the MHO 
relay described in the paper by Cordray and 
Warrington. In the MHO relay the 
possibility of such wrong operation is 
further reduced by having maximum torque 
at a lagging angle and, also, by the fact that 
the relay has both directional and imped- 
ance characteristics, so that both have to be 
satisfied at the same time to operate the 
relay. 

With these desirable characteristics it was 
possible to eliminate both phase and ground 
preference, which not only avoided their 
attendant troubles but, as will be seen in 
Figure 8 of the Cordray—Warrington paper, ! 
simplified the circuit. 
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Oliver Ramsaur (nonmember; Pennsyl- 


vania Power and Light Company, Allen- 
town, Pa.): With this paper, the authors 
fill a long-felt need for a comprehensive re- 
view of the reasons for and behavior of 
ground preference in carrier-current relay 
schemes. With several schemes to choose 
from, and with their operation so intimately 
associated with so many fault conditions 
and other relay functions, up to now one has 
been in a quandary as to which scheme (if 
any at all) best fits the needs of a particular 
system. This paper goes far toward clear- 
ing up the haze, particularly in regard to 
relay performance during the interline fault 
on the system in Figure 5 of the paper. 

It should be noted that the removal of the 
ground overcurrent element from the carrier- 


_ stop circuit to prevent ‘‘in-between’’ opera- 


tion for two-phase-to-ground faults is not a 
substitution of some other form of prefer- 
ence for ground preference, as one might 


» infer at first reading. It is still ground pref- 
it 


erence, but of a different form, in that 


+ earrier is stopped by operation of the ground 
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directional element alone instead of the 
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more ustial combination of both the ground 
directional element and ground overcurrent 
tripping element. Another scheme being 
used extensively is that of using the ground 
directional and ground overcurrent starting 
elements to stop carrier. This avoids the 
possibility mentioned by the authors, that a 
very sensitive ground directional element 
may operate incorrectly on spurious cur- 
rents; and at the same time it eliminates 
the “‘‘in-between’’ operation, because the 
same element is used for both starting and 
stopping carrier (subject to further control 
by the directional element, of course). In 
either case, of course, advantage is taken of 
the fact that carrier transmission at a given 
termina] is needed only when fault current 
flows out of the line section. 

Another specific instance where phase 
preference has been used successfully for a 
different and special purpose may be of in- 
terest. Tapped solidly off a tie line pro- 
tected by carrier-pilot relays and equipped 
for one automatic rapid reclosure is a large 
delta—delta step-down transformer supply- 
ing a stub load, almost entirely nonsyn- 
chronous. This terminal is equipped with 
carrier phase impedance and transformer 
differential relays (ground relays are not 
required because no zero-sequence current 
can be supplied by or transmitted through 
the transformer) primarily to avoid over- 
tripping of the other two terminals for 
heavy faults beyond the oil circuit breaker 
on the low-tension side of the transformer, 
and to provide sensitive differential protec- 
tion of the transformer. In addition, the 
transformer breaker is tripped by the opera- 
tion of all of three instantaneous under- 
voltage relays in order to disconnect the 
load prior to reclosure following a line trip- 
out. But these undervoltage relays, un- 
hampered, would also trip for a nearby 
three-phase fault on one of the distribution 
feeders, so the carrier phase relays are given 
preference over these in the preference cir- 
cuit. Thus, for a feeder fault, carrier is 
started and held on by the phase relays; 
and the undervoltage relays can neither stop 
carrier nor trip the main breaker. The 
preference scheme undoubtedly can be used 
to good advantage for other such specia 
purposes. 


R. C. Ericson (Northern Indiana Public 
Service Company, Hammond, Ind.): The 
authors should be complimented on their 
able presentation of the subject matters 
contained te the paper. : 

The fact that the paper is confined to 
ground préference as obtained only by the 
use of relay contacts and neglects the 
method where the ground directional ele- 
ment and the polyphase directional element 
are assembled on a common shaft somewhat 
limits the paper’s value from the operating 
engineer’s standpoint. Adequate discus- 
sion of this latter method, however, very 
likely would offer sufficient material for a 
separate paper. 

We should like to call to the authors’ 
attention the possibility of improper opera- 
tion. of ground-preference schemes when 
applied to very short line sections with un- 
balanced phase impedances. Where the 
system short-circuit currents are heavy and 
their magnitude and phase relation are 
determined by impedances (generally bal- 
anced) outside of the short line section, it is 
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possible for three-phase short circuits beyond 
the short section to develop enough zero- 
phase-sequence voltage within the short 
section to cause sensitive set ground relays 
to operate in an undesirable manner. 

The writer has seen at least one case in his 
experience where this was apparently the 
cause of an improper operation. The par- 
ticular installations involved use a three- 
unit combination (phase and ground-direc- 
tional and voltage-restraint elements all on 
one shaft) for fault detection and preference 
as well as directional indication. The 
normal type of connection with this scheme 
is to remove the voltage restraint on the 
occurrence of both phase and ground faults 
and also to remove the potential supply to 
the phase directional unit upon the occur- 
rence of a ground fault. This removal of 
potential supply is accomplished by imped- 
ance phase-fault detectors and a residual- 
current fault detector. 

In this particular case, after the improper 
operations, the connections were changed so 
that only the voltage restraint is removed 
by the residual relay. Dependence is then 
placed on the excess torque of the ground 
directional element to give proper ground 
preference. Calculations show that in this 
particular instance future operation should 
be satisfactory. 

Since lack of adequate line transpositions 
is one of the greatest sources of asymmetry 
in overhead transmission lines, it may be 
well to co-ordinate closely the line design 
with the ground relaying design on certain 
types of systems. 


A Versatile Power-Line- 
Carrier System 


Discussion and authors’ closure of paper 44-34 
by H. W. Lensner and J. B. Singel, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
March section, pages 129-33. 


F. M. Rives (General Electric Company, 
Schenectady, N. Y,): The general idea of 
providing several simultaneous telegraph or 
signal channels by modulating a single car- 
rier with several closely spaced audio tone 
frequencies has been used for many years in 
wire-line telegraph practice. Its first use in 
power-line carrier practice dates back only 
a few years; one of the first installations 
involving modern equipment of this type was 
described in a paper presented at the 1942 
AIEE winter technical meeting.! However, 
the numerous advantages of multiple-chan- 
nel audio-tone systems, particularly in pro- 
viding additional joint-use or simultaneous 
functions, have not received adequate treat- 
ment previously, and the authors of this 
paper are to be commended for their contri- 
bution to this subject. 

While it is realized that only a limited 
amount of detail can be included in the gen- 
eral treatment of a broad subject of this 
nature, it would seem desirable to differenti- 
ate between various types of multiple-use 
applications, since this consideration has an 
important bearing on the choice of equip- 
ment best suited for a particular problem. 


437 


First, it is necessary to know the total num- 
ber of functions a given equipment or chan- 
nel is required to handle. Next to be estab- 
lished is the type of signal to be transmitted 
for each of the functions, that is, whether 
it is a narrow-band impulse-type signal or a 
wide-band voice-frequency signal. Also at 
this point, the degree of reliability, or free- 
dom from interference, or accidental opera- 
tion required for each of the functions should 
be established. Finally, it should be known 
whether all of the several functions require 
the channel simultaneously or whether some 
of them can be set up on a preferential or 
joint-use basis. In connection with this 
last point, for instance, it is frequently pos- 
sible to share a telephone channel with one 
or more functions, such as supervisory con- 
trol or transfer trip, when the brief and in- 
frequent interruptions of the voice channel 
can be tolerated. 

It is easy to gain the impression from a 
quick reading of the paper that any and all 
applications such as listed in the opening of 
the paper can be handled by the same equip- 
ment. While this is entirely feasible, it may 
not be necessarily the most economic ar- 
rangement nor the most suitable from the 
standpoint of channel-space conservation. 
Simple applications requiring only a few 
joint-use channels may be handled with 
simple transmitter and receiver equipment 
such as generally used for pilot-relaying 
channels. More complex applications re- 
quiring more than two or three joint-use or 
simultaneous functions may require more 
complex basic transmitter and receiver 
equipment. Experience of several years has 
shown that the rack-and-panel unit type of 
construction is ideally adapted to provide 
maximum flexibility and economy in meeting 
this wide range of functional requirements. 

Starting with the standard wide-band or 
voice-channel type of transmitter and re- 
ceiver equipment, it is a relatively simple 
matter to provide as many as eight or ten 
simultaneous and independent impulse sig- 
nal circuits over a single carrier as indicated 
by the authors. It is also possible to use the 
wide-band equipment to transmit a voice 
channel and one or more tone-frequency 
channels simultaneously. However, it 
should be realized that in sharing a channel 
that normally is just wide enough for a good 
commercial-quality telephone circuit with 
one or more atidio-tone signals, some ap- 
preciable reduction in the grade of voice 
communication must be accepted. If the 
tones are placed below the voice band, some 
loss in naturalness will result and some inter- 
ference from the tone channels is to be ex- 
pected, since it is extremely difficult to pre- 
vent the generation of harmonics of the tone 
signals in the receiver. If the tones are 
placed above the voice band, some loss in 
quality also will result, or special means 
must be taken to widen the channel. 

Although the authors do not attach any 
particular significance to the simple fre- 
queney-modulation scheme described, in 
view of the extensive interest in the use of 
frequency modulation for both radio and 
power-line carrier, it should be pointed out 
that this simple arrangement does not utilize 
the two basic elements from which fre- 
quency modulation derives its principal 
advantages, namely, the limiter and the 
balanced discriminator. Also, it would 
appear that the simple demodulation scheme 
might be troublesome in the case of three 
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or four terminal pilot-relaying installations, 
where it is often necessary to space trans- 
mitters by 500 cycles or so to avoid zero 
beat between two transmitters. 

I believe it would be of general interest 
if the authors would indicate whether or not 
the novel scheme illustrated by Figure 9 
of the paper has been tried out on an actual 
installation. Offhand it would appear 
generally impractical to receive in one re- 
ceiver three separate signals originating at 
different stations and travelling over three 
different and variable transmission paths. 
Even though the three transmitters may be 
adjusted to put substantially the same sig- 
nal level into the receiver under one set of 
line conditions, changes in the line resulting 
from switching will normally change the 
relative levels over a considerable range. 
The automatic volume control will be con- 
trolled by the strongest received carrier, 
and if there is more than a few decibels dif- 
ference between the three signals, one or 
both of the weaker ones may be lost. Even 
when the three signals are being received at 
about the same level, the 1.5 kilocycle and 
3-kilocycle heterodyne between them will 
have an effect similar to 100 per cent modu- 
lation of each carrier at the beat frequencies. 
This effect will cause the three telemeter 
signals to interreact in such way as to make 
it difficult to maintain uniform relay cur- 
rents in the three telemeter receivers. 


REFERENCE 


1. MULTICHANNEL CARRIER-CURRENT  FACcILt- 
TIES FOR A POWER Line, P. N. Sandstrom, G. E. 
Foster. AIEE Transactions, volume 61, 1942, 
February section, pages 71-6. 


Townsend D. MacCoun (Link Radio Corpo- 
ration, New York, N. Y.): The authors 
are to be congratulated on this very excellent 
paper. It is readily apparent that such a 
system of using tones is very economical, 
and where multiple functions are to be per- 
formed the costs would be easy to justify. 

In considering such a system however, 
there are certain inherent limitations which 
also should be considered. The first of 
these is the question of the stability. The 
authors point out that a frequency drift of 
plus or minus six per cent could be tolerated, 
and that this would mean holding a carrier 
system at 100 kilocycles to plus or minus 45 
cycles. Besides the drift in oscillator cir- 
cuits, the drift in the tuned circuits of the 
tone filters also must be considered, and as 
this drift could be on approximately the 
same order as the oscillator drift, this will 
reduce the operating margin materially. On 
the converse, in a carrier-operated system 
using quartz-crystal control in the trans- 
mitter and a crystal filter in the receiver, ex- 
perience has shown that it is not at all diffi- 
cult to maintain this stability within plus 
or minus two cycles over wide temperature 
changes. It is a factor whose importance 
increases when the equipment is to be used 
outdoors, as is often the case. 

The ability of the system to discriminate 
against noise is governed not only by the 
steady-state characteristics of the selectivity 
of this system but also is determined by the 
transient characteristics. Unfortunately, as 
the selectivity is increased, the shock-excita- 
tion characteristics create a difficult prob- 
lem. Transient impulses such as produced 
by the operation of breakers, lightning ar- 
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resters, and the like, will set a whole tuned 
circuit into oscillation and will result in false 
output pulses being received. This effect, 
of course, is very pronounced in a crystal- 
filter circuit where the selectivity is 


extremely high, but several methods have — 


been found to overcome this. By using two 
carrier frequencies close together it is readily 
possible to operate under conditions where 
the noise is on the order of 100 times the, 
received signal. 

Another limitation of course is the low 
percentage of modulation necessary to pre- 
vent the overmodulation of the carrier when 
the various tones are simultaneously trans- 
mitted, and whereas it is noted that the 
receiver the authors used will operate 
through a loss of 70 decibels, it is probable 
that with a higher percentage of modulation 
this might be increased to 90 or 100 decibels. 


H. W. Lensner and J. B. Singel (non- 
member): The chief application for audio 
tones on power-line carrier is found in cases 
where it is necessary to perform two or more 
functions simultaneously. There are cases 
where communication, telemetering, and 
supervisory control can be added to a carrier 
relaying installation using a single unmodu- 
lated carrier frequency, provided that it is 
allowable to interrupt telemetering for any 
one of the other functions. When several 
functions must be in use simultaneously, or 
where additional reliability is desired, the 
use of atidio tones is justified. This is par- 
ticularly true on large power systems where 
the available carrier channels are being 
exhausted and it is necessary to get the 
maximum utility from each carrier channel. 
For many applications, standard relaying 
carrier equipment can be used for the added 
functions. In complex applications involy- 
ing extensive use of tones, more advanced 
equipment is warranted. This fact was 
recognized in the recommendation of a 
superheterodyne receiver for the extensive 
use of tones. Also, this is the only condition 
under which a low percentage modulation 
per tone is necessary. The fewer the tones, 
the higher the allowable modulation per 
tone. With two or three tones, each tone 
can modulate the carrier 30 to 50 per cent. 
With ten tone’, a more powerful transmitter 
is desirable to give the same sideband energy 
per tone as with two or three tones on a 
standard relaying transmitter. This will 
allow the receiver to operate through ap- 
proximately the same decibel loss, regardles 
of the number of tones. f 
It is better to have intelligibility rather 
than high quality in a carrier communica- 
tion circuit over which important instruc- 
tions may be given, and for this reason the 
audio tones have been located at the low- 


frequency end of the audio channel. Elimi- 


nating low frequencies does result in some 
loss of naturalness, but eliminating fre- 
quencies at the high end causes a high loss of 
intelligibility which is much worse. For 
example, cutting out all frequencies below 
500 cycles per second reduces the intelligi- 
bility only 4 per cent, whereas eliminating 
frequencies above 2,500 cycles causes a 
loss of 20 per cent in intelligibility. 

One of the main reasons for using fre- 
quency modulation is the limiting action of 
the simple relay receiver, particularly when 
a strong signal is being received. The 
detector tube, in conjunction with a volt-_ 
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age-limiting neon lamp across the tuned 
input circuit, performs very effectively as a 
limiter, and cuts off amplitude variation on 
the received signal. Under this condition, 
only a frequency modulated signal can be 
received satisfactorily, and the sloping side 
of the receiver resonance curve allows de- 
modulation. This system was described as 
providing for emergency communication (as, 
for example, when adjusting and tuning the 
equipment), and is not intended to give re- 
sults comparable to standard carrier com- 
munication equipment. 

With regard to the discussion of frequency 
drift of the carrier- and tone-frequency com- 
ponents, the figures given in the paper were 
for purpose of illustration only, and should 
not be considered indicative of performance 
of modern equipment. 

The authors question the meaning of the 
statement that by using two carrier fre- 
quencies close together it is possible to oper- 
ate under conditions where the noise is on 
the order of 100 times the received signal. 
It is not obvious why crystals operating at 
carrier frequencies close together should 
relieve the shock-excitation difficulty re- 
sulting from high-amplitude noise. There 
appears to be only one possible interpreta- 
tion under which such a statement could be 
correct. If the noise referred to is the noise 
on'the line in the entire carrier frequency 
band from 50 to 150 kilocycles, then a single 
tone filter that has a pass band about 100 
cycles wide, will accept only 0.001 of the 
total noise but all of the sideband energy of 
its tone. This will give a signal-to-noise 
ratio at the grid of the filter detector tube 
of better than unity, depending on the band 
width of the tone filter. 

The scheme of Figure 9 of the paper will 
require the selection of a frequency on which 
the attenuation over each path does not vary 
more than a few decibels for different condi- 
tions of system switching. Such a frequency 
could be determined by making a frequency 
run, measuring the line loss for each system 
condition, and then selecting a frequency 
where the attentuation remains constant 
within a few decibels. 


System Voltages and 
Fault Currents Determined 


Easily on D-C Board 


Discussion and author’s closure of paper 44-68 
by Carl E. Asbury, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, April sec- 
tion, pages 184-8. 


G. W. Hampe (Commonwealth Edison 
Company, Chicago, Ill.): Mr. Asbury has 
pointed out some uses of the d-c calculating 
board which generally are not recognized. 
Apparently, Mr. Asbury left the matter of 
reading the residual currents directly in 
amperes, that is, with one board milli- 
ampere representing, say, ten line amperes, 
as distinct from reading unit currents on a 
given kilovolt-ampere base, up to the 
reader’s discretion. The use of unit currents 
is common for three-phase faults. 
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By a proper choice of applied voltage, one 
can take the readings either way without 
changing the base of the board setup. If 
the ground-fault study is for a system which 
is all at one voltage level, it is usually more 
convenient to read amperes directly. How- 
ever, if different voltage levels are involved, 
or if the three-phase faults were studied in 
kilovolt-amperes and phase-relay settings 
were made in kilovolt-amperes, or if ground 
relays are of minor importance in the study, 
then it may be more practical to have the 
ground currents in unit (kilovolt-ampere) 
values. 

Mr. Asbury refers to special scales for the 
galvanometer. Perhaps special scales for 
the voltmeter would be more practical. 
When a d-c board is used for a single utility 
system or interconnected group, as distinct 
from manufacturing or consulting practice, 
it becomes practical to have special per- 
centage scales put on the board voltmeter 
with the unity or 100 per cent point at the 
same deflection as the unity voltage for the 
current readings. Thus, resetting the ap- 
plied voltage when changing from current 
readings to voltage readings is avoided. 

An extension of Mr. Asbury’s method is 
needed for a system which is so large that 
the positive-sequence network occupies the 
entire board. It then becomes necessary to 
reduce the positive-sequence network, which 
in Mr. Asbury’s procedure represents the 
negative sequence also, to a single equivalent 
impedance, or if loads are represented in the 
positive network, to reduce it to a The- 
venin equivalent. The equivalent is then 
placed in series with the zero-sequence net- 
work for the ground-fault setup. 

The procedure 6 in Mr. Asbury’s paper 
under ‘‘Description of Method”’ still can be 
carried out to yield the various values of Vy 
in the zero-sequence network. The value of 
the drop across the entire zero-sequence net- 
work, which may be called V,’, also can be 
measured. 

It is possible also to measure in per cent 
the entire drop V’ across the impedance 
which represents the positive- and negative- 
sequence networks. The values of V in per 
cent in the positive-sequence network, as 
read in Mr. Asbury’s procedure 4, should be 
available from a previous three-phase fault 
study. The value V’ represents the per cent 
by which the voltage applied to the positive- 
sequence network is reduced in procedure 6 
as compared with the three-phase fault 
study (procedure 4). The value of Vie 
(procedure 7) then can be computed by the 
formula 


Vi2= VV! + V0! 


- The writer considers it desirable that the 
manufacturers of d-c calculating boards 
make their models somewhat more adapt- 
able for such work as Mr. Asbury describes. 
The board which the writer uses has been 
adapted specially in the following ways: 


1. Small slide wires are mounted in the rear of the 
board sections, One terminal is tied solidly to the 
board negative bus, and the other terminates in a 
standard cord and plug at the front. In the posi- 
tive-sequence network the reactive component of the 
load adjacent to a given bus is applied by means of 
these auxiliary load circuits, 


2. Provision is made for reading the voltage dis- 
tribution on board busses by means of the built-in 
table meters. A special selector switch has been 
added which can be used to connect a voltmeter 
terminal to one galvanometer terminal, and the 
other voltmeter terminal to board negative, board 
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positive, or other special board busses as desired 
By setting this switch, voltages are read in the same 
manner as currents, that is, when a metering switch 
for a given circuit is operated, the voltage at the 
terminal of that circuit is indicated. 


The foregoing modifications have been in 
use for several years and have been found 
so advantageous that they should be made 
generally available by manufacturers of d-c 
boards. 


Edward W. Kimbark (Massachusetts Insti- 
tute of Technology, Boston, Mass.): The 
method described in the paper for deter- 
mining voltages and currents in a three- 
phase network subjected to a line-to-ground 
fault is not new. I used it on a d-c board in 
1937, and it was not new then. 

Although the method may be explained 
in terms of symmetrical components, as it is 
explained in the paper, a much better ex- 
planation is that given by Miss Clarke under 
the designation ‘‘use of sum and difference 
of positive- and negative-sequence sym- 
metrical components.”’!. According to her 
explanation, three substitute networks are 
used, the impedances, voltages, and currents 
of which are given in Table I of this discus- 
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sion. Thelast two networks contain equally 
generated electromotive forces. A line-to- 
ground fault is represented by connecting 
the zero and sum networks in series at the 
point of fault and leaving the difference net- 
work open there. 

On the d-c board, loads and other shunt 
branches usually are omitted, and all gen- 
erated electromotive forces necessarily are 
assumed in phase with each other. There- 
fore, the difference network, not being in- 
volved in the fault, has zero current in all its 
branches, and it has a voltage equal every- 
where to the generated electromotive force. 
Consequently, the difference network need 
not be set up and measured. 

On the a-c board, on the other hand, it is 
possible and often desirable to represent 
loads and phase differences. The normal 
load voltages and currents then appear in 
the difference network and may be read 
there. The same network, set up on the 
board, may be used in succession as the dif- 
ference network (open at the fault) and as 
the sum network (connected to the zero 
network at the fault). 

Phase voltages and currents can be calcu- 
lated from the zero, sum, and difference 
voltages and currents. The sum and dif- 
ference voltages both appear plainly in the 
equations below equation 5 of the paper. 
Further below, the value 1.00 is substituted 
for the difference voltage, which is appro- 
priate for a d-c board. 
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Max A. Faucett (University of Illinots, 
Urbana, Ill.): The author is to be com- 
mended for this paper concerning studies 
on a calculating board. No doubt the 
author does not claim that this paper is 
intended to reveal any revolutionary method 
in calculating results of board studies, but 
rather to simplify the work involved in cal- 
culating relay settings. The careful selec- 
tion of a kilovolt-ampere base for converting 
all impedances and the use of a voltage on 
the board which will simplify the calcula- 
tions, obviously, are important. It is sug- 
gested that the author should stress very 
strongly that vector relationships exist and 
that the data which has been expressed on a 
per cent base should not be misinterpreted. 
To emphasize this point, it is believed that 
the author should expand item 9 in the sec- 
tion discussing ‘Description of Method.” 
To assist the inexperienced relay engi- 
neer, two other suggestions are offered: 


1. To draw simple electric-circuit diagrams for 
each figure to conform with the board-circuit dia- 
gram and mark all voltage and current components. 


2. To use some actual board test data from the 
author's experience and give a complete analysis 
of these data for the various fault conditions. 


As stated previously, the author has 
written an excellent paper, but it is believed 
that many readers will be helped by an ex- 
pansion of the items mentioned. 


Carl E. Asbury: With reference to G. W. 
Hampe’s discussion, the author’s intention 
was to leave the matter of converting the 
board readings into units most suitable for 
the reader’s purpose. This will depend 
on the design of the particular board being 
used and the marking of the galvonometer 
scale. A scale may be marked to read di- 
rectly in kilovolt-amperes, amperes, or it 
may be necessary to multiply the board 
reading by a constant to convert it to 
either of these units. The scale also may be 
calibrated in per unit values. The advant- 
age of one over the other should be con- 
sidered when a board study is being planned, 
and the selection of units, as Mr. Hampe 
pointed out, should depend on the particular 
system involved and the form in which the 
final data are desired. 

If a second galvanometer scale is pro- 
vided to read 50 per cent higher than the 
first and marked in the same units, it may be 
used to take readings for ground faults. 
These readings, when divided by the same 
constant used to convert the three-phase- 
fault kilovolt-amperes (kilovolts 4/3 if 
scales are marked in kilovolt-amperes) into 
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Figure 1. Network used for simple calculations 
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amperes per conductor, will give the residual 
amperes flowing for a single line-to-ground 
fault. 

If the galvanometer scales are marked in 
kilovolt-amperes, this method permits the 
recording of readings at any point in the 
system for three-phase and phase-to-ground 
faults without using different constants to 
correct the board readings for the various 
voltage levels. The same constant then can 
be used to multiply readings for both three- 
phase and phase-to-ground faults to convert 
them to amperes at the proper voltage. 

In referring to the use of the 3/2 scale for 
reading ground-fault data as mentioned in 
procedure 5 under “Description of Method” 
and also mentioned under the subheading 
“Phase-to-Ground Fault,’ it appears that 
the reason for the use of this scale may have 
been misinterpreted. The principal purpose 
of using the 3/2 scale is to give board read- 
ings for phase-to-ground faults in equivalent 
units to those obtained when reading three- 
phase faults. For example, if the galvano- 
meter scale is marked to read kilovolt-am- 
peres directly for three-phase faults, the 
reading obtained by using this method on a 
3/2 scale during a phase-to-ground fault 
might be termed us equivalent three-phase 
kilovolt-amperes for a ground fault, which 
means only that the reading obtained on the 
3/2 scale for the phase-to-ground fault 
divided by kilovolts \/3 would give residual 
amperes. This same constant of kilovolts 
\/3 divided into the reading obtained for the 
three-phase fault gives amperes per con- 
ductor during the three-phase fault. As 
previously mentioned, this has the advant- 
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age of reducing the number of constants ree 
quired to convert the board readings into 
amperes, for both three-phase and phase-to- 
ground faults, which is a very desirable fea- 
ture. The extension which was provided by 
Mr. Hampe for items 6 and 7 under the 
“Description of Method” in the paper would 
be very helpful where the system involved is 
too large to be set up in its entirety with one 
board set up. This refers to his method of 


ey 
Uy 


re 


Epc 


to-line and line- 
to-ground volt- 


Eas ages at station E 


obtaining Vi. from the equation Vig= 
VV'+ Vo!. 
Another procedure, which often may 


prove helpful when crowded for room on the 
board, is to set up the positive-sequence net- 
work in its entirety and take three-phase 
faults on the portions where ground faults 
may not be of interest. This portion of the 
positive-sequence network may be replaced 
by a more sitnple equivalent network or per- 
haps one equivalent generator, and the 
board resistors which were used formerly to 
set up this portion of the positive-sequence 
network in detail can be released for use in 
the zero-sequence network. Often, where 
ground-fault studies are to be made on dif- 
ferent voltage levels which have their zero- 
sequence networks isolated from each other, 
the complete positive-sequence network for 
all voltage levels may be set up, the zero- 
sequence network set up for one voltage 
level, and the complete study may be made 
on that part of the system. This zero- 
sequence network then may be dismantled 
and used to set up the zero-sequence network 
for another voltage level of the system. 
The author is in agreement with Mr. 
Hampe’s comments that it would be very 
desirable that manufacturers of d-e calcu- 
lating boards design their models to be more 
adaptable to methods of making short- 
circuit studies similar to the one outlined in 
the paper. This should include the installa- 


Figure 2. Line-. 


« 


tion of a high-resistance voltmeter as part 


of the standard board equipment in addition 
to the regular galvanometer, and it would be 
very desirable to have some type of switch- 
ing arrangement worked out for the volt- 
meter, so the various desirable voltages ean 
be obtained quickly. 

In EF. W. Kimbark’s discussion, it is 
pointed out that the method is not new, and 
that he made use of it in 1937 in a d-e board 
study. Since d-c boards have been in use 
for many years for short-cirenit er and 
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since the method of symmetrical compo- 
nents likewise have been in use for a number 
of years, the author thought that it was so 
obvious that no radically new ideas were 
involved that it was not necessary to make 
mention of the fact. However, if Mr. Kim- 
bark was present during the presentation of 
the paper at the AIEE winter technical 
meeting he should recall that the author 
opened the paper with a statement to this 
effect. This apparently was quite obvious 
to other discussers of the paper, since they 
repeat the author’s purpose in preparing 
the paper. The author suggests that Mr. 
Kimbark again read the opening paragraph 
of the paper which explains its purpose. 
The opening sentence of Mr. Hampe’s dis- 
cussion states that this particular method 
points out a number of uses for the d-c calcu- 
lating board which generally are not recog- 
nized. Since d-c calculating boards are in 
quite common use for relay co-ordination 
studies, there seemed to be a definite need 


for a description and discussion of a method , 


which could be used ia making d-c board 
studies with the practical application of the 
information kept in mind for general use by 
relay engineers. Many discussions of sym- 
metrical components approach the problem 
purely from a mathematical viewpoint and 
fail to point out the direct application. 

With reference to the discussion by Max 
A. Faucett, it probably would be helpful to 
those unfamiliar with the method to show a 
simple network with a few board readings 
and the calculations necessary to convert 
these readings into the desired data. A 
portion of a network is shown in Figure 1 of 
this discussion. Table II of the discussion 
shows board readings for a three-phase and a 
phase-to-ground fault on the 66-kv bus at 
station C. This is followed by sample calcu- 
lations showing the steps necessary to con- 
vert board readings into the desired data. 
Table III shows the tabulation of the com- 
pleted data. This provides the desirable 
expansion of the method, as suggested in Mr. 
Faucett’s discussion. For the particular 
system shown in Figure 1, only reactance 
values were used, since they differed very 
little from the circuit impedance. However, 
the author wishes to emphasize the import- 
ance of choosing either reactance or imped- 
ance where voltage measurements are to be 
taken. This is discussed in the paper under 
the subheading “Using Reactance or Im- 

_ pedance.”’ 


ae CALCULATIONS 
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_ The galvanometer scale used for the three- 
phase-fault data was marked in thousands 


1944, VOLUME 63 


of kilovolt-amperes. Any shunt constants 
for the galvanometer are recorded with the 
reading. The scale used for ground-fault 
data equals 3/2, that used for the three- 
phase faults. The total board voltage was 
100 volts. 


Three-Phase Short-Circuit Data. 


Kva=board reading & 1,000 
kva 
kvv/3 
(K,=constant and varies with voltage) 

(Ki =8.77 X10~ for 66 kv) 


Maximum amperes = =K,Xkva 


Ground Fault. Residual amperes 


_ board reading X 1,000 
Kvv/3 
=K, board reading 1,000 


Jon) Rp za] 
Phase amperes =/¢, =——| 2 —-+— 
Blaha” Siar ah kal oe oe 


? a Ee 24:3 if 25 
ae: 174.2 ° 177.5 
=519 (0.278-+0.141) =519<0.419 =217 


Calculations of Jy may be of interest only 
at a few locations in the system. 


Ig Rp Ig Ra 
L=h= Vie 
Nas air Re 1=3 Re 


For station B—oil circuit breaker (350). 
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CALCULATIONS OF VOLTAGES 


Three-Phase Fault. Voltage at station 
B=80.5 per cent of normal (from readings) 


If we express vectorially (in per cent) 


(A, B, C sequence) 
Vzc=80.5(—0.5—J0.866) 
Vea =80.5(—0.5+J0.866) 


Voltage at station H =84.2 per cent. 
If we express vectorially (in per cent) 


(A, B, C sequence 
Veo =84.2(—0.5—J0.866) 


Discussions 


Line-to-Ground Fault. 
line A to ground. 

Station B (voltages line to ground) 
E4=Viw— Vo=86.8—3.5=83.3 per cent 


Consider fault on 


E4=83.3(1+J0) per cent 


66,000 
BAO S755 =31,700+J0 volts 


Ez=—3.5—0.5 X 86.8 —J86.6 
= —46.9—J86.6 per cent 
66,000 
E,=(—46.9 —J86.6) V3 
= —17,800— J33,000 volts 
Eo=—3.5—0.5 X86.8+J86.6 
= —46.9+J86.6 per cent 
66,000 
V/3 


= —17,800+ 733,000 volts 


Eq=(—46.9+J86.6) 


Sequence Voltages at Station B. 

Eg—Vi 100—86.8 
Tee 

13.2 


= 5 8 per cent 


Vi= Viet V2 =86.8+6.6 =93.4 per cent 
Vo=3.5 from board readings 


V2 a 


Volts on ground relay at station B=3.5X 
330=11.55 volts. Note that £,+F.+E)= 
FE,4=93.4—66—3.5=83.3 per cent. Note 
that Vi, V2, and V) give magnitude only. 
The vector values of each may be written by 
using a= —0.5+J0.866 for V; and V2 of the 
unfaulted phases. 


Voltages Line to Line at Station B. 


Eap=Ep—E,=(—46.9—J86.6) — 
(83.38-+J0) = —130.2 —J86.6 per cent 
Exo=Ec—E,=(—46.9+J86.6) — 
(—46.9—J86.6) =0+J173.2 per cent 
Eca=E4— Eo = (83.3 +J0) — 
(—46.9+J86.6) = 130.2 —J86.6 per cent 


Station E (Voltages Line to Ground), 


E,=Vie— Vo=89.5—5 =84.5 per cent 
E,=84.5(1+J0.) =84.5+J0 
E,z=— Vo—0.5Vi2—J86.6 = —5.0—0.5X 
89.5 —J86.6 = —49.75 —J86.6 per cent 
Eg = — Vo—0.5 Vi2+J86.6 = —49.75 + J86.6 
per cent 


Sequence Voltages at Station E. 


Eqg—Viz__100—89.5 
hve adn atone 

Vi = Viet V2=89.5+5.38 =94.8 per cent 

Vo=5 per cent from board reading 


V2= =5.3 per cent 


Negative-sequence voltage on filter to nega- 
tive-sequence ground relay at station A= 


66,000 


5.3 
4 600 


=5.83 volts. 


Voltages Line to Line at Station E, 


Eap=Ep—E,=(—49.75 — J86.6) — 
(84.5+-J0) = —134.2—J86.6 per cent 
Exo=Ec—Ep — ( —49.75+J86.6) wa 
(—49.75 — J86.6) =0+J173.2 per cent 
Eos, =E,—Eg=(84.5+J0) —(—49.75+ 
J86.6) =134.2 —J86.6 per cent 


(See Figure 2 of this discussion.) 
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Effect of Altitude on Impulse 
and 60-Cycle Strength 
of Electrical Apparatus 


Discussion and authors’ closure of paper 
44-67 by P. L. Bellaschi and Paul Evans, Jr., 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, May section, pages 236-41. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): I would like to 
ask the authors if they expect to take steps 
to have the results of their work incorpo- 
rated in the proper AIEE Standards. 

I note that in several cases the impulse 
spark-over and flashover does not come 
down as rapidly as the air density. This is 
particularly true of the front of wave spark- 
over tests shown in Figure 12 of the paper, 
where the relative voltage is approximately 
0.8 when the relative air density is 0.6. Also, 
the critical impulse flashover in several cases 
does not decrease as fast as the air density. 

It appears that where the flashover does 
not decrease in proportion to the air density 
it would be well to recognize this fact in the 
Standards. 


F. J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): The data and references in 
this paper are very valuable since they show 
the effect of the reduction in pressure on the 
dielectric strength of various parts of trans- 
formers and other apparatus. 

Since many transformers may be used at 
high altitudes and be protected only by gaps, 
it is of interest to see what the various com- 
parative values are. 

For example, for 1!/2x40-microsecond 
impulse waves, the oil-insulated parts lose 
very little strength with reduced pressure, 
whereas the air-insulated parts lose very 
much. Therefore, oil-insulated apparatus 
would be protected against 11/:x40-micro- 
second impulses even with increased air 
clearances at high altitudes. On the other 
hand, for steep wave fronts, the strength of 
air gaps is affected less than for 11/.x40- 
microsecond waves, and it would not be de- 
sirable perhaps to lengthen such gaps. 
However, if the gaps were not lengthened, 
there probably would be more failures from 
switching surges and other disturbances. 

The conclusion can be drawn that air-gap 
protection is not likely to be so successful at 
high altitudes as at sea level. This state- 
ment does not imply that air-gap protection 
alone is satisfactory, but is intended to be 
comparative only. I would like to ask if the 
authors agree with this conclusion. 

Also, I note that the authors have covered 
impulse and 60-cycle strengths in general, 
but not switching-surge strengths or the 
effect of precipitation. Some tests on the 
effect of low pressure and precipitation on in- 
sulators were reported by Peek many years 
ago, but there are no recent data and I think 
it would be desirable to complete the story. 


R. C. Mason (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The long time lags for breakdown 
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observed by the authors are quite familiar 
to any one who has worked with discharges 
at low pressures. As they state, the reasons 
are understood, at least in a rough, qualita- 
tive way. Two causes apparently contrib- 
ute: a formative time lag, which appears to 
involve waiting for suitable initiating ions to 
be produced by external agents; and, at 
lower pressures, an appreciable time for the 
accumulation of space charge and dropping 
of voltage across the gap. Both effects seem 
to have been observed by the authors. 

Because of the long time lags, at low gas 
density, the data obtained with a 1.5x40- 
microsecond wave does not always reveal the 
full effect of reduction of gas density; when 
breakdown takes place so far on the tail of 
the wave, the peak voltage is considerably 
greater than the voltage at which the gap be- 
gins to conduct, and also greater than the 
d-c or 60-cycle breakdown. With direct cur- 
rent applied, the breakdown voltage for 
uniform field decreases just slightly less 
rapidly than gas density; for nonuniform 
fields, the rate is still less. When break- 
down occurs on the front of the wave, the 
long time lag causes much higher voltages to 
be registered than for direct current; hence 
the relatively flat curves of Figure 12 in the 
paper and the smaller RAD correction men- 
tioned in the paper. The impulse ratio for 
steep wave fronts must be much larger at 
very low pressures than at atmospheric 
pressure. 

It seems barely possible that laboratory 
tests made under reduced pressure, but at 
low altitudes, may not duplicate adequately 


‘conditions at high altitudes for impulse 


tests. One would not expect the probable 
considerable difference in extraneous ioniz- 
ing agents at extreme altitudes, as men- 
tioned by the authors, to show any very 
large effect on d-c breakdown voltage. For 
impulses, however, where so much depends 
on time lag, and consequently on residual 
ion density and rate of formation of ions, one 
cannot be sure without actual experiments 
that results will be the same at all altitudes. 


Victor Siegfried (Worcester Polytechnic 
Institute, Worcester, Mass.): In support 
of the authors’ conclusions, I would like to 
call attention to the tests made in selection 
of conductors for the Boulder Dam-—Los 
Angeles transmission line,! and to the discus- 
sion appended to that paper.? The need for 
consideration of the relative air density was 
recognized, and its effect upon the starting 
voltage of corona was given much attention. 
From tests by this discusser and A. K. Nut- 
tall, respectively, in which the RAD was 
lowered by an evacuated tank and by raising 
conductor temperature, it was found that 
corona starting voltage was decreased ma- 
terially. The amount of this decrease was 
found to be not in exact proportion to RAD, 
but rather to be such that corona starting 
voltage is proportional to RA D*/2, 

This exponent of ?/; is borne out some- 
what by the data of this paper, in which 
values of breakdown voltage do not de- 
crease as rapidly as the RAD, as for ex- 
ample in Figure 14 of the paper. The work 
on corona deals principally with the strength 
of air, whereas this present paper deals with 
breakdown and flashover strengths of appa- 
ratus, with other factors such as gap con- 
figurations entering into the picture. The 
authors’ interpretation of these data as indi- 
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/ 
cating a linear proportion essentially, f, 
probably the better one for this considera- 
tion, since it will lead to a more conservative 
rating of the apparatus. 

It is gratifying to see these data carried to 
the equivalent altitudes of 50,000 feet, as the 
transmission-line work was carried to an 
equivalent of only 15,000 feet. 
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M. B. Mallett (English Electric Company 
of Canada, Limited, St. Catherines, Can- 
ada): With electrical apparatus immersed 
in gas at pressures above 760 millimeters, 
present knowledge of the subject indicates 
that, as the gas pressure is raised, the im- 
pulse strength of creepage surfaces increases 
in general at a slower rate than that of gaps. 
Thus the designer of gas-immersed appara- 
tus, as for example, high-voltage trans- 
formers, would co-ordinate strike and creep- 
age allowances in the physical structure for 
the particular gas pressure involved. 

The above consideration suggests the pos- 
sibility of a similar effect in apparatus im- 
mersed in air at pressures below 760 milli- 
meters. That is, as the air pressure is low- 
ered, the impulse strength of creepage sur- 
faces would decrease more slowly than that 
of gaps. If such a condition obtained, it 
might be found desirable to change the rela- 
tion between creepage and strike allow- 
ances, as compared to that of standard air- 
immersed apparatus. 

It appears that flashover tests described 
in the paper were confined to gaps, appara- 
tus surfaces involving strike and creepage in. 
parallel, and wood surfaces. Since the be- 
havior of wood largely must be discounted, 
it would seem that these tests do not segre- 
gate directly the effect of low air pressure on 
creepage strength. The group of curves in 
Figure 10 of the paper, however, suggests to 
the writer that creepage strength probably 
is maintained to a greater extent than gap 
strength, as the pressure is lowered. 

In the event of further investigation, it is 
suggested that additional information on 
this creepage situation would be desirable. 


P. L. Bellaschi and Paul Evans, Jr.: In 
future standardization work, cognizance 
should be taken of the data and conclusions 
in the paper. This is the point Mr. Mont- 
singer has raised. In so doing, we suggest 
that the over-all problem of apparatus 
application at high altitude be kept in mind. 
In repy to Mr. Vogel, rod-gap spacings 
suitable for front-of-wave impulse protec- 
tion of transformers at sea level would pro- 
vide equal protection at high altitude (Figure 
11A and Figure 12 of the paper). In fact the 
front-of-wave gaps may be increased a small 
amount, but this increase alone would not 
compensate for the lower spark-over on 
switching surges. We expect the rod-gap 
curve for switching voltages to follow the 
curves in Figure 10. It is possible that at 
high altitude the gaps may require opening 
to take care of switching voltages and yet 
provide protection against lightning. Light-_ 
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ning apparently is not so severe at high alti- 
tude as at sea level (reference 24 of paper). 
In any event the modern arrester properly 
applied is suitable to protect apparatus even 
at high altitude. 

As to the effect of rain at high altitude, 
60-cycle voltages alone need be considered. 
Tests of this character probably could be 
made conveniently on actual apparatus at 
high altitude. Lacking such data, it is a 
reasonable assumption that wet flashover 
likewise is reduced in direct proportion to 
RAD. 

Doctor Mason’s discussion of the physical 
factors associated with breakdown of air at 
the low pressures is interesting. In prin- 
ciple it follows the viewpoint that guided the 
authors in their statements. 

Professor Siegfried has reference to the 
corona voltage of line conductors as affected 
by the airdensity. It is rather difficult from 
the 60-cycle flashover data of theapparatusin 
Figure 14 of the paper to correlate the two 
other than by indirect deductions. It would 
seem that the corona-voltage relation of con- 
ductor, in terms of the two-thirds power of 
the RAD and as given by Peek’s formula 
(reference 4 of paper), give practically the 
same results. The former relation, however, 
is simpler. 

In reference to the question Mr. Mallett 
has raised, curve B of Figure 10 and curve G 
of Figure 11 of the paper represent data for a 
straight creepage surface. The other curves 
represent straight jump and combinations of 
jump and creepage. Practically speaking, 
all are affected by the RAD to the same rela- 
tive amount. The only part which is 
affected inappreciably is the liquid and solid 
insulation. 


Overloading of Transformers 
—Cases Not Covered 
by the General Rules 


Discussion and authors’ closure of paper 44-66 
by W. C. Sealey and J. B. Hodtum, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
April section, pages 149-53. 


H. K. Sels (Public Service Electric and Gas 
Company, Newark, N. J.): In view of pres- 
ent world-wide conditions, the question of 
overloading transformers and similar equip- 
ment has received considerable attention in 
the past few years. Many methods of 
handling the problem have been presented, 


- of which the paper by W. C. Sealey and J. 


‘ 


b> 


> 


2 


B. Hodtum covers some of the exceptional 
cases. 

It has been our experience during an 
emergency that it is better to spend less 
time determining the allowable loads which 
can be carried on the remaining equipment 
and more time removing and replacing the 
equipment in trouble. Most of the methods 
presented require ‘‘on the spot’’ readings, 
calculations, and assumptions, and in order 
to eliminate these requirements, a method 
of establishing an emergency rating for 
a transformer before the emergency occurs 


is suggested. 


» 
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The transformer subcommittee interim 
report of June 22, 1942, proposed an emer- 
gency loading of transformers with moderate 
sacrifice of life expectancy. These emer- 
gency loads are based on a maximum 
hottest-spot temperature fora given time 
duration. The highest temperature rec- 
ommended is 137 degrees centigrade for 
one hour, with other maximum hottest- 
spot temperatures of lower values for longer 
durations—the lowest value being 110 
degrees centigrade for 24 hours. Any one 
application would decrease the expected 
life of the transformer approximately one 
per cent. These values are considered con- 
servative, and are based on the life-expect- 
ancy curve published by T. C. Nichols, 
which gives 123 degrees centigrade hottest- 
spot temperature for twenty-four hours as 
one per cent loss of life. 

By using one per cent loss of life for any 
one emergency, and the assumption that the 
duration will not exceed one day, a starting 
point can be established. Then the hottest- 
spot temperature variation of the trans- 
former can be calculated by using the most 
severe daily-load factor and an assumed 
overload. This hottest-spot temperature 
range can be equated to equivalent life. By 
determining the overloads that will give one 
per cent loss of life for various ambient 
temperatures, a curve or chart can be made 
up to be used by the station operating 
personnel. 

The results of such a calculation for one 
of our stations having a 72 per cent daily 
load factor and fan-cooled transformers are 
shown in Table I. 


Table | 
Ambient Emergency Fan-Cooled 
Temperature Peak-Overload Rating 
(Degrees in Per Cent of Self- 
Centigrade) Cooled Full-Load Rating 
LO eee aaltiaig «Geen 200 
PR its PE Be be ath 194 
SO reise stetaist teaie iattiork 186 


The hottest-spot temperature for the 
above case ranged between 140 degrees 
centigrade, maximum and 63 degrees centi- 
grade, minimum, or an equivalent aging 
hottest-spot temperature for the day of 123 
degrees centigrade. 

In order to show the importance of con- 
sidering the daily load variation, Table IT 
covers the same transformer for a station 
with an assumed 90 per cent daily load 
factor. 


Table Il 
Ambient Emergency Fan-Cooled 
Temperature Peak-Overload Rating 
(Degrees in Per Cent of Self- 
Centigrade) Cooled Full-Load Rating 
AG vrrseypesw theacereae shina ates 191 
Li EER SB reikricpey os hates 184 
SOL. near eres 176 


It may be argued that some emergencies 
last less than one day, but an examination 
of the permissible overload ratings will indi- 
cate that any material increase will endanger 
other equipment if it has not done so al- 
ready. 


Discussions 


- While the transformer subcommittee may 
desire to adhere to their original recom- 
mendation of hottest-spot temperatures, we 
suggest that they also recommend a method 
of establishing an overload rating which 
can be used by operating personnel to meet 
specified emergencies, which will take into 
consideration load factor and one per cent 
aging for each twenty-four hours. 


F. W. Gay (Public Service Electric and Gas 
Company, Newark, N. J.): The Sealey— 
Hodtum curve for evaluating the tempera- 
ture of a transformer at any time in a 
known-load cycle is a useful and valuable 
contribution to the art. 

Specifications for new transformers should 
be so written that, for the larger sizes of 
transformers, a Sealey—Hodtum curve must 
be supplied for each transformer electrical 
specification. 

In 1913 Pemade tests on the deterioration 
of paper insulation at high temperature. 
These tests covered the temperature range 
from 140 to 160 degrees centigrade. It was 
found that if the best type of paper was 
vacuum-dried before being subjected to 140 
degrees centigrade for 24 hours, no appre- 
ciable deterioration occurred. However, at 
145 degrees centigrade the depreciation was 
appreciable, and at 160 degrees centigrade, 
destruction was very rapid. 

While it undoubtedly is true that a 24- 
hour run, at near but less than 140 degrees 
centigrade, will shorten the expected (many 
years of) life of a transformer perhaps as 
much as several months because of insula- 
tion deterioration, the probability of a 
breakdown during this 24-hour period 
resulting from deterioration caused by heat 
is probably remote. 

There is another risk associated with 
running transformers at such a high tem- 
perature, namely, the risk produced by the 
possibility of the expansion of the copper 
(from heat) mechanically damaging the 
insulation, or developing a fault at a weak 
spot. The presence of this risk is often 
expressed by a tester in starting a heat run 
ona machine in this wise. ‘If the machine 
doesn’t break down in the first hour, it will 
run through the test.’’ In the dielectric 
testing of machines, the same feeling is often 
expressed in the statement, “If the machine 
doesn’t break down in the first five seconds, 
it will stand the one minute test,’’? While 
these expressions are not 100 per cent true, 
the probability of any failure occurring 
during an emergency run of, say, 24 hours at 
heavy overload, is probably: greatest in the 
first half hour. In other words, if the 
transformer does not break down in the 
first half hour at any overload giving a hot 
spot near but less than 140 degrees centi- 
grade, it probably will run through a 24-hour 
period. A study of the publications on the 
general subject of overloading transformers 
would lead an inexperienced engineer to be- 
lieve that the risk of breakdown on, say, a 
24-hour run on emergency overload becomes 
progressively greater with time. 

It is my opinion, that the value 125 degrees 
centigrade should be set as a hot-spot copper 
ceiling for the emergency operation of 
transformers for one hour, or continuously 
for 24 hours, andthat operationat 125 degrees 
centigrade hot-spot copper, or lower, should 
be considered as standard emergency opera- 
tion. Operation at over 125 degrees centi- 
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grade hot-spot copper at any time, or near 
125 degrees centigrade for more than 40 
hours in any five-year period, should be 
considered as super-emergency. 

Operators should be given to understand 
that any emergency operation above a hot- 
spot copper temperature of 125 degrees 
centigrade has associated with it a risk that 
some weak point will develop in the winding 
in the first half hour of operation, resulting 
from the expansion of the conductors, that 
this risk becomes progressively greater as the 
hot-spot copper temperature increases above 
125 degreés centigrade, and that it almost 
may be considered as imminent for hot-spot 
copper temperatures much over 140 degrees 
centigrade. 

It is well known that the connections be- 
tween coils and between coil ends, tap 
changers and terminals, as well as bushings 
and bushing connectors are weak points ina 
transformer, and are subject to failure as 
well as the windings; and that the develop- 
ment of a fault at some one of these points 
in the first half hour of operation probably 
is as likely to occur as in the winding itself. 
It is probably equally true that if these 
connections, and so forth, stand up for the 
first half hour of operation under an emer- 
gency loading, they probably will stand up 
for the next 24. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): The method used 
by the authors to show the heating and 
cooling copper temperatures can be followed 
easily, and saves time. However, it should 
be remembered that one set of curves 
applies only to a transformer having a given 
set of thermal characteristics, such as top- 
oil rise, hot-spot rise over top oil rise, ratio 
of copper to iron losses, and oil time con- 
Stant. 

While an infinite number of combinations 
of these characteristics can be built up, yet, 
as the authors state, results close enough for 
practical purposes can be obtained with a 
few sets of combinations. They imply that 
the two sets as covered in Figures 3 and 5 
of the paper can be used in all cases. It is 
my opinion that at least five or six sets 
would be required to cover the entire range 
of transformer characteristics. 

The second point is in reference to the 
time assumed for the maximum temperature 
during a short-time overload when estimat- 
ing the effect of the overload on the life of 
the transfcrmer. 

Apparently the authors have assumed 
that the maximum hot-spot temperature 
exists during the entire duration of the 
overload, and if so, the calculated percent- 
age of life used up will be more than is 
actually used up. Under some conditions 
the difference may be appreciable. 

I would like to ask the authors if they 
have made any comparison to determine the 
difference when: 


Be Assuming that the hot-spot temperature exists 
during entire time of overload, in calculating the 
aging units. 


2. Integrating the time-temperature area to ob- 
tain the actual aging units. 


W. C. Sealey and J. B. Hodtum: Mr. Sels 
has described a means of using the method 
of equivalent aging for determining per- 
missible overloading of transformers. The 
curves of the paper will aid in making such 
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calculations. As he points out, planning 
for emergency overloads must be done in 
advance before the necessity for the over- 
load occurs. 

Mr. Gay’s comments are supported by 
the fundamental principles of insulation 
deterioration. The rate of deterioration is 
most rapid near the beginning of the run and 
the rate progressively decreases as the run 
is continued. It is always-good practice to 
be conservative in values of allowable hot- 
spot copper temperature in order to obtain 
longer life of equipment. The method of 
equivalent aging is convenient for deter- 
mining whether temperatures and times 
being considered are reasonably safe. 

With reference to Mr. Montsinger’s com- 
ments, we are in agreement that results 
close enough for practical purposes can be 
obtained with a few sets of curves, but 
whether two sets are sufficient or more sets 
are needed depends upon the degree of pre- 
cision required. The number,,of curves 
used should be co-ordinated so that it corre- 
sponds to the number of sets of overload 
values used in the American Standards 
Association guides for overloading trans- 
formers. 

As stated in the paper, ‘‘For convenience 
in calculation it may be assumed that the 
ultimate temperature is maintained for the 
total time the load remains constant. (If 
more precise values are desired, the curve of 
temperature versus time may be drawn.)” 
In most cases the degree of precision in- 
volved in heating and loss-of-life calcula- 
tions does not justify the more accurate 
method of drawing a curve and, conse- 
quently, the comparison to determine the 
difference in aging for the two conditions he 
suggests has not been made. Such calcula- 
tions could be made easily if a case arose 
where the precision obtained was justified 
by the data. 

The interest shown in these charts is a 
gratifying indication that charts of this 
kind can be useful in overloading trans- 
formers. 


Asymmetrical Losding of 
Three-Phase Three- Wind- 


ing Transformer Banks 


Discussion of paper 44-6 by P. K. Denissov, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 


1944, January section, pages 27-9. 


W.C. Sealey (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): This paper 
is interesting, because it demonstrates the 
similarity of problems and their solutions by 
engineers, regardless of geographical loca- 
tion. Asymmetrical loading of three-phase 
three-winding transformer banks in which 
a single-phase load is superimposed on a 


three-phase load does not present too com- 


mon a problem in the United States. How- 
ever, the author solves this problem in 
exactly the same manner using exactly the 
same equations as similar problems have 
been solved in this country. The equations 
used are familiar. 


Discussions 
: 


The solution emphasizes the smallness of — 


the world and its essential unity. An inter- 
change of engineering papers such as il- 
lustrated by this one is a sign of the possi- 
bility of world unity. 


H. C. Louis (Consolidated Gas, Electric, 
Light, and Power Company, Baltimore, 
Md.): In connection with the problems. 
associated with carrying unbalanced loads 
on three-phase transformers, it is practical 
to mention the effects of single-phase loads 
on the generators supplying these trans- 
formers. It usually is well understood that 
the capacity of a three-phase generator for 
carrying single-phase load is definitely 
limited by the pulsating effects of single- 
phase loads, consequent double-frequency 
currents, and heating in the rotor. 

It is possible, by using special transformer 
connections, to divide to some extent load 
currents resulting from single-phase load 
among the other phases of the transformer, 
transmission lines, and generators. Some 
beneficial effects with regard to regulation, 
heating, and better balancing of currents 
and losses may be accomplished in the trans- 
formers and transmission lines. On the 
other hand, regardless of the consequent 
distribution of the currents in the phase 
windings of the generators, the net results 
on the generator are such as still to include 
the bad pulsating and rotor-heating effects 
associated with single-phase loading previ- 
ously mentioned. 

Although this principle is not a new one, 
it is not generally as well known as some 
other fundamental principles. Accordingly, 
it is well to remind operators supplying 
heavy. single-phase loads that, although 
transformer conditions of regulation, load- 
ing, and heating may be satisfactory, the 
evil effects of unbalanced loads on three- 
phase generators are not eliminated by 
special transformer connections. The single- 
phase load limitations of the generators are 


not changed. 
i 


Thermal Protection of 
Transformers Under 
Overload Conditions 


Discussion:and authors’ closure of paper 44-65 


¥ 


by V. M. Montsinger and G. Camilli, pre- 


sented at the AIEE winter technical meeting, 
New York, N. Y., January 24-28, 1944, and 


' published in AIEE TRANSACTIONS, 1944, — 


April section, pages 160-4. 
ye 

J. K. Hodnette (Westinghouse Electric and 

Manufacturing Company, Sharon, Pa.): 


Ic has been recognized for a long time that 
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electrical apparatus has considerable latent — 


overload capacity and this is especially true — 
of transformers. Transformer load factors — 
are rarely 100 per cent and ambient tempera- 

tures are; seldom continuously 40 degrees 
centigrade. Because of these’ factors, the 
name-plate rating of the transformer is 
often much less than the available capacity — 
for carrying load on a safe thermal basis. 
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Many papers have been presented before the 


AIEE in an effort to tap this huge reservoir 
oom 


ed 


yer 


of extra transformer capacity, The rules 
and guides formulated by these papers have 
failed to make it possible to use this extra 
transformer capacity in many instances be- 
cause of the complexity of transformer heat- 
ing cycles and the rapid variation in load, 
which is characteristic of most transformer 
installations. A properly designed thermal 
relay is the answer to this problem because 
it automatically integrates the effects of 
loads which vary both in duration and mag- 
nitude and of changing ambients and in a 
very simple manner permits operators to 
interpret these factors in terms of safe 
transformer loading. 

It is indeed gratifying to those of us who 
have been proponents of loading of trans- 
formers on a thermal basis to see this fur- 
ther support and recognition of this idea by 
Montsinger and Camilli. In a paper pre- 
sented before the AIEE in 1939 by Putman 
and Dann on “Loading Transformers by 
Copper Temperature,” the following pre- 
diction was made: ‘The advantages of 
operation by copper temperature are so 
obvious that one might predict its almost 
universal use in the not distant future.” 
It is interesting to note that by the end of 
1941, more than one million kilovolt-am- 
peres of power transformers and over 
800,000 distribution transformers had been 
equipped with thermal relays for operation 
by copper temperature. This principle has 
been stimulated by the war restrictions and 
has become more widely accepted. 

The relay described by the authors is 
intended to perform the same functions as 
the thermal copper-temperature relay which 
has been used generally in the past. There 
are a number of differences in the method of 
operation of these two relays. The miajor 
difference arises from the fact that the 


authors’ relay makes use of an auxiliary © 


thermal system having a longer time con- 
stant than the transformer itself in order to 
arrive at a calibration which approximates 
the recommended loadings in the interim 
report, while the bimetal-type thermal relay 
directly employs the transformer thermal 
characteristics and is adjusted to follow 
the hot-spot temperature of the individual 
transformer windings to which it is applied. 
The relay described by the authors, 
which is almost identical to the well-known 
hot-spot indicator in its characteristics, 
‘does not respond quickly enough to short- 
time overloads to protect the transformer 
against excessive temperatures, ‘This is due 
to the difference in time constant of the two 
‘systems and the slow response of the thermal 
element in the relay and is a fundamental 
characteristic of this type of system. Refer- 
ence to the authors’ Table I shows this ef- 
fect even at one- and two-hour loadings 
following no load especially at zero ambient 
temperatures. For example, the American 
Standards Association recommended load at 
zero ambient temperature following no load 
for one hour is 190 per cent, whereas the 
relay permits 260 per cent load. By using 
an element directly responsive to both oil 
temperature and changes in load current 
without intermediate thermal steps, the 
dangerous time lag for heavy short-time 
’ overloads is eliminated. Making use of this 
_ characteristic, ‘the bimetal-type thermal 
relay can discriminate between useful over- 
- loads and short circuits and thus protect 
the transformer against dangerous tempera- 
” tures under all conditions of loading. 
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The authors have stated in the paper 
that the direct-operating thermal relay does 
not, give correct results if the ambient 
changes. It is a fundamental characteristic 
of the direct-heated bimetal-type relay to 
tend to compensate for ambient tempera- 
ture because at lower ambient temperatures 
the transformer can carry higher loads and 
in turn more current is required to heat the 
bimetal to a given temperature. As an 
example, a five-kva 7,200-volt distribution 
transformer equipped with a_ thermally 
controlled breaker has a maximum varia- 
tion in copper rise due to ambient tempera- 
tures of only five degrees centigrade, either 
following full load or following no load in 
changing from 80 degrees centigrade to 
0 degrees centigrade ambient temperatures. 
United States patent 2,320,929 describes a 
relay for obtaining accurate temperature 
compensation without Sacrificing overload 
capacity of the transformer. 


M. B. Mallett (English Electric Company of 
Canada, Limited, St. Catharines, Ont., 
Canada): The thermal protective equip- 
ment deseribed in this paper represents one 
of the tangible results of present efforts to 
secure maximum apparatus utilization of 
the power transformer. In regard to the 
general problem of loading by temperature, 
it appears to the writer that one of the most 
important considerations is never sufficiently 
emphasized—namely, accidental destruction 
of the machine by abuse is far more disas- 
trous and inexcusable now than in normal 
times. With this viewpoint as a premise, it 
follows that a high degree of measuring ac- 
curacy for all possible conditions must be 
unquestionably maintained by the loading 
gauge. 

It is suggested that appreciable hori- 


Oil flow in core-type transformer 


Figure 1. 


Discussions 


zontal temperature gradients may exist in 
the top oil of core-type transformers under 
certain conditions, and that such gradients 
might adversely affect the accuracy of 
thermal protective equipment unless given 
proper consideration. Referring to Figure 1 
of this discussion, the arrows indicate the 
radial flow of oil through the end insulation 
of a typical core-type transformer. This 
radial flow ordinarily carries away a large 
proportion of the total watts generated, 
the remainder of the heat being taken di- 
rectly upward by a relatively restricted flow 
in the core ducts and along the outer sur- 
faces of the core. Assuming a stable initial 
condition, it appears that a sudden increase 
in load would tend to create a temporary 
top-oil gradient between two points such as 
A and B, that is the temperature at B 
would rise appreciably faster than at A. 
It would seem that this condition would be 
more pronounced in very large machines, 
where the Weight of oil above the core may 
be of the order of 15 tons, and the tank may 
be some 20 feet in length. Also the presence 
of relatively deep reinforcing ribs on the 
under side of the cover might influence the 
picture, 

In view of the above, it would seem that 
careful consideration should be given in the 
physical layout, to insure that under all 
conditions the thermal well is immersed in 
the holtest oil, This might be readily at- 
tained in many cases by keeping the thermal 
well near the tank wall, or possibly under 
certain circumstances it might be desirable 
to use a directing tube, as, indicated by 
phantom lines in Figure 1. 

It is suggested, that unless the above pre- 
cautions are taken, the additional variable 
of horizontal oil gradients may complicate 
the thermal picture to such an extent as to 
preclude attainment of the required degree 
of accuracy. 


V. M. Montsinger and G. Camilli: In con- 
nection with Mr. Hodnette’s discussion, it 
may be of interest to note that a thermal 
relay similar to that described in the present 
paper was first produced in 1935 and has 
been applied to hundreds of transformers 
since that time. The relay was similar to 
the device described in the paper in that it 
employed a thermal element lagged con- 
siderably more than the thermal element for 
the standard winding-temperature indicator, 
and was equipped with three switches to 
perform the same three functions as the new 
relay. However, when the AIEE “Interim 
Report on Guides for Overloading Trans- 
formers and Voltage Regulators” was pub- 
lished it became necessary to incorporate 
several improvements in the relay to enable 
it to permit the very much greater short- 
time overloads allowed in the report. These 
improvements consisted roughly of (1) pro- 
viding more lagging on thermal element, (2) 
setting the thermal element at a lower 
temperature than the hot spot, and (3) intro- 
ducing an ambient correction in the relay. 

Mr. Hodnette claims that a bimetal-type 
thermal relay adjusted to follow the hot- 
spot temperature of the transformer wind- 
ing will eliminate ‘‘the dangerous time lag” 
for short-time heavy overloads and dis- 
criminate between ‘‘useful overloads and 
short circuits.’”? We would like to point 
out that a bimetal-type relay (which oper- 
ates at a fixed temperature) adjusted to 
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follow the hot-spot temperature will operate 
at the same temperature regardless of the 
time interval involved; therefore, such a 
relay will not permit a higher hot-spot tem- 
perature for a short time as allowed in the 
“Interim Report”’ or, if set for a higher-than- 
normal hot-spot temperature, will allow that 
higher temperature continuously. Mr. 
Hodnette is in agreement with this state- 
ment because the last half of the second 
paragraph and the first half of the third 
paragraph page 1 of his patent, number 
2,320,929, states ‘‘.... so that the thermally 
responsive device (usually a bimetal strip) 
would be cooled, by the oil, at the same rate 
as the copper of the windings, so that the 
temperature of the bimetal member would 
match the copper temperature at all times, 
regardless of the magnitude or the duration 
of the load, and throughout the entire range 
of permissible loads.”’ 

‘The first completely self-protected trans- 
former, when designed as originally out- 
lined, suffered a handicap by reason of the 
fact that the bimetal strip would theoreti- 
cally trip out the circuit breaker whenever 
the bimetal member reached its predeter- 
mined temperature for which it was set, 
which meant that the transformer would be 
taken out of service whenever the copper, 
and hence the insulation surrounding the 
copper, reached this same predetermined 
temperature, regardless of the length of 
time during which the insulation had been 
subjected to that temperature.” 

The patent states that to overcome this 
condition it is necessary to set the relay ata 
temperature lower than the hot-spot tem- 
perature and employ an ambient correction. 
This is identical in principle to one of the 
methods described in the paper and, in ef- 
fect, is essentially the same as lagging the 
thermal element since it results in the relay 
temperature increasing at a slower rate than 
the hot-spot temperature. 

In the above-mentioned patent it is 
claimed that ambient compensation is ob- 
tained by utilizing a current transformer 
which saturates at 2.5 or 3.0 times normal 
current—thereby reducing the current input 
to the thermal element. The effect of the 
saturation is to allow greater overloads. 
However, as stated in our paper and in the 
Hodnette patent, a scheme using a thermal 
element adjusted for a temperature lower 
than the hot-spot temperature and cali- 
brated to give correct results in summer 
ambient temperatures inherently allows too 
great overloads in winter ambient tempera- 
tures. Therefore, the need is to reduce the 
overload and not toincreaseit. In our relay 
this is accomplished by mounting the con- 
trolling switch on a bimetallic element 
which moves the switch closer to the bel- 
lows in cold ambient temperatures thus 
allowing it to operate sooner. 

The use of a current transformer which 
saturates at 2.5 or 3.0 times normal current 
also slows up (if not prevents) the relay from 
protecting the transformer under short- 
circuit conditions, which is contrary to the 
claim in Mr. Hodnette’s discussion. 

Mr. Hodnette claims that there is a 
“dangerous time-lag for heavy short-time 
overloads’ in our lagged thermal element 
and to support his claim he points out that 
in Table I where the ASA recommended load 
at zero ambient temperature for one hour is 
190 per cent the relay permits 260 per cent 

load. This difference is not due to the time- 
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lag of the thermal element—as shown by the 
close agreement between the overloads per- 
mitted by the relay and those recommended 
in the AIEE Interim Report where (if af- 
fected by time lag) the difference would of 
course be greater on account of the greater 
overloads involved. The two columns of 
“Load Permitted by Relay’? in Table I 
are the values at which the signal and alarm 
contacts operate; that is, the signal con- 
tact operates when the loads under ‘‘ASA 
Emergency” heading are reached, and the 
alarm contact operates when the loads under 
“ATEE Emergency” heading are reached. 
If desired, the relay can be calibrated to 
give the alarm at the ASA overloads with 
an accuracy comparable to that now shown 
for the AIEE overloads. P 

Mr. Mallett mentions the possibility of 
the heating coil being away from a stream of 
localized hot oil coming upward under a 
short-time heavy overload, and wonders if 
it would be desirable to use a tube to direct 
the hot oil upward and around’the heating 
coil as indicated in his sketch. In all our 
experience in conducting short-time heavy 
overloads, we have not discovered any 
serious horizontal oil temperature gradients 
within the region over the core and wind- 
ings.. Several years ago an appreciable 
gradient was found from one end of a long 
oval tank to the other end. The reason for 
this was that the core and windings were not 
symmetrically placed in .the tank, being 
much nearer one end than the other end. 
The oil immediately over the core and wind- 
ing was several degrees higher than it was 
at the other end of the tank. 

If the heating coil is placed in the oil over 
the core and windings, we do not believe 
that there is any danger of serious horizontal 
oil temperature gradients being set up even 
under overload conditions. 


Study of Artificial ; 
Respiration on 


Anesthetized Men 


Discussion and authors’ closure of paper,44-22 
by W. B. Kouwenhoven, D. R. Hooker, and 
J. A. York, presented at the AIEE winter 
technical meeting, New York, N. Y., January 


24-28, 1944, and published in AIEE 
TRANSACTIONS, 1944, January section, 
pages 1-2. ‘ 


B. L. Vosburgh (nonmember; General 
Electric Company, Schenectady, N. Y.): 
According to Burton Opitz’ physiology a 
full-grown man inspires and expires about 
500 cubic centimeters of air with each 
respiratory act. This figure compares 
favorably with the average of the 15 sub- 
jects in the prone position, namely 545 cubic 
centimeters and 590 cubic centimeters for 
subjects A, B, and C. When anesthetized 
this tidal air volume dropped to 264 cubic 
centimeters average with the minute volume 
at 4,752 cubic centimeters compared to 
7,670 cubic centimeters in the wakeful state 
which is a decrease of about 60 per cent per 
respiration and 30 per cent per minute 
volume. This remarkable difference holds 
for all comparisons between the conscious 


Discussions 
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and anesthetized state and must mean//a 
lessened metabolic demand in the latter. 
It is quite likely then that 350 to 400 cubic 
centimeters of air would meet adequately the 
anesthetized subjects needs for oxygen. 
Instead we note 590 for the original Schafer 
method, 746 for the modified Schafer, and 
799 for the pole-top method. These figures 
represent a surplus air intake of from 60 to 
100 per cent beyond metabolic requirements. 
This means hyper-ventilation with conse- 
quent lowering of the blood carbon dioxide, 
which, of course, depresses central stimula- 
tion of respiration. This effect might well 
tend to prolong a paralysis of respiratory 
function. 

Perhaps the lesson to be learned from this 
very enlightening study is that all methods 
of artificial respiration are too efficient to be 
most effective in stimulating the respiratory 
center. It would be interesting to repeat 
the observations with carbon-dioxide blood 
determinations in order to find out whether 


* or not the administration of carbon dioxide 


along with artificial respiration is indicated. 


C. F. Engel (nonmember; Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh Pa.): The thought has been 
in my mind for several years, the result of 
a conference with W. B. Kouwenhoven, 
that possibly we might need some new form 
of artificial respiration. The success of the 
pole-top method in my mind cannot be 
wholly attributed to the saving of time in 
removing the victim from the top of the 
pole to the ground. I believe that the 
wrapping of the arms about the patient’s 
abdomen is not only an excellent form of 
artificial respiration, in that it causes a bet- 
ter ventilation of the lungs than the Schafer 
method, but it also very materially assists in 


reviving the victim by forcing the blood out 


of the abdomen either mechanically or by 
stimulating the vaso constrictor nerves. 
The theories of asphyxiation from electric 
shock include a fibrillating heart and it is 
my opinion that in forcing the blood from the 
abdomen very materially aids in preventing 
fibrillation. 

It has been said by someone, that a man 
can bleed to death in his own blood vessels 
without shedding a drop of blood. This, of 


course, means that there is an accumulation | 


-of blood in the abdomen and that other parts 
of the body suffer from a lack of blood. This 
is definitely proved by well-known methods 
of reviving a person from a faint, by either 
doubling them up or using pressure on the 
abdomen. I believe that in some way elec- 
tric shock and fainting can be tied together, 
at least no form of artificial respiration 
which does not stimulate the circulation 
could be of much value. In other words, we 


could keep a man breathing for a long time ~ 


by ventilating the lungs, but if circulation 


was not started, we could not hope for ulti- — 


mate recovery. At least the man would not 
take up the job for himself unless the blood 
carrying the respiratory stimulant, carbon 
dioxide, was carried to the respiratory center 
in the brain. 


W. B. Kouwenhoven, D. R. Hooker, and 
J. A. York: Doctor Vosburgh’s discussion is 
very interesting and points to the fact that 
there is need for more research in order to 


understand theartificial-respiration problem. — 
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dungs with carbon dioxide. 


Barcroft in England showed many years 
ago that hyperventilation of the lungs leads 
to respiratory rest, which continues until 
carbon dioxide and other acid stimulants 
accumulate in the tissues and blood stream 
in sufficient amount to arouse activity in 
the respiratory center. Doctor Yandell 
Henderson, in the United States, has shown 
that the addition of one half per cent of 
carbon dioxide to the air inspired in arti- 
ficial respiration appreciably facilitates the 
return of normal breathing. It is for this 
reason that students of the problem oppose 
the use of mechanical respirators, particu- 
larly in the hands of untrained operators. 

In our research we were primarily con- 
cerned with the evaluation of the efficacy 
of the methods of artificial respiration and 
were particularly interested in the pole-top 
method as compared to other methods. We, 
therefore, limited our tests on anesthetized 
subjects to three methods of artificial respi- 
ration: the standard Schafer, the modified 
Schafer, and the pole-top method. Anes- 
thetized subjects were used to meet the ob- 
jection raised by some authorities that con- 
scious subjects might be overco-operative. 

It would be extremely interesting, as 
Doctor Vosburgh suggests, to carry out a 
laboratory experiment on the utility value 
of supplementing the air drawn into the 
This would 
certainly add to our present knowledge. 
Even if the addition of the carbon dioxide 
proved helpful it is doubtful if it would be 
possible to supply lifeguards and emergency 
crews with the required equipment for field 
use. 

We do not believe that there are valid 
grounds for regarding any of the present 
methods as too efficient. Excess oxygen in 
the air breathed at normal atmospheric 
pressure does no harm. A depleted supply, 
on the other hand, is extremely deleterious. 
In emergencies when normal breathing has 
stopped the first requisite is to provide the 
tissues and more particularly the tissues of 
the brain and nervous system with oxygen. 

With reference to the discussion by Doctor 
C. F. Engel, we believe that the compression 
of the abdomen that takes place in the ap- 
plication of the pole-top method aids in 
promoting the circulation of the blood. We 
do not know, however, that the pole-top 
method has any effect on the fibrillating 
heart. 


The Geometry of Arc 


Interruption—Il 
Current-Zero Phenomena 


Discussion and author's closure of paper 44-44 
by E. W. Boehne, presented at the AIEE 
winter national technical meeting, New York 
N. Y., January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, pages 375- 
87. 


H. A. Peterson and T. W. Schroeder (Gen- 


-. eral Electric Company, Schenectady, N. Y.): 


The author presents a sound basis for evalu- 
ating the recovery-voltage transients for 
circuit interrupters in circuits having up to 
two natural frequencies of oscillation. The 
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‘ method employed rests on the firm founda- 


tion afforded by an intimate understanding 
of the principle of superposition. Its chief 
limitation from the standpoint of general 
usefulness lies in the fact that the arcing 
characteristics of a given interrupter must 
be known before it can be applied. Thus, a 
certain number of actual test or empirical 
data is prerequisite. 

It is shown clearly that an interrupter 
having control of the current-zero instant, 
thus rendering circuit constants of little 
consequence, can be very effective in reduc- 
ing the severity of the voltage-recovery 
transient. For this type of interrupter the 
number of natural frequencies character- 
istic of the circuit interrupted should be of 
little importance. 

One of the aspects of circuit interruption 
most difficult to analyze is that associated 
with current discontinuities during the arc- 
ing period. The arc restriking and reclear- 
ing in certain sequences frequently can give 
rise to recovery and system overvoltages far 
more severe than those associated with a 
single interruption. The author’s treat- 
ment is concerned only with an interrupter’s 
ability to clear the circuit initially. In 
many cases, particularly for high-current in- 
terruption, this is the most important con- 
sideration. However, in numerous cases, 
particularly for lower currents, are re- 
striking can lead to overvoltages which are 
much more severe than those associated 
with the initial interruption. These over- 
voltages are dependent in general on both 
the circuit constants and the interrupter 
characteristics. Such cases can be studied 
most efficiently by means of miniature sys- 
tems and synchronous switches. This 
approach to the restriking overvoltage prob- 
lem necessarily requires assumptions re- 
garding the interrupter’s arcing character- 
istics, just as the author’s approach to the 
initial interruption problem requires such 
assumptions. 


T. E. Browne, Jr. (Westinghouse Electric 
and Manufacturing Company, Trafford, 
Pa.): In general, the current-zero phenom- 
ena long have been recognized to be of 
essential importance in are interruption of 
alternating currents, and so they deserve 
and have received a great deal of study. 
The admitted difficulties in making com- 
plete measurements of the very short-lived 
quantities involved make a careful and clear 
analysis of these phenomena all the more 
desirable, 

Mr. Boehne has contributed an interest- 
ing and ingenious method for computing the 
transient voltage appearing in this current- 
zero time region. Since this voltage is the 
one quantity which can be measured easily 
with a cathode-ray oscillograph, it is, of 
course, not the result itself, but the basis for 
this computation which is of the most inter- 
est. That is, we are concerned with the 
effect on the recovery voltage of the various 
associated and initial conditions, including 
the rate of current approach to zero and also 
the related behavior of the arc resistance 
near current zero. The operational method 
used has ‘considerable mathematical ele- 
gance but suffers from the use of a whole 
array of unfamiliar and generally artificial 
geometrical parameters which, I believe, 
serve to conceal rather than to clarify the 
physical phenomena underlying the calcula- 
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tions. Also, it seems to me that the some- 
what unusual view of the current rather 
than the voltage as the independent causa- 
tive variable tends to lead to confusion in 
thinking. 

Mr. Boehne mentions certain computed 
actual current variations which suggested 
his assumed types of current diversion, but 
unfortunately he does not show any of them. 
Therefore, it may be useful to call attention 
to some samples of such computed current 
diversions presented by Van Sickle and 
Berkey about 11 years ago in a paper! not 
included in Mr. Boehne’s bibliography. 
These do show variations of both the high- 
rate and low-rate types for oil circuit 
breakers which are in good agreement with 
Mr. Boehne’s assumptions up to current 
zero. At variance with Mr. Boehne, how- 
ever, they also show, for the low-rate cases, 
continuity of are current and of arc resist- 
ance through current zero and well into the 
voltage-reeevery region beyond. This de- 
parture ‘of Mr. Boehne’s mathematical 
assumptions from the logical and demon- 
strated physical behavior of the arc seems 
to me to be the most serious fault in his 
calculations, but one which probably could 
be corrected without departing from his 
method. 

Van Sickle and Berkey also illustrated 
two additional phenomena, implicit in Mr. 
Boehne’s assumptions and calculations but 
not mentioned by him, which should aid in 
clarifying the basis for his assumed current 
diversions. The first of these is the dy- 
namic volt-ampere characteristic of the arc, 
which determines by its rising or falling 
trend whether the current follows the high- 
rate or low-rate type of diversion. The 
second and co-operating factor is the charg- 
ing current through the shunting capaci- 
tance of the breaker and its leads which, 
being proportional to the rate of change of 
the are voltage, makes the discontinuity in 
the rate of arc-current decay possible with- 
out a corresponding voltage discontinuity. 
This also accounts for the nonsimultaneous 
passage through zero of the voltage and of 
the total current. It appears to be failure 
to recognize this latter point which leads to 
most of the confusion in Mr. Boehne’s dis- 
cussion of arc-gap-resistance variations in 
connection with Figures 10 and 12 of his 
paper. As Van Sickle and Berkey correctly 
showed, it is the are current which reverses 
with the arc voltage and not the total cur- 
rent, since the latter includes the capacitive 
current component which is not zero at the 
moment the voltage passes through zero. 
Any shunting resistance, as shown in Figure 
10, would contribute a diversion of current 
from the arc, but this current component 
necessarily would be in phase completely 
with the voltage. This clears up the con- 
tradiction of having the arc current in the 
low-rate case go through zero with the 
voltage in Figure 12 but not in Figure 10! 

In attempting to understand Mr. Boehne’s 
remarks about ‘‘incorporating desirable 
current-zero characteristics’ in design, it 


' should be helpful to keep in mind the simple 


fact that a circuit breaker can act on an are 
in only two basic ways: 


1. It can lengthen it. 
2. It can subject it to deionizing influences. 


The modern trend in exclusively a-c circuit 
breakers has been toward great intensifica- 
tion of the deionizing influences, especially 
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at current zero, while keeping the arc as 
short as possible. Such breakers have 
attained very. high interrupting efficiency; 
that is, they are able to interrupt large 
amounts of power with a minimum of 
energy absorption. That such breakers 
fail to modify the circuit voltage-recovery 
transient in a way that is favorable to 
them by no means prevents them from being 
effective. In contrast are the useful but in- 
efficient breakers of the magnetic-blast or 
magnetic-deion type with which Mr. 
Boehne is especially concerned. These are 
essentially d-c-type breakers used to inter- 
rupt alternating current. In addition to 
lengthening the arc, the breakers exert 
powerful deionizing forces on it while the 
current is high, which results in very high 
are voltages and consequent energy absorp- 
tion, but this deionizing activity practically 
ceases as current zero is approached. The 
weak deionizing action near current zero 
usually does result in a smoothly falling are 
voltage and consequently a low-rate type of 
current diversion with its associated low 
are resistance at and just after current zero. 
The oscillograms clearly show, however, 
that this effect alone is not sufficient to pre- 
vent reignition of the arc until the increasing 
are voltage has drastically reduced the cur- 
rent magnitude and so shifted its phase that 
voltage recovery can occur only at an ex- 
tremely low rate. Under these conditions 
the are finally becomes unstable and ‘‘goes 
out,’ even as a d-c arc would. Thus, it 
may be seen that this type of breaker is ex- 
ceptional in that its effectiveness depends 
primarily on what it does to the arc between 
current reversals, rendering the usually 
paramount current-zero phenomena of 
secondary and even minor importance in 
this particular case. In view of this, one 
wonders whether the designer of a mag- 
netic-blast or a magnetic-blowout type of 
breaker has any real need to consider cur- 
rent-zero phenomena at all! 
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Robert H. Nau (captain, Signal Corps, 
United States Army, Fort Monmouth, 
N. J.): Again, in the present paper, which is 
one of a series of papers presented by Mr. 
Boehne on the subject of geometry of arc 
interruption, there is no allusion or reference 
to the works of the renowned research engi- 
neer—Joseph Slepian; neither is there 
reference to the papers by Ludwig, Nau, and 
Dickinson which describe in detail the 
theory of arc extinction as utilized in the 
functional operation of a complete line of air 
circuit breakers known as magnetic-deion 
breakers. This seems somewhat para- 
doxical when the test data of these breakers 
are compared with that given by Linde, 
Wyman, and Boehne in papers presenting 
the story of the ‘‘Magne-Blast”’ breakers. 
It would be particularly interesting to 
observe and to study complete series of 
single-phase interruption tests conducted 
on the Magne-Blast breaker with short- 
circuit currents ranging to a reasonable per- 
centage of that of the short-circuit inter- 
rupting rating and having at least 86 per 
cent of the rated three-phase voltage im- 


448 


pressed across the single pole. It is reason- 
able to expect such short-circuit conditions 
in field operation, 

Mr. Boehne is to be commended on his 
present treatise, ‘“The Geometry of Arc 
Interruption,” if for no other reason than 
because he does not use the lemon-shaped 
voltage-current trace in which the former 
paper on the same subject delved. 


E. W. Boehne: Peterson and Schroeder 
have raised some very interesting questions 
regarding the application of the relations 
developed in the paper. Although the 
method of attack was described for circuits 
having one or two natural frequencies, this 
by no means limits the solution to such 
circuits. Analytically, the method is adapt- 
able to circuits having any number of natu- 
ral frequencies. In the solution of re- 
covery-voltage phenomena, the vast major- 
ity of circuits can be expressed accurately 
by not more than two natural frequencies. 
It was for this reason that the presentation 
was restricted to such circuits. For design 
problems outside the field of circuit inter- 
ruption, the application or the method to 
circuits having three of more natural fre- 
quencies might prove more practical. 

The chief value of the method and rela- 
tions developed lies in the study of circuit- 
interrupter performance from a _ design 
viewpoint to achieve a clearer working 
understanding of the phenomena associated 
with interruption and, in particular, to re- 
veal and encourage the manner in which the 
circuit interrupter can be made to influence 
beneficially the recovery voltage. In this 
manner, studies of the type presented lead 
to improved designs which control ‘“‘the 
arcing characteristics of a given inter- 
rupter,’”’ which Peterson and Schroeder 
quite correctly state ‘‘must be known before 
they can be applied.’’ The limitation to 
which they refer is present from the imme- 
diate field-application viewpoint. Test data 
always will be desirable prior to the field 
application of any equipment. It is the 
basic trend in the present paper to develop 
interrupters which have as favorable “‘test 
characteristics’ as possible. In the long 
run, it is believed that the limitation of im- 
mediate field application will be over- 
shadowed by the creation of interrupter 
characteristics desirable for wider field 
application. The second paragraph of 
their discussion reveals that they share this 
viewpoint. 

Peterson and Schroeder quite properly 
emphasize the importance of restriking 
phenomena as the probable cause of the 
majority of system overvoltages due to 
switching. Although it is outside the scope 
of the present paper, it seems appropriate to 
point out that, in some cases, the overvolt- 
ages precipitated by a single off-current- 
zero interruption might form the trigger 
action which gives rise to some restriking 
phenomena. Other types of restriking 
phenomena which normally are 
pendent of the interrupter’s ability, how- 
ever, can conceivably become aggravated 
by the interrupter. The control of the 
basic restriking phenomena lies outside the 
ability of the interrupter alone but depends 
principally on the correct circuital environ- 
ment of the interrupter. 

Previous studies made of overvoltages 
caused by restriking show that the phe- 
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nomena are possible only when the high. 
frequency current associated with the 
recovery-voltage oscillation passes through 
zero. Circuit criteria have been set up 
which make it possible to determine the 
correct ratios of circuit parameters to avoid 
this prerequisite of restriking phenomena. 
Such analysis, however, has been predicated 
on normal current-zero interruptions. When 
interruptions occur in the high-rate region, 
as described in the paper (Figure 1), the” 
associated high-frequency currents have 
larger amplitudes and may be forced 
through zero under conditions which other- 
wise would have been considered harmless. 
In this manner, the characteristics of the in- 
terrupter, particularly for lower currents, 
can extend the range of external circuit con- 
stants which give rise to the possibility of 
multiple restriking within the interrupter—a 
recognized source of overvoltage. This 
problem requires additional study. 

Conversely, interrupters which perform 
consistently in the low-rate region (Figure 1 
of the present paper) give rise to milder 
voltage and current oscillations and accord- 
ingly reduce the range of external circuit 
constants which can give rise to the re-. 
striking phenomena. This fact has been 
demonstrated by the test and field perform- 
ance of the Magne-Blast air circuit breaker 
which performs almost entirely in the low- 
rate region. 

In summarizing these viewpoints, there- 
fore,.it seems that the subject paper, al- 
though confined to the interrupter’s ability 
to clear the circuit initially, offers the 
opportunity to add another dimension to 
the analysis of the problem of circuit- 
interrupter restriking by incorporating the 
breadth of observed current-zero phe- 
nomena. 

Doctor Browne’s constructive discussion 
is appreciated. He has raised several 
points which will be taken up in the order in 
which they are presented. 

The majority of circuit problems has as 
the driving force a set of voltages with the 
various currents as the objective. Kirch- 
hoff’s and Ohm’s laws normally are pre- 
sented in this manner. Hence, when we 
encounter problems in which a voltage is 
being sought, it is quite correct that the 
current be considered as the independent 
variable. Ohm’s and Kirchhoff’s law are 
just as adaptable to this condition as the 
more normal problem. Doctor Browne is of 
the opinion that “the somewhat unusual 
view of the current rather than the voltage 
as the independent causative variable tends 
to lead to confusion in thinking.’’ The 
author is of the opposite opinion and pre- 
sents for comparison the alternate methods 
of solving the problem: 


(a). When a recovery-voltage trace is given, to- 
gether with the circuit, an analysis is possible 
which becomes quite involved because of the non- 
linearity of the resistance parameter, This requires 
a step-by-step solution or the counterpart in the 
analysis of a given film. Such a procedure is 
tedious and requires extremely clear and orderly 
thinking to reach a correct solution. When com- 
pleted, the result is valid only for the case con- 
sidered. 


t 
(b). Classical linear differential equations will 
give the correct answer on the basis of an assumed 
current path. Once the equations have been set | 
up with the proper boundary conditions, all touch 
with the mechanism of the phenomena is lost, ex- 
cept that the correct answer comes out in the solu- 
tion. When applied to the simplest case of vertical 
current cutoff, the results are as determined and 


given in reference 4 of the paper and repeated in 


ATEE TRANSACTIONS _ 


wee 


particular type. 


equation 5 of the paper. When extended to the 
more general case of linear-current diversion the 
boundary conditions become so involved, according 
to the writer, as ‘‘to lead to confusion in thinking.” 
General and useful results would be obtained if 
ever solved by this method. 


(c). When the aforementioned general and useful 
results were sought in the simplest manner possible, 
the straightforward principles of superposition were 
employed. These consist of resolving the cancella- 
tion current into two components: a d-c component 
(termed the rectangular component to avoid con- 
fusing ‘with the d-c component of asymmetrical 
short-circuit currents) and a linearly rising current, 
conamed the triangular component. By deter- 
‘mining once and for all the ‘‘building-block”’ volt- 
ages produced in standard recovery-voltage circuits 
when these two components of the cancellation 
current are injected (equations 3 and 4 of the paper), 
makes possible the fabrication of the recovery volt- 
age to conform to any type of simple or compound 
linear-current diversion desired. Compact formulas, 
which express these general results, have been 
determined once and for all. The method is rigor- 
ous and reveals the mechanism of the overvoltage 
and the part played by each variable. To the 
writer the method employed not only leads to clear 
thinking and visualization but also useful general 
results. When used to express the results for a 
complete family of variations of the independent 
variable, it becomes a powertul and novel tool in the 
hands of the design engineer. 


Although the basic method is not new 
(suggested by Vannevar Bush, reference 5 
of the paper), its application to the general 
recovery-voltage problem gives rise to new 
and descriptive terms which express in com- 
pact form the concepts desired. Their 
newness should be no handicap. Although 
Doctor Browne refers to these as “‘un- 
familiar and generally artificial geometrical 
parameters,’ he quite generously seems to 
have accepted the terms, as he uses them 
throughout the balance of his discussion. 
He quite correctly calls to the reader’s 
attention the excellent oscillogram analysis 
of Van Sickle and Berkey some 11 years ago. 
They exhibit in detail how the particular 
interrupters behaved and are noteworthy 
examples of method a described in this 
closure. Also omitted from the reference 
list (with the author’s apology) was the 
more recent analysis by R. M. Bennett of 
air-blast-breaker performance which appears 
in the Appendix A of the paper by D. C. 
Prince, J. A. Henley, and W. K. Rankin.' 
A thorough search of the literature unques- 
tionably would reveal other examples of this 
straightforward approach to the interpreta- 
tion of individual current-zero perform- 
ances. 

A study of the subject paper will reveal 
that it is not the purpose to describe in de- 
tail the specific characteristics of any one 
particular interruption or to predict the 
performance of any specific design. In- 
stead, an approach has been made to de- 
scribe the entire family of current variations 
in the current-zero region in such a way as 
to permit the qualitatively minded to come 
rapidly to an understanding of the basic 
cause of an observed recovery character- 
istic and at the same time to crystallize the 
results in compact formulas to permit the 
quantitatively minded to work out specific 
numerical examples which best approximate 
his observed phenomenon. This approach 
has been accomplished in a rigorous straight- 
forward manner in terms of the standard 
nomenclature of circuit theory. Thus free 
of the static limitations of any particular 
test performance, the method offers a 
freedom of choice of the family of current- 
zero variations but is not restricted to any 
The basic variation chosen 
as a result of oscillographic observation was 
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one in which the currents deviated from the 
normal linear path to approach zero linearly 
at a new rate. These currents first were 
assumed to stop at current zero. Doctor 
Browne objects to this. Such an objection 
is well founded and is undoubtedly based on 
his close attention to the details of specific 
interrupter characteristic. This objection 
would have been more valid, however, had 
the paper ended without giving considera- 
tion to the extension of the method to in- 
clude current variations beyond the normal 
current zero. This is done in three specific 
cases and is acknowledged in the final words 
of his third paragraph. To clear this mat- 
ter, the three methods presented in the 
paper for considering the transition from arc 
current to arc-gap-leakage current are: 

1. The direct introduction of this leakage current 
as suggested in Figure 5c of the paper. This cur- 
rent is shown, in general form, delayed in its occur- 


rence G’. Figure 18a of the paper shows an 
oscillogram exhibiting this general characteristic. 


2. As part of the tail end of the exponential decay 
as shown in Figure 11b of the paper and described 
in the paragraph under ‘‘Other Types of Current- 
Zero Phenomena.” 


3. By incorporating the arc-gap-leakage path 
within the interrupter as part of the resistance 
assumed shunting the breaker. This is described 
in the text associated with Figure 10 of the paper. 


In the majority of cases, this resistance 
may be made up entirely of the transient 
arc-gap-leakage paths wh ch he correctly be- 
lieves should be incorporated to account for 
observed phenomena in power circuit break- 
ers of the magnetic type. The reader is 
referred to the text in connection with Figure 
10 (last three paragraphs under ‘‘Arc-Gap 
Resistance’’). 

At this point Doctor Browne refers to 
“the nonsimultaneous passage through zero 
of the voltage and the total current.” 
From his discussion which follows this 
point, it seems clear that he is defining total 
current to include all the current associated 
with the capacitance shunting the breaker. 
Although this capacitance current has been 
accounted for correctly and automatically 
in a strictly rigorous manner in the method 
of analysis demonstrated in the subject 
paper, at no point in the presentation was it 
necessary to consider its presence or to in- 
clude it in the analysis or diagrams. At 
only one point in the paper were the words 
“total current’’ used, and this is in Figure 10. 
Here it is very clearly indicated to be only 
the current associated with the breaker. It 
would have been made clearer had it been 
termed “‘total arc-gap current”’ on Figure 10 
as was done in the text concerning that 
illustration. It seemed unnecessary prior 
to this time to state that only that part of 
the current associated with the breaker is 
described in the text and in all the diagrams. 
It is the only current in which we specifically 
are interested. It is the current that 
would be measured by the shunt in series 
with the breaker. Any attempt to go out- 
side the breaker and include the capacitance 
current, as incorporated in the diagrams 
presented, will lead to hopeless confusion. 
In Figure 12, as in Figure 10, the are voltage 
must go through zero with the total arc-gap 
current as shown in both diagrams. This 
is in agreement with Van Sickle and Berkey, 
and I might add that it is the only answer 
consistent with Ohm and Kirchhoff. Since 
Figure 10 is specifically tied down to a cir- 
cuit incorporating a resistor (assumed part 
of the are path in this case), it can bear con- 
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siderable study toward a clearer insight of 
the physical mechanism of interruption. 

Doctor Browne points out two basic 
ways in which a circuit breaker can act on 
anarce. Our viewpoint becomes broadened, 
however, when we study how these basic 
actions alter this new circuit-parameter—are 
resistance. In reference 1 of the paper the 
voltage drop across the are was shown to be 
the controlling factor and capable of modu- 
lating the energy liberated within the 
breaker. Figure 1 of this discussion shows 
the variations in are energy and peak re- 
covery voltage as a result of the magnitude 
of are voltage. These relations are valid 
for essentially rectangular arc voltages act- 
ing on symmetrical short circuits of zero 
power factor. The recovery-voltage curve 
shown in Figure 1 of this discussion is com- 
puted on the basis of normal current zeros 
without any benefit of the current-zero 
phenomena described in the paper. These 
are the positive factors in which we really 
are interested, and they define the perform- ° 
ance of the interrupter in its envi onment. 
These -circuital factors certainly should be 
added to the basic actions of the circuit 
breaker in achieving interruption. 

The “exclusively a-c breakers,’’ to which 
Doctor Browne refers, function almost ex- 
clusively on the left-hand side of the master 
characteristics of Figtire 1 of this discussion. 
These are the oil and air-blast breakers, and 
all function in the low-arc-high recovery- 
voltage region of Figure 1. Maximum are 
energy, however, is developed for are volt- 
ages which are only 31 per cent of the gener- 
ated voltage. An are voltage of ten per 
cent will produce energies in excess of half 
of this peak. 

In spite of these proved master character- 
istics and their associated variations de- 
veloped in reference 1 of the paper, Browne 
states that the action of the Magne-Blast 
breaker results ‘“‘in very high are voltages 
and consequent energy absorption.” To 
the contrary, are voltages in excess of the 
31-35 per cent band (all variations in 
asymmetry considered) give rise to reduced 
are energy and, in addition, function at a 
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much reduced recovery voltage to which 
must be added the benefits of the current- 
zero phenomena of the low-rate type de- 
scribed in the subject paper. An arc 
voltage of 60 per cent normal crest produces 
nominally the same are energy as an arc 
voltage of ten per cent. Arc-voltage char- 
acteristics in excess of 60 per cent are com- 
mon to the Magne-Blast-breaker experience 
and permit interruptions in the low-energy 
leading phase-angle area, as described in 
numerous papers (references 1, 10, 11). 
Doctor Browne’s description of this per- 
formance as “inefficient”? seems unfounded 
by field experience. 

The Magne-Blast breaker is one of the 
best interrupters of direct current encoun- 
tered by the writer. The right-hand side of 
the diagram of Figure 1 (this discussion) 
could well be termed the d-c side of the 
master characteristic. When applied to 
alternating current, they form some of the 
best interrupters known. To Doctor 
Browne’s sentence to the effect that ‘‘the 
arc finally becomes unstable and goes out”’ 
should be added “‘in less than a cycle of arc.”’ 
Thus, it may be seen that this type of 
breaker is exceptional in that its effective- 
ness lies not only in its ability to shift the 
phase angle of the circuit during a brief arc- 
ing period but also to reduce further the re- 
maining recovery voltage impressed on it 
by the favorable action of a low-rate type of 
current-zero phenomena. 

Although this discussion seems to have 
centered about circuit-breaker performance 
and, in particular, the low-rate type of cur- 
rent diversion in magnetic-type air circuit 
breakers, it should be pointed out anew 
that the approach to this problem was 
planned on a much broader field of applica- 
tion. The work is quite general and 
adaptable to any current-zero phenomenon, 
whether it occurs in a fuse, furnace, rectifier, 
or a circuit breaker. It has already found 
several interesting applications in these 
fields. 

“The lemon-shaped voltage-current trace”’ 
to which Captain Nau refers is Figure 1 of ref- 
erence 1 in the subject paper and is the stan- 
dard circle diagram of the R—L circuit under 
steady-state conditions. It was used asa 
“stepping stone’ to the development of the 
corresponding transient characteristics which 
are presented in compact form, as Figure 1 of 
this discussion, and reviewed in connection 
with Doctor Browne’s discussion men- 
tioned previously. This circle diagram was 
used first quite appropriately (for circuit- 
breaker studies), in my discussion of L. R. 
Ludwig’s and R. H. Nau’s paper,? to point 
out the misconception regarding the rela- 
tionship of arc voltage to are energy, 
namely, ‘the energy dissipated in such an 
arc is necessarily high because of the long arc 
length and consequent high are voltage.’’3 
Captain Nau’s objections to this diagram are 
that it is a steady-state diagram, does not 
apply to the transient phenomena, and 
might be misinterpreted as being applicable. 
The transient characteristics now being 
available leave little excuse for this ap- 
proximation. It is interesting to note, in 
spite of the slight differences, that maximum 
energy occurs with a nominal 45-degree 
shift in phase angle in both the steady-state 
and transient case. Captain Nau endeavored 
to show that these relations do not hold in the 
transient cage .by his oscillographic proof 
(Figure 7 of his closure)? in which, by 
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“special means,’’ he succeeded in developing 
an arc voltage of 20 per cent of the normal 
voltage crest which resulted in a current 
suppression to 70 per cent of normal crest 
and generated an arc energy of abou: 90 
per cent of the crest of the energy character- 
istic (see Figure 1 of this discussion) with a 
corresponding phase-angle shift of only 30 
degrees. He concludes this investigation 
by stating, ‘‘Thus, it is shown that to sup- 
press current by increasing the arc voltage 
actually does cause a considerable increase in 
energy dissipation.”’ A study of the master 
transient characteristics of Figure 1 of this 
discussion, however, will show that the two 
points which he chose lie on the steep left- 
hand side of the master energy characteristic 
and, as far as the investigation went, his 
conclusions seem justified. Had he reduced 
the generator voltage to continue the in- 
vestigation, however, he empirically would 
have reached the complete master charac- 
teristic which fits his two experimental 
points quite accurately. The reasons for 
operating a magnetic air breaker at high-arc- 
voltage levels (60 to 80 per cent of generated 
voltage crest) become appreciated with a 
study of the true master characteristics and 
a review of the performance record of the 
Magne-Blast breaker. 
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A 500,000-Kva 7.5-Kv 
Air Circuit Breaker for 
Steel-Mill Service 


Discussion of paper 44-56 by R. C. Dickin- 
son, presented at the AIEE winter technical 
meeting, New York, N. Y., January 24-28, 
1944, and published in AIEE TRANSAC- 
TIONS, 1944, May section, pages 242-5. 


L. J. Linde and B. W. Wyman (General 
Electric Company, Philadelphia, Pa.): It 
has been of much interest to watch the de- 
velopment of the magnetic-type air circuit 
breaker and its applications to higher- 
capacity circuits. During the past six 
years this Institute has witnessed the gradual 
advancement of these breakers until we now 
have ratings from 50,000 to 500,000 kva at 
votage ratings of from 2,300 to 15,000 volts. 
Mr. Dickinson has presented an air circuit 
breaker designed to satisfy the very difficult 
problem of repetitive duty with high-current 
interrupting capacity. This breaker should 
be a welcome addition to the growing line 
of magnetic-type air circuit breakers. 

A review of this paper emphasizes the 
problems involved in obtaining the high- 
current rating listed for this capacity. 
Apparently, considerable care has been 
exercised in providing sufficient ceramic 
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areas for absorbing the energy during the’ 


interruption. The refractory plates are 
separated as much as possible for venting 
without sacrificing the deionization effect 
on the exhaust gases. Separated vents are 
spaced between the stacks of refractory 
plates. There is apparently no process for 
cooling exhaust gases through these separate 
vents. _ Unless these gases are cooled effec- 
tively, it might be possible for incandescent 


gases to escape through these vents into the + 


switchgear structure. We would appreciate 
an additional explanation on the treatment 
of these gases. 

Because a breaker of this type should find 
some of its applications on 60-cycle circuits, 
we naturally would look for more test in- 
formation at this frequency. Closing— 
opening tests at 60 cycles usually are more 
severe than similar tests at 25 cycles, for 
the short-circuit currents reach their crest 
much sooner after the contacts first touch. 
The resultant magnetic force might possibly 
reach its peak before the mechanism is 
latched on the 60-cycle test, whereas, com- 
parable mechanism speeds might latch the 
breaker before the peak of magnetic forces 
when making against high currents at 25 
cycles. ; 

An examination of Figure 4 of the paper 
demonstrates the value of ohmic resistance 
in the power arc, for the second half cycle 
of arc current is reduced considerably 
with an increase in are voltage. The circuit 
is interrupted near a voltage zero, auto- 
matically throttling rate of rise of recovery 
voltage to an extremely low value. Mr. 
Boehne’s paper ‘“‘The Geometry of Arc 
Interruption’! and companion papers have 
emphasized the advantages of just this 
phenomena. 
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H. V. Nye (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): This paper 
is interesting in that it shows the possibility 
of producing a breaker of fairly large inter- 
rupting capacity without departing a great 
deal in the design features from smaller 
breakers which have been in use on service 
voltages up to five kilovolts. 

The expansion and magnification of the 
arc-chute structure, however, does seem to 
indicate that this type of breaker will re- 
quire more space than the equivalent oil- 
circuit-breaker units. This is evidenced by 
Figure 7 of the paper which shows a metal- 
clad unit 9 feet high and 92 inches in depth. 
Could the author give us any idea of what 


dimensions might be expected on a 15-kyv_ 


breaker of the same rating?’ 

The data in Table I of the paper show ex- 
tremely fast mechanical operation requiring 
only 1!/, cycles to part the breaker con- 
tacts. The arcing times also look good for a 
magnetic breaker, but they do not show the 
consistency on heavy currents that might be 
expected. It is unfortunate that data were 
not incorporated to show the performance of 


this breaker on lighter currents, particularly — 


in the range from 300 to 1,500 amperes. A 
statement is made that the performance 
throughout the range was found “‘satis- 
factory,” but it would have been more con-. 
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yincing to submit some of the test data to 
show just how good the operation was at 
lighter currents. This is particularly inter- 
esting, as apparently no air booster is em- 
ployed to help out on these light loads. 


A New Three-Element 


‘Current- Limiting 
Power Fuse 


Discussion and authors’ closure of paper 44-48, 
by H. L. Rawlins and H. H. Fahnoe, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
April section, pages 156-9. 


E. A. Williams, Jr. (General Electric Com- 
pany, Philadelphia, Pa.): It is quite an 
unusual occurence when two separate groups 
of engineers working in two different or- 
ganizations can reach the same conclusions 
relative to the general application and de- 
sign requirements for a line of power fuses. 
A comparison of the Rawlins-Fahnoe paper 
with the Prince-Williams paper! and the 
Williams—Schuck paper? shows a remarkable 
close agreement on all essential funda- 
mentals. 
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straight wires originally described in the 
Prince-Williams paper. The step having the 
smallest diameter forms the current— 
limiting element, and the larger steps form 
the voltage—limiting element. 

The functional similarity of the two fuses 
may be seen by comparing the current- 
limiting characteristic curves, Figure 1 of 
Rawlins—Fahnoe and Figure 2 of Williams— 
Schuck, It will be noted that both fuses 
rated E 200 amperes will limit an available 
current of 80,000 rms amperes to a peak 
value of approximately 30,000, amperes. 

While the functional similarity of the two 
fuses is very remarkable, the structural dif- 
ferences are even more striking. This fact 
becomes obvious when the construction of 
the Rawlins-Fahnoe fuse (Figure 2 of the 
paper) is compared with the construction of 
the Prince-Williams—Schuck fuse as shown 
by Figure 1 of this discussion. 

We agree emphatically with the author’s 
conclusions concerning the necessity for 
testing combination fuse and motor starters 
to insure a successful over-all application of 
the combination. However, the authors 
perhaps overlooked one important considera- 
tion. It is essential also to know that the 
fuse is capable of withstanding without 
damage the overload current associated with 
motor starting, reversing, plugging, stalling, 
and so forth. These operations may occur 
relatively frequently and may result in 
cumulative damage to the fuse unless over- 
load relays with carefully selected charac- 
teristics are provided. The ideal condition 
is one in which the relay is a thermal type 


pages 


WM 
EK CO llliijill-mu 
b SSSHoooomooooooos once 


"PYREX FUSE TUBE 


The three elements of the Rawlins— 
Fahnoe fuse may be described generally 
as: 


1, The interrupting element. 
2. The current-limiting element. 


3. The voltage-limiting element. 


The fuse originally described by Prince and 
Williams included the first two elements 
and the commercial version of the same 
fuse, later described by Williams and 
Schuck, included all three elements. Figure 
1 of the latter paper shows a wire-wound 
shunt resistor, or voltage-limiting element, 
connected in parallel with the conductor 
wires which form the current-limiting ele- 
ment. Figure 3 of the same paper shows a 
novel method of combining the functions of 
the current-limiting element and the volt- 
age-limiting element. The use of the 
stopped wire shown also provides the ‘‘cool 
operation” of the fusible element shown in 
Figure 4 of the Rawlins-Fahnoe paper. 

In practice, the stepped wire is formed 
by welding together several silver wires 
having diameters in the same order of size 
as those described by Rawlins and Fahnoe. 
These stepped wires are used in place of the 
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Figure 1. Prince- 
Williams-Schuck 
fuse — 2,500- and 


5,000-volt design 


so designed that under overload conditions 
its actuating element will heat faster and 
cool more slowly than the current-responsive 
element of the fuse. Under this ideal con- 
dition the fuse may be so selected that the 
transient temperature of its current-re- 
sponsive element (as distinguished from the 
temperature of ferrules and external con- 
tacts) never exceeds a maximum critical 
value. | Exhaustive tests have shown that 
this maximum permissible transient tem- 
perature is considerably lower for the over- 
load currents of relatively long duration as- 
sociated with motor operation than for the 
short-circuit currents of short duration 
normally encountered in the co-ordination 
of fuses in transmission-and-distribution- 
system applications. The maximum permis- 
sible transient temperature of the current- 
responsive element must be determined in- 
dividually for each type of fuse. 
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C. L. Schuck (General Electric Company, 
Philadelphia, Pa.): The fuse design de- 
scribed by Rawlins and Fahnoe is note- 
worthy for its combination in the same fuse 
tube of three elements, each of which plays 
a contributing role in the interruption of 
fault current. 

The shunt-resistor wire, the purpose of 
which is to limit the magnitude of transient 
voltage accompanying the melting of the 
current-limiting element, must carry the 
short-circuit current transferred to it until 
the series-connected ‘‘clean-up’”’ element has 
effected interruption. During this time, 
heat will be developed in the shunt-resistor 
wire, raising its temperature. It would 
seem economical to utilize the full available 
temperature rise of the shunt resistor to its 
melting temperature and also its heat of 
fusion so as to obtain the desired heat ca- 
pacity with the minimum physical size of 
resistor. It would be of interest to know 
whether the shunt resistor is so designed 
that it melts in the course of carrying out its 
intended function of voltage surge reduction. 

The two current-responsive elements in 
the new current-limiting fuse are described 
as being so designed that on high short-cir- 
cuit currents the current-limiting element, 
consisting of a relatively heavy wire with 
notches, melts in the notches faster than the 
series-connected clean-up element. The 
latter because of a relatively less rapid heat 
withdrawal by its surroundings, is depended 
on for initiating the interruption on currents 
of low magnitude at which the current-limit- 
ing element is relatively slower melting. 

The notched current-limiting element 
calls for a somewhat different handling of 
the melting time-current characteristic in 
application problems where high transient 
inrush currents may occur. 

A technique has been established for ap- 
plying fuse units to transformer and motor 
circuits, in both of which inrush currents 
must be considered. In the paper 44-10, 
“Transformer Magnetizing Inrush Currents 
and Influence on System Operation,’’! pre- 
sented in the transmission and distribution 
session it was described how the J?7 or the 
melting ampere-squared seconds of a fuse 
unit could be determined quickly from the 
published characteristics, and how this 
parameter could be made use of in trans- 
former applications to insuré that the fuse 
unit could pass the transformer magnetiz- 
ing inrush current without damage to its 
element. The method is quite straight- 
forward when the lower end of the melting 
time-current characteristic approaches a 
straight line at negative slope 2:1 as would 
be expected from the physics involved. 

Figure 4 of the Rawlins—Fahnoe paper de- 
scribes the notched construction of the cur- 
rent-limiting element and indicates that for 
time shorter than 0.1 second the melting 
characteristic departs from that of the origi- 
nal diameter of the wire and in the order 
of 0.001 second has become completely like 
that of a wire having the diameter of the 
metal remaining in the notches. Figure 5 
shows the complete melting time-current 
characteristics of the new line of fuse units, 
the lower ends of which do not break away 
from the 2:1 slope as would be expected 
from Figure 4. Assuming that the tech- 
nique of Figure 4 is carried through in the 
design of the line of fuse, all the curves in 
Figure 5 should drop almost vertically as 
the time becomes less than 0.1 second. If 


451 


this is the case, it leads to some complica- 
tions in application that are not encountered 
when the current-limiting or the minimum 
section of a current-limiting fuse element 
has a uniform diameter. In the paper on 
magnetizing inrush currents previously 
referred to, some easily remembered figures 
are given to cover the integrated ampere- 
squared seconds of magnetizing inrush cur- 
rent for power transformers. The figures 
given are ten times full load current for 0.1 
~ second, and the application rule recom- 
mended in applying fuse units is that the 
current to melt the fuse at 0.1 second should 
be at least 12 times normal load current, thus 
giving a 44 per cent safety factor in am- 
pere-squared seconds over the transformer 
inrush. Although the inrush has been con- 
veniently rounded out to figures of ten times 
normal and 0.1 second, it is important to 
note that the first few cycles of inrush are 
relatively far more severe and that the fuse 
unit must be capable of passing these rela- 
tively more severe cycles of current when 
they occur. If one refers again to Figures 4 
and 5 of the Rawlins-Fahnoe paper, it 
would appear that the downward drift of 
the melting time-current characteristics de- 
feats the purpose of providing adequate 
I?T withstand ability in the fusible element 
and that additional allowance might have 
to be made for inrush current of trans- 
formers or the stalled rotors of motors. 


According to Figure 4 of the paper, the 
radical reduction in section at the notches 
amounts to a 20-fold reduction in /?7; 
therefore fuse units so designed cannot be 
said to have an J?7'in the usual sense. This 
means that, for making applications involv- 
ing high transient currents for a few cycles, 
it will be necessary to know the melting 
characteristics down to 0.001 second to 
cover time in the order of a cycle and less. 
The conventional time-current plotting 
paper, approved by National Electrical 
Manufacturers’ Association, extends only 
to 0.01 second, since for high-voltage fuses 
developed heretofore, the time—current 
curves were practically straight lines on 
log—log paper for times less than 0.1 second. 
Thus, a new method of handling the time— 
current characteristics of the three-element 
fuse will be necessary in working out ap- 
plication problems. 
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H. L. Rawlins and H. H. Fahnoe: The 
discussions presented by Mr. Williams and 
Mr. Schuck bring out factors particularly 
' important in the application of the new fuse. 

Mr. Williams’ warning on the effect of 
overload currents cannot be stressed too 
highly. It is important to apply the fuse 
conservatively; and in the case of starter 
applications, extreme care is used to have 
the fuse characteristics co-ordinated with 
the thermal relays of the starter so that no 
damage can be done to the fuse. Since the 
enlarged sections between necks on the cur- 
rent-limiting fusible wire may be regarded 
as heat absorbers, this new fuse is adapted 
particularly to withstand momentary over- 
load currents. 
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There is no attempt in the three-element 
fuse to limit the voltage with the specially 
shaped fusible wire. The purpose of the 
necked wire is to provide increased current- 
carrying capacity without affecting the cur- 
rent limitation. 

Mr. Williams shows a fuse construction in 
which plain wires are embedded in sand. 
Although different diameter elements are 
employed, their space relationship is such 
that the fusing characteristic of plain wire is 
obtained. For the same current-limiting 
action, plain wire will produce four times 
the heat at normal rating that would be ob- 
tained with the necked wire shown in Figure 
4. Therefore, a 200-ampere fuse construc- 
tion as in Figure 2 is much smaller and more 
compact than the fuse shown by Mr. 
Williams and provides a definite shunt 
means for limiting voltage surges. 

In reply to Mr. Schuck’s question on the 
shunt-resistor wire, it can be stated that the 
resistor wire definitely does not melt but is 
good for several extra half-cycles of arcing if 
necessary. It is not deemed necessary to 
utilize the full temperature rise of the shunt 
resistor to its melting temperature, since 
the total weight of wire used in a 200-ampere 
2,500-volt fuse is approximately eight 
ounces, and ¢an be increased if desired. 

Mr. Schuck has presented a discussion on 
the fusing characteristics of the new fuse 
based upon the assumption that the time— 
current curve for the complete fuse assembly 
will follow the curve as shown in Figure 4 of 
the paper. This is not the case, however, for 
the series fuse element always melts first 
and protects the current-limiting fusible 
element. In describing the operation of the 
new fuse, the paper states that, ‘‘On short- 
circuit currents where the series fuse ele- 
ment melts in a small fraction of a cycle, the 
current-limiting element melts almost simul- 
taneously.” 

The time-current curves as shown in 
Figure 5 of the paper become asymptotic 
to the time—current curves of the element as 
shown in Figure 4 at time values of Jess than 
0.001 second. The purpose of the specially 
shaped current-limiting fusible section is to 
provide a lower operating temperature for a 
given current-limiting action and does not 
result in a freak time—current characteristic. 
The time—current characteristic of the series 
fusible element is the time-current charac- 
teristic for the fuse and can be treated in the 
same manner as any other time-current 
characteristic. 


High-Voltage Oil Circuit 
Breakers for Rapid 
Reclosing Duty 


Discussion and authors’ closure of paper 44-37 
by A. W. Hill and W. M. Leeds, presented 
at the AIEE winter technical meeting, New 
York, N. ¥., January 24-28, 1944, and pub- 


lished in AIEE TRANSACTIONS, 1944, 
March section, pages 113-18. 


W. F. Skeats (General Electrie Company, 
Philadelphia, Pa.): The first field require- 
ment for high-voltage three-cycle breakers 
appeared about ten years ago, and low-oil- 
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content breakers of the impulse type werd! 
placed in service on the 287-kyv Boulder 
Dam-Los Angeles line in 1986 and have 
been in successful operation ever since. On 
the basis of this successful experience it is 
natural to think of extending the develop- 
ment to lower-voltage breakers and of in- 
creasing the breadth of its application by 
adapting it to dead-tank breakers. 

By subtracting the apparent contact- 


parting time of 1.4 cycles from the inter--* 


rupting-time figures given in Table II of 
the paper, an average arcing time of about 
1'/, cycles is obtained for the range of 3,000 
to 10,000 amperes. This is of the same order 
as obtained with another form of oil-blast 
interrupter as shown in Figure 8 of the 
Hunt, Boehne, Peterson paper presented 
before the Institute in January 1943}. 
With an interrupter of such characteristics, 
the problem of obtaining three-cycle breaker 
performance becomes the mechanical one of 
breaking the latch and separating the con- 
tacts in a very short time. Here the authors. 
have done an excellent job. 

The first 20-cycle reclosing breakers also 
went into operation in 1936, and one user- 
now has over 100 of them giving satisfactory 
field service. Reclosing test data previously 
published show that the high-voltage air 
circuit. breaker is ideally suited to 20-cycle 
reclosing also. 

More field experience will be required with 
higher voltages such as 230 kv to determine 
what reclosing speeds can be used profitably 
in that range. When the demand is mani- 
fest, one may be sure that the manufacturers. 
will be in a position to meet it. 
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C. E. Winegartner (Cleveland Electric Il-. 
luminating Company, Cleveland, Ohio);- 
This development in high-voltage oil cir- 
cuit breakers is notable for the reduction in 
material over that required by the old deion 
grid breakers, and also because it uses many 
of the same replacement parts, such as. 
bushings and solenoid mechanism. In the 
case of the 138-kv 1,500,000-kva breaker, 
this reduction in total weight amounts to 30. 
per cent and in oil to 86 percent. Also the 
tank height is reduced 19 inches and the 
diameter 8 inches. This seems to be made 
possible by the reduced travel of the bridge 
required with the multiflow principle. 

However, from the test reports there 
seems to be little reduction in arcing time 
over the old type. Hence, with 36 per cent 
less oil it seems logical that the new type 
will require more frequent reconditioning of 
the oil. Since most users will probably 
have both the old and new types in service, 
a tabulation of comparable data for the two. 
types would be of much interest. 


Philip Sporn (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The authors are to be congratulated on the 
development of a most ingenious current 
interrupter of the-self-generating pressure 
type which has made possible not only ad- 


vancing the limits to safe are current inter- + 
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ruption in oil tank-type breakers but doing 
so more efficiently and, therefore, with 
smaller equipment and at higher speed than 
they had been able to do heretofore. This is 
particularly significant in that it has come 
at a time when substantial development of 
electric-power systems has occurred as a 
result of the prewar and the wartime ex- 
pansion programs of the various utility 
systems and when requirements for ruptur- 
ing capacities of the order of 3,500,000 
kva are not only visible on the horizon but 
have actually arrived. 

The authors show a consistent five-cycle 
operation on a 138-kv breaker under factory 
test utilizing the simple multiorifice grid, 
and a 230-kv five-cycle breaker utilizing a 
multiorifice grid with an accelerating arm, 
and, again, a 230-kv three-cycle breaker 
utilizing, in addition to the multiorifice grid 
and accelerating arm, an auxiliary pump de- 
vice for improving low-current operation. 
It is true that no field-performance test has 
been made to corroborate laboratory-test 
results. Even so, there seems to exist little 
reason to doubt that satisfactory perform- 
ance can be obtained within the laboratory- 
tested limits by the breaker shown or by 
minor modifications of it. Granting, there- 
fore, that the authors have the elements for 
controlling consistent are action to get 


operation down to three cycles, one regrets: 


that they stopped at the five-cycle operation 
and did not develop a single assembly ade- 
quate to give three-cycle operation for 138-, 
230-, and 287-kv systems. This does not ap- 
pear to be premature, considering that on the 
American Gas and Electric Company system 
nothing slower than five-cycle 138-kv break- 
ers has been installed for a period of over 
five years. 

This hesitancy to follow through on the 
elements of an excellent development is 
shown particularly in the case of the reclos- 
ing cycle tested by the authors. Thus, we 
find the authors still discussing a reclosing 
eycle of 35 cycles and one of 22 cycles when 
as long as almost eight years ago! this dis- 
cusser showed performance on his system of 
a 138-ky-breaker reclosing cycle of 20 cycles 
and later? showed actual performance of 
similar equipment on an 18-cycle reclosure. 
Tf one considers the benefits derived on most 
systems by reducing reclosure time, it would 
appear that the proper duty to seck, if a 
breaker capable of three-cycle clearance is 
reliably attainable, is a 12-cycle reclosing 
duty with the time distributed approxi- 
mately as follows: 


REOVEAITEN Glia) asc Risin wd, alelnvoe alee e s'as wieleiy 1 cycle 
ORME EO MITE A) Mion Sh. sida alcove jets ory gis ge ciel 3 cycles 
Deionization time and time for reclosure. .8 cycles 


The experience obtained to date, both on 
test and in actual operation, would indicate 
that such a cycle would be entirely practical, 
if the reservation that the eight-cycle de- 
ionization time would need further corrobor- 
ation is always kept in mind. However, on 
the basis of the reduced breaker arcing 
time and the experience to date cited, it 
would seem to be an entirely safe interval. 

The rupturing capacities of 38,500,000 
kva should be adequate for most of the power 

systems in the United States over the next 


few years, possibly for the next five years. 
_ Considering, however, the fact that five 


years have a way of rolling around much 
_ more quickly than many new developments 
and that the electric-power systems of the 


\; 1944, VoLume 63 


country probably are destined for a further 
expansion, now would appear to be the 
proper time to start thinking about a 
breaker duty of 5,000,000 kva having an 
opening time of not over three cycles and 
capable of reclosing on a 12-cycle duty. It 
is possible that this can be done with further 
refinements of the present pressure-generat- 
ing-chamber type of oil circuit breakers, but, 
if these designs should prove to have definite 
limitations, there is every reason to believe 
that either the oil-poor or the air-blast 
breakers can be developed to meet that 
specification. 
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A. W. Hill and W. M. Leeds: Mr. Skeats 


has referred to a form of high-voltage oil- 
blast interrupter described in the Hunt, 
Boehne, Peterson paper, presented before 
the Institute a year ago. Since the arcing 
time obtained with this five-cycle breaker 
is of the sdme order as shown for the multi- 
flow grid in a three-cycle breaker, he infers 
that the only achievement is in a reduction 
of the mechanical time from tripping to 
parting of the contacts. However, he did 
not mention that the oil-blast device opens 
six pressure-generating contacts and six 
are-rupturing contacts per breaker pole, 
whereas the highly effective multiflow inter- 
rupter utilizes but two pairs of pressure- 
generating and are-rupturing contacts per 
pole. Fewer contacts to adjust and main- 
tain would appear to be of considerable ad- 
vantage to the user of this type of equip- 
ment. « 

While high-speed reclosing of high-voltage 
oil circuit breakers is not new, the ability 
to perform satisfactorily on heavy short 
circuits, where the effect of the first interrup- 
tion on the operation of second interruption 
might be expected to be most pronounced, 
heretofore has had to be taken pretty much 
on faith. The multiflow grid interrupter is 
the only high-voltage three-cycle oil circuit 
breaker which has been proved by test at 
short-circuit currents corresponding to over 
2,500,000 kva. Furthermore, this has been 
accomplished without resort to multibreak 
contacts, thus permitting the use of greatly 
reduced tank dimensions. 

Mr. Sporn regrets that the multiflow grid 
development was not carried far enough to 
provide a single form of contact design for 
standard three-cycle operation at all volt- 
ages 138 kv and above. While this may bea 
worthy aim, it does not appear practical at 


the present time to produce a three-cycle . 


breaker without some additional complica- 
tion and cost as compared to a breaker for 
five-cycle operation. Where the higher speed 
is not necessary, it is desirable to use the 
simplest possible design consistent with 
adequate interrupting performance. Similar 
comments apply to Mr. Sporn’s further sug- 
gestion of a 12-cycle reclosing time for three- 
cycle breakers which would require an ex- 
tremely powerful mechanism that hardly 
could be justified economically except for 
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very special application. For the immediate 
future, the use of single-pole 20-cycle re- 
closure appears to offer higher stability 
limits using substantially standard equip- 
ment. 

Mr. Sporn’s prediction of a still greater 
concentration of power, that may call for 
circuit breakers having a rupturing capacity 
of 5,000,000 kva, offers a challenge to circuit- 
breaker designers. With test data already 
obtained on a 230-kv breaker at currents 
corresponding to as high as 4,300,000 kva 
(see Figure 8 of the paper), there is no reason 
to doubt that, the multiflow deion grid 
principle can be extended to meet such a 
rating. 

Mr. Winegartner’s fears that the new line 
of small tank breakers may require more 
frequent reconditioning of the oil are quite 
groundless. In the paper, “A Multiorifice 
Interrupter for High-Voltage Oil Circuit 
Breaker’? by Ludwig and Leeds, presented 
before the Institute in January 1943,! it 
was stated that this new interrupter showed 
only between one fourth and one half of 
the are energy developed in conventional 
breakers. This is due principally to the 
shorter arc length in the multiflow grid as 
compared to the magnetically extended are 
in the older deion grids with iron plates. 
Also, the arcing time characteristic of the 
multiflow grids is fairly flat over a wide 
current range, the arcing time being some- 
what shorter than with the older grids in 
the low-current range below 1,000 amperes. 
Furthermore, in developing breakers for 
five-cycle interrupting time, the contact 
opening speed has been increased about 20 
per cent, which has lowered the arcing time 
accordingly. It is clear, therefore, that the 
drastic reduction in arc energy more than 
offsets the decrease in oil volume, so that 
the oil depreciation is actually very much 
less than in the older breaker designs. 
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Discussion and authors’ closure of paper 44-47 
by L. J. Linde and B. W. Wyman, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
March section, pages 140-4. 


H. V. Nye (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): This paper 
is an interesting description of the difficulties 
encountered in trying to develop the air 
magnetic type of circuit breaker into a re- 
liable interrupter for 15,000-valt service. 
The first thing that impresses the reader 
after looking over the data and sketches 
submitted with the paper is the complexity 
of control and arc runner structure attained 
by the introduction of six separate mag- 
netic-blowout systems into one are chute. 
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One cannot help admiring the ingenious 
dexterity with which this is accomplished, 
although one may be inclined to question 
the engineering necessity and commercial 
practicability of carrying the blowout sys- 
tems to such a degree of elaborateness. 
Since it apparently has been found neces- 
sary, even with six magnetic-blowout coils, 
to supplement their action with an air 
dashpot or booster, it seems reasonable to 
conjecture if an increase in the air-blast 
action produced by this air booster might 
not cut down the complexity of the mag- 
netic-blowout structure and result in an 
over-all economy in material and labor. 
Breakers, of course, have been built, relying 
entirely on a self-generated air blast into a 
much simpler type of air chute, which oper- 
ate quite satisfactorily. 

The arrangement of the breaker parts 
seems to make it adapted to vertical-lift 
metal-clad switchgear, but it seems that 
no arrangement has been made for venting 
the gases from the are chutes into the ex- 
ternal atmosphere. I would like to ask if 
the authors feel that external venting is not 
desirable. 

The data on interrupting tests show a little 
over two cycles to separate contacts and 
arcing times from 0.8 to 2.2 cycles. This 
appears to be a satisfactory performance if it 
represents what can be expected of the 
breaker under the worst conditions, and if 
there are not occasional ‘‘bad shots’’ when 
this good operation is not obtained. I 
notice that no data are given for currents 
between 600 and 1,600 amperes and would 
like to inquire if tests were conducted in 
that range. The reason for this request is 
that I have found on most breakers I have 
tested that the hardest point to get con- 
sistently good operation and short arcing 
times is in the neighborhood of 1,000 to 
1,200 amperes on this class of breaker. 

The dimensions of a metal-clad unit in- 
corporating this breaker were not given in 
the paper, but would be of considerable 
interest for comparison with the equivalent 
oil breaker unit. 


E. W. Boehne (General Electric Company, 
Philadelphia, Pa.): In the extension of the 
* Magne-Blast breaker to 15-kv service it 
was necessary to develop an arc chute whose 
are resistance characteristic was approxi- 
mately four times that of the 7,500-volt 
breaker cf the same kilovolt-ampere rating. 
This was necessary since the inductive im- 
pedance of the external circuit, which forms 
the criterion for the arc-resistance ohms, in- 
creases proportional to the square of the 
system voltage for a given kilovolt-ampere. 
Any; increase in are resistance in excess of 
this new level reduced the developed 
energy within the breaker and lowered the 
resulting recoyery-voltage transient as will 
be clear from Figure 1 of my closure of 
“The Geometry of Are Interruption—II 
Current-Zero Phenomena.’’! 

Here is shown the relationship of arc 
energy and recovery voltage as controlled 
by the magnitude of the arc voltage. The 
Magne-Blast breaker functions on the 
“downhill side’ of both the maximum initial 
recovety voltage (e,) and the are energy 
characteristic (W); the higher the arc 
voltage above 33 per cent normal voltage 
crest, the lower these quantities. Now, if 
the system voltage is raised without de- 
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veloping a proportionate increase in actual 
arc voltage, it follows that the value of arc 
voltage in per cent of the system voltage 
would decrease, and the trend would be to 
subject the breaker to higher internal ener- 
gies (W) to be followed by higher recovery- 
voltage transients (e,). In order to hold 
the internal energies low (which in turn are 
even smaller than are developed in some oil 
breakers which function on the steep left- 
hand side of the energy characteristic), arc 
voltages were developed in per cent of sys- 
tem voltage which took advantage of these 
characteristics and in addition held the peak 
initial recovery voltage (e,) in the same rela- 
tive position as found in the 7,500-volt 
design. The accomplishment of this task 
was achieved by the development of the 
15-kv are chute described in the paper. 

The recovery-voltage crest, e,, shown in 
the figure is based upon the assumption that 
the arc current continues to zero without 
diversion and, moreover, does not include 
resistance damping. Actually current di- 
version takes place in the Magne-Blast 
breaker which permits the current to ap- 
proach zero more slowly in the final stages. 
This current-zero phenomenon lowers the 
recovery-voltage transient (as described in 
the paper, ‘‘Geometry of Arc Interruption— 
II Current Zero Phenomena’’!) to values 
much less than is indicated in the ac- 
companying figure. This control of the 
recovery transient is one of the unique 
characteristics of the interleaving arc-chute 
construction, and the authors are to be con- 
gratulated on its perfection as embodied in 
the compact design presented for 15-kv 
service. 
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L. N. Grier (Aluminum Company of Amer- 
ica, Pittsburgh, Pa.): J. L. Lindeand B. W. 
Wyman have presented an excellent de- 
scription of an air circuit breaker having a 
rating that is urgently needed by industry. 
It clearly sets forth the essential principles 
of successful are extinguishment and indi- 
cates that considerable thought has been 
given to construction details that should 
contribute to reasonable maintenance. The 
provision for interrupting low current is 
particularly desirable. Reference is made 
to the prototype breaker, first rated at 
five kilovolts. I am happy to report that 
some of the earliest if not the very earliest 
of these breakers have been giving continu- 
ous and excellent service since their original 
installation in 1989. We have had more 
recent experience with similar breakers of 
7.5-kyv rating on 6.6-kv service. We will 
welcome an opportunity to make a 13.8-kv 
application, for we are strong advocates of 
the use of air breakers for all indoor applica- 
tions. We believe that this type of appa- 
ratus in the ratings normally encountered 
in industrial service should or will largely or 
entirely replace the older oil breaker for 
indoor applications where hazards from ig- 
nited oil fumes exist. 

This paper demonstrates the advances in 
the art of circuit interrupting that has taken 
place in the past five years, by reason of the 
knowledge gained concerning the nature and 
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behavior of arcs. However, this advance+’ 
ment has been made, because we were ndt 
satisfied with that which went before. Let 
us not be entirely satisfied with the accom- 
plishment of the electrical engineer, but let 
let us challenge the mechanical engineer to 
provide a mechanism which will permit the 
use of the breaker as a means of limiting 
the current values in the faults. 


L. J. Linde and B. W. Wyman: We wish to 
thank Mr. Grier for his comments con- 
cerning the excellent service he is able to 
report on some of the very earliest lower- 
voltage Magne-Blast breakers which were 
the predecessors of the breaker described 
for 15-kv service in this paper. The simi- 
larity of design and interrupting performance 
which this breaker exhibits should win for 
itself an equally enviable service record. 

As pointed out by Mr. Boehne in his dis- 
cussion, the are resistance in ohms for a 
given kilovolt-ampere interrupter necessary 
to affect the same current reduction increases 
as the square of the system voltage. This 
may be brought about either by greatly in- 
creasing the size of the are chute or by in- 
creasing its efficiency. The latter has been 
chosen as the most compact and economical 
design. Mr. Nye apparently does not agree 
with this, as he questions the use of six 
blowout coils. It has been found that a 
strong uniform magnetic field is one of the 
most important requisites in obtaining 
maximum efficiency per unit volume of are 
chute. It is clear that a single strong blowout 
coil cannot even approach a uniform mag- 
netic field over an are chute of reasonable 
dimensions, as the field strength decreases 
as the square of the distance from the coil. 

The current-reduction characteristics of 
this arc chute force a reduction in the values 
of this current as it travels out along the 
arcrunners. Blowout coils placed out on the 
runners have a larger number of turns than 
those at the are-chute throat. This in- 
creased number of turns compensates for 
the reduction in current to hold the mag- 
netic field approximately constant as the 
arc travels through the chute to interrup- 
tion. When the breaker is closed, these 
coils make up a high-impedance circuit in - 
parallel with the intermediate and primary 
contacts. Therefore, they are required to 
carry current only during interruption. 
They have no moving parts and need very 
little insulation. Thejr entire assembly is 
not complex and offers no maintenance 
problem. It is fortunate that the required 
strength‘of the magnetic field is a function 
of current, for this magnetic-blowout struc- 
ture automatically adjusts its field strength 
to the values of current to be interrupted. 
We have found that self-generating air-blast 
breakers generally lack this characteristic. 
A description of such a breaker might be of 
considerable value to the Institute. 

It never has been found necessary to vent 
the metal-clad enclosure of the Magne- 
Blast breaker, as the arc-chute muffler so. 
effectively cools the exhaust gases that no 
fire or luminous gases are visible even on 
interruption at full breaker ratings. It is 


. difficult to imagine what kind of magnetic 


breaker: Mr. Nye had in mind when he 
questioned the interrupting performance 
between 600 and 1,600 amperes. As this 
happens to be in the rated carrying-current 


_range, life tests exceeding 10,000 operations 
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have been run at these values of current as 
fast as two per minute without replacement 
of any parts. As the arc lengths in this 
range of current never exceed three cycles, 
the are runner and contact erosion was very 
mild. 

The basic arrangement of this breaker 
provides for space economy in its final ap- 
plication. 
ment, including current transformers, cable 
pot heads and bus, has an over-all width of 


86 inches, a height of 82 inches, and a- 


depth of 81 inches. Of these dimensions the 
height and depth are approximately ten per 
cent more than those of the equivalent oil 
breaker. The width remains the same. 


Aircraft Signal Systems 


Discussion and author's closure of paper 44-5 
by Raymond A. Rugge, presented at the 
AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944, and published 


in AIEE TRANSACTIONS, 1944, January 
section, pages 3-5. 


J. P. Dallas (nonmember; Los Angeles, 
Calif.): In reference to ‘‘Aircraft Signal 
Systems” by Raymond A. Rugge, there 
are many aircraft electrical engineers who 
disagree with the primary assumptions 
as well as the final conclusions of this paper. 
A brief statement of the basis of this dis- 
agreement may be in order. 

There are three major defects in airplane- 
instrument-panel warning-light signal sys- 
tems: 

1. The most important objection is that 
the lamps burn out. The life of aircraft 
warning lamps is unpredictable, because of 
the conditions of vibration and shock inci- 
dent to aircraft operation. Since the safety 
of an airplane may depend on the reliable 
operation of its warning signal devices, it 
seems unfortunate that this point was 
neglected almost entirely in Mr. Rugge’s 
consideration of the problem. It is common 
practice to use two lamps in the more im- 
portant warning lights and to provide special 
switches and/or relay circuits for testing. 
Such methods are not entirely effective and 
add considerable weight and complexity to 
the warning signal system. Mr. Rugge 
states that a minimum signal-lamp life of 
250 hours is satisfactory, while rejecting 
visual electromechanical warning signals 
with a life exceeding that of the airplane. 

Perhaps the case for the visual electro- 
mechanical warning signal should be re- 
examined. It requires no additional ex- 
ternal lighting. The same lighting which is 
safe enough and effective enough for the 
instruments may be designed to be adequate 
for electromechanical visual warning signals. 
If such signals are designed and installed 
properly, it is believed that they will ade- 
quately attract the pilot’s attention. 

2. The second defect in aircraft-warning 
signal lights is that they are both hazardous 
and ineffective unless their brightness is 
adequately regulated to suit a wide range 
of flight station light conditions ranging 
from bright sunlight to almost complete 
darkness necessary in night flying. Mr. 
Rugge accurately describes the complica- 
tions of this phase of the problem and pro- 
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A complete metal-clad equip- 


poses a photoelectric dimming control in 
addition to the dimming resistors, relays, 
and switches now employed. It is to be 
noted that the visual electromechanical type 
of warning signal eliminates all of this com- 
plication, since it may use the lighting al- 
ready provided for the instruments. 

38. The third defect common to many air- 
craft warning-signal systems is that the 
signals do not warn adequately or are con- 
fusing because of arrangement. This con- 
fusion is not properly a fault of the particular 
signal device used, but rather a product of 
instrument panel design or signal applica- 
tion. We all agree that a warning signal 
should be instantly clear. Mr. Rugge pro- 
poses to accomplish this end by the use of 
illuminated signs contained in a single 
“telltale” signal box. To many it is ques- 
tionable whether this type of signal is as 
quickly effective as the signal functionally 
placed on the instrument panel. A warning 
signal placed in the immediate proximity to 
the indicating and control equipment is 
thought by some to be more effective. Thus, 
it is questionable whether oil-temperature 
warning signals mixed with landing gear 
and other unrelated warnings in a common 
“telltale’’ box are as effective as an oil- 
temperature warning signal immediately 
under the oil-temperature indicating in- 
strument, attracting the pilot’s attention to 
this particular airplane function. 

Mr. Rugge has proposed two devices, each 
a solution to one of the phases of this prob- 
lem, namely: a photoelectric dimming con- 
trol and an illuminated sign type of telltale 
signal device. While these two devices 
may be meritorious, it is unfortunate that 
the three general design principles stated 
in this paper seem to have been developed 
from a consideration of these two devices 
rather than from a survey of the whole 
problem. Thus, the whole question of lamp 
failures, spare lamps, replacements, and the 
relative weight and space requirements of 
the various devices has been given little 
consideration. It is proposed, therefore, 
that the basic design requirements of air- 
craft-warning signal systems may be more 
completely stated as follows: 


1. Signal Effectiveness. A warning signal must 
adequately warn. This covers Mr. Rugge’s first 
two design principles: “Signals must be absolute,” 
and “‘signals must be distinct.’’ 


2. Signal Reliability and Safety. Under this 
heading must be considered the probability of failure 
of all warning signal devices including lamp burn- 
out, replacement, spares, and testing means, as 
well as the operational hazards of dimming. 


3. Signal Weight and Space Requirements. 
Weight is always a major aircraft design considera- 
tion, and space limitations are critical on the air- 
craft instrument panel. 


F. Von Voigtlander (Schwartze Electric 
Company, Adrian, Mich.): The author has 
presented a very commendable paper on 
visual aircraft signal systems. The three 
design ‘principles set up can be applied ef- 
fectively to the design of all types of signal- 
ing systems, whether for aircraft, industrial, 
institutional, or municipal use. 

Visual signals have an important place 
in many signaling applications, but years 
of experience in this field have shown that 
really to satisfy the first two design prin- 
ciples, namely that the signal must be abso- 
lute, and that the signal must be distinct, 
the visual signal must be supplemented with 
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an audible signal. This is believed to be 
especially so in the application of signaling 
equipment to military combat aircraft. 
The problem of signaling in combat aircraft 
is complicated considerably by the great 
physical stress and nervous tension under 
which the crew operates in the combat 
theater, and by the high degree of prob- 
ability that circumstances will develop re- 
quiring the positive functioning of the 
warning signals and prompt response to 
them by the crew. Furthermore, the intense 
strain of the concentration of the crew on 
the job being done would be largely on the 
eyes. This could mitigate greatly the dis- 
tinctness of the visual signal and render it 
unnoticed for a dangerous length of time. 
Though the automatic dimmer might go a 
long way toward eliminating the hazard of 
the glare of the lamps to night sight, it 
might not add much to their distinctness as 
signals in the critical moment when they 
might be most needed. 

The suggésted telltale device (Figure 3 of 
the paper) equipped with the automatic 
dimmer and supplemented with proper 
audible-signals should make a very effective 
means for aircraft signaling. The audible 
signals would sound whenever any telltale 
was lighted. An acknowledgement switch 
would be provided to cut off the audible 
signal manually and at the same time to 
prepare it automatically to sound again 
upon repetiton of the signal or upon the 
receipt of another signal. In addition to 
this, some form of lamp supervision would 
be included to mitigate the need for mul- 
tiple lamps for each of the visual indicators. 

This type of centralized signaling combin- 
ing audible with visual has been used for 
years in countless industrial, commercial, 
and public-utility applications with con- 
sistent success. The addition of the audible 
signal reinforces the effectiveness of the sys- 
tem by providing a second signal, thereby 
greatly extending mechanical and’ electrical 
reliability; by appealing to a separate 
sense, thereby greatly reducing the prob- 
ability of the signal not being observed; 
and by providing for manual means of 
acknowledgement. 

A really adequate signaling system should 
go far to relieve the crew of much fatigue 
in attempting to keep track of a veritable 
maze of instruments during flight. Such a 
system would be supervised properly auto- 
matically and would contain sufficient ele- 
ments, so that in the absence of any indica- 
tions to the contrary the crew could assume 
that all conditions were normal without any 
reference to instrumentation, 

An example of the manner in which a 
system of this sort could function follows. 
Assume that fuel level becomes dangerously 
low. The fuel-level switch would light a’ 
signal lamp on the annunciator panel. At 
the same time the audible signal would 
sound its warning blast. The pilot would 
operate manually the cutoff switch silencing 
the audible signal. He would then watch 
his fuel gauge to observe the behavior of 
the fuel level and to verify the alarm indica- 
tion. On verification he would cut in his 
reserve fuel supply and would restore the 
annunciator to normal by operating a 
“reset” button. The indicating lamp would 
then go out, but the related circuits all 
would be set up to receive a repetition of 
the alarm should the fuel level fall again. 
In the meantime, the system could respond 
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to any other indications for which facilities 
were provided, the audible signal sounding 
for each case. 

To date the use of audible signals on air- 
craft has been confused by the lack of 
standardization of these signals for various 
applications. The organization with which 
the writer is identified is currently manu- 
facturing seven different types of audible 
aircraft signals. There is now under way a 
program for the standardization of these 
signals together with the development of 
much lighter and more effective devices, 
and it is expected that all audible signaling 
requirements for aircraft can be met with 
two or three standard lightweight types. 

The author has considered aircraft signal 
systems chiefly 'from the standpoint of the 
pilot. Of considerable importance, espe- 
cially on larger craft, is the problem of signal- 
ing the other crew members for jump 
signals, low oxygen, and so forth. In mili- 
tary aircraft audible signals have been 
found very useful for such crew signals. 
The types now being developed for pro- 
posed standardization will be superior to 
the older types used for this purpose and 
should permit the installation of much more 
effective audible signaling systems. 


W. A. Petrasek (American Airlines, Inc., 
New York, N. Y.): There are few subjects 
in aircraft engineering as controversial as 
that of aircraft signal systems. Mr. Rugge 
is to be complimented on his initiative in 
bringing up the subject and welcoming dis- 
cussion. There is a definite need for an ex- 
change of ideas on this subject as evidenced 
by the many varied and haphazard signal 
systems which have been installed in air- 
craft to date. 

I should like to present my personal slant 
on this problem, drawing on my experience 
and association with one of the most exact- 
ing types of pilot in the business—the trans- 
port pilot. 

In order to determine intelligently the 
best type of signal system to do a job, it 
not only is necessary to think along engineer- 
ing lines, but also, and more important, the 
knowledge and experience of the psycholo- 
gist must be considered. The problem is 
basically one for the psychologist, namely, 
what is the best stimulus and in what man- 
ner should it be applied so that the pilot will 
respond in the manner intended? 

One of the axioms which I would recom- 
mend as a basis for guidance in signal-sys- 
tem applications is that any installation de- 
signed to attract the pilot’s attention will 
also distract it. There is an obvious corol- 
lary to this axiom, that is, the greater the 
number of warning units (or stimuli) to 
which the pilot is exposed, the greater is the 
possible confusion in his reaction to them 
and the greater is the possibility of hazard- 
ous distraction. It follows, therefore, that 
the ideal signal system will employ a mini- 
mum of warning units consistent with at- 
taining the objective of safe flight. 

In considering the problem of warning- 
system distraction, I believe that the pilot 
should be given some means of removing 
the signal completely when, in his judgment, 
it interferes with his safely piloting the air- 
plane. For examples we might cite the con- 
dition of an aircraft approaching a landing 
field at night under adverse conditions of 
visibility. A bright or even dim light in the 
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pilot’s field of vision could be the reason for 
an accident. A blaring horn easily could 
interfere with the pilot’s attempt to give 
verbal instructions to the copilot or other 
crew members in an emergency so as to 
delay the pilot’s corrective action to the 
point of disaster. 

Obviously, any application of a cutout 
device must be so designed that under no 
circumstances could it be left inadvertently 
“‘on.’”’ It is here that the ingenuity of the 
engineer is summoned. The natural reac- 
tion to this suggestion is to view it with some 
disfavor and to consider it as a loophole in 
an otherwise foolproof signal system when 
the pilot is provided with a means of dis- 
connecting the warning at his option. 

There is only one way to prevent such an 
abuse of a signal system, and that is to de- 
sign and install a system which will be reli- 
able functionally. Repetitious false signals 
will result in the pilot’s utter disregard of 
the warning system, and you can rely on 
his finding some ingenious way of eliminat- 
ing the distraction. This action will vary 
from pulling the fuse in the circuit to placing 
a blob of chewing gum over the light. Who 
can say that the pilot is at fault, for the 
entire safety of the flight is placed in his 
hands when he boards the airplane. 


Raymond A. Rugge: This is in reply to the 
discussion furnished by J. P. Dallas regard- 
ing ‘‘Aircraft Signal Systems.’”’ Mr. Dallas 
discusses the defects of instrument-panel 
warning-light systems and proposes that 
the design requirements of signal indicators 
should be signal effectiveness, signal reli- 
ability and safety, and weight and space 
requirements, rather than the objective 
principles described in the paper that signals 
should be positive, distinct, and not a 
hazard. 

The controversy raised by Mr. Dallas in 
his discussion is apparently predicated on 
the premise that the selection of aircraft 
signal indicators should be attained by 
placing equal emphasis on long life, weight, 
space, testing, replacement, spares, testing 
means, operational hazards, and signal ef- 
fectiveness. Although all of these items are 
important and none must be overlooked in 
considering signal indicators, it was the 
purpose of the article to stress the objective 
design principles relating to the selection of 
aircraft signals rather than the detail fac- 
tors. As was stated in the synopsis of the 
paper, the pilot’s requirements or primary 
objectives for signal indicators have been 
overlooked in too many cases with the result 
that the selection of the signal indicators 
has been based on the minor rather than on 
the major objectives. 

The primary objective to be accomplished 
by the design principles mentioned in the 
paper is to provide the pilot with warning 
signals and informative signals that cannot 
be ignored, and,-in addition, such signals 
must not create a hazard or disturbing dis- 
traction. The secondary objective in select- 
ing the signal indicators is to provide signal 
indicators that satisfy requirements for 
long life, ease of replacement, and minimum 
weight and space. To satisfy the primary 
objective the author of this paper believes 
that only light or audible signals can be used. 
Target-type signals or electromechanical 
indicators obviously satisfy most of the 
secondary objections but do not satisfy 
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the primary objectives, for the reason that’ 
they are in most cases overlooked or ignored 
because of the small contrast with surround- 
ing items, 

An example of the importance of selecting 
indicators based on the primary objectives 
is brought out in the latest proposals again 
to use indirect-lighted instruments. In this 
case it would be necessary to provide in- 
direct lighting to activate or illuminate the 


targets of the electromechanical indicators. ,. 


Mr. Dallas mentions that the objections 
to instrument-panel signal lights are due to 
lamp burnouts, unpredictable life of the 
lamps, and the fact that lamp filaments are 
often destroyed by. vibration and surge 
voltages. Yet, lamps with these same vul- 
nerable features are used to energize or to 
illuminate the targets of electromechanical 
indicators. 

The author agrees with the comment made 
by Mr. Dallas that it is common practice to 
use lamps in parallel to provide a more re- 
liable signal indicator. This item should 
have been mentioned in the paper, as the 
telltale device incorporates this idea of using 
two lamps in parallel for each signal indica- 
tion. The fact that it is common practice 
to install signal lights in parallel in airplane 
signal installations and the fact that the 
purpose of the paper was to stress the pri- 
mary objective principles to be used in se- 
lecting signal lights accounts for the absence 
of such secondary requirements in the paper. 


Potential Breakdown of 


Small Gaps Under 
Simulated High-Alltitude 


Conditions 


Discussion and author’s closure of paper 44-29 
by M. J. DeLerno, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, March 
section, pages 109-12. 


R. C. Mason (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The breakdown voltage under uniform 
field conditions, and for values considerably 
larger than the minimum increases only 
slightly less rapidly than does the product 
of gap length and gas density. Near the 


minimum of the familiar sparking-potential — 


curve, the change of voltage with pd is 
slight. For nonuniform fields, however, the 
breakdown voltage for a given electrode 
separation does not increase nearly so 
rapidly as gas density does; and further, the 
variation depends upon the field distribution 
and hence will not be the same for all separa- 
tions of a given electrode system. : 
Thus, ene sees why in Table III of the 

paper the ratio of air-gap breakdown voltage 
at sea level to that at 45,000 feet changes 


from 2.7 to 3.5 with different arrangements. — 


Furthermore, for the change in density repre- 
sented by these two altitudes, of about 7, in 
a uniform field, the breakdown-voltage ratio 
could have been very close to 1 for separa- 
tion near the minimum; -while for larger 
gaps a voltage ratio of 5.5 could have been 
found. Since such a large range in values is 
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possible, it hardly would seem advisable to 
specify a test ratio of 2.7 to 3.5 unless one is 
very sure that all apparatus under all condi- 
tions would duplicate the half-dozen test 
arrangements of Mr. DeLerno. 

The principle of similitude shows in gen- 
eral the impossibility of taking any definite 
ratio for breakdown voltages at two pres- 
sures for practical apparatus of fixed dimen- 
sions, since it is only for geometrically similar 
systems that the functional relation quoted 
by Mr. DeLerno holds. 


L. G. Levoy, Jr. (General Electric Company, 
Schenectady, N. Y.): This paper presents 
some very interesting information which will 
be useful to the designers of aircraft electric 
equipment and also will assist the various 
standardizing groups in setting up stand- 
ards for high-potential testing of devices 
stich as relays, contactors, terminal boards, 
and so forth where the insulation to be 
tested is of the nature of air gaps or surface 
creepage. 

Where solid insulation is involved, such 
as the slot insulation in a motor or generator, 
the altitude factors given in the paper do not 
apply, and care should be taken not to over- 
stress such insulation by conducting sea- 
level tests based on equivalent high-altitude 
high-potential test voltages established by 
air-gap or surface-creepage breakdown phe- 
nomiena, 


M. J. DeLerno: The fact that the altitude 
ratios given in Table III of the paper do not 
apply in cases where solid dielectrics are in- 
volved has been discussed thoroughly by Mr. 
Levoy. In this paper no attempt was made 
to study the effect of altitude on the punc- 
ture strength of solid dielectrics. It is known 
that an increase in frequency causes an 
inerease in dielectric-heating loss and a 
corresponding decrease in dielectric strength. 
Altitude affects corona-starting voltage 
which in turn may affect the ultimate punc- 
ture strength of the insulation. Variations 
in humidity and ambient temperature also 
affect the dielectric constant of solid dielec- 
trices. These factors are sufficient to war- 
rant an experimental investigation to deter- 
mine the effect of altitude on solid dielec- 
trics. 

The point mentioned in Mr. Mason’s dis- 
cussion concerning the inadvisability of us- 
ing breakdown ratios at sea level to 45,000 
feet of from 2.7 to 3.7 unless the tests con- 
ducted on the various specimens represent 
all possible conditions which could exist on 


aircraft equipment is certainly true. No ex- 


ception can be taken with the statement 
that the principle of similitude applies only 
for geometrically similar systems. Whether 
the tests conducted on the various speci- 
mens will represent all possible conditions 
which could exist on aircraft equipment will 
now be discussed. It is first necessary to 
realize that these ratios were established 
only for the purpose of specifying minimum 


_high-potential levels for testing proposed 


208-volt 400-cycle equipment. 

For electrode spacings between one-eighth 
and one-half inch, the ratio at sea level to 
45,000 feet for a uniform field varies from 
5:0 to 5:1. As Mr. Mason points out, for 
nonuniform fields the breakdown voltage 


for a given gap does not increase nearly so 
rapidly with density as it does for uniform 
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fields. Therefore it would seem that a ratio 
as high as this never would be reached for 
the nonuniform field configurations present 
in aircraft equipment for gaps between one- 
eighth and one-half inch. 

Gaps of less than one-eighth inch never 
should exist between conductors having a 
potential difference of 208 volts, because 
such gaps would have potential-breakdown 
values too close to the minimum allowable 
breakdown values. For a one-eighth-inch 
electrode spacing at 45,000 feet, the value of 
pd (gas pressure in millimeters of mercury 
times electrodes spacing in millimeters) is 
346, whereas the value of pd which gives the 
minimum breakdown potential for uniform 
fields is 4.5. These values seem far enough 
apart to say that for a one-eighth inch gap 
the ratio of breakdown potential at sea level 
to 45,000 feet should not approach the unity 
value mentioned by Mr. Mason. 

If the electrode spacing exceeds one-half 
inch, where ratios of 5.5 may exist, the possi- 
bility of breakdown at voltages lower than 
two kilovolts seems quite remote. Glaring 
defects such as carbonized paths, metallic 
short circuits, will appear if a voltage of 
3.7/5.5 of actual rated high voltage is ap- 
plied. It will be seldom that spacings be- 
tween live parts on 208-volt aircraft equip- 
ment will exceed one-half inch. Under these 
conditions it seems justifiable to neglect the 
inaccuracy of applying too low a high- 
voltage level on spacings exceeding one-half 
inch which may be brought about by ratios 
exceeding the 3.7 value mentioned in the 
paper. 


Corona in Aircraft Electric 
Systems as a Function 


of Altitude 


Discussion of paper 44-59 by W. R. Wilson 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, April section, pages 189-94. 


R. C. Mason (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In this paper references are quoted 
to show that sparking (or corona) cannot 
occur at less than 351 or 275 volts, depend- 
ing on which authority one believes, yet, 
experimentally Mr, Wilson found what he 
calls ‘‘corona’’ to start in one case at 80 
volts rms|(113 peak). Is there a real con- 
tradiction here? I believe not. 

For the establishment of a self-maintained 
discharge of a certain type, both experiment 
and theory agree that a definite minimum 
voltage is required. The class referred to is 
a discharge maintained by ionization by 
collision—a term covering a variety of ef- 
fects, some quite familiar and others not yet 
even completely understood. The magni- 
tude of the minimum voltage depends on 
the kind of gas present, the electrode ma- 
terial, and the nature of the surface, and 
only to a small extent on the uniformity of 
the field, For air with most common metals 
as electrodes, the minimum voltage is in 
the neighborhood of 300 volts, or say be- 
tween 250 and 350. Much lower voltages 
can occur, however, for the rare gases with 
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alkali electrodes. The value of 113 volts 
appears to be much too low for air. 

Discharges can be started, however, at 
lower voltages than the minimum mentioned 
previously, if phenomena other than those 
covered by ionization by collision come into 
play. As examples, a heavy-current a-c 
arc may reignite, even with nonthermionic 
electrodes, in a circuit with voltage less 
than the minimum; or an arc can be started 
by an ignitor with quite low voltage ap- 
plied. Then too, current can flow froma cold 
negative electrode by field emission, the 
criterion being the magnitude of the electric 
field at the surface rather than the total 
voltage. Since, in the experiment cited, the 
surface resistance was quite low, it is very 
plausible that ionization in the gas space 
was not the only factor involved. Indeed, 
since the only observation reported by Mr. 
Wilson was made on an oscilloscope screen, 
it is not at all certain that a true gas dis- 
charge existed. 

True corona, using the word in the com- 
monly accepted sense of a discharge involvy- 
ing only the complex known as ionization by 
collision, would not occur with the common 
metals in air at 113 volts; it is perfectly 
possible, though, at 294 volts (208 rms). 


Electric-Circuit Burning-Clear 
and Damage Phenomena 
on Aircraft Structures 


Discussion and authors’ closure of paper 44-58 
by C. M. Foust and J. G. Hutton, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
April section, pages 198-204. 


W. M. Davidson (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In testing aircraft cables to determine 
their ability to burn clear when subjected to 
faults there are many variables. The prob- 
lem in aircraft circuits is even more com- 
plex than in industrial distribution systems 
because of the scarcity of data on the nature 
of faults. In the laboratory logical assump- 
tions must be made to determine compara- 
tive effects of different system voltages, 
available fault current, and the nature of the 
fault itself. 

Mr. Foust and Mr. Hutton have ap- 
proached this problem byisetting up a power 
source which is a replica of a heavy bomber 
system and connecting this source to cable 
faults with closely controlled contact pres- 
sure and restricted cable movement. In 
Figure 2 of the paper the authors show their 
cable arrangement for a phase-to-ground 
fault. The cable appears to be bound over 
most of its length to the rigid supporting 
arm of a small test stand. The writer as- 
sumes that the varying amounts of fault- 
contact pressure were obtained by adjusting 
the position of this arm. Such an arrange- 
ment places the emphasis on contact pres- 
sure and, according to the paper, makes cur- 
rent level the only other important factor. 
This is a fundamental approach to the prob- 
lem, but it does not seem a good approxima- 
tion of actual conditions that might be en- 
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countered in aircraft faults. In the case of 
faults resulting from gunfire there is little 
likelihood that cables may be held against 
the plane structure with more pressure than 
can be supported by the natural flexure 
strength and weight of free cable. In order 
to interpret Mr. Hutton’s tests for faults of 
this nature it would be necessary to deter- 
mine the contact pressure corresponding to 
each cable size and compare it with the pres- 
sures used in these tests. It seems logical 
and more practical to assume a given free 
length of damaged cable arranged in its 
normal position parallel to the structure 
with the faulted end resting lightly against 
the metal surface. By using the same cable 
arrangement at all values of current and 
voltage, the effect of other variables such as 
cable size and air pressure can be compared 
more readily. Also, with the latter arrange- 
ment the cable is free to bounce and re- 
strike as it would under actual conditions. 

An extensive series of d-c and 400-cycle 
short-circuit tests has been made by the 
writer using power sources of adjustable 
fault-current capacity and cable faults which 
approximate actual service conditions. In 
these tests the effect of cable size on contact 
pressure and restriction of motion was pro- 
duced directly. 

If aircraft-cable fault tests were to be 
completely rigorous, it would be necessary 
to include a wide range of fault-contact pres- 
sure, area, and thermal capacity. At one 
extreme are faults caused by frayed conduc- 
tors where only a few strands are in light 
contact with a metal structure. At the other 
extreme are faults where the conductor is 
pinned against a large metal object. In the 
former case thermal capacity in the fault is 
less than in the cable, while in the latter case 
thermal capacity in the fault is greater than 
in the cable. The two types may be termed, 
respectively, “low-thermal-capacity’’ and 
“high-thermal-capacity”’ faults. 

From a large number of tests it has been 
possible to determine approximate current 
levels above which light-contact faults clear 
rapidly with out welds or damage to insula- 
tion and also the levels below which insula- 
tion damage and welds or sustained arcing 
will usually occur. Between these two ex- 
tremes damage may or may not occur, de- 
pending on the thermal capacity of the fault. 
In order to represent the degree of fraying in 
large cables, tests on smaller cables of the 
same cross-sectional area as the active por- 
tion of the larger cable may be taken as an ap- 
proximate criterion. Beyond these extremes 
even high-thermal-capacity faults gave simi- 
lar results, although the time of clearing was 
affected. In all cases of serious damage and 
fire, welding occurred at initiation of the 
fault.’ No welds or damage to insulation 
were observed for currents above approxi- 
mately 2,000 amperes with number 8 
‘American Wire Gauge, 1,000 amperes with 
number 14, and 300 amperes with number 20 
wire. The conducting time associated with 
these currents is in the range between 
approximately 0.1 second for number 20 
and 0.5 second for number 8. For the 
lower levels a maximum clearing time of 30 
seconds was selected, because the damage in- 
volved in a fault of this duration definitely 
would be intolerable, and the corresponding 
currents would be below the minimum safe 
limit. These minimum currents are inde- 
pendent of system voltage. The average 
values from a large number of faults are as 
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follows: 450 amperes with number 8, 175 
amperes with number 14, and 60 amperes 
with number 20. 


R. H. Kaufmann (General Electric Com- 
pany, Schenectady, N. Y.): The experi- 
mental work which forms the basis of this 
interesting paper, presented by Mr. Hutton, 
along with the results of similar investiga- 
tions performed by others, is of immense 
value in building up a good conception of 
aircraft electric fault behavior. 

The reported results give increased im- 
petus to the adoption of a thorough high- 
speed aul'tomatic protective system. The 
factors which I believe to be most significant, 
particularly with respect to low voltage 
(24-30 volt) d-c systems, are: 


1. While many faults may burn clear, an in- 
definite period of arcing (up to several seconds) 
may be encountered, during which time the expul- 
sion of molten metal constitutes a distinct fire 
hazard, and the persistent flow of high current 
detrimentally affects the operation ofthe entire 
electric system. Practical fault-protective equip- 
ment can interrupt automatically the fault-current 
flow within 0.01 second, a condition which would 
limit the energy liberated at the point of fault to 
one per cent of that associated with an arcing fault 
of one-second duration. 


2. Even faults which do clear themselves continue 
to ¢onstitute a hazard. The frayed ends of electric- 
power conductors which have not been de-energized 
can produce repeat faults as a result of vibration 
or movement of personnel within the ship, possibly 
to reach and attend an injured companion. Photo- 
graphs of extensive exterior damage on returning 
ships as widely distributed seem to indicate that 
many internal areas would assume an appearance 
somewhat as illustrated in Figure 9 of this paper. 


3. Some high-current faults may not burn clear 
and thus demand automatic fault interruption to 
allow continued operation of any portion of the 
electric system. t 


C. M. Foust and J. G. Hutton: The authors 
wish to thank R. H. Kaufmann and W. M. 
Davidson for their respective constructive 
discussions on the subject paper. 

As Mr. Kaufmann pointed out, many 
photographs of airplanes damaged in actual 
combat operations have been obtained. 
These indicate that damage of the type 
shown in Figure 9 of the paper occurs in 
practice, and consequently it is expected 
that the type of short circuit and damage 
investigated covers a major portion of the 
range of wiring short circuit and damage oc- 
curring under combat conditions. It is 
hoped that the tests will be of value in de- 
termining the proper design or selection of 
protective equipment. 

With reference to Mr. Davidson’s discus- 
sion, the cable arrangement shown in Figure 
a of the paper was not used in the tests with 
2 circuit of the type given schematically in 
Figure 1. As was pointed out in the text, 
the d-c tests were performed on a portion of 
a “Flying Fortress’”’ and with a replica of its 
electric circuit, no artificial restraint being 
placed upon the short-circuiting cable. The 
cable mounting shown in Figure 9 of the 
paper, though applicable only to the gun- 
fire tests, is indicative of this. 

The movement of the conductor was not 
restricted, except in those cases where in- 
formation was desired on the variation of arc 
length with applied voltage. In Figure 7 is 
shown a series of photographs extracted from 
high-speed moving pictures of the progress 
of a d-e short circuit. The initial position of 
the conductor is shown at a, and its move- 
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ment under the influence of magnetic forces// 
can be observed by comparing this position 
of the conductor with that indicated in 
Figure 7f, where the short circuit has just 
cleared. The majority of tests were per- 
formed with the movement of the conductor 
unrestricted. 

The 28.5-volt d-c tests were completed 
before similar work was commenced on the” 
120/208-volt a-c system. With such an in- 


crease in voltage, once a short circuit was , 


completed, a substantially longer are was 
expected, and the conductor was set up ac- 
cording to Figure 2 to verify this. As soon 
as it was established that the results of the 
d-c and a-c tests were very similar, and that 
in the range of voltages considered the pres- 
sure and current level were the important 
factors in determining whether or not a short 
circuit would clear, the method used in 
applying short circuits in the d-c tests was 
adopted for the a-c tests. The conductor 
was free to move under the influence of mag- 
netic forces and to restrike as long as con- 
ductor or aircraft structure remained to 
establish a short circuit. 

Through a range of pressure and contact 
area the type of short circuit may vary, 
from one involving very light contact be- 
tween the structure and only one or two fine 
strands of conductor, to one involving many 
strands compacted under pressure against 
the airplane structure. The effects of these 
two extreme types of short circuit are readily 
predictable, and hence only few tests were 
made with them. The effects of the inter- 
mediate short circuit are the most trouble- 
some to predict. In these the contact area, 
pressure, and current are such that sputter- 
ing occurs at the short circuit which may or 
may not burn clear. Consequently the ma- 
jority of short circuits were applied in the 
intermediate range. 


Effect of Altitude on 
Electric Breakdown 
and Flashover of 
Aircraft Insulation 


Discussion and author's closure of paper 44-57 
by L. J. Berberich, G. L. Moses, A. M. Stiles, 
and C. G. Veinott, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1934, and published in 
AIEE TRANSACTIONS, 1944, pages 
345-54. 


R. C. Mason (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Paschen’s law, as the authors have 
explained and ernphasized, applies only for 
uniform fields. As the engineer often must 
deal with nonuniform fields, the more gen- 
eral Principle of Similitude, of which 
Paschen’s law is merely a special case, 
really should be the guide in gas-discharge 
work. As applied to gas breakdown, the 
principle of similitude requires all linear 
dimensions of the apparatus to.-be multiplied 
by the same factor which divides the gas 
density, in order for the starting voltage of 
the discharge to be unchanged; it is not 
enough merely to change the separation of | 
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the electrode. Further, with nonuniform 
fields, breakdown voltage is nota function 
of pd alone. 

Consequently, not only for the practical 
reason cited by the authors, but because of 
violation of the principle of similitude, re- 
sults of overpotential tests at sea level can- 
not be carried over directly to high altitudes 
in general, for apparatus which necessarily 
is surrounded by nonuniform fields. To be 
certain of results, one should measure break- 
down voltage at air density corresponding to 
the desired altitude. 

Because, for the rod gaps, breakdown volt- 
age is not a function of pd alone, and also 
V#hi(p)-fo(d), the principle of similitude 
explains the reason different curves exist 
for different separations in Figure 12 (and 
probably also in Figure 18) of the paper. 
Just a casual inspection of Figure 7 of the 
paper is enough to show one that for the rod 
gaps used in this paper the breakdown volt- 
age is not a function of equivalent pd. 

For uniform fields, the d-c breakdown 
voltage above the minimum increases only 
slightly less rapidly than gas density, for 
constant electrode separation. It is be- 
cause of the nonuniformity of field that the 
breakdown voltage reported in this paper 
increases much less rapidly than gas density 
does. 


W. M. Green (United States Army Air 
Forces, Dayton Ohio), C. A. Maple 
(United States Army, Dayton, Ohio), and 
J. B. Crockford (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Altitude-chamber-test results always are 
questioned until tests under actual condi- 
tions show that the chamber results are 
correct. Flight-test results obtained by the 
flight test unit of the electrical branch of the 
equipment laboratory, engineering division, 
Wright Field, Dayton, Ohio, have shown 
that high-altitude brush wear can be studied 
in a properly constructed and operated 
altitude chamber. This organization also 
conducted flight, tests to check the data 
presented in the paper. 

Equipment capable of producing from 
zero to 15-kv direct current was installed in 
an airplane suitable for high-altitude flight, 
and tests were conducted at altitudes of 
approximately 10,000, 20,000, and 30,000 
feet. At each altitude tests were run on 
rod gaps of 3/9, 1/1, 1/s, 1/4, and */. inch 
and the flashover across !/, inch of material 
A of the paper (paper-base phenolic-bonded 
Micarta covered with two coats of iron- 
oxide-filled alkyd-resin paint). Five read- 
ings were taken for each of the five gap 
settings and for the flashover material. All 
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altitude readings obtained are corrected to 
the National Advisory Committee for 
Aeronautics density altitudes. 

Figure 1 of the discussion shows the com- 
parison of the flight-test data with the 
chamber results presented in Figure 20 of 
the paper. At 10,000, 20,000, and 30,000 
feet the temperature of the air through 
which the airplane was passing was minus 
12, minus 26, and minus 53 degrees centi- 
grade, respectively, which indicates that the 
moisture content of the air was low. The 
breakdown and flashover tests were .con- 
ducted at temperatures higher than the 
standard temperatures and less than room 
temperature. Consequently, the flight- 
test data should lie between the dry- 
standard-atmosphere and dry-room-tem- 
perature curves. The actual curve ob- 
tained substantiates this conclusion. 

In Figure 2 of the discussion, the flight- 
test d-c breakdown voltages for the five rod- 
gap spacings are compared with those pre- 
sented in Figure 10 of the paper. Within 
the expected accuracy of ten per cent, the 
curves check well. It is noted that in every 
case the flight-test points are below those 
of the paper. 

From the curves obtained in flight it is 
concluded that chambers can afford invalu- 
able means of predicting d-c flashover and 
breakdown voltages for various altitude 
conditions. 

Further flight tests will be conducted in 
a similar manner to determine the accuracy 
of the a-c breakdown and flashover chamber 
data presented in the paper. 


Victor Siegfried (Worcester Polytechnic 
Institute, Worcester, Mass.): It is interest- 
ing to see that the problem of insulation has 
been carried to high altitudes, with especial 
interest in the matter of desirable spacings 
in air for high voltages. From the Paschen’s 
law relationship, the expectation of re- 
duced strength of air is certain. It is well, 
however, that these actual tests have been 
made, for it is shown that the breakdown 
strength of the air insulation is in the same 
direction but is not in direct proportion to 
the air pressure. 

In evaluating the effect of altitude, the 
one common factor that would apply to all 
gaseous insulation is relative air density. 
If the effects described could be related to 
air density, it will give us a tangible factor 
covering both pressure and temperature as 
altitude varies. In practically all the data 
presented, the strengths of air do not de- 
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crease as rapidly as air density. This is in 
line with some work done on corona loss at 
high altitudes,!:? where the factors are much 
the same, but it was necessary to suppress 
considerations of altitude, as such, and-to 
consider air density. The effect of this fac- 
tor was analyzed and it was found that 
corona starting voltage was proportional to 
the two-thirds power of the air density. 
While this exponent may not apply accu- 
rately at high altitudes, it would seem to rep- 
resent the general effect of the data. I 
suggest this method of representing the 
data as a function of air density so as to 
crystallize the results into a simple repre- 
sentation of the altitude factor. Possibly 
some other exponent will be preferred, es- 
pecially as the effects will differ for different 
configurations. It is certain from data 
taken up to extremely high altitudes, how- 
ever, that this exponent will be less than 
unity. In case of doubt, the linear relation- 
ship will be the conservative one, and actual 
test data will permit reductions of spacings 
beyond that. 
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L. J. Berberich: The authors in particular 
want to thank Captain Green, Lieutenant 
Maple, and Mr. Crockford for their flight- 
test results which materially add to the value 
of our paper. The close agreement obtained 
between flight- and chamber-test results 
indicates that cosmic rays do not affect the 
results appreciably, as was to be expected. 
Since in the flight test, ultraviolet light was 
prevented from irradiating the gap by the 
metal fusilage of the plane, the flight-test 
results give no information regarding the 
effect of ultraviolet light. We therefore 
made some tests at atmospheric pressure in 
which the gap was irradiated with a 
mercury-vapor lamp. These results showed 
that ultraviolet light produced no measur- 
able effect on either the breakdown or 
flashover voltage. Both cosmic rays and 
ultraviolet light, however, are known to 
affect the impulse breakdown because these 
radiations reduce the time lag. 

We are indebted to Doctor Mason for 
extending our discussion of gaseous break- 
down phenomena. The principle of simili- 
tude can be invoked to'explain qualitatively 
why the breakdown voltage decreases less 
rapidly than the relative air density in 
nonuniform fields, but it is extremely diffi- 
cult, if not impossible, to apply quantita- 
tively. Therefore, we agree with Doctor 
Mason that any given electrode configura- 
tion should be investigated experimentally. 

As to- Professor Siegfried’s remarks, we 
can predict from the principle of similitude 
that for nonuniform fields the breakdown 
voltage is related to air density through 
some power less than. one. However, the 
exact relationship between breakdown volt- 
age and air density is very definitely in- 
fluenced by electrode configuration. There- 
fore, we believe that it is fortuitous that our 
data indicate the two-thirds power relation- 
ship found in other work, 
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A Multiplied-Deflection 
A-C Potentiometer 


Discussion of paper 44-21 by R. B. Marshall, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, February section, pages 77-80. 


P. A. Borden (The Bristol Company, Water- 
bury, Conn.): In reading Professor Mar- 
shall’s paper I could not but be reminded 
of the somewhat similar work described in 
a paper which I presented before the Insti- 
tute several years ago.! At that time, how- 
ever, many of the modern units which Pro- 
fessor Marshall has been able to utilize in 
making his apparatus portable were not 
available. Asa result, the apparatus which 
I described could not in any sense be con- 
sidered as portable. It was possible, though, 
with this equipment to obtain extremely sat- 
isfactory results in the measurement of a-c 
quantities where the amount of power ayail- 
able for purposes of measurement was neg- 
ligible in magnitude. 

It might be well at this time to call at- 
tention to the asynchronous method of de- 
tecting a balance condition, which proved 
very satisfactory in a number of the meas- 
urements there described. This involves 
either a dynamometer type of movement 
having its field excited from a source slightly 
out of synchronism with the network under 
measurement, or a permanent-magnet mov- 
ing-coil galvanometer including in its circuit 
a commutator driven at a speed slightly 
above or below synchronism. The use of 
the asynchronous commutator in a measur- 
ing circuit has been described by Chubb and 
Fortescue? and by Bedell,* but neither of 
these makes reference to the utilization of 
the device in the detection of balance, in 
which application the advantage of the 
method is especially apparent. 
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Crossed-Coil 


Power-Factor Meters 


Discussion and author's closure of paper 44-33 
by N. P. Millar, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
24-28, 1944, and published in AIEE TRANS- 
ACTIONS, 1944, June section, pages 294— 
301. 


P. A. Borden (The Bristol Company, Water- 
bury, Conn.): To one who has read the lit- 
erature on power-factor measurement as 
published during the past 30 years, it would 
seem almost impossible that any further con- 
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tribution of value could be produced. Mr. 
Millar, however, appears to have accom- 
plished the task and made a valuable addi- 
tion to the theoretical discussion of the sub- 
ject, and particularly to the laws underlying 
scale conformation. 

It is rather unfortunate that the author, 
after touching upon the subject of power 
factor in unbalanced circuits, has summarily 
dismissed it as presenting a problem impos- 
sible of a practical solution. While it may 
be that the treatments of this subject which 
from time to time have appeared in the 
technical press agree in showing that the 
true mathematical concept (if any) of this 
magnitude does not lend itself to ready ex- 
pression, meastirement, or utilization, yet a 
practical embodiment which has been avail- 
able since the subject first became one of 
general interest is still at hand. The meas- 
urement of reactive power or vars, as ac- 
complished with indicating, recording, or in- 
tegrating instruments having an artificially 
introduced 90-degree phase shift, has proved 
satisfactory in the work of the public utili- 
ties and regularly is made the basis of billing 
fore electrical-power loads. This would 
seem to be the prime requirement; and, if a 
measurement thus based on vector power 
factor is sufficient as a means of establish- 
ing charges for the use of electric energy, it 
certainly should be accurate enough for the 
purposes of an indicating switchboard or 
portable instrument. 

The author has made no reference to that 
form of power-factor meter in which both 
the potential and the current circuit are pro- 
vided with polyphase windings. While it is 
not known that instruments of this type have 
been produced commercially in this country, 
for many years they have been common in 
European practice. A theoretical analysis 
of their operating principles shows that the 
power-factor readings which they provide 
are in agreement with the accepted defini- 
tion of vector power factor, and that they 
remain so without respect to balance or un- 
balance conditions of the load. A conclu- 
sive test of this property of the instrument 
is found in the fact that, if a polyphase load 
be made up of a number of components 
having different magnitudes and different 
power factors, and the power factor of this 
load as a whole be determined by means of 
an instrument of the type under discussion, 
the indication will remain unchanged, what- 
ever distribution of the several load com- 
ponents may be made among the different 
phases of the system. 

The following list of references, deal with 
the practical aspect of determination of 
power factor on an unbalanced load. It is 
interesting to note that vector power factor 
(sometimes called ‘Italian power factor’’) 
while frequently credited to Campos, was 
previously suggested by an American author- 
ity, Burt, in the AIEE TRANSACTIONS. 
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W. N. Goodwin, Jr. (Weston Electrical In- _ 
strument Corporation, Newark, N. J.): Mr. ,. 
Millar’s paper on crossed-coil ratio meters. 
was of especial interest to me, as I had to 
make the same analysis and arrived at the 
same results about 35 years ago when Wes- 
ton power-factor meters were first developed. 
The graphs used by Mr. Millar, however, are 
ingenious and should prove helpful in design- 
ing scale modifications. 2 

Mr. Millar gave consideration to the use 
of the power factors described by him on un- 
balanced polyphase systems, stating that the 
indications of such instruments were mean- 
ingless for unbalanced systems. 

In a discussion which followed Mr. 
Millar’s paper, Perry Borden also referred 
to power factors for unbalanced polyphase 
systems and said that, as far as he knew, no 
American manufacturer had made such an 
instrument, at least commercially. In 1914 
one of my associates, B. P. Romain, and I 
jointly developed a polyphase power-factor 
meter for unbalanced loads, at the Weston 
Corporation laboratory. It was based, how- 
ever, on balanced voltages, and, as is the 
case with other power-factor meters, it was 
also based on sinusoidal current and volt- 
age, but was otherwise correct for any degree 
of current unbalance. 

The instrument actually measures the 
ratio of the reactive volt-amperes to the 
power in watts, which corresponds to the 
tangent of the power-factor angle. That is, 
for example, in a three-phase three-wire cir- 
cuit: 


Tan of phase angle 
ae bl; sin pi + Eels sin 2 + Fal sin os 
Ext cos dit Eels cos d2+L3l3 cos os. 


The instrument was similar to the usual 
polyphase wattmeter in that it had two field 
coils and two sets of movable coils mounted 
on a common staff. Instead, however, of 
having one movable coil for each field coil, 
two crossed coils were used for each field 
coil. Two of the movable coils, one in each 
field coil, which lie in the same plane are 
connected to the circuit in the conventional 
manner as‘a wattmeter, so that the torque — 


' exerted by them is proportional to the actual 


power in the circuit. The other two coils, 
spaced at right angles to the wattmeter 
coils are so connected to the circuit that 


' their currents are in quadrature with the 


currents in the corresponding wattmeter 
coils, and their torque is proportional to 
reactive volt-amperes. The equilibrium 
position therefore, is at the point where 
the two torques balance, at which position 
the ratio of the reactive volt-amperes and 
power is indicated. This ratio now is 
known as vector power factor. When these 
instruments were developed, however, the 
only recognized definition of power factor 
was the ratio of the power in watts to the 
volt-amperes, and, since the instrument did 
not indicate in accordance with this defini- 
tion, it was decided not to offer the instru- 
ment commercially. I believe this decision , 
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was somewhat unfortunate, as vector power 
factor since has been recognized and de- 
fined, and also all other forms of power- 
factor meters indicate vector power factor. 


Paul MacGahan (Westinghouse Electric and 
Manufacturing Company, Newark, N. J.): 
This paper is concerned principally with ex- 
plair ing an analytical approach to the design 
problem of obtaining required scale charac- 
teristics in the phase-angle meters which we 
somewhat» erroneously call ‘‘power-factor 
meters.’”’ All makes of present-day moving- 
coil power-factor meters are derived from 
the electrodynamic single-phase crossed-coil 
type originally described by Tuma in 1897. 
They measure the angle of lag between a 
current and a set of voltage vectors, and the 
scales are marked in cosines of this angle. 
Therefore, strictly speaking, they are not 
power-factor meters at all but can be said 
to read power factor under the ideal condi- 
tion of sine wave and balanced polyphase 
circuits. They can be calibrated readily by 
means of applying variable percentages of 
the normal rated a-c voltage to the two 
moving-coil systems. A Variac, or a, slide- 
wire potentiometer and voltmeter can be 
used as a comparison standard, as indicated 
in the diagram and table of Figure 1 of this 
discussion. The basis for this method is 
closely in agreement with Mr. Millar’s analy- 
sis leading to his data for scale develop- 
ment. Mr. Millar’s instrument, Figure la of 
the paper, differs from the Tuma type in 
having a separate current coil for separate 
moving coils, the latter being adjustable as 
to angle. This angular adjustment is ap- 
parently for the purpose of securing differ- 
ent scale-distribution arrangements. The 
same effect is obtained by electrical means 
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Figure 1.  Three-phase 100-degree-scale 
power-factor meter calibrated by variable- 
voltage method 
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Figure 2 


A. Internal connections of two-phase types F 
and | power-factor meters 

B. Internal connections of three-phase types F 
and | power-factor meters 


in other crossed-coil instruments by insert- 
ing resistance in series with the common 
connection of the moving coils, or by shunt- 
ing one moving coil by a resistance. 

The first American power-factor meters 
were designed by Conrad and myself (pat- 
ent 695,913) in the year 1899 (Figure 2 of 
this discussion) and comprised distributed 
two- or three-phase current-coil windings 
surrounding a moving iron vane polarized 
by a single-phase voltage coil. This was 
intended by the inventors as a power-factor 
meter suitable for moderately, unbalanced 
polyphase systems. But the values read 
under unbalanced conditions were question- 
able and not well understood. This was 
long before we had our modern definitions 
of power factor, var, and volt-ampere on 
unbalanced polyphase circuits, and before 
the days of symmetrical components, 
a method of analysis which might have 
been applied to the action of that early poly- 
phase power-factor meter. The design was 
changed later to have polyphase voltage 
coils and a single-phase current coil, and it 


frankly then became a cosine @ meter the. 


action and calibration of which are clearly 
understandable. This was the predecessor 
of modern circular-scale power-factor me- 
ters. : 

For operating purposes, the simple three- 


‘coil cosine @ type of power-factor meter is 


well accepted, although vectoral types.of un- 
balanced load power-factor meters are avail- 
able in recording types, and as an added fea- 
ture in the familiar recording kilovolt-am- 
pere-demand meters. 


N. P. Millar: In the discussion of this paper 
most of the comments made by P. A. Bor- 
den, W. N. Goodwin, and Paul MacGahan 
are of historical interest and point out the 
ways power factor can be measured on un- 
balanced polyphase systems. ‘ 
There is one impression that I wish to cor- 
rect concerning the measurement of poly- 
phase power factor. In the second para- 
graph of Mr. Borden’s discussion it is inti- 
mated that, after touching upon the sub- 
ject of power factor in unbalanced circuits, 
I had dismissed it as representing a problem 
impossible of a practical solution. It is 
recognized that special instruments are 
available for unbalanced power-factor meas- 
urements, but any detailed analysis or 
treatment of this measurement problem is 
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not within the scope of this paper. Since 
the paper made clear the necessity of the 
balanced condition for polyphase applica- 
tions of the crossed-coil-type power-factor 
indicator, it was felt that it might be of 
value simply to point out the limitations 
of this instrument for unbalanced condi- 
tions. 


Influence of Improved 
Magnetic Alloys on Design 
Trends of Electrical 
Instruments 


Discussion and authors’ closure of paper 44-31 
by M. S. Wilson and J. M. Whittenton, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, March section, pages 100-04. 


Paul MacGahan ( Westinghouse Electric and 
Manufacturing Company, Newark, N. J.): 
The authors have presented one more impor- 
tant exampleof afact that is being recognized 
gradually by instrument engineers—that 
principles of operation having been wellestab- 
lished, and that modern methods of manu- 
facture with highly developed tool equip- 
ment having been more recently applied, 
the designers now look to new materials for 
the next big step in progress. Among new 
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materials, the magnetic alloys are the most 
important which have become available for 
instrument use. 

The first step in this direction was the 
development of the portable oscillograph! 
by J. W. Legg, based upon the use of the co- 
balt magnet steel as developed by P. H. 
Brace.2. This revolutionized the entire art 
of oscillography. 

Since that time, the cobalt steels and later 
the aluminum alloy groups have made pos- 
sible many new applications of commercial 
instruments to measurements not previously 
possible. Examples such as the thermo- 
couple ammeters for radio frequency, the 
rectifier types for audio frequencies and d-c 
microammeters, and low-reading millivolt- 
meters, are now common practice. 
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The further advantages of high coercive 
types of magnets are, of course, their greater 
permanency under adverse conditions of the 
strong demagnetizing fields often found in 
practice. 

As inferred by the authors, the disadvan- 
tage heretofore has been the element of cost 
which restricted the use of the new magnets 
to applications for which the normal sensi- 
tivities obtainable with tungsten or chro- 
mium magnets were not suflicient. This 
greater cost is due to two things: 


1. The greater costliness of the material content, 


2. The much greater cost of machining, drilling, 
and of magnetic treatment. 


Judging by Table I of the paper, the au- 
thors’ new magnet steel can best be compared 
to the standard 36 per cent cobalt steel, over 
which it has roughly a 20 per cent advantage 
in H or a 15 per cent advantage in B X H. 
However, the authors’ reference to the use 
of a modification of Comol for the specific in- 
strument described seems insufficiently defi- 
nite. 

I would like to inquire whether the au- 
thorsrecognizeany cost advantage, in thecase 
of ordinary or normal sensitivity forms, such 
as generally used for conventional d-c volt- 
meters or ammeters, over the scheme of us- 
ing soft-iron pole pieces attached to chro- 
mium-—steel magnets, as shown, for example, 
in Figure 1 of this discussion. 

In the case of high-sensitivity instruments 
which necessitate high-coercive magnets, 
would not the cost advantage of the authors’ 
construction depend upon whether the “‘age- 
hardening” process successfully maintains 
the exact dimensions of the machined mag- 
nets so as to avoid further expensive machin- 
ing? The authors do not give any informa- 
tion on this matter nor on the age-harden- 
ing method itself. It would be of interest 
to many who may not be familiar with this 
term to explain it further. 

The writer is inclined to agree with the 
authors’ remarks concerning laminated 
punched-magnet construction. Here, any 
apparent reduction in direct labor and ma- 
terial cost might be far offset by the expense 
of tool upkeep, and the necessity of each 
lamination being handled and _ processed 
separately. 

The writer may, perhaps, add to the value 
of the discussion by mentioning another per- 
tinent observation which is that these new 
high-magnetic alloys are causing a comeback 
in the use of magnetic damping, instead of 
air damping for instruments. Many of the 
new circular-scale instruments would not 
have been practicable without the use of 
some of these magnetic developments. 
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George Keinath (consulting engineer, Larch- 
mont, N. Y.): In the authors’ paper the 
mechanical factor of merit is given differ- 
ently for vertical and horizontal shaft, the 
weight with the 1.5th power for vertical 
shaft, and the straight weight in grams for 
horizontal shaft. This would mean that for 
weights above one gram there is less fric- 
tion with horizontal shaft. 

It seems to me that the factor of merit 
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Figure 2. ‘Friction 5 
versus factor of merit 
for horizontal- and 
vertical-shaft position 


* To express friction 
in millimeters is not 
correct: It should 
be expressed as a 
force or a momen- 
tum. However, itis 
usual to express de- 
flection changes due 
to friction in milli- 
meters 
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should be calculated without consideration 
of the position of the shaft; however, with a 
vertical shaft much smaller factors of merit 
can be allowed than with a horizontal shaft. 

About 15 years ago I tried to find a rela- 
tion between the allowable factors of merit 
for horizontal and vertical bearings by test- 
ing about 30 instruments from eight manu- 
facturers for friction in horizontal and verti- 
cal position. Although the results were, of 
course, very erratic, they can be put into an 
empirical formula 


Yhor = Yvert + WY Yvert 


This means that we have the same friction 
for an excellent instrument in horizontal- 
shaft position with y =2.0 as we have witha 
vertical shaft with y only = 1.0. A vertical 
shaft with y=0.01 is as good or as bad as a 
horizontal shaft with y=0.23—that is, 23 
times higher. 

Figure 2 of this discussion shows the fric- 
tion versus factor of merit for horizontal- 
and vertical-shaft position. Although the 
points cannot be connected with a curve, it 
can be seen that for a horizontal shaft even 
for a good instrument the factor of merit 
should not be below 0.3 or 0.5, while for ver- 
tical shaft it can go down as far as 0.1 or 
even 0.05. 

The mechanical factor of merit however 
should not be overemphasized. It is only 
good for the manufacturer to compare the 
quality of different design possibilities. The 
user of instruments may sometimes find that 
an ammeter or voltmeter with a factor of 
merit as low as 0.2 is better than another de- 
sign with a factor of merit of 0.4 and higher. 
In other words: the absolute value of the 
factor of merit means very little when ap- 
plied to different designs, and even for simi- 
lar designs its value should not be given with 
exaggerated accuracy, never more than two 
decimals. The quality of materials used for 
the pivots and jewels which cannot be in- 
cluded in the formula are most important, 


L. W. Matsch (Commonwealth Edison Com- 
pany, Chicago, Ill.): This paper presents in 
a manner easy to follow a review of the con- 
siderations affecting the design of d-c instru- 
ments. I would like to see more papers writ- 
ten in this manner presented before the Insti- 
tute. 

However, I have been unable to rerancile 
the relative sizes of the Comol and chrome 
magnets shown in Figure 5 with the data 
listed in Table II. In that table the volume 
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of the chrome magnet is 11.5 cubie centi- 
meters against a volume of 10.6 cubic cen- 
timeters for the Comol magnet. The ratio 
of air-gap fluxes, Comol to chrome is 1,980/ 
1,495 or 1.825, For equal amounts of air- 
gap flux the volume of the chrome magnet 
would be only (11.5/10.6)X1.825=1.574 
times the volume of the Comol magnet. In 
Figure 5 of the paper this ratio of volumes 
seems much greater. The authors state that 
the conventional armature with outside 


ee 


pivots can be used with the Comol magnet. ~ 


From Figure 10 of the paper it would seem 
that the converse is equally true, that is, 
that the inside pivot armature can be used 
with the chrome magnet. If this is true, 
then there are two independent factors in- 
fluencing the size of the new instrument: 


1. Animproved magnet. 


2. Animproved pivot arrangement, 


Was the pivot arrangement the same for 
both instruments of Table IT of the paper, or 
did the instrument with the chrome magnet 
have the pivots on the outside of the arma- 
ture? If the latter is the case, it would seem 
that the superiority of the new instrument 
over the conventional chrome-magnet in- 
strument as indicated by the data in Table 
II is not entirely due to improvement in the 
magnetic circuit. 


M.S. Wilson and J. M. Whittenton: As Doe- 
tor Keinath has mentioned, the mechanical 
factor of merit should be used only to com- 
pare similar instruments and is one factor in 
determining the relative quality of different 
designs. * 

As pointed out by Mr. Goss,! a more ae- 
curate comparison results if the factor of 
merit is taken as 7/W'* in comparing in- 


struments with a vertical shaft and T/W. 


for instruments with a horizontal shaft. 
From a practical point of view these for- 
mulas show that under average conditions 
an increase in the weight of the moving 
system will result in a greater relative in- 
crease in the bearing friction of an instru- 
ment having a vertical shaft than in a simi- 
lar instrument having a horizontal shaft. 

An accurate comparison of the effect of 
friction between. a vertical- and horizontal- 
shaft instrument cannot be made, however, 
without taking into account “all factors 
which cause bearing friction under each 
condition. 

For this reason the factor of merit for a 
vertical-shaft instrument and that for a: 
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horizontal-shaft instrument cannot be com- 
pared directly. For the usual instrument, 
as pointed out by Doctor Keinath, satisfac- 
tory operation can be obtained with a lower 
factor of merit in the case of a vertical-shaft 
instrument than in the case of the horizon- 
tal-shaft type since the friction radius of 
the pivot is inherently less in the former. 

With reference to Mr. Matsch’s discus- 
sion regardin g the relative sizes of the Comol 
and chrome magnets as shown in Figure 5 
of the paper, incomparison with the magnets 
from which the data in Table II were taken, 
it should be noted that the sizes as shown 
in Figure 5 are for the ideal magnet. 

While the dimensions of the magnet 
referred to in Table II are made as close to 
the ideal as practical, they are controlled toa 
large extent by the available space, with the 
result that the maximum amount of mag- 
netic energy may not be obtained for the 
volume of material used. 

As mentioned by Mr. Matsch, it is cor- 
tect that the size of the new instrument as 
well as the characteristics, was influenced 
both by the magnet design and the fact 
that, an armature having internal pivots 
was used. The improved characteristics, 
however, were due primarily to the Comol 
material and the design of the magnet. 

The instrument having the chrome mag- 
net, the characteristics of which were given 
in Table II, was of the conventional con- 
struction utilizing an armature with pivots 
mounted on the outside of the coil. 

Mr. MacGahan has brought out some 
interesting points relative to the use of high- 
coercive-force materials in instruments. 

With regard to the advantage of using the 
Comol material in instruments having nor- 
mal sensitivities, the principal gain is in 
uniformity of design for instruments cover- 
ing a large range of sensitivities. This 
standardization obviously has advantages 
from the manufacturer’s as well as the 
user’s standpoint. 

With reference to the effect of ‘‘age hard- 
ening’ on the dimensions of the magnet 
gap, it has been found in practice that this 
can be controlled sufficiently to obtain satis- 
factory results although minor changes do 
occur. 

Mr. MacGahan suggests that further in- 
formation on the age-hardening process 
might be desirable. 

Briefly, age hardening or “precipitation 
hardening” as referred to in this paper 
might be described as a hardening of the al- 
loy brought about by time or a low-tem- 
perature treatment by which a component 
or components, previously in solid solution 
in the alloy, are caused to precipitate out 
in such a manner as to cause physical and 
magnetic. hardening. Since this is a very 
complex subject and cannot be covered in 
sufficient detail here to be of value, the 


_reader is referred to references 2 and 3 of 


this discussion, if further information is de- 
sired. ; 
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An Eight-Year Investigation 
of Lightning Currents and 
Preventive Lightning Pro- 
tection on a Transmission 
System 


Discussion and authors’ closure of paper 
44-50 by E. Hansson and S. K. Waldorf, 
presented at the AIEE winter technical 
meeting, New York, N. Y., January 24-28, 
1944, and published in AIEE TRANS- 
ACTIONS, 1944, May section, pages 251-8. 


G. D. McCann (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): The data reported in this 
paper are of great value in furthering our 
knowledge of lightning phenomena, par- 
ticularly because of the thoroughness with 
which the investigation has been conducted. 
The installation of surge-crest-ammeter 
links on every tower of the lines studied 
has enabled the determination of the density 
of strokes to the lines and the variation of 
this with time and location. This is one 
of the most fundamental factors in the 
lightning performance of transmission lines 
for which little information has been avyail- 
able from any other source. . 

The small number of discharges recorded 
at station lightning arresters indicates the 
effectiveness of well-protected lines in pre- 
venting surges at stations. However, in 
the lightning investigation being conducted 
co-operatively by a number of utilities and 
the Westinghouse Company, it has been 
found that quite frequently magnetic links 
supposedly capable of recording currents as 
low as 200 or 300 amperes will not show the 
presence of surge currents as high as 800 
amperes. This is thought to be due prin- 
cipally to demagnetization by the propor- 
tionately high arrester power follow currents 
as compared with the low surge currents. 

The lightning arresters being studied 
have been equipped with various recording 
devices, some of them capable of measuring 
currents as low as 0.1 ampere. Most of 
the study is being conducted on lower- 
voltage circuits than those reported in this 
paper. However, during a one-year period 
at two substations connected to 110- and 
182-kyv shielded lines, eight arrester dis- 
charges were recorded, none of which gave 
an indication on the magnetic links de- 
signed to record down to 200 amperes. 
It has been found that, for station arresters 
on 22- to 33-kv circuits connected to ex- 
posed unprotected lines, about 50 per cent of 
the arrester discharges are below 800 
amperes, and about 60 per cent of these 
would not have been detected by the surge- 
crest-ammeter links. 

An analytical study that has been made 
of the effect of indirect strokes on trans- 
mission lines! provides direct data on this 
point. Figure 33 of reference 1 of this 
discussion indicates that most of such dis- 
charges on-a well-shielded line are due to 
indirect strokes. For lines of the 110- to 
132-kv class an average of one to three 
discharges per year is indicated at the end 
of a single line. It is true that most of 
these will not impose serious duty on 


Discussions 


station equipment; however, experience 
over long periods of time, with either un- 
protected or inadequately protected trans- 
formers connected to well-shielded lines, 
has shown that a certain percentage of these 
can cause winding failures. 

Table X of the paper presents data on 
the maximum value of surge impedance of 
an overhead ground wire. These data are 
based on measured values of crest-tower 
currents and calculations of the voltages 
that strokes to a ground wire can produce 
on the ground device and the phase con- 
ductors. Two of the most important 
factors in such calculations are the wave 
front of the stroke current and the voltage 
induced on the phase wire. It is not 


thought that sufficient data were available 


on these factors to provide a reasonable 
estimate of surge impedance. For instance, 
with the span lengths considered, a one- 
microsecond wave front must be assumed if 
the midspan ground-wire voltage is to be 
anywhere near the product of the surge 
impedance and crest-surge current. It has 
been found in the Westinghouse investiga- 
tion that about 70 per cent of all strokes 
have fronts exceeding two microseconds. 
If a value of two microseconds had been 
used, the surge-impedance figures of Table 
X would have been doubled, since the mid- 
span voltages then could be only one-half 
the values actually calculated. The authors 
also point out the absence of midspan flash- 
over, indicating it to be due to the low surge 
impedance. It is thought, however, that 
the principal reason for good line per- 
formance in this respect is because midspan 
clearances usually have been calculated 
on the basis of a one-microsecond front, 
whereas, most strokes have longer fronts. 
Such calculations, therefore, have been 
quite conservative. 
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E. R. Whitehead (Duquesne Light Com- 
pany, Pittsburgh, Pa.): Hansson and 
Waldorf deserve the gratitude of all trans- 
mission engineers for their persistence in 
collecting, analyzing, and presenting such 
valuable data under present conditions. 

The data of Table III of the paper are 
of especial interest to those concerned with 
estimating the performance of transmission 
lines, and a cursory examination of those 
for line A suggests that the application of 
certain principles of probability theory 
might furnish a fair estimate of the limiting 
stroke frequency. Whenever new or 
modernized lines designed for improved 
lightning protection are placed into service, 
there is a great deal of interest in their 
performance for a few years, while the de- 
sign details are fresh in one’s mind, and it is 
frequently difficult to give an adequate 
explanation of the probable variations in 
performance. ? 

As an illustration of this problem, I 
should like to cite the performance of two 
groups of transmission lines on the Du- 
quesne Light Company’s 66-ky system. 
A total of 24.4 miles of double-circuit steel- 
tower construction was rebuilt with six 
insulators on wood arms, a greatly elevated 
shielding wire with an angle of about 27 
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degrees, and an underline ground wire to 
provide high coupling. In three years of 
service there were two tripouts, one of 
which was known to be caused by flashover 
on the rebuilt line, and one which could 
have been on a tapped line having poor 
shielding. Since the predicted flashover 
rate was 0.71 per year compared with the 
observed rate 0.67, it might seem as if the 
method of calculation were quite accurate. 

Now a second line 28.4 miles long was 
rebuilt with exactly the same shielding and 
coupling wires and number of insulator 
units, but without the wood arms. In 
two years of operation this line has ex- 
perienced eight tripouts, or a rate of four 
per year, compared with the predicted rate 
of 2.3 per year. Here it might appear that 
the method of prediction was very poor 
indeed. In this latter case there are known 
to be a number of towers with air clearances 
below design standard which cannot be 
corrected under present conditions, and one 
flashover was located at one of these points. 

When the data furnished by the authors, 
coupled with statistical principles, are 
applied to the performance data given in 
this discussion, the difference becomes 
understood more easily. 


R. L. McCoy (Locke Insulator Corporation, 
Baltimore, Md.): Hansson and Waldorf 
again have made a significant contribution 
to the accumulation of knowledge and 
information regarding the design and 
operation of high-voltage transmission sys- 
tems. They are to be congratulated on 
the scope and thoroughness of this long- 
tange investigation on which they have 
reported periodically through various chan- 
nels of technica! expression. 

Of particular interest is the random na- 
ture of the lightning-stroke variation on 
the same line from year to year, as well 
as the information obtained regarding 
individual tower histories over relatively 
long periods of time. As the authors so 
ably have pointed out, this shows the 
danger of drawing conclusions hastily from 
information accumulated on this subject 
over a period of two or three years. 

I should like to ask the authors three 
questions bearing generally on the subject 
of this paper, their opinions on which would 
be valuable in making recommendations 
for the construction of future lines. 


1. It is inferred that the benefit accruing from a 
counterpoise system can be measured almost 
entirely, as it contributes to reduction in footing 
resistance down to the point where the footing 
resistance is equal to or less than !/10 of impulse 
flashover of the insulators. When a line is to be 
constructed in deep sandy soil, where even an 
extensive counterpoise system would not yield a low 
footing resistance, would they recommend that the 
counterpoise system be dispensed with in favor of 
deep grounds constructed at each structure to attain 
low footing resistance? It is conceivable that, 
under these circumstances, obtaining low re- 
sistance in this manner might not result in low 
impedance from the ground wire to ground because 
of the distance to the true ground plane. Since 
it is recognized that this is a difficult problem to 
which there generally has been no definite answer, 
do the authors’ experience and data indicate any 
trends which would help on this problem? 


2. In making recommendations for the con- 
struction of lines, one is always confronted with 
the economic balance between the cost of a flash- 
over and the attendant outage and the cost of pre- 
venting it. I note that on the 220-kv system the 
authors believe the protection provided is about 
99.9 per cent efficient, based on 11 years operation. 
It is pointed out that improved protection would 
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be necessary to attain perfection. If a system is 
considered where continuity of service is important 
as it is on theirs, and based on the operating ex- 
perience obtained, do the authors think that 
further improved protection can be obtained 
economically? 


3. If the lines are taken as a whole or split up as 
to voltage and type of construction, it would be 
interesting, if the authors would care to disclose 
it, to know the average cost per mile of the counter- 
poise and ground-wire system. 

The information contained in the ap- 
pendix of the paper, showing sample calcu- 
lations for estimating the performance of 
any type of construction as to lightning 
outages, is interesting. The results in the 
cases calculated show good agreement 
between calculated and realized perform- 
ance, when the nature of the problem is 
considered. These calculations are based, 
of course, on known occurrences in a given 
area over a period of several years. In 
other areas where such information is not 
available it would be impossible to make 
a calculation on exactly this basis. Do 
the authors think that weather-bureau data 
as to the frequency and severity of lightning 
could be used and interpreted into their 
experience to give a very rough estimate of 
the projected performance of a line, if the 
range of footing resistances were assumed 
and the counterpoise ground-wire—insulation 
combination were known or assumed? 


M. S. Oldacre (Commonwealth Edison 
Company, Chicago, Ill.): As a result of 
the extensive research over the past 15 
years on the subject of lightning phenom- 
ena, the protection of overhead lines 
against lightning has approached an engi- 
neering basis. Thus, it is possible today 
to design transmission lines, the degree of 
immunity from lightning troubles of which 
can be estimated with a fair degree of ac- 
curacy. It becomes, consequently, of the 
greatest interest to the design engineer to 
follow the performance of such lines to 
determine how well their operating records 
fulfill his engineering predictions. The 
authors of this paper have made a compre- 
hensive study along these lines, and their 
findings-indicate that these relatively new 
design methods are surprisingly accurate. 
Although, of course, this is not the first 
published study of this type, it seems unique 
in rounding out the story of an engineering 
project begun several years ago by the au- 
thors of this paper. 

The question of midspan flashovers has 
never been settled adequately. Theo- 
retically, it has been considered possible 
for strokes to midspan to cause flashovers, 
and a number of lines have been built with 
differential sagging between ground wires 
and phase conductors to provide high insu- 
lation levels at midspan. The authors 
present data to show that fairly severe 
strokes can contact the ground wires of 
extra-high-voltage lines at midspan with- 
out causing flashovers. I am inclined to 
object, however, to their paragraph 19 
under “Summary,” regarding a change in 
ideas as to the surge impedance of overhead 
wires, which may be misleading. The low 
surge impedances obtained from the data 
in Table X of the paper by no means would 
hold if all pertinent factors, including 
coupling between phase and ground wires, 
incomplete cancellation of voltage by the 
returning ground-wire wave, and the surge 
impedance of the lightning stroke itself, 
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ay 
If we include 
these factors and use calculated surge im- 
pedances of the wires, the conclusion is 
reached that no flashovers should have 
occurred, as was the case, for any of these 


are taken into account. 


records. As a matter of fact, the absence 
of flashovers at midspan, as well as at the 
towers, seems easily explained by the rela- 
tively conservative design of the line. Pre- 
sumably, this was either line A or F which, 
according to Table XII of the paper, had 
a perfect lightning record. It is agreed, 
nevertheless, that large midspan spacings 
may be justified as a means of preventing 
sleet troubles. 

The operating record of our 220,000-volt 
Powerton—Crawford line, placed in service 
in 1940, may be of interest. In spite of the 
fact that sleet formation and conductor 
galloping have been observed on this line, 
they have caused no outages. At one sec- 
tion of the line, ice that had fallen off the 
wires had been found that had a maximum 
thickness at one point of about seven- 
eighths inch. As far as lightning per- 
formance is concerned, there have been no 
outages definitely attributable to lightning. 
In April 1942 the line tripped at a time when 
lightning was observed near the north end. 
However, records of fault current indicated 
a ground fault 80 or 90 miles from the 
north end, so that some doubt exists as to 
the actual cause of tripout. No burns 
could be found on the wires when a survey 
was made at the indicated location of the 
fault. 


R. H. Golde (The British Electrical and 
Allied Industries Research Association, 
Greenford, Middlesex, England): By con- 
tinuing their statistical investigations and 
presenting them in such a lucid manner, 
the authors have done a great service to 
all those concerned with or interested in the 
protection of high-voltage transmission 
lines against lightning hazards. As the 
authors show so well, the frequency of 
lightning strokes to individual parts of a 
transmission system varies so greatly in 
different years that only long-term observa- 
tions are capable of providing a clear picture 
of the susceptibility to lightning incidents 
and of the variation of their severity. All 
the factors covered in the paper warrant 
comments but considerations of space limit 
the following remarks to such points only 
as either appear to require further elucida- 
tion or give rise to additional queries. 
The vexed question as to whether there 
do or do not exist particular stretches of a 
transmission line which are exceptionally 


prone to lightning is tackled by the authors © 


in the most suitable manner, that is, by 
examining the number of times individual 
towers actually were struck. Table IV 
of the paper thus leads them to the con- 
clusion that the distribution of lightning 
strokes occurs at random. If it is assumed 
now that this statement is mathematically 
correct, Table I of this discussion is obtained 
in which the numbers of towers which should 
have been struck once or more, twice or 
more, and so forth, are calculated according 
to the law of probability and compared with 
the authors’ counts which have been re- 
arranged accordingly. é 
There exist various ways to explain the 
deviations which appear in Table I, par- 
ticularly on line B. The fact that the 
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observed results show, in general, lower 
values than expected in the cases of more 
frequent strokes to individual towers, 
however, may suggest that some such 
repeated strokes did actually occur but 
remained unnoticed, owing to the inability 
of magnetic links to record the occurrence 
of repeated current discharges. 

The frequency distributions of tower 
currents due to lightning, which are shown 
in Figures 2 to 4 of the paper, suggest a 
curve of the double-hump type with the 
second hump at about 30 kiloamperes. 
The great number of observations on which 
these curves are based leads the authors 
to the suggestion that ‘there may be two 
types of lightning discharges.”” Now, com- 
prehensive investigations! have shown such 
a consistency in the characteristics of light- 
ning ‘discharges all over the world that a 
departure from the accepted picture would 
be most important. Before accepting this 
explanation, however, it may be useful to 
mention that the distribution curves 
shown comprise in fact tower currents 
due to two different causes, that is, currents 
produced by direct strokes to towers and 
the higher tower currents discharged in 
consequence of strokes to an earth wire 
somewhere along the span. An independent 
investigation of the distribution of lightning 
currents shows that, for equal current 
amplitudes in the lightning channel, these 
two types of tower current may be in the 
ratio of up to 2 to 1, this ratio decreasing 
with increasing footing resistances. It 
follows that the distribution curves of tower 
currents due to the two types of strokes 
mentioned are bound to differ, and it may 
well be possible that they are the reason 
for the double-hump curves found by the 
authcrs. In any case, a further detailed 
examination of the individual cases would 
appear necessary before the suggestion of 
two different types of lightning discharges 
could be accepted. 

The unequal subdivision of the currents 
discharged through individual tower legs, 
which is clearly presented in Table VII of 
the paper is rather startling, particularly in 
the high-current range. Usually the un- 
equal current distribution is explained by 
variations in the earthing resistances of the 
individual legs, but, under investigation, 
this explanation should not apply to most 
of the towers of the lines which are provided 
widely with symmetrical systems of counter- 
poise wires. It would be most interesting 
to learn from the authors whether the high 


currents given in Table VII are observed | 


in towers without counterpoise, and whether 
a further subdivision of the ratios of leg 
currents into towers without and with sym- 
metrical counterpoise might confirm the 
aforementioned suggestion. 

The authors’ experience as to simul- 
taneous disturbances on two parallel lines, 
the towers of which are bonded by means 
of a counterpoise, are most interesting. 
Actually, it appears that such bonding 
may even have harmful effects in that any 
stroke to one line impresses the same po- 
tential on both systems and thus enables 
simultaneous back-flashovers to occur. In 


_ the absence of bonding, a certain potential 
_ drop would occur in the earth between the 
‘towers, and. this certainly would reduce the 


likelihood of a back-flashover on the un- 
affected line. In soil of high resistivity it 
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the tower positions of parallel lines so as 
to reduce the coupling through earth to a 
minimum, 

The value of the surge impedance of an 
overhead earth wire appears to be too well 
established to permit of any deviations from 
theory. While occurrence of corona at the 
potentials quoted in Table X of the paper 
may reduce the surge impedance to values 
of about 350 ohms, a further reduction 
appears unlikely. The solution of the 
mystery appears to be in the authors’ tacit 
assumption of lightning currents reaching 
their peak valties after about one micro- 
second. All data available! suggest a 
front duration of about five to six micro- 
seconds for the average lightning current, 
and, though steeper current rises certainly 
do occur, they just do not reach the 
values of over 70 kiloamperes per micro- 
second required by the authors’ calcula- 
tion, or, if they ever do, their frequency of 
occurrence is very small. It thus follows 
that the flashover voltages assumed in 
Table X should be divided by only a frac- 
tion of the total currents indicated, and 
this will result in maximum values for the 
surge impedance well above the value of 
about 350 ohms. However, it should be 
added that the authors are quite correct 
in their suggestion that customary dis- 
tances between earth and phase wires are 
ample, with respect to the risk of flashovers 
at midspan. 

The authors’ method of calculating the 
probability of back-flashovers is very useful 
and bound to give results of the correct 
order. In the detailed calculation of the 
number of flashovers on a particular line, 
there appear to exist, however, two slight 
errors which, by coincidence, roughly 
cancel each other, thus giving the correct 
answer. As mentioned previously, the fre- 
quency distribution curve of tower currents 
given in Figure 2 represents the sum of two 
different distributions which are based on 
strokes to towers and earth wires, re- 
spectively. Therefore, it is not strictly 
correct to apply this curve to the calculation 
of the probability of ‘back-flashovers due 
to strokes to towers or earth wires, as 
given in the appendix of the paper. Sec- 
ondly, in the case of the line without earth 
wire, it is assumed that 20 per cent of the 
strokes hit the towers and 80 per cent the 
phase wires. This assumption is based on 
model tests which have been shown liable 
to give misleading results.2 Actually, from 
some analytical work it appears that the 
ratio of strokes to towers and earth wires 
suggested by these model tests is quite 
erroneous, — 
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I should not wish to end these remarks 
without expressing the hope that the authors 
will continue their most valuable observa- 
tions, and that they will again publish them 
as soon as sufficient data have been accu- 
mulated. 
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E. Hansson and S. K. Waldorf: Mr. Mc- 
Cann has pointed out limitations of surge- 
crest-ammeter links when the links are 
mounted on lightning arresters. Obviously, 
serious errors can result if the records from 
such installations are used to estimate the 
number of arrester operations. However, 
if the data are used to determine the upper 
limits of current which arresters discharge 
under different operating conditions, the 
result is likely to be fairly reliable and 
useful. 

Mr. McCann and Mr. Oldacre both point 
out that the surge impedance of an over- 
head ground wire, as given in section 9 of 
the paper, is not the theoretical surge 
impedance. The authors intended it to 
be only a practical factor derived from 
actual field data which, when applied to a 
crest current, gives a conservative estimate 
of the voltage to be expected at midspan. 
When used in this way, this factor is com- 
parable with the d-c-tower footing resistance 
used with a crest current to determine tower 
potential. 

Mr. Oldacre, in his comments on the per- 
formance of the Powerton—Crawford line, 
mentions a difficulty which is quite common 
in the operation of transmission lines—that 
of locating the point of flashover when 
tripout occurs. If the operation of lines 
is to be improved progressively, it is im- 
portant that the location of such troubles 
be found. Flashovers are so rare on modern 
high-voltage lines, that their few remaining 
weaknesses will not be uncovered unless 
every fault is traced to its source. For 
instance, a tripout of line A mentioned in 
the paper occurred in 1948 during a lightning 
storm. Although experienced patrolmen 
supplied with information from automatic 
oscillographs and records of surge-crest- 
ammeter links on every tower could not 
find the point of flashover, the search was 
not given up. The patrolmen continued 
their examination of the line on their regular 
patrols; and the point of flashover was 
located some days later by the discovery of 
a chipped insulator. Apparently the sun 
had to be at a favorable angle for the spot 
on the insulator to be seen. This discovery 
was of some importance, because a. flashover 
at this point revealed an unsuspected limi- 
tation of shielding. 

Mr. McCoy asks four questions, the first ~ 
one concerning the relative merits of deep- 
driven ground rods and a counterpoise 
system. Unless a conducting layer can 
be reached by ground rods of reasonable 
length, the counterpoise is to be preferred. 
The reason for this preference is that the 
authors have no knowledge of any experience 
with ground rods in deep sandy soil, where- 
as, there have been unpublished reports of 
satisfactory operation of the Boulder Dam 
lines. These lines traverse a dry and 


465 


sandy desert, and the towers are grounded 
with a counterpoise system, 

The second question asked by Mr. 
McCoy concerns the possibility of providing 
220-ky lines with perfect lightning pro- 
tection. It would be foolhardy to recom- 
mend steps that might be taken to provide 
100 per cent efficiency of protection, because 
making such a recommendation would imply 
that everything is known about lightning. 
However, experience with line A, which 
has been operating for 12 years with two 
flashovers, gives some hint of how perfect 
operation might be approached more closely. 
The first lightning flashover on this line 
occurred in 1933 at a tower having a footing 
resistance of 25 ohms. This situation 
obviously could (and has been) taken care 
of by providing lower footing resistance. 
The second flashover of this line occurred 
in 1943 at-a tower on the side of a hill 
having a slope of about 30 degrees to the 
horizontal. The work done on shielding 
by Wagner and McCann indicates that the 
shielding on the down-hill side of this line 
was neutralized partly at the point of 
flashover by the slope of the ground. This 
circumstance suggests a way in which a 
new line might be improved over the exist- 
ing line, that is, by varying the position of 
the overhead ground wires on the towers 
to provide a uniformly high degree. of 
shielding, no matter what the topography 
may be at any point. It must be borne 
in mind that occasional flashover might 
still occur, caused by some as yet unknown 
effects, even though the best present-day 
design information were utilized. In short, 
there is not yet sufficient information avail- 
able about lightning to state with any 
certainty what is needed to obtain per- 
fectly lightning-proof lines. 

In answer to Mr. McCoy’s third ques- 
tion, an average of 150 man-hours is re- 
quired to install counterpoise on one mile 
of line. This, of course, varies with the 
number of conductors installed. The ma- 
terial costs 75 dollars per mile or more, 
depending on the kind used. The cost of 
adding overhead ground wires to lines can- 
not be estimated, except for specific struc- 
tures. 

Mr. McCoy’s fourth question relates to 
the predetermination of lightning outages 
in territory where the lightning-storm 
frequency and severity are different from 
those on the system studied. A good 
approximation probably can be obtained 
if the calculation is made as outlined in the 
appendix of the paper, except that the 
stroke frequency should be corrected for 
differences in storm frequency as determined 
from Weather Bureau data. The average 
thunderstorm frequency on the transmis- 
sion system, which is the subject of the 
paper, is 35 per year, with an average 
stroke frequency of 113 per 100 miles of 
line per year, as shown in Table II of the 
paper. For example, if the Weather Bureau 
data indicate a thunderstorm frequency of 
25 per year on some other system, the stroke 
frequency used in estimating performance 
would be 25/35 of 113, or 81 strokes per 
100 miles of line per year. 

It is gratifying that Mr. Whitehead has 
been able to use some of the data given in 
the paper for judging the value of changes 
in the protection on a transmission line. 
It is hoped that, as time goes on, others 
will find the data useful. 
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Transmission and Relaying 
Problems on the Fort 
Peck Project 


Discussion and authors’ closure of paper 44-13 
by Erik Floor, H. N. Muller, Jr., and S. L. 
Goldsborough, presented at the AIEE winter 
technical meeting, New York, N. Y., January 
94-28, 1944, and published in AIEE 
TRANSACTIONS, 1944, May section, 
pages 209-14, 


A. R. van C. Warrington (General Electric 
Company, Philadelphia, Pa.): I. should 
like to congratulate the authors on their 
interesting paper describing the adaptation 
of the constant mho circle to the balanced 
beam type of relay, which I understand was 
applied at Fort Peck last summer. 

These characteristics used by, the authors 
for zone 3 have been used for zone 3 in the 
standard General Electric distance relay for 
about 15 years. They have also been used 
as zone 1 for many years in the CEX distance 
relay built for the Pennsylvania Railroad to 
distinguish between faults and heavy loco- 
motive starting currents and, more recently, 
on the 270-mile Midian-Omaha line to pre- 
vent operation on power swings. 

The advantage of the offset or constant 
mho circle is that its ohmic reach sideways 
on power swings is only half its ohmic reach 
on faults whereas the ordinary impedance 
relay operates on the same value for both 
conditions, that is, is twice as vulnerable to 
power swings. 

I presume the reason why the authors did 
not use the offset circle for zone 1 was be- 
cause their beam-type relay has zero torque 
on a nearby fault with substantially zero 
potential when the circle passes through the 
origin. 

The authors state that this condition can 
be overcome by unbalancing the J? torques 
which means that, at very low voltage, the 
unit becomes a nondirectional instantaneous 
overcurrent relay. The directional action 
can be restored by means of an external 
directional relay which also will have zero 
torque at zero voltage unless provided with 
“‘memory action.” 

It would be interesting to prospective 
users to know the burden imposed by the 
potential circuit of these relays and how it 
varies with the current magnitude and phase 
angle. 


W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The transmission problems encountered in 
connection with the Fort Peck project 
bring up interesting questions on system 
planning. For the initial development 
described, the generator capacity is 35 
‘megawatts, the capacity of the step-up 
transformer is 50 megavolt-amperes and 
that given for the step-down unit at the 
receiving end of the line is 60 megavolt- 
amperes, whereas the thermal ability of the 
transmission line is approximately 200 
megavolt-amperes. This line is mentioned 
as the “‘initial’’ transmission, and since the 
present generator and line are unstable for 
all faults on the adjacent system which in- 
volve more than one phase, is it planned that 
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two additional 161-kv lines, each 288 milés 
long, will be installed for the two future 
generators? If so, the reasons determining 
the choice of the present conductor size (477 
thousand circular mils steel-reinforced alu- 
minum cable) would be of interest. 

The improved distance relay character- 
istics developed in connection with this long 
line installation should find wide application 
on shorter lines also. Certainly the con- 
stricted ‘‘mho”’ circle with only its radius 
rather than its diameter reaching toward 
the danger zone of swing current operation 
is a marked improvement over a theoretical 
circle of pure impedance. An immense 
improvement is provided over the conyen- 
tional ‘‘impedance” elements in common 
use which have circles so distorted that the 
relays are about twice as sensitive to load 
swing current as to fault current. The - 
general nature of this characteristic is men- 
tioned in the authors’ reference 1. It is 
therefore hoped that the new mixing trans- 
former is suitable for the inexpensive con- 
version of existing ‘‘impedance”’ relays since 
in so many instances they fall so far short of 
developing the emergency capability of the 
protected transmission line. 

The following questions are asked re- 
garding the relaying features of the project: 


1. What is the range of relaying speed at the 
Rainbow substation on which the stability studies 
are based? 


2. The carrier-current application shows the use 
of the restricted circle even for the unit which 
initiates carrier transmission. In the case of 
medium length lines, would a simple impedance unit 
be as satisfactory? 


3. What is the percentage of error by which the 
beam element deviates from a perfect circle at any 
point? 


4. How does the accuracy of the beam element 
vary when the relay voltage varies from 10 per cent 
to 90 per cent? 


5. Can the new mixing transformer be used for 
the inexpensive conversion of existing ‘“‘impedance’”’ 
relays? 


J. G. Holm (Boston Port of Embarkation, 
Boston, Mass.): The authors present in 
their paper a very interesting case of a shunt _ 
reactor on the generator bus of a long single- 
circuit transmission line. As far as I 
know, this is the first case when the applica- 
tion of a shunt reactor to a transmission sys- 
tem has been reported in this country. A 
shunt reactor on the generator bus has been 
reported on a line in France! where its 
operation proved to be most satisfactory, 
but no such reactors are known to have been 
installed in this country. 

It is gratifying to learn that the shunt re- 
actor on the Fort Peck, line permitted it to 
be synchronized at either end, lowered the 
voltage rise inherent to the line to three per 
cent from the 31 per cent obtained for the 
case with no reactor, and increased the line 
steady-state and transient-stability limits. 

Several thoughts, however, arise in the 
direction of further improvement of the 
effectiveness of the shunt reactor and of the 
operation of the Fort Peck line. 

The percentage increase in the stability 
limits in system b over system a is approxi- 
mately the same for both the transient- and 
the steady-state limits. Study of the shunt 
reactor shows that when its kilovolt-amperes 
and those of the generator are properly co- 
ordinated the steady-state stability limit in- 
creases in proportion more than the tran- 
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sient-stability limit. If this was not obtained 


on the Fort Peck line, it is probably because 


the shunt reactor appears to be somewhat 
too big in comparison with the one generator 
presently installed. In the future when a 
second generator will be installed at Fort 
Peck the two stability limits of the line will 
raise considerably, and the steady-state 
limit in all probability will raise more than 
the transient limit. The shunt reactor in- 
creases the system excitation voltage more 
than it increases the total system transfer 
reactance, the two factors acting in opposite 
directions insofar as stability limit is con- 
cerned. The resulting increase obtained in 
the stability limit is accompanied by lower- 
ing the power factor at the generator bus. 
And since the generator must supply the line 
with the same amount of active power as 
when the shunt reactor is not connected, 
additional generator capacity is required to 
accomplish this, and to do it without undue 
overheating the generator. This is why the 
contribution of the shunt reactor to the in- 
crease of system stability limits will be con- 
siderably greater when the second generator 
is installed at Fort Peck than is the case at 
present. The proper size of the shunt re- 
actor to be installed as well as the required 
increase in generator kilovolt-amperes, may 
be calculated from the ratio of the total sys- 
tem transfer reactance without the shunt 
reactor on the bus to that with it.! 

The second generator at Fort Peck will 
permit the system operation at a level above 
85 per cent of the steady-state limit, it will 
probably permit a safe sailing through a 
double-line-to-ground fault at the Rainbow 
substation, and perhaps it will maintain 
stability when a line-to-ground fault occurs 
at the sending-end of the line. 

With the kilovolt-amperes of the shunt 
reactor and the generator not quite in bal- 
ance, it seems off-hand that had the 15,000 
kilovolt-ampere reactor been installed on 
system c the system stability condition 
would be somewhat better than that ob- 
tained at present on system 0, because of the 
smaller charging kilovolt-amperes required 
by system c. 

As long as the Fort Peck line has to oper- 
ate with one generator only, its operation 
under fault conditions could be improved by 
using high-speed circuit breakers jointly 
with carrier-current relaying, and especially 
by employing single-pole reclosing switch- 
ing. 

It is hoped with the authors that the use 
of shunt reactors on the generator bus of 
long transmission lines will increase, for the 
benefits derived from them are very great 
indeed. 


REFERENCE 


1. Srasiity Stupy or A-C PowER TRANS- 
MISSION Systems, J. G. Holm. AIEE TRAnsac- 
T1ons, volume 61, 1942, pages, 893-905. 


H. N. Muller, Jr., and S. L. Goldsborough: 
The authors wish to thank J. G. Holm for 
further evidence confirming the application 
of large’ shunt reactors to electrically long 
high-voltage transmission systems. His com- 
ments render an interesting discussion of the 
optimum proportions of a shunt reactor to 
gain a maximum in power limits. The 
authors did not intend to infer that the Fort 
Peck shunt reactor application was the 
_ first such installation to be affected in this 
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country. The use of such a device on 
transmission lines has been previously re- 
ported in the United States. 

High-speed single-pole reclosing was not 
considered for the Fort Peck 161-kv line 
since existing power utilization did not re- 
quire the utmost in service continuity. It 
was necessary, however, to consider sta- 
bility for faults on the 105-kv system of the 
Montana Power Company since there isa 
multiplicity of lines connected to the re- 
ceiver bus, and instability resulting from 
faults on these lines would render the inter- 
connection entirely too undependable. 

Mr. Brownlee has raised several ques- 
tions with respect to transformer and trans- 
mission facilities. It is unusual in appear- 
ance that the generation, step-up and step- 
down transformers, and line capacities 
should be so divergent. This condition 
results from the fact that the two banks of 
large power transformers were installed, and 
the 161-kv transmission line was built, 
originally to furnish power from Rainbow 
substation to Fort Peck for dam construc- 
tion. Therefore, entirely different circum- 
stances dictated the choice of power trans- 
former sizes than now exist with generation 
installed at Fort Peck. The line conductor 
selected is consistent with modern practice 
regarding minimum conductor size for low- 
loss operation at 161 kv. 

At the present time it is not possible to 
say whether the existing transmission cir- 
cuit will ever be paralleled with additional 
circuits. This will be determined by the 
load growth in the general area at such time 
as ultimate generation is installed. 

Mr. Brownlee has raised some questions 
concerning the relay characteristics. The 
range of relaying speed at the Rainbow sub- 
station on which the stability studies were 
performed is of the order of 25 to 35 cycles. 

The displaced circular characteristic was 
shown on the carrier starting element be- 
cause the conditions obtaining on long lines 
were under consideration. However, if 
medium length lines are to be considered, 
it is, of course, obvious that a simple imped- 
ance element is satisfactory since such an 
element for initiating carrier has been in use 
for almost ten years. 

The deviation of the beam element char- 
acteristic from a perfect circle is of the order 
of plus or minus five per cent. The accu- 
racy of the beam element under voltages 
from ten per cent to 90 per cent is ten per 
cent and varies in the same manner as the 
impedance curve of the standard impedance 
element with a flat-phase-angle character- 
istic. 

Mr. Warrington states that the so-called 
‘‘mho”’ characteristic which has been in use 
for a number of years is one half as sensitive 
to power swings as it is to faults. 
emphasizes the advantage of the circular 
characteristic described which can be ad- 
justed so that a ratio of response to fault 
ohms to response to power swings much 
greater than 2 to 1 is obtained. This is 
done by shifting the circle toward the X 
axis and then insuring operation on close-in 
arc faults by shifting the circle to include the 
required portion of the R axis. This 
method moves the circle away from the 
power swing vector but still encompasses 
the fault vector. This has not been possi- 
ble, heretofore, in relays using the displaced 
circular characteristic because the circle 
has always had to pass through the origin. 
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The volt-ampere burden consumed by the 
voltage coils is approximately three volt- 
amperes. This burden is substantially con- 
stant and does not vary with the current be- 
cause of a suitable series potential circuit 
impedance. 


Fusing Practices on 
Distribution Systems 


Discussion and authors’ closure of paper 44-52 
by John S. Parsons and J. M. Wallace, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 24-28, 1944, and 


published in AIEE TRANSACTIONS, 1944, 
March section, pages 89-91. 


E. G. Newton (General Electric Company, 
Pittsfield, Mass.): The data on the fusing 
practices on distribution systems as compiled 
and presented by Parsons and Wallace give 
a good over-all picture of existing practices 
and problems. However, in discussing the 
weighted average fusing ratios of their 
Figure 3 they state, ‘‘The ratio of the mini- 
mum melting point of the fuse link to the 
full-load current of the transformer will be 
twice that shown in the figure, as all these 
data are based on JN-rated links.’’ Then 
they compare the earlier data shown by the 
dotted lines of the figure with the solid-line 
data which the authors indicate they cor- 
rected on the basis of the foregoing state- 
ment. This leads to their conclusion that 
“One factor probably contributing to the 
increased fusing ratio is the change in 
method of rating fuse links. This automati- 
cally would increase the fusing ratio if the use 
of the same link ratings were continued.” 

A check of the published time-—current 
characteristics of the most popular types 
and makes of distribution fuse links would 
indicate that probably as high as 85 to 95 
per cent of the N-rated 1-to-50-ampere fuse 
links in use today melt at approximately 
150 per cent of their rating within five 
minutes (300 seconds). The JA-rating 
standards permit this as they specify that 
the fuse links must “melt at not over 230 
per cent of the rating within 300 seconds.” 

Therefore the shift in fusing practices 
during the past ten years as indicated by 
Figure 3 of the paper may be more a result 
of incorrect interpretation of the data than 
a trend in actual practices. However, the 
conclusions drawn by the authors are a 
direct indication as to what will happen if 
an industry shift is made so that all fuse 
links for distribution cutouts melt at 200 
per cent of the rating in 300 seconds and the 
same fuse-link ratings used at transformer 
installations. Therefore, if such a change 
is made in industry standards, an engineering 
approach to the fusing on distribution sys- 
tems will require restudying all present 
operating practices in order to maintain 
the existing balance between the protection 
provided the transformer and the unneces- 
sary blowing of fuses by short-time current 
surges or lightning. 


G. Fred Lincks (General Electric Company, 
Pittsfield, Mass.): The authors have fur- 
nished some very “interesting data on the 
fusing of distribution systems operating be- 
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low five kilovolts. About 1939 a similar 
check with 110 utility engineers in all parts 
of the country showed fusing practices as 
indicated in Table I of this discussion. 
These data check fairly closely with the data 
compiled by the authors with the addition of 
information on 6,900-volt systems. How- 
ever, in interpreting the data, such as in 
Figure 3 of the paper, the authors appear to 
have introduced errors based on a miscon- 
ception of the more usual design practices 
under the JN rating basis for fuse links. 

One point which seems to have been over- 
looked by the authors, but which shows up 
in similar data obtained by the General 
Electric Company and is quite noticeable 
in Tables I, II, and III of their paper, is 
the lower fusing of transformers rated 25 
kva and larger employed by a considerable 


percentage of companies reporting. The 
greater investment in the larger  trans- 
formers makes improved protection desir- 
able. The diversity of load makes fuse 
blowing by surge currents less likely. The 
reduced lightning blowing of the higher- 
rated fuses combines with these other con- 
ditions to justify such a practice. However, 
with such lower fusing, care must be exer- 
cised in choosing fuse links which will carry 
safely normal load and short-time overloads 
on the transformers without overheating the 
fuse cutouts. 

The authors express a hope for fewer 
ratings. Caution should be exercised in 
any action in the direction of fewer ratings, 
lest the ability to get the number of dif- 
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ferent sizes for connecting several fuse 


links in series at line sectionalizing points 
be impaired.\ Also, any curtailment in the 
number of ratings should be studied care- 
fully as to the effect on the availability of 
ratings for the uniform fusing of all voltage 
ratings of transformers. For example, in 
Table I of this discussion the 5- and 7.5- 
kva 6,900-volt transformers could not be 
fused “at one-third ampere per kilovolt- 
ampere,’ as there is no suitable fuse-link 
rating in the 19 different sizes from 1 to 
100 under the N rating basis. 

The higher fusing of the lower kilovolt- 
ampere-rated transformers as shown by the 
data has been instituted with a direct over- 
all benefit by some companies, whereas 
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others have gone to it reluctantly as the best 
balance obtainable between protection from 
secondary short circuits and unnecessary 
fuse blowing by lightning. Particular cir- 
cumstances imposed by their specific circuit 
conditions or the prevalence of difficulties 
caused by acts of nature make lower fusing 
desirable from the standpoint of protecting 
the transformer. As pointed out by the 
authors, this divergence of operating re- 
quiréments makes it desirable to combine 
some engineering analysis with operating 
experience in deciding on the best fusing 
practice for a given circuit. The availability 
of American Standard time—load curves for 
transformers makes it possible to determine 
quite readily how far out on the secondary 
lines primary fuses will provide protection 
against faults on the secondary lines, as 
well as when and how much additional bene- 
fit can be obtained by the use of secondary 
fuses. The charts in Figure 1 of this dis- 
cussion permit doing this by transferring 
the point of intersection of the dotted fuse- 
link curves with the solid line American 
Standard transformer time-load curves of 
chart A, to the curved lines of chart B for 
4/0 secondary conductors, and for other 
sizes of conductors transferring again to the 
45-degree lines. From the point thus located 
the length of secondary line protected 
by the fuse can be read directly from 
the scale at the right. The charts of Fig- 
ure 1 are a practical contribution toward 
the solution of the problem presented by the 
authors. These charts are being presented 
elsewhere to the industry with a more de- 
tailed discussion and instruction and on 
paper corresponding to the log-log paper 
standardized by Edison Electric Institute 
and National Electrical Manufacturers As- 
sociation for publishing the time—current 


characteristics of fuse links, with detailed 
instructions for determining the zone of 
secondary short-circuit protection provided 
by both primary and secondary fuse links. 
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Ralph H. Earle (Line Material Company, 
Milwaukee, Wis.): This paper contains in- 
formation of considerable interest to manu- 
facturers and users of primary fuse cutouts 
and links. Several points warrant comment. 

As to the minimum size of fuse link 
adopted as standard by various operating 
companies as indicated in Figure 1 of the 
paper, it is interesting to see that so many 
companies use one-ampere and two-ampere 
links on 2,400- and 4,800-volt transformers, 
and also that on an appreciable number of 
the systems, four or more fuse links are 
used in cascade for sectionalizing. It was 
our belief until reading this paper that both 
of these practices were limited largely to 
7,200/12,500- and 13,000-volt rural systems 
with extended lines and low-capacity trans- 
formers. 

One point on which further information 
would be of considerable value is the service 
record to be expected when various mini- 
mumm-size links are adopted as standard by 
an operating company. For example, as- 
sume that a company has adopted a two- 
ampere link as the minimum and is experi- 
encing an objectionable number of unex- 
plained outages. If the operator should 
raise this minimum amperage of link to 
five or ten, for example, to what extent 
would the number of unexplained fuse 
blowings be reduced? 


Another example: suppose that a coni- 
pany is now using a 15-ampere link as the 
minimum size but would prefer to adopt a 
lower amperage in an effort to obtain some 
degree of overload protection on the trans- 
formers. How low can the amperage of 
links be before an excessive number of 
unexplained fuse blowings occurs? Informa- 
tion of this kind is of value to an operator 
contemplating such a change. 

In regard to rupturing capacity of pri- 
mary fuse cutouts, the paper indicates that 
a large number of operators are using fuse 
cutouts on lines whose fault current exceeds 
the rated rupturing capacity of the cutout. 
This seeming inconsistency is explained by 
a consideration of the manner in which cut- 
outs are rated. 

Under industry standards, approved by 
NEMA and EEI, a cutout is required to 
rupture its maximum rated current five 
times and still be in operating condition. 
The ratings specified in the standards are 
based on rigorous rupturing-capacity tests 
during which the cutout is called upon to 
rupture successively higher and higher cur- 
rents until some form of damage to the cut- 
out occurs. This damage may be one of 
several forms as described in the following: 


1. The recoil may be so great as to tear the cart- 
ridge loose from its mounting and thus render the 
cutout unsuitable for further service. Damage of 
this kind is seldom a function of the number of 
shots; if a cutout will rupture a certain amperage 
of fault current once without damage from recoil, 
no damage from recoil is likely to occur on future 
shots. 


2. Another form of damage from excessive current 
is caused by flashover of the cutout due to large 
amounts of hot conducting gases being expelled 
from the open end of the cartridge. Resistance to 
this form of damage is built into the cutout by 
providing free venting of these gases. Here again, 
the damage is not a function of the number of 
shots. 
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_* This combines the percentages for fusing at 1.5 times full-load current of the transformer with that portion of the percentage for fusing at 2 times where one- 
size-smaller fuse link than 2 times is used. 

# Two utilities use one-half-ampere fuse link with 1!/2-kva transformers. One uses one-half-ampere and the other three-fourths-ampere fuse link with three-kilo- 
volt-ampere transformers. 


© One ampere per kilovolt-ampere rating of transformer at 2,300 volts. One-half ampere per kilovolt-ampere rating of transformer at 4,800 volts. One-third am- 
pere per kilovolt-ampere rating of transformer at 6,900 volts. 
XK No fuse size available so 3 times fusing is employed. 
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3. The third form of damage from excessive cur- 
rent is severe erosion of the fiber cartridge and does 
depend upon the number of shots. It is inherent 
in the operation of an expulsion cutout that fiber 
be eroded from the bore of the cartridge on each 
shot. The amount of fiber eroded is directly a 
function of the amperage of the fault current and 
the number of shots. If the cutout is called upon 
to rupture excessive currents repeatedly, erosion 
may proceed to the point where the tube will burst 
due to internal pressures of the hot gases, or the 
bore may be enlarged to the point where the cart- 
ridge will be unable to interrupt small fault currents 
satisfactorily. 


Since erosion of the cartridge is so defi- 
nitely involved in the number of shots, the 
industry Standards limit the maximum value 
of fault current to a value that permits the 
cutout to operate five times and still be in 
condition for further service. 

The result is that in general the modern 
primary fuse cutout has a single-shot rup- 
turing capacity very much in excess of its 
nominal rated rupturing capacity. 


John S. Parsons and J. M. Wallace: The 
discussion presented by Mr. Earle asks a 
question about the relationship between 
fuse-link size and the number of unexplained 
fuse operations. The question is quite 
pertinent, and quantitative data un- 
doubtedly would assist in standardizing 
practice. It is the authors’ opinion that 
increasing the fuse-link size invariably will 
lead to fewer outages. This opinion is based 
on studies showing that with increasing 
values of surge currents, the frequency of 
occurrence becomes less. As the surge- 
current capacity of fuse links increases with 
increase in ampere rating, the conclusion is 
evident. Since fuses will not provide over- 
load protection for transformers, the authors 
believe that a marked increase in the fusing 
ratio will result in little or no increase in the 
rate of transformer burn-up. 

In addition to the factors mentioned by 
Mr. Earle regarding the interrupting ca- 
pacity of cutouts, it should be remembered 
that the actual fault currents seldom reach 
the calculated values on circuits of this 
voltage because of fault impedance. This 
factor helps to permit the satisfactory use of 
cutouts at locations where the calculated 
fault currents are in excess of the interrupt- 
ing rating of the cutout. 

It is apparent that Mr. Lincks has over- 
looked Figure 2 of the paper where the lower 
fusing ratio used on larger sizes of trans- 
formers has been graphically presented. 
The reasons for this lower ratio are well 

- brought out in his discussion. 

The wide variations now found in fusing 
practice indicate that the necessity for uni- 
form fusing of all transformers is not so 
imperative as Mr. Lincks seems to feel. 
The authors believe that the uniform fusing 
of all sizes of transformers is unnecessary 
and that the elimination of fuse-link ratings 
below five amperes would result in improved 
performance on distribution systems. 

The discussion by Mr. Newton is confined 
principally to the question of the melting 
point of N-rated fuse links. While it is 
true that a number of the present-day fuse 
links, designed to the N standards, melt in 
five minutes at a current of 150 per cent of 
rating, there is only one manufacturer who 
does not offer a link which melts at 200 
per cent, as assumed in the paper. As the 
200 per cent links are the more recent de- 
sign, it is felt that most operating companies 
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prefer this type. If it were possible to 
average the links now in service on the basis 
of their actual melting currents, the shift 
would be somewhat less than that shown in 
Figure 3 of the paper. “As can readily be 
seen, the exact shift is subject to argument 
on the basis on the data now available. 


Reclosing of Single Tie 
Lines Between Systems 


Discussion and authors’ closure of paper 44-30 
by W. W. Parker and H. A. Travers, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
March section, pages 119-22. 


John Grzybowski Holm (Boston Port of 
Embarkation; Boston, Mass.): In their 
paper the authors made a distinct contri- 
bution by pointing out the advantages 
single-pole switching has over the three-pole 
switching. The practical advantage of 
single-pole switching is evident particularly 
when high-speed reclosing breakers are 
employed in a single-circuit line. The ap- 
plication is by no means limited to this 
case, and may be used with equal success 
on multicircuit lines where the reclosing 
principle is not applied. 

Additional comments on the part of the 
authors will be welcome, however, on the 
question of single-pole switching of lines 
where the high-voltage winding of trans- 
formers at one or both ends of the line is 
grounded through a resistance or an imped- 
ance of higher value. 

The definite advantage presented by il- 
lustrating the paper with Figure 4 is unques- 
tionable. The second part of the paper con- 
taining Figures 5, 6, and 7 given for the 
selection of suitable single-pole or three- 
pole switching presents an entirely different 
picture. 

Closer inspection of these curves raises 
questions based on the lack of their uni- 
formity and places in doubt the advisability 
of their use for the purposes intended. The 
curves show that insofar as the transient- 
stability limit is concerned, the degree of 
advantage of single-pole over three-pole 
switching changes with the ratio of sending- 
end to receiving-end generator capacity, 
with the reclosing time and with the 
measure of the electrical length of the line 

Tye Xase ) The advantage obtained is 
very irregular and inconsistent. For. ex- 
ample, it follows from Figure 5 that, at 
20-cycles reclosing time and with the 
measure of the electrical length of the line 
increasing from 0.4 to 0.9, the advantage of 
single-pole switching over three-pole de- 
creases uniformly from 41 to 3 per cent; 
whereas at 30 cycles reclosing time, and at 
the same limits of variation of the electrical 
length of the line, this advantage changes 
from 65 per cent to 67 per cent, increasing 
to 78 per cent at 0.6 value of the electrical 
length of the line. 

When curves of Figure 7 are studied, it 
will be seen that, with the variation of the 
measure of the electrical length of the line 
from 2.0 to 7.5 at 20 cycles reclosing time, 
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ay 
the advantage of single-pole over three-pole 
switching increases from 21 to 25 per cent, 
or remains practically constant; whereas at 
80 cycles reclosing time the advantage 
single-pole switching has over three-pole 
switching drops rapidly from 74 per cent 
toa mere 15 per cent at 7.5. In other words, 
at 20 cycles reclosing time the increase in 
the transient-stability limit obtained by 
employing single-pole switching is of the 
order of 21 to 25 per cent, remaining prac- 
tically constant at all values of the electrical’ 
length of the line; whereas at 30 cycles 
reclosing time the increase in the transient- 
stability limit with single-pole switching 
over that obtained with three-pole switching 

miles b 

(Sx ase ) equals 
2.0, and the increase is only 15 per cent at. 
Wao 

This lack of uniformity for which the 
systems themselves do not appear to give 
any obvious reason is more apparent when 
the power transmitted is plotted against 
the inertia constant of the sending-end rotat- 
ing machines. 

It is possible that the irrelevant incon- 
sistency of data given on Figures 5, 6, and 7 
is due to the fact, emphasized in the paper, 
that, when passing on the network analyzer 
from one system to another, the authors. 
determined the transient-stability limit by 
varying only the length of the line with all 
the other conditions held constant. Thus, in 
some cases the transient-stability limit was 
obtained for systems whose voltage was too 
low (or too high) for the line’s length; and 
the curves were plotted through ‘points ob- 
tained for lines whose voltage was natural 


is 74 per cent when 


for the line’s length, as well as through 


points obtained for lines operating at a 
voltage inconsistent with either their length 
or the magnitude ofthe block of power trans- 
mitted. The transient-stability limits thus 
were artifically depressed (or lifted, if lines 
were studied on the network analyzer in the 
reverse direction). 

Whatever may be the reason, it seems 
doubtful that the curves of Figures 5, 6, and 
7 can be used in order to determine with suf- 
ficient reliability the type of switching for 
systems with proper relationships between 
the distance of transmission, the voltage, 
and the block of power transmitted. 


C. E. Parks (Public Service Company of 
Indiana, Inc., Indianapolis, Ind.): This paper — 
presents a fine solution to a very critical 
problem, especially critical in these days of 
heavily loaded transmission systems and 
generating equipment. Any improvement 
that can be made in system operation before, 
during, and immediately following system 
faults is sure to be appreciated greatly by 
the operating men of most utilities. Single- 
pole relaying and reclosing seem to be an 
excellent answer to the stability problems 
that confront most system operators today. 

However, it was a disappointment to 
note that the authors failed to mention 
that the employing of single-pole relaying 
and reclosing is nearly as effective when ap- 
plied to the several ties which may exist 
between: systems as it is when applied to 
single-circuit ties. The same advantages 
hold true in both cases, namely: 


1. It reduces the shock to the system from a volt- 
age-fluctuation standpoint. : 
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2. It materially assists in the preventing of 
sudden load shifts in the transmission ties parallel- 
ing the line under fault. 


The protection of parallel lines by single- 
pole relaying and reclosing, an application 
which has not yet been investigated fully, 
seems to offer further advantages to be 
derived from the use of this relay scheme, 
particularly if such parallel lines have an 
operational record which indicates a high 
percentage of double-circuit faults. 

Our “‘field tests”’ on this relay system have 
proved conclusively that much is to be 
gained in system performance by the use of 
this type of line protection. It is our hope 
that the manufacturers of this equipment 
will strive continually to improve and sim- 
plify it. 


H. N. Muller, Jr. (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): The paper is particularly 
timely. Two years ago the papers cited as 
references 2 and 3 in Parker and Travers’ 
paper were presented and were the first 
published works dealing extensively with 
high-voltage single-pole switching. The 
first application of high-speed single-pole 
reclosing went into service less than three 
years ago, and since then several other ap- 
plications have been effected on single- 
circuit interconnecting tie lines. It is ex- 
pected that such application will be acceler- 
ated further when material restrictions be- 
come less severe. 

The body of the Parker and Travers paper 
presents a succinct but clear summary of 
the fundamentals of transient stability as 
applied to and affected by high-speed reclos- 
ing. The most valuable contribution made 
is the data summed up in Figures 5,6, and 
7 in the paper. This is the first set of com- 
parative curves arranged in a form that is 
easy to use and based upon a great multi- 
plicity of very practical solutions. Nearly 
any case in which the system involved can 
be reduced to the simple two-machine sta- 
bility problem will render an answer suffi- 
ciently accurate for a reliable guide to re- 
closing requirements. 

It occurred to the discusser that interpola- 
tion between Figures 5, 6, and 7 in the paper 
would be necessary if the data in these 
tHree sets of curves were to be applicable to 
a really large percentage of the cases arising 
in practice. This is true, because three 
specific ratios of sender-to-receiver imer- 
tia are plotted, and few practical cases 
would have inertial relations corresponding 
exactly to those three combinations chosen. 
} With this idea of interpolation in mind, 
the discusser took several actual cases 
recently calculated and attempted a quick 
check by using the general curves of Figures 
5,6, and 7. Those cases, where the sending- 
and receiving-end inertias equalled or even 
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were close to the ratios used in the Parker 
and Travers curves, gave checks corre- 
sponding closely to calculations. In other 
cases where the two values of inertia dif- 
fered greatly from those used in the curves, 
difficulty was encountered in trying to 
interpret the interpolation. For example, 
in the actual system of Figure 1 of this dis- 
cussion, it was desired to check, by the 
method presented, the selection of high- 
speed reclosing. Note that the ratio of 
sender-to-receiver generation and inertia is 
2.56, which figure in about midway be- 
tween the values upon which Figures 5 and 
6 of the Parker and Travers paper are based. 
If Figure 5 is used, the solution indicates 
that 20-cycle single-pole reclosing is dictated 
to maintain stability. If Figure 6 is used, 
the solution indicates much greater stability, 
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Figure 2. Transient-stability limit for reclos- 

ing of a single tie line between two systems 

for various ratios of sending-to-receiving-system 
/ inertia 


Base equals receiver-system generator capacity, 

and per unit power is referred to this base. 

Fault is double line to ground cleared in nine 

cycles. Points falling below curves indicate 
stability 


permitting the use of any but 30-cycle three- 
pole reclosing. This leaves the engineer 
without a dependable answer, since inter- 
polation could not tie down the solution to 
any minimum applicable reclosing measure. 

To relieve this difficulty and to broaden 
greatly the applicability of the work pre- 
sented by Parker and Travers, the results of 
their Figures 5, 6, and 7, plus a little addi- 


-tional data, were cross-plotted into the 


curves of Figure 2 of this discussion, and 
since the ratio of sender to receiver inertias 
is now a continuous function, reliable inter- 
polation becomes possible. Using the same 
example, one can see that three-pole 30- 
cycle reclosing is definitely unstable, whereas 
either single-pole 30-cycle or three-pole 
20-cycle reclosing is stable, and has a reason- 
able margin. The uncertainty is relieved, 
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and dependable solutions are obtained, re- 
gardless of the variable nature of inertia 
constants between individual problems. 

Also worthy of special emphasis is the 
fact that all cases studied by Parker and 
Travers use a double line-to-ground fault as 
a criterion of stability. High-speed single- 
pole reclosing was advanced because of the 
large increase in stability during the clearing 
and reclosing of single line-to-ground faults, 
a type which comprises a majority of all 
transmission-line disturbances. The fact 
that a very substantial advantage of single- 
pole over three-pole reclosing still obtains 
with double line-to- ground faults un- 
doubtedly will give additional impetus to 
the application. 


W. W. Parker and H. A. Travers: H. N. 
Muller’s discussion is an important contri- 
bution to the information on this subject. 
The family of curves plotted as per unit 
power versus ratios of inertia of the sending 
and receiving system correlate the three 
basic variables in such a way as to increase 
materially the usefulness of the investiga- 
tion. 

C. E. Parks’ discussion in regard to the 
use and performance of single-pole switching 
on multicircuit lines is greatly appreciated. 
We intend to extend our study of the reclos- 
ing problem to include such applications. 
There is no doubt that the general conclu- 
sions will be as Mr. Parks points out; how- 
ever, it is not expected that the percentage 
gain of single-pole over three-pole switching 
will be as great on multicircuit lines as on 
single tie lines. The reason for this is that 
the relative increase of power transfer with 
single-pole switching during the de-ener- 
gized period will be less with multicircuit 
ties than when there is only one tie line be- 
tween two systems. 

J. G. Holm has requested comments on 
the effect of grounding the high-voltage 
transformer windings through resistance or 
impedance instead of solidly grounding the 
neutral. This not only affects the fault 
condition but also the power transfer during 
the de-energized period. In general, high 
values of neutral resistance or impedance 
should not be used if the full advantage of 
single-pole reclosing is to be obtained. As 
far as Figures 5, 6, and 7 are concerned, 
linearity in the percentage gain of single- 
pole over three-pole switching should not 
be expected. The transient-stability limits 
are determined by a large number of factors 
as illustrated in the first part of the paper. 
It is impractical to determine the relative 
effects of these factors except by the detailed 
step-by-step method which was used in the 
determination of the curves. The shape of 
the curves is characteristic of this type of 
system operation and for the assumed con- 
ditions. The curves tend to have a steeper 
slope for the shorter distances, partly due 
to the fact that here the fault tends to ac- 
celerate both sending and receiving systems. 
The improvement of single-pole over three- 
pole switching is greater for the shorter 
distances, as considerable more power. is 
transferred during the de-energized period 
than when, the distances are great. This 
will be made clear by referring to Figure 
8A of the paper; the longer the distance 
of transmission the higher will be the posi- 
tive, negative, and zero sequences so that 
for extremely long distances the power trans- 
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fer approaches zero. At this limit there 
would be no difference between three-pole 
and single-pole switching for the same reclos- 
ing time. The assumption of unity-power- 
factor loading of the line determines the 
amount of charging capacity and the prac- 
tical voltage at which the line would operate, 
so that whenever the tie-line length was 
changed the relative factors were also 
changed in proportion. 


Automatic Ticketing of 
Telephone Calls 


Discussion and author's closure of paper 44-49 
by O. A. Friend, presented at the AIEE win- 
ter technical meeting, New York, N. Y., 
January 24-28, 1944 and published in 
AIEE TRANSACTIONS, 1944, March sec- 


.tion, pages 81-8. 


Frederick L. Kahn (Automatic Electric 
Company, Chicago, Ill.): It is good news 
to hear of the first installation of automatic- 
toll-ticketing equipment in this country. 
The methods and problems have been pre- 
sented and analyzed very clearly by the 
author. The high saturation of telephones 
in and near all metropolitan areas and the 
close community of interest within such 
areas make direct subscriber-to-subscriber 
dialing very desirable; the automatic- 
ticketing equipment provides a most im- 
portant and final link. It is to be hoped 
that conditions after the war will permit the 
rapid introduction of this new feature in 
many areas. 

A universal numbering system such as 
adopted for the Los Angeles area has some 
advantages, at least for those subscribers 
that make frequent use of interexchange 
calling. But it also complicates the switch- 
ing equipment in several ways: 


1, By necessitating special features such as the 
code reconstruction. 


2. By requiring additional local switching equip- 
ment in the smaller suburban exchanges. 


It is also to be wondered whether suburban 
subscribers should be burdened with dialing 
six or seven digits on all local calls when only 
four or five digit numbers are now re- 
quired. 

As and when automatic ticketing is more 
widely introduced, a point will be reached 
where universal numbering no longer can be 
carried through. This may be a blessing in 
disguise. A nonuniversal system employing 
a prefix for access to the toll-switching sys- 
tem permits simplification of the ticketing 
trunks, the senders, and the identifiers, as 
well as more economical and efficient trunk- 
ing within each exchange and between ex- 
changes. It will be interesting to see which 
course will be taken in the various applica- 
tions of this equipment. 

The ticketing equipment described in this 
paper is evidently designed to be fitted into 
an existing step-by-step system as an ap- 
pendix or applique unit. In the future, we 
can expect new dial exchanges to be de- 
signed from the start with the possibility of 
automatic ticketing in mind. This probably 
will simplify and reduce the equipment for 
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automatic toll ticketing and may also allow 
more extensive use of the senders and other 
special units on nonticketed calls. 

The ratio of interexchange calls to local 
calls is much larger in the suburban ex- 
changes than in the various offices of the 
nucleus city exchange. Hence automatic 
ticketing probably will be introduced first 
in the suburban exchanges and will be ex- 
tended to the city subscribers later. When 
this stage is reached, adaptation of panel and, 
crossbar systems to this new feature will be 
required. We have just heard of the cross- 
bar toll-switching system. Is it assuming 
too much to think that this modern toll- 
switching system also provides facilities in 
this direction that have not yet been dis- 
closed? 

The mechanical production of the com- 
pleted toll ticket is a great accomplishment. 
For the application at Culver City and with 
extended service rates, the recording of 
message units may be sufficient and satis- 
factory. In the long run, it will be desirable 
to go still further and to compute the total 
charges in dollars and cents automatically 


at the time the ticket is printed. This fea- ' 


ture has been incorporated in an automatic- 
ticketing system designed by Automatic 
Electric Company. This system has been 
described in the Strowger Technical Journal, 
published by Automatic Electric Company 
(issue of June 1940). 


J. E. Ostline (Automatic Electric Company, 
Chicago, Ill.): The automatic-ticketing ar- 
rangement for use in dial exchanges de- 
scribed in this paper again proves the flexi- 
bility and possibilities inherent in present- 
day telephone switching apparatus. 

It would be interesting if the author could 
disclose some of the routines used in con- 
nection with the message ticketers. How 
often have the tickets to be removed and 
the inking facilities changed? 

Under the heading ‘‘Nonticketed Calls,’’ 
an interesting reference is made to using 


“trunking features’’ of the ticketing equip- ~ 


ment for nonticketed calls. Does this refer 
to the use of the translation facilities in the 
sender, or some other facility inherent in 
the ticketing equipment? 
the size described, there are, no doubt, many 
instances where the use of senders or similar 
facilities could produce economies in local 
trunking and switching equipment. 

The introduction to the public of eit 
matic toll ticketing of the type described in 
this paper is another milestone in the history 
of dial-switching telephony. The author is 
to be congratulated for his very instructive 
and informative paper. 


O. A. Friend: Mr. Kahn’s comment on 
numbering plans emphasizes their basic re- 
lation to systems design. It is true that the 
equipment would be simplified and dialing 
effort on local calls somewhat reduced if the 
subscriber could be relied upon to prefix a 
directing code of one or several digits to 
those calls which are to be ticketed. In 
several instances directing codes are in use 
in metropolitan areas in the Bell System. 
However, the list of offices requiring the pre- 
fix varies in general from one originating 
office to another, and may vary for different 
classes of subscribers in the same originating 
office. Universal numbering as adopted for 
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Los Angeles permits dialing the called num- 
ber as listed in the directory without regard 
to the point within the area from which the 
call is being made; it is especially desirable 
where the exchanges are not separated by 
definite geographical boundaries readily car- 
tied in mind. While each area presents in- 
dividual problems, Bell System studies point 
toward gradual expansion of the universal 
numbering area of a metropolitan region 
with the increasing community of interest 
between the city and its suburbs, as offering 
over-all service advantages to telephone 
users. . 

With regard to the relationship of the 
crossbar toll-switching system to automatic 
ticketing, the toll system has the basic fea- 
tures which permit routing through it toll 
calls dialed by subscribers served by local 
step-by-step, panel, and crossbar offices 
where such routings may be economical. 

The advisability of showing total charges 
on the ticket, either in terms of money or of 
message units, has been considered, but it is 
thought that this can be best handled as an 
accounting procedure. The ticket now 
shows the message units for the initial inter- 
val; this charge varies with the originating 
office and is provided readily during the 
setting up of the call by the equipment used 
for determining the routing. About four 
fifths of the calls terminate within the initial 
interval, and for such calls this is the total 
charge. The charge for overtime, on the 
other hand, must be determined after the 
eall is finished; it follows a pattern deter- 
mined by the initial rate and length of con- 
versation. Making this computation an 
accounting procedure, to be performed auto- 
matically when the volume of tickets war- 
rants mechanization of the accounting proc- 
esses, avoids the need of providing equip- 
ment for performing this function in a large 
number of central offices. . 

In answer to Mr. Ostline’s question, the 


‘tickets at present are removed daily, the 


interval being determined by convenience in 
fitting the accounting procedures. Inking is 
done once a week, and replacement of paper 
rolls at somewhat longer intervals. 

-The statements in the paper regarding the 
use of the trunking features of the system 
on nonticketed calls refer to the routing, over 
the trunk groups provided primarily for 
ticketed calls, of other calls dialed by opera- 
tors or by classes of subscribers whose rate 
schedules do not require tickets on calls to 
the offices in question. Such calls which it 
may be economical to route over these 
trunks make use of the code reconstruction 
and translation features of the ticketing 


system. 


Crossbar Toll Switching 
; System 


Discussion and authors’ closure of paper 44-42 
by L. G. Abraham, A. J. Busch, and F. F. 


Shipley, presented at the AIEE winter tech- 
nical meeting, New York, N. Y., January 


24-28, 1944, ard published in AIEE TRANS- 
ACTIONS, 1944, June section, pages 302-09. 


ri) Sorber (nonmember; Automatic 
Electric Company, Chicago, Ill.): It is most 
‘interesting to note the great amount of 
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progress in and recognition of the application 
of automatic-switching principles to the 
switching of toll lines, and to the adaption 
of key-control operators equipment placed in 
service in Philadelphia. The paper quite 
comprehensively presents a picture of the 
basic switching principles and the technical 
problemsinvolved. Itappears, however, that 
the equipment is limited to major toll cen- 
ters, wherein panel or crossbar equipment 
is employed for local services. The paper 
deals extensively with crossbar switching 
mechanism. This, we asstime, is because 
it discusses the application of a particular 
manufacturer’s type of equipment, and is 
not a controlling factor in arriving at the 
desired switching accomplishments. 

We are greatly interested in the further- 
ance of atitomatic toll switching equipment 
for domestic use as well as for toll networks 
in the foreign field. The paper, because of 
the necessity of covering the subject in a 
general or skeletonized form, leaves us witha 
certain amount of doubt concerning the de- 
tail of operation. 

It is stated that the system was designed 
for use in large toll centers, particularly 
those in which subscribers are served by 
local pane! and crossbar offices. Is it to be 
assumed from this statement that the equip- 
ment does not lend itself to function with 
existing step-by-step installations? On 
installations such as those at Philadelphia, 
Pa., it would appear that a need would arise 
for interconnection with step-by-step sys- 
tems in order to allow operators to dial di- 
rectly to stations in existing step-by-step 
systems. Have provisions been made for 
interconnection with existing dial offices, 
making use of two- and four-wire switching? 

Does the gate system of marking calls for 
answering place waiting incoming calls in 
line for operator answer in the exact se- 
quence that calls were received? When a 
group of calls are admitted to a controller 
for answer, are all subsequent calls in the 
same or other groups blocked until the calls 
admitted for answering are disposed of? 

It has been indicated that the cordless 
switchboard is intended primarily to serve 
for inward and through switching, and to 
serve until toll switching is on a full mechani- 
cal basis. Our experience has shown that 
key-control equipment for outward posi- 
tions is very desirable and offers definite 
operating advantages, we question, there- 
fore, whether there is any reason why the 
type of equipment described will not be ap- 
plied for outward toll position equipment on 
new or re-engineered toll office equipments. 

The most common method of impulsing 
over toll lines, as used quite extensively 
in the foreign field, provides for a voice fre- 
quency modulated with a lower frequency of 
50 or 60 cycles. Dial impulses are trans- 
mitted over toll lines at a speed of opera- 
tion limited only by the speed of receiving 
equipments in tandem and terminating toll 
offices. Since transmittal of dial codes is 
governed by the speed at which distant 
office equipments can function, we question 
how additional speed is brought about 
through the use of multifrequencies in the 
switching of dial codes. 

On the Philadelphia installation, the 
crossbar toll equipment works in conjuric- 
tion with cord-type switchboards. Is this 
cord-type equipment a necessary comple- 
ment to the crossbar equipment? 

. Have limitations been determined to in- 
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dicate a minimum number of positions 
wherein the crossbar toll equipment can be 
applied economically? Also, to what ex- 
tent will the cordless key-control position 
equipment be applied to serve outward 
operators? 


F. L. Kahn (Automatic Electric Company, 
Chicago, Ill.): The crossbar toll switching 
system as so ably and concisely described 
in this paper is a- monumental achievement 
exceeding in ingenuity and complexity 
even the local crossbar equipment. Some 
of the novel features such as four-wire 
switching, a-c key pulsing, and the various 
types of senders show the keenest analysis 
of the special problems encountered in a 
large system of this nature; they also evi- 
dence the closest co-operation between many 
different groups of engineers in the Bell 
Telephone Laboratories, Inc., that deserves 
recognition, compliments, and _ respects, 
and could not be duplicated in any other 
type or form of research organization. 

This paper and the one on automatic 
ticketing! clearly forecast the shape of 
things to come in the field of toll and Jong- 
distance service in this country. These 
improvements will result in faster comple- 
tion of toll calls, increased use of these sery- 
ices, and greater efficiency and productive 
employment of the toll plant. 

One of the interesting new developments 
first mentioned in this paper isa-c key puls- 
ing. A number of patents have been is- 
sued in recent years to members of the Bell 
Telephone Laboratories, disclosing very 
ingenious a-c keysets. Would it be pos- 
sible for the authors to give a more specific 
description of key-pulsing sets and the 
method of generating the voice-frequency 
pulses? 

The paper states that the sender receives 
numbers from the operators at the rate of 
about one digit per second. Does this refer 
to pulses from a-c keysets? This would be 
rather slow for an experienced operator. 
Are there technical reasons that dictate 
the speed of operation for a-c key-pulsing 
sets? 

In this system, the a-c key-pulsing method 
evidently reduces the build-up time and 
thus increases the productive and paid-for 
time of the toll circuits. Under the most 
favorable methods, that is, with crossbar 
switching in the terminating exchange, how 
many seconds are saved by this method over 
other conventional pulsing methods? 

At the 1939 AIEE winter convention, a 
paper was presented by Mr. Gilbert Sorber 
and Doctor A. B. Smith on a ‘‘Remote-Con- 
trol Toll Board” which describes a step-by- 
step toll switching system developed by 
Automatic Electric Company and in service 
in a number of exchanges of independent 
telephone companies. One of the features 
of this system is the use of cordless operat- 
ing positions, not only for inward service 
but also for outward and delay positions. 
We have found operators everywhere en- 
thusiastic about cordless operation, which 
noticeably reduces the fatigue element. 
This may not amount to many operators’ 
units when figured with paper and pencil, 
but the service improvement is definitely 
noticeable. In a large city such as Phila- 
delphia, Pa., it may be more economical 
to retain existing cord-type outward toll 
boards; but we wonder whether this new 
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toll switching system will in other future 
installations be designed for cordless opera- 
tion on the associated outward and delay 
positions. 

The large keysets on the inward positions 
appear to be combination keysets and send- 
ers. In our step-by-step toll switching 
systems we employ ten-button keysets and 
relay-type senders, and have learned that 
an inward operator requires at least two 
keysenders for most efficient operation. 
Do the keysenders on these inward posi- 
tions dispose of the stored calls fast enough 
to permit the operators to work at their 
highest speed? 

In our operation of toll switching systems, 
occasionally we have found it desirable to 
permit an operator to select a specific circuit 
in a toll circuit group. Does the crossbar 
toll switching system provide this facility? 

Is there any limit on the size of trunk 
group that can be selected by dialing one 
specific toll-circuit code? 


L. G. Abraham, A. J. Busch, and F. F. 
Shipley (Bell Telephone Laboratories, Inc., 
New York, N. Y.): The keysets used for 
a-c key pulsing are ten-button sets prac- 
tically identical with sets used for d-c key 
pulsing. The signaling currents are generated 
by an oscillator per frequency common to a 
large number of positions, and are connected 
in proper combinations to the springs of 
the keysets. 

The pulsing rate of one digit per second 
mentioned in the paper referred to dialing 
operation. The average speed of a-c key 
pulsing by operators is about one-half 
second per digit. The capability of the op- 
erator is the limiting factor, the mechanical 
and electrical equipment being capable of 
much higher speed. 

With crossbar switches and a-c key-puls- 
ing receivers in the local terminating ex- 
change, a distant operator will reach the 
called subscriber’s line in about three sec- 
onds less time by a-c key pulsing than by 
the conventional dialing method. 

As Mr. Kahn suggests, the traffic savings 
realized by cordless operation on outward 
toll boards are negligible. Cordless switch- 
boards are more expensive and in some re- 
spects not as well adapted to outward and 
delayed call work as cord boards. There is 
no prospect of employing cordless boards 
for these uses in the large toll offices. 

The operating speed at cordless positions 
is not restricted by provision of one sender 
per position. Digits are transmitted for- 
ward by the position sender into other send- 
ers at the rate of about 0.14 second per 
digit, and overlap operation permits a new 
call to be connected to the position while 
digits are being transmitted forward. The 


keyset is always cleared of the preceding 


call by the time it is needed for a new call. 

A specific circuit in a toll group can be 
selected only with the assistance of the plant 
force. This provision has proved adequate 
in practice. 

There is no limit on the size of trunk 
group that can be selected by dialing one 
specific toll-circuit code. Standard equip- 
ment arrangements are provided for test of 
a group of 160 trunks, but the size can be 
increased readily if the need arises. 

The controlling factor in arriving at the 
desired switching accomplishments is the 
use of senders and markers that. provide 
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the flexibility demanded by switching re- 
quirements of large toll areas. While other 
types of switches could be used as part of a 
sender-marker system, the crossbar switch 
has a number of important advantages, 
among which are noble metal contacts, 
reduction of maintenance effort and ready 
accommodation of a large number of con- 
ductors. 

The equipment will function with existing 
step-by-step installations. Step-by-step of- 
fices in the Philadelphia, Pa., area and in 
distant cities are served by the equipment. 
It will function, also, with distant office 
equipment of either the two-wire or four- 
wire type. 

Calls are not answered at the cordless 
board in the exact order of their arrival, but 
the effect of the gate is equivalent to se- 
quence answering for practical purposes, 
since protection against material discrep- 
ancy in speed of answer is achieved. 

When a controller is attached to a link 
frame, the gate is closed first against sub- 
groups which have no waiting calls and then 
in each subgroup as it is served, against in- 
dividual trunks which have no waiting calls. 
Assume subgroups 1 and 2 admitted within 
the gate, and subgroup 1 served first. If, 
while it is being served, another call arrives 
in subgroup 2, it will be admitted within 
the gate and be served when the controller 
advances to subgroup 2. 

Additional speed is brought about by use 
of multifrequency pulsing because the 
crossbar equipment is capable of accepting 
and using it with greater speed than equip- 
ment driven by step-by-step pulses, whether 
they are of a-c or d-c type. The complete 
information to identify a digit can be trans- 
mitted with multifrequency pulsing in the 
time required for a single pulse of the one to 
ten pulses used with step-by-step pulsing. 

The outward and call-order switchboards 
used in conjunction with the toll crossbar 
equipment are not of necessity cord-type 
boards, but are so for reasons of economy. 

The lower limit of office size to which the 
toll crossbar equipment can be applied 
economically has not been determined. 
Factors other than size have an important 
bearing on the question. Examples are the 
ratio of dial to manual operation, type of 
local equipment, ratio of through to terminal 
traffic, and existing plant conditions. 
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Electronically Controlled 
Dry-Disk Rectifier 


Discussion and authors’ closure of paper 44-8 
by Allen Rosenstein and H. N. Barnett, pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 24-28, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
January section, pages 21-3. 


P. T. Chin, O. W. Livingston, and E. E. 
Moyer (General Electric Company, Sche- 
nectady, N. Y.): Of the few means avail- 
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able by which automatically to control the 
d-c output of a non-grid-controlled rectifier 
the saturable reactor seems to be about the 
most satisfactory, even though, as in the 
case of grid-controlled rectifiers, the control 
of the direct voltage output is achieved at 
the expense of lagging power factor on the 
a-c side. 

In 1933 when we had available a double- 
anode rectifier tube suitable for 25 amperes 
direct current, but did not have a grid-con- 
trolled counterpart, a saturable reactor was 
used to control the d-c output of a rectifier 
used for constant-potential battery charg- 
ing. This equipment used a more elaborate 
control circuit than the one described in this 
paper because it was both voltage controlled 
and current-limit controlled in automatic 
sequence. Current-limit control was ob- 
tained by much the same method described 
in the final paragraph of this paper. The 
equipment is yet in daily use, but is super- 
seded by the present line of Phanocharger 
battery chargers which are likewise con- 
trolled by the saturable-reactor method in 
order to utilize less expensive non-grid-con- 
trolled rectifier tubes. 

As a matter of fact, the present line of 
Reactrol controls for resistance-heating con- 
trol use the saturable reactor to control 
loads of 300 kva, and in these equipments 
the ratio of d-c control power to controlled 
kilovolt-amperes is as high as 175:1 to 
250:1. Above this kilovolt-ampere level 
the ignitron tubes in inverse-parallel ar- 
rangement are to be preferred on the basis 
of economics. : 

There must be a drafting error in the cir- 
cuit of Figure 3, most probably in that 
point E should be connected to H and point 
F to the midpoint of the secondary of T25S. 
Otherwise, there does not seem to be an equi- 
librium condition due to a restoring force. 
That is, when the direct voltage increases 
above a preset level the thyratrons are 
turned more on, which increases the satura- 
tion of the saturable reactor, which increases 
the direct output voltage from the rectifier 
instead of decreasing the direct voltage 
slightly as would be required for stable 
operation. 

The stated gain of 20 to 30 decibels, mean- 
ing an amplification of 100 to 1,000, is a lot 
of gain from a single tube; perhaps this gain 
is meant to include the inherent amplifica- 
tion of the thyratrons and the saturable 
reactor, 

The behavior of the type of filter circuit 


described by the authors is such thatitcom- | 


pletely eliminates the ripple of the frequency 
to which it is tuned, 360 cycles in this in- 
stance. But, the ripple voltage of a six- 
phase rectifier is not a pure 360-cycle sine 
wave; instead, it contains higher-frequency 
components whose magnitude may be in- 
creased by the wave distorting action of the 
saturable reactor, much as in the case of the 
grid-controlled rectifier. By keeping the 
degree of saturation low, as may be indi- 
cated by the 30:1 ratio of d-c control power 
to rectifier output, the effect of the saturable 
reactor may not be very pronounced, but the 
tipple components of the rectified voltage 
wave are still present. We usually find it 
advisable to terminate a resonant filter by 
some form of untuned filter so as to remove 
the more objectionable higher-frequency 
components. without sacrificing speed of 
signal response. In the case of controlled 


battery chargers the battery itself acts as a 
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huge capacitive filter and thereby simplifies 
the filtering problem considerably. 

Our practice is to use a midtapped supply 
and bridge arrangement for obtaining a 90- 
degree-lagging a-c component of grid voltage 
for phase control of the thyratron tubes 
from a single-phase a-c source. It is more 
readily adjusted than the circuit of Figure 5 
and is not so sensitive as to magnetizing 
reactance of the grid transformer T2P 
which is difficult to maintain uniform in a 
given lot of transformers. However, 
whether this 90-degree displaced voltage 
varies a few degrees one way or another is 
not too important; of far more importance 
is the wave form of this a-c component of 
grid voltage. 

The use of a glow tube with a holding 
anode is interesting. Are these tubes com- 
mercially available? 


J. E. Yarmack (International Standard 
Electric Corporation, New York, N. Y.): 
The output-voltage regulation of metallic 
rectifiers has always been an intriguing prob- 
lem and many engineers have offered one or 
another type of control: saturable reac- 
tors, standard voltage references, mechani- 
cal and electronic devices, or their combina- 
tion. 

It seems proper to emphasize the fact 
that there are several types of regulation 
which have been considered. Static voltage 
regulation is most frequently discussed. It 
represents the relation of the rectifier output 
voltage to the output current and is plotted 
from D’Arsonval-meter readings of the 
current and voltage for a series of steady- 
state conditions from no load to full load. 
There is another type of regulation where 
the dynamic characteristics represent the 
relation between the rectifier output voltage 
and current but regulation is obtained while 
keying or interrupting the load or a com- 
bination of loads at varying rates by 
measuring the instantaneous voltage and 
current values. 

The use of gaseous tubes as voltage stand- 
ards with which the output voltage of the 
rectifier is compared is found to be satisfac- 
tory. This offers an even more promising 
method of controlling the output voltage. 
Its use within the international system has 
been most gratifying. 

Without criticizing the authors for the 
style and terminology used in the paper, it is 
desirable to point out that a subcommittee 


of the AIEE has been appointed and has 


been at work for some time with a view 


toward standardization of nomenclature 


and graphical symbols concerning metallic 
rectifiers. If and when such standards are 
agreed upon and are adopted, the names 
such as ‘‘dry-disk rectifiers’? or ‘‘selen- 
ium-oxide rectifiers,’ we hope, will dis- 
appear and the common understanding of 
the terms will be a benefit to all engineers 
and users of metallic rectifiers. 


W. E. Phillips (Leeds and Northrup Com- 
pany, Philadelphia, Pa.): I would like to 
first congratulate the authors, both as re- 
gards their material and presentation. 

The filter circuit described is especially 
interesting since we have been using this cir- 
cuit, with the addition of two slide wires as 
shown in Figure 1 of this discussion, for 


measuring commercial frequencies for a 
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considerable time and also for filtering out 
certain undesired frequencies in circuits. 

An examination of the vector quantities 
involved in a bridge of this type will, I be- 
lieve, be of interest. 

Figure 1 shows the bridge circuit as em- 
ployed for this purpose. 

Figure 2 is the vector diagram for the 
bridge when balanced at its designed fre- 
quency. It should be noted that the left- 
hand upper arm has been converted to the 
equivalent series circuit in order to show the 
operation more easily vectorially. The 
two vector triangles are exactly similar so 
that they both have the same phase angle 
and consequently the point where they join 
will lie on the applied voltage vector Ey. 
It should also be noted that the voltage 
across the lower arm Fy, is the same voltage 
applied to the upper arm and is displaced 
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in the figure merely for purposes of explana- 
tion. If we then connect a galvanometer 
between point Y which is the midpoint of 
Ey,,and point X (which when the designed 
frequency is applied to the bridge) will be 
at the midpoint of Ey, there will be no 
voltage of the design frequency between 
points X and Y. 

Figure 3 is the vector diagram when a 
higher frequency is applied to the bridge. 
This results in a voltage H, across the center 
of the bridge since for small changes in fre- 
quency the a-c resistance of the left arm 
changes, the reactance remaining substan- 
tially constant. In the right arm, the react- 
ance changes while the resistance remains 
constant. Thus as a frequency measuring 
device the bridge can be balanced by insert- 
ing resistance in the left arm and cutting 
out resistance in the right arm. 

The previous explanation will serve to 
show that if the bridge were designed for 
some harmonic of a fundamental frequency, 


Figure 3 


Discussions 


Ca 
on 043-4 


Figure 4 
Tikay pate 
iS Q4v/RiRiCi Ce 


that the harmonic would be entirely 
attenuated while the fundamental would 
come through with only a small amount of 
attenuation. By properly proportioning 
the vector triangles so that they are dis- 
tinctly different in magnitude, but other- 
wise similar and similarly changing the 
ratio of the resistances in the lower arm, 
the attenuation of the fundamental may be 
materially reduced as explained by the 
authors. 

Certain fundamental relations exist in the 
bridge and one of importance in regard to the 
upper arm as shown in Figure 4 is that for 
equal phase angles in the two halves of the 
upper arm 
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Allen Rosenstein: The conformation of 
our conclusion regarding the economy of 
saturable reactors by Chin, Livingston, and 
Moyer is gratifying. Of particular interest 
are the high ratios of d-c control power to 
control kilovolt-amperes which have been 
obtained. ; 

The circuit shown in Figure 3 of the paper 
is erroneous in that the connections to 
points Hand F from H and the midpoint of 
T2S are reversed. 

Gains of 20 to 30 decibels are obtained 
from a single tube by use of a carefully 
selected tube type and a critically designed 
circuit. The changes in internal resistance 
of the tube cause changes in the voltage drop 
across the tube. These voltage changes are 
such as to tend to limit the amplification 
obtained. By using a beam-power or 
pentode tube operating with a compara- 
tively low screen-grid voltage this effect is 
minimized. The variations in tube plate 
current will cause changes in the screen-grid 
current. If the potential for the screen grid 
were obtained from a resistance divider, 
these changes in the screen-grid current 
would vary this potential and tend to limit 
the tube amplification. The effect is 
eliminated and further stability obtained 
by using the constant voltage across the 
gaseous regulator tube to supply the 
screen-grid potential. It might be pointed 
out that it is not necessary to obtain a very 
large voltage variation from the amplifier to 
operate the phase shifting network. There- 
fore it is possible to set the amplifier to 
perform at its point of highest efficiency. 
Within the limits set by the current demand 
of the phase-shifting network, additional 
amplification is obtained by increasing the 
resistance in series with the tube. Further 
amplification may be secured by increasing 
the voltage across the tube and its series 
resistance. The over-all result is naturally 
dependent upon the characteristic of the 
vacuum tube used. We have found that a 
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tube having an extremely high transcon- 
ductarice coupled with a sharp cutoff gives 
excellent results. 

The output of a six-phase rectifier will 
not orily-thave a fundamental ripple voltage 
of 360 cycles, but will contain higher-fre- 
quency components whose magnitudes de- 
crease with increased frequency. 

The Wein-bridge filter that has been de- 
“tibed, will completely eliminate the 
fundamental ripple frequency and will offer 
decreasing attenuation for increasingly 
higher harmonies. By suitable circuiting, 
it is possible to also apply a Wein-bridge 
filter to the output of the d-c amplifier. 
This filter can be tuned to a higher frequency 
than the amplifier input filter which is tuned 
to the ripple fundamental. The use of the 
two Wein-bridge filters, coupled with a 
“high pass’”’ filter on the rectifier output, 
offers a very satisfactory arrangement. 

In the search for a filter with low time 
constant, low d-c attentuation, and high a-c 
attenuation, another filter was developed 
that proved quite practical. (Figure 5 of 
this discussion.) This filter consists solely 
of a transformer and a resistor. The output 
winding of the transformer is connected and 
adjusted to equal and oppose any alternating 
voltage that might be impressed upon the 
input winding. The resistor provides sta- 
bility and a means of adjustment. For 
satisfactory filtering, care must be taken in 
the design of the transformer. In particu- 
lar, Hlowance must be made for the fact that 
direct current flowing through the input 
winding terids to saturate the transformer. 
Excellent a-c attenuation, with no d-e 
attenuation, and very little time lag, can be 
obtained from the transformer filter. 

The RCA type OA4C glow tube has 
proved of value as a source of constant 
potential. This tube has a second anode 
which is used to fire the tube. 

As poitited out by Mr. Varmnack, there are 
actually two kinds of regulation to be con- 
sidered—the more commonly talked of 
static regulation and the dynamic regulation 
that is obtained under changing load. 
Usially the most important consideration 
of the dynamic regulation is that of the re- 
covery time. This is the time required for 
the voltage to return to its static value 
when there is a sudden change in load. A 
study of the circuit of the electronically con- 
trolled selenium rectifier will show that the 
recovery time of the unit will be a function 
of the build-up or decline of voltage through 
the filter and the rise or decay of saturating 
current through the saturating reactors. 
Existing units show recovery times of be- 
tween one-fourth and one-half second. By 
careful design, this time could probably be 
rediced further, Extremely fast recovery 
could be obtained through the substitution 
of ignitroris in inverse-parallel for the 
saturating reactors. 

The forthcoming standardization of me- 
tallic rectifier nomenclature promised by 
Mr. Yarmack is looked forward to by all 
who have had to interpret the growing list 
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of terms and symbols used in this field. 
The authors wish to thank Mr. Phillips for 
his able discussion of the Wein-bridge filter. 


The Capacitor—an Aid 
to Electric-Power Service 
for Pipe Lines 


Discussion and author’s closure of paper 44-40 
by M. A. Hyde and R. E. Marbury, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
pages 387-95. 


W. G. Taylor (nonmember; General Elec- 
tric Company, Schenectady, N. Y.): In 
the portion of their paper concerning the 
War Emergency Pipelines, Inc. Hyde and 
Marbury show that, when the main pump 
motors are started on the 80 per cent tap of 
the autotransformer, the demand, with two 
units in operation and the third one being 
started, is about 25 per cent less than when 
starting at full voltage. This is evidently 
based on the assumption that full-rated 
voltage of 2,300 is maintained on the pump- 
ing station bus. In “Electrical Equipment 
for the War Emergency Pipe-Line Projects,” 
by Thomas, Taylor, and Wolfe,’ it is stated 
that, under the most unfavorable power 
conditions, only about ten per cent reduction 
in starting kilovolt-amperes of the motor 
can be expected from reduced-voltage start- 
ing. With two motors already running, the 
reduction in station demand would be even 
less in percentage. 

Although these statements are not incon- 
sistent, and this is indicated by the explana- 
tion in the aforementioned paper, it might 
be well to emphasize that voltage drop on a 
soft power system may so reduce the motor- 
starting torque that the margin above the 
pump torque would be insufficient to ac- 
celerate the motor to full speed. This con- 
dition is accentuated by the use of the re- 
duced-voltage starting method. In such a 
case it would be necessary to adjust the 
reduced-voltage starter to connect the motor 
directly to the line at some reduced speed, 
usually below 75 per cent of full speed, when 
the accelerating current and kilovolt-am- 
peres are still nearly as high as at the instant 
of starting. Thus, when there is consider- 
able line and transformer voltage drop 
under motor-starting conditions, the effect of 
starting the motor across the line is equiva- 
lent to the use of a reduced-voltage starter, 
and the latter may be of little further ad- 
vantage. On the other hand, a stiff power 
system may not require reduced-voltage 
starting. Therefore, in either case, a re- 
duced-voltage starter may be superfluous. 
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E. E. Thomas (General Electric Company, 
Schenectady, N. Y.): Data under ‘‘Ca- 
pacitor Applications on the War Emergency 


Discussions 


' 


Lines” evidently were based on motor 
name-plate voltage of 2,300 volts. These 
data should be correlated with those in the 
Thomas, Taylor, and Wolfe paper in refer- 
ence 1 of W. G. Taylor’s discussion. The 
information in Table II of that paper was 
based on expected operating conditions at 
pump stations 7, 8, and 9. It is believed 
that such data in both papers will check 
when all factors are taken into account. ,, 

Capacitors were added at pump stations 
7, 8, 9, and 20 by the War Emergency Pipe- 
lines, Inc., as the quickest means to obtain 
a satisfactory voltage level at these loca- 
tions. Because of the short write-off period, 


investment for these capacitors is not self- . 


liquidating on a power-factor-clause basis. 
No doubt the capacitors for continuous 
operation on the Plantation Pipe Line rep- 


‘resent an attractive investment, since it is 


understood that the power contract power- 
factor clauses are such that these capacitors 
will be paid for in about 2!/2 years. 

If series capacitors were investigated for 
intermittent operation to provide motor- 
starting service at Fluker and Roxboro 
Pump Stations, a statement of the result of 
such investigations should be interesting and 
useful. The use of a special autotransformer 
and capacitor combination at the Roxboro 
Station for obtaining suitable motor-start- 
ing voltage and, also, to prevent excessive 
momentary overvoltages appearing at near- 
by power customer locations is an interesting 
procedure. It would be helpful to know 
the magnitude of harmonic currents in this 
local capacitor circuit. 


W. H. Stueve (War Emergency Pipelines, 
Inc., Cincinnati, Ohio): The viewpoints 
presented in this discussion are offered 
as coming from one knowing all the 
intimate details of the circumstances sur- 


rounding the installation of capacitors on ~ 
the 24-inch crude line and the 20-inch prod- | 


ucts line installed from Texas to Eastern 
tidewater. 

I am not familiar with the capacitor in- 
stallations in the Plantation Pipe Line 
pump stations, and for this reason I will 
confine my remarks to the installations in 
the War Emergency Pipeline stations. I 


believe, however, from Hyde and Marbury’s ~ 


paper, that the capacitors were used in the 


Plantation stations for the same reason we ~ 


were forced to install such equipment for 
the “Big Inch’ stations, namely, the lack of 
a ‘stiff’? power supply in the power systems 


from which energy was contracted for the — 


station operation. 


For this reason it strikes me that the title 
‘of this paper may be somewhat misleading, 
in that the capacitors for the “Big Inch” — 


project were installed only to: 


1. Increase the voltage to enable the motors to 


start satisfactorily. . 
2. Maintain nearly 2,300 volts at the motor termi- 
nals to prevent overheating during certain ns 


of the year when the power-supply voltage was very 


low for continuous long periods of time. j 


Wie 
This situation is not inherent with pipe- 
line pumping stations, since it would ly 


to most any sort of industrial,load studied. — i} 
Let me say that capacitors would not — 


have been installed in the War Emergency 
Pipeline stations except for the fact that 
the power-supply system was so weak and 
unstable for stations 7, 8, and 9 ee as ticn 
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any fault of the power suppliers) with pri- 
mary voltages falling as low as 95 kv at the 
origin of our lateral feeders, during certain 
periods of the year, sustained for long 
periods of time, that it was impossible to 
secure sufficient secondary starting voltage 
for those stations 7 and 8 where we already 
had purchased full-voltage starting equip- 
ment. 

If our problem had been one of starting 
only, ng doubt much cheaper series capaci- 
tors could have been used. The long dura- 
tions of low-voltage conditions precluded 
this approach to prevent overheating of the 
equipment. 

To review the conclusions reached by us 
to install capacitors, which would apply 
only to this one project and not to pipe-line 
stations in general, when the 24-inch line 
first was considered in August 1942, stations 
7 and 8 each contained 4,500 horsepower and 
the War Production Board insisted on our 
using steel conductor in the 62 miles of 
power line (110 kv) required. The power 
supplier indicated the lowest supply voltage 
would be 105 kv with eight per cent regula- 
tion in the steel line plus five per cent in the 
3,750-kva transformers. The fourth five 
per cent transformer tap would give sufli- 
cient starting voltage, and no capacitors 
even were contemplated. 

Later, in January 1943, the 20-inch prod- 
ucts line was authorized, requiring 3,750 
horsepower additional at stations 7, 8, and 9, 
all power to originate at Walnut Ridge, the 
point of power take-off of the steel-conductor 
line. It was recognized immediately that 
the steel conductor could not be used, and 
we were granted permission from WPB 
rather reluctantly to use Copperweld and 
aluminum in the new 120 miles of 110-kv 
line required. 

We insisted on and obtained this conduc- 
tor of sufficient capacity to start all motors 
at all the stations 7, 8, and 9, basing our 
computations on the supply voltage at New- 
port and/or Walnut Ridge being the same 
as given earlier in August 1942 at 105 kv 
minimum, 

When the power supplier started worrying 
about his ability to maintain a stabilized 
voltage at all seasons of the year, after 
studying our new load of 8,250 horsepower 
in each station 7 and 8 and 5,250 horsepower 
at station 9, the project was then placed on 
the calculating board. Early in March 19438 
we were advised that voltages might ap- 
proach 90 kv at Walnut Ridge, and the 
whole system would become unstable and 
probably collapse. 

The power supplier strongly urged the 
installation of about 12,000 kva of capaci- 
tance in our system and advised that they 

expected to install 5,000 capacitive kilovolt- 
amperes themselves. Our calculations indi- 
cated at this time that the only solution to 
obtain relief was to install about 75 per cent 


~ of the capacitors recommended by the power 


supplier as a minimum. 
The application and capacity required in 
each station, however, were reached after 


_ giving consideration to the possibility of 


one or the other pump houses being shut 
down at the time of starting, and for this 


reason each motor was equipped with its 


individual capacitors and resulted in follow- 
ing the power supplier’s recommendations 
in entirety. 
In no sense can it be construed that these 
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capacitors we installed will pay out froma 
standpoint of economics by lowering the 
demand charges. In the case of stations 7, 
8, and 9, a total of 17,400 kw, the billing 
demand is reduced to about 15,000 kw or a 
saving of about $30,000 per year by the 
power-factor adjustment clause in the rate 
applying, which will require about five 
years to return the investment. In the 


case of the capacitors installed at station 20° 


in Pennsylvania, this was made for the 
same reason, in that an unstable supply volt- 
age prevailed at the origin of the ten-mile 
25-kv feeder line. The power supplier 
recommended about 2,000 capacitive kilo- 
volt-amperes in each pump house or a total 
of 4,000 capacitive kilovolt-amperes. 

After having studied these calculations, 
however, our conclusions were that none 
would be required, but to satisfy them 
we discounted their recommendations 50 
per cent and installed only 2,160 capacitive 
kilovolt-amperes at station 20. It now ap- 
pears that our figures were too high, and 
that the capacitors may not be necessary 
for starting or running the 8,250 horsepower 
installed. The power rate at station. 20 
does not contain any power-factor benefits, 
so this investment never will be repaid. 

Thus, you can see all the installations of 
capacitors were made only under pressure, 
and it cannot be said that they “aid” the 
power service, because if ‘‘stiff’’ power sys- 
tems were available, these installations 
never would have been made. 

The installations are not sound economi- 
cally, and from a pipe-line operating stand- 
point are “just so much more electrical 
gadgets to maintain.’’ I think Iam safe in 
saying that the pipeliner would prefer to 
do without these installations. 

The paper includes interesting detail of 
the starting kilovolt-amperes of the motors, 
and how the capacitor effects changes in 
voltage to permit better and quicker start- 
ing when the pumps are started against a 
closed head gate. The discussion of the 
problems encountered on the Plantation 
Pipe Line are very informative and should be 
helpful to the industry as a whole to show 
the successful use of capacitors to bolster 
a weak power-supply voltage. 

I believe, however, that the authors’ ap- 
proach to the ‘Big Inch” installations should 
have dealt with the problem as an individual 
proposition for a specific case and not with 
generalities, thereby conveying to the casual 
reader that all pump stations should have 
capacitors installed to “aid their power 
service,’’ On the War Emergency lines 
only four pump-station locations out of a 
total of 29 station locations have capacitors 
installed. 


M. A. Hyde: In reply to Mr. Taylor and 
Mr. Thomas, the values given in our paper 
for motor and station current and kilovolt- 
ampere demands, both for running and for 
starting, unless otherwise specifically stated, 
are based on 2,800 volts. These values are 
given at rated motor voltage as a uniform 
basis of comparison, and it will be under- 
stood, of course, that the current and kilo- 
volt-ampere' values actually realized at the 
several stations will vary according to the 
actual voltage at each station, which de- 
pends on stiffness of the power supply. In 
this respect, each station constitutes an 
individual problem, 
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With regard to the question as to why 
more extensive use was not made of full 
voltage starting in these pipe-line pumping 
stations, I would say that the decision as to 
whether to use full-voltage or reduced- 
voltage starting followed in general the 
preferences of the various power companies 
serving the stations. For a_ particular 
pumping station, the choice between across- 
line starting and reduced-voltage starting is 
determined by the ability of the power 
system to handle the starting demand with 
voltage service acceptable not only to the 
pipe line but also to other power users on the 
system, In some cases, where full-voltage 
starting would have been satisfactory from 
the standpoint of the pumping station itself, 
reduced-voltage starters actually were in- 
stalled in order to meet the more exacting 
service requirements of other nearby power 
customers on the same circuit. 

At both Fluker and Roxboro stations, 
consideration was given to the application 
of series capacitors. In applying series 
capacitors on distribution circuits, precau- 
tions must be taken against the occurrence 
of resonant conditions; more specifically, 
the possibility that during motor starting 
the rotor may acquire some subnormal speed 
and continue to rotate at this speed because 
of circuit resonance at some frequency below 
60 cycles, at which the motor rotor acts as a 
stable generator, It is good practice to 
make a special study of cases where the 
motor to be started represents more than 
ten per cent of the minimum load supplied 
through the series capacitor, In the Fluker 
and Roxboro stations this ratio would be 
far exceeded. In the case of Roxboro sta- 
tion, calculations on the likelihood of sub- 
synchronous resonance were supplemented 
by calculating board studies on this phe- 
nomenon as applied to the conditions sur- 
rounding this particular application, and the 
results of these studies indicated that the 
motor would operate at a subnormal speed. 
Obviation of this starting difficulty by using 
a resitor in combination with the series 
capacitor involved the cost of the resistor, 
which, with the necessary control, did not 
make an attractive over-all picture for the 
series capacitor. This was particularly true 
in view of the saving in shunt capacitors 
effected by their application on an inter- 
mittent basis for the starting period only. 

In the case of the Roxboro station in- 
stallation it is quite logical that a question 
should arise'as to the occurrence of har- 
monics. The extent of harmonics can be 
judged from Figure 10 of the paper which 
shows laboratory test oscillograms taken at 
applied voltages ranging from about 1,200 to 
8,100 volts. As stated in the paper, the sup- 
ply circuit containedresistance and reactance 
approximately matching the values for the 
Roxboro station supply feeder, and there is 
no question but that the harmonic currents 
were reduced by the supply-circuit resist- 
ance; in fact we demonstrated this during 
the course of the test. It is our opinion that 
this feature should be given special con- 
sideration where the scheme is applied on 
supply circuits of low resistance; however it 
may be kept in mind that the scheme itself 
is of value only on weak supply systems, 
where the feeder resistance is likely to be 
appreciable, 


Mr, Stueve’s discussion brings out very 
clearly the point that capacitor installa- 
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tions on the War Emergency pipe lines were 
made only at a limited number of stations 
where the power service was considered too 
weak to handle, otherwise, the incremental 
pumping-station load. Indeed, with the 
high-speed motors characteristic of these 
installations, operating at full-load power 
factors of 0.91 to 0.92, there is no need for 
capacitors under ordinary conditions of 
power service. The authors have no wish 
to present capacitors as a desirable adjunct 
to every pipe-line pumping station. This 
is evidenced by the enumeration of seven 
stations-as employing capacitors out of a 
total of 57 stations shown in Table I of the 
paper for the two War Emergency lines. 

In each case where capacitors were in- 
stalled, the objective was to attain power 
service from a power supply considered in- 
adequate to serve the load without such 
corrective effect. Capacitors were certainly 
a definite aid to power service to these sta- 
tions. In the case of station sites 7, 8, and 9, 
it would seem that, with the accomplish- 
ment of power service at minimum expendi- 
ture of critical materials together with re- 
turn of the capacitor investment in five 
years, as mentioned by Mr. Stueve, capaci- 
tor installations at these stations perform an 
essential service at reasonable cost. A 
similar situation holds in the case of the 
Plantation pipe line where the average 
pay-out time for the continuous capacitors— 
based on operating experience since their 
installation—will be about 2!/2 years. 

At station site 20 of the War Emergency 
Pipelines, Inc., where no pay out is realized 
by reduction in power billings, the utility of 
capacitors depends entirely on their neces- 
sity as a reinforcement to the power system. 
The same is true of the installation at Plan- 
tation’s Fluker station. 

One more point—because hydraulic con- 
siderations may, and frequently do, dictate 
the location of some stations at sites par- 
ticularly unfavorable for power service, the 
value of these capacitor installations must be 
considered in relation to the operation of the 
line as a whole, aside from the question of 
pay out at each individual station. 


The Vibration of 


Electric Contacts 


Discussion and authors’ closure of paper 44-69 
by Mark N. Russell and Saul Keilien, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
April section, pages 153-5. 


I. R. Schumaker (nonmember; General 
Electric Company, Schenectady, N. Y.): 
The authors have stated that ‘‘considerable 
attention has been given to the study of 
current-carrying ability and circuit-inter- 
ruption ability of contacts, while the 
‘making’ of contacts has been practically 
neglected.” It is not to be assumed that 
little is being done on this score just because 
little or nothing has been published about it. 
Several years ago some 12 contact-testing 
machines were produced for member com- 
panies of the American Society for Testing 
Materials subcommittee on contacts to the 
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specifications of that subcommittee and for 
the sole purpose of testing contact-making 
ability. This would indicate that consider- 
able work had been done before that time 
and that an even more concerted effort is 
being made now. In addition, the demands 
of our Air Forces in this war for contactors 
and relays that will do tremendous jobs in 
small-sized packages has given the manu- 
facturers an even greater realization of the 
problems involved in the “making” of an 
electrical circuit.. However, the data that 
have been taken up to this point are so in- 
consistent that it is difficult to arrive at any 
conclusions. To be more specific, seven of 
the ASTM machines operating under the 
same conditions of load, speed, and pressure 
and using tips made by the same manu- 
facturer in the same lot, showed a variation 
in total number of welds after 250,000 opera- 
tions of 2 for one machine to 500 for another, 
with the others well distributed between 
these limits! 

When making and breaking a-d-c circuit, 
there are at least three factors that affect 
the life of the contacts. Two of these, as 
the, authors have indicated, are bounce on 
“make” and arcing on “‘break.”’ The third 
is material transfer which is, among other 
things, a function of contact material. This 
could produce a condition such as is shown 
on both of the contacts in Figure 2a. Since 
the authors have not identified the contacts 
shown, it is not clear to me whether they 
made mutual contact or if there was another 
member not shown. Likewise, there is no 
description of the action of the contacts so 
it is difficult for one to draw the same con- 
clusions as the authors from the data pre- 
sented. 

The authors present no data to back up 
their statement that ‘“‘similar destructive 
results occur in switches controlling motors, 
since the starting current of motors is several 
times their running value.’’ It has been our 
experience that a lamp load presents a far 
greater problem in circuit making than a 
motor load due to the extremely rapid rise 
of current in the case of the lamp. The 
motor, being inductive, allows a far slower 
rate of current rise and bounce frequency 
in general being quite high, circuit inter- 
ruption occurs at relatively small values of 
current resulting in only slight burning of 
contacts. 

Data we have taken indicate that thereare 
more factors affecting bounce than the 
authors have included. The outstanding 
factors are preloading of contacts, speed of 
closure, weight of moving parts, resiliency 
of contact material and of contact structure, 
amount of current to be made, and voltage 
of circuit. Russell and Charbonneau in 
their paper ‘‘Aircraft Contactors’ [AIEE 
TRANSACTIONS, volume 62, 1943, Septem- 
ber section, pages 563-6] show that pre- 
loading can be either too little or too great: 
The authors of the paper under discussion 
have indicated that preloading must be 
greater than a certain amount, but do not 
indicate how far this may be carried. 


Mark N. Russell and Saul Keilien: In the 
discussion, mention was made of the con- 
struction of 12 testing machines built for the 
member companies of ASTM of committee 
B4, section B, subcommittee X. Theauth- 
ors were thoroughly conversant with the 
existence and the operation of these mach- 
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ve 
ines, but, as it is correctly remarked, én 
consistent data have been obtained. This 
fact was substantiatedeven at the last ASTM 
meeting held on February 21, 1944. Con- 
sequently, no specific recommendations for 
suppression of contact vibration had been 
offered. 

Inasmuch as our paper dealt with vibra- 
tion of contacts, we considered the transfer 
of material on contact points was outside the 
scope of this paper. Due to the limitetl 
space, it was necessary to omit some of the 
details of the contact action, and the dis- 
cusser may be interested to know that the 
contacts in question were mutually pre- 
loaded blades of a snap switch straddling 
the stationary contacts, thus completing 
the circuit. 

While it is true that motor circuits offer a 
problem of lesser severity than that of the 
tungsten filament lamp, there is an inrush 
greater than the normal current, which 
would be quite a factor if the contact vibra- 
tion is severe. 

It is questioned by the authors whether 
or not such factors as the current value and 
voltage of the circuit affect the contact 
vibration, as stated in the last paragraph of 
the discussion. The attention of the dis- 
cusser is called to those paragraphs in the 
paper in which the velocity of contacts and 
weight of moving system are considered. 
No mention is made of the upper limit of 
preloading, for it is apparent that a point 
may be reached where excessive preloading 
would cause failure of the moving blade to 
engage the stationary contact because of 
insufficient energy to overcome the pressure 
of the contacts. 


Cultural Training of 
the Engineer 


Discussion and author's closure of paper 44-3 
by A. Boyajian, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, January sec- 
tion, pages 6-9. 


S. T. Maunder (General Electric Company, 
Pittsfield, Mass.): Mr. Boyajian’s paper 
is a refreshing presentation of a subject 
that is popular with every engineering stu- 
dent and graduate—rearranging the cur- 
riculum.* The paper makes sense out of the 
cultural versus scientific controversy, by 
introducing applied psychology and ap- 
plied English for the engineering student. 
The present English course easily can be 
changed to include many of the points that 
the author brings up. An engineer is usually 
poor in’English composition, but the schools 
have tried to teach him from the English 
department’s viewpoint—how to write well. 
Reverse the viewpoint, forget the English 
department’s usual procedure, and start a 
course in applied English; that is, how to 
write so that desired action will take place. 
Suppose the professor started the class 
one morning with a story: “A development 
engineer often has to ask for an appropria- 
tion to continue his present work, or to start 
on a new study. How can this be worded 
most effectively? One engineer whom I 
knew had a formula which enabled him to 
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have nearly all his applications approved. 
Eventually, he had so much work to do that 
men were assigned to help him, and then he 
became the head of an important develop- 
ment section; all because he knew how to 
ask for and obtain appropriations while 
others were not so fortunate. Here is his 
formula,” 

If that were told to the students they 
would, furiously copy the golden formula. 
Then, when told to try it out for the next 
class on some idea they’d like to develop, 
they would do a good job. 

This is not sugar-coating English to make 
it palatable; it is English composition that 
is'so practical that the student will be con- 
vinced that he must learn it. To this add 
oral presentations and lectures on applied 
psychology. But now it is no longer Eng- 
lish. It is business management, applied 
psychology, or executive technique. Change 
the name to express the new objective. 

Thus, out of the former unprofitable and 
disliked engineering English, a new course 
will grow which will teach students those 
oral and written arts of influencing human 
action. A student of such a course, by 
using this knowledge, can become a superior 
engineer. 


David C. Prince (General Electric Company, 
Schenectady, N. Y.): The title of this 
paper may be somewhat misleading. The 
author is actually asking what it is that an 
engineer needs in education in addition to 
the bare technical necessities of his calling. 

The existence of such additional educa- 
tional needs has been generally recognized, 
and various educators have recommended 
what have been loosely described as cultural 
courses—varying all the way from perhaps 
some further emphasis on English to the 
feeling that an academic degree should be a 
prerequisite to an engineering training, just 
as it is at present to training in medicine 
and law. 

The war has thrown this subject into a 
much stronger and more searching light. 
The very survival of the country has de- 
pended upon the training of our youth, 
either before or after being inducted into 
the armed services or into essential wartime 
industry. 

The war effort has leaned heavily on men 
who have had engineering training. This 
was more or less to have been expected be- 
‘cause of the importance of material in 
mechanized war. But the discovery that is 
startling to some people has been the need 
for training in leadership. 

Are not the three needs which Mr. 
Boyajian lists specifically as ‘‘student’s 
needs” the prime essentials of the engineer- 
ing graduate to be trained for a position of 
leadership? First, he must determine the 
' requirements of each new situation. Then, 

the is to be a leader, these requirements 

must be made clear to other people. To 
that end, first he must understand those 
requirements himself and then the ideas 
must be communicated to the others, either 
by speech or writing, broadly interpreted. 
_ Most of our cultural subjects have minis- 
tered to the broader perspective required of 
leaders, although I agree with the author 
that far too little thought has been given to 
seeing that the objective is really reached 
by these courses as they have in times past 
been selected and taught. 
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A. Boyajian: It is very gratifying that the 
major ideas expressed in the paper are ap- 
proved of by Mr. Prince and Mr. Maunder 
and a number of others who have written 
personally to the author. 

The last sentence of Mr. Prince should 
be kept in mind by the educators. It is not 
enough to replace one course with another; 
we must see to it that the chosen course is 
taught the proper way to accomplish the 
objective. 

The discussion outside of the session has 
been a great deal more than at the session, 
most of it with enthusiastic agreement, 
some with emphasis on the importance of 
the precollege training and parental atten- 
tion, about which, of course, there can be 
no doubt. In the cases of both the lower 
schools and the colleges, the first step is to 
crystallize the objectives, and then develop 
the methods of training to accomplish those 
objectives. High schools try to prepare 
their students for the colleges to which each 
student intends to go. (At least, it is so in 
Pittsfield, Mass.) So catalogs are consulted 
to make sure that the requirements are 
satisfied in each case. But, at present, what 
the high schools know of these requirements 
is the courses and a scholastic-aptitude 
test, and sometimes additionally a scholastic- 
achievement test. When the colleges begin 
to give special attention to the psychology 
of the freshman, and some of the competent 
faculty members occasionally lecture on 
the matter to high-school faculties, we may 
begin to see improvement in the cultural 
training of the high-school graduate, too, 
whether for college or for life. 


Basic Considerations in 
Selection of Electric 
Systems for Large Aircraft 


Discussion on authors’ closure of paper 44-36 
by W. K. Boice and L. G. Levoy, Jr., pre- 
sented at the AIEE winter technical meeting, 
New York, N. Y., January 24-28, 1944, and 


published in AIEE TRANSACTIONS, 1944, 
June section, pages 279-87. 


Jerome J. Taylor (The Detroit Edison Com- 
pany, Detroit, Mich.): The authors give a 
table showing the influence of system voltage 
on the weight of the power-distribution- 
system copper in large aircraft. They also 
state that the present 27-volt d-c electric 
system has done an excellent job to date, 
but becomes inadequate from the standpoint 
of weight for application to planes now being 
designed. These planes are larger, and pre- 
sumably require greater amounts of electric 
power, than the B17 and the B24. 

In this situation it would seem logical to 
use aluminum conductor instead of copper 
for electrical wiring of aircraft. The weight 
of aluminum is less than half that of copper 
of equal conductivity, and, using the 
authors’ figures, a 27-volt transmission sys- 
tem employingaluminum conductor therefore 
would be approximately equal in weight to 
a 120-volt d-c two-wire system using copper. 
By this means the advantages of the 27-volt 
system could be extended to larger planes. 
Alternately, aluminum could be used in the 
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‘power systems in the future. 


higher-voltage systems, with consequent 
weight reductions. There are other possible 
advantages, such as behavior under gunfire 
and burning-clear characteristics. A major 
disadvantage has been the relative difficulty 
of making good connections, and in a 27- 
volt system low contact resistance is vital. 
There have been progressive improvements 
in this art, however, and methods of making 
reliable joints are now available. Will the 
authors state whether there are other fac- 
tors which militate against the use of alum- 
inum conductors? 


A. H. Powell (nonmember; General Electric 
Company, Philadelphia, Pa.): The problems 
involved in the selection and design of electric 
systems for large aircraft are similar to those 
in small industrial and power systems. Yet 
aircraft circuits involve additional complica- 
tions that prevent the entire use of time- 
tested methods and designs. As the authors 
have pointed out in their well-written com- 
prehensive review of past, present, and prob- 
ably future aircraft systems, alternating cur- 
rent rather than low-voltage direct current is 
selected for large planes involving long cable 
runs and large loads. Furthermore, the 
type of machines used and, in general, the 
protective system employed follow conven- 
tional power practices. 

However, aircraft equipment differs from 
standard commercial material in that it 
must operate under the most severe condi- 
tions of temperature, humidity, dust, cor- 
rosion, and vibration. At the same time, it 
must be of a minimum size and weight, yet 
provide maximum reliability. Such require- 
ments have necessitated a change in design 
practices and thoughts, and the development 
of new materials and methods of manufacture 
which may radically affect the future equip- 
ment used on power and industrial systems. 

This paper shows that 208-volt three- 
phase 400-cycle circuits are the choice for 
large long-range planes of the future. De- 
vices now available for these circuits operate 
at temperatures and speeds greatly in excess 
of similar conventional 60-cycle units, with 
a corresponding decrease in weight and in- 
crease in unit output that is quite astonish- 
ing. The designer of commercial equipment 
should realize that the ultimate in com- 
mercial design by no means has been 
reached. We can expect to see radical 
changes in electrical equipment to take ad- 
vantage of the knowledge gained by de- 
velopment of aircraft devices. 

The subject of protection of the a-c cir- 
cuits in aircraft was only mentioned in the 
paper in passing. Therefore, it might be 
well to point out that protection of a-c 
aircraft circuits indicates a new trend that 
might well be followed for industrial or 
Individual 
equipment uses built-in thermal protection 
designed to obtain maximum output under 
all conditions of temperature and load. 
Fuses are used only for fault protection, not 
overload protection, and circuit breakers 
at the main feeder bus are the final link in 
the protective chain. A fuse with a high- 
temperature melting link, and consequently 
“fast”? characteristics, is suited ideally to 
such a scheme, as it is selected to carry the 
maximum load current and the overload 
current for the length of time allowed by the 
thermal protector, yet will interrupt the 
circuit with minimum clearing time when 
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a fault develops. Such protection for each 
branch circuit provides the minimum dis- 
turbance during a fault, but allows the con- 
nected load to operate at its peak capacity — 
an ideal arrangement, especially for aircraft 
circuits. 

It is true that d-c circuits probably always 
will be used in aircraft. However, it is also 
true, as pointed out in this paper, that a-c 
circuits will play a big part in the operation 
of large aircraft, and apparently are the 
logical answer to the question, ““What type 
of power system will be selected for the 
future planes?” 


C. Concordia (General Electric Company, 
Schenectady, N. Y.): In connection with 
the authors’ remarks about the severe re- 
quirements entailed in the driving of paral- 
leled synchronous a-c generators from the 
engines through a controlled speed-reducing 
mechanism, Figure 1 of the discussion may 
be of interest. 

These curves show the rate of change of 
electrical angle (in radians) between the 
generator whose driving engine is being 
accelerated and the other paralleled genera- 
tors of the electric system. 

Curve A is for a drive with no slip. The 
engine acceleration is assumed as equivalent 
to 100 per cent speed change in two seconds, 
which is not the maximum possible. The 
only control is assumed to be a flat-speed 
governor which has a speed of response pro- 
portional to the deviation of the generator 
speed from normal, the constant of propor- 
tionality being such that one per cent speed 
deviation gives a rate corresponding to 100 
per cent speed change in one second. The 


RADIANS 


SECONDS —t 


Figure 1. Curves showing the rate of change 
of electrical angle 


Engine acceleration =50 per cent per second 
Governor full stroke in one second for one per 
cent speed deviation 
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generator frequency is 400 cycles per second. 
Leaving out of consideration freewheeling 
or any overload relief valve in the driving 
mechanism, it is seen that, with this simple 
control, if this engine acceleration is main- 
tained for much more than one tenth of a 
second, synchronism will be lost. (Such an 
engine acceleration may persist for much 
longer than 0.1 second.) 

Curve B shows the results for the same 
case as curve A except that now the drive 
of the generator being accelerated has a 
linear slip-torque characteristic such that 
ten per cent slip corresponds to one elec- 
trical radian angular displacement. No lag 
in the governing mechanism has been con- 
sidered in either case, so the calculations are 
optimistic in this respect. To match the 
characteristic of curve B without slip in the 
driving mechanism would require approxi- 
mately three times the rate of response in 
the speed governor, that is, full stroke in one 
second for one third of one per cent speed 
deviation. The question of whether or not 
such a speed of response under transient 
conditions, or even the slower rate of curve 
A for that matter, can be realized will de- 
pend primarily on the stability requirements 
which must be met by the control system. 

These results emphasize the authors’ 
conclusion that the control*for such a drive 
must meet very severe requirements and 
that some freewheeling or relief-valve 
mechanism probably will have to be incor- 
porated. A direct (that is, undelayed) re- 
sponse of the control to load as well as to 
speed would also be of help in this regard, 
but such a control is difficult to make 
stable. 

It is of some interest to note that the 
angular rate of departure from synchronism 
is proportional to frequency, and that a 
lower frequency tends to relieve the con- 
trol. Thus there is an interrelation be- 
tween the driving means and the optimum 
system frequency. 


V. A. Higgs (nonmember; Warwickshire, 
England): The tremendous amount of de- 
velopment already put into the 24-volt d-c 
system is stressed in the paper, but I consider 
its further use is dismissed too easily. It is 
agreed that for very large powers the heavy 
currents demanded are a very great draw- 
back. On the other hand, for medium-size 
aircraft it is thought that considerable im- 
provements can be made over the existing 
conventional layouts. 


SINGLE-ENGINE INSTALLATION 


Figure 2 of the discussion shows a simpli- 
fied diagram of a typical single-generator 
installation. The accumulator (storage 
battery) is included in order to relieve the 
generator of peak overloads, to act as stand- 
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Figure 2. Simplified diagram of a typical 
single-generator installation 
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Figure 3. Twin-engine instal- 
lation, with two generators’ 
supplying separate circuits 


by in the case of failure of the generator, 
and to provide power on the ground. In 
order to obtain power from the accumulator, 
it is necessary for the system voltage to 
change from 29 volts, which is necessary to 
charge the accumulator, to something less 
than 24 volts. If the discharge current is 
heavy, the voltage may be reduced as low as 
20 volts. 

This variation in line voltage places a 
severe handicap on the design of motors, 


Figure 4. Schematic diagram of a system with 
an auxiliary generating plant added 


dynamotors, inverters, and so forth. In 
addition, the amount of power available 
from the accumulator is very limited, unless 
the size and weight are considerable. 

By increasing the capacity of the genera- 
tor it is possible to obtain a far greater out- 
put for much less weight, so that under 
normal flying conditions, the arrangement 
shown in Figure 2 would be better without 
an accumulator. Such an arrangement, 
however, would provide no power when the 
aircraft is on the ground and the main 
engine is not running. By extensive de- 
velopment of nonelectrical methods of 
main-engine starting, the value of the power 
supply on the ground is greatly reduced, but 
it may be argued that in certain cases it is 
an essential feature that aircraft should be 
self-supporting, so far as electric power is 
concerned, when on the ground. 

An auxiliary generating plant (AGP) con- 
sisting of a small petrol engine driving a 
d-c generator can be designed to give a 
continuous output for less weight than an. 


accumulator giving the same output for | 


only five or six minutes. The introduction 
of an auxiliary generating plant would intro- ' 
duce problems not present with the accumu- 
lator but these problems all have been over- 
come to a large extent and there are already 
in existence numerous forms of auxiliary 
generating plants. Further development of 
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Figure 5. A four-engine layout combining 
parallel operation and separate circuits 
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auxiliary-generating plant design will be 
essential for the utilization of alternating 
current in aircraft, and this development 
can also be put to use in d-c power systems. 

It is considered not impossible to intro- 
duce a small efficient auxiliary generating 
plant into single-engine aircraft, giving an 
over-all weight no greater than genera- 
tor—accumulator combination and giving far 
better performance. 

It should be noted that certain classes of 
aircraft demand a small power supply for 
short duration when all other power supplies 
have failed, and to meet this it will be neces- 
sary to carry a very small accumulator less 
than five ampere-hours capacity, which, 
since it never plays any part in the provision 
of main power, can “‘float’’ on the bus bar 
to which it is connected. 


Twrn-ENGINE INSTALLATION 


When there is more than one generator, 
it has been common practice with d-c in- 
stallations to connect these generators in 
parallel. This in itself produces a voltage 
yariation from no load to full load, since to 
ensure adequate load sharing it is necessary 
to provide the generators with a drooping 
voltage characteristic. The paralleling of 
d-e generators in aircraft has been a major 
problem, and a satisfactory solution has not 
yet been found. Figure 3 of the discussion 
shows a twin-engine installation with two 
generators supplying separate circuits. If 
either generator fails for any reason the 
relay R closes and automatically connects 
both bus bars to the remaining generator, 
A small “floating” accumulator is shown on 
the bus bar in Figure 2. As shown in Figure 
3, there is no provision for ground supply. 
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Figure 6. An aircraft-wiring layout, with three 
Separate circuits, four main-engine-driven 
generators, and an auxiliary generating plant 
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In Figure 4, an auxiliary generating plant 
has been added which, through normally 
closed contacts on relays Rl and R2, sup- 
plies all the loads on the ground. In flight, 
generator Gl supplies the loads connected 
to L1 and G2 supplies L2. As shown, if 
either generator fails it can be replaced by 
the auxiliary generating plant, which can 
be either hand-started or automatically 
started. If the remaining generator now 
fails, both Z1 and L2 will be connected to 
the auxiliary generating plant. An alterna- 
tive to the scheme shown in Figure 4 would 
be to repeat the layout shown in Figure 3 
and only introduce the auxiliary generating 
plant for ground operation and extreme 
emergency in the air, that is, the loss of 
both generators. 

It should be noted that in either case the 
auxiliary generating plant will not require 
special attention for high-altitude work, 
since it will only be used in the case of 
emergency. The arrangements shown in 
Figures 3 and 4 will maintain a much better 
voltage characteristic than is obtained by 
parallel systems, but will demand good over- 
load capacity of the generators and will 
impose a limit on the size of motor which 
canbeinstalled. Motor loads on twin-engine 
aircraft are not likely to be very heavy, and 
arrangements should be made to keep heavy 
motor loads on one circuit and radio and 
other loads sensitive to voltage variation 
on the other circuit. 


FourR-ENGINE INSTALLATION 


In Figure 5 of the discussion, a four- 
engine layout is shown combining parallel 
operation and separate circuits. The main 
loads containing all motors and other equip- 
ment, are supplied by three generators, 
G1, G2, and G3, connected in parallel and 
feeding the bus bar Z1. A separate circuit 
L2, supplied by one generator only (G4), 
is provided for loads sensitive to voltage 
variation; in this circuit all possible precau- 
tions can be taken to eliminate voltage dis- 
turbances, and this circuit also will carry 
the small ‘‘floating’”’ accumulator. Loss of 
any one of the generators, Gl, G2, or G3, 
will mean just that much less power to the 
main loads. The loss of generator 4 auto- 
matically will transfer the loads of L2 on to 
an auxiliary generating plant that can be 
started from the Z1 circuit. Power supply 
on the ground for both bus bars will be ob- 
tained from the auxiliary generating plant 
with the switch marked “S’”’ closed. Should 
both the auxiliary generating plant and 
generator (74 fail, the loads on L2 could be 
transferred automatically to L1, where they 
will receive a _ variable-voltage supply, 
which would be better than no voltage supply 
at all. 

This arrangement permits heavy motor 
loads and easier paralleling, since a large 
drooping voltage characteristic is permissible 
on the parallel system. It is considered 
that this arrangement is a very good com- 
promise and is well worth further develop- 
ment. F 

Where large motors are required, such as 
for undercarriage operation, it would be a 
good plan.to replace one large motor by 
two motors of half size, fed from separate 
generators and arranged so that either motor 
can complete the operation in twice the 
time taken by both motors operating to- 
gether. With this arrangement, a consider- 
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Table I. Connections of Loads and Genera- 

tors With Automatic Load Transfer When 

More Than One Main-Engine-Driven Gen- 
erator Has Failed 


Gl G2 G3 G4 AGP 
Failed. . Failed L383 ..L14+ 52 
Failed., L2 ..Failed..L1+L3 
Failed..L1+L12 ,.L3 .- Failed. .; 
b 5s bere Failed ..Failed..L2+ 13 
pA rea Failed ..L3 © .. Failed as op) 
EA Wen L3+L2_ ..Failed.. Failed q 
Failed. . Failed ..Failed..L1+ 22+ 

L3 
Failed. . Failed app os) .. Failed L1+ L2 
Failed..L1+ 12+. . Failed. . Failed 
L3 
DAY haga Failed .. Failed. . Failed L2+L3 
Failed. . Failed ..Failed. . Failed L1+ 122+ 
L3 


Generators are connected as in Figure 6. 


able increase in safety factor is obtained at 
very slight increase in weight. By this 
means, also, the load circuit marked L1 
in Figure 5 can be subdivided further. An 
aircraft-wiring layout readily divides itself 
into three circuits. Figure 6 shows a layout 
with three separate circuits, four main- 
engine-driven generators, and an auxiliary 
generating plant. Relays R1, R2, and R3, 
which have normally closed contacts, are 
energized by generators Gl, G2, and G3, 
respectively, putting these generators onto 
the three separate circuits 21, L2, and L3. 
Failure of any one of these three generators 
automatically will bring generator G4 in 
its place through the relay R4. The relays 
marked R(1+4), R(2+4), and R(3+4) are 
normally closed, but will be opened by 
supply from either of the generators corre- 
sponding to the suffix numbers. For ex- 
ample, R(1+4) will only close if generators 
G1 and G4 are inoperative. It. will be seen 
that power is maintained on all circuits 
even when all four main-engine-driven 
generators are disabled. A table is shown 
in Figure 7 which details the generators and 
their connected loads under all conditions 
of failure. 

One of the circuits marked Z1, L2, or 
L3 should be confined to loads sensitive to 
voltage changes or other special loads, and 
will be connected to the small ‘‘floating”’ 
accumulator. 


CONCLUSION 


The circuits shown herein are all reduced 
to their simplest form, and do not indicate 
the detailed requirements of circuits such 
as fuses. There is no new technique in- 
volved, and it is apparent that for medium- 
size aircraft not operating at extremely 
high altitudes, the 24-volt d-c system still is 
worthy of development. It is considered 
that to obtain the most from a low-voltage 
d-c system, it will be necessary to abandon 
the use of the accumulator and not to at- 
tempt to connect the generators in parallel. 

In large aircraft where power demands 
are very heavy, an increase in voltage will 
be essential to reduce cable weights, and in 
this case the elimination of commutators 
and brush gear makes the use of a-c power 
inevitable. It is hoped that the foregoing 
remarks indicate that the paralleling of 
generators for d-c power systems is not 
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necessarily the best arrangement. Hence 
when a-c power is used and paralleling be- 
comes an even more difficult problem, it 
would be better to investigate fully the 
possibilities of separate circuits before any 
attempt is made at paralleling. 


W.K. Boice and L. G. Levoy, Jr.:, The tabu- 
lation in the paper comparing distribution 
copper weights for various voltage levelsgives 
only an approximate idea of the relative 
weights of wiring. The weight of wiring is 
affected also by the weight of insulation, which 
increases with increasing voltage and offsets 
some of the savings obtained by reduction 
of copper weight. Moreover, mechanical- 
strength requirements establish minimum 
wire sizes, so that for circuits to small 
loads, increase in voltage will not in all 
cases permit a reduction in wire size. 

Mr. Taylor has pointed out that aluminum 
conductors have less weight than copper con- 
ductors of equal conductivity. However, 
aluminum conductors have larger cross 
sections, and hence require a greater weight 
of insulation than copper conductors of 
equal conductivity. Thus the increase in 
weight of insulation offsets some of the 
conductor weight savings obtained by sub- 
stituting aluminum for copper. The relative 
difficulty of making good connections with 
aluminum is probably the most important 
reason why it has not been used more widely. 
Although methods are available for making 
reliable connections with aluminum, they 
are relatively inconvenient to use, particu- 
larly for repairs in the field. 

Mr. Powell calls attention to the fact that 
developments in equipment for aircraft use 
undoubtedly will result in many changes in 
equipment for other uses. This probably 
will be even more true for the case of equip- 
ment for very large planes than for present- 
day aircraft. 

Mr. Concordia’s discussion of governor 
characteristics points out the advantage of 
slip in the drives for a-c generators which 
are to operate in parallel. As he points out, 
time lag in the governing mechanism has 
been negelected in the curves given. This 
factor is of considerable importance, par- 
ticularly with suddenly applied accelera- 
tions. In the case of constant-speed drives 
now being developed, the use of freewheeling 
is expected to be helpful in relieving the 
severity of requirements for governing 
equipment for parallel operation. 

The paper states that constant-speed 
transmissions are necessary for main-engine- 
driven alternators that are to supply con- 
stant-frequency alternating current. It 
points out further that if the frequency is 
not held constant, difficulties in the opera- 
tion of certain types of loads may be ex- 
pected. In some British aircraft designs, 
constant-speed transmissions are eliminated 
and a-c generators are driven directly from 
main engines, nonparallel operation being 
used. When the engine-operating speed 
range is relatively narrow so that the fre- 
quency range is within the limits for satis- 
factory operation of electric loads, this 
method of operation may result in sub- 
stantial weight saving and may eliminate 
governing problems entirely. However, on 
many aircraft this is not feasible because of 
Epitor’s Note: This closure does not acknowledge 


Mr. Higgs’ discussion: which was received too late 
for the authors to submit comments on it. 
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wide engine-speed ranges and close fre- 
quency limits for certain types of electrical 
apparatus. 


Electric-Circuit Fault-Protec- 


tive Principles as Applied 
to D-C Aircraft Systems 


Discussion and author's closure of paper 44-38 
by R. H. Kaufmann presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, pages 333- 
44, 


R. J. Lusk (nonmember; captain, United 
States Army, Wright Field, Dayton, Ohio): 
Mr. Kaufmann’s paper applying fault-pro- 
tective principles to d-c aircraft systems is 
an important indication of the present trend 
toward a co-ordinated electrical system for 
use in aircraft and may well serve as a basis 
for development of standards for such a 
system. 

However, the immense size and organiza- 
tion of military air forces in the present war 
and the distribution of these forces over a 
large portion of the world require careful 
consideration of several factors which must 
of necessity influence the design of an 
electrical system for present day military 
aircraft in addition to the usual require- 
ments of safety, reliability, first cost, sim- 
plicity of operation, maintenance cost, and 
efficiency. 

The first of these several factors is weight. 
The addition of even 100 pounds to the 
electrical system of a bomber would influ- 
ence to a tremendous extent the capabilities 
of these aircraft, yet the addition of this 
weight in protective devices alone is easily 
attained in any system offering complete pro- 
tection against possible electrical faults, 
without consideration for the additional 
structural appliances necessary to fasten 
cables and protective equipment in place. 

Another important factor is the supply 
problem. The immense number of bases 
from which combat operations are con- 
ducted and the huge quantities of supplies 
which must be transported to these bases 
make it impossible to rely on stocks of small 
items such as fusible links. Systems in 
which selectivity depends on fusible links 
are potentially a problem since the insertion 
of a link of improper rating at any point in 
such a system usually destroys the selec- 
tivity of the system, rendering the system a 
hazard in combat. 

The last and perhaps the most important 
factor of all is simplicity of maintenance. 
Electrical specialists in the Army Air Forces 
receive a bare minimum of instruction on the 
electrical system and no provision is made 
lor personnel with technical background 
capable of advising electrical specialistsin the 
field. This is probably a result of the mini- 
mum of trouble experienced with the small- 
capacity single-generator-and-battery sys- 
tems used during the years of peace previous 
to the present war. ° 

These additional factors of weight, sup- 
ply, and extreme simplicity of maintenance 
require a careful accounting of the faults 
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which may be encountered in aircraft and// 


consideration of means to prevent service 
interruptions due to these faults with the 
purpose of eliminating any unnecessary pro- 
tective equipment. 

In general, short circuits to ground may 
be caused by careless maintenance when the 


system is energized, by normal wear and _ 


tear, by the effect of gunfire on equipment, 
or by the effect of gunfire on electrical wir- 
ing. Gunfire may also result in open cir- 
cuits. 

Short circuits during maintenance may be 
reduced in number if not prevented alto- 
gether, by the use of insulated junction 
boxes, so designed that tools cannot contact 
studs or other equipment at a positive poten- 
tial and the metallic structure of the air- 
plane simultaneously. Faults due to nor- 
mal wear and tear can be minimized by 
proper and careful installation. 

Any short circuit of serious magnitude 
may be isolated without insurmountable diffi- 
culty when the fault occurs on an individual 
feeder circuit by the use of a circuit protec- 
tive device at the junction of the individual 
feeder circuit to the main feeder circuit. 
Adequate protection is thus furnished to the 
equipment portion of the airplane electrical 
system which, of course, provides the largest 
target or exposure. 

Short circuits or open circuits in the main 
feeder circuit must not result in interruption 
of the flow of power to the important elec- 
trical loads connected to the main feeder 
circuit. Short circuits due to improper 
maintenance may be avoided by installa- 
tions planned to make these faults impossi- 
ble. The effect of open circuits due to gun- 
fire may be minimized through the use of 
multiple-channel main feeder circuits, but 


short circuits due to gunfire cannot be so 


easily dismissed, indeed, the problem be-- 
comes even more difficult when it is realized 
that protection must be provided against 
short circuits occurring at junction boxes as 
well as on feeder cables. The problem is 
further aggravated because fault currents 
under minimum generating-source condi- 
tions may be less than starting currents. 
under maximum generating-source condi- 


tion, particularly if solid faults are to be dis-- 


posed of in 1/.) second as proposed by Mr. 
Kaufmann. 

As pointed out by Mr. Kaufmann the 
attainment of a selective protective system 
relies on the judicious use of inverse time 
characteristics. A study of proposed sys- 
tems indicates that a minimum of four 
channels must be used to obtain selectivity 


and that, even then, no protection for junc- . 


tion boxes is provided and the supply prob- 
lem previously mentioned is incurred. 
Any system incorporating selectivity must 
probably be rejected because of these rea- 
sons. 

Other systems making use of balanced 
current protection in transmission channels 
and ground fault current detection at junc- 
tion boxes are objectionable because | of 
weight, and extremely objectionable be- 
cause of the maintenance difficulties which 
would certainly be encountered. 

However, the problem of short-circuit 
protection:on the main feeder circuits may 
not be so serious as to demand any form of 
protection since it has not been definitely 
established that faults on this part of the 
electrical system do not burn clear in a rela- 
tively short period. The short circuits: 
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caused by gunfire usttally consist of a path 
to ground through a fractional part of the 
total small strands which make up aircraft 
cables and these quickly burn off leaving 
either a layer of cable insulation or an oxide 
film to prevent further current flow. For 
present-day military aircraft it appears that 
the main feeder circuit should not in- 
corporate protective equipment. Mr. Kauf- 
mann’s recommendations concerning pro- 
tective practice for individual feeder circuits, 
need only be modified for present-day 
application because of the unavailability of 
closely calibrated overcurrent and inverse- 
time-characteristic devices of a reset type. 
It is to be noted that a reverse-current cir- 
cuit breaker is already being used in high- 
capacity aircraft generator circuits. 


C. D. Hayward (General Electric Company, 
Philadelphia, Pa.): In this paper as well 
as in reference 1 of this discussion, the need 
for a d-c circuit breaker having a directional 
or reverse-current trip to provide adequate 
fault protection of the generator and battery 
circuits in d-c aircraft systems has been 
described. Mr. Kaufmann’s paper also 
points out the advantages of such a breaker 
for parallel line protection. 

Figure 1 of this discussion shows a new 
reverse-current circuit breaker especially de- 
veloped for this service which is now in pro- 
duction. While particularly designed for 
generator protection, it is also suitable for 
battery and parallel-line protection as well. 
When used for generator protection, it is 
connected in the generator circuit between 
the generator control relay and the positive 
bus, one being used in the circuit of each 
generator. In case of a fault occurring in 
the generator, the generator relay or their 
connecting cables, this breaker will trip on 
the reverse flow of current from the bus to 
the fault interrupting the current and dis- 
connecting the faulted circuit from the bus. 
At the same time an auxiliary switch on the 
breaker opens the field circuit so that the 
‘faulted generator itself cannot continue to 
-feed current into the fault. 

The reverse-current breakers in the other 
generator and battery circuits do not trip, 
because the current flowing through them to 
the fault is in the forward direction. Hence, 
the sound generators and batteries are left 


Figure 1. A 
new d-c reverse- 
current circuit 


breaker for air- 
craft - generator 
protection 
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in service to supply power to the system 
immediately after the fault is cleared. 

This breaker is rated at 30 volts, 300 am- 
peres, direct current on the basis of a 50- 
degree-centigrade temperature rise. High- 
temperature-resistant insulation materials 
have been used in its construction however, 
so that 400 amperes can be carried continu- 
ously and 800 amperes for one minute with- 
out damage. The reverse-current trip set- 
ting is normally adjusted to 300 amperes for 
the protection of generators of either 200- or 
300-ampere rating. Other settings over the 
range of from 200 to 800 amperes are avail- 
able for special applications. The current 
interruption rating is 8,000 amperes, which 
is ample for 28.5-volt aircraft systems em- 
ploying up to as many as six standard 300- 
ampere generators and three storage bat- 
teries. Currents up to the full rating are 
interrupted in less than 0.015 second at any 
altitude from sea level to 50,000 feet. 

A signal is provided to indicate when the 
breaker has tripped open. The breaker may 
be reclosed manually after tripping by press- 
ing on the reset lever. 

The reverse-current tripping mechanism 
is polarized by an Alnico permanent magnet 
with a special magne ic circuit to prevent 
demagnetization and consequent change in 
calibration on high fault currents. 

The over-all dimensions are 1!/) inches 
wide by 34/3. inches high by 7 inches long. 
The total weight is 1.18 pounds. It can 
readily be mounted on any flat surface and 
operates in any position. 

Extensive tests have been made to prove 
its operation under conditions of vibration, 
shock acceleration, temperature, air pres- 
sure, etc., incident to use in military aircraft. 
Official approval of its use in Army aircraft 
has been given by the equipment laboratory 
at Wright Field. 
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J. C. Cunningham (Westinghouse Electric 
and Manufacturing Company, Pittsburgh, 
Pa.): Mr. Kaufmann’s review of fault pro- 
tective principles will be read with interest 
by many aircraft engineers because of the 
need for producing combat aircraft which 
will‘retain their fighting ability after damage 
to the electrical system from gunfire. 

In applying these principles to the protec- 
tion of aircraft electrical systems there is one 
major factor which must be given considera- 
tion which does not enter the picture in land 
electrical systems. That is, the extreme 
need for minimum weight. In selecting a 
method of protection for any particular part 
of the system it is first necessary to select 
one which will do the job satisfactorily. 
For some parts of the system there is only 
one answer. However in other zones, such 
as the cable circuits, there are several meth- 
ods of solution, and both performance and 
‘weight must be considered. 

Mr. Kaufmann suggests the use of bal- 
anced-current, directional-overcurrent, or 
inverse-time overcurrent protection for the 
cable circuits. The first two of these 
methods involve the use of magnetic relays, 
and circuit breakers. Inverse-time over- 
current protection requires only fusible links. 
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For similar current-carrying and interrupt- 
ing ability the weight of the link would be 
approximately !/,) that of the circuit- 
breaker and trip element. ‘ 

In order to maintain service at least one 
more circuit than the number of faults must 
be provided. With the current-balance 
scheme selectivity can be obtained with this 
minimum number of circuits, but each cir- 
cuit must consist of two cables, each capable 
of carrying one half the total load current. 
With inverse-time overcurrent protection it 
is necessary to provide two more circuits 
than the number of faults in order to get 
selectivity, but each circuit consists of only 
one cable of one half the total load current. 
Thus to clear two faults and carry 100 am- 
peres load the current-balance scheme re- 
quires six number 10 cables or eight number 
14 cables. The inverse-time overcurrent 
scheme requires four number10 cables or six 
number 14 cables. In either case the cur- 
rent-balance scheme is heavier and requires 
more circuits. In many cases this weight 
difference might be better spent in 0.50- 
caliber ammunition. 

One advantage of the current-balance 
scheme over inverse-time overcurrent pro- 
tection is the fact that it can be made more 
sensitive. In this respect the d-c aircraft 
systems using shunt generators are more 
critical than proposed a-c systems which 
have generators with separate exciters. In 
one typical d-c system the total fault current 
at the end of 0.1 second is only from one to 
two times the tofal maximum load current 
(depending on fault location and number of 
generators available). Under similar condi- 
tions a proposed a-c system will deliver from 
2.5 to 16 times the maximum fofal load cur- 
rent. The provision of substantial battery 
capacity helps to maintain adequate current 
for clearing faults on d-c systems with shunt 
generators. 


R. H. Kaufmann: A vote of thanks is to be 
extended to all of those who expressed their 
opinions on this subject in the form of a 
formal discussion. It is as a result of such 
effort that we are led to the most effective 
solution of the particular problem. 

That there is need for an adequate fault 
protective system incorporating accuracy, 
simplicity, reliability, and fast operation 
seems warranted by the following considera- 
tions: 

1. Abstract tests of fault phenomena indicate that 
uncontrolled electrical faults on 30-volt d-c systems 
present dangers; those which ultimately burn them- 
selves'clear present unnecessary fire hazard during 
the period of arcing; and those which weld them- 


selves solid present a service hazard to the entire 
electrical system. 


2. Analysis of electrical distribution systems in 
current use discloses the existence of numerous 
locations where the occurrence of persistent elec- 
trical faults would be disastrous to electrical-service 
continuity. 


3. That some aircraft electric systems incorporate 
emergency electric lines, which normally: lie idle, 
and are intended to be used if and when the pri- 
mary electric system fails. It would be my opinion 
that a better over-all result would be obtained had 
this weight investment been applied toward the, 
attainment of absolute reliability in the basic 
system. 


Equipment weight must be constantly and 
vigilantly scrutinized in aircraft service. 
The justification for weight expenditure in a 
protective system is difficult to evaluate in 
the case of those ships which somehow man- 
age to complete their mission. Their crews 
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may have had to face unnecessary operating 
contingencies and the ships may have suf- 
fered some unnecessary damage as a result 
of inadequate electric-system protection, but 
quantitatively the values are intangible. 
Think for a moment, however, of those ships 
which fail to complete their mission. To 
what extent is that failure due to electric- 
system deficiency? A loss ratio of five per 
cent in present combat service is not un- 
common. Suppose that a fully effective 
electric-fault protective system would per- 
mit this loss ratio to be reduced to four per 
cent. pie 


Assuming a base pay load of 30,000 pounds per ship 


1, With a five per cent loss ratio, the average de- 
livered load per ship becomes 0.95 30,000, or 
28,500 pounds. 


2. With a four per cent loss ratio, the average de- 
livered load per’ ship becomes 0.96X30,000, or 
28,800 pounds. 


In other words, the reduction in loss ratio 
from five per cent to four per cent is directly 
responsible for increasing the average de- 
livered pay load per ship by 300 pounds. A 
weight investment of 300 pounds per ship to 
accomplish this improvement would thus be 
definitely justified in that it would result in 
no reduction in the delivered load per ship 
and would constitute a clear gain in the 
form of a return of one ship out of every 100 
sent out, and what is more important the 
return of the operating crew associated 
therewith. The reduction in damage ef- 
fected on all other ships constitutes another 
item of net gain. 


Present D-C Aircraft Electric- 
Supply Systems 


Discussion and authors’ closure of paper 44-32 
by H. C. Anderson, S. B. Crary, and N. R. 
Schultz, presented at the AIEE winter technical 
meeting, New York, N. Y., January 24-28, 
1944, and published in AIEE TRANS- 
ACTIONS, 1944, June section, pages 265- 
72. 


C. B. Mirick (Naval Research Laboratory, 
Anacostia Station, Washington, D. C.): 
I would like to offer the following comment 
on this interesting and valuable paper. 

It is noted that a voltage drop of one-half 
volt is recommended for operating. the 
equalizer circuit, and that this drop is 
obtained by inserting a resistance in series 
with the negative generator lead. The 
addition of this resistance is indicated even 
when a series field is present in the generator 
(see Figure 11 of the paper). While 
equalizing action is obtainable with existing 
regulators when half a volt is used, the action 
is much more positive and effective if this 
voltage is increased to one or 1!/, volts. 
This is indicated in Figure 1 of this discus- 
sion. When a series field is present this 
increased equalizing voltage can be obtained 
without loss of power by transferring the 
equalizer tap to the generator side of the 
series field. In this case the series resistor, 
rs, usually can be omitted. 

In Figure 8 of the paper a single lead 
from generator to voltage regulator carries 
both the shunt-field current and the current 
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Figure 2. Battery characteristics as a function 
of state of charge 
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for the regulator coil. This arrrangement 
has been found undesirable in practice, 
particularly in large ships in which the lead 
in question may be of considerable length. 
It has been found desirable to keep the 
voltage-sensitive leads of the voltage regu- 
lator entirely separate from other circuits, 
all the way to the points of voltage regu- 
lation. 

The generator and battery characteristic 
of Figure 7 of the paper is believed to be 
qualitative only. For short-time overload 
periods there will be considerable departure 
from the conditions as indicated. This 


Figure 3. Regulation charac-. 
teristics of generators and 12- 
cell aircraft battery 


1. Normal operation 

2. Fixed resistance of 2.66 

ohms inserted in the field 

circuit 

3. Equalizer grounded 

Shaded area indicates region 
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departure will depend on the duration of 
load and the state of the battery. The 


possible range of such variation is indicated 
by Figures 2 and 3 of this discussion. It 
has been found that rapid changes in 
polarization of a battery undergoing transi- 
tion between heavy charge and heavy 
discharge make the voltage very unstable. 

This comment represents the personal 
views of the writer and does not commit the 
Navy Department in any way. 


Joseph W. Allen (Bureau of Aeronautics, 
United States Navy Department, Wash- 
The authors are to be 
complimented on their very excellent con- 
tribution to a subject of great interest. 
This paper will be read by many who are 
new in the aircraft field, and in the hope 
of adding to is effectiveness, I wish to sub- 
mit a few remarks. 

The title is somewhat misleading in that 


re 


only one system, used largely by the Army 


Air Forces, is described. It is recognized 
that the Army Air Forces should continue 
use of the system, substantially as described 
by the authors, for the present emergency. 
It is doing an excellent job, is understood 
by the personnel that use it, and to introduce 
a modification at this time would doubtless 
do more harm than good. It is understood 


that the Army Air Forces is aware of the | 


modifications that could be made. How- 
ever, it is felt that the improvements ap- 
plicable and other variations should be 
discussed, since the possible adoption of a 
similar system for commercial aviation in 
the postwar period is mentioned. 

Figure 1 of the paper shows a four-engine 
system with a resistor for obtaining equalizer 
voltage between negative terminals of each 
generator and the common ground. Figure 
8 shows a generator with a series field. 
Figure 11 shows a four-generator system 
with equalizer resistors for each generator 
and also series fields in each generator. In 
another widely used system the resistors. 
are left out entirely. The equalizer coil 
connection is made between the series field 
and the generator brush, instead of the 
point shown in Figure 11, thus taking ad- 
vantage of the voltage drop present in the 
series field under load conditions. The 
voltage drop in the series field is roughly 
two to four times that provided by a one- 
half volt external resistor, and by such 
relative magnitude the effects of ground 
resistance R; and R, are lessened. How- 
ever, to decrease further the effects of 
R; and R; and, also, to provide a ready 
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means for equalizing the load division 
between generators, an equalizing potentiom- 
eter is added to the equalizer circuit at 
the voltage regulator. This consists of a 
small tubular resistor with a positionable 
contacting clamp. The latter is shown in 
Figure 4C of the discussion. In Figure 
4C, R; is shown as a resistance in the 
structure between the points at which the 
negative leads are bonded to the structure. 
Figure 11 of the paper tends to convey the 
impression that only one ground exists, 
whereas the negative leads of r;.(1, 2, 3, 
and 4) are actually grounded to the struc- 
ture and resistances R; and KR, are the 
resistances between such grounds. In 
Figure 4C, the equalizer voltage is obtained 
from the series field, and when a generator 
is supplying load a small part of the gen- 
erator linecurrent is shunted through the 
equalizing potentiometer to a common 
point, or ground, at the regulator. The 
drop of the equalizer coil lead, R;, plus the 
drop in the equalizing potentiometer, is in 
shunt with the drop in the series field plus 
R;. With adequate bonds of the generator 
negative leads to the structure (essential 
in all systems), the effects of R; and R, are 
neutralized, since the voltage for equalizing 
is that existing between the equalizer tap 
‘at each generator and the common ground 
for the equalizing potentiometers at the 
regulators. To balance the load division 
between generators all that is necessary is 
to adjust the contacting clamps of the 
equalizer potentiometers to a position such 
that, at proportionate generator loads, the 
voltages between regulator ground and 
equalizer potentiometer clamps are equal. 
In Figure 11 of the paper, if it became 
‘necessary to install a generator of larger or 
smaller capacity, the resistor rs would have 
to be carefully adjusted or changed, whereas, 
in Figure 4C, the contacting clamp on the 
equalizing potentiometer of the changed 
generator would be set to the required value. 
Another variation resulting in improved 
operation with any number of generators, is 
indicated in Figure 4C. This results from 
the manner in which the regulator-coil and 
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Figure 4. Comparative study 
aircraft voltage-regulator 
conditions 


A. Schematic diagram of the 

typical four-generator aircraft 

electric-supply system shown 
in Figure 1 of the paper 


B. Connections 

generator aircraft electric- 

supply system, as shown in 

Figure 11 of the paper. Less 
bk & : R, and Ry’ 


C. Schematic diagram of the “improved” 

system, with an equalizing potentiometer 

added to the equalizer circuit at the voltage 
regulator 


generator-field leads are connected to the 
positive of thesystem. When the regulator- 
coil and field currents are carried by one 
lead, as in Figure 11, the variation of field 
current produces a variable drop in the 
combined lead, and unless care is taken to 
make the combined lead of large cross 
section where long runs are necessary, the 
bus voltage may rise to a dangerous value 
above the voltage held by the regulator. 
By providing separate leads for the field 
current (variable) and the regulator-coil 
current (constant), respectively, the voltage 
held by the regulator is not affected by the 
variable field current, and the voltage held 
is constant: Even if it is necessary to 
connect both leads at the same point of the 
positive circuit, use of two leads results in 
a lower weight and better voltage regulation 
because a greater drop in the field lead can 
be permitted. For very short runs it is 
practicable in some cases to use a combined, 
heavier lead at the expense of an acceptable 
voltage variation for the sake of eliminating 
a wire. 

The use of a common lead between the 
positive bus and generator 2 of Figure 11 
also is productive of complications. By 
providing separate leads between each 
generator and the bus, the factor Re (and 
resulting complications of increased con- 
ductor weight plus effect on voltage regula- 
tion) is eliminated. Reference to a table 
showing recommended current-carrying ca- 
pacities of conductors will indicate that a 
conductor with 2N circular mils is not 
recommended for use at double the amperes 
recommended for a conductor having WN 
circular mils. The recommended practice 
in single conductors is to provide for a 
current of 400 amperes, for example, or 
three times the circular mils that is recom- 
mended for 200 amperes. This funda- 
mental indicates that for aircraft, especially 
with “unbunched” open wiring, a weight 
saving could be obtained by paralleling 
cables for higher currents, and at the same 
time reduction in the number of cable 
sizes that need to be manufactured and 
stocked would be effected. 

The authors, in discussing ‘‘Generator 
Regulation Characteristics,’’ call attention 
to the undesirable features of a generator 
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with a rising characteristic. Actually the 
operation of a generator with a rising 
characteristic depends to a large degree 
upon the characteristic of the voltage 
regulator used. If the regulator has the 
required rapid response, it will reduce the 
‘shunt field and maintain the desired voltage 
before any harm can result, even when over- 
loads are applied to an open-circuited 
generator. Care must be taken to assure, 
at extreme overloads and high generator 
speeds, that the generator voltage will be 
held at the desired voltage by the regulator 
response and the high value of resistance 
available in the voltage regulator. It is 
granted that a series generator character- 
istic is to be avoided, but a judicious amount 
of cumulative compounding need not be a 
detriment. 

In directing attention to the advantage 
of a drooping generator regulation charac- 
teristic, the authors lead the way to an- 
other system, a system wherein the voltage 
at the bus “‘droops’’ with load. Such a 
“droop” may be obtained by suitably 
energizing the present equalizer coil, or its 
equivalent, in proportion to the generator 
load, rather than only when an unbalance 
of load between generators exists. The 
“droop”’.can also be obtained by having 
sufficient resistance in the positive lead 
between the voltage-regulated point and 
the bus. A combination of the load- 
actuated coil on the regulator and voltage 
drop in positive lead is also practicable. 
Such a “droop” introduces a stabilizing 
action to the system and enhances load 
sharing between the generators. The au- 
thors, in fact, show a “‘droop”’ in bus volts 
in Figures 6, 7, and 12 of the paper. A 
rough check indicates the ‘‘droop”’ at full 
load’ to be approximately one volt. The 
presence of a “droop” in the system is 
desirable. It is an inherent stabilizing 
function, and is employed in many devices; 
its value is not confined to the voltage of an 
electric system. 

In Figure 5 of the discussion, the high- 
speed generator volt-ampere characteristic, | 
with battery, is dotted in. The dash-dot 
line indicates a possible bus ‘‘droop’’ 
characteristic wherein the bus voltage 
reaches the battery voltage at loads above 
150 per cent. The ‘‘droop’”’ shown is not 
necessarily the recommended droop, but 
is a “droop” that will give very good 
parallel operating characteristics, and is 
merely shown for the purpose of discussion. 
It may be of interest to point out that 
the ‘droop’ as a means for obtaining 
proportionate division of load between 
generators has been in use for a long time. 
In the early twin-engine airplanes the 
voltage was held by the regulator at the 
input to a control panel. Since the gen- 
erator ofitputs at 14.5 volts were 50 amperes 
or less and the airplanes were of wood, the : 
positive and negative generator leads were 
carried through the control panel. In 
the positive side was the reverse-current- 
relay series coil. The sum of the voltage 
drops in the positive lead, the series coil, 
and the negative lead between control boxes 
and the common’ distribution bus was 
sufficient “droop” to assure parallel opera- 
tion. In commercial planes a regulator 
box was used having current-limiting and 
reverse-current relays. Here again the 
drops in the series coils of the current- 
limiting and reverse-current relays, plus 
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positive line resistance between regulator 
and bus, assured parallel operation. In 
Naval aircraft the control box had a line 
filter choke with a reverse-current relay 
between the control box and bus. Here 
again ‘‘droop” produced parallel operation. 
There are transport planes flying today in 
which ‘“‘droop’’ provides load division be- 
tween the generators. 

The use of equalizer coils naturally 
entered the picture when generator cur- 
rents increased to a value where it was no 
longer feasible to carry line current.through 
the regulator box. The drop in the series 
coil of the reverse-current relay was reduced 
because of heating, and the drop in the 
positive line between regulator location 
and distribution to the bus was reduced. 
At this time, too, a constant voltage at the 
bus was requested. The equalizer coil 
filled the requirements. 

The use of a “droop,” permitting the 
battery to supply current for very high peak 
demands, especially at high generator 
speeds, where overloads produce most harm 
to commutators and brushes, should in- 
crease generator life. Hence, since the bus 
voltage is not constant, as evidenced by 
Figures 6, 7, and 12 of the paper (and the 
holding of a constant bus voltage is a 
practice not normally advocated in systems 
subject to variable demand), perhaps a 
greater utilization of the ‘‘droop’’ for 
parallel operation is practical, as is the use 
of wood in high-speed high-power military 
aircraft. The use of the ‘‘droop’’ would 
materially improve operation at all loads 
even though the voltage-regulator in- 
accuracies or dissimilar voltage-regulator 
characteristics existed. 

A slight modification of Figure 7 will 
bring out an important characteristic of 
a generator—battery system. The open- 
circuit voltage of a 12-cell storage battery 
may be taken at 25.0 volts, for practical 
purposes. The initial current under a short- 
circuit condition for a fully charged 34- 
ampere-hour aircraft battery is.substantially 
as shown in Figure 7, approximately 800 
amperes. A fully charged storage battery 
has a uniform decrease of voltage with 
increasing values of initial discharge rates, 
each such discharge rate being from a fully 
charged battery. Such a characteristic 
is represented in Figure 5 of the discussion, 
by the voltage line starting at 25 volts, 
open circuit, and reaching zero volts at 800 
amperes. The modification of Figure 7 
is made by indicating the voltage at which 
the storage battery current becomes avail- 
able for addition to the volt-ampere charac- 
teristic of the generator. It is of value at 
lower-than-rated voltage and_ generator 
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speeds where a sizable output from the 
generator at low-engine rpm _ prevents 
discharge of the battery. 

I found Figure 9 of the paper a little 
difficult to read. The 26- and 27-volt 
relay characteristics tend to convey the 
impression that reverse currents persist 
to zero bus voltage. Figure 9 probably is 
intended to apply only to the case of a 
bus powered bya generator and an incoming 
generator. The indicated divergence be- 
tween the slopes of the 26- and 27-volt 
pickup circuit characteristics is confusing. 

To present the characteristics in a slightly 
different, and, it is hoped, easier-to-read 
manner, Figure 6 is presented. The poten- 
tial-coil characteristic is shown by an 
ampere-turn versus bus-voltage line. To 
have the relay close at a desired voltage, 
spring tension is varied. When such a 
relay closes at 26 volts it will open when, 
for example, the voltage is decreased to 
19 volts. The closing and opening points 
C26 and O26 are so indicated. The 
closing and opening points at 27 and 28 
volts are indicated by similar notations. 

The line ‘‘storage battery’’ indicates the 
reverse NIJ that results when the generator 
voltage falls below the bus voltage with 
only a fully charged battery on the bus. 
The line is started at the NIJ corresponding 
to the 19 volts, at which voltage the relay 
will open without reverse current when its 
closing point is 26 volts. For a 28-volt 
closing value the opening voltage would 
be 21 volts, and the battery reverse NIJ line 
would be started at the MNJ indicated by 
the circled dot just above the hatched 
portion. The increased volts to close is 
obtained by increasing the tension of a 
spring holding the contacts open. The 
opening voltage (NJ) is also higher be- 
cause of the increased spring tension. 

This shows, perhaps more clearly, why 
less reverse NI from the battery’ is re- 
quired when the relay is adjusted to close 
at a higher voltage. The base of the 
hatched area indicates the possible range of 
open-circuit battery voltage under the 
conditions of temperature and electrolyte 
concentration. The storage battery re- 
verse NI line would slant more to the left 
for increased discharge conditions of the 
battery. 

For cases where a generator comes in on 
a bus powered by a voltage-regulated gen- 
erator, conditions are governed to a marked 
degree by the generator ratings. As the 
rating of the generator increases the re- 
sistance of the generator circuit decreases. 
It is therefore evident that, for a given 
difference between bus and closing voltage, 
larger currents will flow with generators of 
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“high rating than with generators of lowéf 


rating. This is shown by the solid “gen- 
erator, 300-, 200-, and 100-ampere’” lines. 

Since the reverse current flowing from a 
generator-energized bus to an incoming 
generator is a function of incoming-generator 
circuit resistance and voltage difference 
between incoming generator and bus volt- 
ages, the increase in closing point of the 
relay should not affect the magnitude of 
reverse current for chatter conditions-, 
Figure 9 of the paper indicates that where 
the relay closing point is 27 volts the reverse 
current to initiate chatter is lower than when 
the closing point is 26 volts. In Figure 6 
the dashed, and dashed-dotted lines parallel 
to the potential-coil-ampere-turns line have 
been drawn apart only to show more clearly 
the closing and opening ampere-turn condi- 
tions when closing points are increased to 
27 and 28 volts, respectively. To study the 
effect of relay closing points on chatter, the 
dash and dash-dot 200-ampere generator 
circuit characteristics. have been added. 
It is pointed out that the 26-, 27-, and 28- 
volt pickup lines for the 200-ampere gen- 
erator characteristic are started at the 
opening NI values of the potential coil for 
the respective closing voltages. By in- 
spection the reverse NJ -to initiate chatter 
(open the contacts) should not be affected 
by the closing voltage, and are governed 
solely by the reduction of NI necessary 
to open the relay. 

Other details of operation modify the 
above discussion somewhat. However, the 
details belong properly to a paper on relays 
and not in a discussion of aircraft d-c 
systems. 


R. H. Kaufmann (General Electric Com- 
pany, Schenectady, N. Y.): The authors 
of this paper deserve particular credit for 
consolidating in one manuscript, with 
“Reader's Digest’ brevity, a vast amount 
of fundamental knowledge pertinent to 
aircraft electric power-supply systems. 

The topic of load division should have 
received greater emphasis in my opinion. 
The degree to which perfect load division 
is approached establishes the degree to 
which the combination of generators work 
as a team to accept load demands without 
overstressing any one unit. Generator- 
relay chatter, which has been an irritating 
difficulty, is directly the result of inequalities 
in load division. Observation of generator- 
current balance in service discloses varia- 
tions of much greater magnitude than 
desired or necessary. 

Not only is it necessary to adopt a sound 


system design arrangement inherently capa- » 


ble of providing good current balance, but 


component parts must be applied in such — 


manner as to impart a reasonable degree of 
permanence to the controlling constants. 
For example, equal generator-negative- 
equalizer shunt resistance is accepted as a 
prerequisite to satisfactory current balance, 
but special attention must be given to con- 


nections and grounding terminal if per- 


manence is to be acquired in this equalizer 
potential drop. Field maintenance per- 
sonnel can be expected to keep the system 
in better condition if irregularities in current 
balance are rare occurrences rather than the 
usual thing. : : 

It may be of interest to note that test 
results, as reported under the topic of 
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“Short-Circuit Currents’? were obtained 
on a facsimile system containing only 
generators and batteries. It should be 
recognized that 
current magnitudes, as experienced in 
service, may be increased considerably 
because of the contribution of current from 
rotating shunt- or compound-wound load 
machines ort the electric system. 


\\ 
H. C. Anderson, Jr., S. B. Crary, and N. 
R. Schultz: Both Mr. Mirick and Mr. 
Allen have pointed out the use of higher 
equalizer voltage for Naval aircraft, with 
the equalizer coil connection being made on 
the generator side of the series field. This 
practice is admittedly better from a per- 
formance standpoint, since it provides a 
higher equalizing voltage with no increased 
powerloss. Army aircraft use an equalizing 
voltage-drop external to the generator in 
order to provide interchangeability of 
generators of different manufacture and 
design. 

The use of two separate leads from the 
generator positive terminal to the voltage- 
regulator coil and the regulating resistance 
is favored by Mr. Mirick and Mr. Allen. 
The separation of the voltage-sensitive 
element of the voltage regulator from the 
field circuit undoubtedly has some ad- 
vantages over the use of a single large 
conductor for both the voltage-regulator 
coil and the regulating resistance. How- 


ever, the advantages of this method are 
not particularly great, the decision de- 
pending on considerations of reliability, 
weight, simplicity, and ease of installation. 

Mr. Mirick’s comments on battery charac- 
teristics are of interest, and he is correct in 
pointing out that the state of charge of the 
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battery influences the volt-ampere charac- 
teristics of the system, The variations in 
battery characteristics, however, do not 
alter the volt-ampere characteristics appre- 
ciably and do not change the conclusions 


of the paper. The data presented in the 
paper were based on the assumption of a 
constant internal battery voltage of 24 
volts and a constant internal resistance of 
0.03 ohm, corresponding to 800 amperes 
on short circuit. 

The use of regulator ‘‘droop”’ to obtain 
parallel operation has been mentioned 
by Mr. Allen. Although this method is 
possible, it requires the use of more care- 
fully adjusted and calibrated regulators. 
It is believed that the equalizer bus scheme 
results in a more practical and versatile 
method of obtaining parallel operation 
under the severe conditions .of military 
aircraft duty. These desirable features 
undoubtedly will be considered important 
for commercial aircraft also. 

Mr. Allen suggests that proper parallel 
operation may be obtained by means of 
voltage-regulator action with generators 
having rising characteristics. Any ad- 
vantage of this type of operation is question- 
able, since it becomes extremely difficult to 
obtain stable parallel operation for all condi- 
tions in the wide range of system speed and 
load which are met in the operation of 
military aircraft. 

It appears desirable to explain our analy- 
sis of reverse-current-relay chatter to help 
clarify the point raised by Mr. Allen. In 
Figure 9 of the paper, the “‘circuit charac- 
teristics’’ show the amount of reverse current 
which is delivered from the energized bus 
to the incoming generator, the incoming- 
generator voltage being 26 volts for the 
one curve and 27 volts for the other. It is 
seen from Figure 9 that for equal voltage 
on the bus and on the incoming machine no 
reverse current flows. 

Once the reverse-current relay is closed, it 
is obvious that the relay voltage and bus 
voltage are equal. Keeping this in mind, 
let us examine the curves in Figure 9 
marked “relay  characteristics.’’ These 
characteristics show for a given bus voltage 
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Figure 8. Laboratory equipment for electric- 


system tests 


the amount of reverse current required to 
open a relay (once it has closed on the bus) 
that previously has been set to pickup at an 
incoming-generator voltage of 26 volts for 
the one curve and 27 volts for the other. 
Since for these curves the relay is closed, it 
should be kept in mind that the relay and 
bus voltages are equal. 

Thus, when the relay closes at an incom- 
ing-generator voltage such as to give more 
reverse current than is required to open the 
relay at that bus voltage and pickup setting, 
the relay will open immediately after clos- 
ing. The persistence of this action is known 
as ‘‘chatter.’”’ The shaded areas of Figure 
9 indicate which conditions will or will not 
cause chatter, the 26- and 27-volt designa- 
tions merely indicating the incoming- 
generator voltage that will cause the relay 
to close. 

Mr. Kaufmann points out that the short- 
circuit current contribution of rotating- 
load machines may be appreciable and may 
therefore increase the maximum initial fault 
currents shown in the paper. On the other 
hand, arc-resistance drop at the point of 
fault (see reference 5 of the paper) will 
tend to reduce the magnitude of the short- 
circuit currents. 

A number of individuals have asked how 
information for the paper was obtained. 
Three methods of investigation were used: 


1. An analytical approach, in which the charac- 
teristics of the complete system were calculated 
from the characteristics of the individual com- 
ponents of the system. 


2. Experimental analysis in the laboratory, in 
which use was made of test equipment consisting 
of four aircraft generators and their associated 
telays, regulators, batteries, and loads. 


3. A field investigation consisting of flight tests 
and ground tests. 


The laboratory and field studies were 
carried out in parallel with the analytical 
work so that a constant check was main- 
tained between the three methods. For 
the flight testing an automatic oscillograph 
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was found to be of considerable value. Fig- 
ure 7 of the discussion shows the installation 
of the automatic oscillograph in a four- 
engined airplane. The application is unique 
in that the oscillograph is designed primarily 
for central-station, work, but was very 
easily adapted to fit the requirements of 
flight testing on aircraft electric systems. 
Laboratory tests were carried out on the 
equipment shown in Figure 8. 


Lightning Protection 
for Rotating Machines 


Discussion and authors’ closure of paper 44-17 
by G. D. McCann, E. Beck, and L. A. Finzi, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, pages 319-33. 


E. R. Whitehead (Duquesne Light Com- 
pany, Pittsburgh, Pa.): The authors have 
performed a valuable service to the protec- 
tion engineer in making available such com- 
plete information in one paper. 

The conditions investigated correspond 
closely to those which commonly arise in 
practice, and the solutions proposed are in 
general practicable. For example, multiple 
line arresters may be used at very low cost 
under circumstances in which the installa- 
tion of an overhead ground wire together 
with high impulse strength and low ground 
resistance would be entirely out of the ques- 
tion. 

Another effective substitute for the over- 
head ground wire is the lumped inductance 
or “‘choke coil” with line-side protector tube 
grounded to the station ground, As the 
authors point out, however, this method is 
of somewhat limited application. 

Variations of the problem sometimes arise 
in which the use of an insulating transformer 
of 1/1 ratio provides the best solution. In 
one such case, a low-capacity single-phase 
railway-signal circuit fed from a 2,300-volt 
three-phase rotating-machine bus, was re- 
sponsible for several costly machine-wind- 
ing failures. Although conventional ma- 
chine protection was planned for the bus, it 
was deemed desirable to secure the best pos- 
sible protection by removing the direct con- 
nection for surges. An insulating trans- 
former of the five-kilovolt class with line- 
side arresters grounded to the station ground 
limits the surge to the electrestatic compo- 
nent which is easily absorbed by the bus pro- 
tection. 

A similar protection system has been ap- 
plied very successfully to telephone and 
control circuits. 


W. J. Rudge (General Electric Company, 
Pittsfield, Mass.): McCann, Beck, and 
Finzi are to be complimented upon their 
paper, “Lightning Protection for Rotating 
Machines.” Their paper includes the basic 
scheme for protecting rotating machines pre- 
sented to the Institute by Boehne,' and also 
by Beck and Fielder? at the AIEE summer 
convention in Toronto, Ontario, Can., in 
June 1930, and by Rudge, Weiseman, and 
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Lewis’ at the winter convention of the In- 
stitute in January 1933. 

There are certain points in the paper, how- 
ever, which require further amplification, 
particularly with regard to the use of choke 
coils (lumped inductance) as an alternate 
to the use of the surge impedance of the 
line to limit the lightning-discharge current. 
Our company has supplied a large number 
of protective equipments for protecting ro- 
tating a-c machines over the past ten years 
and in a number of cases has made a thor- 
ough study to determine whether choke 
coils could be used to advantage. Out of 
these studies there has been only one case 
where choke coils actually were supplied. 

Our studies disclosed that practical appli- 
cation problems, such as greatly increased 
cost for coils, particularly for medium and 
large generators and stations having large 
short-circuit currents, which the coils must 
withstand, the necessity of factoring future 
additions to the generating capacity of the 
station; difficulties of installing,the coils in 
one or more parallel three-phase feeders, will 
often penalize seriously the economics of 
rotating-machine protection over the scheme 
using the surge impedance of the line, ar- 
resters, and capacitors which proved so ef- 
fective over many years. 

A second point of interest is the use of the 
new type-A deion arrester described in the 
paper. It is stated that the new arrester has 
some advantage over the valve type when 
used in conjunction with the surge imped- 
ance of the dine and the capacitance, because 
of its low TR-drop characteristic. We recog- 
nize the value of having a low IR character- 
istic for the line arrester and for this reason 
have advocated the Pellet arrester because 
of its low IR characteristic. 

There are other factors which should be 
mentioned, such as the erosion life of the de- 
ion type-A arrester, particularly where it is 
given an unlimited interrupting rating and 
therefore may be used at locations having a 
large short-circuit current. In such loca- 
tions, the erosion of the fiber elements will 
be greatest for each operation of the device. 
Since protective devices on low-voltage cir- 
cuits operate with greater frequency, and 
since the system short-circuit currents de- 
termine the rate of erosion, the question 
naturally arises as to how many operations 
this arrester will withstand before it fails 
to clear the system follow current and 
thereby produces permanent fault on the 
system. 

Obviously, valve-type arresters are not 
subject to this same limitation. 

Our experience with the use of arresters 
and capacitors to protect rotating a-c ma- 
chines over the past ten years has been ex- 
cellent. In many cases where repeated fail- 
ures have been experienced, the installa- 
tion of the conventional protective equip- 
ment has eliminated the periodic failures of 
machines and has more than justified its 
initial cost in reduced maintenance expense, 
not to mention the lost service while repairs 
are being made. 

We hope that this paper by McCann, 
Beck, and Finzi will encourage machine us- 
ers to realize the importance of providing 
adequate protection for their machines. 
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G. D. McCann, E. Beck, and L. A. Finzi: 
Mr. Rudge has pointed out that the methods’ 
of machine protection recommended dur- 
ing the past ten years have on the whole 
been quite satisfactory. The authors agree 
with this and have pointed it out in the 
paper. The principal object of this paper has 
been to present the more effective and eco- 
nomical methods of protection that have 
been made possible by the recent increased 
knowledge of lightning phenomena. In this 
connection the authors would like to empha- 
size the importance of the recommendation 
for the use of arresters and capacitors in 
the neutral of ungrounded and impedance- 
grounded wye-connected machines. Figure 
1 of this discussion shows additional data re- 
cently obtained on the voltages that can ap- 
pear at the neutral of an ungrounded 30,000- 
kva 13.8-kv turbine generator when a neu- 
tral arrester and capacitor are not provided. 
If this is compared with the voltage oscillo- 
grams in Figure 6 of the paper, it is seen 
that higher neutral voltages are obtained 
for this machine than for the smaller one pre- 
viously tested. Even for a terminal volt- 
age having a 17-microSecond front the neu- 
tral voltage can approximately double. 
The use of choke coils in place of a sec- 
tion of overhead line for the wave-sloping 
mechanism are discussed by both Mr. White- 
head and Mr. Rudge. Their advantages and 
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Figure 1. Oscillograms showing voltage that 

can appear at the unprotected ungrounded 

neutral of a 30,000-kva 13.8-ky 3,600-rpm 
turbine generator 


Surge applied to all three phases. Surge im- 
pedance of one phase winding about 120 
ohms. Electrical length ten microseconds . 
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disadvantages have been pointed out in 
the paper. In the past, as stated by Mr. 
Rudge, they have been somewhat limited 
in their use by high cost and difficulty in 
proper design. This has been due princi- 
pally to the high inductance that was re- 
quired (175 to 350 microhenrys). The use of 
choke coils has been studied further, be- 
cause it was found that, when short lengths 
of cable are connected between the over- 
head line and machine terminals and the 
type-A deion arrester is used as the line 
arrester, the necessary choke-coil inductance 
is very greatly reduced (see Table V of 
paper). 

In connection with Mr. Rudge’s comment 
on the low discharge characteristic of the 
Pellet-type arrester, we would like to point 
out that the significance of the very low dis- 
charge characteristics of the deion arrester 
lies in the fact that it is only a fraction of the 
discharge voltage of any valve-type arrester 
whereas there is only a relatively small 
variation between the various types of 
valve-type arresters. Mr. Rudge has 
pointed out that the erosion characteristics 
of the deion arrester limit its life, while there 
is less wear in a valve-type arrester as long 
as failure does not occur. This has been 
tecognized, and an extensive study has 
been made on the expected life of the new 
type-A deion arrester in this type of appli- 
cation. The results indicate that the life 
should be of the order of 15 to 20 years. 

In the use of a 1 to 1 transformer for 
supplying the necessary inductance for 
wave sleping, Mr. Whitehead has described 
a very interesting and effective method of 
economically obtaining surge protection for 
small machines. 


Steady-State Stability of 
Synchronous Machines as 


Affected by Voltage- 


Regulator Characteristics 


Discussion and author's closure of paper 44-12 
by C. Concordia, presented at the AIEE winter 
technical meeting, January 24-28, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
May section, pages 215-20. 


C. F. Wagner (Westinghouse Electric and 


Manufacturing Company, East Pittsburgh, 
Pa.): While the paper by Mr. Concordia 
is doubtless correct for the particular as- 
sumptions made, the conclusions drawn are 
much too general for the actual analysis pre- 
sented. The author should have stated 
specifically whether the general conclusions 
drawn were backed up by further analysis 
not given in the paper or by tests devised 
especially to establish these points. 
Whereas tests are referred to, no actual data 
are given in the paper. For example, Iam 
inclined to agree with Mr. Concordia that 
amortisseurs have little effect upon the 
power limit, but I fail to find the evidence 
in the paper upon which this conclusion is 
based. Similar considerations apply to the 
effect of antihunt devices in the regulator 
circuit. 

The statement is made that ‘an impor- 
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tant application of the analysis is the case of 
electric ship propulsion.’’ Would not the 
actual speed-torque characteristic of a pro- 
peller in water be sufficiently different from 
the constant shaft torque assumed as to 
make questionable the direct applicability 
of the results to this case without at least 
further discussion or further analysis of the 
problem? 

Governor characteristics, speed—torque 
characteristics of the load, effects of line re- 
sistance, and amortisseurs might well com- 
bine in their effects upon hunting to vitiate 
some of the conclusions drawn. Also, it is 
not clear without further discussion and 
analysis whether or not much smaller power 
limits might not result from this combina- 
tion of effects. Amortisseurs would be of 
benefit in alleviating the hunting condition. 


R. D. Evans (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The fact that voltage regulators can 
increase the steady-state stability limit of 
systems with synchronous machines until 
recently has been a phenomenon of theo- 
retical rather than practical interest. Under 
certain conditions, however, advantage of 
this phenomenon can be utilized with elec- 
tric systems for ship propulsion. This ap- 
plication is the basis of recent interest in the 
subject. Mr. Concordia has presented his 
method of estimating the steady-state sta- 
bility limits of synchronous machines con- 
trolled by voltage regulators. This is worth 
while in itself. However, a brief review of 
the state of the art would not only serve to 
present the subject paper in relation to pre- 
vious work but would also be useful to those 
who may be interested in the subject, since 
previous work has included the results of 
several important tests. 

The theoretical possibility that a voltage 
regulator could increase the steady-state 
stability limit of a synchronous machine 
system was first suggested by E. B. Shand.! 
Evans and Wagner? demonstrated by ana- 
lytical methods that such increases were 
possible for a transmission system equipped 
with commercial synchronous machines and 
voltage regulators, and in the closing dis- 
cussion submitted results of laboratory 
tests® that verified the principle. 

About two years later R. E. Doherty,‘ 
and C. A. Nickle and R. M. Carothers:* pre- 
sented results of tests on two synchronous 


- machines connected directly together and 


operated with a voltage regulator. Their 
test results showed ratios as high as 3.5 for 
the stability limits with a regulator to that 
with fixed excitation. J. H. Ashbaugh and 
H. C. Nycum?’ presented the results of 
miniature-system tests using synchronous 
machines connected through a wide range of 
line reactance. Their results showed ratios 
as high as 3.5 for the stability limit with 
voltage regulators to that with fixed excita- 
tion for the condition of zero line reactance, 
These tests were made with a voltage regula- 
tor of a type first marketed about 1919. 
These tests also showed that slow-response 
exciters gave lower stability limits but that 
little was gained by using response rates 
greater than about 2.0 on a per unit basis, 
Mr. Concordia gives the increase in the 
stability limit obtained by a regulator as 
about 60 per cent (as shown in Figure 5) for 
the case of two machines directly connected. 
It would be of interest if Mr. Concordia 
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would explain why the ratios are so much 
lower than those shown by Doherty, Nickle, 
and Carothers.45.§ 

It is of interest to observe that the steady- 
state stability limits are obtained in the 
analytical method by approaching the prob- 
lem from the standpoint of a transient 
analysis. The present paper gives little at- 
tention to the visualization of the under- 
lying phenomenon. For this reason ref- 
erences to earlier papers 1-8 may be helpful. 
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J. G. Holm (Boston Port of Embarkation, 
Boston, Mass.): I should like to make a 
few comments of a very general nature. 
As the author states in his paper, the pur- 
pose in taking an old subject for discussion 
is to present a direct method of calculating 
the gain in the steady-state stability when 
the voltage regulator is used. 

The author points out that his method is 
especially applicable for the design of elec- 
tric ship propulsion where the steady-state 
stability problem should be considered. 

Having recently come in contact with this 
problem, I will say that the author is cer- 
tainly correct in pointing out the particular 
application of his method. It seems to me, 
however, that the author’s paper would 
have received more attention among the 
marine electrical engineers had it given a 
couple of examples illustrating the applica- 
tion of the method to problems of ship pro- 
pulsion.. The attention of a marine electri- 
cal engineer could be attracted by wording 
the title so as to disclose in it a connection 
with marine electrical problems. As it is, I 
am afraid that the marine electrical engineer 
will not even look the paper over on the 
ground that the steady-state stability prob- 
lem does not come within the province of his 
activities. This valuable paper will prob- 
ably not be seen by those for whom it is in- 
tended and to whom it should be of great 
value. 

Since no changes in the paper may be 
made at present, I should like to suggest 
that the author write another paper on the 
subject with a title as discussed aboye, to 
be published in some widely read electrical 
publication. The paper should contain ex- 
amples on the application of the method, ar- 
ranged in such a fashion that it be evident 
that the electric machinery involved is a 
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part of a ship’s installation. In these ex- 
amples, the electric machinery should be 
identified first by their basic data, such as 
voltage, kilowatts, amperes, rpm’s, and 
power factor, and then by direct- and quad- 
rature-axis reactances and moments of in- 
ertia. 

Such a paper will bring the method pro- 
posed by the author to the attention of a far 
greater number of electrical engineers. It 
should result in a wider application of the 
method, and consequently will bring the 
author greater satisfaction for the valuable 
work he has done. 


C. Concordia: In reply to Mr. Wagner’s 
question as to the basis for the conclusions 
in those cases wherein supporting calcu- 
lations are not shown in the paper, we refer 
him to the statement on the first page of 
the paper that these additional conclusions 
are derived ‘from additional calculations 
which have been made.” It would have 
been quite impossible to include all the cal- 
culations which have been made in con- 
nection with this study of machine stability 
and we did not feel that it was worth while 
to show any but a few typical curves as ex- 
amples. 

All of the effects discussed by Mr. Wag- 
ner, namely, governor characteristics, load 
speed-torque characteristics; line resist- 
ance, and amortisseurs have been investi- 
gated by calculations similar to those shown 
in the paper, and were taken into considera- 
tion in arriving at the conclusions stated. 
Moreover, the general method of attack has 
been justified by field experience with equip- 
ment designed in accordance with the prin- 
ciples outlined, and has been verified by 
factory tests. Figure 1 of this discussion 
shows a schematic diagram of the test setup 
used. It is seen that the two synchronous 
machines tested were mechanically con- 
nected to d-c machines, forming a feed-back 
circuit supplied from the d-c power system. 
The speed-torque characteristics of the d-c 
machines were varied during the course of 
the tests. 

We are grateful to Mr. Evans for his dis- 
cussion of some of the historical aspects of 
the study of the effect of voltage regulators 
on  synchronous-machine stability. As 
stated in the paper and in Mr. Holm’s dis- 
cussion, the object of the paper was to pre- 
sent a method for calculating the gain in 
steady-state stability limit, taking the rele- 
vant factors into account more completely 
and directly than had been done previously. 

One of Mr. Evans’ objects is stated as be- 
ing “‘to present the present paper in relation 
to previous work.’’ To further this objec- 
tive it may be well to point out that he is 
discussing not the history of the subject of 
the paper but of a related subject, namely, 
so-called “artificial’’ or ‘‘dynamic”’ stability. 
To quote from his earliest reference: 


“If a vibrating regulator of a much quicker degree of 
response were devised, an entirely different state of 
stability might be reached. This may be con- 
sidered as follows—When the actual limit of sta- 
bility is reached a condenser at the end of the line 
will commence to drift out of step at a rate deter- 
mined by the excess load, and the voltage will drop 
correspondingly. A sudden increase in field ex- 
citation materially increasing the voltage would 
bring the rotor and voltage phase angle back again, 
tending to cause an overshoot in the forward 
direction and consequent high voltage. A reduc- 
tion of field current will result in the initial condi- 
tion being regained, followed by the repetition of lhe 
cycle.” 
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Figure 1 


It is also of interest to note that in a very 
recent publication, Electrical Transmission 
and Distribution Reference Book, 1943, page 
189, it is stated that: 


“When synchronous machines are operated with 
voltage regulators, the stability limits of the system 
are importantly changed from the values which 
obtain for hand control. This phenomenon has 
been designated ‘‘dynamic stability with automatic 
devices.’’ Its simplest mechanical “dnalogy is 
that of a wand maintained in equilibrium by the 
action of a juggler. Dynamic stability on power 
systems is made possible by the action of voltage 
regulators that are capable of increasing or de- 
creasing flux within a machine at a faster rate than 
that caused by the system in falling out of step. 
When the inherent stability limit is exceeded, both 
the mechanical system and the electrical system are 
maintained in a continuous state of oscillation 
through the development of restoring forces equal 
to or greater than the disturbing forces.’’ 


Now it is evident that the paper under 
discussion is not concerned with such con- 
tinuous oscillations. The steady-state sta- 
bility limit of the system including the volt- 
age regulator is not different in kind from 
the steady-state stability limit of the sys- 
tem without voltage regulators; it is merely 
different in magnitude for the obvious rea- 
son that the system being considered is dif- 
ferent in that it has additional elements. 
There is no continual oscillation merely be- 
cause the limit without voltage regulators 
has been exceeded. In fact the limit without 
voltage regulators has no direct significance 
in the performance of the system including 
a voltage regulator. This conclusion, which 
is apparent as soon as it is stated, has been 
borne out by test experience. Another pos- 
sibility, of course, is that Mr. Evans is dis- 
cussing the same kind of stability as is de- 
scribed in the paper but has a misconception 
of its underlying phenomenon. 

We are somewhat discouraged by Mr. 
Evans’ observation that the paper gives 
little attention to the visualization of the 
underlying phenomena, as we had intended 
the section of the analysis entitled ‘Pre- 
liminary Remarks’’ to cover these points. 
In any event, it is believed that the practi- 
cal engineer will be more interested in hay- 
ing a method of calculation leading to quan- 
titatively correct results than in having a 
physical picture of the phenomena which 
tell him only qualitatively what is going on. 
We may even go further and remark that a 
great virtue of the mathematical method 
is that it makes possible the analysis of com- 
plex systems as soon as one understands the 
few really basic laws, and does not require 
that one visualize physically and simultane- 
ously the whole system performance. Such 
attempts to analyze complete systems with- 
out the aid of mathematics often meet with 
success but sometimes lead one astray. 
The real underlying phenomena are only 
the very simple voltage and torque relations. 

In regard to the magnitude of the increase 
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in the stability limit, this depends greatly 
on the machine reactances. As stated in 
the paper, it is somewhat less than that ob- 
tained ‘“‘by replacing the direct-axis syn- 
chronous reactance by the direct-axis tran- 
sient reactance in the salient-pole synchro- 
nous-machine power-transfer formula.”’ The 
machine reactances used are given on the 
curves, so Mr. Evans can very easily check 
the reasonableness of the gains obtained. 

In connection with Mr. Holm’s discus- 
sion, we may say that the method has been 
successfully used in the author’s company 
for the prediction and improvement of the 
performance of marine propulsion equip- 
ment. 


Regulation of 


A-C Generators With 
Suddenly Applied Loads 


Discussion and authors’ closure of paper 44-15 
by E. L. Harder and R. C. Cheek, presented at 
the AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, June sec- 
tion, pages 310-18. 


H. G. Rickover (captain, United States 
Navy, Bureau of Ships, Washington, D. C.): 
The problem of voltage regulation of a-c 
generators under suddenly applied loads is 
of considerable importance in the design of 
ship’s service power systems on naval ves- 
sels. On shipboard the requirements for 
minimum weight, size, and complexity of 
electric equipment make it necessary to 
start relatively large motors across the line 
to avoid the use of reduced-voltage starting 
equipment as much as possible. For this 
reason and because of the necessity of main- 
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transient and synchronous reactances on voltage 
drop 


taining close tolerances on the system 
voltage disturbances, the generator voltage 
regulation is an important factor in the 
system design, and definite limitations al- 
ways have been specified on the transient 
reactance of a-c generators built for naval 
service. 

The analysis of the problem presented in 
the subject paper by Mr. Harder and Mr. 
Cheek is particularly valuable from the 
standpoint of showing the relative impor- 
tance, not only of the various generator 
constants but also of the exciter and regula- 
tor characteristics in effecting the voltage 
drop on suddenly applied loads. It is de- 
sired, however, to point out a few additional 
considerations which have been encountered 
in connection with this problem on ship’s 
service power systems. 

On the low-voltage (600 volts or less) a-c 
systems which customarily are used on ship- 
board, the short-circuit currents and circuit- 
breaker interrupting ratings may become 
excessive unless an effort is made to keep 
the subtransient reactance high on relatively 
large-capacity installations. However, since 
the subtransient and transient reactances 
of a generator are not independent of each 
other, a compromise must be made between 
the low-reactance values dictated by 
voltage-drop requirements and the high- 
reactance values necessary to reduce the 
short-circuit currents. Figure 1 of the 
authors’ paper presents data which greatly 
facilitate the proper choice of these react- 
ances. In general, for systems where the 
short-circuit currents are a major factor in 
determining circuit-breaker sizes, the re- 
quired value of the subtransient reactance 
will restrict greatly the choice of the tran- 
sient reactance, and in such cases an ac- 
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Figure 4. Voltage transients 100 
found on same generator under 35 90 
same load application and 5g 
with regulators of widely dif- od ao 
ferent characteristics ~ 70 


curate method of determining the effect of 
the latter in the voltage drop is essential. 

Under some conditions it is worth while 
to list synchronous reactance among the 
generator constants materially affecting 
voltage dip. Figure 1 of this discussion 
shows approximately the generator voltage 
transient following a sudden load applica- 
tion. It consists of two parts: 


1. An almost instantaneous voltage dip to a, 
caused by generator transient reactance. 


2. A gradual voltage dip from a (time /1) to } 
(time /2) when the regulator acts. 


The change in voltage during the latter 
period, for the same regulator delay, is 
dependent on the slope of the voltage curve 
during the interval, and this in turn is de- 
termined by the open-circuit transient time 
constant and synchronous reactance. Syn- 
chronous reactance determines the steady- 
state voltage, e,, toward which the voltage 
decays, and the open-circuit transient time 
constant determines the time it takes to 
reach any given portion of that value. It 
would seem, therefore, that synchronous re- 
actance in some cases would have an effect 
equally as important as open-circuit tran- 
sient time constant. 

In general, the effect of synchronous re- 
actance on voltage dip increases with de- 
creasing applied load and with decreases in 
transient reactance. For example, by using 
the methods described by the authors to 
determine the voltage drop when the syn- 
chronous reactance differs from 120 per 
cent, Figure 2 of this discussion has been 
derived, showing the voltage drop as a 
function of the synchronous reactance for 
an applied load of 50 per cent. This figure 
shows that xg has a much greater effect on 
the voltage drop than is indicated by the 
authors in their Figure 6b wherein the ap- 
plied load was 100 per cent. 

In addition, it should be noted that, when 
an attempt is made to reduce the transient 
reactance of a generator of a given rating, 
it may become necessary to decrease the 
armature leakage reactance. This will re- 
sult in an increase in the physical size of the 
machine |jand a decrease in the synchronous 
reactance. The effect of this simultaneous 
change in the transient and synchronous 
reactances on voltage drop is shown in 
Figure 3 of this discussion. In those cases, 
therefore, where an increase in the weight 
and space requirements of the generator can 
be tolerated, a substantial reduction in volt- 
age drop can be secured by decreasing the 
transient reactance to quite low values. 
However, as pointed out previously, the sub- 
transient reactance will also be very low, 
resulting in high short-circuit currents. 


In taking into account these factors in 


connection with the design of ship’s service 
power systems, it has been found that a 
generator transient reactance of approxi- 
mately 20 per cent in general is satisfactory 
from the standpoint of both system per- 
formance and machine size and weight. 
The Navy has carried out an extensive 
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investigation of the effect of regulator and 
exciter action on the magnitude of generator 
voltage dips with suddenly applied loads. 
Figure 4 of this discussion shows the voltage 
transients which were found on the same 
generator under the same load application 
and with regulators of widely different char- 
acteristics. It is evident that despite the 
differences in regulators the change in the 
magnitude of the maximum voltage drop is 
not very great. It should be noted, how- 
ever, that the dufation of the period of low 
voltage is quite different for the three regu- 
lators. Whether or not these differences in 
recovery time are important depends upon 
the operating characteristics of the system. 
In general, there is little advantage be- 
tween the performance shown by curves a 
and b, whereas that of curve c is considered 
somewhat inferior for naval service because 
of the excessively long recovery time and 
rapid oscillations in voltage. 


Frank V. Smith (Sargent and Lundy, 
Chicago, Ill.): The authors have made a 
valuable analysis of the factors affecting 
voltage drop and have put these together 
in a usable form. A study of this kind has 
long been needed and should be very help- 
ful in shortening the work involved in 
many applications. One factor should re- 
ceive greater emphasis. The curves in the 
paper are based on self-excited exciters. If 
the exciter is separately excited the voltage 
drop may be appreciably less than indicated. 
Complete calculations were made in accord- 
ance with the method of Wagner given in 
reference 1 of the paper for the following 
conditions: 


Generator rated 5,200 kva, 0.8 power factor 

6,300 volts, three-phase, 50-cycle 3,000 rpm 

gi — OL Gs ee — tea Xq=1.15, 
X,=0.11, £—(OL005. hag ols 

Nominal response R=0.7 

Regulator time =0.05 second 

Excitation required for saturation at no load, 

normal voltage 21 per cent 

Suddenly applied load: 5,000 kva, 

power factor constant impedance 


0.35 


For these conditions the maximum voltage 
drop following no load was 15 per cent and 
following full load 13 per cent. Figure 1 of 
the paper would give 22 per cent. The dif- 
ference lies primarily in the fact that the 
response curve of the separately excited 
exciter is of the form (1 —e-/7*) rather than 
(e/Te) used in the paper. It would seem 
that, where conditions warrant the use of 
a separately excited exciter, they will 
probably justify carrying out the complete 
calculation. 


E. L. Harder and R. C. Cheek: Captain 
Rickover has emphasized the effect of syn- 
chronous reactance on the voltage dip. 
Synchronous reactance is without doubt the 
next most important factor beyond those 
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used in Figure 1 of the paper (applied load, 
transient reactance, generator time con- 
stant, and exciter response). It was for this 
reason that an exact interpolation method 
was given whereby dip could be read from 
the curves for any synchronous reactance 
by using corrected values of added load and 
transient reactance. 

In normally designed machines the time 
constant, 74’, varies with the machine size 
as shown in Figure 4 of the paper. The 
synchronous reactance Xg, has a normal 
value slightly over unity, irrespective of 
size, with departures on either side as shown 
in Table I of the paper. Thus variations in 
Ta,’ must be considered for average design 
machines of different size, whereas syn- 
chronous reactance need be considered only 
for considerable departures from normal 
design. 

Nevertheless, as Captain Rickover points 
out, in some cases synchronous reactance 
would be equally as important as open-cir- 
cuit time constant. This is true particularly 
when different machine designs are con- 
sidered for the same rating. 

It is interesting to note the empirical 
relation that the maximum voltage dip was 
nearly the same for three widely different 
regulating systems in the tests shown in 
Figure 4 of the discussion. This is due to 
the fact that all three systems were com- 
paratively fast. In each case the drop was 
only moderately in excess of the initial tran- 
sient drop. Had the exciter-regulator sys- 
tem been slow compa ed with the generator 
time constant, much larger differences might 
have been noted. 

The discussion by Captain Rickover is a 
valuable and interesting analysis of the 
special considerations entering into the volt- 
age-dip problem on naval vessels. 

Frank Smith cites a case calculated for a 
separately excited exciter, in which the 
voltage dip was much less than would be 
obtained by using the curves of Figure 1 
of the paper. The curves of the paper were 
calculated for and apply specifically to the 
case of the self-excited exciter. However, 
as pointed out in the paper, these curves may 
be used as an approximation in the case of 
separately excited exciters. If this is done, 
the results invariably will be pessimistic, 
although, as the exciter response is increased 
and the generator time constant lessened 
as compared with the case calculated by Mr. 
Smith, the approximation will be closer. 


The Effect of Kilovar Supply 
on the Design of 


Systems for Load Growth 


Discussion and authors’ closure of paper 44-23 
by T. W. Schroeder, J. W. Butler, and N. H. 
Meyers, presented at the AIEE winter techni- 
cal meeting, New York, N. Y., January 24-28, 
1944, and published in AIEE TRANSAC- 
TIONS, 1944, February section, pages 69-77. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): I think that the working 
out of typical cases, as the authors did, is 
very helpful on any technical and scientific 
problem. It is all very well to work out the 
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Table I. 


Feeder Loads—Present 


Du- 
quesne 
Light Co. 


Circled Kilo- Power Power 


Number Type Kilowatts vars Factor Factor 
1.... Residential... 1,000.. 483..90 
2....Commercial, . 1,000.. 750..80>..91* 
3.... Industrial. ... 1,000.. 882..75 
4.,..Commercial 

network ...15-1,000.. 750..80....93t 
5A..13.8-kv  in- 

dustrial, 

33-kvline.. 13,000. .11,500. .75 
5B. .13.8-kv in- 

dustrial, 

13.8 - kv ..93.5T 

Lea he chs 13,000. .11,500..75 
6... .33-kvindus- 

trial, 33- 

kv line,.... 14,000. .12,400. .75 


Pittsburgh Railways at 11 and 22 kvy—55,000 kilo- 
watts at 100 per cent in 1942. 

*Corresponding Duquesne Light Company dis- 
tribution circuits are four-kilovolt three-phase four- 
wire circuits serving residential, commercial, and 
industrial combined, or industrial aloné,/and vary- 
ing in size from a few hundred to 2,000 kw, there 
being some 200 circuits. 7 
tCorresponding is the downtown low-voltage 
a-c network three-phase four-wire 115/199-volt 
system of approximately 28,000-kva load in 1942, 
which is supplied by eight 11-kv feeders. 
tCorresponding Duquesne Light Company load 
is supplied at 11 and 22 kv, and this 93.5 per cent 
power factor is on the basis of about 175 customers, 
some of which. purchase the power at the incoming 
voltages, but in most cases there is transformation 
to various secondary voltages. 


theory and the high-powered scientific solu- 
tions, but the men who are going to use 
them want to see typical examples worked 
out also, and I believe that that is a very 
good point ih this paper. 

The justification for the installation of 


“ 
at 


kilovar capacity will become harder and// 


harder as the power factor of the system 
and/or of its component parts becomes 
higher. To state it another way, the target 
becomes smaller and smaller, and hence it 
is much harder to hit. The authors point 
this out very carefully. 

Basically, of course, we all know that the 
proper location for corrective equipment, 
kilovar capacity, is at the terminals of the 
utilization device which produces power 
factor below unity. When this is done, all 
of the beneficial effects are reflected over 
the entire system from that point to and in- 
cluding the generators, whether they be 
voltage improvement, making available 
greater capacity, less heating, reduction in 
losses, and stability improvements in some 
cases. 

With an existing system it is not always 
the economical thing to do, in solving a 
problem in a certain part of the system, to 
provide the kilovar capacity at the point of 
utilization, or as near thereto as is practi- 
cable, which means capacitors scattered 
around over the system. It may easily be 
that the solution is to provide a large block 
of kilovar capacity on the bus of the step- 
down substation on the subtransmission 
feeders. Careful working out of the com- 
parative economies in each case is the means 
of finding the proper solution, as the authors 
point out. ; 

The rates of our system, the Duquesne 
Light Company, provide an incentive to the 
customers to install the kilovar capacity to 
improve their power factor, and since about 
1928 or 1929 the power factor of 174 
medium- and large-demand customers sup- 
plied at subtransmission voltages of 11 and 


Table Il. Typical Loads and Power Factors on Duquesne Light System for 1942 


December 17, 1942—7 P.M. 


At Time of December 42 
Station Peak 


Megawatts Power Factor Megawatts Power Factor 
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22 kilovolts has increased from an average 
of 88 to 93.5 per cent in 1942, and the simul- 
taneous load of these customers was ap- 
proximately 270,000 kilowatts. To produce 
this improvement which, of course, was justi- 
fied in the rate structure, 44,000-kilovars 
capacity was required. 

In Table I of the discussion I have shown 
the power factor for the table in the sub- 
caption to Figure 1 of the paper, and have 
also! ‘shown the power factor for corre- 
sponding parts of the Duquesne Light Com- 
pany system, which is materially higher. 

I would like to point out an interesting 


item here that some of our customers sup-_ 


plied from the distribution system, who have 
a small demand (a few hundred kilowatts), 
also have provided corrective equipment be- 
cause of the rate structures, but, of course, 
not in the magnitude as do those customers 
supplied at transmission and subtransmis- 
sion voltages. 

“Typical loads and power factors on the 
Duquesne Light Company system, includ- 
ing those for the system peak of 555,000 
kilowatts at 86.7 per cent at seven p.m. on 
December 17, 1942, are included in Table 
II of the discussion. 


R. G. Hooke (Public Service Electric and 

Gas Company, Newark, N. J.): The paper 

» by Schroeder, Butler, and Meyers seems to 
imply that new reactive loads should always 
be served by installation of static capacitors. 

By inference, therefore, new generators 
should have only enough reactive capacity 
to maintain stability, that is, they may be 
designed for 90 or 95 per cent power-factor 
operation at full rated kilowatt output. 
Capacitors, located near to the load, would 
be provided to carry the reactive demands 
of the system. 


But is this actually good economy? Is 
it actually proved by the paper in question? 
These authors have started with a system 
load at the generator of 174 megawatts 
and assumed an increase in demand that 
results in a new load at the generators of 
from 280 to 290 megawatts, depending on 
the method of supply. They find that if 
capacitors are used very liberally, the 
necessary expansion can be accomplished 
with a saving of some $260,000 in a total 
incremental investment of some $2,500,000. 

In our experience, this type of analysis 
frequently results in erroneous conclusions. 
The criterion of economy is the over-all 
cumulative annual carrying charge on facili- 
ties. To compare, from an economy stand- 
point, two methods of doing a job, we always 
look at the differential in cumulative carry- 
ing charges. 

Electric-load growth is a gradual process. 
We do not have the ideal opportunity set 
forth in this study. Many of us, faced by a 
60 per cent load increase distributed uni- 
formly over our system would enjoy the 
opportunity to accomplish wholesale im- 
provements—improvements which we can- 
not justify when faced with the actuality of 
_ gradual, intermittent, and geographically- 

irregular load increases. The paper would 


be more convincing if the load growth had 


been assumed to come on over a period of 
' perhaps ten to 15 years, and if each incre- 
ment of investment required had been deter- 
mined for the two schemes under considera- 
tion, with annual carrying charges tabu- 
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lated and cumulated. It may be that heavy 
investment in the ‘“‘without capacitor’’ pro- 
gram would not be required until near the 
end of the period, so that cumulative annual 
costs, up to the time when the 60 per cent 
increase in load has been realized, would 
give an answer just the reverse of that 
indicated. , 

After all, of the $260,000 differential in 
favor of the capacitor plan, $212,000 is in 
the cost of a 25,000-kva synchronous con- 
denser. Whether this particular item is 
required early or late in the expansion pro- 
gram may be a controlling factor in the 
economic answer. 

Incidentally, it may be noted that this 
$260,000 differential is only about ten per 
cent of the total capital outlay involved— 
perhaps not within the accuracy of the esti- 
mates of various costs. 

If the four hydro units serving substation 
A had happened to be located very near to 
the substation, as they might well be in 
another type of system, instead of 150 miles 
away, very probably no condenser would 
have been required; it would almost cer- 
tainly have been more economical to carry 
the reactive on the generators themselves, 
and they should not in that case have been 
designed as unity power factor machines. 

It is noted that, in this hypothetical prob- 
lem, 91,000 kilovars of static capacitors are 
assumed installed on a system with maxi- 
mum demand of 290,000 kilowatts and 
250,000 kilovars. We assume devices have 
been evolved to remove some of these ca- 
pacitors from the system during periods of 
light load; otherwise it appears that the 
generators would be operating at leading 
power factors, which is not generally ac- 
cepted as reliable practice. We are inter- 
ested in the question of automatic switching 
facilities for capacitors on distribution lines 
and would like to hear more about it. 

Perhaps it will be pertinent for me to 
state briefly the conclusions we have come 
to on the general problem treated by this 
paper—the problem of economical design of 
a large growing system wherein the pro- 
vision of adequate reactive capacity, with 
the highest possible over-all economy, has 
received considerable study. 

With a demand of 1,000,000 kilowatts 
and some 875,000 kilovars at the generators, 
we have found that 135,000 kilovars in 
static capacitors on distribution lines and 
some 225,000 kilovars in synchronous con- 
densers gave what we believed to be an 
economic balance. Allowing for some under- 
loading ‘of condensers to preserve ample 
spare ratios for voltage control and other 
operating requirements around the system, 
our generators at peak times may provide 
well over 500,000 kilovars of our reactive 
capacity. This means an average power 
factor of perhaps 88 per cent, with some ma- 
chines operating higher, some substantially 
lower. i 

It is the opinion of our system planners 
that it will be economical always for us to 
use generators in this way, and we hope al- 
ways to be able to purchase 80 per cent 
power-factor machines. We arrive at this 
conclusion after full consideration of savings 
possible in distribution, transformers and 
subtransmission through use of capacitors 
at or near the load. The explanation lies 
in the inherent overbuild of any system. 
At any particular period supply facilities to 
a particular area (call it area A) may be 
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fully loaded; immediate growth will be 
met by installing capacitors until no more 
benefit is obtainable thereby. The next step 
is to provide a new line or transformer. 
Thereafter, for a time, there will be a sub- 
stantial surplus or overbuild in this area A. 
Meanwhile, area B is becoming pressed for 
capacity, so we move the capacitors from 
area A, where they are no longer needed, to 
area B where again they can effect post- 
ponement of costly facilities. The reactive 
which they formerly supplied in area A can 
readily be carried back through the newly 
reinforced transformers and transmission to 
the generators, displacing there the reactive 
of area B formerly carried. 

By this process very great savings in new 
facilities have been and can be achieved. 
Shifting capacitors from one “‘tight”’ area 
to another is a regular part of our program. 
Obviously it is important that the genera- 
tors have sufficient kilovolt-ampere ca- 
pacity to carry the reactive of those areas 
wherein the inevitable periodic overbuild of 
facilities results in there being practically 
no cost for the transmission of this load 
back to the station. 

We do not, therefore, contemplate carry- 
ing all future incremental reactive loads on 
static capacitors, and we do not want gen- 
erators designed for 90 or 95 per cent power 
factor, particularly if the turbines should 
be built with overload capacity and the 
generators without. 


J. G. Holm (Boston Port of Embarkation, 
Boston, Mass.): The authors have pre- 
sented a paper on a very important subject. 
The paper discloses a vast cumulative store 
of knowledge and involves the many phases 
inherent to the problem discussed. That 
shunt capacitors in power systems in numer- 
ous cases prove to be economically advanta- 
geous should not be doubted. That the 
authors proved this ‘convincingly on the 
system chosen is not so obvious. 

When the economic advantage of a cer- 
tain system is only ten per cent in favor of it, 
it lies within the figures of permissible range 
of engineering accuracy. Since the latter 
is generally recognized to be within legiti- 
mate limits when it does not exceed ten 
to 15 per cent, one hesitates to accept 
unequivocally the ten per cent figure given 
as the economic advantage in favor of ca- 
pacitors. A ten per cent error may easily 
nullify the ten per cent gain obtained. 

If one would like to follow the authors’ 
figures for one’s own satisfaction, as well as 
in order to apply the results to a particular 
case, the attempt will meet with difficulties. 
The authors gave only capital-cost figures, 
but did not indicate how the particular cost 
items were arrived at from their component 
parts. For example, the cost of capacitors is 
given after they are added to the system, 
and no indication is given as to what portion 
of this cost is material cost, what is the cost 
of labor and installation, and what, if any, 
are the indirect expenses. When comparing 
with the cost of other items after they are 
added, such as transformers, or cable, one 
is bound to ask at least what is the basic 
price of capacitors, so that the difference | 
between the cost as added and the cost of 
material could be calculated and compared 
with that for other equipment for the case 
without capacitors. This is necessary if for 
no other reason than to dispell the generally 
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prevalent view that the cost of, capacitors 
(price paid to manufacturers) is too high. 

The comparison between the two cases— 
with and without capacitors—also should be 
made on the basis of the annual costs. 
The authors say that installation of the ca- 
pacitor postpones the investment until such 
a time when larger equipment can be used. It 
might be that, when the capacitors are re- 
moved to be replaced by permanent equip- 
ment, another place in the system where they 
can be utilized to advantage will not be 
found; in sucha case their obsolescence fac- 
tor would become very high. This can be re- 
flected and accounted for only in the annual 
costs, if these are calculated. Thelossesobvi- 
ously willbe different in the cases with and 
without capacitors; they should be ac- 
counted in the annual costs, and the cost of 
losses per unit should be given. Asa result, it 
might be that the economic balance in favor 
of capacitors will be somewhat greater than 
the figure obtained by the authors, and at 
any rate, it will decide the case in a fashion 
leaving no doubts. 

Some of the purely technical points of the 
basis of comparison of the two systems also 
should be clarified. The authors say that 
residential and commercial loads favor the 
capacitors to a greater extent than the in- 
dustrial load. In such a case the future 
growth of the former loads should not have 
been assumed at 80 per cent and that of the 
latter at 50 per cent, even though this 
might not have represented an actual case 
correctly, or else, in the example taken for 
the study, the present industrial load should 
have been increased. 

The authors quite properly state that 
economy favors capacitors on an over-all 
system basis. It seems to me that had they 
broadened their comparison still further by 
taking into account the incremental gen- 
erating capacity in the two cases con- 
sidered, had they been more specific with the 
margins for future load growth, and conse- 
quently, had they accounted for the spare 
generating capacity, the economic advantage 
in favor of capacitors well could be greater. 

There are unquestionably very many pos- 
sibilities and many factors involved in this 
broad problem, such as, for instance, the 
economic feasibility of the use of reactive 
power supplied by the receiving-end metro- 
politan centers located at the end of long, 
or short, feeders. Possibly there are too 
many factors to permit for a lucid presenta- 
tion in one paper. The authors instead have 
chosen a rather complicated example in 
order to prove their point. This fact, as 
well as the several phases of the problem 
discussed left to the reader for evaluation, 
leave the subject not proved convincingly. 
This I say with all regard to the good work 
the authors have been doing. 


T. W. Schroeder, J. W. Butler, and N. H. 
Meyers: It was not the authors’ purpose to 
evaluate specifically the saving in installed 
equipment cost to be expected by the use of 
capacitors. To determine a dollar figure of 
this kind for a synthetic system, and to at- 
tempt to extrapolate it to apply to power 
systems generally, would be throwing oneself 
to the mercy of many more justifiable argu- 
ments regarding the effect of variations of 
character of different portions of the system 
from those advanced by the discussers of 
the paper. 
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Rather, the objective was to combine the 
thought that on certain feeders: alone 
the capacitor proves economical with the 
thought that the greatest use in system in- 
vestment may be obtained by supplying the 
kilovars near the load in the application of 
capacitors on a system-wide basis. The im- 
portance of an over-all complete-system view- 
point was stressed, as compared with a 
viewpoint concerning itself with a single 
feeder or any other single item at a time. 

A soundly designed system was chosen, 
in which heavily loaded low-voltage circuits 
were short, by virtue of the use throughout 
of the small- or unit-substation method of 
design. Such a system will be obviously less 
favorable to the use of capacitors. It was 
recognized that in many existing systems 
not so fortunately endowed, the use of 
capacitors would result in larger gains, and 
even had the ten per cent gain obtained in 
the case chosen turned out to be minus ten 
per cent, the goal of realizing the importance 
of the over-all viewpoint would,not have 
been lost; furthermore, there were operating 
advantages and loss reductions not evalu- 
ated in dollars. 

Also, not evaluated was the advantage of 
the use of capacitors in postponing the need 
for the inevitable overbuild of a part of a 
system as discussed by Mr. Hooke—the role 
in which the capacitor truly becomes a tool 
or steppingstone in system design. It is 
now not uncommon in system planning to 
project future kilovar loads and to deter- 
mine from whence those will be supplied, 
even as has been the practice for years with 
the kilowatt requirements. 

Mr. Jones’ actual system data gives an 
interesting comparison with the system 
studied, showing load and generator power 
factors comparable with those obtaining 
for the ‘‘future load with capacitor’’ case 
reported in the paper. That the reason for 
this in the actual case is because the rate 
structure is conducive to the utility’s 
customers installing the capacitors is inci- 
dental; it was not necessary for the authors 
to solve the ticklish problem of whether the 
utility or its customers would supply the 
kilovars. But in most cases, the location of 
the capacitors on the system studied would 
be substantially the same regardless of this. 

Mr. Hooke’s feeling that the authors ad- 
vocate the supply of all future-load kilovars 
by capacitors and the resultant purchase of 
future generators for 95-100 per cent power 
factor is not borne out by the result of the 
study. The “future load, with capacitor” 
combination resulted in generator loadings 
at around 90 per cent power factor, and it 
would be expected that when further load 
growth is experienced the overbuild of sys- 
tem will demand that the generators supply 
the new kilovars for a time, with a resultant 
lowering of the power factor, or, at the out- 
side, with no change in power factor. 

In view of the objective aimed for, as 
discussed above, it was not necessary to go 
into the complications of cumulative annual 
carrying charges as stressed by Mr. Hooke, 
or the obsolescence factor as mentioned by 
Mr. Holm. However, although Mr. Hooke 
points out that the heavy investment in the 
“without capacitor”? program would not be 
required until the end of a growth period, 
it cannot be denied that the capacitor pro- 
gram would have delayed the heavy invest- 
ment, thus extending the growth period and 
adding to gains already indicated. 
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Mr. Hooke outlines a process of providing” 


for load growth with the aid of capacitors 
in complete agreement with the stepping- 
stone concept discussed in the paper. His 
assumption that devices to remove auto- 
matically part of the capacitors at light load 
were included in the costs is correct. Such 
devices have been available in the past, and 
they will be available in improved form and 
at reduced cost in the future. : 


Mr. Holm’s comment that the authors’ 


might have accounted for the spare generat- 
ing capacity to the advantage of the ca- 
pacitor is well taken. Neglecting to do this 
was in accordance with the authors’ plan 
to be conservative. In answer to the ques- 
tion concerning costs, it should be pointed 
out that these were obtained from published 
handbook data for equipment cost plus what 
was considered a reasonable addition for 
installation. 


Inverter Action on 
Reversing of Thyratron- 
Motor Control 


Discussion and authors’ closure of paper 44-18 
by H. L. Palmer and H. H. Leigh, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
April section, pages 175-84. 


Victor Siegfried (Worcester Polytechnic In- 
stitute, Worcester, Mass.): The authors’ 
description of the inverter action of the 
thyratron-motor control upon reversal has 
added considerably to the art of supplying 
d-c motors from rectifiers. The application 
of this feature has extended the usefulness 
of the drive to include practically every fea- 
ture previously available with conventional 
generator supplies. The material in_this 
paper also brings out clearly a number of 
the relations which occur in the rectifier- 
supplied motor whether reversing or nonre- 
versing. ; 

From the oscillograms in the paper, it is 
to be seen that the shape of the current wave 
is considerably different from the smooth 
continuous wave usually expected in d-c 
motors. Also, the voltage wave includes 
instantaneous peaks far in excess of the 


average voltage associated with the name- 


plate voltage. These give rise to further ef- 
fects in the motors which deserve consider- 
able attention before the Institute if appli- 
cations of this drive are to be engineered 
properly. These are: | 


1. The rating of the motor must be adjusted 
downward to take account of the greater heating 
caused in it by-currents of these shapes. 


2. Insulation of the armature coils and of the 
commutator must be increased in erder to be con- 
sistent with the peak voltages encountered, to 
achieve expected insulation life. 


3. Torque pulsations must be smoothed out by 
mechanical means or by use of enough phases, to 


eliminate vibration and noise. 
_ 


J. W. Picking (Reliance Electric and Engi- 
neering Company, Cleveland, Ohio): The 


material presented in this paper covers a 


AIEE TRANSACTIONS 


very interesting application of electronic 


control to industrial electric-motor drives. 
The circuits developed are ingenious and 
apparently well tried and proved. Evi- 
dently a problem was presented, and an 
almost ideal set of conditions have been met. 

It is a good practice to take an inventory 
of the conventional versus the new at this 
point, and also to check any possible im- 
provements to the conventional systems. 
Let ts check these points at this time. 

To obtain reversing when voltage control 
only is used, the inversion system apparently 
adds to the nonreversing drive four contac- 
tor interlocks, six resistors, five capacitors, 
and arelay. The contactor system adds a 
dynamic-brake contact, fesistor, and an 
antiplug relay. 

If field-weakening control is added, in- 
verter control adds, in addition to the afore- 
mentioned, a high-vacuum tube, three re- 
sistors, and three capacitors. For contactor 
systems a full field relay is required. 

It is evident that inversion requires more 
parts and considerable circuit complications. 

The advantages claimed for this system 
are a more rapid reversal and constant cur- 
tent throughout the cycle. It is assumed 
that speed of reversal is of paramount im- 
portance. In this case, it is desirable to 
take advantage of the fact that d-c motors 
can commutate very high currents (up to 
400 per cent) at low voltages. Plugging can 
be introduced during deceleration, at speeds 
as high as 20 per cent of base speed, and the 
biggest disadvantage of dynamic braking is 
eliminated. If a more rapid deceleration is 
tequired, graduated dynamic braking can be 
added to reduce the effective circuit re- 
sistance as the braking current falls off. 

For stopping only, the inversion system 
Tequires full reversing control including the 
reversing contactor and apparently adds in 
addition to the material previously listed 
two relays, a high-vacuum tube, three resis- 
tors, and a capacitor. 

To approximate the decelerating time 
realized by the inversion system, at least 
two steps of graduated dynamic braking 
would be required when friction loads are 
encountered and three steps for inertia 
loads. At least for the present, thyratron 
rectifier drives are limited to the lower horse- 
powers. It should be entirely practicable to 
develop multiple-step graduated dynamic 
braking, which compares favorably with the 
added costs of the inversion components and 
would involve considerably less circuit com- 
plication. 

There are undoubtedly certain applica- 
tions where inversion control is the correct 
solution, but it should be used only where 
necessary if we are to overcome the opposi- 
tion to electronic drives of many users in ‘the 
field. 


K. P. Puchlowski (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): It is a real pleasure to take 
the opportunity to congratulate the authors 
on their valuable and interesting paper which 
acquires additional significance in the light 
of the recent engineering progress and special 
trends toward the development and perfec- 
tion of electronic motor drives. 

However, a number of objections may be 
raised concerning the authors’ approach to 
the problem of continuous current as well 


_ as commutation during inversion. It seems 
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that the authors are emphasizing particu- 
larly the practical importance of continuous 
current during the inversion, and, conse- 
quently, they have devoted a major portion 
of their paper to the qualitative discussion 
of inversion under these conditions. Yet, 
a straightforward assumption made by the 
authors that a sufficiently high inductance 
is introduced in the circuit to give con- 
tinuous conduction of current seems to be 
an oversimplification of the problem. <A 
statement like that creates the impression 
that a sufficiently high inductance is all that 
is needed to secure continuous conduction, 
which in general is not the case. 

A closer analysis of the problem will reveal 
that there are definite limitations of condi- 
tions for continuous conduction, and these 
limitations do not depend solely upon the 
magnitude of circuit inductance (strictly 
wL/R). During the inversion, similarly as 
during the rectification, the ratio of the 
motor-generated voltage to the transformer 
voltage plays a very important part. There 
exists a definite range of firing angles of the 
rectifier tubes where continuous conduction 
cannot be obtained, regardless of the value 
of circuit inductance, this range being deter- 
mined by the previously mentioned voltage 
ratio. 

The problem of proper commutation in 
the case of continuous conduction is fully 
recognized by the authors who imply the 
existence of a maximum firing-angle limit 
by stating that in order to obtain proper 
commutation during inversion the fir- 
ing angle in a single-phase full-wave in- 
verter (biphase inverter) operating with 
continuous current should be less than 180 
degrees. However, this general statement 
does not represent the actual limitation of 
the firing angle which in fact is much more 
critical. Asin the case of current continuity, 
the limitation of the firing angle from the 
point of view of satisfactory commutation 
is determined strictly by the relative magni- 
tudes of the motor-generated and transfor- 
mer voltages, a situation which does not 
seem to be fully recognized by the authors. 

Since, as it is rightly stated in the paper, 
the problem of obtaining satisfactory com- 
mutation from tube to tube during the in- 
version exists only in the case of continuous 
current, it is apparent that the firing-angle 
limitations for continuous conduction must 
be tied up in some manner with those neces- 
sary to secure satisfactory commutation. 

A Strict analysis of the problem will re- 
veal that this situation can be represented 
mathematically in the following manner: 

If the voltage generated in the motor is 
denoted by E,, the peak value of trans- 
former voitage by £,,,. and the firing angle 
of the thyratron by x;, two different cases 
must be considered: 


2E max 
Ay bee (1) 


4+7? 


Here, the necessary (though not the only) 
condition for continuous conduction is at 
the same time a sufficient condition for 
securing satisfactory commutation and can 
be represented by 


2 , wE, (2) 
Lec as 
Xp<are cos DE. 
2E max 
B. E> —== (3) 
4+ 7? 
Discussions 


and the necessary condition for satisfactory 
commutation 


xy<are cos (- se ) (4) 


also will represent the range of firing angles 
where continuous conduction can be ob- 
tained with proper value of circuit in- 
ductance. 

It should be pointed out that case A is 
met with most often in practice. For ex- 
ample, referring to values of the motor- 
generated voltage and transformer voltage 
given in the paper, we have 


E,=230 volts 
Eynax =440 volts (on the basis of 280 volts 
average value) 


For these voltages the relation 1 is satis- 
fied since 


2E max 
——_ 0236>E, 


\/ 440? 


Hence, from relation 2 we obtain the abso- 
lutely necessary condition which must be 
met, regardless of the value of inductance 
in order to obtain continuous conduction: 


x7<145°18' 


When, during inversion, the firing angle 
is delayed more than 145 degrees 18 minutes, 
the current always will be discontinuous, 
even with any additional reactor in series 
with the armature, and, therefore, the com- 
mutation problem will be nonexistent. If, 
on the other hand, the firing angle is less 
than 145 degrees 18 minutes, continuous 
conduction may be obtained if the in- 
ductance of the circuit is sufficiently high. 
If, however, continuous conduction is ob- 
tained, there will be no troubles with com- 
mutation since within that range the firing 
angle always will satisfy the condition neces- 
sary for proper commutation. 

In the light of these considerations, it 
seems that the authors’ reference to 180 
degrees as a certain limiting value for firing 
angles, important to insure proper operation 
during inversion, is not justified since the 
angle of 180 degrees does not represent a 
value of any particular interest or signifi- 
cance. 

Furthermore, it is apparent that for the 
values of voltages given by the authors, as 
well as for those met with in most practical 
cases, the firing angle during inversion may 
be delayed safely to 180 degrees or even 
more without any commutation troubles, 
since this will result simply in discontinuous 
current assuming the shape of discrete 
pulses. 


H. L. Palmer and H. H. Leigh: We wel- 
come the opportunity of acknowledging 
the contributions of Puchlowski, Picking, 
and Siegfried as adding to and clarifying 
this subject material. We also wish to con- 
firm some points and disagree with other 
points which they have advanced. 

May we first consider Mr. Puchlowski’s 
discussion. 

If the paper conveys to the reader any 
particular emphasis on the necessity or 
undue importance of continuous current 
during inversion, we wish to correct that 
impression. The case of sufficient induct- 
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ance to give continuous conduction was 

chosen to first illustrate the principle of 
inversion as being most nearly comparable 
to the case of regeneration of a motor into 
a d-c generator, as compared in Figure 2 of 
the paper. As was brought out in the paper, 
inversion can and does take place under 
conditions of both continuous and discon- 
tinuous currents. 

May we, in turn, be permitted to raise a 
few objections to Mr. Puchlowski’s ap- 
proach to the problem of continuous cur- 
rent and commutation during inversion. 
We cannot agree with his concept of the 
limitation of the firing angle for satisfactory 
commutation and the tie between this limit- 
ing angle and the firing-angle limitations for 
continuous conduction as we understand 
it from his discussion. 

It is evident that unless there is continu- 
ous conduction there is no commutation of 
the current from tube to tube. However, 
the conditions of motor-generated voltage, 
transformer voltage, firing angle and circuit 
inductance which will give continuous con- 
duction will not insure satisfactory com- 
mutation. To commutate satisfactorily the 
current from one tube to another, the firing 
angle must be retarded less than 180 de- 
grees less the angle required to commutate 
the current, so that the commutation is 
completed before the anode voltage of the 
“offgoing’’ tube becomes more positive than 
the anode of the ‘‘incoming’’ tube. This 
angle required to commutate the current is 
a function of the commutating reactance 
of the transformer and the d-c output cur- 
rent. A study of Figure 3 of the paper 
may make this more clear. This limiting 
firing angle for satisfactory commutation 
has no direct relation to the firing angle re- 
quired to give continuous conduction, and 
for a biphase half-wave circuit with the com- 
mutating reactance only in the two halves 
of the transformer secondary winding, it is 
of the form 


LacX 
Xjy<arecos -(1-7# ‘ 


where X; is the commutating reactance of 
the transformer secondary winding. 

In Mr. Puchlowski’s analysis of the re- 
quirements for continuous current he con- 
siders two cases, for each of which he gives a 
limiting firing angle as a necessary condition 
for continuous conduction. The limiting 
firing angle in case A appears to come from 
the well-known equation for the average out- 
put voltage of a phase-controlled rectifier 
operating at continuous conduction and 
neglecting regulation due to commutation. 


P 
Eo=E ax — sin a cos X; 
T P 


where P is the number of phases, Emax is 
the peak value of transformer voltage and 
Xp is the firing angle. Or for the biphase 
half-wave circuit: 


2E 


wv 


max 


Eo= 


cos X;=E,+IR 


where Ey is the generated voltage of the 
motor, J the d-c armature current, and R 


the motor and circuit resistance. Then 
E,+IR 

cos Xp _t(E,tIR) 
2E wax 
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Or 
x(E,+1R) 
2h 


is a necessary condition for continuous con- 
duction. But with a highly inductive load 
circuit it is a necessary condition for any 
appreciable conduction at all. Since we are 
generally not interested in inverting at very 
low average motor current for the most part 
not less than rated motor current, it is not 
at all impractical to find sufficient reactance 
to give continuous conduction at the desired 
operating current. With sufficient induct- 
ance in the motor circuit, it is impossible to 
get discontinuous current or discrete pulses 
of current at the average value desired. 
Then the firing-angle limitation given is not 
so much a limit for continuous conduction 
as it is a limitation for the desired average 
current. 

The aforementioned relation of Jy, 
Eynax, Xp, and I holds true between the 
limits. *a 
2E max >E,>- 2E max 

wv 


TT 


X p =are cos 


if the regulation due to commutation is 
neglected. We fail to see any particular 
significance to the limit set by Mr. Puch- 
lowski of 
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When F£y>(2Emax/m) the current will be 
discontinuous pulses with a low average 
value. When —£, is more negative than 
—2Fyax/7, the current will be continuous. 
Under this condition the firing angle would 
be retarded 180 degrees, and this would fail 
to give satisfactory commutation. Hence 
it is necessary to limit the value of —E, to 
something less than —2Emn./m so that it 
will not be necessary to retard the firing 
angle to 180 degrees less the commutation 
angle. 

The limiting firing angle which Mr. 
Puchlowski gives for his case B indicates 
that, as —H, increases in magnitude, the 
firing angle must be advanced to maintain 
continuous conduction. Actually, just the 
opposite is true. As Ey is increased in the 
negative direction, the firing angle can be 
retarded and still maintain continuous con- 
duction and must be retarded to limit the 
current to a reasonable value. 

In the practical case a motor may have 
sufficient inductance in itself at weak field 
to give continuous conduction at any firing 
angle which will give the desired average 
current. Hence, it is impractical to invert 
under conditions which require the firing to 
be retarded 180 degrees less the angle re- 
quired for commutation. This of course 
means that the negative EZ, must be limited 
toless than —2E.,,,/m by limiting the build- 
ing up of the field. Operating under this 
condition, the firing point will be in ad- 
vance of the commutating limit under load, 
and if it is retarded the current will de- 
crease and become discontinuous as in Mr. 
Puchlowski’s example. 

Mr. Picking’s count of the additional parts 
required for reversing by inversion indicates 
that there are two points which apparently 
were not made clear in the paper and which 
we would like to clarify at this opportunity: 


1. The preconditioning circuit is generally used on 
nonreversing equipments exactly as used on the 
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a 
reversing and would be used if dynamic braking’ 
were utilized during reversing, to prevent closing 
the reverse or zero generated voltage of the motor 
into the full on rectifier voltage. Hence this cir- 
cuit should not be considered as an addition re- 
quired by inversion alone. 


2. The three additional resistors and capacitors 
shown in the grid circuit of the armature thyratrons 
were presented as an alternative to the condition 
that preconditioning or operation never retard the 
firing a full 180 degrees during reversal, even under 
conditions of discontinuous current. Generally in 
the biphase circuit described here the control never, 
retards the firing of the thyratrons near 180 degrees. 
Hence, altering the grid-voltage wave shape is not 
necessary. This reduces the total count of addi- 
tional parts to two interlocks, four resistors, two 
capacitors, a vacuum tube, and a relay. 


It should be pointed out further that these 
parts are small and inexpensive, and that 
the circuit complications of inversion over 
dynamic braking, particularly where stepped 
dynamic braking is considered, is a matter 
of viewpoint. 

One other consideration in a comparison 
of inversion and dynamic braking might be 
pointed out. Where reversal is frequent, the 
space and ventilation required for the dy- 
namic-braking resistor to dissipate the 
energy of decelerating the motor may be- 
come an important consideration. With 
inversion this energy is not dissipated but is 
pumped back into the line. 

For stopping only, the inversion system is 
somewhat more complicated than dynamic 
braking and, as Mr. Picking points out, 
should be used only where its improved 
characteristics will justify the additional 
equipment, 

We wish to acknowledge Mr. Siegfried’s 
discussion as pointing out at least three im- 
portant factors in the design and application 
of electronic motor control. However, these 
factors are beyond the scope of this paper 
and indeed deserve more discussion than 
can be given here. 


The Asymmetrical Stator as 
a Means of Starting Single- 
Phase Induction Motors 


Discussion and author's closure of paper 44-35 
by John L. Baum, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, May sec- 
tion, pages 245-50. 


E. E. Dreese (Ohio State University, Co- 
lumbus, Ohio): It has been known for some 
time that by the use of asymmetry it is 
possible to obtain starting torque in a 
single-phase motor with a single winding. 
Such a motor is economically and tech- 
nically desirable because of the simplicity 
jin avoiding a separate starting winding 
and switch and, therefore, giving an at- 
tendant saving in manufacturing cost. 
Another advantage is the avoidance of 
maintenance troubles and outages, since 
by far the greatest single factor causing 
breakdowns in single-phase motors is 
trouble with the starting winding and its 
automatic switch. 
Recent developments in single-winding, | 
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single-phase self-starting motors illustrate 
the American tradition of progress made by 
hard-working and ingenious individuals 
without the benefits of modern laboratories 
and shops. Two instances in this single- 
phase motor field illustrate this. The 
present author is a graduate in physics, but 
in later years has been operating a success- 
ful apple orchard in southern Ohio. I am 
told that when it became necessary for him 
to find the speed of a motor operating 
subsynchronously he resorted to the device 
of mounting a gear wheel on the shaft of 
the motor and allowing the gear teeth to 
produce a note by displacing a piece of 
flexible steel and beating the resultant note 
against notes from a harmonica! The 
other instance is a Mr. Earl Oswald, who is 
working in the field of single-winding 
single-phase motors. Mr. Oswald has pro- 
duced such a motor ‘with commercial 
possibilities. He too has worked under 
difficulties in a shop in his garage. 


POWER FACTOR— 61 PER CENT 
EFFICIENCY —48 PER CENT 


{iene —5.5 AMPERES 


° 
STARTING TORQUE - 
62 PER CENT 


) 
() 5 10 15 20-29 425 30 
TORQUE — FOOT-OUNCES 
Figure 1. Speed-torque graph showing the 


performance of one of Oswald's motors 


110 volts; 
four poles 


1/, horsepower; single phase, 


The speed-torque graph in Figure 1 
shows the performance of one of Oswald’s 
motors. It will be noted that the starting 
torque is 62 per cent of full-load torque. 
The full-load current is 5.5 amperes, and 
the full load efficiency and power factor are 
48 per cent atid 61 per cent, respectively. 
Later motors have practically 100 per cent 
starting torque. 


The “bete noire’ of such motors as 
described by Mr. Baum has been the 
disturbing effect of the third harmonic, 
which in extreme cases makes the motor 
run subsynchronously even at no load. 
This is illustrated by the aforementioned 
harmonica incident. In the Oswald curve 
shown, this third-harmonic difficulty has 
been overcome. A plotting of the curve 
through actual points of the speed—torque 
eurve shown does indicate a ‘‘vestigial 
remnant” in the neighborhood of 600 
rpm, but the remnant is of minor conse- 
quence since it is small-and not re-entrant. 


John L. Baum (nonmember): The author 


_ wishes to thank Mr. Dreese for the informa- 


tioh concerning the Oswald motor, for it 
was hearing indirectly of this motor that 
called his attention to the problem. This 


motor has more turns about one side of the _ 


pole than the other, producing unequal 


saturation. Since this saturation is in 
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part the result of both stator and rotor 
leakage flux, accompanying the starting 
current, under lower full-load ~ currents 
the saturation is reduced, and normal 
running conditions are made _ possible. 
The author hopes to investigate this type 
of motor more thoroughly. 

The varying-air-gap motor has been 
manufactured by the Bodine Electric 
Company of Chicago. ; 

This paper suggests that with the varying- 
air-gap motor the difference in permeability 
resulting from higher flux densities where 
the air gap is lower will not be serious. 
But further study and experiment indicates 
that this is not always the case. In an 
experimental motor, originally a common 
type of 14/,-horsepower four-pole  split- 
phase motor, the measured starting torque 
is only 38 per cent of the calculated value. 
Upon checking flux densities, it is found that 
whereas the rotor is not appreciably satu- 
rated, the portion of the rotor leakage flux 
which passes through the stator teeth, 
together with the stator leakage flux, 
saturates the stator-tooth tips. This tends 
to increase the effective air gap, and to a 
greater extent where it is shorter and the 
zigzag flux greater. This in turn reduces 
the difference between the properties of 
the two sides of the pole, hence the torque. 
The trouble might be helped by using thick 
stator-tooth tips. 


A Design Method 
for D-C Machines 


Discussion of paper 44-63 by M. I. Beers and 
J. H. Karr, presented at the AIEE winter 
technical meeting, New York, N. Y., January 


24-28, 1944, and published in AIEE 
TRANSACTIONS, 1944, April section, 
pages 172-5. 


C. W. Lange (nonmember; General Electric 
Company, Erie, Pa.): This paper describes 
a method and includes certain formulations 
to aid in determining the armature and field 
windings for different ratings in small-size 
d-c machines already developed for other 
ratings. 

The proposed method uses well-known 
principles and relationships and could be 
useful in connection with electrical modifi- 
cations of small d-c machines of the type 
considered, having a relatively small and 
fixed number of armature slots and commu- 
tator bars and a relatively large number of 
armature turns per coil, but the method 
would not be wholly adequate for larger 
machines for which more design factors 
must be considered and greater refinement 
of design is required. 

The method appears more elaborate than 
necessary for the purpose, or than the meth- 
ods generally employed. 

The method does not take into considera- 
tion the variation in space factor with differ- 
ent windings, and results obtained would, 
therefore, be in the nature of first approxi- 
mations. 

After the design of a small d-c machine for 
a given rating has been completed, certain 
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values of flux per pole for series-, compound-, 
and shunt-wound machines become estab- 
lished, and such flux values afford a general 
indication of the size of field windings which 
can be used in such a machine, the values 
being modified within certain limits to suit 
the speed at which the machine is to operate 
and the closeness with which the trial arma- 
ture winding approximates the required total 
number of turns. 

The conventional equation for flux per 
pole can be used then to determine the num- 
ber of turns or conductors in the armature 
winding corresponding to such values of 
flux. 

Attention is directed in the paper to the 
fact that for a given cross section of winding 
and mean length of turn, the resistance at a 
specified temperature of any winding having 
such dimensions is approximately propor- 
tional to the square of the number of turns. 

This known relationship is of use in de- 
signing special windings, whether for the 
armature, the commutating field, or the 
main field, for any d-c machine already de- 
signed, due consideration being given to the 
variation in space factor for different wind- 
ings. 

This relationship can be very simply 
demonstrated in the following manner. 

The basic expression for the resistance of a 
circuit at a specified temperature is: 


1 
ro =kpo— (1) 
a 


where 


ro=resistance of the circuit at a specified 
temperature @ 

po =resistance per inch length per square- 
inch section of copper conductor at a 
specified temperature @ 


(At 25 degrees centigrade, pg =0.6935 X 107) 


a=cross-sectional area of conductor, ia 
square inches i 

1=total length of conductor, in inches 
=MLTXt 

MLT=mean length of turn in inches 

t=total number of turns 

k=a constant, dependent on the num- 
ber of circuits and method of con- 
nection 


For given values of MLT, k and po, the ex- 
pression 1 can be reduced to the following 
form: 


re=hi s (2) 
a 


where 


ki=a constant involving k, pp, and MLT 


Considering a given total cross section A 
for the copper, and space factor f;, 


fsA =ta 
A 
anh (3) 


Substituting in equation 2 the value for a 
shown by equation 3, 


A Rk 
re=kyt~fy — Sey 


pay (4) 
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Some Aspects of Electric- 
MotorDesign—Polyphase- 
Induction-Motor Design 
to Meet Fixed Specifications 


Discussion of paper 44-2 by T. C. Lloyd, 
presented at the AIEE winter technical meet- 
ing, New York, N. Y., January 24-28, 1944, 
and published in AIEE TRANSACTIONS, 
1944, January section, pages 14-20. 


P. H. Trickey (Diehl Manufacturing Com- 
pany, Elizabethport, N. J.): It is not to 
be wondered at, that Mr. Lloyd becaine dis- 
couraged in attempting to use the classical 
textbook formula for the D?Z of an induc- 
tion motor when he found such variations in 
the so-called fundamental factors. Perhaps 
one of the reasons for the discrepancies, is 
that as far as I was taught by the older 


Ea 
}—+ +1 Tt 7.20 eS 
q es ees 
ise 


LAL 
Wy 


HORSEPOWER 
Figure 1. Fractional-horsepower-induction- 
motor size, C; versus horsepower 
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engineers, and as far as I have been able to 
determine myself, the horsepower of an 
induction motor is a function of the (OD)?W 
where OD is the diameter of the stator 
lamination, and W the core stack and not of 
the D?L of the rotor. I have personally 
found that I could vary the rotor diameter 
and proportions of iron and copper through 
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MAXIMUM AIR GAP DENSITY — 
KILOLINES PER SQUARE INCH 
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Figure 4. C. K. Hooper's curve of air-gap 
density of polyphase induction motors based 
on four pole laminations for all poles 
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Epn=volts per phase 
CK,=effective series conductors per phase 
f = frequency 
W =axial core stack 
Multiply B,, by 
1.2 for 25 cycles 
1.05 for 50 cycles 
0.9 for fan duty 
1.10 for single-phase general purpose 
1.32 for single-phase special service 


quite wide ranges with only small effect on 
the performance, but that I always had to 
have the same (OD)?W to equal a com- 
petitor. 

Some years ago, H. E.:Ellis of the West- 
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Figure 2. Integral-horsepower-induction- 
motor size, C, versus horsepower 


OD, f, and Cy as in Figure 1 
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Figure 3. Inside diameter of stator 
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inghouse Company and I developed a 
method of determining the size of an induc- 
tion motor which has never been published, 
but perhaps it would be worth while to 
mention it here in case someone might wish 
to use it. We were developing a complete 
line of fractional-horsepower motors at the 
time, and each rating was very carefully 
designed with complete reférence to sizes, 
and performance of many. competitive 
motors, and with very thorough investiga- 
tion of copper and iron proportions as well as 
winding tightness and costs. After we had 
many ratings designed, we decided there 
must be some way to get out first trial on 
core stack more nearly correct, so we “‘made 
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’ 


"4 
“ 


Table |. Type Constants for Use With 

Figures 1 and 2 
Cy Remarks 

1.00....Polyphase general purpose 

1.42....Split-phase general purpose 

1.25... .Split-phase special-service machine wound 

1.09....Split-phase special-service hand wound 

1.25... .Capacitor-start special service 

1.42....Capacitor-start general purpose 

1.42, ...Repulsion-start special service Le 

1.85....Repulsion-start general purpose 


up”? a formula which we thought must 
represent motor volume 


hp 


(OD)2Ww=C,—P 
rpm 


C,Cr X108 (1) 


where 


C, is dependent on horsepower and poles. 

Cy is dependent on frequency. 

Cr is dependent on electrical type and per- 
formance such as polyphase, single phase, 
capacitor, repulsion, general purpose, 
special service, and so on. 


We then took all the dozens of motors we 
had already designed so carefully, and solved 
equation 1 backwards for C;. We did this 
for all the different groups. Upon plotting 
C,; we began to suspect that it was an ex- 
ponential function of horsepower, so we re- 
plotted on log-log paper. Sure enough the 
points lay so very close to a straight line 
that we felt quite justified in drawing a 
straight line through them, although later 
we modified this as shown in Figure 2. 

The charts shown in Figures 1 and 2 of 
this discussion are the result, and Table I 
shows some typical values for C7. We 
thought at first that C; would vary with fre- 
quency, but now suspect that it may possi- 
bly be 1.00 for all frequencies. Having 
chosen the stator bore from Figure 3 and the 
air-gap density from C. K. Hooper’s curve 
of Figure 4 of this discussion for a standard 
or even new lamination, we can easily ob- 
tain the winding for a first trial calculation. 
Usually the maximum torque is about the 
same as competition, but if not, it is easy to 
alter the winding. With this motor size and 
proportions perhaps Mr. Lloyd’s method of 
working back from the maximum torque 
would apply very well. 

The value Cp will vary with each manu- 
facturer somewhat because of differences of 
winding tightness in the slots and often can 
only: be determined after the first motor of a 
line has been carefully worked out. How- 
ever, once Cr has been determined for one 
motor, Figure 1 will give the sizes of every 
other motor of the whole line within about 
five per cent. 

The values of Crp as given in Table I are 
those we have worked out to make our 
motors about equal to the average of our 
competitors. If a quieter, more liberal, 
cooler, or more efficient motor line is wanted, 
Cr would be slightly greater, and if a 
noisier, more closely rated, or less efficient 
line would do for a special application then 
Cr would be slightly smaller. "C7 is a func- 
tion of the ventilation, and for totally en- 
closed motors is not as important as the 
amount of loss which the frame will dissi- 
pate. 


’ 
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C. W. Falls (General Electric Company, 
Schenectady, N. Y.): In Mr. Lloyd’s 
paper mention is made of the lack of stand- 
ards covering starting current and attention 
is called to the code letters established about 
two years ago to indicate starting kilovolt- 
amperes per horsepower for*a-c motors. 
While it is true that no uniform power com- 
pany standard on starting currents has ever 
been evolved, nevertheless the industry has 
madeconsiderable advances in this matter, 
and the motor designer now has a good guide 
for this phase of his work. 

The old National Electric Light Associa- 
tion rules referred to by Mr. Lloyd were 
really only recommendations of a NELA 
committee. While serving a useful purpose 
at the time the recommendations were issued 
in 1923, they were unduly restrictive, par- 
ticularly for polyphase motors above 30 
horsepower. They were not adopted offi- 
cially by NELA and later were dropped by 
the power companies which realized that the 
values did not allow enough current to de- 
velop the necessary torques, nor did the 


Table Il. Three-Phase Motors 
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Amperes of motors designed for other voltages 
will be inversely proportional tothe voltage. 


recommendations reflect the ability of most 
polyphase circuits to accommodate motors 
with higher starting currents. 

In recent years, motor manufactu:ers 
have become increasingly aware of their 
obligation to eliminate those designs having 
extremely high starting-current values. 
Also, they have realized the need for criti- 
cally reviewing their designs with the idea 
of reducing motor starting currents in 
general to the lowest point consistent with 
obtaining the torque values demanded by 
motor users. In striving for consistently 
low values of starting current, the designer 
must strike a balance between starting cur- 
rent or starting kilovolt-amperes and suit- 
able values of starting and breakdown 
torques. Aline of motors will be definitely 
restricted as to general application if these 
torque values are unduly reduced by the 
designer inan effort to obtain starting-current 
values lower than those actually required by 
conditions usually existing on well designed 
polyphase power circuits. 

Mr. Lloyd is familiar with and might have 
mentioned the starting-current values finally 
arrived at by a National Electrical Manufac- 
turers Association committee with the previ- 
ously mentioned considerations in mind. 
These values which have been followed by 
motor designers rather generally in the last 
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three years are given in Table II of this dis- 
cussion. It is believed that most polyphase 
power circuits are already capable of accom- 
modating motors with these starting cur- 
rents and, therefore, acceptance of these 
values should become rather general, with a 
very substantial saving to motor users in 
first cost of motor and control equipment, 
and hence, a definite benefit to the electrical 
industry as a whole. 

In the paper, the standardization of code 
letters to indicate starting kilovolt-amperes 
per horsepower of a-c motors was mentioned. 
The table in paragraph 94304 of the Na- 
tional Electrical Code shows the values 
assigned to different code letters. These 
values were assigned by a NEMA committee 
at the request of electrical inspectors who 
wanted some indication on a-c motor name- 
plates of the starting current, so that proper 
branch-circuit protective devices might be 
more readily selected. 

The extent to which motor designers have 
been able to obtain consistency of design 
with relatively low starting currents is 
indicated by the code letters shown in the 
starting current table. It should be noted 
that code F (5 to 5.59 kva per horsepower) 
is given for motors larger than ten horse- 
power and would generally apply to both 
normal starting torque and high starting 
torque types of polyphase motors, 


Starting Windings for 
Single-Phase Induction 
Motors 


Discussion and author's closure of paper 44-64 
by C. G. Veinott, presented at the AIEE 
winter technical meeting, New York, N. Y., 
January 24-28, 1944, and published in 
AIEE TRANSACTIONS, 1944, June sec- 
tion, pages 288-94. 


P. H. Trickey (Diehl Manufacturing Com- 
pany, Elizabethport, N. J.): Mr. Veinott 
is to be commended for his very clear and 


Figure 1. Effect of varying 
the number of turns and resist- 
ance of the starting winding 
upon the starting torque and 
current of a split-phase motor 
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effective turns of 
starting winding 


effective turns of 
main Winding 
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‘thorough presentation of the starting equa- 


tions for the different types of single-phase 
motors. The calculation form shown at 
the end of his paper has already proved of 
great value. That alone would justify 
presentation to the AIEE. 

Different approaches are necessary when 
different limiting values are critical. For 
instance, Mr. Veinott stresses the case when 
the main winding current and line current 
are fixed, and shows how to get the maxi- 
mum torque per ampere. This is a very 
common case in the design of general-pur- 
pose split-phase motors for household serv- 
ice. In the case of special-service motors, 
however, there are many cases when the 
required starting torque is known, but the 
line amperes are not known or particularly 
critical. In this case, an approach from the 
required torque is often useful. In my 
student paper at Rochester in 1931, to 
which Mr. Veinott has referred, I presented 
the formulas shown below with the excep- 
tion of the correction for X q// Xm! K?, 
which are based on the ‘“‘maximum torque”’ 
point, not the ‘‘maximum torque per am- 
pere’’ point. 


1.88 EN Peay 
K= (2) tee ot 


faa 2(Zm-+Rm) 
1 1 
REM 
(Pra/Pim) Ts; 
P, 
ia K? et (tim+Zm) (2) 
Lm 
where 
K*Pra Xa’ _ 2af(C Kwa)* Pra 
Pim Xm  Anf(C Kwm)*P im 


(It is interesting to note that these agree 
with the formulas of Mr. Lloyd and Mr. 
Veinott when X,'/Xm'= K?.) 

In actual practice, however, I find it 
possible to use this method to obtain a 
winding very close to the ‘‘maximum torque 
per ampere’”’ winding for those cases where 
the line current is not known. — Referring to 
Figure 1 of this discussion, from the student 
paper, we simply use in equation 1 a torque 
value of five or ten per cent higher than that 
required. Using the slightly low value of K 
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? chained, se sobve eapeation 2 Sot rw Then 
_ instead of using this value exactly, we take 
the next smallest wire size. If the motor is 
«HOt too critical, this is sufficiently close to a 
satisfactory winding, If the motor is 
— etitical, we would always investigate a num- 
ber of trials around these values using Mr. 
ss Weinott’s calculation sheet. 


Cyril G. Veinott: Mr. Trickey makes the 
excellent point that often it is torque which 
7” specified, not the locked-rotor current. 
It is obvidus from Figure 3 of the paper, as 


eet al Coat ac: rvickey’s discussion, that ‘ 
it is always desirable to use more resistance — 
in the starting winding than required for a 
“maximum-torque” winding. Using Mr. 
priori Philosophy, the following varia- 

tion is suggested as being somewhat mere 
scientific: 


1. Compute the required value of K inthe manner 
outlined by Mr. Trickey, from the required Sah es 
torque. 


2. From this valae of K, compute Xq’. 
3. Compute Re from equation 109 or 20. 
4. ASS ret, Sete oe mance of he winding 
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Be Grachical Analysis of the Voltage 
and Current Wave Forms of 
Controlled Rectifier Circuits 


P. T. CHIN 


ASSOCIATE AIEE 


Synopsis: Controlled rectifiers employing 
gaseous discharge tubes are used more and 
more frequently in the industrial field owing 
to the ease of control of the output voltage 
and the high conversion efficiency. The 
voltage and current wave forms at the dif- 
ferent parts of controlled rectifier circuits 
are often non-sinusoidal and discontinuous 
due to the one-way valve-action of the recti- 
fying elements. Thispaper presentsa graphi- 
cal method of constructing the voltage 
and current wave forms based on a few well- 
known fundamental principles of electrical 
engineering. This method is presented step 
by step and a few typical examples are 
shown to illustrate its validity. 


1. Introduction 


ONTROLLED rectifiers, either thyra- 
tron-tube or ignitron-tube equip- 
ments, are becoming more and more fre- 
quently used to obtain regulated sources 
of d-c from an a-c supply, both for d-c 
power requirements and for control pur- 
poses. ' 
When the regulated source of d-c re- 
quires only a few kilowatts of power, the 
single-phase rectifier circuit is preferable 
because of its economical use of tubes and 
associated apparatus and because of the 
simplicity of its control circuits. In addi- 
tion, the single-phase circuit is probably 


_ easier for the beginner to understand, and 


once its fundamental principles of analy- 


sis are mastered they can be extended 


‘ 
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readily to polyphase rectifier circuits. 
Comparatively little material is avail- 

able in current literature on the subject of 

controlled rectifiers, and in particular on 


Paper 44-75, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE North Eastern District technical meeting, 
: m, Mass., April 19-20, 1944. Manuscript 
made available for 
printing March 8, 1944, 


P. T. Curn and E. E, Moyer are in the electronics 
section, industrial control engineering division, 
‘General Electric Company, Schenectady, N, Y. 


E. E. MOYER 


MEMBER AIEE 


the analysis of voltage and current wave 
forms at different parts of the circuit, 
Rectifier-cireuit analysis is difficult be- 
cause nonsinusoidal wave forms, which 
often involve discontinuities, are produced 
by the one-way controlled-valve action of 
the gaseous-discharge-tube rectifying ele- 
ments, 

A knowledge of these voltage and cur- 
rent wave forms is necessary to predict the 
nature Of the output which can be ob 
tained from a particular circuit and load 
combination, and to select elements of the 
correct ratings for the voltages 
currents encountered, Furthermore, a 
mathematical analysis of these circuits 


and 


presupposes a physical picture of the cir- 
cuit behavior, 

In order to show the significance of 
voltage and current wave forms with re 
spect to each circuit element, consider 
the single-tube rectifier supplying a load 
comprising an inductance in series with a 
resistance as shown in Figure la. Such a 
load is typical of the field winding of a 
dynamo-electric machine, the coil of a 
contactor or relay, and the windings of 
clutches and solenoids. Figure 1b shows 
the instantaneous distribution of voltage 
across the four elements of the circuit, 
namely, anode-transformer secondary 
winding, rectifying element, inductance, 
and resistance. 

Figure 2a to e, inclusive, shows the 
wave forms of voltage and current at the 
individual elements of the circuit of Fig- 
ure 1. Figure 2b is the wave form of the 
output voltage of this half-wave rectifier 
circuit, In practice, as in the case of a 
coil whose inductance has inevitable re- 
sistance, the voltage across L cannot be 
segregated from the voltage across R so 
that each voltage can be observed sepa- 
rately, Itis from the picture of Figure 2b 
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that the wave forms of Figure 2c, d, ande 
are most readily derived, 

Table I summarizes the significance of 
each picture of Figure 2 with respect to 
those features which are important to 
each circuit element, 

In the presentation which follows, each 
of the fundamental principles is stated 
and the examples are analyzed by the 
application _ of The 
analysis is based on the following assump- 


these principles, 


tions: 

A, Linear circuit elements, ReL-C 

B. Transformer leakage reactance and ree 
sistance and the internal resistance and re 
actance of a counter electromotive force are 
neglected, 

C. The solution is that of the steady state, 
although this method can be extended to 
transient analysis as is shown by the ex- 
ample of Figure Ida, 


2. Fundamentals of Analysis 
The several fundamental principles 
of circuit analysis which will be used 
this stated 
Each principle is given a nume 


throughout discussion are 
herewith, 
ber by which it is referred to in the ex- 


amples which follow, 


Kircunorr's LAWS 


2.1, 


2.11. Voltage. The summation of the in- 
stantaneous voltages around a closed cir. 
cuit is equal to zero, 


Referring to Figure tb, it is shown that 
the instantaneous transformer voltage is 
equal to the sum of the respective volt- 
ages, at that same instant, across’ the 
tube, the inductance, and the resistance, 


2.12, Current, The summation of the in- 
stantaneous currents at a given point equals 
zero, 


2.2. Tue Resistor—Irs VOnTAGR- 
CURRENT RPLATIONS 

A pure resistor cannot store energy; it can 

only dissipate energy, 


The energy consumed by a resistor is 
dissipated in the form of heat, ‘This 
energy is expressed in watt-seconds, or 
joules, if en is in volts and 7 in amperes ac- 
cording to the relation: 


nergy = / epi dt 
The power consumed by a resistor, or, 


the rate of energy dissipation, is equal to 
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€pi and is measured in watts if e is ex- 
pressed in volts and z in amperes. 


2.21. Both the current flowing through a re- 


sistor and the voltage across the resistor can 
be changed instantaneously. 


2.22. The voltage drop across a resistor is 
always of such polarity as to oppose the 
flow of current through the resistor. 


2.23. Ina resistor, the voltage and the cur- 
rent have the following relation: 


érp=Rt 

2.3. THe Inpuctror—Its VOLTAGE- 
CURRENT RELATIONS 

A pure inductor cannot dissipate energy. 
Energy can be stored in the electromag- 


netic field of an inductor so long as cur- 
rent is flowing in the winding. This en- 


THYRATRON 


Figure 1. Distribu- \ 
tion of voltage across \ 
different circuit ele- \ 
ments \ 1 


ergy is expressed in watt-seconds if the 
inductance is in henrys and the current in 
amperes according to the relation: 


Energy =1/.Li? 


Thus, in a given inductance of L henrys, 
the square of the current at any instant 
is a measure of the energy stored therein. 
2.31. The energy stored in an inductor can- 
not be changed instantaneously; therefore, 
the current through the inductor cannot be 
changed instantaneously. 

The voltage across an inductor can be 


changed instantaneously (a change of volt- 
age is not a change of energy). 


2.32. Lenz’s Law. The polarity of the in- 
duced voltage across an inductor is always 
such as to oppose the change of current 
through the inductor. 

That is, the polarity of the induced 
voltage cannot be determined from the 
direction of flow of current alone, but also 
depends on whether the current is increas- 
ing or decreasing. With the direction of 
flow of current as in Figure 3a, if the cur- 
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rent is increasing the polarity of the in- 
duced voltage will be as shown in Figure 
3b; if the current is decreasing the polar- 
ity will be as shown in Figure 3c; if the 
current is not changing there will be no 
induced voltage. The induced voltage is 
always equal and opposite to the im- 
pressed voltage. 


2.33. In an inductor, the impressed voltage 
and the current have the following relation: 


di 

e,=L FF 
From this fundamental equation sev- 
eral useful conclusions can be drawn con- 
cerning the relation between the im- 
pressed voltage and the current of an 

inductor. 


2.331. The slope of the current (di/dt in am- 
peres per second) at any point equals the in- 
ductor voltage (volts) divided by the induct- 
ance (L henrys). 

2.332. Thecurrent is either a maximum ora 
minimum when the inductor voltage is equal 
to zero. 


Proof: t=maximum or minimum when 
di/dt=0, that is, when e, =0 


In Figure 4, the currents at te, te, tio, ta 
are maxima; the currents at ty, fs, fie are 
minima. The voltages corresponding to 
these currents are equal to zero. 


2.333. The current has a point of inflection 
when the voltage is either a maximum or a 
minimum. 


Proof: If e,=maximum or minimum, then 
the slope at that point must be either a maxi- 
mum or a minimum. 


In Figure 4, the current has a point of 
inflection at ty, t;, ts, t7, to, t11, t13 and the in- 
ductance voltage has either a maximum or 
a minimum at these points. 


2.334. The change of current from a value 
a, at a time f, to a value 72 at a time #2 is equal 
to the time integration of the inductance 
voltage between ¢; and f2 (expressed in volt- 
seconds) divided by the inductance (ex- 
pressed in henrys). 


Proof: 
de 1 he 
di ae ez,dt 
i L “1 
| 1 le 
1 =— é, dt= te ore ty 
ta iL A 


In Figure 4, the difference between the 
currents at f, and at ¢s, that is, 7 — te, is 
equal to : 


1 
L (—A2+As) 


2.3341. The current at any instant & is 
equal to the time integration of the voltage 
divided by the inductance if the current 
equals zero at t,. 


Proof: 


ta 
= if e,d&because 7; =0 
hh 
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A ; 1) 
In Figure 4, #.= = since 4)=0. 


2.3342. If the current at 4 is equal to the 
current at 4, the time integration of the volt- 
age during the interval between f and fy 
must be equal to zero. 


Proof: 


1 t ve 
Hi ey dt =12—1, =0 
a 


In Figure 4, if 79 =24, then Ag =Az. 


if ty =ty then 


2.335. The current wave is a smooth curve 
(no sudden change of slope) if there is no 
sudden change of voltage. The current 
wave is not a smooth curve (sudden change 
of slope) if there is a sudden change of volt- 
age. 


The current wave of Figure 4 is a 
smooth curve since there is no sudden 
change of voltage. The current wave of 
Figure 5 is not a smooth curve since there 
is a sudden change of voltage at fy, ty, to. 


2.4. Tue Capaciror—Its VOLTAGE- 
CURRENT RELATIONS 


A pure capacitor cannot dissipate énergy. 
Energy can be stored in the electrosta- 
tic field of a capacitor so long as a poten- 


tial is present across its terminals. This 
energy is expressed in watt-seconds if the 


Aes 


er 
J dane : 


(b) 


(c) 


(d) 


(e) 


A 
Figure 2. Woltage and current wave forms 
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Tablel. Significant Features of Wave Forms of Figure 2 With Respect to Each Circuit Element 


Figure Tube L R Transformer 
Peak current 
Direiaiehk bus" s Average current \ = en ee Average current...... Rms current....... Rms current 
Initial! and final rate f 
change of current 
OT as Sn i 5 ee on See eevlleie wh wey Avetage voltage output (actually L 


Peak inverse voltage con- 
duction period 


BAC ingly: Wine) d+ { 


and R are inseparably combined as 
in coil) 


€ eeiGloFeb Bea Wile eer gh chai Same as Fig- 
ure 2a plot- 
ted in terms 
of iR drop 


capacitance is in farads and the potential 
in volts according to the relation: 


Energy =!/2Ce¢? 


Thus, in a given capacitance of C far- 
ads, the square of the voltage at any in- 
stant is a measure of the energy stored 
therein. 


2.41. The energy stored in a capacitor can- 
not be changed instantaneously; therefore, 
the potential across the capacitor cannot be 
changed instantaneously. 


The current “through” a capacitor can be 
changed instantaneously (a change of cur- 
rent is not a change of energy). 


2.42. The direction of flow of current in a 
capacitor cannot be determined from the 
polarity of the voltage across the capacitor 
alone, but also depends on whether the volt- 
age is increasing or decreasing. 

The voltage across the capacitor always 
changes in such a way as to oppose the flow 
of current through the capacitor. There- 
fore, in Figure 6b the current flows from “2” 
to “1” if the voltage is increasing; current 
flows from ‘‘1” to “2” if the voltage is de- 
creasing; if the voltage is not changing there 
will be no current flow. 


2.48. In a capacitor, the voltage and the 
current have the following relation: 


From this fundamental equation sev- 
‘eral useful conclusions can be drawn con- 
cerning the relation between the voltage 
and the current of a capacitor. 


~ 


2.431. The slope of the voltage (dec/dl, in 
volts per second) at any point equals the 
capacitor current (amperes) divided by the 
capacitance (C farads). 


2.432. The voltage is either a maximum ora 
minimum when the current is equal to zero. 


Proof: eg=maximum or minimum when 
de: /dt=0, that is, when i=0 

In Figure 8, the voltage eg, at fh is a 
maximum and the current 7 at ¢; is equal 
to zero, 


2.433. The voltage has a point of inflection 
when the current is either a maximum or a 


minimum. 
; s 


oY 
; 


: 
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Proof: If i=maximum or minimum, then 
the slope of the voltage must be either a 
maximum or a minimum. 


In Figure 7, the voltage wave at ty, ts, tr, 
tio has a point of inflection when the cur- 
rent has maximum values at these corre- 
sponding instants. 


2.434. The change of voltage from a value 
@ at a time 4 to a value e2 at a time & is 
equal to the time integration of the capaci- 
tance current between f, and fy (expressed in 
ampere-seconds, or coulombs) divided by the 
capacitance (expressed in farads). 


Proof: 


CC 1 ce 
_ dég=— 2 dt 
le C a 
le il lo 
=— i dt=ec2—e 
ela CS, Caeies 


L 
OW 
era 


+ = 


ore as 
sz tt) (b) 


- + 


<—- #0) €) 
. Figure 3. Determination of the polarity of the 


induced voltage in an inductor 


i+CURRENT 
°| tl t2| t3 
it 


Jy 
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In Figure 8, the difference between the 
voltages at f) and at ts, that is, ¢¢,—éca, is 
equal to 


1 
¢ (+41— As) 


2.4341. The voltage at any instant & is 
equal to the time integration of the current 
divided by the capacitance if the voltage 
equals zero at . 


Proof: 


1 2 
conta fi 4 dt=€¢s 
ty 


because é¢,=0. 
¢ a Atte. : 
In Figure 7, e¢¢,= Cc since €gy=0. 


2.43842. If the voltage at 4 is equal to the 
voltage at t, the time integration of the cur- 
rent during the interval between 4 and t 
must be equal to zero. 


Proof: if ec.=ec, then 


tg 
af i dt =eq,—eq, =0. 
u 


In Figure 8, if e¢;=ec, then As=As4. 


2.435. The voltage wave is a smooth curve 
(no sudden change of slope) if there is no 
sudden change of current. The voltage 
wave is not a smooth curve (sudden change 
of slope) if there is a sudden change of cur- 
rent. 


The voltage wave of Figure 7 is a 
smooth curve since there is no sudden 
change of current. The voltage wave of 
Figure 8 is not a smooth curve since there 
is a sudden change of current at fo, fs, ts. 


2.5. Tue Recriryinc ELEMENT—ITS 
VOLTAGE-CURRENT RELATIONS 


The rectifying element considered 
throughout this discussion is of the gase- 
ous-discharge type—the thyratron or the 
ignitron. 


Figure 4 (below). Graphs showing the 
relation between the voltage across and the 
current through an inductor 


t H3 


Pla 
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VOLTAGE ; 
Max 


Figure 5. Graphs 
showing the relation 
between the voltage 
and current in an 
inductor © (sudden 
change of voltage) 


Figure 6 (below). 
Determination of the 
direction of current 


GE|OF VOLTAGE 


SUDDEN CHANGE|OF VOLTAGE 


SUDDEN CHAN 


2.51. Before the tube fires and before the 
current begins to flow, the tube acts as an 
open switch. 


It is assumed that the striking voltage 
at which gaseous conduction begins is the 
arc-drop voltage (actually, the striking 
voltage may be more than arc-drop volt- 
age,” say two or three times arc drop volt- 
age). That is, it is assumed that gaseous 
conduction (as distinguished from elec- 
tron space current before ionization oc- 
curs) begins as soon as the anode is posi- 
tive with respect to the cathode by an 
amount equal to the arc drop. 

In a thyratron, the actual firing point® 
is dependent upon anode voltage, grid 
voltage, and tube characteristic. In this 
discussion, the manner of controlling the 
firing point is incidental; only the results 
of the controlled tube as a circuit element 
are considered. 


2.52. After the tube fires, the voltage across 
the tube is its arc drop which is practically 
independent of current. In this discussion, 
the arc drop during conduction is assumed 
to be constant.* 


After the tube fires, the current through 
the tube is limited only by the combina- 
tion of circuit elements in series with the 
tube, including any counter electromotive 
forces. 


2.53. The voltage across the tube is equal 
to the voltage across the transformer minus 
the voltage across the load. 


2.54. The gaseous discharge current through 
the tube ceases when the circuit causes the 
voltage across the tube to become less than 
the tube’s arc drop. (Inignitron tubes with- 
out holding-anodes, the anode current ceases 
when the current falls below a certain mini- 
mum value necessary to maintain the cath- 
ode spot.) 


504 TRANSACTIONS 


flow in a capacitor 


SUDDEN CHANGE |OF VOLTAGE 


2.6. 
RELATIONS 


THE Loap—Its VoLTAGE-CURRENT 


The load is a combination of R, L, C with or 
without a counter electromotive force. 


2.61. : The voltage across the load, when a 
tube is conducting, follows the supply-volt- 
age wave-form (minus arc drop). 


VOLTAGE 
tr 


Figure 7. Graphs 
showing the relation 
between the voltage 
and the current in a 
capacitor (no sudden 
change of current) 


Figure 8 (below). 
Graphs showing the 
relation between the 
voltage and current 
ina capacitor 


to ti t2 
\vorrace 


POINT OF 


POI 
{NFLECTION OS” 
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INT OF 
INFLECTION 


- 
‘Vf 

2.62. The voltage across the load, when no 
tube is conducting, depends on the nature of 
the load and whether a counter electromo- 
tive force or parallel load path is present. 
This is shown in Figures 9a, b, and c, respec- 
tively. 


2.63. The relation between voltage and 
current at the load is complicated, but the 
approximate wave form of the current, in 
relation to the voltage, can be sketched “by 
the application of these principles. 


3. Examples 


3.1. The pure inductance of Z henrys (zero , 
resistance) supplied from a single-tube, half- 
wave, controlled rectifier, fired at 60 degrees 
and having a peak anode voltage of E,,volts. 
This circuit is shown in Figure 10k. 


PROCEDURE 


3.11. Sketch in the sine wave of secondary 
voltage e, as in Figure 10a. 


3.12. Then, the extinction point of the cur- 
rent will be 360—60 degrees since equal posi- 
tive and negative areas of voltage must ap- 
pear across the inductor whose current be- 
gins at zero and ends at zero. Figure 10b. 
Principle 2.3342. 


3.138. Draw the voltage wave across the 
inductor. Figure 10c. Principle 2.6. 


3.14. Sketch the inverse voltage of the tube. 
This is the transformer'voltage minus induc- 
tor voltage. Figure 10d. Principle 2.53. 


3.15. Determine the initial slope of the 
current wave. Principle 2.33. 

This may be done graphically by con- 
structing a right-angle triangle whose verti- 


POINT OF 
INFLECTION 


MAX. 


SUDDEN CHANGE 
OF SLOPE 
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cit 
i 
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cal side is the voltage at this instant and 
whose horizontal side is L. Choose a con- 
venient length for L, what length merely de- 
termines the scale of the current curve. 
Figure 10e. Principle 2.331. 


3.16. Determine the final slope of the cur- 
rent wave in the same manner as for the 
initial slope. Figure 10e.* Principle 2.331. 


3.17. Determine the peak value of the cur- 
rent waye (principle 2.3341) which occurs at 
the 18 ‘degree point (principle 2.332) by 
calculating or estimating (for example, 
counting squares) the area underneath the 
positive half cycle of inductor voltage and 
dividing this area by the inductance. Fig- 
ure 10f. 


3.18. If necessary, additional points for the 
curve can be obtained by estimating the 
area up to a given point and dividing by L. 
Figure 10gandh. Principle 2.334. 


3.19. The effect of arc drop can be deter- 
mined from principle 2.52 by subtracting 
volts of are drop from the inductor voltage. 
Figure 10i. 

The peak current now occurs before the 
180-degree point and this current wave is 
unsymmetrical, that is, the final slope differs 
from the initial slope. Figure 10j. 


3.191. Figure 101, m, and n show the voltage 
and current wave forms of a pure inductance 
supplied by a single-tube half-wave rectifier 
fired at different points. 


3.2. An inductance of L henrys and a re- 
sistance of R ohms in series supplied from a 
single-tube half-wave controlled rectifier, 
fired at 60-degrees‘and having a peak anode 
voltage of Ep;, volts. This is the circuit of 
Figure 11h. 


PROCEDURET 


3.21, Sketch in the sine wave of secondary 
voltage e; asin Figure lla. 


8.22. Find the initial slope of the /R-volt- 
age wave (which is proportional to the cur- 
rent). Principle 2.331. In this instance, the 
slope is constructed from the right-angle tri- 
angle whose vertical height is Ep,, volts and 
whose horizontal length is L/R seconds. Fig- 
ure 11b. 


3.23. Assume a peak value of JR voltage 
which peak value will fall along the positive- 
decaying-portion of the inductor voltage 
wave. Sketch in the /R-voltage wave, 
roughly. Its slope will be horizontal at the 
point of crossing the inductor voltage wave. 
Figure llc. Principle 2.332. 


3.24. Measure the area between the induc- 

tor-voltage curve and the /R-voltage curve. 

' Divide this area (volt-seconds) by the time 

constant L/R (seconds) to determine the 

_ peak value of JR. If this calculated value of 

IR does not agree closely with the assumed 

value of 3.23 repeat 3.23 and 3.24 with a 

- more accttrate value until the value chosen 

in 3.23 and the value calculated in 3.24 agree 
closely. Figure 1ld. Principle 2.334. 


3.25. Find the extinction point by assum- 
ing a point such that the negative voltage 


* In Figure 10e, the value of L was taken to be so 

many units of length. Each square of area is volt- 

tage height times a base width, so, the division of 

_ total squares of area by base divisions of Z will 
_ give a measure of current, 


_ }In the sketches which follow, the current is 
_ proportional to JR drop and is sketched in terms of 
IR drop. 
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area between the JR curve and the es curve 
equals the positive area of 3.24. Figure lle. 
Principle 2.3342. 

If the first assumption is not correct, re- 
peat with more accurate values until the 
areas are equal. 


3.26. If more accuracy is required, inter- 
mediate points can be drawn as shown in 
Figure 1lf and g. 


3.27. The inverse voltage across the tube 
can be drawn as in 3.14. 


(a) 


(b) 


3.28. The effect of tube drop can be shown 
by subtracting are drop from the inductor- 
voltage wave as in paragraph 3.19, then re- 
estimating the areas based on the new induc- 
tor-voltage wave. 


3.3. The Z—R load with counter electromo- 
tive force. Supplied from a two-tube bi- 
phase half-wave controlled rectifier, fired at 
60 degrees and having an anode-to-neutral 
voltage of Eps, volts. This circuit is shown 
in Figure 12g. 


3.31. Sketch the transformer-voltage waves 
€s: and és, and draw in the counter-electro- 
motive force voltage to the same scale as in 
Figure 12a. 


3.32. Test for current continuity as follows: 


8.321. If the current is continuous, the 
total load voltage should be like that of 
Figure 12b. 
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CONDUCTION 


CONDUCTION 


Find the average value of this voltage 
wave. This average will be a value which 
will give equal positive and negative shaded 
areas, as shown. 

For current to be continuous, the end of 
the negative shaded area should coincide 
with the beginning of the successive positive 
area, 

If the counter electromotive force is higher 
than this average voltage level, continuous 
current will be impossible. This is shown in 
Figure 12f. 


NON-CONDUCTION 


\\ 


NON- CONDUCTION 
eq 


NON= CONDUCTION 


Figure 9. Voltage across the load 


3.822. If the current is discontinuous, the 
total load voltage should look like that of 
Figure 12f which has very definite regions of 
zero current when the output voltage is the 
counter electromotive force. Principle 2.62, 

The average value of this voltage wave 
will be found to be higher than the counter- 
electromotive force level. 


3.33. Assuming the discontinuous current 
case of paragraph 3.322, draw the trans- 
former voltage waves and the counter elec- 
tromotive force as in Figure 12a. 


3.331. Draw the initial slope of the JR volt- 
age wave as in Figure 12c. 


3.832. Assume a peak value of the JR volt- 
age wave, This peak value will fall along the 
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(a) 


FIRING 
POINT 


Figure 10a-j.1 Construction of the voltage and 

current wave forms of a pure inductance sup- 

plied by a single-phase half-wave controlled 
rectifier 


decaying positive half cycle of the trans- 
former-voltage wave and will have zero slope 
at the point of crossing this voltage wave. 
Sketch in the JR voltage wave as in Figure 
12d. 


3.333. Measure the area of inductor volt- 
age and divide by L/R to determine the peak 
value of R.voltage at this point. If this cal- 
culated value of TR does not agree with the 
assumed value of 3.332, repeat 3.332 and 
3.333 using an assumed value which is more 
accurate. Figure 12d. 


3.334. Determine the extinction point of 
the IR voltage wave. This point will lie on 


ay 


eL 


it 


Figure 10k. Circuit diagram of a single-phase 
half-wave controlled rectifier supplying a 
purely inductive load 
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EXTICTION 
POINT 


the counter electromotive force line such 
that the negative inductor-voltage area will 
equal the positive inductor-voltage area as 
in Figure 12e. 

If the first assumption of the extinction 
point is not sufficiently accurate, repeat 
with a more accurate value. 


VOLTAGE 
ACROSS THE 
INDUCTANCE 
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As a further refinement, intermediate 
points can be determined as in paragraph 
3.26. 


3.335. Check the final slope of the current 


wave as being the triangle formed by e, and 
L/R. 


3.336. If desired, the effect of tube drop can 
be found as in paragraph 3.19. 


3.887. The tube inverse voltage can be 
found as in paragraph 3.14. 


ve 


3.338. Find the average output voltage by 
averaging the counter electromotive force 
plus the 7R drop. 


3.34. Assuming the continuous-current case 
of paragraph 3.321, draw the transformer 
voltage waves, the firing point and corre- 
sponding average voltage line, the voltage 
across the load, and the counter electromo- 
tive force line as in Figure 13a. 


3.341. Construct the 7R drop about the 
average voltage line. This is done by as- 
suming an initial value of JR drop which is 
approximately, but not exactly, midway be- 
tween the average voltage line and the 
counter electromotive force line. This ini- 
tial JR drop is therefore negative with re- 
spect to the average voltage line (that is, be- 
low the average voltage line) but positive 
with respect to the counter electromotive 
force line (that is, above the counter electro- 
motive force line). 


3.342. Draw the initial slope of the TR volt- 
age wave based on this assumed initial value 
of JR drop. Figure 13b. ’ 


3.848. Assume a peak value of JR voltage 
which will fall along the positive-decaying 
portion of the transformer voltage wave and 
will have zero slope at the point of crossing 
this voltage wave. 

Sketch in the JR voltage wave as in Fig- 
ure 13b and c. 


3.344. 
age. 


Measure the area of inductor volt- 
Divide this area, A, in Figure 13d, by 


Figure 10l-n. Voltage and current wave 


forms of a single-phase half-wave rectifier 
supplying a pure inductance firing at different 
points 
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' 


(d) 


POSITIVE AREA- 
EQUAL TO 
IEGATIVE AREA 


URRENT 
or ig R) 


L/R seconds to obtain the increased value of 
TRatthisinstant. The increased value of 
IR is measured from the level of the initial 
_ value. 

If this estimated value of TR does not 
agree with the assumed value of paragraph 
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Figure 11. Construction of the 
voltage and current wave forms 
of an L-R ioad supplied by 
a single-phase half-wave con- 
trolled rectifier 


Figure 12. Construction of the 
voltage and-current wave forms 
of L,R,andE,inseriessupplied ¢) 
by a biphase half-wave con- 
trolled rectifier (discontinuous 


POINT OF 
INFLECTIO 


(c) 


Figure 13. Construction of the voltage and current wave forms of L: 


3.343, repeat the operation of paragraph 
3.343 with a more accurate value. 


3.345. The extinction point of JR drop must 
coincide with the initial value of 7R drop as 
in paragraph 3.341. 

Check that the positive and negative in- 


CONDUCTION 


current) 


Chin, Moyer—Controlled Rectifier Circuits 


R, and E; in series supplied by a biphase half-wave controlled rectifie’ 


(continuous current) 


ductor-voltage areas are equal as in Figure 
18d. Make repeated tries until sufficient 
correspondence is achieved. 


3.346. Check the final slope of the JR curve 
by dividing the final /R drop by L/R. 


3.347. Asa check, the average value of the 
counter electromotive force plus JR drop 
should equal the average output voltage of 
the rectifier when fired at the assumed 60-de- 
gree point. 


CURRENT 
(TUBE 2) 


CURRENT 
(TUBE |) 


Tie 


Figure 14. Construction of 
the voltage and current wave 
forms of R-C in series supplied 
by a biphase half-wave rectifier 
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8.348. As another check, the 7R drop should 
have equal areas about the average voltage 
line. 

3.349. The effect of tube drop can be con- 


sidered as in paragraph 3.19. 
Tube inverse voltage can be found as in 


Figure 13e. 
Note the double inverse voltage wave 
form. 


Tube current is shown in Figure 138f, 


3.4. A capacitor of C farads in series with a 
resistor of R ohms and supplied from a two- 
tube bi-phase half-wave rectifier whose 
peak anede voltage is Ey, volts. This cir- 
cuit is shown in Figure 14c. 

Figure 14a shows the transient build-up 
of voltage across the capacitor when started 
from an initial, discharged condition. 


3.41. Sketch the positive half-cycles of 
transformer voltages as in Figure l4a. 


3.42. The initial slope of the voltage is zero 


since the initial current is zero. Principle 
2.481. 
3.43. Assume a capacitor voltage at the 


end of the first half-cycle of conduction at 
ty, and sketch in the capacitor voltage wave. 


3.44. Measure the area corresponding to the 
- time integration of JR voltage. Divide 
this area (expressed in volt-seconds) by the 
time constant RC (expressed in seconds) to 
determine the capacitor voltage at 4. It 
should check with the value assumed in 
paragraph 3.43; if not, repeat the procedure 
with a more accurate value in paragraph 
3.48. 


For more accurate results, a few inter- 
mediate points can be estimated by integrat- 
ing the JR drop only up to these points. 


3.45. At t tube 1 ceases to conduct and 
tube 2 will not begin to conduct until és is 
equal to ey. Starting from fz, tube 2 will 
conduct. Assume a new increase of capaci- 
tor voltage as in paragraph 3.48 and repeat 
the procedure outlined in paragraph 3.44. 

The build-up of capacitor voltage during 
the successive four half-cycles are shown in 
the third half-cycle of Figure 14a with the 
voltage wave superimposed on the same 
half-cycle. 


3.46. The current wave forms can be drawn 
from Figure 14a as in Figure 14b. 


4. Conclusions 


A.. The ability of predicting the voltage and 
current wave forms at different parts of con- 
trolled rectifier circuits is essential to a bet- 
ter understanding of these circuits. 


B. By understanding a few basic relation- 
ships between the voltage and the current 
through the circuit elements—L, R, C, tube, 
and counter electromotive force—the volt- 
age and current wave forms can be construc- 
ted graphically to a fairly accurate degree. 


C. It is the intention of this paper to stimu- 
late the general interest so that a more 
rigorous treatment of the controlled rectifier 
circuits will be made. 


Appendix 
Nomenclature 
VOLTAGE 


és—instantaneous voltage on the secondary 
side of the anode transformer 
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Design of Variac Transformers =” 


EDUARD KARPLUS 


MEMBER AIEE 


OST textbooks on transformers men- 
tion in a few concluding paragraphs 
that for certain applications special trans- 
formers can be used to good advantage. 
Foremost among these is the autotrans- 
former which offers very important ad- 
vantages if the ratio of input to output 
voltage is close to unity. Other special 
transformers mentioned are small instru- 
ment transformers, constant-current 
transformers, and voltage regulators. 
Voltage regulators:are ordinarily divided 
into several groups: the automatic mag- 
netic-flux-type regulator without moving 
parts, the induction regulator with one of 
its windings mounted so that it can be 
turned into different positions with re- 
spect to the other windings, and the tap- 
changing type, which requires special pre- 
cautions if voltage has to be changed 
under load. 

In power-distribution systems, a cer- 
tain amount of flexibility is required to 
provide constant voltage to the ultimate 
consumer regardless of his distance from 
the Station and regardless of load, and 
some feeder lines are connected to indi- 
vidual hand-operated or automatic regu- 
lators. The regulators are ordinarily tap- 
changing autotransformers or boosters, or 
they are induction regulators. While 
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February 29, 1944; made available for printing 
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Epvuarp Karpvus is development and design engi- 
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The analysis of optimum contact resistance in the 
equivalent contact circuit has been contributed by 
Doctor W. N. Tuttle. 
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variable-ratio transformers of high rating 
have been manufactured for these appli- 
cations by practically every one of thé 
large transformer companies, smaller 
units have not been available until re- 
cently. It is the purpose of this paper to 
describe a variable-ratio transformer? in- 
tended primarily for low power. When 
the first Variac, the continuously adjust- 
able variable-ratio autotransformer, was 
introduced in 19338, it found immediate 
acceptance. Today close to one million 
transformers of this type are in use. They 
are available from several manufacturers 
with ratings from 100 to 10,000 volt- 
amperes. Three transformers, as manu- 
factured by General Radio Company, 


Cambridge, Mass., are shown in Figures’ 


135 


Description 


As the name Variac implies, the new 
transformer provides ‘‘variable a-c volt- 
age’’ when connected to a power line, 
The basic principle is that of a tap- 
changing autotransformer. The  tap- 
changing mechanism is the essential part 
of this transformer and the simplicity of 


this mechanism is responsible for its suc- ° 


cess. The “‘taps’’ are formed by exposed 
parts of the winding that is applied in a 
single layer over a toroidally shaped-iron 
core. The number of taps is the same as 
the number of turns of the transformer, 
Rotation of the control shaft causes a con- 
tact to traverse these turns and to tap off 
any desired part of the winding. The 
turns are closely spaced and the contact 
is wide enough to engage at least one turn 


£ ed 


Ens—peak value of the voltage on the 
secondary side of the anode transformer 
€x—instantaneous voltage across a resistor 
e,—instantaneous voltage across an inductor 
é€c—instantaneous voltage across a capacitor 
ép—instantaneous voltage across the recti- 
fier 
éa—instantaneous voltage across the load 
E,—battery voltage or counter electromo- 
tive force 
pp —peak forward voltage 


CURRENT 


ig—instantaneous current through the load 


ip—instantaneous current through the recti- 
fier 
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di 
(#) —initial rate of change of current 
Ti 
di 
al —final rate of change of current 
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at all times. It is possible, therefore, to 


move the contact under load without 
interrupting the circuit. To engage at 
least one turn at all times, the contact 
must be wider than the spacing between 
turns and it follows that turns can be 
short-circuited by the contact. To pre- 
vent damage to the winding, the contact is 
made of resistive material that limits the 
circulating current in the short-circuited 
turn. Since the load current has to flow 
through the contact, the resistance is kept 
as low as possible. The problem en- 
countered is very similar to the problem 
of commutation in generators or motors, 
and the materials used for the contact are 
the same that are used in the familiar car- 
bon brushes of rotating machines. The 
Variac transformer is designed to stand 
indefinitely the additional heat produced 
in the short-circuited turn and no attempt 
is made to prevent the contact from rest- 
ing between turns. On the contrary, 
short-circuiting turns is one of the impor- 
tant advantages of the Variac, as it affords 
a gradual change from one tap tothe other. 
Ordinarily, the voltage-per-turn is be- 
tween one-half volt and one volt. 


Uses 


The advantages of the variable-ratio 
autotransformer over rheostats and other 
kinds of voltage-control devices are high 
efficiency, good regulation, and linear 
smooth control from zero to above line 
voltage. Mechanically the transformer is 
small in size and simple in construction. 

In industrial control and in experi- 
mental problems in the laboratory, 
Variacs are used wherever alternating 
voltages must be adjusted, and by means 
of voltages, other quantities such as speed, 
heat, or light. Typical applications are 
speed control of motors, heat control of 
electric furnaces or heaters in a labora- 
tory, illumination control in small thea- 
ters or dark rooms, output voltage control 
of high-voltage transformers -and_recti- 
fier systems, filament control for radio- 
transmitter tubes, and voltage control for 
electrical or magnetic testing, calibra- 
tion, and measurement. 


Contact Problems 


As mentioned before, the transformer 


uses a carbon brush, called the contact, to 


- connect the load to the individual turns of 


the winding. Resistance characteristics, 
mechanical design, and thermal properties 


of the contact are most important for 


proper operation of the transformer. A 


~ schematic drawing of the Variac together 


aia 


with a detailed view of the contact is 


q Jury 1944, VoLuME 63 


trans- 


170-volt-ampere Variac 
former assembled for back-of-panel mounting 


Figure 1. 


shown in Figure 4. The width of the con- 
tact is such that in sliding over the wind- 
ing, one turn can be short-circuited but 
not two. The contact is represented as a 
block, connecting points 1 and 2 on succes- 
sive turns of the winding to point 3 on the 
contact holder. The three-terminal block 
can be represented by an.equivalent cir- 
cuit of three resistors, R,, R., R3, between 
the points 1, 2, and 3 as shown in Figure 5, 
This equivalent circuit has been found 
useful in the following analysis of opti- 
mum contact design, but it should be 
understood that the contact resistance be- 
tween a carbon brush and a metallic sur- 
face varies with the current passing 
through the surface and that the resist- 
ance of the carbon brush itself depends to 
a large degree on current density. Al- 
though the behavior of carbon brushes is 
not very well understood, they have been 
used for many purposes with great success 
for a long time and can be manufactured 
to close specifications. Experimental 
data show that the resistance of a carbon 
brush varies with the current passing 
through it in a way to maintain a sub- 
stantially constant voltage drop. This 
voltage drop varies with the composition 
of the carbon and with the pressure ap- 
plied and is used by brush manufacturers 
in the rating of their product, A typical 
current-yoltage characteristic of a carbon 
brush is shown in Figure 6. It is reason- 
able to expect that a definite relation be- 
tween this voltage drop and the voltage- 
per-turn of the Variac transformer has 
to be maintained to prevent excessive 
heating of the short-circuited turn and of 
the contact. 

To show this relation, it is convenient 
to use the equivalent circuit shown in 
Figure 5. It can be seen that resistance 
R3 is not included in the circuit of the 
short-circuited turn. Since it does not 
serve any useful purpose, it can be re- 
duced to a small value by proper design 
of the contact holder and could be con- 
sidered as part of the load resistance R;. 
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Figure 2. An 860-volt-ampere Variac trans- 
former for laboratory use 


Figure 3. A  five-kilovolt ampere Variac 
transformer 


The resistance of one turn of the winding, 

Rs is made as low as possible in accord- 

ance with transformer design practice. 

The resistances R, and Ro, therefore, have 

to be relied on to keep the circulating 

current in the short-circuited turn below 

a value that might damage the trans- 

former or overheat the contact. :This cir- 
culating current is shown as Jo in Figure 5 

and the load current as J. The voltage- 

per-turn between points 1 and 2 is @. 

To simplify the following analysis of op- 

timum contact design, Figure 5 is drawn 

as a section of a two-circuit transformer 

rather than of an autotransformer, and 

the current in the winding preceding the 

short-circuited turn is the same as the 

load current. It is further assumed that 

the contact is symmetrically located with 

respect to the two points 1 and 2, but R, 

is not necessarily the same as Re, since the 

current flowing through these two points 

will not be the same. In an autotrans- ° 
former the current in the winding would 

be different from the load current, but the 

contact problem would be exactly the, 
same. 
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(2S-wPcC>(S-y) 
Figure 4. Schematic diagram of Wariac trans- 
former and contact 


sue 
2 lo 
Figure 5. Equivalent circuit 


of short-circuited turn and 
contact 


The problem of optimum contact design 
for a transformer of a given voltage-per- 
turn ¢ and given maximum load current 
I, is reduced to the problem now, of find- 
ing those values of R; and R; for which the 
energy loss is a minimum. It must be 
remembered, of course, that both R, and 
R, are the equivalent resistances of a single 
piece of carbon material and that they 
cannot be chosen independently of each 
other. The obvious suggestion, therefore, 
of making R; zero and R; infinite cannot 
be realized in a Variac transformer. It is 
a perfectly good solution and is used in 
tap-changing transformers of conven- 
tional design. 

The energy loss in the two resistances 
according to Figure 2 is 


W = RiIp?+ Ro(I2—I)? (1) 
and since 
RiLo = R2(I2—Io) +0 (2) 
eo? RR: 
W= +J,? 3 
Re Ree Rais @) 


The first term is seen to be the dissipation 
due to the voltage between adjacent turns 
acting across the two brush resistances in 
series. The second term is due to the load 
current flowing through the two resist- 
ances in parallel. The resistances R, and 
R: correspond to the currents Jy and 
I,—In. If these resistances were con- 
stant and independent of current, the first 
term would be the no-load brush dissipa- 
tion. If the ratio of the two resistances 
is called n? 


R,=n*R, (4) 


and substitution of equation 4 in equation 
3 yields 


eee rap ee 
(l4+n)Ri °° 


WwW oa 
1+7? 


(5) 
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Setting the derivative of W with respect 
to R; in equation 5 to zero, the value of 
R, is obtained for which the contact loss 
is a minimum. 


Ri= (6) 


The combination of equations 4 and 6 
gives a resistance value Ro which might 
be called the optimum contact resistance. 


Ro=V RiRe= (7) 


eo 
I, 
If the two brush resistances are equal, 
they should have the value Ry for mini- 
mum totalloss. If they are unequal, their 
geometric mean should have that value. 


VOLTAGE DROP 


2 4 6 
BRUSH CURRENT 


Figure 6. Current-voltage characteristic of a 
carbon contact 
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Figure 7. Plot of a function similar to that 
used in equation 11 


To find out how much the contact loss 
is increased if the geometric mean of the 
two resistances deviates from Ro, a second 
parameter & is introduced 


V R,R2 =nkR, =p 


and by substituting equation 8 in equation 
5, the energy loss is found to be 


(8) 


€o 
Th e. 


n .1+k? 
lin? k 


W=edl2 (9) 
If the two resistances R; and R; are equal 
and have the optimum value, both 1 and 
k are 1 and the energy loss may be called 
Wo. 

Wo=eol2 (10) 


It follows that in the general case, if R, 
and R, have arbitrary values 


2n 1-+k? 


(11) 
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Figure 7 shows the plot of a function if 
similar to that used in equation 11 and it 
can be seen that the energy loss is in- 
creased by 25 percent, for instance, if the 
geometric mean of the two brush resist- 
ances is double or is one-half of the op- 
timum value, and that this increase of loss 
can be compensated by making one of the 
resistances four times as large as the other. 
It is apparent that to reduce the energy “ 
loss considerably below Wo, very high 
ratios of brush resistance values are re- 
quired. The two factors in equation 11 
tend to offset each other and consequently 
the geometric mean resistance must be 
held closely to the correct value. 

Returning now again to Figure 5, it can 
be deduced without any computation that 
the energy loss Wo=€o Jy is obtained, if 
the voltage across R; equals @. In that 
case, the voltage across R2 is zero. The 
full-load current J, flows through R; and 
the current in the short-circuited turn 
equals the load current. This condition 
is expressed by 


Ih=I (12) 


Ris = (13) 


Substituting equation 13 in equation 3, it 
is seen that 


Wel (14) 


independent of Ro. 

That a relation of this kind between the 
voltage per turn of a Variac transformer 
and the voltage drop in the contact would 
have to be maintained was suggested at 
the beginning of this analysis. It is ap- 
parent now that if the voltage drop in the 
contact equals the voltage per turn, the 
contact resistance is the optimum value 
according to equation 7, and the contact’ 
loss equals load current times voltage per 
turn. 

Although it is possible, according to 
equation 11, further to decrease the con- 
tact loss if the two contact resistances R; 
and R» could be chosen at will, and could 
be maintained in the proper relation as 
the contact moves from one turn to the 
other, it has been found in practice that 
materials with the required characteristic 
are not available. As a matter of fact, it 
is often difficult to find a material that 
will fit the simple relation of equation 13 
where resistance or voltage drop is speci- 
fied for a single value of current. 

If the maximum load current of a par- 
ticular transformer is used to determine 
the optimum contact resistance in accord- 
ance with equation 13, the contact loss 
will be smaller than W from» equation 14 
for any other load current, and will be less 
than one-half this value for no-load con- 
dition. Under no load the short-circuit 
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current must flow through R; and R; in 
series, and each one will be larger than R; 

_from equation 13. This follows from the 
current-voltage characteristic of the ma- 
terial used, which will always have the 
general shape shown in Figure 6. The no- 
load short-circuit current, therefore, will 
be less than one-half the maximum load 
curpent. : 

It has been shown in the preceding para- 
graphs that the contact loss is propor- 
tional to the load current and to the volt- 
age-per-turn. If the voltage-per-turn 
were increased, as is usual in larger trans- 
formers, the contact loss would rise 
rapidly and would soon present a serious 
problem. Decreasing the number of turns 
below a definite value is undesirable for 
another reason. If a 200-turn Variac is 
adjusted for 50 per cent output voltage for 
instance, the voltage-per-turn at that par- 
ticular point is 1 per cent of output volt- 
age, but in a 100-turn Variac at 10 per 
cent output voltage, itis 10 per cent. It 
is true that the resistance of the Variac 
contact helps to smooth out the steps be- 
tween turns, but it has been found in 
practice that 100 to 200 turns should be 
used, even in large transformers, to main- 
tain smooth control at low output volt- 
ages. 

At 100 turns the contact loss of a Variac 
transformer is 1 per cent of output power, 
according to equation 14. Iron and 
copper losses of the same transformer 
might be an additional 3 per cent. If 
operation of the transformer at rated out- 
put produces the maximum allowable 
temperature rise of winding and core, 
about an additional one third of the wind- 
ing and core surface is needed to take 
care of the contact loss. The contact loss 
is concentrated in the small contact block 
and good heat conduction between the 
eontact block and the cooling surface is 
required. The cooling surface is called 
the radiator. 


Contact Design 


Actual design of contact and radiator 
are closely dependent on the design of core 
and winding, but the basic requirements 
can be stated independently. 

The active surface of the contact should 
be as large as possible to reduce current 
density and to spread the inevitable con- 
tact loss over the largest possible area. 
The width of the contact, shown as C 
in Figure 4, is usually very small, since 
it is determined by the cross section of the 
turns. The other dimension of the con- 
tact surface is related to the cross section 
of the core and depends on the length of 
turn available in the plane that has been 
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chosen for operation of the contact. 
Figure 8 shows three different core cross 
sections. Core ‘‘A”’ would be best for a 
contact operating on top, and core ‘‘C”’ 
for a contact on thecircumference. Small 
transformers’ ordinarily have banked 
windings. A core of shape “A,” for in- 
stance, would be made with the outside 
diameter three times as large as the inside 
diameter. The winding would be applied 
to form a single closely spaced layer of 
turns on the outside, and the turns would 
pile up in three layers on the inside. The 
top surface, then, would not be available 
for operation of the contact, except at the 
outside edge. 

Carbon brushes used on rotating ma- 
chines are subjected to considerable wear 
and are made long, to avoid frequent re- 
placements. Variac contacts show very 
little wear and are made as short as pos- 
sible, to reduce losses and to afford better 
heat conduction into the radiator. In 
laboratory tests, contacts show extremely 
small wear in continuous operation. The 
wear seems to be independent of load, and 
is about 0.02 inch in one million adjust- 
ment cycles. In actual use, contacts wear 
more rapidly than this figure would in- 
dicate, and it appears that resistance to 
wear is decreased if the contact is allowed 
to rest under load in the same position for 
long periods of time. In any case, Variac 
brushes do not ‘‘wear in” after a few days 
of operation like brushes of rotating ma- 
chines. Their performance can, therefore, 
be made more uniform and more reliable 
if they are subdivided into several inde- 
pendent units. Large Variacs are built 
with six or more contacts operating in 
parallel, but on small transformers, this 
added complication is not always justi- 
fied. f 

Since Variac brushes do not wear in, 
current density and specific pressure vary 
within wide limits, and can hardly be com- 
pared with the values recommended by 
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Figure 8. Cross section of cores 
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Figure 9. Six-brush contact operating on top 
of transformer 
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carbon manufacturers. Current carrying 
capacity and pressure of a given contact 
are best determined in statistical tests on 
the winding surface of the transformer. 

As an example, a 115 volt 5 kva trans- 
former with 160 turns uses six contacts 
in parallel, each one carrying from five to 
ten amperes and having a spring pressure 
of about ten ounces. The dimensions of 
each one of the six blocks are approxi- 
mately one quarter inch by one quarter 
inch by one quarter inch. These small 
carbon blocks are permanently fastened 
by soldering, or by pressure fit, into larger 
contact holders and form together with 
them six complete brushes. The brushes, 
in turn, are inserted into six slots of the 
radiator, and are pressed against the wind- 
ing by springs. A schematic view of a six- 
brush contact is shown in Figure 9. The 
advantage of this brush construction, 
compared to the large carbon blocks used 
in motors and generators, is improved 
heat conduction to the radiator. Asa re- 
sult, the temperature of the contact sur- 
face can be kept at a lower value, and 
damage of the winding insulation is pre- 
vented. The radiator absorbs the heat of 
the contact primarily by conduction and 
transmits it to the surrounding air by 
radiation and convection. The material 
of the radiator is chosen for good heat 
conduction. Size and surface treatment 
determine radiation. Convection cur- 
rents depend on general shape and are im- 
proved by ventilating channels. 

To prevent the metal contact holders 
from short-circuiting the winding, if a 
carbon contact block should wear or 
break by accident, the travel of the 
brushes within the radiator slots is limited. 
Electrical connections to the brushes are 
made by flexible leads. 


Contacts for Low-Power 
Transformers 


The discussion of contacts, so far, has 
been mostly concerned with large trans- 
formers where contact losses must be re- 
duced to a minimum. If contact losses 
rise rapidly with output power, it is 
equally true that they decrease on small 
transformers. On a 200-volt-ampere 
Variac transformer, for instance, with 500 
turns, wound on a three-inch-diameter 
core, contact losses according to equation 
14 are 0.4 watt. This small power does 
not present any particular problem but 
the width of the contact would have to be 
under 0.025 inch to make it impossible to 
short-circuit more than one turn at a ~ 
time. A carbon contact of that size 
would not be strong enough, but since the 
contact loss is low, no harm is done by 
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: loss 


increasing the width of the contact and 
letting it short-circuit several turns at a 
time. The transformer mentioned above 
actually uses a round contact of ().09 inch 
diameter. It appears that six wires could 
be touched by a contact of this size, but 
because of the round shape, only three 
turns are effectively short-circuited and 
the contact loss is increased to 1.2 watts. 
It can be said in general that contact de- 
sign need not follow the procedure out- 
lined in the two preceding paragraphs 
unless it is desirable to limit contact losses 
to the inevitable minimum. 


Winding and Core 


A Variac transformer differs very mark- 
edly from a conventional transformer of 
equal rating. This is mainly due to 
four requirements discussed in detail in 
the preceding paragraphs: (1) the core is 
toroidally shaped, (2) the winding has to 
be applied to form a single layer at the 
contact surface, (3) the number of turns 
cannot be chosen for best efficiency or 
economy alone, and (4) the contact loss 
has to be added to the losses in copper and 
iron. If these points are kept in mind, 
winding and core can be designed by 
applying standard practice. In the follow- 
ing paragraphs, therefore, only a few 
points will be mentioned that are charac- 
teristic of the Variac. 

A single-layer winding on a toroidal 
core does not fill up the winding space, and 
it is obvious that the amount of copper 
used is out of proportion to the amount of 
iron. This is particularly true with round 
wires and small toroids where the outside 
diameter must be much larger than the 
inside diameter. It is possible, of course, 
to use wire with rectangular cross section 
and to use large toroids, but that cannot 
be done when a compact transformer of 
low output power is desired. Rectangular 
wire could be used to great advantage in 
large transformers, over two kva for in- 
stance, but so far, the mechanical problem 
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of applying the winding over the toroid 
has not been solved. 

The resistance of a single-layer winding 
of round wire increases with the third 
power of the number of turns, and it 
follows, that the power rating of a toroidal 
core depends upon the voltage applied. 
For this reason Variac transformers can- 
not be built economically for high volt- 
ages. 

The rating of a conventional trans- 
former core increases rapidly with the fre- 
quency applied, since the number of turns 
can be decreased. In a Variac trans- 
former, the number of turns is determined 
by the voltage applied and the only bene- 
fit obtained at increased frequencies is a 
reduction of core loss. However, if the 
cross section of the core is reduced at high 
frequencies, the gain is in the same pro- 
portion as in any transformer, 

A laminated toroidally shaped core can 
be formed by two methods which are in- 
dicated in Figure 8, Core A is obtained 
by stacking ring-shaped laminations, core 
B by winding a long strip over a mandrel. 
Losses in core B will be slightly lower 
than losses in core A, but both methods 
are equally satisfactory, and the choice 
depends mainly on the availability of ma- 
terials and tools. 

Application of a winding over a toroidal 
core requires special equipment, unless it 
is done by hand. Hand-winding, how- 
ever, is not very practical, since small 
transformers have many hundreds of 
turns, and large transformers require 
wires that are too hard to handle. Toroid- 
winding machines? are ingeniously de- 
signed and apply single-layer or banked 
windings on large and small cores. They 
can handle a very wide range of wire 
sizes. It takes about 5 minutes to wind 
500 turns of number 28 wire on a 3-inch- 
diameter core, and 25 minutes to wind 
160 turns of number 8 wire on a 12-inch- 
diameter core. 

The wire used is always insulated. A 
very high grade of insulation is required 
to stand the mechanical abuse during the 
process of winding, and to stand high tem- 
peratures in operation. At the contact 
surface, the insulation has to be removed. 
In addition, the wire is flattened to offer a 
larger surface to the contact, as shown in 
Figure 4. Both operations can be done 
on a grinding wheel. Itis very important 
that the wires cannot change their posi- 
tion after grinding, since that would de- 
stroy the contact surface. The wires, 
therefore, are usually embedded in a wind- 
ing form with a groove for each individual 
turn. 

Mounting of the toroidal core, covered 
almost entirely by the winding, is another 
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Figure 11. 


problem that requires serious considera- 
tion. Ordinarily, the winding covers 320 
degrees and clamps cannot be used where 
they would interfere with the movement 
of the contact, or where they would form 
a short-circuited tum around the core. 
Permanent close alignment of the control 
shaft and the contact surface is very im- 
portant, and high local pressure must be 
avoided on the winding. 

Most Variac transformers are designed 
for air-cooling, but forced air draft and 
oil have been used in special applications 
to reduce size and weight to a minimum. 


Rating and Taps 


In the discussion of contact loss the 
term ‘“‘maximum load current’’ has been 
used. It was assumed that the trans- 
former would reach the highest permitted 
temperature at this current, the largest 
current that the contact has to handle. 
This current, called the ‘rated current,” 
is animportant characteristic ofthe Variac 
transformer. 

Figure 4 shows the most commonly used 
connection of a Variac transformer to 
line and load. If the output voltage into 
the load is changed by moving the con- 
tact, and the load current is held constant 
by changing the load resistance, the cur- 
rent in the different parts of the winding 
changes. Copper losses, except those due 
to magnetizing current in the winding, 
start at zero for zero output voltage, reach 
a maximum at one-half line voltage, are 
zero at line voltage, and increase rapidly ~ 
from there on. Core and contact losses 
are independent of output voltage. 

The point above line voltage, for which 
the losses equal again the losses at half 
line voltage, is found to be at 20 per cent 
above line voltage. For this reason the 
line voltage tap on Variac transformers is _ 
almost always at 83 per cent of the turns. 
At rated current, the temperature rise of 
the Variac transformer reaches the maxi- 
mum value at two settings of output volt- 
age: at one-half line voltage and at 
maximum, The rated current could be 
exceeded at all other points if it were not 
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limited by the contact. In Figure 10 
load current in per cent of rated current, 
for constant copper loss, is plotted against 
output voltage, in per cent of line voltage. 
If tl e contact is designed for a ‘maximum 
current,” 50 per cent over ‘‘rated cur- 
rent,” load currents up to the heavy line 
in Figure 10 can be used. The dotted 
line\is the voltage-current characteristic 
of a constant load that draws ‘‘maximum 
current” at line voltage. It can be seen 
that this straight line is always below the 
limiting curve, and it follows that the 
transformer would not overheat at any 
output voltage, under line-voltage, if con- 
nected to this load. Experience has 
shown that contacts can be designed to 
carry considerably more than rated cur- 
rent in small Variac transformers, but in 
large transformers, the contact surface is 
not always sufficient to allow an increase 
above rated current as high as 50 per cent. 


_ Variac transformers are, therefore, rated 


by tke following terms: (1) rated current 
—the current that can be drawn at any 
position of the control shaft; (2) maxi- 
mum current—the current that can be 
drawn at low output voltages and at volt- 
ages near input voltage; (3) load rating 
—the volt-amperes obtained by multiply- 
ing maximum current by line voltage. 


Whenever output voltages above line 
voltage are not required, or when the load 
could be damaged by overvoltage, the line 
should not be connected to the tap of the 
transformer, but to the full winding. In 
other applications it may be desirable to 
obtain more than a 20 per cent increase 
of output voltage with respect to line 
voltage, and the input could be connected 
still further down on the winding. The 
voltage across the full winding cannot be 
increased, of course, since that would in- 
crease flux density and voltage-per-turn, 
but all Variac transformers designed for 
230-volt lines are tapped for connection to 
115-volt circuits. If power is supplied at 
rated current to the center tap of a trans- 
former, the output current is one half of 
rated current. If power is supplied to a 
tap that will give a maximum output 
voltage of 2X1.2=2.4 times input volt- 
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age, the connection provided on 230-volt 
Variac transformers, the output current 
for which copper losses are not excessive 
is 1/2.6 of rated current. 


Regulation 


Regulation of a transformer can be ex- 
pressed as a voltage drop under load, in 
per cent of output voltage. In a Variac 
transformer the voltage drop in the con- 
tact is added to the voltage drop in the 
winding, and since the contact drop at full 
load current always equals the voltage- 
per-turn, the regulation at low output 
voltages is considerably increased. On 
the tenth turn of a transformer, the regu- 
lation due to contact drop always must 
be 10 per cent under these conditions, but 
the actual voltage of the tenth turn de- 
creases as the total number of turns is in- 
creased. In a 200-turn Variac, connected 
to give 20 per cent overvoltage, for in- 
stance, the voltage-per-turn is only 0.6 
per cent of input voltage, and contact 
regulation is better than 10 per cent, down 
to output voltages as low as six per cent of 
line voltage. 

Autotransformers have inherently bet- 
ter regulation than two-circuit trans- 
formers. The improvement is most 
noticeable if the output voltage is close to 
line voltage and regulation is so good that 
careful protection against short circuits 
in the load is important. On the other 
hand, the leakage reactance of a single- 
layer winding on a toroidal core is large 
compared to’ the leakage reactance of a 
conventional transformer where it can be 
minimized by proper design. 

Over-all regulation of Variac trans- 
formers in their most useful range, near 
input voltage, can be considered excellent 
compared to other control devices, but it 
should be kept in mind that at low output 
voltages and at high ratios of voltage 
step-up, voltage drop under load cannot 
be disregarded. A typical regulation 
curve is shown in Figure 11, where voltage 
drop in per cent of output voltage is 
plotted against output voltage in per cent 
of input voltage. The upper curve ap- 
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plies for a Variac transformer with a 
maximum voltage step-up of 1.2 at rated 
current and the lower curve for a voltage 
step-up of 2.4 at 1/2.6 of rated current. 
The effect of contact drop can be clearly 
seen in these curves at low output voltage. 
The inversion of the curves at one third 
of input voltage is due to the fact that 
output power decreases at lower output 
voltages. A further discussion of regula- 
tion is beyond the scope of this paper, but 
it is interesting to note that for constant 
voltage-per-turn the regulation at rated 
current varies very little with the size of 
the transformer. 


Special Transformers 


The use of a carbon composition contact 
on the turns of a transformer winding is 
not limited to toroidal autotransformers. 
This particular application has been dis- 
cussed in detail, since it combines many 
advantages, but it is obvious that the 
transformer core could have any desired 
shape and that it could carry any number 
of additional windings. 

One important application of a Variac 
transforrher with an additional winding is 
a voltage regulator with limited range, 
that can vary the output voltage from 100 
to 130 volts, for instance, when connected 
to a 115-volt line, or maintain constant 
115-volt output voltage if the line volt- 
age varies from 90 to 120 volts. 

In another application, line-voltage is 
connected to the contact of a multiple- 
winding transformer. Moving the con- 
tact changes the number of primary turns 
and varies simultaneously the output volt- 
age of several windings. 

For applications in multiple-pkase cir- 
cuits two or more Variac transformers are 
mounted together with their contacts con- 
trolled by a single shaft. 
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Prevention of Rotor-Winding 


Deformation on Turbogenerators 


JOHN G. NOEST 


MEMBER AIEE 


Synopsis: During recent years there have 
occurred several cases of failures on turbo- 
generators which were found to be due to a 
singular type of deformation of the rotor 
windings. It is recognized that the deforma- 
tion of rotor windings is due to forces set up 
in the windings by the interaction of centrifu- 
gal force and temperature change.! 

The purpose of this paper is to discuss 
briefly the phenomena responsible for this 
type of deformation, and to show that by 
means of preheating of the rotor windings to 
a definite predeterminable winding tempera- 
ture, the resulting mechanical stresses can 
be very materially reduced so that winding 
deformation is held to a minimum. 


Cause of Rotor-Winding 
Deformation 


HE phenomenon of rotor winding de- 

formation on turbogenerator rotors is 
discussed in reference 1. As copies of this 
paper are not readily available, the sub- 
ject is here briefly reviewed. 

All large turbogenerator rotors are built 
with the rotor winding, consisting of a 
number of multiturn coils laid in milled 
radial slots with metal wedges supporting 
the coils against the radially directed 
centrifugal force. Asbestos and mica are 
the principal insulating materials. At the 
ends of the rotor body, the individual coils 
are supported against deformation by end 
rings, with insulating material bracing 
blocks. The mechanical strength that can 
be built into the bracing is limited by the 
mechanical strength of the insulating ma- 
terials used for coil insulation. 

Several cases of rotor winding failure 
have occurred that were found to be due to 
a peculiar type of deformation of the rotor 
coils. This deformation is the result of 
shortening of the rotor conductors within 
the rotor slots. The failures, involving 
electrical grounds and interturn short cir- 
cuits, all occurred at points where the 
rotor windings leave the rotor body or in 
the portions of the coils located under the 
end bells of the rotor. Grounds developed 


Paper 44-85, recommended by the AIEE com- 
mittees on electrical machinery and power genera- 
tion for presentation at the AIEE North Eastern 
District technical meeting, Boston, Mass., April 
19-20, 1944, and the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944. Manuscript 
submitted February 14, 1944; made available for 
- printing March 21, 1944. 


Joun G. Nozst is assistant engineer, electrical 
engineering department, Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y. 


514. TRANSACTIONS 


by crushing of the coil insulation, whereas 
interturn short circuits were found to be 
caused by the crushing of the turn-to-turn 
insulation. In each of these cases the 
underlying cause was a deformation of the 
coils, in which the conductors nearest to 
the center of the rotor shaft had become 
shortened most, while conductors more 
remote from the rotor shaft showed di- 
minished shortening; the outermost con- 
ductors being found entirely unaffected. 
Blocking between coils was found either 
bent or broken, showing that the forces 
involved were high in order of magnitude. 
In some cases, the innermost conductors 
were found displaced from their original 
position by as much as the width of the 
conductors. These displaced conductors, 
under the influence of centrifugal force, 
were subjected to eccentric loading be- 
tween conductors and the resulting high 
unit pressures on the turn-to-turn insula- 
tion ultimately produced structural failure 
of this insulation, causing turn-to-turn 
short circuits. Figures 1A, 1B, and 1C 
illustrate the conditions. 


The basic cause of rotor-winding de- 
formation may be explained if the proc- 
esseS of starting, loading, and shutting 
down of the turbogenerator are examined 
in detail. The turbogenerator, having 
cooled during a preceding outage to 
approximately ambient temperature, is 
started via the turbine and is driven at 
low speed for a period varying from one 
half to two hours, depending on the size of 
the unit involved and on the temperature 
the turbine has cooled to. Near the end 
of the turbine ‘‘warming up’’ period, the 
generator speed is rapidly increased to 
synchronous speed and, after applying 
field excitation, the generator is synchro- 
nized to the bus and loaded. The signifi- 
cant point of this starting procedure is 
that field current is not applied to the 
rotor winding until after nearly all of the 
centrifugal force is established by the ro- 
tational speed and the conductors are 
locked in position as a result. The rotor 
winding is therefore not subjected to a 
temperature rise until after the full effect 
of centrifugal force is established. After 
the field current is applied and as the 
generator is loaded, the rotor winding re- 
sistance loss appears as heat in the rotor 
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conductors. As the temperature of the, 
conductors increases a portion of this heat, 
proportional to the time rate of tempera- 
ture rise, is stored in the thermal capaci- 
tance of the conductors and the remainder 
is transferred by conduction through the 
coil insulation to the rotor body at a rate 
proportional to the instantaneous tem- 
perature difference between the rotor 
winding and the rotor body. This process 4 
of combined heat storage and heat dissipa- 
tion by conduction, results in an expo- 
nential approach to an ultimate tempera- 
ture and involves a thermal time constant 
(Appendix IV). As the total weight, and 
with it the thermal mass, of the rotor 
winding is small, the thermal time con- 
stant of rotor-winding temperature rise 
over the rotor-body temperature is small. 
As heat is transferred to the rotor body, it 
experiences a temperature rise over the 
surrounding air. During increasing rotor- 
body temperature a portion of the heat 
transferred to it from the rotor winding is 
again stored (proportional to the rate of 
temperature rise) and the remainder is 
transferred to the surrounding air-gap air 
by forced convection at a rate propor- 
tional to the temperature difference. Be- 
cause of the great weight of the rotor 
body, its thermal time constant is large 
(Appendix IV). With suddenly applied 
and thereafter constant field current the 
process of heat dissipation from the rotor 
winding is summarized as follows: The 
temperature rise of the rotor body over 
air-gap air (or approximately ambient air) 
reaches its final value slowly. After the 
initial fast temperature rise of the rotor 
winding, the winding continues to increase 
in temperature as the rotor body heats, 
finally maintaining, for constant field cur- 
rent, a constant differential. 


While these temperature changes occur, 
the rotor conductors are under the influ- 
ence of centrifugal force which tends to 
force them radially outward. Each rotor- 
conductor’s centrifugal force is a function 
of its radial location and angular velocity. 
The centrifugal force of the innermost con- 
ductor is imposed on the next conductor, 
whose own centrifugal force adds to that 
of the first conductor, imposing the total 
on the third conductor and so on, until 
the wedge supports the accumulated cen- 
trifugal force of all conductors in the coil. 
Figure 2 shows a typical curve for a large 
rotor, giving centrifugal forces in terms of 
conductor location. 


Any tendency of the coil as a whole, or . 
of any conductor in the coil, to move in an 
axial direction is opposed by the frictional 
resistance created by the centrifugal force. 
The magnitude of the coefficient of fric- 
tion is somewhat uncertain but probably 
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lies between 0.1 and 0.3. Even with the 
lower value and with values of centrifugal 
force as given in Figure 2, it is obvious 
that large portions of the slot lengths of 
the rotor conductor are firmly locked on 
each other and on to the wedge. 
However, as the rotor conductors are 
being heated they tend to expand against 
the frictional forces which hold them 
locked in place. When the conductor- 
temperature rise is low, the tendency of 
the conductors to expand results in the 
creation of compressive stresses in the 
conductor within the elastic limit of the 
conductor material. With increasing 
rotor-body temperature, additional stress 
is produced on account of the differences 
in the coefficients of linear expansion of 
rotor conductor and rotor body, which at 
some critical temperature rise produce 
total stresses in the rotor conductor in 
excess of the elastic limit, and result there- 
after in permanent plastic deformation. 
When the generator’s load is reduced, the 
temperature of the rotor winding de- 
creases, and the initial stress, which is held 
in elastic deformation, is released. When 
the generator is shut down, cooling takes 
place without the restraint of centrifugal 
force and the rotor conductors are free to 
contract as they cool. The plastic strain 
which was initially established at the high 
temperatures is retained, leaving the so- 
strained conductors permanently short- 
ened. Repetition of this cycle of starting, 
loading, and shutting down at sufficiently 
high temperature rises results in continu- 
ing deformation in spite of the hardening 
effect of the cyclic plastic working of the 
conductor material. At some lower tem- 
perature rises however, deformation may 
cease after a small number of cycles be- 
cause of the hardening effect of plastic 
working during the first few cycles. 


Figure 1A. Rotor-winding distortion, 160,000- 
kva 1,500-rpm generator 


. the innermost conductors. 


The preceding analysis gives a satis- 
factory qualitative exposition of the 
phenomenon of winding deformation for 
which a quantitative verification is more 
complex.’ The added complexity comes 
from the fact that in the discussion of 
conductor temperature an assumption of 
equal temperature for all conductors of a 
coil is really inadmissible. The tempera- 
ture of the conductors of a coil is lowest for 
the outermost conductor, it rises to a 
maximum somewhere in the interior of the 
coil, and drops again toward the innermost 
conductor. Figure 3 shows a relation of 
conductor location and temperature rise, 
calculated by means of an equivalent elec- 
trical network for a rotor coil of a large 
generator neglecting all heat flow in the 
axial direction. Based on the tempera- 
ture rise distribution of Figure 3, on an 
idealized stress-strain curve, as shown in 
Figure 4,andin consideration of the effects 
of varying centrifugal force with conduc- 
tor location, the deformation for a single 
cycle, Figure 5, was calculated. Compar- 
ing calculated deformation (solid line in 
Figure 5, with the measured deformation 
on the generator rotor shown in Figure 1A 
(dashed line in Figure 5) good agreement 
may be observed to exist for all conduc- 


Figure 1B. Rotor-winding distortion, 21,000- 
kva 1,500-rpm generator 


tors excepting the two innermost ones. 
Similarly, calculated curves, shown as 
Figure 8 in reference 1, show a like tend- 
ency toward decreasing deformation for 
It appears, 
therefore, that in addition to the pre- 
viously discussed factors, there must be 
others in order to account for the remain- 
ing discrepancy between calculated and 
observed conditions. One of these factors 
is probably buckling of the innermost con- 


ductors in whatever space there may exist 
at the bottom of the slot. The force re- 
quired to buckle a conductor as a column 
may be expected to be relatively small 
since a conductor, as a column, is a very 
weak one indeed, even if the radial brac- 
ing by centrifugal force is taken into ac- 
count. 


Prevention of Rotor-Winding 
Deformation By Preheating 


In the preceding section it was shown 
that the rotor-winding deformation is 
caused by the temperature change which 
occurs after the rotor conductors are pre- 
vented from free expansion by the locking 
action of centrifugal force. It was shown 
that when the temperature changes are 


Figure 1C. Rotor-winding distortion caused 
by overloading 50,000-kva 50-cycle generator 


sufficiently small, deformation is small and 
moreover may be expected to cease en- 
tirely after a limited number of cycles. 
The prevention of excessive rotor-winding 
deformation, therefore, lies in the reduc- 
tion of the magnitude of temperature 
variations. The permissible magnitude 
of temperature variation is a function of 
the mechanical properties of the conductor 
material and the generator designer has 
control of both the magnitude of tem- 
perature variation and the conductor ma- 
terial used. However, the operator gains 
control of one of the factors involving the 
magnitude of stress developed in the con- 
ductor, when he is enabled to fix the initial 
temperature from which all subsequent 
temperature changes take place. By 
preheating the rotor winding and body 
with the body revolving at very low 
speed the expansion of the conduc- 
tors and rotor body, as the tempera- 
ture rises from ambient to preheat tem- 
perature, takes place free from fric- 
tional restraint produced by centrifugal 


due to generator load changes at syn- 
chronous speed then produce stresses 


| 
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force. Subsequent temperature variations 
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which are proportional to the difference 
between actual and preheat temperature 
instead of the difference between actual 
and ambient temperature. Furthermore, 
the initial or preheat temperature can be 
chosen in such a manner that the stress 
in the conductor material becomes a ten- 
sile stress at light loads and the compres- 
sive stress which would result in creep in 
compression at high loads is nullified by 
the creep in tension at light loads. That 
initial or preheat winding temperature 
which produces a minimum of permanent 
winding deformation for a given rotor dur- 
ing the expected operating cycle is the 
optimum preheat temperature for the 
given generator. : 

As the expansion of the rotor body is 
also a factor contributing to the total 
stress in the winding conductors, there is 
also an optimum preheat temperature for 
the rotor body, which, together with the 
optimum winding preheat temperature, 
assures lowest possible deformation. As 
the rotor winding temperature and the 
rotor body temperature differ by the tem- 
perature rise of the winding over the rotor 
body, it is to be expected that the two 
optimum temperatures, that of the rotor 
body and that of the rotor winding, will be 
found to differ. This situation points to 
preheating with current in the rotor wind- 
ing as the best method and knowing the 
difference between the two optimum tem- 
peratures permits the determination of the 
required current. 

In the determination of the optimum 
preheat temperatures two criteria exist, 
namely, minimum stress and minimuim de- 
formation. The two are not synonymous, 
since the latter is not only a function of 
stress but of the duration of stress as well. 
An example of a calculation for a preheat 
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procedure is given in Appendix II of this 
paper in which equations having the 
criteria of minimum deformation, de- 
veloped in Appendix III are used. The 
development of the equations of Appendix 
III are based upon an assumed behavior 
of copper under mechanical stress which is 
believed to be approximate to the actual 
behavior of copper in the temperature 
range and stress range as here applied, 
with sufficient accuracy for the purpose. 
Because of the necessary approximation it 
is desirable to test the result of calculation 
made with the method of Appendix III, 
by calculating expected extreme stresses 
as is done in the example of Appendix JT. 
For most load cycles, the method of 
Appendix III will give tolerable values of 
stress. In the author’s opinion tolerable 
values of stress for windings of soft an- 
nealed copper are in the order of those 
calculated in Appendix II, and should not 
exceed 5,000 pounds per square inch. 

The refinement that can reasonably be 
incorporated in a preheating procedure is 
limited by practical considerations, of 
which a primary one is the accuracy with 
which rotor-winding and rotor-body tem- 
peratures can be determined. Experience 
shows that this accuracy is not likely to 
be greater than plus or minus five degrees 
centigrade. The assumptions in regard 
to the behavior of the conductor material, 
made in Appendix III must be viewed in 
this light, and when so viewed they be- 
come more acceptable. 


Practical Aspects of Preheating 


In the practical application of preheat- 
ing of turbogenerator rotors, there are a 
number of factors, aside from those pre- 
viously discussed, that must be considered 
if a workable procedure is to be obtained. 
Among these are: 


(a). The arrangement of existing cooling 
system, that is, whether the generator is 
equipped with shaft driven blowers or with 
separately driven blowers, and whether the 
generator cooling system is a closed or open 
system. 

(b). What means are available to furnish 
the required preheating current. 


(c). There is the problem of co-ordinating 
the preheating procedure with the starting 
procedure of the turbine. : 


In regard to the existing cooling system, 
the preceding discussions show that it is 
desirable to obtain by means of preheating 
a certain definite rotor-winding tempera- 
ture and also a temperature distribution 
throughout the winding as near as possible 
to that existing when the generator is in 
operation and carrying load. This re- 
quirement can be approached only if pre- 
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heating is carried out with as near Bs 
possible normal air flow through the gen- 
erator; however, it cannot be reached 
completely since preheating must be per- 
formed with the rotor revolving at low 
speed. On generators equipped with shaft- 
driven blowers, the requirements of 
nearly normal ventilation and low gen- 
erator speed, of course, cannot be met 
simultaneously. In this case it may be 
necessary to use a procedure in which pre- 
heating is carried out in steps. This is 
accomplished by starting the preheat at 
relatively high rotor speeds in order to 
provide the required ventilation and then 
at one or more intermediate temperatures 
reducing the speed, the steps being so 
timed as to prevent excessive winding 
stresses. With each step of speed reduc- 
tion the accumulated stresses are released 
until, at the point where the specified pre- 
heating temperature is reached, a final 
slowing down releases all stresses before 
the generator is again accelerated and syn- 
chronized. On generators equipped with 
separate blowers, this difficulty is not 
likely to appear. 

The nature of the cooling system is a 
factor in the preheating procedure because 
of the necessity to measure the rotor body 
temperature indirectly, that is, in terms 
of the winding temperature. This in- 
volves the thermal time constant of the 
rotor-winding-temperature rise over the 
rotor-body temperature. In view of the 
relative smallness of this time constant, it 
is convenient to eliminate it as a factor by 
holding the preheating current constant 
at that value which produces the expected 
rotor-winding-over-rotor-body tempera- 
ture rise. However, with constant pre- 
heating current, the control of tempera- 
ture lies in the adjustment of the cooling 
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system. This is an easy matter on gen- 
erators having a closed cooling system in 
which case the water flow through the 
coolers can be regulated. Where a gen- 
erator operates on an open ventilating 
system the considerations of the preced- 
ing paragraphs in regard to temperature 
distribution within the rotor winding may 
have to be compromised because of the 
necessity of controlling the winding tem- 
perature by changes in turbine speed. 
Variations in the preheating current for 
the control of rotor-winding temperature 
should be resorted to only after all other 
means of controlling temperature are ex- 
hausted, since the attainment of the op- 
timum rotor winding—rotor body tem- 
" perature rise then becomes very difficult. 

In regard to the availability of direct 
current for preheating, several additional 
factors enter into consideration. When a 
motor-driven or turbine-driven d-c vari- 
able-voltage generator of sufficient capac- 
ity is available, the problem is simple. 
Where the preheating current must be 
taken from a constant-voltage d-c source 
and where a field rheostat in the rotor cir- 
cuit exists, the problem is equally simple. 
When neither exists, preheating can be 
carried on in steps at generator speeds 
sufficiently high to permit the use of the 
shaft exciter as power source. In the 
latter case, it may be found expedient to 
provide space heaters in the generator for 
the purpose of holding the generator at 
some elevated temperature from which 
preheating can be carried out in one step. 
Finally, the objective of preheating can 
be approached in some cases to a suffi- 

cient extent by the use of space heaters 

alone. The latter two methods may be 
satisfactorily applied in those cases where 
generators are taken off the line only in- 
frequently so that higher stresses and 
larger values of deformation per cycle 
become acceptable. 

The problem of co-ordinating a particu- 
lar preheating procedure with the turbine 
starting operations contains so many fac- 
tors in addition to those previously dis- 
cussed, that an attempt to generalize is 
practically of no value. 


Experience With Preheating 


Preheating of rotor windings has been 
adopted for five generators on the system 
of the Consolidated Edison Company of 
New York, Inc., and the experience at the 
time of preparation of this paper extends 
over a period of approximately six months. 

The generators involved are turbogenera- 
tors of the following sizes: two generators, 
200,000 kva, 60 cycles, 0.8 power factor, 

1,800 rpm; one generator, 160,000 kva 


_ Jury 1944, Votume 63 


LBS/INCHES2x 102 


2.0 
INCHES X 107? 


Stress—strain curve for soft annealed 
copper 


Figure 4. 


25cycles, 1.0 power factor, 1,500 rpm; and 
two generators, 60,000 kva, 25 cycles, 1.0 
power factor, 1,500 rpm. Appendix I 
gives detailed data for the 160,000-kva, 
25-cycle generator to which the example 
of Appendix II applies. 

All these generators are equipped with 
external motor- or turbine-driven blowers, 
with closed cooling systems using air 
coolers, with shaft rotating gear and with 
field rheostats in the rotor circuit. Aside 
from differences in specified preheating 
currents and temperatures, the preheat- 
ing procedures for all of these generators 
are substantially the same. Subsequent 
discussion will, therefore, be confined to 
the 160,000-kva 25-cycle unit. 

The turbine starting operation and pre- 
heating procedure are carried out as 
follows: 


1. Depending upon the duration of the pre- 
ceding outage of the turbogenerator, that is, 
upon the initial temperature of the generator 
rotor, the time required for preheating is 
varied from one to two and one half hours. 
Generally, the “warming up’’ time of the 
turbine varies similarly, but it is possible to 
start preheating with the generator on the 
shaft rotating gear by means of which the 
shaft is rotated at approximately two revo- 
lutions per minute. Application of the pre- 
heating current is not permitted at stand- 
still in order to avoid burning of the collec- 
tor rings. 


2. With the generator rotated by the tur- 
bine, not faster than 300 rpm, or with the 
generator on the rotating gear, the preheat- 
ing current of 680 amperes (84 per cent of 
rated current) is applied to the rotor wind- 
ing. Both generator cooling fans are started 
and provide practically normal air flow 
through the generator. 


3. When the rotor winding approaches the 
specified preheat temperature, cooling water 
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is admitted to control the temperature. 
The preheating current is held unchanged 
at a constant value. The preheat rotor- 
winding temperature is specified in relation 
to the prevailing cooling-water temperature 
as follows: 


° 


Cooling Water 
Temperature (Deg F) 


Preheat Winding 
Temperature (Deg C) 
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4. When the specified preheat temperature 
is reached and when the turbine is suffi- 
ciently warmed up, the generator is shut 
down to standstill and immediately re- 
started. This is done to permit complete 
relief of all stresses that may have accumu- 
lated in the winding. The preheating cur- 
rent still remains unchanged. 


5. The turbine is now rapidly accelerated. 
As the speed increases above 1,000 rpm the 
operator reduces the preheating current 
just enough to prevent excessive generator 
voltage. When the generator reaches syn- 
chronizing speed the preheating current is 
removed, the shaft exciter is quickly 
switched to supply normal excitation, the 
generator is synchronized, and then‘ loaded. 


During the shutting-down period the 
cooling-water flow through the air coolers 
is reduced as the load is decreased to pre- 
vent excessive cooling, thus shortening the 
time required for subsequent preheating. 

Calculations in Appendix II show that 
by using the above preheating procedure 
the stresses in the winding are 4,510 
pounds per square inch in compression at 
maximum load and 3,790 pounds per 
square inch in tension at minimum load. 
Without preheating and starting at room 
temperature, the winding stresses would 
become 10,980 pounds per square inch in 
compression. It is expected that no 
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Figure 5. Measured and calculated deforma- 
tion of a field coil 
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noticeable winding deformation will occur 
with the adopted preheating procedure. 


The preceding example is an ideal one 
since facilities exist which permit the con- 
trol of all of the diverse factors. Where 
stich facilities do not exist, a great deal’ 
can still be gained by preheating in a less 
complete manner. So long as the rotor is 
brought to within its operating tempera- 
ture range a material reduction in de- 
formation can be expected. 


Overloading of Generators 


Frequently, particularly under the 
pressure of the present emergency, the 
problem arises whether a given generator 
can be overloaded with currents in excess of 
the rated field current and armature cur- 
rent. This problem becomes particularly 
pressing where a generator has a rated 
load temperature rise below that permis- 
sible by existing AIEE Standards. Very 
often this problem arises from the neces- 
sity to carry lower-power-factor loads and 
less often it arises from the availability of 
additional capacity in the turbine. 


When temperature rise is less than the 
permissible at rated load it must not be 
assumed that the manufacturer had mis- 
calculated in the design of the generator 
and in that way had really provided a 
generator Jarger than required. A safer 
assumption is that the manufacturer in 
designing the given generator was forced 
to compromise conflicting requirements 
with the result of having to design for a 
lower temperature rise in order to meet 
some other more pressing limitation. 
Among these limitations may well be that 
of field-winding deformation and if this be 
the major limitation, it may be possible to 
permit an appreciable increase in field 
current if preheating is adopted. Whether 
such overloading is at all permissible, and 
the extent to which it is permissible with 
preheating, is a subject to be thoroughly 
discussed with the manufacturer of the 
generator in question. 


Conclusion 


By means of preheating of rotor wind- 
ings and rotor body of turbogenerators, 
rotor winding deformation can be mini- 
mized, with a consequent prolongation of 
the life of such windings. In some cases 
overloading of the generator can be made 
a safe procedure if preheating of the rotor 
windings and body is adopted. Practical 
procedures for preheating of rotor wind- 
ings have been found to be easily co- 
ordinated with turbine-starting opera- 
tions. 
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Appendix | 


Data pertaining to the 160,000-kva 25- 


cycle 1,500-rpm turbogenerator. 


Generator data: 
Raise eee eos Sa 160,000 kva 
Power factor... 03.2.2 1.0 
Voltage te nacre. soe 11.4kv 
Frequency o. . 06 cc's noe 25 cycles 
Maximum excitation 

VONAGE 2 echo 250 volts 
Rated field current..... 815 amperes 


Generator-cooling-system data: 


§ M5. ere ee a eae Surface air coolers 
BlOWers) oh os seer eos Separate motor and 
turbine driven 
. 160,000 cubic feet 

per minute 


Quantity of cooling air. 


Total heat loss, full 


Wades vac S ge coc ce 2,245 kw 
Total heat loss, no ty 
MOA oodles oe ee 1,595 kw 
Heat loss in rotor, full 
NGA. 5 ia > oe 235 kw 
Quantity of cooling 
water, maximum..... 1,000,000 pounds 
per hour 
Maximum cooling 


water temperature. ..75 degrees Fahren- 


heit 
Physical data: 


Coefficient of linear expansion, copper— 
1.7X10~-5 inch per inch per degree centi- 
grade 

Coefficient of linear expansion, steel— 
1.15 10~* inch per inch per degree centi- 
grade 

Modulus of elasticity of copper—1.6 107 
pounds per square inch per inch 


Generator operating data: 


Maxi- Mini- 
mum mum 
Load Load 
Field current, amperes....... 875 ..460 
Average rotor winding tem- 
perature, degrees centi- 
Cader... ca cman te eee 111.0: 25529 
Averagerotor body tempera- 
ture, degrees centigrade... 85.0.. 48.7 
Airgap air average tempera- 
ture, degrees centigrade.... 53.5.. 40.0 
Air temperature into gen- 
erator, degrees centigrade... 40.0.. 30.4 
Cooling water temperature, 
degrees Fahrenheit........ 75.0.. 75.0 
Daily load cycle, hours....... LOT ato 
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Example of calculation of the preheating 
procedure for a 160,000-kva 1.0-power-fac- 
tor 25-cycle 1,500-rpm generator with data 
of Appendix I. 

In the following all primed symbols refer 
to the minimum load condition and all 
double-primed symbols refer to the maxi- 
mum load conditions and unprimed symbols 
refer to preheating conditions. All w sub- 
scripts refer to the rotor winding and all B 
subscripts refer to the rotor body. 


* The remaining two hours are used in raising and 
lowering of load. 


Noest—Deformation on Turbogenerators 


From Appendix I: 


Ty’ =55.9 degrees centigrade 
t,.” =111.0 degrees centigrade 
T,’ =48.7 degrees centigrade 
Tz” =85.0 degrees centigrade 
t’=12 hours 
t” =10 hours 


Using equations 11 and 12 of Appendix 
Ill 
ET gl +t!T gt 
eure ra 
_ (1255.9) + (10111) 
af 12+10 
= 81 degrees centigrade 
PD glee dh ae 

t’/+t” 

‘a (1248.7) + (10 X85) 
7 12+10 
=65.2 degrees centigrade 


Tz= 


The preheating current is then 


T= I’ Ty pak ed srs. 882 —65. Pd 
NT,” Ty" — erst 111—85 
=681 amperes 


The resulting stresses in the copper are 
found as follows: 
Sep” = Q(T 1p” — Ty) = 1.7 X10-*X 
(111.0—81) =51.0107& 
Sp” = ag(T 3” — Tp) =1.15X 10-5X 
(85—65.2) =22.8 10-5 


then 


f" = M(sy" — 5p”) =1.6 X10’ X (51.0 — 22.8) 
10-5=4,510 pounds per square inck 


This stress is produced in compression at the 
highest operating temperature. At the 
minimum load conditions: 


= (Leg Ly) = 1. KO See 
(81—55.9) =42.7 X107® 
Tp’) =1.15X10-*X 
(65.2—48.7) =19.0X10—5 
f' = M (Sy! —sp') =1.6 X107(42.7—19.0) K ~ 
10—-5=3,790 pounds per square inch 


Sp =ap(T3— 


This stress is in tension. 

For comparison of the efficacy of preheat- 
ing, the stress produced during starting 
from an ambient of 40 degrees centigrade to 
maximum operating temperature is calcu- 
lated: 


Sep = A(T” —40) = Oe 5(111—40) 
=120.4K10— 

Sp=ap(Tp” —40) =1.15 X10-5(85—40) 
=51.8X1075 

f" = M(sy—sz) =1.6 X107(120.— 51.8) X 10-5 
=10,980 pounds per square inch 


Nomenclature: 


5 
Oy,» =coefficient of expansion for the winding 
ag=coefficient of expansion for the rotor 
body ; 
s=strain 
f=stress 
M=modulus of elasticity 
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Nomenclature (for additional symbols see 
Appendix IT): 


7 =temperature in degrees centigrade 
a, k=constants 
S$, So=plastic strains 

u= creep rate 

€=base of the natural logarithm 


Within the range of temperature and the 
range of stress occurring with preheating the 
creep rate is approximated by the following 
relation 


d. 
uae =afe(T) a) 


where ¢(7) is a function of the absolute 
temperature. For short-time creep rates 
very little is known about this function, al- 
though various attempts have been made? 
to approximate test results in long-time test. 
For this reason the function ¢(7) is in the 
following analysis taken to be constant in the 
belief that this step will not greatly affect 
the result. 

If an elementary length of conductor is 
stressed and then held so that its length re- 
mains invariant, the stress is relieved by 
creep according to the relation 


Bie Ko My (2) 


for convenience, 


df 
aos =kf (3) 


which has the solution 
f=foe™ (4) 


where fy is the stress at the time t=0 
Since 


fo a Msp (5) 
and since 


So” = a( Ty” — Ty) — ap(T 3” — Tz) 
$0! = a (Ty — Tw’) —an(Tp—T3’) (6) 


The total strains accumulated during the 
times ¢” and t’ become 


So” = [e(T io” — To) — o5(T x" —Ts)]X_ 


t” 
ap e- dt 


So! = [ew (Ty — Ty’) — wp(Tp— Tp’) ]X 


40 Cas e100) 
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eee ge ee ee ie 2h, = 


Integrating equations 7 and substituting the 
approximation 


l—e-“=kt 
So” = [aw(T" — Tw) — wp(T a" — Tp) lkt” 
So! = [aw(T— Tw’) -—ap(Ta—Tp’) ]kt’ (8) 


When the load cycle is complex equations 8 
are used to determine 7, and JT, by trial 
and error. In most cases the load cycle is 
sufficiently approximated by calculation for 
maximum and minimum loads only. In the 
latter case equations 8 allow further analysis. 
Set 


So” = So’ = [aw(Tw"” — Ty) —anX 
Ga Ts) ]kt" = [ar(T— T') ae 
ap(Tp—Tp')|kt’ (9) 


Substituting in equation 9 


QB 
r=— 
Aw 
and solving for 7\, and tp: 
1 GRE Sl ARs 
Ty—1T p= 
U+t 
t'Ty'+t"T," 
t’-+t" 
Since 7,, and Tin equation 10 are both un- 
known further, strict mathematical treat- 
ment is impossible. However, if 


RT eee 
L,=— 11 
wo ee" ( ) 
and if 
UT,’ +t"T,” 
T3=———— 12 
ae (12) 


are used, a satisfactory solution is obtained. 
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When heating or cooling of a body, hav- 
ing thermal capacity, takes place in such a 
manner that the heat loss per unit time is 
directly proportional to temperature, the 
following relations apply. 

Let 


C=thermal capacitance in kilowatts per 
degree centigrade per hour 
k=proportionality constant of heat dissi- 
pation in kilowatts per degree centi- 
grade 
H=heat loss in kilowatts 
@=temperature rise 
T =time constant 
#=time in hours 


For heating 
dé 
(rss =F) é 
Fi +kd (13) 
For cooling 
dé 
63 af +ka=0 (14) 
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(10) 


Equations 13 and 14 have the solutions 


_! 
T: 
0=@\l—e 


(15) 
or 
axt 
0=Oo€ : respectively (16) 
where 
S C 
k 
and where 


4)=ultimate temperature rise 
For example, using values of Appendix I: 
For the rotor windings 
C QW, 0.167X20,000 
elas iy eeaete 

. per degree centigrade per hour 


=0.974 kilowatt 


For the rotor body 
rz Cy Ws _ 0.212 200,000 
“9413 = 3,418 

per degree centigrade per hour 


B =12.4 kilowatts 


where 


C,=specific heat of copper in kilowatt- 
hours per pound per degree centigrade 

Cy=specific heat of steel in kilowatt-hours 
per pound per degree centigrade 

W, = weight of windings in pounds 

W:=weight of rotor body in pounds 


For the rotor winding 


H 235 : 
ky =— = — =9.04 kilowatts per degree 
Ow, 2 


centigrade 


kilowatts per degree 
centigrade 


Where 4,9 and @g are the ultimate tem- 
perature rises of the rotor winding over the 
rotor body and of the rotor body over air- 
gap air, respectively. 


Tw=Cy 0.974 


=(0.1075 hour 


kw 9.04 
Cy 12.4 
Pa eed OF 
a 746 57 hours 
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Synopsis: Established principles of hydrau- 
lics are used to develop and explain funda- 
mentals of blast-tube cooling. It is shown 
that the pressure-volume curves of a blast 
tube can be determined by flight tests, and 
that the pressure-volume curve of a genera- 
tor can be determined in the laboratory. 
From the two pressure-volume curves, the 
air-flow through the generator in flight can 
be predicted, without an actual flight test 
on the generator. This procedure would save 
many flight tests, if pressure-volume curves 
of various blast tubes were available. It is 
shown that the pressure-volume curve of a 
blast tube can be determined by open-end 
and closed-end readings on the blast tube, 
and the complete curve can be expressed in 
terms of two constants readily determined 
from these readings. Once values of the 
constants are established, air-flow calcula- 
tions become as simple as the application of 
Ohm’s law. The theory also covers genera- 
tors with an internal fan. A plea is made for 
accurate blast-tube data and for better 
. specifications on blast cooling. A suggested 
form of blast-tube specification is given. 


LAST cooling has been a major factor 

in obtaining the phenomenal outputs 

of modern aircraft generators from a small 
weight of material. This subject, in spite 
of its importance, seems to have been neg- 
lected in technical literature and, as a re- 
sult, the fundamental principles do not 
seem to be at all well understood. Be- 
cause of this lack, the subject has often 
appeared to be more involved than it 
actually is. It is generally understood 
that the amount of air flowing through a 
given generator depends upon the pres- 
sure differential available across the gen- 
erator, and it is also well understood that 
the amount of pressure available from the 
blast tube depends upon the amount of 
air drawn by the generator. Because of 
this mutual interdependence, flight tests 
are today generally taken with a specific 
generator and blast tube, and it seems to 
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one given generator. 


be generally felt that it is necessary to 
test each different combination of gen- 
erator and blast tube. Just as Ohm’s law 


‘enormously simplified the calculation of 


electric circuits, so can the calculation of 
blast cooling be simplified by the use of 
similar concepts, which will be defined, 
explained, and used in this paper. This 
line of attack clarifies the fundamental 
principles involved, makes it necessary to 
run only one series of tests on any given 
blast tube, and one series of tests on any 
It is not necessary 
to test each and every combination of 


TOTAL PRESSURE N 

HEAD AVAILABLE AT |\, 

7FGENERATOR END OF |» 
THE BLAST TUBE 


PRESSURE — INCHES OF WATER 
o 


20 40 60 80 
CUBIC FEET PER MINUTE 
VELOCITY —FEET PER MINUTE 
° 1000 2000 3000 4000 5000 


0.5 1.0 lS 2.0 
VELOCITY HEAD—INCHES OF WATER 


Figure 1. Pressure-volume curves of a blast 
tube and three representative aircraft generators 


generator and blast tube. This line of 
attack also makes it possible to write 
specifications which simultaneously ac- 
complish a number of purposes: 


(a). The aitframe builder has a definite 
specification which can be used not only to 
design the blast-tube installation, but also 
to test it. He need not be concerned with 
different generator designs. 


(b). The generator builder has a definite 
specification that permits him enough lati- 
tude to design a generator for maximum 
effective use of the available air. 


(c). The specification clearly indicates how 
much pressure should be applied to the 
generator in laboratory tests to simulate 
flight conditions. (This point should be of 
especial interest to a procuring agency.) 
The scope of this paper is limited to a 
study of air flow; it is not directly con- 
cerned with heat transfer and rating, 
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Pressure-Volume Curve of a Blast 
Tube 


Pressure and volume flow in a blast 
tube can both be measured by means of 
the familiar pitot tube and either a ma- 
nometer or an air-speed indicator. Three- 
kinds of pressure can be read: static head, 
velocity head, and total head, which is’ 
the sum of the other two. In this paper, 
all pressures, except atmospheric, are 
measured in inches of water. Total pres- 
sure is a measure of the total energy in 
the air stream, and velocity head, for a 
fixed density, is a measure of the volume of 
air flowing. 

For purposes of illustration, assume a 
specific blast-tube installation in a plane 
which is flying at a constant indicated air 
speed, and further assume that the posi- 
tion of oil-cooler flaps, or any other air 


‘dampers that might affect the flow of 


generator cooling air, remains fixed. Let 
the total pressure at the generator end be 
measured with the end capped so that no 
air can flow. Now, let the end be partially 
uncapped so that some air can flow, and 
let the volume and total pressure at the 
end of the blast tube be measured. This 
reading can be repeated for a number of 
different volumes until the tube is wide 
open, and the total pressure is then only 
the velocity head at exit. If now, the total 
head is plotted against the number of 
cubic feet of air drawn per minute, a 
curve will result, probably of the form 
shown in Figure 1, which is a parabola. 
This curve has been established without 
using a generator and may be called the 
“‘pressure-volume’’ curve of the blast tube. 
While it has not been established experi- 
mentally that the curve is a true parabola, 
the science of hydraulics indicates that it 
probably approximates one. 


Pressure-Volume Curve of a 
Generator 


Experiment and theory alike demon- 
strate that the pressure-volume curve of a 
generator is substantially a simple pa- 
rabola. Three such curves, determined 
experimentally, are shown in Figure 1. 
The curve for each generator shows, for 
example, the pressure required to force 
any given volume of air through it. The 
three points where the three curves inter- 
sect the pressure-volume curve of the 
blast tube show the respective pressures 
and volumes that will be obtained by each 
generator. Thus the pressure and volume 
that each generator would receive from 
this blast tube can be determined without | 
actually testing each generator with this 
blast tube. ee 


t 
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Figure 2. Pressure-volume curves of Figure 1 
replotted as a function of velocity head 
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GENERATOR BLAST TUBE 
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oc 
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He=0.5Hy Hp=0.2Hy Hr=lOHy  Hp=0.01 Hy 
(c) (0) (E) tr) 
Figure 3. Blast-tube arrangements. Effect of 


shape of the entrance 


The three generators for which the 
curvesare shownare actualaircraft genera- 
tors of different design which are in 
production use in aircraft today. None of 
them has an internal fan. The pressure- 
volume curve of the blast tube, necessary 
for purposes of illustration, was estimated 


Table !. Tested Values of Air-Flow Resist- 
ance, Rz, for Three Different Designs of Air- 
craft Generators 


(Based on a Two-lnch Blast Tube) 


Conditions Generator Generator Generator 
of Test A B 


Generator cold 


At standstill....... Ue oe ae ae DisQO es. clara 2.80 
At 2,500 rpm....... OSes ad's Len NE ie ae 2.87 
At 3,500 rpm....... 6204. 5 Ty 6.088), Ws 2.90 
At 4,000 rpm....... Tv ADE GE Se Oude cris he 2.91 


After carrying 75 
per cent load 
for one hour 


At 3,500 rpm....... TiO Oipsrumcais 6.45.3....2-98 
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Ss 
1.8 2,0 2,2 2.4 


TOTAL HEAD - INCHES OF WATER 
r 


Figure 4 (right). A com- 
parison of blast-tube speci- 
fications 


AAW Puve 


since no experimental curve was available. 
However, the pressures shown for the 
three generators approximate the pres- 
sures which have been observed in flight. 
These curves show how unreliable it is to 
impress the same pressures upon different 
generators for comparative tests. For 
example, suppose six-inch total head is 
impressed upon all three generators for 
test. The volumes of air that would be re- 
ceived with six-inch bead applied are 
compared with the volumes received 
under flight conditicns in the following 
table: 


Test Flight 
Generator Aiitite fear fade DSi emi hishraw cen 61 
Generator }iBiy eo kcanie.e's GOH isincescis steam 64 


Generator Gite Vek: .« Danaea gtctemrers 78 


Thus generator C would show 19 per cent 
higher temperature rise in flight than it 
would on laboratory test at six inches, al- 
though the tests on the other two genera- 
tors would be approximately correct. 


Alternative Method for Plotting 
Pressure-Volume Curves 


In Figure 1, total pressure has been 
plotted as a function of volume. In 
Figure 2, the curves of Figure 1 are re- 
plotted with total pressure as a function of 
velocity head rather than volume. 
pressure-volume curves become straight 
lines, which fact is an important advan- 
tage of this method of plotting. But much 


‘more important is the fact that, for all 


practical purposes, the curves of Figure 2 
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2 1.4 8 
vetociTY HEAD - INoHES OF WATER 


. PRESSURE-VOLUME CURVE PER SPEC, 95- Seale OF 
. PRESSURE-VOLUME CURVE 
. PRESSURE-VOLUME CURVE PER SPEC, PROPOSED” IN THIS PAPER 
| ALTERNATE PRESSURE-VOLUME CURVE PROPOSED 


The - 


PER SPEC, ANG~1-1 Hg | 


RVE OF GENERATOR B 


; PRESSURE-VOLUME CURVE OF GENERATOR C 


are independent of air density, hence inde- 
pendent of altitude, whereas the curves of 
Figure 1 are valid for only one air density. 
This statement is merely another way of 
stating the familiar principle of hydraulics 
that the lost head is proportional to the 
velocity head. Figure 1 could be valid 
for all altitudes, however, if the abscissae 
were understood to be ‘indicated cubic 
feet per minute,” but the form of Figure 2 
seems to be more convenient. Another 
advantage of using and plotting velocity 
head is that, when a pitot tube is used, 
velocity head is the quantity that is actu- 
ally measured. Even if an air-speed in- 
dicator is used instead of a manometer, it 
is still velocity head which operates the 
instrument, though the scale is calibrated 
in miles per hour. 


Calculation of Generator Pressures 
During Flight 


In Figure 2, the pressure head across 
generator A and the velocity head (indica- 
tive of volume) of the air supplied was 
determined by finding the intersection of 
the pressure-volume curve of the blast 
tube with the pressure-volume curve of the 
generator, since the amount of head lost 
in the generator obviously has to be equal 
to that which is available from the blast 
tube. By using a concept of air-flow re- 
sistance, analogous to electrical resistance, 
this point of intersection can be calcu- 
lated easily without plotting the curves of 
Figure 2. For any generator, the ratio 


head loss in generator hy 


=Ry (1) 


velocity head at entrance She 


is a constant, substantially independent 
of the pressure applied. This ratio R,, 
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may be called the “air-flow resistance”’ of 
the generator. Similarly, the amount of 
- head lost in a blast tube is proportional to 
the velocity head of the air flowing 
through it. Hence, the air-flow resistance 
of the blast tube may be defined as 


head lost in blast tube _ 
velocity head in blast tube 


(2) 


The amount of pressure head available at 
the generator end of the blast tube must 
be equal to the head available at the scoop 
end, minus the head losses in the tube. 
The available head at the scoop end can be 
found by blocking the generator end of 
the blast tube and measuring the pressure 
h, at the generator end, since, with no air 
flowing in the tube, there will be no head 
lost in the tube. Then, since the losses in 
the tube plus the losses in the generator 
must equal the available head, it follows 
from equations 1 and 2 that 


he=hyRi+ hyRg (3) 
or 


he 
hy= 
Rit Rg 


(4) 
The pressure across the generator is 


Ig =htgRy = XI , (5) 


Ry 
Ri+R, 
By way of illustration 


For the blast tube of Figure 2 


h, =10.0 
R; — 4.0 


For generator B, Ry =6.45 
from equation 4 


=0.958 inch 


v 


pap Oo 
446.45 
and from equation 5 


hg =h Ry =0.958 X 6.45 =6.16 inches 


which agrees with point of intersection 
shown in Figure 2. 

Each blast-tube installation will have a 
different pressure-volume curve for each 
different indicated air speed of the plane. 
Likewise, if the generator blast tube is 
tapped off from a larger blast tube leading 
to an oil cooler, or intercooler, there will 
be a different pressure-volume curve for 
each position of the shutters in the main 
blast tube. Thus, the true performance of 
any given blast-tube installation can be 
represented by a family of pressure- 
volume curves, one for each significant 
flight condition. Each of these pressure- 
volume curves can be expressed, approxi- 
mately at least, in terms of two significant 
constants, h, and R; It is the author’s 
opinion that, in any given installation, it 
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is h, which will show large variations with 
changes in flight conditions, and A, will 


’ not vary greatly. 


Flight studies of blast cooling should be 
made to determine the pressure-volume 
curves of the blast tube, either for the 
minimum condition, or for a number of 
conditions, as desired. For such flight 
tests, it is suggested that the generator be 
replaced by a device which incorporates a 
pitot tube and means for opening or clos- 
ing the end of the tube in flight. If a 
series of flight tests are taken using a 
single generator, only a single point will 
be obtained on each pressure-volume 
curve. It is obvious that at least two 
points, preferably well separated, are 
necessary to establish a curve. For this 
reason, the author suggests taking open- 
end and closed-end readings, since these 
two readings establish the complete pres- 
sure-volume curve, or at least a fair 
approximation of it. More points could 
be taken, if greater accuracy is desired. 
However, regardless of the number of 
points taken, if the curve of pressure 
versus velocity head can be represented by 
a straight line, this line can be represented 
by two constants h, and R;, representing 
developed pressure and tube resistance, 
respectively. When, and R,are known, 
and when the air-flow resistance R, of a 
generator is known, the total pressure 
across it, and the velocity head can be 
quickly and easily computed from equa- 
tions 4 and 5. From the velocity head, 
the volume and weight can be determined 
as indicated in the following paragraphs. 


Determination of Air Velocity, 
Volume, and Weight From h, 


For National Advisory Committee for 
Aeronautics sea-level conditions of 15 de- 
grees centigrade and 29.92 inches mer- 
cury, it can be shown that 


Um = 3,967 ~VA hp (6) 


(This equation is based upon an air den- 
sity of 0.07651 pound per cubic foot, water 
density = 62.37 pounds per cubic foot, and 
acceleration of gravity=g=32.18. It 
further assumes thatthe air is incompress- 
ible.) At any altitude, where the density 
of the air is p pounds per cubic foot 


1,097 
y= 
Hee: 
Or, in terms of temperature T (degrees 


centigrade) and atmospheric pressure in 
inches of mercury 


oe (1.270 ye Vi (8) 
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Viho (7) 


i 
Or, if an air-speed indicator is used, the 
speed may be read in miles per hour, the 
pressure altitude and temperature noted, 
and the true air speed computed with a 
navigational flight computer. 

For all velocity-head measurements, the 
pitot tube should be in the center of the 
pipe and should be preceded by a straight 
section of pipe at least 10 diameters in 
length. Average velocity in the blast tube 
may be taken as 80 per cent of the maxi- 
mum velocity; and, if the sectional area of 
the tube is A square feet, the volume flow, 
at sea level, is, from equation 6 


V =0.80 Xm XA =3,967 X0.80X 
An =3,174AV hy (9) 


At altitude 
V=0.80 Xm XA 


= (1.0084 ae ) V he 


The weight flow of air, in pounds per 
minute, is at sea-level 


(10) 


W =242.8A +/hy pounds per minute (11) 
at altitude 
b 
W=\| 753.44 h 12 
(79.44 2 = \Vie a 


Thus, from the measured velocity head 
h,, can be computed velocity, volume, and 
weight. If the generator builder is given 
values of h, and R, for the blast tube, he 
only needs to determine the air-flow re- 
sistance of a new generator in order to 
compute the velocity head, and from it 
the volume and weight flow for this new 
design without waiting for a flight test. 
Obviously, the same process could be ap- | 
plied to several alternative designs to 
determine which one would be best in a 
plane from the standpoint of effective — 
cooling. 


The Concept of Air-Flow Resistance - 


Air-flow resistance has been defined in 
this paper in a manner analogous to re- 
sistance in an electric circuit, so that it can 
generally be used in a manner analogous 
to the use of ohms in calculating d-e cir- 
cuits. For example, since the generator 
and blast tube are in series, their ‘‘air-flow 
resistances’ can be added directly. Buta 
word of catttion isnecessary. The air-flow 
resistances of all the elements in any given 
air circuit must all be computed on the 
basis of the same diameter of tube at 
which the velocity head is measured. For 
example, the air-flow resistance of gen- 
erator A is 7.60 based on a two-inch blast 
tube; if the diameter of the entrance were , 
changed to three inches without changing 
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the generator otherwise, the resistance 
would then be 7.60 X (3/2)?=17.1. 

Air-flow resistance has been used in a 
number of unpublished reports, defined 
in various ways. To avoid confusion, it is 
suggested that a name be applied to the 
unit of air-flow resistance as defined in this 
paper.\ Since this unit is so defined that a 
resistance of m units means a lost head of 
n velocity heads, the name ‘‘velhead”’ is 
suggested as appropriate. For example, 
generator A has an air-flow resistance of 
7.60 velheads based on a two-inch tube. 
If no tube diameter is specified, it will be 
generally understood that the resistance 
value is based on the actual diameter of 
the air entrance of the generator. 


Generators With Internal Fan 


An internal fan will have the general 
effect of increasing the air flow. Let the 
pressure of the internal fan be denoted by 
hg. This pressure will be proportional to 
the square of the revolutions per minute 
and to the first power of the air density; 
it can be represented by the equation 


DNL N 2. esa) p : 
i=) x— 13 
Z »x( 2) x” (13) 
or 

N \2_ 0.96265 
(a . (14 
4 »x(%) Xo73-4T ay 


where Fis an empirical constant. Physi- 


cally, it is the pressure developed by the 
fan at sea level at 1,000 revolutions per 
minute. This constant F, might be 
measured by blocking either the inlet or 
the outlet and measuring the pressure at 
the blocked end of the generator; readings 
should be taken at different speeds. 

When supplied by a blast tube, the ve- 
locity head of air flowing may be com- 
puted from equation 4 by adding the fan 
pressure to the numerator or 


he a he+Noy 


= 15 
BO Ret Rg cs 


The volume can then be computed by us- 
ing equation 10 and the weight of cooling 
air by using equation 12. The total pres- 
sure /, across the generator is 


Ryhe—Rrhor 


hg = Rghy—Ngp= RAR, 
g 


(16) 

Using these equations, it can be shown 
that if to generator B a fan were added 
capable of delivering 1.5 inches pressure 
at sea level, the volume of air through the 
generator would be increased seven per 
cent, but the pressure across the generator 
would be reduced from 6.16 inches to 
5.60 inches, a decrease of nine per cent. 
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(Without numerical values of the two con- 
stants of the blast tube, 2, and R,, these 
calculations could not have been made.) 
It is obvious that the addition of the fan 
should increase the volume of air and de- 
crease the pressure at the inlet of the 
generator; but to determine quantita- 
tively how great this effect is, it is neces- 
sary to know the two fundamental con- 
stants of the blast tube; 2, and R,. 


Suggested Tests for Blast Tubes 


For a given installation, and for a given 
set of conditions, that is, for a given in- 
dicated air speed and position of the shut- 
ters in any air ducts associated with the 
generator blast tube, two readings are re- 
quired: an open-end reading, and a closed- 
end reading. A pitot tube is installed in a 
straight section of tubing 1!5/,.5 inches in 
diameter approximately 20 inches long; 
the impact tube should be in the center of 
the pipe. The total-head connection of 
the pitot tube is to be connected to the 
pressure side of the manometer, or air- 
speed indicator; the static-head connec- 
tion should preferably be capped, and the 
exhaust side of the manometer should be 
connected to the chamber into which the 
generator would discharge its exhaust air. 
Provision must be made so that the end 
of the blast tube can be either sealed tight 
or opened wide during flight, at will. For 
each significant set of flight conditions, 
two readings of the blast tube are to be 
taken, as follows: 


(a). Closed-end reading, h,=total pressure 
head above generator air discharge chamber, 
in inches of water. 


(b). Open-end reading, h,=total pressure 
head above generator air discharge chamber, 
in inches of water. Record actual inside 
diameter of the pipe at the location of the 
pitot tube. 


These tests are similar in principle to 
the classical open-circuit and short-circuit 
tests so frequently taken on various kinds 
of electrical machinery. The two blast- 
tube constants can be readily computed 
from these two readings as follows: 


he=N¢ (17) 


(18) 


h, is a velocity head since the static head 
when the tube is discharging freely, is 
zero. The altitude at which the plane is 
flying for these readings is not particularly 
important, since the density of the air 
should not affect the test results appreci- 
ably. If the velocity of air in the blast 
tube is desired for some reason or other, 
it may be determined from equation 8, 
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R 
he Rt hg Rg te) Te 
api sd Ec Eg Rof 
al. Ai 


No Fan in the Generator 


Closed-end head =h- 
Blast-tube resistance =R; 
Velocity head of low =hy 
Generator resistance =Ry 


E. =open-circuit volts 

Rt =line resistance 
=current 

Rg =load resistance 


he E. 
hy = |= 
Re+Rg Ri+Rg 
Rgh RoE. 
ho=heRp = ——— Eo = Ry = 
0 9 RR, 9 9 RR, 
984-5 
Re I 
hgf | t |= 
h g a 
he Re + a Egr 
se Q 
di 4G 


With Internal Fan in the Generator 


hp =hethoy fe tEof 
Re+Rg Rit+Rg 
hg =hvRg—hos Eg=IRg—Eor 
_ Rohe—Rthos _ RoEc—RiEos 
Rt Ro Ro +R 
Note: If hg is —, gen- Note: If Eg is —, Eos 


helps overcome R: as well 
as Ry, and more current 
would flow if terminals 
Eg were short-circuited. 


erator fan helps overcome 
Rtas well as Rg, and more 
air would flow through 
generator if blast tube 
were removed from gen- 
erator. 


Figure 5. Electric circuit analogue 


the volume from equation 10, or the 
weight from equation 12. 


Tests to Determine Air-Flow 
Resistance of Generators 


Generator air-flow resistance can be 
measured in the laboratory by applying a 
total head, h,, to the generator air inlet, 
and measuring the velocity head, h,,, in 
the blast tube. The air flow resistance of 
the generator is: 


Reena en (19) 


Values of R, were determined experi- 
mentally by G. G. Setterlund, who ob- 
tained the results shown in Table I. 
These results indicate that there is some 
variation in air-flow resistance with tem- 
perature and with speed and, although 
these changes are comparatively small, 
it is recommended that the air-flow re- 
sistance be measured at conditions ap- 


Table II. Air Pressures on Generators During 
Flight 
(Reference, Figure 4) 
Gen- Gen- Gen- 
erator erator erator 
A B Cc 

According to curve 1..... 10 -10 SeROno 
According to curve 2..... 6 «oe 6 ac ROG 
According to curve 3..... 6.55... 6.17...4.28 
According to curve 4..... 6.33... 6.10...4.79 
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proximating full-load temperature and 
normal operating speed. 

If the generator has an internal fan, the 
pressure gy from it at normal operating 
speed should first be measured by blocking 
the inlet or exit. Then, with the machine 
operating at the same speed and at approxi- 
mately full-load temperature, impress a 
head h, and measure the velocity head 
hy, of the inlet air. The air-flow resist- 
ance will be: 


ES lig+hor 


R 
9 hep 


(20) 
This value of Rg will include the resistance 
of the internal fan, as it should. 


Factors Affecting h, 


If the air scoop were out on a wing 
where it was unaffected by the slip stream, 
as pitot tubes for air-speed indicators are, 
and if the air from the blast tube were 
discharged to atmospheric pressure, h, 
would be simply the airplane pitot pres- 
sure, which is the same for all planes. It 
would be approximately 


j (nse miles per =) 
t= 


= (21) 
45.1 


(For high air speeds, h, would be slightly 
more than indicated by the above.) Ifthe 
scoop is behind the propeller, #, could be 
considerably above airplane pitot pres- 
sure. However, if the back pressure in the 
air discharge chamber is substantially 
above airplane static pressure, as tests 
indicate it often is, the net pressure i, may 
be.either greater or less than airplane 
pitot pressure, that is, greater or less than 
would be indicated by equation 21. An 
ideal arrangement would be a short tube 
with a minimum number of bends, with a 
curved-funnel scoop directly in the pro- 
peller blast, as shown in Figure 3A. 

Quite different is the arrangement 
shown in Figure 3B where the generator 
air supply line is merely tapped into a 
larger blast tube supplying the oil cooler, 
intercooler, or both. In this case, h, will 
depend not only upon the speed of the 
plane, but also upon the position of the 
shutters; h, will be greater when they are 
closed than when they are open. The 
quantity h, can be increased some by use 
of a scoop at the entrance to the genera- 
tor tube to take advantage of the velocity 
head of the air in the main duct. For this 
arrangement, the worst condition is with 
shutters wide open and plane flying at 
minimum speed. 

If a flexible air tube is used, there may 
be considerable air leakage, which will re- 
duce appreciably the observed values of 
h, and hy. 
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Factors Affecting R; 


The air-flow resistance of the blast tube, 
R, takes into account the head losses in 
the blast tube including entrance losses. 
Numerically, it is equal to the number of 
velocity heads lost in the tube. The 
losses consist principally of: entrance 
losses, fluid friction at the sides of the 
tubes, Iosses in elbows or bends in the 
tube, and losses from changes in cross-sec- 
tional area of the tube, if any. The loss 
at the entrance is affected by the shape of 
the entrance. Figures 3C to 3F show dif- 
ferent shapes of entrances and the prob- 
able head loss due toeach. (These are the 
head losses usually obtained when a con- 
stant static head is maintained at the en- 
trance; whether or not the same losses 
are obtained when the tube itself is moved 
against the air is problematical, but it 
seems reasonable to suppose that these 
figures do afford a comparison of the rela- 
tive effects of different shapes of entrance.) 

In general, in any fixed plane installa- 
tion, the tube resistance R, probably does 
not change greatly with changes in plane 
speed or changes in shutter position. 
However, there may be an exception in 
the case of an installation such as Figure 
3B if the amount of air drawn by the 
generator is an appreciable part of the 
total air, because the air drawn by the 
generator will increase the drop between 
the entrance of the main scoop and the 
entrance to the generator tube. Thus, 
with shutters closed, both h, and R, may 
be higher than when the shutters are 


open. 
Blast-Tube Specifications 


Pressure-volume curves corresponding 
to four different blast-tube specifications 
are given in Figure 4, together with pres- 
sure-volume curves of three representative 
aircraft generators. Curve 1 illustrates 
specification 95-32275, amendment 2, 
dated March 3, 1942, which specifies ten 
inches total pressure, but not over 100 cubic 
feet per minute; the vertical line is drawn 
at a velocity head corresponding to 100 
cubic feet per minute. Curve 2 illustrates 
specification ANG-1-18 which specifies six 
inches of water, with no limit on volume. 
No blast tube could have a pressure- 
volume curve corresponding to either 
curve. Curve 3 is the pressure-volume 
curve repeated from Figures 1 and 2 of 
this paper. Curve 4 shows a different idea 
as to what the true pressure-volume curve 
may be. According to these specifica- 
tions, the pressures received by the three 
generators in flight will be indicated by 
the points of intersection (Table II). 
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Then, according to these spechuaioase 
the pressures impressed on the generator 

for chamber tests should be according to 

the table. 

Taking curve 3 as a reasonable repre- 
sentation, it is suggested that the speci- 
fication for a two-inch diameter blast tube 
might be worded somewhat as follows: 


The blast tube shall be designed to deliver, 
for any condition of flight, a total pressure 
head at the end of the blast tube of at least 
ten inches of water when the end is closed 
and at least two inches of water When the 
end is not restricted. This pressure head 
shall be the total head at the end of the tube 
above the ambient air pressure in the gen- 
erator compartment. When the open-end 
reading is being taken, the blast tube shall 
be discharging its air into the generator 
compartment and the pitot tube shall be 
in the center of a two-inch-diameter straight 
pipe preceded by a straight length of ten or 
more diameters. 


Such a specification would be more in- 
formative and helpful to a generator de- 
signer, than present specifications, be- 
cause he could then determine in advance 
what air pressures and volumes his gen- 
erator would receive in flight. Moreover 
such a specification would be of advantage 
to a procuring agency when any new gen- 
erator was received because it could run a 
simple air-flow test on the generator in 
the laboratory, and by very simple calcu- 
lations determine the pressure and yolume 
the generator would receive in flight, with- 
out actually making a flight test. This 
same pressure could be applied in labora- 
tory chamber tests. However, it is to be 
hoped that pressttre-volume curves for 
representative installations will be ob- 
tained by actual flight tests so that speci- 
fications can be based on actual conditions. 

It should be emphasized here, that 
there is no magic figure for the air require- 
ment for any generator; in general the 
more air it gets, the better will be the 
performance, which may show up in the 
form of more load capacity, particularly at 
a high altitude, lower temperature rise, 
greater reliability, or longer life. 


Conclusions and Remarks 


Fundamental theories of blast-tube 
cooling have been developed and their use 
explained. The problem of blast cooling 
is broken down into two parts: a study of 
the blast-tube installation itself, and 
independent study of the generator itself. 
It is shown that the performance of the 
blast tube can be expressed in terms of two 
factors: “internal pressure h, (that is, 
pressure available with no flow) and air- 
flow resistance R,, a quantity analogous 
to ohms in a d-c circuit. Values of these 
two constants, which vary somewhat, de-* 
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pending upon the installation, upon plane 
speed and other factors, are all that is re- 
quired to predict the air flow through a 
generator which has been tested inde- 
pendently of the blast tube. Tests on the 
generator alone can be made to yield, in 
the case of a generator with no internal 
fan, a single constant, the air-flow resist- 
ance R,. If the generator has an internal 
fan, more tests are required on the gen- 
erator to, determine the characteristics of 
this fan, but no more tests are required on 
the blast-tube installation. In general, 
the method of attack is: first, the air-flow 
resistances of the generator and blast tube 
are obtained; second, the velocity head of 
air flow is computed from the closed-end 
pressure atid resistances; third, the veloc- 
ity, volume, and weight are then com- 
puted from the velocity head. 

A more rational and illuminating 
method. of specifying the minimum char- 

_acteristics of a blast tube is proposed. 

The new method of specification would 
provide the airframe builder with a clear- 
cut specification which could be uséd for 
design and checking of the blast tube, it 
would provide the generator builder with 
a rational basis for designing his cooling 
system in the generator for maximum 
effectiveness, and, further, would provide 
a simple method for determining what 
pressure to apply to any given generator 
for sea-level tests, either at atmospheric 
pressure or in an altitude chamber. 

The equations developed for blast-tube 
cooling are compared with similar equa- 
tions for electric circuits in Figure 5. 


Symbols 


A =cross-sectional area of blast tube at 
pitot-tube location, square feet. 
b=atmospheric pressure of air, absolute, 
in inches of mercury. 
F,=pressure coefficient of the internal fan 
of a generator. See equation 13. 
Hy=lost head (Figure 3). 
hg=total head across the generator, inches 
of water. 
hg =pressure developed by an internal fan, 
inches of water. See equation 13. 
h,=total pressure head at generator end of 
blast tube above generator ambient, 
end of tube closed. 
ho=total pressure head at generator end of 
blast tube above generator ambient, 
end of tube wide open and unob- 
structed. 
hy =velocity head, in inches of water. 
hy =velocity head in blast tube when 
supplying air to a generator. 
N=revolutions per minute of the genera- 
tor. 
_ T=temperature of air’entering blast tube, 
in degrees centigrade. 
_ R,=air-flow resistance of a generator. De- 
fined in equations 1, 19, and 20. 
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‘and manufacturing variations. 


Aids to Quality Control in the 


Manufacture of Ajircraft Generators 


F.M. POTTER 


NONMEMBER AIEE 


IRCRAFT generators are designed 

for high output, low weight, small 
size, and wide speed range. These limita- 
tions require close designs which do not 
permit normal allowances for material 
Small 
variations in the material and manu- 
facturing processes result in wider varia- 
tions in output characteristics than in 
conventional machines. 

It is the purpose of this paper to dis- 
cuss certain of these variations; their 
effect on the output characteristics of the 
machine, and to illustrate means of 
checking and controlling these factors. 


Factors Affecting Output 
Characteristics 


1. Shunt-field ampere turns available, com- 
pared to those required by the magnetic 
circuit, determine the base or underspeed 
characteristic. 


2. Type of insulation, heat transfer coef- 
ficients, shape and size of cooling ducts, 
and the amount of cooling air taken through 
the generator determine the losses which 
can be dissipated; and in turn, the output 
rating. 


3. Commutating ability, generator sta- 
bility, temperature rise, and mechanical 
construction determine the top operating 
speeds. 


Variations Affecting Required 
- Shunt-Field Ampere Turns 


For a required total flux, shunt field 
ampere turns are affected by the follow- 
ing: 

1. Variations in air-gap length. 

2. Variations in iron portion of the mag- 
netic circuit. 

(a). Magnet frame—permeability. 


(b). Main poles—stacking factor and per- 
meability. 


(c). Armature punchings—stacking factor © 


and permeability. 


3. Variations in compensation of armature 
reaction. 


Variations Affecting 
Temperature Rise 


The temperature rise of an aircraft 
generator depends mainly upon: 


1. The total losses. 
2. The amount of cooling air. 


3. The effectiveness of this cooling air; 
that is, where it goes and the area of wind- 
ing surface it wipes. 


Variations in Final Machines— 
Testing Technique 


The assembled generator combines all 
the variations of its individual parts and 
then is subject to the variations of testing 
technique, which, when broken down, 
consist of: brush fit, brush setting, in- 
strumentation, and the human element. 


Variations in Air Gap Length 


In the General Electric type P-1 air- 
craft generator rated 30 volts, 200 am- 
peres, 2,200/4,500 rpm, forced-cooled, . 
six-inches-water air pressure, approxi- 
mately 70 per cent of the shunt field 
ampere turns are consumed in the 
nominal air gap. This part of the mag- 
netic circuit, therefore, warrants all possi- 
ble control of its variations. 

' Drawing tolerances, consistent with 
manufacturing capabilities and engi- 
neering requirements, permit a normal 
variation in the air gap, In addition to 
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R,=air-flow resistance of a blast tube. De- 


fined in equation 2. 


Um =Maximum velocity of air (at center of 
blast tube) in feet per minute. 


V=volume of air flowing, in cubic feet 
per minute. 
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W=weight of air flowing, in pounds per 
minute. 
p=density of air, in pounds per cubic foot. 
po=density of air at NACA sea-level condi- 
tion (15 degrees centigrade, 29.92 
inches of mercury) =0.07651 pound per 
cubic foot. 
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Figure 1. Equipment for determination of gaps 
between magnet frame and main poles 


the expected variations are the unex- 
pected and undesired variations due to 
faulty manufacture and assembly of parts. 
It is these undesired variations which are 
eliminated by means of a special device 
termed a ‘“‘gap checker.’”’ See Figure 1. 
‘In reality this device searches for and 
locates gaps between the main poles and 
the magnet frame. 

The ‘“‘gap checker’’ works on the bridge- 
circuit principle, using either flashing 
direct current or low-frequency alternat- 
ing current as a source of power for the 
excitation coil. Intimate contact with 
the poles being checked is obtained by 
making the radius of the leg faces equal 
to that of the pole bore, and then support- 
ing the entire weight of the field assembly 
from the contact faces. 

If the total flux divides equally be- 
tween the two parallel paths, the voltage 
induced in each of the bridge coils will 
be the same, and since they are connected 
opposing, no voltage will be read on the 
instrument. This indicates that both 
poles being checked are identical with 
regard to contact with the frame. 

The air gap on the side opposite the 
poles being checked is large so that varia- 
tions on this side of the field assembly 
will have little or no effect on the flux 
division in the legs of the device. 

Experience in using this ‘‘gap checker’ 
shows that there is usually a small volt- 
age showing on the instrument if the 
poles have a normal fit against the frame. 
The center-zero instrument is therefore 
blocked off in red except for a small por- 
tion around the zero. If the needle goes 
into the red portion, one of the poles be- 
ing checked has a gap in back of it. To 
determine which of the poles has the gap, 
the frame is rotated one pole pitch and 
the test repeated. If the high reading 
still exists, the pole of the original pair 
still being tested is the one at fault. If 
the high reading no longer exists when the 
frame is rotated one pole pitch, then the 


Figure 2. Test equipment for determination of 
magnet-frame permeability 


Figure 3. Equipment for spot-checking main- 
pole stacking factor and permeability 


Figure 4. Armature- 
punching - perme- 
ability meter 


faulty pole is that one of the original pair 
which is not in the second pair. 

Strictly, this device is a comparator, 
comparing the magnetic circuit of ad- 
jacent main poles. The use of such a 
device is based on manufacturing ex- 
perience which shows that in those field 
assemblies faulted for this cause, there is 
usually only one faulty pole and seldom 
if ever more than two. 


Variations in the Iron Portion of 
the Magnetic Circuit 


MAGNET FRAME 


During these wartime conditions, it 
has sometimes been found necessary to 
accept inferior and variable magnet- 


Equipment for preliminary test of 
armatures 


Figure 5. 


frame materials in order to keep the pro- 
duction lines going. Laboratory tests of - 
several samples have shown the frame ma- 
terial to be extremely variable in its mag- 
netic properties, some of it good, some of 
it definitely bad, and some of marginal 
properties. A laboratory test of each 
frame is obviously a production im- 
possibility. ey 

The ‘frame tester’’ shown in Figure 2 
was therefore designed for making quick 
production line checks of the magnetic 
properties of the frame material. 

The “‘frame tester’’ consists of a stand- 
ard P-1 generator armature supported in 
a structure which includes one fixed main 
pole and one movable main pole 180 de- 
grees apart. Field coils separately ex- 
cited supply the required ampere turns. 
The armature is directly connected to and 


driven at constant speed by a one- 


quarter-horsepower induction motor. 
The voltage generated in the armature is 
picked up by a pair of brushes and read 
with a standard d-c voltmeter. 

To check a frame, it is necessary to 
take only one reading. The frame to be 
tested is slid into position. Then, with 
the armature running, the field circuit is- 
closed and a specified field current set. 
The armature voltage is then read. 
This reading is indicative of the magnet- 
frame permeability. 

The value of this “frame tester” is 
that poor material is rejected at the 
earliest: possible stage in the manufactur- 
ing cycle; that is, immediately after 
the boring and turning operation. 


Figure 6. 


Current-balance test equipment 
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MAIN POLES 


Rigid adherence to specifications by the 
vendors of magnetic sheet steel, careful 
laboratory checks of all shipments re- 
ceived, and accurate control of annealing 
processes have resulted in little or no 
trouble magnetically in main poles. 

However, as a guard against any 
trouble which might arise due to sub- 
standard poles, and thus interfere with 
production, the equipment shown in 
Figure 3 was made for making spot 
checks on various lots of poles. 

The ‘‘pole tester”’ is similar in principle 
to the “frame tester’ in that a voltage 


generated in a standard armature at a 
definite value of field excitation is the 
criterion for a passable pole. In this 
device the pole to be tested is slid through 
the opening in the mounting flange and 
screwed into position opposite a fixed 
pole around which the exciting coil is 
mounted. Poles to be so tested are 
ground to a definite radial length so that 
air-gap variations will not enter into the 
result. 


ARMATURES AND ARMATURE PUNCHINGS 


In addition to standard laboratory 
tests on magnetic sheet steel for armature 
punchings, it has been found desirable to 
make spot checks.of armature punchings 
after the annealing process. The anneal- 
ing process is of course an important 
operation and if done improperly, the 
punchings will not equal the required 
magnetic values. 

An “armature-punching tester’ is 
shown in Figure 4. A single armature 
punching makes up the magnetic circuit. 
Low-voltage 60-cycle alternating current 
obtained by means of a Variac trans- 

former and a current transformer is ap- 
plied to the one-turn winding through 
and around the core section of the arma- 
ture punching. For a specified exciting 
current, the voltage induced in a five-turn 
secondary, which is proportional to the 
_ flux carrying properties of the punching, 


_ isread. Comparison of this reading to a 
_ minimum standard for the particular 


thickness of the punching’ indicates 
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whether the punching is up to specified 
requirements. 

Figure 5 shows equipment known as an 
“armature tester.” This equipment 
consists of a pair of short poles mounted 
on a bed plate together with a pair of 
brush holders and brushes, a fixed ball- 
bearing holder on the drive end, and an 
adjustable ball-bearing holder on the 
opposite end which permits the device 
to be used for testing six-pole armatures 
of various heights of iron. 

To test an armature, lapped ball bear- 
ings are placed on the armature shaft, 
the armature put into position, and the 


Figure 7. Shunt- 
field-coil mold and 
short-circuit tester 


a] 

S 
ie 
* 


Figure 8. Shunt-field-coil turn counter 


Figures 9A and 9B. 

Shunt and commutat- 

ing coils, before and 
after molding 


A) 


drive shaft brought into engagement 
with the inner splines of the armature 
shaft. The motor is then started up, a 
definite exciting current applied to the 
field coils, and the voltage generated by 
the armature read. If the voltage reading 
is below a specified value, the armature is 
rejected. 

By means of this device, the following 
faults are determined: 


1. Poor magnetic properties of the stacked 
core. 
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2. Wrong connections of the armature 
winding. 


8. Short circuits in the armature winding. 


Variations in Compensation of 
Armature Reaction and Interpole 
Strength 


The armature reaction per pole at full 
rated current of the General Electric type 
P-| aircraft generator is 960 ampere turns 
as compared to a maximum of 480 am- 
pere turns in the shunt field. Pole face 
or compensating windings are therefore 
used to neutralize partially the effect of 
the armature reaction. Interpoles and 
interpole windings are also used to obtain 
sparkless or ‘‘black’”’ commutation 
throughout the speed and load range. 
These windings are connected in three 
parallel circuits, each circuit consisting 
of two commutating and two compensat- 
ing coils in series. 

To obtain the full benefit of these com- 
pensating- and commutating-pole wind- 
ings, it is necessary that the three parallel 
circuits balance and that the load current 
divide equally between them. 

Due to difficulty in accurately measur- 
ing these low-resistance circuits, a check 
of actual current balance is taken by 
means of the special setup shown in 
Figure 6. A small arc welder supplies 
approximately 75 amperes and the divi- 
sion of this current between the three 
field circuits is simultaneously read on the 
three ammeters. Limits of unbalance 
have been set beyond which fields are re- 
jected. This test has proved its worth 
to the extent that two such stations are 
used, one before the field is impregnated, 


ie 


(B) 


and the other just before the field is 
assembled into the final machine. 

At the first station, that is, before the 
impregnation treatment, immediately af- 
ter the current readings balance are taken 
and with current still flowing, a polarity 
check of the windings is made by use 
of a compass. 
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Variations Affecting Temperature 
Rise 


In a forced-cooled aircraft generator 
practically all of the losses are carried 
away by the cooling air. It is, therefore, 
of paramount importance to obtain the 
maximum possible amount of cooling air 
through the right passages and to have 
this air wipe the maximum area of wind- 
ing surface. 

The General Electric type P-1 genera- 
tor has been designed with several ducts 
through the field and with the maximum 
area of winding surface exposed to the 
cooling air. These ducts result naturally 
when the shunt and commutating coils 
occupy their allotted space. In order 


to maintain uniform air ducts through 
the fields, it is necessary to shape the 
shunt coils and to compress and mold 


Figure 10. Field air-flow measuring instrument 


them to a definite size. To do this, these 
coilsafter being wound onstandard winding 
machines are impregnated in a molding 
varnish, pressed and baked in heated 
molds as shown in Figure 7. - 

Coils, when removed from the press 
and while still hot, are checked for short 
circuits on the ‘“‘short-circuit tester’ 
shown also in Figure 7. This device is a 
sensitive bridge circuit operating on 60 
cycle power. A short circuit in the coil 
unbalances the magnetic field causing 
the instrument needle to deflect. 

Figure 8 indicates still another check- 
ing station, this time a “turn counter.” 
Shuft field coils which have passed the 
“short-circuit tester’? are checked for 
proper number of turns by balancing the 
voltage generated in the coil undergoing 
test to that of a standard coil. The in- 
strument is marked off to permit coils to 
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Figure 12. Motor run-in stands 


pass with plus or minus one turn from the 
standard. 
Commutating coils are wound in what 


Figure 13. Genera- 
tor test stands 
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“ 
is termed a “‘back turtt winding” directly? 
onto the insulated pole. These wound 
poles are then placed between hot press- 
ing plates, pressed to definite dimensions, 
and baked to set up the special thermo- 
setting varnish on the glass covered wire. 

Figures 9A and 9B show shunt and 
commutating coils before and after mold- 
ing. Note also the portion of the com-, 
mutating pole projecting beyond the 
winding. This is the frame side of the 
pole, and when the pole is assembled into 
the magnet frame, an air duct is obtained 
between the frame and the under side of 
the commutating pole winding. Such 
molded shunt and commutating coils also 
provide an air duct between the shunt 
and commutating coils. 


Manufacturing variations may result 
in too little air flow through the field. 
A “‘field-air-flow measuring instrument” 
as shown in Figure 10 was therefore de- 
signed in order to check the air passages 
through the field. The instrument is 
located in the production line at an early 
stage in the manufacturing cycle, where a 
field can be easily repaired if it has been 
rejected for restricted air passages. 

The “‘air-flow instrument”’ consists of a 
blower which forces the air through an 
air-flow-measuring box shown under the 
table. A short pipe connects the ex- 
haust of the box to the flange on which 
the field assembly is placed. A dummy 
armature forces the air to go through the 
passages in the field. 

To make use of this instrument, a field 
assembly to be checked is placed over the 
dummy armature and rested upon the 
flange. A static pressure of 2.5 inches of 
water, measured in the pipe just below 
the flange, is set, and the differential 
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Figure 14. Shunt-field temperature-rise curve 


pressure across the orifice in the air- 
flow box is read. This reading deter- 
mines the air flow through the field. 

Tests have shown that by means of this 
device, the temperature rise of any field 
can be quite accurately predicted. 


Variations in the Assembled 
Generator 


The assembled generator combines all 
the variations and tolerances of its indi- 
vidual parts. It is only by diligently and 
resourcefully controlling the variations 
of these component parts that consistent 
generators are manufactured. 

The assembly and final test of the 
completed generators bring out the in- 
consistencies and reject those generators 
which do not meet specification require- 
ments. Here again, however, variations 
arise in the tests themselves. Testing 
variations can be controlled by: 


1. Proper supervision and instruction of 
the testers. 


2. Proper instrumentation. 


3. Proper brush fit and correct brush set- 
ting. 


Figure 11 shows a ‘‘brush-seating ma- 
chine’’ which is a very definite aid in ob- 
taining excellent brush fits in a short time. 
Brushes as received from the vendor are 
ground to approximately the correct 
radius. The brush rigging with the 
brushes in place is assembled with the 
field and endshield, all screws are tight- 
ened, and the brush rigging set in ap- 
proximately the correct position. The 
“brush-seating machine” is then used 
to obtain a nearly perfect brush fit. The 
combined assembly; field, brush rigging, 
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Figure 15. Vibration test stand 


and endshield is placed over the arbor. 
The brushes are placed in their respective 
holders onto the grinding arbor, and held 
in their normal position by the brush 
springs. The exhaust hood is dropped 
over the endshield, the motor started, and 
allowed to drive the grinding arbor in the 
normal direction of rotation for ap- 
proximately 15 seconds. At the end of 
this time, the brushes are properly fitted 
and very nearly polished. 

The abrasive for this fixture is crocus 
cloth. The diameter over the crocus 
cloth is equal to the nominal diameter of 
the commutators. Very little of the 
brush is removed during this operation, 
the maximum amount ever experienced 
being not over 0.010 inch. 

Figure 12 shows a pair of motor run-in 
stands where the generators are run as 
motors for approximately. five minutes 
to perfect the brush fit. Occasionally a 
machine requires the application of a soft 
“brush-seater” to obtain the required 
brush fit. Here, also, electrical or so- 
called “inductive neutral” is located, and 
the brush rigging set in this position. 
The generator is then sent on to the final 
test. 


Final Test 


Figure 13 shows a group of test stands 
where the generator receives its final 
tests. These final tests consist of the 
following: 

1. Setting of final brush position. 

2. Base-speed heat run. 

3. Regulation at base and top speeds. 

4. Commutation check at top speed, full 


\ fear. 


5. Overspeed test. 
6. Repeat of number 4. 


7. Vibration reading—generator run as a 
motor, 


8. High potential test. 


Because of certain unique features, two 
of the tests listed will be discussed briefly. 
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Base-Speed Heat Run 


All generators are subjected to a base- 
speed full-load heat run, the duration of 
which is either 20 minutes or until tem- 
peratures and field current readings have 
stabilized. Test limits for 20 minute 
runs have been established whereby a 
generator having a temperature rise of 
X degrees centigrade at the start of the ° 
heat run must not exceed Y degrees centi- 
grade temperature rise at the end of 20 
minutes, or more than a certain value of 
field current; otherwise, the heat run 
must be continued to the stabilization 
point. These limits of temperature 
rise for 20 minute heat runs are shown in 
the form of a curve in Figure 14. This 
curve is the result of a large number of 
tests and assures that any generator 
meeting the 20 minute heat run limits will 
meet the limits for ultimate heat runs. 

To obtain consistent and accurate heat 
run data, each test stand is equipped with 
identical blast tubes and covers as shown 
in Figure 13. All voltmeters, ammeters, 
ait-pressure gauges, and speed tachometers 
are carefully checked, and recalibrated, 
if necessary, at least once a week. 


Vibration 


Vibration or balance readings are taken 
on each generator after the completion of 
tests. With the generator mounted in 
the ‘‘vibration stand” as shown in Figure 
15 and running as a motor, actual vibra- 
tion readings are taken at each end of the 
generator by means of an electric vibrom- 
eter. 

The vibration stand itself consists of a 
somewhat flexible steel table on which is 
mounted a heavy steel plate insulated 
from the table top by means of sponge 
rubber pads. The generator to be tested 
is mounted on a felt pad in a “‘V”’ shaped 
wooden block which in turn is insulated 
from the steel plate by means of sponge 
rubber pads. The electric vibrometer is 
mounted directly on a heavy steel block. 
The design and construction of this 
equipment eliminates external vibrations 
and well insulates the generator from the 
vibrometer. 


Conclusion 


Certain devices and means have been 
shown which are definite aids to quality 
control in the manufacture of aircraft 
generators. New problems will require 
new aids. This is but one of the many 
tasks of the engineer today. 


\ 
. 
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Behavior Factors of Rectifier-Driven 


D-C Motors 


VICTOR SIEGFRIED 


MEMBER AIEE 


Synopsis: In the rapid development and 
application of rectifiers to drive d-c motors, 
certain factors which influence the behavior 
of the motor may require unaccustomed con- 
sideration. The pulsating nature of cur- 
rents which may be encountered introduces 
departures from conventional treatment of 
(1) heating value of the current waves, (2) 
stresses upon the insulation and commu- 
tator resulting from high peaks of voltage 
involved, and (3) torque pulsations tending 
to produce vibration and noise. 

Analysis is made from experimental and 
theoretical approaches of possible ratios of 
the heating values to be expected with 
typical wave shapes applied to electronically 
driven motors. The ratio of effective to 
average values of current varies with the 
load on the machine and with the number 
of tubes used in the rectification process. It 
is shown that the problem is most acute in 
machines of smallrating where mechanical 
inertia is low and where tube capacities 
would permit the use of but one or two 
tubes for economy of materials. This 
situation may require “‘overmotoring”’ an 
application in order to allow the required 
thermal capacity. Vibrations which will 
otherwise show up in undesirable effects on 
the driven machine, and noise, would also 
dictate the use of larger machines than 
necessary with conventional d-c practice. 

The conclusion is drawn that factors not 
at first apparent must be considered in the 
application of the rectifier drive, and that as 
many phases as practicable are desirable 
in the rectifier. 


HE electronic rectifier is currently 

achieving considerable prominence as 
asource for d-cmotors.!~® It has many 
advantages over both fixed- and variable- 
voltage generator systems in the reduc- 
tion of critical materials and elimination 
of rotating parts in the conversion proc- 
ess. Furthermore, its ease of control 
by means of the grid-phase-shifting sys- 
tem of the thyratron or the ignitron sug- 
gests many applications where new re- 
sults can be secured. 

In the use of phase-controlled rectifier 
sources for d-c motors, considerable atten- 
tion must be given to the wave shapes 
of the currents supplied to the machine 


Paper 44-86, recommended by the AIEE committee 
on electrical machinery for presentation at the AIEE 
North Eastern District technical meeting, Boston, 
Mass., April 19-20, 1944. Manuscript submitted 
February 21, 1944; made available for printing 
March 14, 1944. 
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and their effects on it. Whereas con- 
tinuous and direct currents have long 
been considered synonymous, there is 
introduced a new concept of direct 
current which may be pulsating but still 
continuous or even may be discontinuous 
for large fractions of a cycle. These 
differences from the continuous and sub- 
stantially steady values encountered in 
conventional d-e practice produce far- 
reaching and sometimes surprising ef- 
fects. They show that tke rectifier is 
not inherently a panacea for all ills, but 
rather introduces problems of its own 
which can be met and conquered if 
recognized. 


Nature of Problems 


The controlled rectifier is inherently 
a phase-angle-control device which de- 
lays the beginning of current flow to a 
predetermined point in the cycle of 
alternating voltage applied to the tubes. 
For single-tube half-wave rectifiers, the 
result is pulses of current which can never 
be continuous but will always be less than 
one-half cycle in length. With two tubes 
in a full-wave rectifier, the current pro- 
duced will be pulsating but seldom can 
be continuous. In polyphase systems 
with three or four tubes the voltages will 
overlap and the currents can become con- 
tinuous when the rectifier is turned full 
on. With six or more phases, the possi- 
bility is reduced that phase control will 
produce discontinuous currents for any 
but the lowest of output levels. With 
sufficient number of tubes, the current 
pulses of the individual tubes are 
smoothed out, and the resultant current 
approaches the steady value of generator- 
produced current. 

Tkus the region in which these prob- 
lems are encountered is confined to recti- 
fiers using only a few tubes and in which 
the output is either discontinuous or else 
contains an appreciable ripple component. 

There are a number of methods, in- 
herently expensive, for filtering this out- 
put to make it smooth by the time it 
teaches the motor. Combinations of 
inductance and capacitance are required. 
Inductance in the machine may help as 
in the field circuit, where the machine 
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4s 
is somewhat self-filtering. In the arma! 
ture circuit, however, a high inductance 

interferes with commutation and is to 
be avoided. 


Effects on Motor 


There are certain factors which must 
be considered in analyzing the behavior of” 
d-c motors when subjected to currents 
of this type. 


1. The current produced by the rectifier is 
pulsating. It may be continuous but pulsat- 
ing to a high degree, or it may even be 
zero for a portion of the cycle and be dis- 
continuous, which is the more aggravated 
situation. 


2. In order to achieve a required average 
value of current, this pulsating current must 
have peaks which are much larger in value. 
This results in an effective or root-mean- 
square current much larger than indicated 
by d-c ammeters. 

3. The heating value of these pulsating 
waves is much greater than for the equiva~ 
lent amount of conventional direct current. 
The resistance takes on an effective value 
which is larger due to stray-load-loss com- 
ponents, and the high peaks of current in- 
volved thus make the total J?R loss far 
greater than ordinarily anticipated. 


4. Peaks of voltage in the armature will 
be encountered due to the interaction of the 
pulsating current and the inductance of the 
armature and anode transformer circuits. 
These give a voltage wave shape in which 
the d-ce value is almost unrecognizable, with 
peaks three or four times as large as the 
voltmeter value. These voltages endanger 
the armature and commutator insulations, 
and in some cases, commutator sparking is 
a direct consequence of the instantaneous 
peaks. 


5. Torque produced by the machine be- 
comes pulsating, with its attendant noise 
and vibration problems. These may be re- 
flected in unsatisfactory performance of the 
driven machine, especially at light load or 
low speeds. 


Analysis of Current Output 


With current wave shapes as variable 
as occur in these rectifier drives, no one 
method of attack fits all cases. Where 
current is continuous but pulsating, it 
may be analyzed much as an average 
value with superimposed ripples of high 
frequency. The fundamental of this 
harmonic will be the supply frequency 
times the number of phases involved. 

For discontinuous waves, the effect on 
the machine is more serious. Fortu- 
nately the analysis is quite simple due to 
the fact that the armature current pulse 
approximates a half sine wave, regard- 
less of the portion of the cycle which it 
occupies. This is due to the influence of 
the inductance of the circuit, tending to 
hold the current rise down, and main- 
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Table |. Effective and Average Current Ratios for Discontinuous Currents 
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tain current flow past the voltage zero. 
Vedder and Puchlowski* have given good 
detailed analyses of this, but for purposes 
of this paper, the approximation to the 
half sine wave is adequate. In the 
following analysis, it is to be re-empha- 
sized that the range in which more serious 
differences occur is at light loads and low 
speeds, depending on specific applica- 
tions of the drive. 

The main comparison of heating values, 
the most important difference, is in that of 
the average and effective values. The 
peak value of current, Im, is used as the 
comparison figure in each case. For 
any given sine-wave pulse of half-cycle 
value as in Figure 1, the average value 
over that time is 2/,,/7=0.636 I, and the 
effective value is 0.707 I,,. In averaging 
the current over a complete cycle, it will 
be in proportion to the ratio of angle of 
conduction, 9¢, to the total cycle, #7, but 
the effective value will be the square root 


ARMATURE CURRENT 


VOLTAGE 


0 FIELD CURRENT 


Figure 2. Oscillograms of machine currents 
and voltage for 0¢=0.53 07 


Armature current=1.55 amperes root-mean- 
square and 1.09 amperes direct current 
Armature voltage=147 volts root-mean- 
square and 100 volts direct current 
Field current=0.360 amperes root-mean- 
square and 0.340 amperes direct current 
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of the average square. For the case shown 
in Figure 1 where the current flows for 
one half the time, the effective value will 
be 0.5 Im, whereas the average (d-c) 
value will be 0.318 J,,, a ratio of 1.57 to 1. 
Thus the true heating J?R value of the 
wave will be 0.25 J,” whereas that indi- 
cated by a d-c instrument will be 
(0.3182 ,)? or 0.101 Im?, a ratio of 21/2 to 
1. Inthe case of current for one-third of a 
cycle, the ratio is evenmore striking, asthe 
heating rate is 3.7 times that of the equiva- 
lent smooth direct current. Relation- 
ships for other conduction periods are 
shown in Table I and Figure 1. These 
also show that for the limiting case of 
multiphase operation, these ratios be- 
come 1.0, and average and effective values 
are equal. 

A typical oscillogram of voltage and 
currents in an actual full-wave rectifier- 
driven machine is shown in Figure 2. 
Conduction is for 53 per cent of the half 
cycle. The values of effective and aver- 
age values are shown, and agreement is 
quite close to the anticipated values from 
Figure 1 for this setting of the control. 
This indicates that the sinusoidal ap- 
proximation is in quite close agreement to 
actual conditions. 

Such an example will apply equally 
well to any number of phases in a recti- 
fier if the conduction period is one half 
of the portion of the cycle assigned to 
each phase. Thus, the case shown would 
be like a half-wave circuit conducting 
180 degrees per anode, or a full-wave cir- 
cuit conducting 90 degrees per anode, 
or a three-phase circuit conducting 60 
degrees per anode, and so forth. 


Results of Analysis 


When, as in the examples shown, cur- 
rent is operating in the discontinuous 
range, the motor heating rate due to cop- 
per loss alone will be excessively large 
for the intended rating. The remedy 
would appear to be to figure the duty 
cycle carefully to include these effects, or 
simply allow a step-up in the motor size 
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to provide a safety factor. The obvious 
alternative is to allow the motor to run 
hotter and hope that the life of the insu- 
lation will be satisfactory. 

Another factor which contributes to 
the machine’s running hotter is the core 
loss. While the current may be self- 
smoothing to a large degree, there is a 
high-frequency flux pulsation which will 
occur where there is usually no impedi- 
ment to eddy-current losses. This would 
indicate the desirability of laminated 
core and pole pieces. 

Two other factors which combine 
against the life of the insulation are vibra- 
tion and voltage stresses. The probable 
life of the insulation seems doomed to be 
shorter than for conventional motors 
regardless of heating. The combination 
of excessive voltage strains, chafing under 
vibration conditions and higher tempera- 
tures indicates that much more or better 
insulation must be built into the ma- 
chine’s design. 

The remedy really lies in careful engi- 
geering of an application. The load can 
be figured to keep the motor working in 
the continuous current portion of the 
rectifier operation. Multiphase rectifiers 
can be used, so as to approximate the 
steady current of a generator as nearly 
as economically feasible. 


Conclusions 


This analysis of the application of 
phase-shift-controlled rectifiers to d-c 
motors leads to these conclusions: 


1. Consideration must be given factors not 
usually encountered in d-c machine prac- 
tice. 


2. These factors are most acute in ma- 
chines of small rating where the mechanical 
inertia is low and the load requirements 
justify the use of only one or two tubes. 


38. Heating of the motor will be increased 
by the use of rectified currents over con- 
ventional direct current, especially if ma- 
chine currents are discontinuous. 


4, Vibration will be especially prominent 
at low speeds. 


5. Excess heating and vibration become of 
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A Unit for Balancing the Voltages of 


Three-Phase Aiircraft Inverters Supplying 
Large Single-Phase Loads 


SYDNEY WIMPIE 


Synopsis: A means of reflecting a single- 
phase load so it appears as a balanced 
three-phase load to the power supply is 
discussed in this paper. A balancer of this 
type, designed for use in aircraft, is described 
and its characteristics discussed. 


Background 


HE increase in electrically powered 

and electrically controlled equipment 
on aircraft has made it necessary, in 
certain cases, to add sizable single-phase 
loads to three-phase inverters. The 
nature of the existing three-phase load, 
however, placed severe restrictions on 
the permissible voltage unbalance. The 
need was felt for a means of maintaining 
balanced voltages between phases of a 
three-phase inverter operating under the 
conditions described above. As_ this 


Figure 1. The unit described in this paper 
rated 265 volt-amperes, 115 volts, 94 per cent 
power factor, 400 cycles 
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balancer was to be used on aircraft, the 
further limitations that it be light in 
weight and efficient in operation were 
imposed. 

In February 1943 a request was made 
by the Army Air Forces at Wright Field 
for a balancer of this nature. The single- 
phase load specified was approximately 
265 volt-amperes, 115 volts, 94 per cent 
power factor, 400 cycles. The power 
supply was a three-phase inverter rated 
at 750 volt-amperes, 115 volts, 400 cycles. 


The Balancer 


Several methods of attaining the de- 


sired results suggested themselves. The 


it, 


3-PHASE 

I5- VOLT t-—~-______ 4 
400-CYCLE 
INVERTER 


Figure 2. Sche- 
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a 
one decided upon! resulted in a unit 
weighing 1.5 pounds and measuring 
31/2 by 23/4 by 23/4 inches. This balancer 
has an efficiency of.96 per cent at rated 
load and will supply this load continu- 
ously with a temperature rise of 40 degrees 
centigrade at sea level. The voltage un- 
balance of the inverter at rated single- 
phase load is negligible when the balancer» 
is used, It consists of a tapped reactor 
and a capacitor connected to the line as 
in Figure 2. 


Performance 


The three-to-one phase balancer is 
designed for a particular single-phase 
load and will function ideally only at 
this load. Figure 3 illustrates this point. 
This characteristic of the balancer makes 
it advisable to incorporate the unit as 
part of the load and connect it to the 
power supply when the single-phase 
load is applied. 

All of the accompanying data were 
taken using a Holtzer-Cabot inverter 
having the rating mentioned above for 
the three-phase output circuit. The 
inverter used had an initial voltage un- 
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power supply under 
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connected 
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smaller importance as the number of tubes 
(phases) in the rectifier is increased. 


6. Multiphase rectifiers appear to have 
definite electrical and mechanical advan- 
tages which will offset their increased cost 
and size. 


7. Designs of machines must be altered 
to take account of current, torque, and flux 
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pulsations superimposed on conventional 
d-c values. 
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_* The unit described is suitable for air- 
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balance of 0.8 volt at no load. The ro <2 
curves marked “corrected” have been Led 
: is 
compensated for this unbalance. Q 1.5}— 
Since the unbalance of terminal voltage << ,,[] nee 


14 —<——— 4 
with unbalanced load is a function of the fog Ml a 


inverter, curves of phasecurent wm x {1 | [| PT] | 
. 220 
balance have also been plotted to givea Ea" J | 
clearer picture of the behavior of the 6 Z 10 
- 
pees. Be ae 370003 0 30 45 
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= 
The voltage across the load was kept 4 FREQUENCY —CYCLES PER SECOND 


constant at 115 volts so that the data 

would not be confused by the regulation okain Moh Rinifeur. d The Snglelnhase load 

of the inverter. is connected across terminals B and C of 
For the purpose of comparison, the the inverter. The balancer is connected so 

performance of the inverter alone is that the reactor is across phases A and B 


given. At 100 per cent single-phase load 274 the free end of the capacitor is con- 
. ; nected to terminal C. Phase rotation is 
on terminals B and C, with no balancer, oBee: 

the inverter voltages were unbalanced The value of the capacitor and the reactor 
7.65 per cent. The readings were: needed to balance any single-phase load as 
well as the position of the reactor tap, can 
be obtained by referring to the schematic 


Vo_p Nene Veo wiring diagram (Figure 2) and the vector 
diagram (Figure 7). The vector diagram 
115.0 volts..... 116.0 volts.....123.8 volts is drawn to represent balanced conditions. 


From Figure 2: 


The frequency response oe the balancer arene (1) 
is also shown (Figures 5 and 6). It 
can be seen from these curves that the /¢2=1ar—Ze.—I1 (2) 
unit operates reasonably well over a wide Te Tar (3) 
range of frequencies, so that the value of 


the unit is not impaired by the speed ° Under balanced conditions 


regulation of the power supply. Tg =Tpy/120° =1,,/150° (4) 
Conclusion and 
Voc= Von/120° ae Voa/120° (5) 


craft use due to its small size, light weight, Assuming no power lost in the balancer 
and high efficiency. It has the added and the phase currents in phase with the 
. : f r terminal-to-terminal voltages (a condition 
aeyantage coun Bee the pews as found necessary to obtain balance), the 
in the lines to 0.866 in those cases W ere Pome ot pnh diy. cneriaverter mauce-eatial 
the single-phase load is less than this the power absorbed by the single-phase 
value. Additional tests prove the unit load. ; 
will function at temperatures and pres- 


sures encountered at high altitudes. 3E gly cos 30° = Ez, cos 8 (6) 
or . 
Appendix V/3EzI4 X 0.866 =E;I;, cos 8 (7) 
and 
The operation of the balancer can be 
understood by referring to the vector dia- Iy=?/sI, cos @ (8) 
ME 
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Figure 7. Vector diagram of the unit 


From equation 1 
Ie=Igi—Iy (9) 


The angle of the voltage across the capacitor 
is assumed 90 degrees lagging the capacitor 
current. The absolute value of capacitor 
voltage is: 


/Ecp/ = (115 sin 60°) /sin (60+ @) (10) 


and the voltage Egp across the lower part 
of the reactor is 


/Egp/=(115 sin a)/sin (60+a@) (11) 


Making use of the superposition theorem, 
the net current through the reactor can be 
considered as being made up of the reactor 
magnetizing current [y, a part of the ca- 
pacitor current Jg2 flowing between the 
reactor tap and terminal B, and the re- 
mainder of the capacitor current Jc; flowing 
between the tap and terminal A. It can 
further be seen that if the internal im- 
pedance of the power supply is small com- 
pared to the impedance of the load 


To,/To. = Epp/Epa (12) 


The reactor magnetizing current is, from 
equation 2, 


Iy=Ipt+len+l¢ (13) 


The balancer described in the beginning 
of this article consisted of a four-microfarad 
capacitor and a reactor drawing a magnetiz- 
ing current of 1.41 amperes tapped at 33.6 
volts from the A terminal. 
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Vibration Protection for Rotating 


Machinery 
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Synopsis: Vibration protection becomes 
desirable for rotating machinery when it 
is operated with certain defects. Electric 
generators may be operated with a single 
“ground”’ on the rotating field circuit with- 
out harm but the potential hazards of a 
second “ground” at another point on the 
same circuit are so great that the need of 
protective equipment for automatic dis- 
connection of the generator is evident. 
Double ‘‘grounds’’ on a rotating field 
circuit may short-circuit a large part of the 
winding, unbalance the magnetic field, 
and set up vibrations of such serious magni- 
tudes that the machine may be wrecked. 

A method for obtaining satisfactory 
vibration protection for rotating machines 
has been developed. It uses equipment 


most of which is already on hand or readily ® 


available to most companies operating im- 
portant machinery. The only part re- 
quiring construction is an electronic ampli- 
fier. 

The equipment, its operating character- 
istics, wiring, and performance are described 
in this paper. 

The described protective equipment has 
been in service on one machine since the 
latter part of 1942. It has given entirely 
satisfactory service. Another machine was 
protected in a similar manner for about three 
months until it was found convenient to 
rewind the field. 


OTATING machinery of all types 

is subject to damage when exposed to 
severe vibration caused by mechanical 
unbalance, or its equivalent, in the 
rotating element. Although electrical 
machinery has a good record in this 
respect, its freedom from vibration has 
been due largely to the degree of main- 
tenance which it usually receives. Now, 
however, due to wartime restrictions, 
electrical and other machinery is often 
run under conditions which would not 
be permitted normally until after repairs 
had been made. When this is done, pro- 
tective measures should be adopted where 
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VIBRATION CIRCUIT _ AMPLIFIER a 
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Figure 1. Schematic arrangement of vibration 


protection equipment 
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possible to prevent serious machine 
damages if the weakened part should fail. 

One expedient being adopted, as the 
occasion demands, is to continue operat- 
ing a-c synchronous machinery after a 
“sround’” has developed in the field 
winding of the rotor. Since the excita- 
tion system is operated ungrounded 
normally, the winding-to-ground fault is 
not harmful and does not prevent con- 
tinued and normal machine operation. 
Such operation does, however, expose the 
machine to severe damage if a second 
“ground” should occur in the field wind- 
ing or at any other place on the same 
excitation system. Two ‘grounds’ may 
effectively short-circuit a portion of the 
field winding, thereby causing magnetic 
unbalance in the rotor. Ifa large portion 
of the field winding is short-circuited by 
the second ‘‘ground,”’ the field current in 
the remainder of the winding will increase 
and further aggravate the unbalanced 
magnetic condition. Cases are on record 
of double ‘‘grounds” in field windings 
which have caused such severe vibration 
that the bearing pedestals were broken 
allowing the rotating field to drop on the 
stator laminations. Such failures have, 
in each known case, caused damages 
which required costly repairs and long 
machine outages. 

A’ protective method, that detects 
excessive vibration, has been developed 
by engineers of the Consolidated Edison 
Company of New York. It operates 
relays which function quickly to initiate 
the circuit breaker operations required 
to relieve the condition. In the case of 
synchronous machinery the a-c armature 
and d-c field breakers are opened as fast 
as possible and, if desired, the prime 
mover power may be shut off. Other 
types of machinery would be handled as 
conditions and equipment permit. 


Protective System 


The protective system consists of the 
following parts: 


Seismographic type vibration detector. 
Integrator circuit. 

Resistance coupled amplifier. 

Alarm and protective relays. 

Vibration recorder. 

Supervisory circuits. 


O ork wo Ne 
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Figure 2. Seismographic vibration detector 
with cover removed 


The arrangement of these parts is 
shown schematically in Figure 1. An 
alternating voltage is generated by the 
vibration detector when vibration is 
present in the part on which itis mounted. 
This voltage is impressed, through an 
integrator circuit, to an amplifier. The 
current is amplified and then rectified 
before being passed through the relays 
and the recorder. The system is pro- 
vided with various features which prevent 
incorrect performance of the relays due 
to wire failure, tube failure, and loss of 
a-c or d-c power supply. 


Vibration Detector 


The vibration detector was one origi- 
nally furnished by its manufacturer for 
use in connection with vibration re- 
corders. It is constructed on the seis- 
mograph principle, with a strong per- 
manent magnet supported on springs 
serving as the stationary element. A 
light coil supported to the base of the 
detector is free to move in the magnetic 
field when the base of the detector is 
subjected to vibration. The base of the 
detector is mounted rigidly on the bearing 
or other part whose vibration is to be 
measured. The detector is inherently 
a velocity measuring device since the 
alternating voltage it generates is directly 
proportional to vibration frequency and 
to vibration amplitude for sinusoidal 
vibration. 

The detector is shown without its cover 
in Figure 2. Figure 3 shows two de- 
tectors mounted on a generator-outboard- 
bearing cap. Generator-bearing pedestals 
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Vibration detectors mounted on 
turbogenerator bearing 


Figure 3. 


are frequently insulated from the sup- 
porting bedplate of the machine. Care 
should therefore be exercised to prevent 
short-cireuiting this insulation when in- 
stalling metallic conduit for connection 
to the detector device mounted ou the 
bearing cap. The detector mounting 
must be rigid enough to avoid resonant 
vibration in the detector supports. Since 
the wiring from the detector to the 
amplifier requires protection against in- 
duced voltages, twisted and shielded 
conductors are used. It is also pref- 
erable to have them routed remotely 
from other circuits carrying alternating 
current or impulse currents. 


Integrator Circuit 


Since it is desired to operate the 
protective relay on vibration amplitude 
only, it is necessary to interpose an 
integrator circuit between the detector 
and the amplifier. On the installation 
being described, this circuit consists of a 
19,000-ohm resistor in series with a 
three-microfarad capacitor. The output 
from the detector is connected across the 
complete circuit while the voltage drop 
across the capacitor is wired to the 
amplifier and is used to govern the opera- 
tion of the relays. The resistance of the 
circuit predominates over the capaci- 
tance, except at very low frequencies, 
hence the ‘current in the circuit remains 
nearly constant with the same impressed 
voltage for any frequency of vibration at 
which protection is desired. Since for a 
given vibration amplitude the voltage 
generated in the detector is directly 
proportional to frequency while the 
capacitive reactance of the capacitor is 
inversely proportional to frequency it 
follows that the voltage drop across the 
capacitor does not change with different 
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frequencies and is therefore proportional 
to vibration amplitude alone. The output 
voltage EH, of the integrator circuit may 
be calculated for any input voltage Ey 
and frequency f by use of the formula: 


Ey 


E eee 
* (19,0002. X2,)'/2 
where 

aia 

2nf X3 


The circuit produces a voltage output 
nearly proportional to vibration ampli- 
tude over a wide frequency range. One 
curve of Figure 4 shows the degree of 
accuracy obtained with the circuit. At 
30 cycles per second and above the error 
is negligible. At five cycles per second 
the output of the circuit is about 12 per 
cent low. Five cycles per second corre- 
sponds to about 16 per cent of rated speed 
for this machine. 


Amplifier 


The amplifier is resistance coupled so 
that it also will provide good accuracy 
over a wide frequency range, and par- 
ticularly at the lower vibration fre- 
quencies. The degree of accuracy ob- 
tained in the amplifier at different 
frequencies is shown by the other curve of 
Figure 4. Reasonably good accuracy at 
low frequencies is desired to provide 
satisfactory vibration protection while 
machines are being brought up to speed 
or slowed down after a run. An over-all 
error of 15 per cent at five cycles per 
second, 12 per cent for the integrator 
circuit, and 3 per cent for the amplifier, 
is considered satisfactory for the pro- 
tective relays since damage due to vibra- 
tion is not likely to be severe at lower 
speeds. Some generators, such as cross- 
compound units, must have their field 
windings energized at the time of start-up 
and would, therefore, be subject to vibra- 
tion due to double field ‘“‘grounds’’ even 
at moderate speeds. 

The over-all voltage amplification of 
the amplifier is about 1,700. Its response 
is linear from zero to 16 millivolts input 
from the integrator. The d-c load 
circuit resistance is 1,700 ohms. At 20 
milliamperes, the output of the amplifier 
is 34 volts direct current and 0.68 watt. 

Three stages are used in the amplifying 
circuit, two stages being obtained in 
two double-triode tubes and a third stage 
being obtained in two triode tubes con- 
nected in’ push-pull arrangement. To 
prevent incorrect relay operation in case 
of electron-tube failure, the filament 
circuits of the various stages are con- 
nected in series with an instantaneous 
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overcurrent relay. When the filament 
current is reduced due to any filament 
failure the relay operates to open the 
output circuit of the amplifier and to 
close a signal circuit. Such operation 
makes the protective relays inoperative 
and starts a supervisory lamp flashing 
at a point where it will attract the atten- 
tion of the operators. 

The amplifier output is rectified by a 
copper-oxide bridge circuit and the 
direct current from the rectifier is wired 
to the relays, and to the recorder, if used. 

Figure 5 shows a schematic diagram of 
the amplifier connections and associated 
equipment. The over-all calibration of 
the vibration-protection equipment in- 
cluding the detector unit, integrator, and 
amplifier is given in Figure 6. To obtain 
this calibration initially the detector was 
caused to vibrate and its double ampli- 
tude of vibration in mils was measured 
with a portable Starrett type vibrometer. 
The range of d-c output current as ob- 
tained from the amplifier for various 
values of vibration is entirely suitable 
for relay application. It is not prac- 
ticable to check the over-all calibration 
(d-c output current versus mils vibration) 
each time the amplifier and relay equip- 
ment require calibrating. Since there 
are occasions when the amplifier must 
be recalibrated (when tubes are changed 
or when other parts are replaced) a 
60-cycle calibration curve was obtained 
following the initial over-all calibration. 
This curve is also given in Figure 6. The 
calibration curve was obtained by im- 
pressing 60-cycle voltages across the 
same input terminals to which the output 
of the detector is connected. This cali- 
brating curve assists not only with 
adjustments to the amplifier and relays 
but permits a, complete check on the 
accuracy of the recorder, as required. 

It will be noted on Figure 5 that the 
amplifier circuits are grounded through a 
0.5-megohm resistor. This resistance is 
intended to prevent incorrect operation of 
the relays in case a wire “ground” should 
develop in the detector output circuit 
at a point where the “ground’’ potential 
is operating at a small voltage difference 
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Figure 4. Accuracy curves for integrator 
and amplifier versus vibration frequency 
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Figure 5. Connection diagram for amplifier 
and associated equipment 


with respect to the “ground” bus po- 
tential at the amplifier. A potential of 
about one volt at 60 cycles between the 
two wires from the detector is sufficient 
to cause operation of the master tripping 
relay. 


Relays 


A diagram of relay connections is given 
on Figure 7. Two “lock-out” relays are 
used, one being an a-c undervoltage relay 
and the other a d-c undervoltage relay. 
These undervoltage ‘‘lock-out’’ relays 
open the tripping circuit instantly if 
either source of power is lost. The a-c 
relay will reset about one minute after 
restoration of voltage which allows ample 
time for the tubes of the amplifier to 
become heated and its output current to 
become steady before the equipment is 
returned to service. The d-c under- 
voltage relay resets in about 10 seconds 
after voltage is restored, this time 
allowing for the master tripping relay 
element to come to its stable position 
after its field coil is energized. 

The alarm overcurrent relay is a simple 
hinged armature device equipped with a 
variable resistor connected in parallel 
with its coil to provide means for ad- 
justing its operating current value. A 
second resistor is connected in series with 
the relay circuit to permit readjustment 
of the over-all series-circuit resistance 
when any variation is made in the re- 
sistance in parallel with this relay coil. 
This permits retaining a constant re- 
sistance in the output circuits from the 
rectifier. The relay for this installation 
is adjusted to give an alarm to the 
operators at eight mils vibration. 

The master tripping relay has a 
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Figure 6. Characteristic output curves of 
amplifier 


standard d’Arsonval type element with a 
field coil. Its field coil is connected to 
a separate d-c power supply. The d-c 
output from the rectifier is passed through 
the moving coil of the relay. Since the 
moving element is restrained by a small 


“ 
spiral spring the elemeut chnakes its 
position to follow any increase of vibra- 
tion. Adjustment is made by changing 
the position of the stationary contact 
so as to require more or less travel of the 
moving element against the restraining 
spring. Since the relay moves to follow 
any change in vibration almost instantly, 
it will be in position to trip shortly after 
the machine vibration reaches the value 
for which the relay is set to operate. The 
master tripping relay trips the main 
generator breakers and the field breakers 
when the bearing vibration reaches 12 
mils. 

Any d-c relay which will operate over 
the range of current shown in Figure 6 
would be suitable for the master tripping 
relay. Of course the vibration scale can 
be contracted or expanded on Figure 6 
by simply varying the potentiometer 
adjustment at the input to the integrator. 
The relay used should be fast to prevent 
an excessive overswing of the vibration 
before the tripping relay operates. 

The relays become inoperative but do 
not operate incorrectly due to the follow- 
ing troubles: (1) open-circuited or short- 
circuited wires from the vibration de- 
tector, (2) failure of electron tubes, (8) 
interruption of a-c or d-c power supply, 
(4) relay failure, or (5) tripping-cirenit 
failure. Complete supervision is pro- 
vided to the operators for conditions (2), 
(8), and (5). 

Figure 8 shows the relay panel with the 
amplifier at the top. It will be noted that 
two complete protective equipments are 
provided. The two corresponding vibra- 
tion detectors are shown in Figure 3. 
On this installation two complete pro- 
tective equipments were installed with 
separate power sources and tripping 
circuits to provide a high degree of re- 
liability. In case any part of one equip- 
ment develops trouble the second equip- 
ment will provide complete vibration 
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Figure 7. Connection diagram for relays 
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protection since all of its parts function 
independently. Since this particular 
generator is one of the largest on the 
system it was decided that the unit should 
not be run at any time without at least 
one vibration protective equipment in 
service. Two equipments have the ad- 
vantages of permitting tube changes and 
calibration work on the parts of one 
without having to take the main genera- 
tor out of service and they provide a con- 
tinuous check on the accuracy of each 
other. 


Vibration Recorder 


A recorder may or may not be used in 
such a circuit but on the installation being 
described a recorder is found useful and 
it is inserted in series with the d-c output 
from the rectifier. The instrument is 
located near the turbine to permit con- 
tinuous supervision of the bearing vibra- 
tion by the turbine engineer. A continu- 
ous record is obtained of bearing vibration 
in a manner not feasible with indicating 
instruments. Samples of such records 
when starting, when running, and when 
shutting, down are shown in Figure 9. 
The recorder instrument is an ordinary 
low range d-c milliammeter. 


Supervisory Circuits 


A supervisory panel for the equipment 
may be located at any convenient point. 
In the installation being described this 
panel is placed above the main control 
panel for the generator. There are four 
signals: 


The first is an alarm and a light operated 
by the vibration alarm relay at 8 mils vibra- 
tion. 


The second signal is a light which is normally 
energized. It starts to flash when an 
electron-tube filament burns out. Such 
action is initiated by the undercurrent 
relay which is in series with the amplifier 
filament circuit. Loss of filament current 
makes the protection inoperative. 


The third signal is a light which is normally 
energized and which becomes dark when 
the d-c power supply is interrupted. In 
this installation, the d-c power is used only 
for polarizing the master protective relay, 
hence, loss of that supply makes the pro- 
tective equipment inoperative. 


The fourth signal is the lights of the first 
and second signal both of which become dark 
when the a-c power supply is interrupted. 
Loss of a-c power deenergizes the amplifier 
and makes the protective equipment in- 
operative. 


Operating Experience 


No uncontrolled or accidental outage 
of the equipment has occurred since it 
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Figure 8. Vibration protection relay panels 


was placed in operation in October 1942. 
It has not been called upon to disconnect 
the generator automatically since no 
severe vibration has occurred. 


On one occasion a momentary ‘“‘ground”’ 
occurred on one of the wires that connect 
to the vibration detector. Since the 
“ground” potential at that point was 
slightly different from the “ground” 
potential where the amplifier was 
mounted, this voltage difference, being 
impressed on the first stage of the am- 
plifier, caused a surge of direct current 
to the relays and recorder. The recorder 
swung up-scale and the vibration alarm 
relay operated but the “ground” did not 
remain on the wire long enough for the 
master tripping relay to operate. The 
0.5-megohm resistor was then connected 
in the “ground” circuit at the amplifier 
to prevent incorrect tripping due to an 
accidental ‘‘ground.”’ 


When first installed the vibration alarm 
telay was adjusted to operate at six mils 
vibration. It was found that the relay 
would operate occasionally as the gen- 
erator was passing through its critical 
speed on starting or shutting down opera- 
The relay was readjusted to 


tions. 


operate at eight mils vibration and no 
further relay operations of this type have 
been reported. 

On two or three occasions the vibration 
alarm relay has operated and reset as 
the generator load was being increased. 


. It was found that the machine experi- 


enced abnormal vibration of short dura- 
tion as some of the steam valves are 
opened to increase the power output of 
the turbine. This behavior does not 
occur each time the load is brought up 
on the machine, in fact its occurrence is 
more ‘‘the exception” than ‘‘the rule.” 


Maintenance 


Maintenauce on the vibration protec- 
tive equipment may be made to fit in 
with maintenance on other generator 
protective relays. The amplifier, relays 
and recorder should be calibrated on the 
same schedule with generator differential 
relays. 

The amplifier tubes should be replaced 
every three to six months assuming they 
are in service continuously. The replace- 
ment tubes for the push-pull stage should 
be selected for balance beforé being 
installed. 

The vibration detector should be 
inspected at times when the machine is 
shut down to determine whether any 
parts have become loose; once a month 
is often enough. 

The usual attention to paper and ink 
must. be given the recorder. 


Conclusions 


1. A simple scheme is made available for 
suitable and fast vibration protection for 
rotating machinery. 


2. The protective scheme provides suitable 
protection against magnetic unbalances as 
well as against mechanical unbalance in 
rotating elements. 


3. The equipment described has been in 
service since 1942’ and has given a record 
of reliability entirely satisfactory for large 
turbogenerator protection 


VIBRATION IN MILS 
o 


4 
er emery sco emaNG Oo Sawa eee 
—— comet, We 


) ol ET, 
do EX EGRESE NSS SEEN WEN SE, MERC) 


| (2PM. | 1AM. 
UNDER LOAD SHUT AT 


DOWN STANDSTILL 
PERIOD 


6 A.M. 
AT STARTING UNDER LOAD 
STANDSTILL PERIOD 


Figure 9. Typical vibration recorder charts for turbogenerator bearing 
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Measured Electrical Constants of 270- 
Mile 154-Kv Transmission Line 


C. A. STREIFUS 


MEMBER AIEE 


Synopsis: Results of’ measurements are 
presented of fundamental electrical con- 
stants of a 270-mile 154-kv transmission 
line. Comparisons are made _ between 
values obtained from test and those ob- 
tained from circuit dimensions and com- 
putations, thus providing a check on some 
conventional methods of determining basic 
line impedance and admittance units. 
Included are unit resistance, inductive 
reactance, and capacitive susceptance to- 
gether with ABCD constants and charac- 
tertistic impedance of positive-phase se- 
quence, zero-phase sequence, and one- 
conductor-and-ground long-line networks. 


ART of results obtained from meas- 

urement of electrical constants of long 
transmission line have been presented pre- 
viously.1 Interest shown in these meas- 
urements and request for additional in- 
formation led to this more complete pres- 
entation of data and results of tests 
which will be of interest to engineers who 
follow long-transmission-line theory and 
practice, relay application, and fault 
studies. 

Engineers desire to check theory behind 
development of formulas and constants by 
actual measurement. Thus theoretical 
procedures which may include many fac- 
tors and assumptions might be replaced, 
if possible, by more simple methods. 
Check measurements of zero-phase-se- 
quence impedances especially are desir- 
able, because calculations for these include 
effect of indefinite factors, such as, aver- 
age distance between shield wires and 
conductors, their average height above 
ground, effect of earth-resistivity and re- 
actance, and variations in construction 
from the straight-line structure. To a 
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lesser degree perhaps, a check of positive- 
sequence values is also desirable to deter- 
mine importance of assumptions used in 
theoretical calculations. 

Since new-type impedance relays de- 
scribed previously*:* were being applied, 
and since accurate basic data for deter- 
mining normal and short-circuit condi- 
tions were desired for satisfactory opera- 
tion and protection, measurements of unit 
values were made upon completion of line 
but before it was placed in operation. 
These data obtained from measurements, 
also provided information to check relay 
settings previously computed from theo- 
retical sources. 

Specific methods of determining line 
constants are not recommended and a 
comparison between methods of computa- 
tion is not made, but rather the paper is 
intended to present simply results of field 
measurements and to compare these with 
values obtained through some conven- 
tional procedures. 


Line Construction 


Typical structure used on straight-line 
construction is shown in Figure 1. Figure 
2 gives average spacing and configuration 
of conductors and shield wires. Hori- 
zontal distances are same as those at 
typical straight-line structure and vertical 
distances are assumed as average con- 
sidering that sag of shield wires is less 
than sag of conductor. Line is 268.52 
miles long without intermediate switching 
stations or taps. Ruling span is 600 feet. 
It is single-circuit of wood-pole H-frame 
construction with horizontal conductor 
spacing of 14 feet 6 inches. Conductor is 
0.683 inch in diameter and is 250,000 
circular mils of hollow hard-drawn copper. 
At straight-line structures, it is sup- 
ported by ten 10-inch suspension insula- 
tors having 5%/,-inch spacing, and 15 in- 
sulators are used on grounded steel sup- 
ports and dead ends. Two %/3-inch high- 
strength galvanized-steel overhead ground 
wires shield line. These have vertical 
clearance above power conductors of 
about 10 feet at structures and about 18 
feet at mid-span. A steel cross member 
supports overhead ground wires and con- 
nects these to both pole grounds at each 


Figure 1. Typical structure, 154-kv line 


structure. Pole ground is number 6 steel 
wire carried down pole and wrapped around | 
base. There are no counterpoises on line. 
Shield wires are connected to station 
grounds at terminals. There are three 
complete transposition barrels in line. 


Test Procedure and Conditions 


Measurements were made by applying 
potential from 2,400/4,160-volt 60-cycle 
source supplied from three 50-kva 13,800- 
2,400/4,160-volt Y-connected _ trans- 
formers at one terminal with conductors 
at other end appropriately connected for 
six short- and open-circuit tests listed in 
Table I. Portable ammeters, voltmeters, 
and wattmeters of good quality and re- 
cent calibration were used with outdoor 
instrument-type current and potential 
transformers at terminal at which poten- 
tial was applied. Similarly ammeters and 
voltmeters were used at opposite ter- 
minal. All measurements include im- 
pedance of carrier-current wave traps 


e ot 2 hey 
om S>\ |. 
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Figure 2. Conductor and shield-wire con- 


figuration. Approximate average spacings 
and heights above ground are shown ; 
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which were in service as part of the com- 
munication system used throughout tests, 
but 60-cycle effect of these was negligible. 
Atmospheric temperature during five or 
six hours of testing ranged from 75 to 90 
degrees Fahrenheit with perhaps 85 
degrees as an average value. 

Phase rotation of terminal systems 
was also compared using a phase-sequence 
instrument and found to check transposi- 
tion plan. This was later confirmed when 
systems were synchronized first time. 
Open- and short-circuit impedances, 
ABCD constants, unit impedance and ad- 
mittance values, and characteristic im- 
pedances were calculated from instru- 
ment readings of amperes, volts, and 
watts as discussed in Appendix I. 


Summary of Results 


Tables I to VII, inclusive, summarize 
data taken during tests; compare line 
constants obtained from these data with 
those obtained from computations; and 
list other related information. For brev- 
ity, word ‘“‘measured”’ applies to values 
obtained through supplementary calcu- 
lations from test data, and word ‘“‘com- 
puted” applies to values obtained from 
references or from computations based 
on physical dimensions of line and on 
conductor and shield wire configuration. 
In following discussions, ‘“‘reactance’’ re- 
fers to inductive reactance, and ‘‘sus- 
ceptance’’ refers to capacitive suscept- 
ance. Symbols are explained in Appendix 
VI. 

Table I lists impedances as viewed from 
instruments with conductors at other end 
open- or short-circuited to ground and as 
obtained from supplementary calcula- 
tions using data from ammeter, volt- 
meter, and wattmeter readings. Also 
included are computed values of open- 
and short-circuit impedances obtained 
from ABCD constants in Tables II, III, 
and IV. Tests A and B, Cand D, E and 
F give basic data for positive-phase se- 
quence, zero-phase sequence, and one- 
conductor-and-ground networks, respec- 
tively. Test B was repeated with conduc- 
tors short-circuited together at far end 
but not grounded. Instrument readings 
were same as before. There was no po- 
tential between short-circuited conduc- 
tors and ground, indicating balanced 
impedance of conductors. 

Table II indicates that positive-phase- 


sequence values of resistance and react-’ 


ance are higher than computed values 
with susceptance being slightly smaller. 
Difference between measured and com- 
puted values may be result of not taking 
into account effect of ground and shield 
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Table |. Summary of Tests and Impedance Data 


Measured Impedances in Ohms as Viewed’ 


From Instruments 


Test Description Test Symbol R +jXLtor—jXc Z/é Computed 
Balanced three-phase potential ap- 
plied to three conductors with Ay = 
them open at other end..............4 Aves -Zocp = 21.2 . —j648....648/88.13....646/88.03 
Balanced three-phase potential ap- sf 
plied to three conductors with 
them shorted and grounded at Bp 
Other eid alti ectave cictre alte thee ww itsete eh Barre Zscp=4q- DR RCO Syn ee ties (20S/10:Ol LE MoD has 
Single-phase potential applied be- P 
tween all three conductors and 
ground with them tied together Zocd Ao — — 
and not grounded at other end......., Grea 3 38Q°°° 21.2 . —9273....275/85.6 ....270/84.29 
Single-phase potential applied be- e 
tween all three conductors and 
ground with them tied together Z Bo 
and grounded at other end........... DizeA ssa. .. 88.2,...+9232....247/69.1 ....275/64.39 
Single-phase potential applied be- 3 ¢ 
tween one conductor and ground A 
with it not grounded at other end....E....Zoct =GQ:: 34 ....—j707....707/87.25....695/86.53 
Single-phase potential applied be- ‘ 
tween one conductor and ground By 
with it grounded at other end......... Fe. Zsa= 4 -..150 ,...+79399....426/69.4 ....430/67.9 
1 ersten pScatlb 
Table Il. Positive-Phase-Sequence Constants 
ApBpCpD») Constants 
Ap Bp Cy 
Measured). ic ccc <a deinteoatwydg O853/ BDO Seis pie: Sereye att 220 [TFs COsORMS),, esa aus aye. 0.001316/91.32 
Compited’s ..ccaces chievinsess OS54/ 2.84050 Panos oh 214/74 :32 ohmS, oo hoses 0.001332/90.87 
Per mile values 
Resistance Inductive Reactance Capacitive Susceptance 
Tp, Ohms jxp, Ohms jbp, Micromhos 
Measured menen sd ae cl pei Cone D4+ @. test temps, a iiece ete alae wax FOS 28s a sictasccersiees @ s witave Mepote g5.14 
‘Compttedaycc .-. nya tee 0:238 '@ 25 dex Cn. occ. coe as FOSSOS sie fausse sas seycastpyeval sr ehanels j5.18 
Characteristic impedance 
Tr 1 peda. ieee 
W/ Zoo 2aen V 2p/ Xp V2p/¥p CpDp 
Measured yn t.ts airs masta a hye BOO /Biiiliennters «> «4 BOO LSIOG Sang tere =. 409/8:58 oo). 6% Gatias 409/8.77_ 
Computed’. Farce oaks as 403 /8,28 io iad eu ADB /Bi2B ie ote oe 403/8.255 00h s asnion 403/8.28 


wires in conventional computations and 
of angles in line and other factors causing 
departure from uniform construction. 
Characteristic impedance of 409 ohms is 
near 400-ohm value commonly accepted. 

Table III shows that measured zero- 
phase-sequence resistance and reactance 
unit values are smaller than computed 
values which are based on small current 
flow of one or two amperes in shield wires 
believed to be comparable to that flowing 
during tests. During fault conditions, 
currents are high causing some change in 
resistance and reactance of shield wires. 
Assuming 40 amperes flowing in each 
shield wire, computed unit values are: 
m=0.696 and x=2.44. Susceptance 
values are same, possibly due to rather 
complete method of calculating referred 
to in Appendix V. 

Table IV values for a one-conductor- 
and-ground circuit are of interest al- 
though they are not actually used in con- 
ventional high-voltage-transmission-line 
and system-fault calculations. Measured 
unit resistance is lower than computed. 
Reactance and susceptance values com- 
pare favorably. Computed values of re- 
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sistance and reactance in this case, also 
depend on amount of current assumed 
flowing in shield wires. Of course, com- 
paratively small currents flowed during 
measurements. Computed values listed 
assume about one or two amperes flowing. 
With 40 amperes assumed in each shield 
wire, computed unit resistance and react- 
ance values are: 7=0.389 and x,=1.35. 
Characteristic impedance of 550 ohms 


measured at 60 cycles is of interest and. 


compares with 500-ohm value commonly 
used for a single-wire and ground circuit 
and in design of lightning-proof lines. 
One-conductor-and-ground circuit meas- 
ured forms part of carrier-current chan- 
nel, 

Table V summarizes characteristic 
impedances obtained from data taken 
during tests. 

Table VI givesimportant ratios. Those 
obtained from measured data are lower 
except ratio of susceptances which are 
nearly equal. 

Table VII gives ratios of sending-to- 
receiving current and voltages for the 
several tests. It will be noted that re- 
ciprocal of voltage rise ratios in tests A, 
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Table Ill. Zero-Phase-Sequence Constants 
AoBoCoDo Constants 
Ao Bo Co 
WWeasisted fichrejecciosseis's apse cies 0.735/6 - «2. .ne see ens SAB / TO. OFS Madiyiosser we 0.000892/91.6 
Gora PUted | se) «ise» a/ays|hhepe er OLVAC A788 cewlese inles 590/722 OBIS ice oe lers shores 0.000885/92.17 
Per mile values 
Resistance Inductive Reactance Capacitive Susceptance 
ro, Ohms jxo, Ohms jbo, Micromhos 
Measured tvs «vie ee 0.636 @testtemp............... IAEA SS CSL ic cicrotatale sated 93.65 
WanIputeds wrayeiacn< oye ere 0:829:@ 2bhideg:C aan sere FLEE disinh vir ee, Reergs aaa eee j3.65 
Ch istic impedance 
EI ie ile impe ABs 
V ZoeoX Zed WV Zo/Yo V20/ 0 CoDo 
WVREAGITOEM 32). \) dor shes eyt is vie. oveie %83/ 8:25. sien ace vite TBZ/S28. a's aise give CS2/828 fates tre 783/8.25 
SOmup ited arty inis- nncsieleielnie B1G/ OOO. sins ne we SIG/NO SR haloes 816/995 5 inca 816/9.95 
Table IV. Constants of One-Conductor-and-Ground Circuit 
AiB)C;D; Constants 
Ay Bi 7#Ci 
IP CASUBEE rey. wie iave wie orelsve viene OOS MESO hc cokucle epee 340/73.79 ohms. i045... 0003 0.001130/91.64 
omptted hit)t aye absie ner OO 4a Cera, mul emer 342/72.8:0hmS. Pig see's sivas 0.001145/91.43 
Per mile values 
Resistance Inductive Reactance Capacitive Susceptance 
ri, Ohms jx:1, Ohms jbi1, Micromhos 
Measured...3..........0.408 @ test temp... 2.025... 9 PLC ION Ses i tate Pera te aired j4.46 
GOMmOULe sea c(o iv nies! sed 0.438 @ 26 degC... civ ae LBS vst Sein Sarton, Site j4.6 
Characteristic impedance Pet Se 
ae ee ye 
V Zoe X Zaer V2Z1/%1 Vv 21/y1 C:D: 
Measured) int ./< ths w'aisierel tae 5§0/8.93:\0, Jo wee SDL/ 8.7.5 jessie then BBLS STD £2 0 .« d:0 pie ve 550/8.93 
Computed — artists umes: ar = BAS (Be ee hye ase BAT / 9132 eee ts ee $47 /9.32 300% 23 ives 548/9.32 


C, and E, in which far-end conductors 
were not grounded, check very closely 
with the A constant as they theoretically 
should do for that particular arrangement 
of conductors. Reciprocal of current rise 
ratio of test B closely gives A constant. 
In this test conductors were tied together 
at far end and grounded, but as mentioned 
above, grounding had no effect on im- 
pedances measured. Also no current 
flowed through earth. However, re- 
ciprocal of current rise ratios in tests D 
and F do not give accurately the A con- 
stant. In tests D and F, conductors were 
grounded and current returned through 
ground and shield wires. This would in- 
dicate that unit values, particularly resist- 
ance and reactance, are slightly different 
for conditions with conductors grounded 
and not grounded in zero-phase sequence 
and one-conductor-and-ground circuit 
networks. 

With no potential applied there was no 
indication of induced voltage on line when 
measured by potential transformers and 
voltmeters. During attenuation tests at 
carrier frequencies a two- or three-volt 
potential was observed between one con- 
ductor and ground using a vacuum-tube 
voltmeter shunted by 550-ohm resistor, 

‘indicating that any induced voltage ef- 
fects were small. During test Z in which 
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Table V. Summary of Characteristic or Surge 
impedances 


Measured Computed 


From positive-phase se- 
quence data, Conduc- 
tor-to-conductor or con- 
ductor - to - equivalent 
MGuindl: Sie ds ihre arte 409/8.77.... 

From data taken with all 
three conductors tied 
together. Characteristic 
impedance between 
three conductors tied ee 
tog2ther and ground...... 261/8.25.... 

Zero-phase-sequence char- 
acteristic impedance or 
three times preceding vf A 
Valdes: GLELY AL eee enon 783/8.25. ... 

For  one-conductor-and- yse 
eround, CreuIrtss 2. acter 550/8.93..... 


Table VI. Ratios of Zero-Phase- to Positive- 
Phase-Sequence Resistance, Inductive React- 
ance, Impedance, and Capacitive Susceptance 


t0/Tp X0/Xp Zo/Zp bo/bp 
Measured...... 25) Crs 2:6 Eaattiene VIAN CAP 0.71 
Computed...... 3:AB) ale 2.84..... 2688.2 5.alsre 0.705 


2,400 volts to ground was applied to one 
conductor only, potential between other 
two conductors and ground measured at 
far end was 300 volts. There was no ap- 
preciable unbalance of reactance between 
the three conductors as shown by three 
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i 
Current and Voltage Rise or In- 


crease 


Table VII. 


Rise 
Current or Voltage 
at Energizing End 

Divided Into Values 


Test at Other End 


A...Balanced three-phase po- 
tential applied to all 
three conductors with 
them open atotherend... 

B...Balanced three-phase po- 
tential applied to all 
three conductors with 
them short-circuitedand 
grounded at other end... 

C...Single-phase potential ap- 
plied between all three 
conductors and ground 
with them tied together 
and ungrounded at other 
CNG ste a os ole eee Voltage—1.36 

D...Single-phase potential ap- 
plied between all three 
conductors and ground 
with them tied together 
and grounded at other 
CUD gaa Soret k o winrar Current—1.4 

E....Single-phase potential ap- 
plied between one con- 
ductor and ground with 
it ungrounded at other 
bid ae das Pieter nates Voltage—1.26 

F.. .Single-phase potential ap- 
plied between one con- 
ductor and ground with 
it grounded at other 
end’. 2555 MAB Dts ....Current—1.34 


aa 


. Voltage—1.18 


. Current—1.2 


line-to-neutral impedance values of 257.5, 
257.5, and 258 ohms which were com- 
puted using three-phase values taken dur- 
ing test B. 


Summary of Conclusions 


Comparison of measured and computed 
constants for this type of line construction 
show: 


1. Measured and computed positive 
sequence units of resistance, reactance, 
and susceptance are substantially equal- 
For most practical purposes conventional 
calculating methods of determining these 
constants. are satisfactory. 


2. Measured and computed zero-phase 
sequence impedances compare favorably. 
Computed values from line dimensions are 
satisfactory for most purposes. 


3. Measured and computed constants 
compare favorably for a one-conductor-and- 
ground channel or circuit of type measured 
during tests. ' 


4. Greatest difference between measured 
and computed line constants occurs in 
zero-phase-sequence resistance and _ re- 
actance values. This is probably due to 
assumptions made and difficulty of taking 
into account:all factors in complex physical 
arrangement of conductor and shield wires 
and connections of shield wires to ground; 
resistance and reactance of shield wires 
varies with current; position of shield 
wires above conductors varies along line; 
transpositions; and indefinite value of 
resistance of earth. “Average earth re- 
sistivity may be less than assumed 100 
ohms per meter cube as shown by values 
of resistance for zero-phase and one-' 
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conductor-and-ground circuits being less 
than computed unit values. 


5. Ratios of zero-phase-sequence resist- 
ance, reactance, and impedance to positive- 
phase-sequence values obtained from test 
measurements are less than those obtained 
from computed values. Ratio of suscept- 
ances as determined by measurement are 
slightly higher than those from computed 
values, 


6. Measured characteristic impedance con- 
ductor-to-conductor of 409 ohms is higher 
than theoretical, but is near 400-ohm value 
commonly accepted. 


7. Measured characteristic impedance of 
zero-sequence circuit is about 783 ohms and 
is lower than computed. 


8. Measured and computed characteristic 
impedance conductor-to-ground with shield 
wires is about 550 ohms depending on 
current magnitude and ground conditions. 
One-conductor-and-ground circuit without 
shield wires may have characteristic im- 
pedance much greater than 550 ohms. 
Thus carrier relay tuning equipment con- 
nected between one conductor and ground 
should have adjustment range sufficient to 
permit matching impedances considerably 
above 400- and 500-ohm values commonly 
used for open-wire transmission circuits. 


9. Zero-phase-sequence and one-conductor- 
and-ground circuit measurements were 
made with comparatively small currents 
flowing in shield wires, due principally to 
inherent low voltage of test method. Al- 
though resistance and reactance of shield 
wires vary with current magnitude and may 
be a different value during fault conditions 
when higher currents flow than when 
measured using low currents, values ob- 
tained by measurement check conventional 
methods of computing line constants. 


10. Exact methods should be used: in 
calculations to determine ground and phase 
currents for relay settings on long trans- 
mission lines. 
methods can result in errors ot considerable 
magnitude. 


Appendix |. Computation 
Procedure 
Short- and open-circuit impedances 


viewed from instrument end and listed in 
Table I were determined from ammeter, 
voltmeter, and wattmeter readings. Pillar 
and architrave values of equivalent 7 
network described in Appendix II were 
computed by means discussed in Appendix 
Ill. ABCD constants of network were 
determined from these by formulas given 
in Appendix IV, and were checked using 
rule AXD—BXC=1 as well as other rela- 
tionships listed in Appendix IV. Unit or 
‘per-mile values of resistance, reactance, and 
susceptance were determined from these 
ABCD constants by a cut-and-try pro- 
cedure discussed in Appendix IV. A second 
group of ABCD constants was calculated 
from these unit values and compared with 
original ABCD constants as a check on the 
per mile values to see that they would yield 
constants equal to those from which they 
were derived. This procedure was followed 
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Short-line or approximate ' 


for positive-phase, zero-phase, and one- 
conductor-and-ground network constants. 

Unit positive-phase-sequence values were 
obtained from manufacturer of conductor 
and reference 4. Zero-phase-sequence and 
one-conductor-and-ground-circuit unit 
values were computed from line dimensions 
as explained in Appendix V. These unit 
values are compared with those obtained 
through measurement as listed in Tables 
II, III, and IV. ABCD constants were 
computed from these theoretical values. 
These constants also are compared with 
measured values in same tables, together 
with open- and short-circuit impedances 
and characteristic impedances. A and D 
constants were assumed equal. 

All calculations were made on con- 
ventional 10-inch slide rules with most of 
them on vector types. No attempt was 
made to carry calculations and decimal 
places further than accuracy of basic test 
data. Considering computation procedure 
and that exact long-line formulas were 
used in determining constants and unit 
values, it is believed results are accurate 
within plus or minus one per cent. 

The 60-cycle impedance of about 0.2 
ohm of carrier-current traps was considered 
too small to be included in the calculations. 
Since sag and tension add only about 
one half of one per cent to actual length of 
conductors over surveyed line length, these 
factors were not taken into consideration. 

While there may appear to be slight 
repetition of comparison of values, for in- 
stance characteristic impedances are given 
in Tables II, III, and IV and then they are 
summarized in Table V, this is done to 
acquaint reader with relative magnitude of 
these impedances and their relationship. 

Positive-phase-sequence A and C con- 
stants in this paper differ slightly from 
those given previously ' because of use of 
a more direct route of calculating them. 
That is, knowing Band Z,,, D or A can be 
determined more directly from Z,.=B/D, 
than from Z’.g=B/(A—1). However, these 
ABCD constants do not change unit values 
previously determined because those values 
are still within accuracy of method and 
basic data. 


Appendix Il. Equivalent Network 


Figure 3 represents equivalent 7 network 
of transmission line used in calculating 
constants and checking impedance relation- 
ships of positive-phase-sequence, zero-phase- 
sequence, and one-conductor-and-ground 
circuit. For positive phase sequence, pillars 
represent shunt susceptance and architrave 
equivalent line or transfer impedance. 
Pillars represent line-to-ground capacitance 
and architrave the through impedance for 
all three conductors in parallel which was 


Zeg 


Zeq Zeq 
Figure 3. Equivalent x network used to repre- 


sent positive-phase, zero-phase, and one- 
conductor-and-ground circuits 
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condition when basic zero-phase-sequence 
data were taken. For zero-phase-sequence 
circuit, these equivalent impedances are 
multiplied by three. For one-conductor- 
and-ground circuit, pillars represent> ca- 
pacitance between that conductor and 
ground, and architrave the through im- 
pedance. 

Referring to Figure 3, Z,, is open-circuit 
impedance looking into network with 
opposite end open. Z,, is impedance look- 
ing into network with opposite terminals 
short-circuited together. 


Appendix Ill. Relation Between 
Lair Lien yee and 7 hop 


Refer to Figure 3: 


Vip SOAS, 
Zo = SE (1) 
Leg 1 Z eq 
Z' eq Z' eq Zea) 
2-H at a) 
eq eq 
From (1): 
APSO A! 
Zqn 3) 
Z eq —Lee 
Substituting this in (2) and reducing gives: 
yA: 
Zoc= — (4) 
ea te apy A 


Solving for Z’.g: 
Z'q=2el aft 241) (5) 
Zoe 


which gives Z’., in terms of measured Zi. 
and Z,, values. Substituting results from 
equation 5 in equation 3 givesZ,,. Equations 
3 and 5 were used to obtain components of 
equivalent + from Z,, and Z,, values as 
measured. 


Appendix IV. Relationships of 
General Constants and Unit 
Values 


Following formulas were used to obtain 
ABCD values from open- and short-circuit 
impedances, and to check results: 


A D 
Loc=- =o (6) 

(OO 

B B 
aa 7 
Za (7) 
Z.9=B (8) 

B 

Nae 9 
Liga a () 
AXD-—BXC=1 (10) 


Expressions for ABCD constants from 
references 4 and 65 are: 


A=D=cosh V/ ZY’ . 
ZY ZY? ZY? 
~(14 2 ae +.) 


11 
24 = 720 es. 
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B= y2 sinh / ZY 


ZY ZY? Zy¥Y3 

=Z| 1--— Hae 12 

( “5 6 x 120 5,040" ) Ge) 

C=+4/— sinh~/ ZY 
Ne 

=Y pees ae = (13) 
5 6 120 5,040 ~"" 
Unit resistance, reactance, and _ sus- 


ceptance were obtained from equations 11 
and 12 and from 


Z=L(r+jx) 
¥=L(g+jb) 


by first equating value of A obtained from 
Zc and Zs, to expression 11. ZY in series 
of (11) was found by cutting-and-trying. 
This was then substituted in (12), and know- 
ing B, Z was found and then Y. Unit 
values were found from equations 14 and 
15. Y was found to have a very small 
conductance component g, but this was not 
retained because its value was considered 
to be too indefinite for methods used. 


(14) 
(15) 


Appendix V. Unit Resistance, 

Inductive Reactance, and Capaci- 

tive Susceptance From Line Dimen- 
sions 


Positive-phase-sequence unit constants 
were obtained from tables and following 
methods given in chapter III of reference 4. 
Values obtained are: 


’,p=0.238 ohm per mile at 25 degrees 
centigrade and 60 cycles 
jXp=j0.803 ohm per mile 
70, =j5.18 micromhos per mile 


These do not include effect of earth and 
shield wires. 

Zero-phase-sequence unit constants were 
obtained following methods given in chap- 
ters VII, VIII, and IX of reference 5 and 
chapters XI and XII of reference 6. Values 
obtained are: 


ro=0.829 ohm per mile at 25 degrees 
centigrade and 60 cycles 
jxo=j2.28 ohms per mile 
jbo9=j3.65 micromhos per mile 


These include effect of shield wires. 
Average spacings and geometric-mean- 
distances were used in an effort to include 
effect of transpositions and different sag 
of conductors and shield wires. 

Unit constants of one-conductor-and- 
ground circuit were obtained following 
methods given in chapters VII, VIII, and 
IX of reference 5 and chapters XI and XII 
of reference 6. Values obtained are: 


r,=0.438 ohm per mile at 25 degrees 
centigrade and 60 cycles 
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jx: =j1.3 ohms per mile 
jb,;=j4.6 micromhos per mile 


These values include effect of shield 
wires. An average geometric-mean-dis- 
tance between one conductor and shield 
wires was used in calculations for unit 
inductive reactance. Likewise average 
spacings were used in calculations for unit 
capacitive susceptance. 

Following is a summary of basic as- 
sumptions, geometric-mean-radii, geomet- 
ric-mean-distances, and related data used 
in computing unit constants from line 
dimensions: 


An earth resistivity of 100 ohms per meter cube 
was assumed. 

Equivalent depth of earth return was taken as 
2,800 feet. 


Conductor diameter=0.683 inch. 

Conductor resistance =0.238 ohm per mile at 25 
degrees centigrade. 

Equivalent conductor spacing =18.25 feet. 
Geometric mean radius of conductor for inductive 
reactance =0.0245 foot. if 

Geometric mean radius of conductor group for 
inductive reactance = 2.02 feet. - 

Geometric mean radius of conductor group with 
14.5 feet spacing for capacitive susceptance = 2.11 
feet. 


Shield wire diameter taken as 0.375 inch. 
Shield wire resistance: 
For current of 1 or 2 amperes = 4 ohms per mile. 
For 40 amperes =7.4 ohms per mile. 
Shield wire geometric mean radius for inductive 
reactance: 
Low current of 1 or 2 amperes = 10 ~ feet. 
For 40 amperes = 10 ~!° feet. 
Geometric mean radius of shield-wire group for 
inductive reactance: 
Low current of 1 or 2 amperes =0.132 foot. 
For 40 amperes=4.18X1075 feet. 


Geometric mean distance of separation between 
conductors and shield wires=19.55 feet. 
Geometric mean radius of shield wire group for 
capacitive susceptance=0.523 foot. 

Geometric mean distance of separation between 
conductors and images for capacitive susceptance = 
67 feet. 

Geometric mean distance of separation between 
one shield wire and conductor images for capacitive 
susceptance=81.5 feet. 

Average geometric mean distance of separation 
between one conductor and shield wires for in- 
ductive reactance = 19.5 feet. 


See Figure 2 for average conductor and 
shield-wire spacings and distance above 
ground. 


Appendix VI. Nomenclature 


ABCD—General constants of any four 
terminal network not having an internal 
source of voltage. 

A,B,C,D,—Positive-phase sequence gen- 
eral constants. 

A,.BoCoDo.—Zero-phase sequence general con- 
stants. 

A,B,C,D,—General constants of one-con- 
ductor-and-ground circuit. 

1pjXpjbp—Positive-phase sequence per mile 
values of resistance and inductive react- 
ance in ohms and capacitive susceptance 
in micromhos. 

0jX0jbo—Zero-phase squence per mile values 
of resistance and inductive reactance in 
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ohms and capacitive susceptance to 
micromhos. 

1 jx1jb;—One-conductor-and-ground per mile 
values of resistance and inductive re- 
actance in ohms and capacitive sus- 
ceptance in micromhos. 

Zocp, Zscp—Positive-phase-sequence imped- 
ance in ohms looking into line with far 
end open-circuited and short-circuited, 
respectively. if 

Zoo, Zsco—Zero-phase sequence impedance 
in ohms looking into line with far end 
open-circuited and short-circuited to 
ground respectively. These are three 
times impedances obtained with all three 
conductors paralleled. 

Zoe Zser—Impedance looking into one- 
conductor-and-ground circuit with far 
end open-circuited and short-circuited to 
ground, respectively. 

Z.q—B constant or architrave of equivalent 
general 7 network in ohms. 

Z'-g—Impedance of shunt path in ohms at 
two ends or pillars of network. 

Z/8’—Impedance in ohms. 

z/8—Impedance, ohms per mile. 

Z,Z.2,—Total line impedance or L(t, + 
jxp), L(rotjxo), L(ri+jx1) respectively. 

Y, YoY:—Total line admittance or L(g,+ 
jbp), L(got+jbo), L(gitjbi) respectively. 

I—Line length in miles. 
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A Pneumatic Mechanism for Outdoor 
Oil Circuit Breakers 


L. J. LINDE 


ASSOCIATE AIEE 


PERATING mechanisms for power 
circuit breakers differ from most ma- 
chines in that: 


1. Moderate amounts of energy must be 
released quickly and easily at a high power 
Tate. 


2. Energy must be available for their op- 
eration under emergency conditions, par- 
ticularly when normal power sources would 
be interrupted. 


These particular conditions are satisfied 
readily by a stored-energy system where 
energy is accumulated with moderate 
rates of power and held ready for instant 
consumption. Stored-energy systems can 
be selected in many forms. The rubber 
bands of a toy airplane are one form, the 
rocket projectal another. Switchgear 
however places a premium on reliability, 
not on lightness or novelty, a demand that 
considerably restricts the practical choices 
that can be made. 

Of the several choices that are avail- 
able, storage batteries, compressedsprings, 
and compressed-air systems have histories 
of satisfactory applications as energy ac- 
cumulators for power circuit breakers. 
The high closing speeds of modern oil cir- 
cuit breakers demand a rather large 
amount of power during a short interval of 
time. The larger circuit breakers may re- 
quire more than 5,000 foot-pounds in 20 
cycles during closing. To close a breaker, 
the mechanism must transform 20 kw of 
power to mechanical energy. Such de- 
mands for power can be supplied most ef- 
ficiently from an energy accumulator lo- 
cated close to the circuit breaker. Losses 
over any distance naturally will reduce 
- the available power at the breaker unless 
the capacity of the transmission channel, 
such as control-power leads or air lines, is 
increased considerably. Storage batteries 
suffer that particular handicap. They are 
economical when located centrally, and 
where they. can be properly maintained 
and protected. They are not economical 
nor very practical when placed adjacent 
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to each of a scattered group of circuit 
breakers. With batteries located at a cen- 
tral point, the 7R drop of the control leads 
is of concern when control power is dis- 
tributed over the distances to the breakers 
of a high-voltage yard. 

Energy, however, can be economically 
and practically stored at each circuit 
breaker as compressed air or as stressed 
springs. Air can be compressed by small 
commercial motor-driven air compressors, 
stored in a moderate-size tank and re- 
leased by an electrically operated control 
valve. Energy also can be accumulated 
and stored by compressing springsthrough 
a motor and gear-reduction unit, released 
and controlled by a suitable system of 
levers and latches. The methods of ac- 
cumulating, storing, releasing, and con- 
trolling the energy of these media deter- 
mine the success of the final circuit breaker 
under operating conditions. The mecha- 
nism discussed in this paper uses com- 
pressed air as the stored-energy operator. 
The choice has been made after a careful 
analysis of the listed advantages: 


1. Energy is accumulated through a simple 
and familiar fractional-horsepower motor 
and standard air compressor. Power de- 
mands are held to a low value. 


2. The energy is stored in an air-storage 
tank at the circuit breaker. 


3. The closing power is released and con- 
trolled through a low-energy electrically 
operated air valve, other mechanical reduc- 
tions being unnecessary. 


4. Compressed air has little inertia. It is 
fast, and its resilience moderates accelerat- 
ing forces. 


5. The speed of response and lack of inertia 
of compressed air permit a ready reversal of 
flow to trip free the contacts of a circuit 
breaker. 


Against these choices must be consid- 
ered the apparent handicaps of com- 
pressed-air systems: 


1. Storage must be nearly airtight, and, 
theoretically, leakage must never equal the 
rate of accumulation by the compressor, 
Practically, the leakage should be held to a 
small percentage of this rate. 

2. Moisture in the air may give difficulties 
at freezing temperatures. , 


The mechanism here described has been 
developed with emphasis on the elimina- 
tion or control of the handicaps listed. 
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Practical solutions to the problems of 
moisture formation with freezing and air 
leakage have been developed and tested 
carefully. It is believed that this com- 
pressed-air system offers the advantages 
of a stored-energy system not readily 
available in other conventional operat- 
ing mechanisms. See Figure 1. 


Operating Characteristics 


The value of a circuit-breaker operating 
mechanism cannot be determined on the 
basis of energy storage alone, for the 
choice of an operating medium must in- 
clude a study of operating characteristics 
under ‘‘closing,’’ ‘“‘tripping,’’ “‘tripped 
free,” and ‘‘immediate reclosing’’ perform- 
ance cycles. This comparison of com- 
pressed air with other media already has 
been presented on the basis of energy stor- 
age. The benefits of pneumatic systems 
when designed to satisfy: these other oper- 
ating characteristics will be discussed. 


CLOSING CHARACTERISTICS 


With ample energy stored at the breaker 
as compressed air, the breaker contacts 
can be closed with desirable velocity and 
force characteristics through an air cylin- 
der. Air compressed above 100 pounds 
per square inch responds with unusual 
speed to control demands. Opening the 
air-control valve admits air to the cylinder 
assembly at a rate that permits full pres- 
sure build up before the contacts are in 
motion. Pressure is maintained at a rate 
determined by a controlled orifice, ac- 
celerating forces, and the opposing forces 
of the contacts. Figure 2A illustrates a 
typical pressure and travel curve as this 
mechanism closes a standard oil circuit 
breaker. Contactspeedsmay becontrolled 
closely by selection of the operating 
pressure. A controlled flow of air limits 
the “runaway” and “‘two-stage’’ action on 
contacts characteristic of some prime 
movers. This two-stage action, or hesi- 
tancy when the contacts engage, is par- 
ticularly undesirable when the breaker is 
closing against loaded lines or against 
fault current. Compressed air is positive 
and powerful in closing a circuit breaker. 


TRIPPING CHARACTERISTICS 


When used with a modern tank-type oil 
circuit breaker, a pneumatic mechanism 
uses compressed air to complete only the 
closing operation. Tripping or opening 
the breaker is accomplished by simply dis- 
engaging a holding latch or prop. The re- 
lease of this trip latch frees the opening 
and contact springs to open the contacts. 
The inertia of most prime movers may re- 
tard this opening speed unless the prime 
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mover is divorced from the contact struc- 
ture by a collapsible trip linkage. Sucha 
linkage may delay areclosure while it resets. 
The compressed-air mechanism, with 
little inertia, does not require a collaps- 
ible trip linkage. The output crank, freed 
from the holding latch by the trip coil, 
swings to its open position, and the mecha- 
nism is prepared to reclose the circuit 
breaker without delay. 


Trip-FREE CHARACTERISTICS 


In trip-free operations it is desirable 
that the contacts of the breaker be 
reversed in their motion before a clos- 
ing operation is completed. Heavy 
solenoids or motors, driving a closing 
mechanism, would be too slow in their 
mechanical response to a demand for re- 
versal of motion were it not for the me- 
chanically trip-free mechanisms employed. 
Such designs use collapsible linkages held 
rigid by a latch. Placed between the 
prime mover and the contact structure, 
this linkage’ can be collapsed by releas- 
ing the latch with a solenoid trip coil. 
The contacts of the circuit breaker, de- 
prived of their closing force, quickly re- 
turn to the open position. Unfortu- 
nately, the prime mover, being slow in 
mechanical response, commonly con- 
tinues to drive onward, accéleration and 
impact forces replacing the suddenly lost 
contact-closing load. 

The speed of compressed air and its im- 
mediate response to control provides a 
practical prime mover requiring only 
speedy control to reverse or release its 
driving power within the time limits re- 
quired of a trip-free operation. Fast con- 
trol is provided by an electrically oper- 
ated air-control valve. Power release is 
controlled by a dump or release valve 
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Figure 1. A pneumatic oper- 
ating mechanism for use with 
frame-mounted outdoor oil 
circuit breakers, viewedthrough 


REeANS the right-hand doorway 


RESERVOIR 


piping 


‘ 


a 
MECHANISM 


a CONTROL VALVE 


placed in the air line between the control 
valve and the cylinder. This dump valve 
is closed or opened by the balance of pres- 
sure between the control valve and cylin- 
der. It is closed when the control valve is 
open, the piston then closing the circuit 
breaker. If, during the closing cycle the 
control valve is closed, the sudden loss of 
pressure on the control valve side of the 
release or dump valve moves it to the 
open position, opening the cylinder port 
and exhausting the air in the main cylin- 
der. With this sudden loss of pressure, 
and closing force, the circuit-breaker con- 
tacts return to their open position (Figure 
2B). Thus a trip-free operation is affec- 
ted by closing the solenoid control valve 
during the closing stroke of the circuit 
breaker. Actual operating speeds equal or 
may exceed those of mechanically trip- 
free mechanisms using collapsible link- 
ages. Accelerating forces are not: sacri- 
ficed to moving such links and levers. Ex- 
cess energy is released as a blast of air 
from the release valve. An original de- 
sign of the solenoid control valve pro- 
vides the speed desirable in the electrical 
and pneumatic control (see Figure 4). 


IMMEDIATE-RECLOSING CHARACTERISTICS 


By reclosing instantaneously against a 
temporarily faulted line, modern oil cir- 
cuit breakers have, in many applications, 
made a major contribution to service con- 
tinuity. In many cases the worth of this 
contribution is dependent on the speed of 
reclosure. From the closed and latched 
position, the system may demand that the 
circuit be cleared and re-energized in as 
short a time as 20 cycles. Added to this 
requirement is the demand that the mecha- 
nism be prepared to trip free during the 
second reclosure. Mechanically trip-free 
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ry) 
mechanisms are available to satisfy these 
requirements. Their arrangements are 
generally particularly designed for such 
service. On the other hand the standard 
pneumatically trip-free mechanisms serve 
this purpose. The pneumatically trip- 
free mechanism is prepared to open, re- 
close, trip free, and reclose the contacts of 
a circuit breaker without delay in succés- 
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A. A closing operation with 120 pounds 
per square inch in the storage teservoir 
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B. A trip-free closing operation at 120 

pounds per square inch, with the trip circuit 

energized through the main contacts for this 

no-load test. The short time in contact (2.5 

cycles) demonstrates the speedy response of 
this pneumatic operator 
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C. A\n instantaneous-reclosing operation at 
120 pounds per square inch. Attention is 
directed to the initial travel of the piston at 
low pressure. Here it meets the backward 
movement of the contacts, gradually stopping 
their motion and returning them to the closed 
position A 


Figure 2. Time-travel curves of a pneu- 
matically operated standard. outdoor oil 
circuit breaker 


Instantaneous relations of cylinder pressure, 
piston travel, and breaker-contact travel are 
recorded. The curves are to a common scale 
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Figure 3. A diagram of a pneumatically trip- 
free operating mechanism latched in the closed 
position 
The control valve has closed; pressure in the 
cylinder has moved the dump-valve piston to 
the right, uncovering the ports and exhausting 
the cylinder 


sive operations (Figure 2C). Proper at- 
tention to control circuits makes this a 
most satisfactory operating mechanism 
for instantaneous-reclosing applications. 


Description of the Mechanism 


Functionally the operating mechanism 
may be divided into: 


(a). The prime mover, mechanical linkage, 
and operating controls, 
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(b). 


controls. 


Compressor, ait-storage equipment, and 


THE PRIME Mover, MECHANICAL 
LINKAGE, AND CONTROLS 


The arrangement of the mechanism is 
illustrated in Figure 1. It includes a 
frame, a closing linkage, a trip latch, a 
cylinder and piston assembly, a dump 
valve, and a control valve. The mecha- 
nism is supported rigidly on a pair of verti- 
cal channels forming part of the housing 
and bolted directly to the supporting 
framework of the oil circuit breaker. 

The closing linkage, Figure 3, consists 
of the output and toggle cranks arranged 
to operate as rolling toggles during the 
closing and in the latched position. Asa 
toggle this system adjusts the closing 


PERMANENT MAGNET POLE PIECE 


Figure 4. An elec- 
trically trip-free air- 
control valve 


The valve is sealed 
open magnetically 
and recloses as the 
holding flux is shifted 
by energizing either 
the trip-free coil or 
the cutoff coil 
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forces of the piston to the contacting 
forces of the circuit breaker. In the 
closed position a trip latch or prop drops 
under a roller on the lower toggle crank. 
Until this latch is forced from under this 
roller either by the trip solenoid or by 
hand, the breaker contacts are locked 
closed. An air-operated cylinder and 
piston are mounted directly to the mecha- 
nism frame. The piston plunger oper- 
ates against the roller of the lower toggle 
crank to force the mechanism to the 
closed and latched position. A hydraulic 
jack may be used against the lower piston 
extension for manual operations when 
the breaker is being inspected or main- 
tained. Because air pressure in the cylin- 
der is transient, it is not necessary to seal 
this part .of the system against normial 
leakage. The piston is fitted with a con- 
ventional piston ring. Mechanical clear- 
ances are not unduly close. 

The operation of the air piston is con- 
trolled by an electrically operated air 
valve shown in Figure 4. Energizing the 
“operating coil’ at the top of the valve 
lifts an armature coupled to a pilot valve. 
As this valve is opened, an unbalance of 
pressures opens the main piston valve. In 
the open position the armature seals 
against a small permanent-magnet pole 
piece. Near the end of the power piston’s 
closing stroke an auxiliary switch ener- 
gizes a small cutoff coil adjacent to the 
magnetic pole piece. The flux of the per- 
manent magnet is shunted out by the 
field of this coil and releases the armature. 
The pilot valve and, in turn, the main con- 
trol valve close. With the control valve 
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Figure 5. Records of a representative test of a 
pneumatic mechanism under controlled cold- 
room conditions 


Air was accumulated in the storage reservoir 
while the room was at 70 degrees Fahrenheit 
with a relative humidity of 96 per cent. 
The ambient temperature of the room was then 
dropped to and held at 40 degrees Fahrenheit 
below zero. The compressor, pressure 
switches, control, dump, and check valves 
were operated at indicated intervals. Re- 
corded temperatures are shown during this test 
run 
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closed, the dump valve slides to its open 
position, and the compressed air in the 
operating cylinder is released. 

For trip-free operations a small trip-free 
coil similar to the cutoff coil is energized in 
parallel with the trip coil, the control 
valve is closed, and again the compressed 
air is released from the main cylinder. 
This trip-coil circuit can be energized 
from a conventional d-c source. The 
trip-coil currents are comparable to those 
of other mechanisms, being six amperes at 
125 volts direct current. 


COMPRESSOR, AIR-STORAGE, AND 


CONTROL EQUIPMENT 


The problems peculiar to compressed- 
air mechanisms for circuit breakers in- 
clude reliable air storage and freedom 
from air stoppages due to the freezing of 
accumulated moisture. As an answer to 
these problems, every effort was made to 
simplify all piping and to have all such 
piping drain to a common sump. A 
minimum of joints reduces the possibility 
of leaks. Proper drainage reduces the 
difficulties with accumulated moisture. 

A standard-type air compressor, driven 
by a fractional-horsepower motor, is 
mounted adjacent to the storage reservoir 
near the top of the mechanism housing. A 
coil of formed tubing serves as an after- 
cooler between the compressor and the 
storage tank. The tank, manufactured 
to all code requirements, has storage ca- 
pacity for at least five successive breaker 
operations. Condensate is accumulated 
in a small sump at the lowest point in the 
house. A hand valve is used to blow off 
this sump. 

Pressure switches control the air sys- 
tem. The first switch controls the com- 
pressor motor and regulates the pressure 
at the reservoir. A second pressure 
switch opens the breaker-closing-control 
circuit if the storage pressure is below a 
working minimum. A third switch can 
be used to operate a minimum pressure 
alarm. A pressure gauge, safety valve, 
and check valve complete the air-system 
accessories. 

Experience with compressed-air sys- 
tems has emphasized the value of careful 
design and design testing to prevent pos- 
sible difficulties from freezing. Any 
troubles at freezing temperatures origi- 
nate with moisture accumulations, The 
air lines of the operating mechanism are 
laid out to reduce moisture pockets to a 
minimum. 

As a guard against freezing during sub- 
zero temperatures, small resistance heat- 
ers are installed at the control valve and 
on the supporting base of the compressor. 
A small space heater, located below the 
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Insulation Temperature Standards for 
Industrial-Control Coils 


B. W. ERIKSON 
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OR many years, American Standard 

C19 (Underwriters Laboratories, Inc. 
issue of 1938 and National Electrical 
Manufacturers’ Association industrial- 
control standards publication 40-59, April 
1940) for industrial-control apparatus 
has specified an allowable temperature 
rise for industrial-control coils with 
class-A insulation of 85 degrees centi- 
grade by resistance. Although’ this is 25 
degrees centigrade higher than the value 
of 60 degrees centigrade rise by resistance 
established for rotating machinery with 
class-A insulation, service experience with 
contro! coils has been thoroughly satis- 
factory. It is estimated from field ex- 
perience that not more than five per cent 
of all coil failures have been caused by 
temperature, despite the frequent use of 
above-normal voltages. The author be- 
lieves, therefore, that the present control 
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standard has proved to be conservative 
with respect to temperature-rise limits. 

The chief reasons for the superior tem- 
perature-life expectancy of industrial- 
control coils as compared with rotating 
machinery having class-A insulation are 
their rigid structure and small size. 
These conditions together with the 
thorough varnish sealing possible, elimi- 
nate the failures from brittle insulation 
that occur in large apparatus subjected to 
vibration. 


Service Factors 


This fact that insulation life depends 
very large’y on the type of apparatus and 
service, as well as upon the insulating 
materials used, was recognized in the 
1940 revision of AIEE Standard 1, as 
indicated by the following quotations 
from its preface: 


‘ 


‘... How long an insulation will last elec- 
trically will depend not only on the class of 
material used, but also on the effectiveness 
of the physical support for the insulation, 
and the severity of the physical forces tend- 
ing to disrupt it. Even though portions of 
insulation structures of organic materials 


mechanism, moderates the temperature 


of the house. These heaters are controlled ~ 


by a thermostat which energizes these 
heaters when the inside ambient tem- 
perature is less than 50 degrees Fahren- 
heit. 


With these provisions, operations have 
proved satisfactory to 40 degrees below 
zero Fahrenheit, under the controlled-test 
conditions of a refrigerated room. Dur- 
ing an extended series of tests in this re- 
frigerated room the compressor accumu- 
lated air of both low and high moisture 
content. Continuous tests were recorded 
over extended periods to duplicate the 
more severe operating conditions, Figure 
5 summarizes some of the more interesting 
records. 


Summary 


This compressed-air mechanism has 
been developed to answer the require- 
ments of a simple and reliable stored-en- 
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ergy mechanism. By arranging this mecha- 
nism to be pneumatically trip-free, it has 
been possible to get the high-speed opera- 
tions required of modern oil circuit break- 
ers. The mechanism has been tested 
under severe operating conditions to in- 
sure trouble-free performance. Time- 
travel curves show satisfactory char- 
acteristics for closing, tripping, trip-free, 
and instantaneous reclosing operations. 
The absence of synchronized mechanical 
motions and critical mechanical adjust- 
ments contributes to a reduction in main- 
tenance and will add to reliable operation. 
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have become oxidized or embrittled under 
the influence of high temperatures, success- 
ful operation of the windings may be ob- 
tained over further periods of years, if such 
insulation is not mechanically disturbed. 


“In view of the important influence of 
' mechanical stresses, thermal expansion and 
contraction forces impose temperature-rise 
limitations on larger apparatus, even though 
higher | temperature rises have proven to 
be satisfactory in smaller machines. 


“TInsulation life is also dependent to a con- 
siderable extent upon the access of oxygen, 
moisture, dirt, or chemicals to the interior 
of the insulation structure. At a given tem- 
perature, therefore, well-impregnated wind- 
ings or totally enclosed machines may have 
much longer insulation life than windings 
freely exposed to industrial atmospheres. ... 


“., . It is important that individual types 
of apparatus and specific-purpose applica- 
tions should be free to use different tem- 
perature-rise values in accordance with their 
individual economic problems.”’ 


At any rate, hundreds of thousands of 
class-A-insulated industrial-control coils, 
designed for a rise by resistance of 85 
degrees centigrade at 100 per cent volt- 
age, have been in use in industrial appli- 
cations for the past 25 years with entire 
success and customer satisfaction of a 
high order. This experience, therefore, 
supports the author’s conviction that 
the temperature-rise limits should be 
extended: 


(a). To take advantage of advances made 
in the art of coil design and manufacture. 


(b). To utilize to the fullest possible de- 
gree opportunities offered by the many new 
synthetic materials which have come on the 
market in recent years. 


Better Designs and Service 


In reference to paragraph a, such im- 
provements as have been made in molded 
compounds, varnishes, cloths, paper, and 
wire should be and have been reflected 
in better and longer-lasting coils. De- 


signs today tend to be even smaller and’ 


more compact and for this reason do not 

readily deteriorate mechanically subse- 
quent to overheating (for typical ap- 
pearance of control-coil designs see Figure 
1). Improvements in coil construction 
will result in smaller and lighter de- 
signs. These when used in, contactors 
and relays speed up device operation, 
prolong life of moving parts, tend to 
reduce maintenance, and, in general, give 
greater customer satisfaction. 

Also much has been learned about meth- 
ods of support so that present coil de- 
‘signs are well and firmly held in place. 
This means that the drying out of the 
insulation at elevated temperatures will 
not result in mechanical failure of the 
insulation system. Another factor which 
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is of considerable help is the use of class-A 
non-water-absorbent insulation materials. 
Old-time papers and cloths when dried 
out and later subjected to moisture con- 
ditions act as a wick absorbing consider- 
able quantities of water. This action, of 
course, is productive of current leakage 
and electrolytic corrosion of the copper 
wires and is far more destructive to coil 
life than temperature aging by itself. 

This temperature-aging moisture-ab- 
sorption characteristic does not apply in 
the same degree to modern synthetic in- 
sulation materials.! Cellulose acetate, 
polystyrene, polyvinyl-chlorides, poly- 
amides, and the glass or glass-laminated 
products are far better than the papers, 
silks, and cottons in common use when 
the present standards were first written. 
This is substantiated by field experience 
which has shown that temperature fail- 
ures are less than five per cent of total coil 
failures. ° 


New Materials 


Again if we consider paragraph |, 
these new materials? and their applica- 
tions do not fall too well within our pre- 
vious concept of class-A materials. 
Nylon, for instance, is a good illustration 
of a material of organic origin that will 
withstand temperatures in excess of 
those permitted by AIEE class A. On 
the other hand it cannot be classified as 
class B. There are many materials of this 
general nature that will be available after 
the war. 

For instance, as an illustration of the 
many new synthetic materials which 
favor a change to higher temperature 
standards, we have such materials as 
General Electric Company Permafil, 
Westinghouse Electric and Manufactur- 
ing Company Fosterite, Bakelite Corpora- 
tion number 16,631, Columbia Corpora- 
tion resin CR 39, and Monsanto Chemical 
Company number 100 type of resin, and 
a host of others, manufactured by such 
companies as Klascon, Ault and Wiborg, 
Marco, and others. These materials are 
chemically different from old-style con- 
ventional oil varnishes and beyond a 
doubt, far superior at elevated tempera- 
tures when properly applied. 


Test Data 


Actual long-time test data running into 
years of field experience are not available 
for most of these materials, operating at 
their top temperature limits. However, 
much practical field experience has been 
gained over the last two-year period in 
applications where these materials have 
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Typical industrial-contro] contactor 
coil 


Figure 1. 


been in demand. Such applications as 
common to the aviation industry are 
very nicely taken care of by the high 
power factor, high dielectric and tempera- 
ture-endurance characteristics of these 
synthetics. 

A few selected cases of test data on 
coils made with General Electric Com- 
pany Permafil are: 


A. A group of coils wound with 1,100 turns 
of 0.0179 wire were operated 600 hours at 
185 degrees centigrade total. Slight crack- 
ing of the insulation appeared at one end 
of one coil, but the others remained in per- 
fect operating condition throughout the 
test. 


B. Another group of coils being slightly 
larger, approximately four inches square, 
and consisting of 2,000 turns 0.0126 wire 
have to date been operated for 850 hours at 
165 degrees centigrade total temperature. 
To date there is no indication whatever of 
insulation deterioration. 


C. Yet another group of coils of the paper- 
layer-wound variety insulated with Permafil 
and consisting of 6,000 turns of 0.010 wire 
have operated 1,000 hours at 150 degrees, 
centigrade without any signs of cracking, 
crazing, shrinkage, or other deterioration 


D. A filament transformer has been oper- 
ated on test 1,500 hours, with a voltage be- 
tween terminals of 25 ky at a total tempera- 
ture of 145 degrees centigrade. This coil 
is still in perfect condition. 


Laboratory Tests 


Much work has been done by the 
various laboratories interested in im- 
proving insulation materials. This, of 
course, applies to nearly all leading elec- 
trical manufacturers. Tests made by 
the author’s associates include heat aging 
on test specimens at 150 degrees centi- 
grade for one-year period and compari- 
son of power factor and dielectric after 
this period of time. Among the ma- 
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terials tested, Permafil showed no deteri- 
oration during these tests. This applies 
as well to the electrical characteristics as 
to such mechanical considerations as 
shrinkage cracking, discoloration, or 
embrittlement. 

From the multitude of tests men- 
tioned, the conclusion is evident that the 
heat-resistant synthetics of today are 
much superior to the common class-A 
materials. What shall we do with these 
new materials? The author believes that 
now is the time to appraise these new- 
comers to the insulation field and where 
available introduce them on current 
designs. However, to be able to do this, 
we must change the rules under which we 
operate. 


New Heat-Resisting Synthetic 
Insulating Materials 


It is recognized that all synthetics are 
not improvements over natural organic 
insulating materials. For this reason it 
is very difficult to classify the heat- 
resistant synthetics or to group them 
under family names; most of them do 
not have readily understandable names 
and are known only as numbers. It is 
proposed, therefore, that these materials 
be grouped under the broad title of 
“Heat-Resisting Synthetic Insulating 
Materials.” The acceptance of any 
particular material under this definition 
ultimately should be dependent on proof 
that it meets the requirements established 
by a (future) test code of insulating ma- 
terials, or by accelerated life tests on 
complete coils. 


Application Problems 


The existing temperature standards 
referred to in the introduction are based 
on continuous operation. This, of course, 
does not apply to the vast majority of 
control-coil uses, and for that reason 
recognition should be given this fact as 
part of the standards. 

Actually, very few control coils or 
motors operate under continuous-service 
conditions. This is a point that some- 
times is overlooked in considering in- 
sulating materials. Much has been 
written about life expectancy of class-A 
materials.* The literature indicates that 
the useful life of organic insulations such 
as cotton, oil, and paper, is of the order 
of 7 to 15 years when exposed to 105 
degrees centigrade continuously, with free 
access of air and moisture, and that the 
life is halved by each 8 to 12 degrees centi- 
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Figure 2. Effect of temperature on life of 
class-A insulated magnet coils 


grade increase in temperature. Of 
course, the actual life in a particular case 
is increased if oxygen and moisture are 
excluded,‘ and if exposure to maximum 
temperature occurs only part of the time. 
These latter factors account for the fact 
that control-coil life under present tem- 
perature-rise standards has approximated 
ten years, in the author’s experience. 

Taking everything into account, .the 
author believes that an 11 degrees centi- 
grade temperature increase for half life 
is the most reasonable assumption for 
organic insulation in agreement with 
reference 3 and as indicated in Figure 2. 
This curve is drawn with the 100 per cent 
life point located at 140 degrees centi- 
grade, corresponding to 100 degrees centi- 
grade rise over a 40 degrees centigrade 
ambient temperature. This curve is use- 
ful in predicting life expectancy at higher 
or lower temperatures of otherwise identi- 
cal applications.* 

It is expected that the new tempera- 
ture-resisting synthetic materials will 
have an even better service life at this 
140 degrees centigrade total temperature 
value than has been the case with the 
older class-A insulation at the present 
limiting temperature of 85 degrees centi- 
grade rise plus 40 degrees centigrade 
ambient temperature, or 125 degrees 
centigrade total. 

It is of extreme importance to judge 
such data correctly in terms of probable 
life under actual operating conditions. 
Duty cycle, ambient temperatures, time 
for coils to attain maximum temperature, 
enclosures, and all other special condi- 
tions must be considered. It is and 
should be the application engineers’ 
problem to evaluate such data. This 
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cannot be done by blind adherence to 


present AIEE Standards. i 

For instance, in the case of aircraft 
control coils, these are made to give 
satisfactory service at temperatures well 
above the 85 degrees centigrade rise plus 
40 degrees centigrade ambient tempera- 
ture. Considering expected life, this is 


sound application engineering and the” 


AIEE rules ‘should be made 
enough to include such cases. 


flexible 


Hot-Spot Temperatures 


With today’s design practices, the 
hot-spot differential for industrial-control 
coils is much lower than in past practice 
and is normally below the five degrees 
centigrade contained in AIEE Standard 1. 

The elimination of much fabric coil 
and layer insulation by the substitution 
of new extra-tough enamels and other 
dense materials has reduced the tem- 
perature gradient to practically zero. 


Recommendations 


In view of the preceding considerations, © 
it is recommended that the following - 


changes be made in the present AIEE 
Standard 1 applying to industrial-control — 
coil designs: 


1. For industrial-control coils of 600 volts 
rating or less, using chiefly heat-resisting 
insulating materials, not dependent for 
their insulating strength on any natural 
organic materials such as cotton, paper, or 
varnished cloth, and thoroughly impregnated 
with high-temperature synthetic varnishes, 
the permissible temperature rise by resist- 
ance should be 100 degrees centigrade. 


2. For industrial-control coils of 600 volts 
rating or less, with insulation composed of a 
high percentage of inorganic materials, such“ 
as glass or mica, and wound on assemblies 
of heat-resisting synthetic insulating ma- 
terials, the permissible temperature rise by 
resistance should be 120 degrees centigrade. 
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Gas-Filled-Cable Research and Experience 
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ESEARCH and engineering studies 

of gas-filled cable were started about 
12 years ago by the company with which 
the writer is associated and this develop- 
ment work has been carried on con- 
tinuously since then. Useful results in 
the form of practical cable designs have 
resulted and more will follow in the future 
as our knowledge of the basic principles 
of this type of cable increases. The 
present paper will be in the form of a prog- 
ress report summarizing results ob- 
tained since the first two papers! on 
this subject were presented before the 
AIEE in 1939 and 1942. The same meth- 
ods of test and analysis of test data- 
described in the previous papers will be 
followed and, although an attempt will 
be made to have the present paper com- 
plete in itself, it will be necessary to refer 
to the older papers frequently to avoid 
repetition. 

The soundness of catia cable de- 
sign is now well proved by more than 
five years of practical operating experi- 
ence and this type of cable can no longer 
be considered experimental. There have 
been no service failures or signs of insula- 
tion deterioration and during this period 
a total of something like 20 separate in- 
stallations involving low-, medium-, and 
high-pressure types, at voltage ratings 
from 15 to 120 ky, have been produced 
in this country by cable manufacturers. 
Most of this experience has been with 
the low-pressure type at voltage ratings 
up to 38 kv. There has, however, been 
limited experience with the medium- and 
high-pressure types. Uniformity and 
control of dielectric characteristics 
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through gas-pressure control, simplicity 
of design and operation, economy, self- 
supervision of mechanical defects, and 
other features assure future usefulness. 


Ionization as a Function of Gas 
Pressure 


The establishment of a reliable curve 
showing initial ionization starting voltage 
as a function of gas pressure furnishes a 
useful and important guide for design 
and operation of gas-filled cable. A 
curve of this kind was given in the last 
paper? and its significance was discussed 
at some length. Due to the ionization 
self-extinguishing effect in mass-impreg- 
nated gas-filled cable, which will later be 
dealt with in detail, the initial ionization 
starting voltage represents an operating 
voltage limit that can be closely ap- 
proached with safety. In this respect, 
gas-filled cable is the only known type 
that offers a direct way of predetermining 


. safe operating voltage stress and insula- 


tion thickness by means of a simple, 
short laboratory test on advance samples. 
It is for these reasons that close attention 
has been paid to the establishment of a 
reliable average curve of this type. 

The curve in the earlier paper? was 
known to be accurate up to a gas pressure 
of 30 pounds per square inch, since it was 
based on a number of separate tests up 
to that pressure. Additional tests made 
during the past two years have con- 
firmed this. There were reasons, how- 
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ever, to doubt the old curve at pressures 
above 30 pounds per square inch. For 
one thing, the shape of the curve at the 
higher pressures did not agree with theo- 
retical calculations, having too much 
droop. The peculiar shape of the power 
factor curves in Figures 3 and 4 of the 
first paper! also indicated the possibility 
of extraneous effects. Later, it was con- 
firmed that the gas-filled test terminals 
were faulty and terminal discharges 
accounted for these discrepancies. Addi- 
tional high-pressure measurements have 
since been made under better controlled 
conditions. 

Figure 1 gives power-factor curves at 
pressures from 15 to 55. pounds per 
square inch on a commercial length of 
46-kv three-conductor: gas-filled cable 
with double-reinforced sheath. The cable 
was impregnated with standard number 
5317 compound and had received the 
usual standard treatinent and com- 
pound drainage before test. It will be 
noted that ionization voltage up to 30 
pounds per square inch agrees with that 
measured on standard low-pressure gas- 
filled cable as reported in the past!»? the 
ionization voltage stress being 85 volts 
per mil at 15 pounds per square inch. 

Figure 2 shows corresponding power- 
factor curves at pressures from 10 to 
225 pounds per square inch on a special 
length of hollow-core single-conductor 
high-pressure cable in a steel pipe. It 


Figure 1. Three-conductor medium-pressure 
gas-filled cable, 400,000 circular mils, com- 
pactround conductors, strand shielding, 0.280- 
inch insulation, rated 46 ky to operate at 40- 
pounds-per-square-inch nitrogen pressure, 
showing initial ionization starting voltage at 
different pressures after drainage of surplus 
compound before load-cycle aging test 


Measurements at room temperature 
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Figure 2. Single-con- 
ductorhigh-pressure gas- 
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filled cable—350,000- 
circular-mil conductor 
with one-half-inch hol- 
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low core, strand shield- 
ing, 0.300-inch insula- 
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was also impregnated with standard 
number 5317 compound in the usual way 
but the compound drainage treatment 
was much more severe than standard, the 
purpose being to remove all possible sur- 
plus compound from the insulation and 
thereby obtain more sharply defined 
curves. It is always difficult to obtain 
sharply defined ionization starting volt- 
age with standard cable, especially at 
the higher pressures. Obviously, also, 
such results obtained on severely drained 
cable are on the safe side when applied 
to standard cable. 

In this case, drainage treatment before 
leading consisted of application of ten 
pounds per square’inch nitrogen pressure 
to the conductor core, with the reel 
length under vacuum in an impregnating 
tank at 100 degrees centigrade. This 
forced drainage continued for two days 
and examination of end samples showed 
the whole cable cross section to be quite 
“dry,” with little evidence of surplus com- 
pound between tapes. This ‘‘dry” condi- 
tion is further verified by the sharply 
defined ionization curves in Figure 2, and 
the relatively low ionization starting 
point of 65 volts per mil at ten pounds per 
square inch. Standard cable averages 75 
volts per mil at this pressure. 

The results in Figures 1 and 2 were re- 
plotted in Figure 3 and a revised curve 
of initial ionization starting voltage as a 
function of gas pressure constructed as 
shown. Up to 30 pounds per square inch 
this curve is the same as the old one.? 
Above 30 pounds per square inch the new 
curve has a much more rational shape 
and agrees better with the theoretically 
calculated curve. That there is not 
closer agreement might be due to any 
one of several things. Theoretical cal- 
culations of this kind are, at best, ap- 
proximate. Extraneous results at the 
higher pressures and stresses might pos- 
sibly still be present in the test measure- 
ments, even though of lesser degree. 
Finally, the “dry” condition of the in- 
sulation undoubtedly lowered the meas- 
ured curve below the theoretical curve 
at the higher pressures, since the latter 
was based on results with standard cable 
up to 30 pounds per square inch, the 
extension above this pressure: being cal- 
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tion, lead sheath, cable 
in steel pipe, showing 
initial ionization séart- 
ing voltage at different 
pressures after very 
severe drainage of insu- 
lation at 100 degrees 
centigrade 


Measurements made at 
room temperature 


culated from Paschen’s law,’ corrected 
for measured dielectric strength of nitro- 
gen gas at the higher pressures.* 


Working Voltage Stresses 


The disagreement between calculated 
and measured results is not important, 
since even the measured curve in Figure 3 
shows ionization voltage stresses at the 
higher pressures to be well above any 
working stresses that might be used in 
actual designs. For purposes of co-ordi- 
nated impulse strength the insulation 
thickness for a 138-kv high-pressure cable 
would correspond to an average 60-cycle 
working voltage stress of not more than 
145 volts per mil. Figure 3 shows that 
even with a gas pressure as low as 80 
pounds per square inch this working volt- 
age stress is well below ionization voltage 
stress. At present, reinforced-sheath 
medium-pressure gas-filled cable operates 
at a pressure of 40 pounds per square 
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Figure 3. lonization voltage stress on solid 

insulation at which initial ionization starts in 

mass-impregnated gas-filled cable after drain- 

age of surplus compound but before endurance 
test voltage is applied 
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inch and an average working voltage 
stress of 100 volts per mil. Reference to 
Figure 3 will show this to be well below 
the ionization-voltage curve. Toa lesser 
degree, the same thing can be said of 
single-sheath low-pressure cable operating 
at 12 pounds per square inch and 65 volts 
per mil. In all three types there is room 
for further reduction in insulation thick- 
nesses in the future, as far as 60-cycle 
voltage stresses are concerned. In this. 
respect, no attempt has yet been made to 
take full advantage of the ionization 
self-extinguising characteristics of mass- 
impregnated gas-filled cable. 


Automatic Grading and Self-Healing 


Some engineers have questioned the 
fact that mass-impregnated cable is. 
designed on the basis of average voltage 
stress rather than maximum stress and 
that comparative long-time load-cycle 
tests, as previously reported,? have 
shown no appreciable advantages for 
strand shielding or extra thin paper tape 
in the high-stress zone. These things ap- 
pear to contradict theory, which tells us 
that the high-stress zone near the con- 
ductor is critical and needs to be strength- 
ened by such expedients as strand shield- 
ing, thin paper tape, and limitations of 
maximum stress. These things have not 
proved necessary because of the pro- 
nounced ionization  self-extinguishing 
characteristics of this type of cable, which 
is something that theory does not take 
into account. 

This action may not yet be fully ac- 


. counted for but recent studies have given 


a better understanding of it, as will be 
described. From the beginning, it has 
been understood that wax formation in 
the void spaces has had a good deal to do 
with extinguishing ionization discharge 
in its incipient stage and before it has 
had a chance to grow and become cumu- 
lative. The puzzling thing has been 
where all of the surplus compound came 
from that formed this wax, which com- 
pletely or partially filled up the void 
spaces. This was not made clear until 
lengths of gas-filled cable impregnated 
with compounds covering a wide range of 
viscosities were subjected to long-time 
load-cycle tests and their behavior closely 
observed. It is now known that if, the 
impregnating compound is of sufficiently 
low viscosity to be mobile it will be drawn 
into the high-stress field both by capillary 
action and by the electric stress field, 
itself. The voltage stress will also draw 
this compound into the low-specific-in- 
ductive-capacity voids and thus auto- 
matically rearrange the distribution of 
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Figure 4. Load-cycle endurance at ten- 


pounds-per-square-inch nitrogen gas pressure 


Three-conductor gas-filled cable of standard 
construction, with exception that impregnating 
compound was thin number 5,314 oil having a 
Saybolt viscosity of 37 at 100 degrees centi- 
grade, insulation thickness 0.200 inch 


compound in the cable cross section to 
those locations where it is most needed. 
For convenience, this is termed auto- 
matic-grading action and the formation 
of wax, tending to fill up the voids, is 
termed self-healing action. 

Both work together in preventing 
cumulative ionization in the high-stress 
zone and, in fact, throughout the whole 
cable cross section. Dielectric uniformity 
with absence of ‘‘weak spots’ has always 
been an ultimate goal in high voltage 
cable practice. It is obtained in oil- 
filled cable by maintenance of oil pressure 
which, in turn, assures complete absence 
of voids.’ In mass-impregnated gas- 
filled cable it is obtained by controlled 
gas pressure and the use of a mobile 
impregnating compound of optimum vis- 
cosity. Voids do form but their good 
behavior is assured by these automatic- 
grading and self-healing actions. 


Load-Cycle Endurance Tests 


CABLE IMPREGNATED WITH THIN OIL 


These actions were first made clear 
by the surprising results obtained on 
load-cycle endurance test with a length 
of three-conductor cable impregnated 
with relatively thin number 5,314 oil, 
such as used in oil-filled cable and having 
a Saybolt viscosity of 37 at 100 degrees 
centigrade. The results are charted in 
Figure 4, the methods of test duplicating 

in all details those described in the two 
_ previous papers.’? The description of 
test will not be repeated here, except to 
state that the cable was of the low- 
pressure shielded type with 350,000- 
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CABLE FAILURE 
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circular-mil unshielded compact sector 
conductors, 0.200-inch insulation, and 
single lead sheath. 

As would be expected, there was very 
pronounced drainage of this thin oil from 
the cable structure before leading, the 
outer surface having a dry appearance, 
with only that oil held in the denser 
parts of the cable cross section by 
capillary attraction being present. The 
extreme drainage and relatively large 
size of voids was verified by the initial 
power factor measurements at ten pounds 
per square inch, the initial ionization 
starting voltage stress being only 48 
volts per mil, which is much below aver- 
age standard results as given in Figure 3, 

Figure 4 shows that during the first 
ten days of the first endurance step at 
85 volts per mil there was pronounced 
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ionization and instability. It was so 
marked that early failure of the cable 
length was expected. From this time on, 
however, the cable gradually improved. 
At the end of 125 days ionization had 
disappeared, due to closing up of the criti- 
cal voids. When stability was assured 
after 189 days the life-test voltage was 
increased to 100 volts per mil. Ioniza- 
tion and instability. were much less 
marked and disappeared after 95 days, 
the next voltage step being started after 
103 days. These voltage steps were con- 
tinued with the same results until final 
failure occurred after 48 days at 130 
volts per mil. 

The important point to note is that this 
cable showed even more self-healing abil- 
ity than standard cable impregnated 
with heavier oil. Its endurance with 
final failure at 130 volts per mil, was also 
as good as the best results obtained with 
standard cable on these long time tests. 

Dissection of the cable after test 
showed no evidence of the original thin 
oil. The paper tapes were quite dry and 
the butt spaces were completely filled 
with a gummy oil residue, representing 
that stage of polymerization before final 
X wax is formed. This residue was less 
gummy and more nearly resembled X 
wax as the conductor was approached. 
The strand spaces at the unshielded 
conductor were completely filled with a 
residue that was practically in the form 
of final XY wax. The evidence was quite 
plain that most of the thin oil left in the 
paper tapes had been drawn into the low- 
specific-inductive-capacity voids by elec- 
tric-field forces and had also been drawn 
towards the conductor, the paper tapes 
in the inner zone being less dry than 
those in the outer zone. 


CABLE IMPREGNATED WITH EXTRA- 
HEAvy COMPOUND 


Just the opposite results were obtained 
with a duplicate length of cable impreg- 
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nated with a very heavy hydrogenated 
oil having a Saybolt viscosity of 1,000 at 
100 degrees centigrade. The load-cycle 
test on this cable is charted in Figure 5. 
Initial ionization voltage after drainage 
and leading was 75 volts per mil at ten 
pounds per square inch, which is a normal 
average value for standard cable and 
shows good initial impregnation and good 
retention of compound during drainage. 
In spite of this good start, however, 
Figure 5-shows marked instability after 
the first three days of load-cycle testing 
at 85 volts per mil. Dielectric losses and 
ionization discharge increased steadily 
and there were no signs of stability. Test 
was, accordingly, continued at 85 volts 
per mil for 277 days and since there were 
still no signs of ionization being ex- 
tinguished, and stability reached, the 
test was stopped without attempting to 
go to a higher voltage step. 

Dissection of the cable after test 
showed dry X wax deposits in the butt 
spaces throughout the cross section of 
insulation. These deposits became more 
pronounced at the inner layers of paper 
and at the unshielded conductor surface, 
showing a relationship to the electrical 
stress field. The void spaces were not, 
however, completely filled with this wax. 


CABLE IMPREGNATED WITH STANDARD 


COMPOUND 


Typical load cycle endurance charts on 
gas-filled cable impregnated with standard 
number 5317 oil, having a Saybolt 
viscosity of 100 at 100 degrees centigrade 
were included in the two previous 
papers!? and will not be repeated here. 
Initial ionization voltage of standard 
cable is given in Figure 3. On long-time 
load-cycle endurance, ionization has al- 


ways been extinguished at each voltage 
step until the last, and final failure has 
occurred at an average of 120 volts per 
mil, ten pounds per square inch. 

Dissection of the cable after failure has 
always shown wax or residue in the butt 
and strand spaces, with the paper tapes 
drier than initially, but not entirely so. 
The formation of wax has occurred just 
as frequently in the outer zone as in the 
inner. In this respect, there has not ap- 
peared to be any noticeable relationship 
with the electric-stress field. 


Ionization Voltage on Endurance 
Test 


At intervals of three or four days dur- 
ing the load-cycle endurance runs, just 
described, power-factor curves-were meas- 
ured over a sufficient voltage range to 
determine ionization starting voltage at 
that particular stage of the test. The 
results with the three different types of 
impregnating compound already de- 
scribed are charted in Figure 6. These 
three charts are of particular interest, 
since they give a direct measurement of 
critical void size at each stage of the 
load-cycle test from start to finish, and 
clearly bring out the automatic-grading 
and self-healing effects in mass-im- 
pregnated gas-filled cable as a function of 
compound viscosity. Charts a and c 


Figure 6. Load-cycle endurance test on 
three-conductor cable at ten-pounds-per- 
square-inch nitrogen gas pressure, 350,000- 
circular-mil compact-sector conductors, no 
strand shielding, 0.200-inch insulation, show- 
ing ionization voltage increase due to auto- 
matic grading and self-healing action with 
impregnating compounds of three different 
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Figure 7. Showing relationship between vis- 

cosity of impregnating compound in gas-filled 

cable and automatic grading and self-healing 

action during load-cycle overvoltage tests 
as charted in Figure 6 


in Figure 6 correspond to Figures 4 and 5, 
relating, respectively, to load-cycle en- 
durance runs with very thin and very 
heavy impregnating compounds. Chart 
b in Figure 6 corresponds to Figure 6 in 
the previous paper,” with standard num- 
ber 5317 impregnating compound of 
intermediate viscosity. 

Chart a shows that while very good 
initial impregnation was obtained with 
the high-viscosity hydrogenated oil, this 
cable was unstable from the start and 
had no self-healing properties at all, 
ionization starting voltage dropping below 
the initial value and never fully recover- 
ing. After 277 days at 85 volts per mil 
there was still a pronounced ionization 
discharge in this cable. It is possible 
that compounds of other types and of 
equally high viscosity would give better 
results, but it is our conclusion that im- 
pregnating compounds of extra-high vis- 
cosity have little if any self-healing prop- 
erties in gas-filled cable and are un- 
desirable. 

Chart b in Figure 6 is typical of stand- 
ard cable. The cable did not drain ob- 
jectionably before leading and initial 
ionization voltage was normal. The 
cable shows stability from the start, 
with a steady self-healing action that 
extinguishes ionization at each voltage 
step until the last. In no case did 
ionization voltage drop below the initial 
value. On the last voltage step cumula- 
tive ionization finally predominated and 
failure occurred after 16 days at 120 volts 
per mil. 

Chart c in Figure 6 indicates that while 
very thin oil imparts remarkable self- 
healing properties to, gas-filled cable 
there is too much drainage of this oil 
from the insulation and initial ionization 
voltage is too low, being only 48 volts per 
mil at ten pounds per square inch, well 
below normal operating stress of 65 volts 
per mil. This caused instability at the 
start of. the load-cycle endurance run, but 
automatic grading and self-healing action 
eventually overcame this and the cable 
settled down to a surprisingly long en- 
durance run, ionization being extin- 
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guished at each voltage step until final 
failure at 130 volts per mil. 

Figure 6 plainly shows a relationship 
between viscosity of impregnating com- 
pound and the ability of the cable to ex- 
tinguish ionization discharge. This is 
made clearer in Figure 7, where the in- 
crease in final ionization voltage, at the 
end ofthe endurance run, over the initial 
value is given as a function of compound 
viscosity. 


Summary of Conclusions 


Further laboratory and field studies of 
gas-filled cable confirm that gas-pressure 
control gives very close control of per- 
formance characteristics. 

Over the usual commercial range of 
conductor sizes and insulation-wall thick- 
nesses, average stress rather than maxi- 
mum stress determines performance of 
mass-impregnated gas-filled cable, and 
it is not necessary to specially strengthen 
the inner zone of insulation in the high- 
stress field near the conductor. 

Strand shielding of mass-impregnated 
gas-filled cable has shown no marked 
benefit but since it is in no way objection- 
able it can be used when desired. 

Extra thin paper tape in the high-stress 
field has shown no marked benefit in 
mass-impregnated gas-filled cable and 
its added cost and complications do not 
appear justified. 

Extra-high-viscosity impregnating com- 
pound lacks self-healing properties and 
should not be used in gas-filled cable. 

_ Thin impregnating oil has remarkable 
self-healing properties but drains too 
readily for safe use in gas-filled cable. 

Optimum results are obtained with 
an intermediate impregnating compound 
of sufficiently high viscosity to be held 
in place by capillary attraction without 
draining objectionably but, at the same 
time, of sufficiently low viscosity to have 
mobility. Our experience has indicated 
that a Saybolt viscosity in the order of 
100 at 100 degrees centigrade gives the 
best results. 
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A New Frequency Relay for Power- 


System Applications 
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Typical Applications 


Loss oF Tre-LINE OVERLOADING PLANT 
GENERATION 


HE interconnection of large power 
systems with industrial and defense 
plants having a comparatively small 
generating capacity is not unusual in 
these days. These plants require a con- 
siderable block of power for 24-hour full- 
capacity operation, and this power is 
available by means of the interconnection 
with the power system. More than one 
interconnection would assure higher con- 
tinuity of service, but the general prac- 
tice of locating defense plants in rural or 
suburban areas, remote from urban 
power-system networks, often results 
in one transmission-line interconnection 
operating in parallel with plant genera- 
tors. Like all lines, the interconnection 
is subject occasionally to faults with 
resulting temporary loss of power for 
the plant. During these émergencies, the 
local generator or generators at the plant 
which normally contribute to the total 
load are suddenly called upon to carry 
all of the plant load. The local genera- 
tors are not able to supply this load and 
consequently are heavily overloaded. As 
a result, the:frequency decreases rapidly. 
However, complete shutdown of the 
plant can be avoided by dropping some 
of the load and retaining within the ca- 
pacity of the local generators the load of 
the most essential machines and processes. 
Thus, a reliable scheme is required to 
disconnect the load of the less essential 
feeders when the interconnection power is 
lost and the plant generators become 
overloaded. One scheme in general use 
is the application of an underfrequency 
relay in conjunction with reverse power 
relays. A typical system of this type is 
illustrated in Figure 1. When the power 
in the tie line decreases to a minimum, or 
reverses, and when the generator is over- 
loaded as indicated by a drop in fre- 
Paper 44-172, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
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quency, an auxiliary tripping relay is 
energized to disconnect the less essential 
feeders 1 through 4. Then the local gener- 
ator can supply power to the more im- 
portant feeders 5 and 6. 

At the same time, the auxiliary relay 
also trips the tie breaker with the power 
system to prevent feedback of the local 
power to the power system. In the case 
of a fault on the interconnection line,?the 
tie-breaker protective relays should com- 
plete the trip circuit ahead of the reverse- 
power and underfrequency relays. In 
this case, these latter relays operate as 
backup relays for the tie breaker. When 
power is available again via the inter- 
connection, the two systems may be re- 
synchronized, and the plant operator 
can restore the disconnected load in the 
proper operating sequence. 

The measure of plant-system overload 
in this application is frequency change. 
The relay should respond to this change 
with a minimum variation in calibration 
because of voltage or temperature 
changes. The relay should be sensitive 
to frequency changes, operating fast for 
large changes in frequency and slower 
for small changes. Time delay is neces- 
sary to assure that the frequency relays 


TIE TO POWER SYSTEM 


UNDER 
FREQUENCY 
RELAY: 

PT. 

4 z U2) 9) 45 567 
LOCAL. “PLANT FEEDERS 
GENERATOR 

REVERSE TRIPPING 


Pos. POWER FREQ. RELA 
RELAY RELAY 


Saal 
A 


F--=— TRIP: FEEDER: } 


NEG. 


> 


f= TRIP FEEDER 2 


> 


-——— _ TRIP FEEDER 3 


> 


-——— _ TRIP. FEEDER 4 


> 


TRIG. TERT 


Figure 1. Single-line diagram of local power 
plant provided with frequency relays for dis- 
connecting load 
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operate only on sustained frequency 
changes, and not on changes resulting 
from faults which last only until the fault 
is cleared. For these reasons, an in- 
duction-type relay with inverse time 
characteristics is most suitable. 


Loss OF GENERATION ON A HEAVILY 
LOADED SYSTEM 


Frequency relays can be used to dis- 
connect load selectively on an overloaded 
system. A typical system consisting of 
several generating stations supplying 
local as well as remote loads is shown in 
Figure 2. Normally, this system operates 
at 60 cycles and near full capacity because 
of large increase in wartime loads. The 
loss of an important generating source or 
tie line or some other emergency system 
disturbance causes a sudden overload 
beyond the capacity of the remaining 
system, and the system frequency begins 
to drop. Underfrequency relays Fl, set 
to operate at 59.5 cycles, disconnect 
feeders 4 and 12 at remote points on the 
system after a short time delay. The 
Joss of this amount of load may be large 
enough to cause the frequency to return 
near 60 cycles. If not, and if the fre- 
quency continues to drop further, then 
frequency relays F2, set for 59 cycles, 
disconnect additional feeders 9 and 14 
at other points on the system after more 
time delay. Again, the loss of this addi- 
tional load may be enough to stabilize 
the frequency, but, if the frequency. con- 
tinues to drop, additional relays with 
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lower-frequency settings disconnect more 
load. This process can be continued in a 
number of steps as dictated by the char- 
acteristics of the particular system and 
may be applied in the manner illustrated 
to drop varying amounts of load at a 
number of different stations. 

Several relays may be set to operate at 
the same frequency value but to discon- 
nect load at different time intervals. 
Thus, if the loss of the first block of load 
does not cause a definite rise in fre- 
quency, additional blocks of load would 
be dropped later, after suitable intervals 


of time. This has an advantage of only 
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Figure 3. Schematic diagram of frequency 
relay 


partially disconnecting the load assigned 
to be dropped at a particular frequency, 
if the frequency rises between the dis- 
connecting intervals. : 

These schemes are not expected to 
replace dispatching or automatic load 
control, but provide a backup measure 
that can prove particularly valuable in 
holding important loads during an emer- 
gency. The scheme is applicable par- 
ticularly to smaller systems such as are 
commonly found in rural areas, in large 
industrial plants, or a defense area whose 
overload capacity is limited, and may be 
exceeded by unpredicted increases in 
load. 

The frequency relays in this scheme 
should be sensitive to changes in fre- 
quency, yet with a considerable range 
available for the selection of the operat- 
ing frequency required in the various 
steps. In addition to the variable fre- 
quency setting, the relays should be 
capable of variable time settings over a 
wide range to permit selective timing of 
the various steps. As the relays may be 
located at different localities and operate 
under different conditions, it is desirable 


Carlin, Blackburn—New Frequency Relay 


that the frequency relay have a minimum 
temperature and voltage error. 

These applications of frequency relays 
discussed are typical and subject to varia- 
tions and modifications required in each 
particular application. Other applica- 
tions of frequency relays include over- 
speed or overfrequency protection of 
rotating equipment as well as under~ 
frequency protection. The relays may 
not always be used only to trip circuit 
breakers, but also to give an alarm or 
warning of impending trouble. 


Description of Relay 


RELAY OPERATING PRINCIPLES 


The preceding discussion has pointed 
out the operating requirements of typical 
systems using frequency relaying. These 
translate into several specific relay-per- 
formance requirements. The minimum 
trip-frequency variation of the relay 
should be small with respect to line- 
voltage change and with respect to am- 
bient-temperature variation. The time 
and frequency setting of the relay should 
be easily adjustable over a wide range, 
and the time delay should be an inverse . 
function of the frequency departure from 
normal system frequency. The relay 
described here satisfies these require- 
ments and at the same time is quite simple 
in mechanical construction. Existing 
frequency relays use two electrical operat- 
ing elements with opposing torques. The 
design described in this paper operates 
on an entirely different principle and 
utilizes only a single operating element. 

In appearance, the relay is very similar 
to standard-type induction relays. It 
has the conventional rotating disk, time- 
lever scale, damping magnet, and a single 
electromagnet. Figure 3 is a circuit dia- 
gram of relay connections, and Figure 4 is 
a simplified vector diagram which illus- 
trates the relay operation as either an 
under- or overfrequency device. 

Essentially, the relay operation is com- 
parable to that of a directional element. 
In Figure 4a, the upper-pole current, [y, 
is shown lagging the impressed voltage, 
E. The lower-pole current, Zz, also lags _ 
the impressed voltage, but by an angle 
less than that of J;. The lower-pole re- 
lay circuit, as shown in Figure 3, has 
inductance and capacitance in series, and, 
as the frequency increases, the lower-pole 
current becomes more lagging. Because 
inductive as well as capacitive reactance is 
present, the current in this circuit lags at a 
more rapid rate than the upper-pole cur- 
rent. Atsome frequency, the lower-pole 
current will lag sufficiently to be in phase 
with the upper-pole current. Under such 


ELECTRICAL ENGINEERING 


‘ 


circumstances, the upper and lower fluxes 
of the relay are in phase, and there will 
be no torque on the induction disk. If 
the frequency now increases slightly, the 
lower-pole current and flux are rotated 
further in the clockwise direction, so 
that they lag the upper-pole quantities, 
and the induction disk will have a torque 
produced by the quadrature components 
of the upper- and lower-pole fluxes. The 
polarity of the overfrequency relay con- 
nections is so chosen that for d; leading 
ou, the relay has opening torque; then, 
when the frequency increases sufficiently 
for , to lag ¢y, the torque of the relay 
reverses so that the contacts move in the 
closing direction. The larger the fre- 
quency increase beyond the zero-torque 
point, the greater the angular displace- 
ment between upper and lower fluxes, and 
the faster the relay operating time. 
Therefore, relay timing is inverse with 
respect to frequency changes. 

The design is readily changed to an 
underfrequency circuit-closing relay by 
reversing the winding connection of 
either the upper or lower poles, which 
reverses the disk torques. To maintain 
open contact at normal frequency, the 
circuit constants are adjusted so that 
Iz, lags Iy slightly, as shown by Figure 
4b. As the frequency decreases, Iz, ad- 
vances, and, when it leads Jy, the con- 
tact closes. 

The minimum trip frequency is deter- 
mined by the point at which J; and ly 
are in phase; that is, zero torque. By 
changing the angle, with respect to the 
impressed voltage, at which this condi- 
tion. occurs, the frequency setting of the 
relay may be set as required. This angle 
is changed by adjusting the rheostat in 
the upper-pole circuit. Thus, in the 
case of the underfrequency relay, Figure 
4b, as the resistance is increased, the 
upper-pole current lags less, so that a 
larger change in phase angle is required 
to swing J; around to lead Iy. This 
corresponds to a lower minimum trip- 
frequency setting of the relay. A wide 
range of adjustment is easily realized by 
this means. Ten cycles is a typical fre- 
quency spread chosen. 


RELAY OPERATING CHARACTERISTICS 


The principles of relay operation al-_ 


ready described permit the use of a single 
electromagnet and a mechanical con- 
struction which is easily adapted to the 
use of variable time-delay settings. 
These are obtained by the time-lever 
adjustments which permit variation of 
the moving-contact travel from a maxi- 
mum of 180 degrees of rotation to a very 
small amount. Typical curves of relay 
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operation for various lever and frequency 
settings are shown in Figure 5. These are 
taken for an instantaneous frequency 
drop. The wide range of settings avail- 
able gives wide application limits. 

The type of element described here in- 
herently meets the requirement of mini- 
mum variation in tripping frequency 
with variation in impressed voltage. . This 
may be seen if the relay is considered as 
a sensitive directional element operating 
near zero torque. At exactly zero torque, 
change in voltage will have no effect. 
The torque remains zero. Close to zero 
torque, the effect of voltage change on 
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Figure 4. Vector diagrams showing principles 
of relay operation 


the relay torque is still negligible, as 
shown in Appendix I. 

The relay is extremely sensitive to 
frequency change. Consider the follow- 
ing equation for relay torque, and rate 
of change of torque 


T=KIzIp sin (@—a) (1) 
dT 
d(9— a) 


where K is a factor of proportionality, and 
6—«a is the phase angle between J; and 
Iy. At zero torque, 0Q—a=0. At this 
point the rate of change of relay torque 
with respect to phase angle is a maxi- 
mum. Since —a is a function of the 
frequency only, the relay will be at maxi- 
mum sensitivity to frequency change. 

The circuit elements of the relay are 
designed to make optimum use of the 
inherent sensitivity to frequency change 
and insensitivity to voltage change. The 
factors which determine the optimum 
design are the phase angle of the upper- 
pole circuit and the inductance and ca- 
pacitance ofthe lower-pole circuit. The 
phase angle of the upper-pole circuit 
determines the angle at which zero torque 
occurs. The two extremes in design, 
occur for an angle of 0 degrees and an 


=KIz,Iy cos (@—a) (2) 
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50-60-cycle underfrequency relay 


angle of 90 degrees. For the first case a 
large amount of external resistance is 
required to swamp out the inductive 
reactance of the relay coil, and hence 
only a small amount of operating ampere 
turns would be supplied the upper-pole 
windings. That is, the relay would not 
be a very sensitive directional element, 
so that this type of design is not satis- 
factory. The other extreme is for zero 
torque to occur at 90 degrees lag. Such a 
condition requires a purely reactive cir- 
cuit, and the phase angle of such a cir- 
cuit does not vary with frequency change. 
Thus, if any attempt were made to oper- 
ate the relay with a zero-torque angle 
occurring near 90 degrees, the perform- 
ance would be very unsatisfactory, 
since relay torque would respond in 
only small degree to change in frequency. 
It is apparent, therefore, that the phase 
angle of zero torque should be somewhere 
between these two extremes. An angle 
of 55 degrees is in fact the optimum one, 
and the relay is designed to operate near 
this value. This is more rigorously shown 
in Appendix II. With 55 degrees as the 
optimum zero-torque angle, the relative 
values of upper-pole circuit resistance 


“and inductance are determined to be 


Ry=0.707 Xy. 

The following considerations apply to 
the determination of the lower-pole- 
circuit constants. A circuit is required 
which changes vary rapidly in phase 
angle with respect to change in frequency. 
This is the case when a resistor is used in 
conjunction with reactive impedance 
whose magnitude varies very rapidly 
with frequency change. Such an im- 
pedance may be the series combination 
of inductance and capacitance. The re- 
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Figure 6. Typical voltage-frequency curves 
of 115-volt 50-60-cycle underfrequency relay 


actance of such a combination is the 
difference X,;—X¢. Since X;, and X¢ 
are inverse with respect to frequency 
variation, the difference will vary very 
rapidly if both XY; and X¢ are very large 
and nearly equal. That is, the induct- 
ance of the lower-pole circuit should be 
as large as possible, and the capacitance 
as small as possible consistent with per- 
missible burden and heating require- 
ments. The resistance of this circuit is 
chosen approximately 0.707 times the 
net reactance so that the 55 degrees zero- 
torque-angle requirement is satisfied. 
Appendix II presents a more formal 
derivation of these requirements. 

The variation of minimum trip fre- 
quency with respect to voltage change 
for a relay designed on the basis of the 
preceding criteria, is shown in Figure 6. 
For the complete range of settings, the 
frequency error is negligibly small for 
voltage variations from 50 to 140 volts. 
Note however that the errors are greatest 
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Figure 7. Typical temperature-frequency 
curves of 115-volt 50-60 cycle underfre- 
quency relay 
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at the low-frequency settings. Here the 
largest value of upper-pole circuit re- 
sistance is required, and this represents 
the maximum departure from the opti- 
mum circuit requirements previously 
set forth. 


The last consideration in determining 
the optimum design of the relay-circuit 
elements is the error due to ambient- 
temperature variation. This error can 
occur because of the variation of the 
inductive, capacitive, and resistive ele- 
ments of the relay, with temperature. 
Since these variations cannot be elimi- 
nated entirely, the circuits must be de- 
signed so that the various changes tend 
to compensate each other. Variation 
in L of course is very small, and, since 
both upper- and lower-circuit induct- 
ance vary at the same time, any change 
in L merely will cause both current vec- 
tors J; and Jy to rotate together. Thus 
the phase displacement between the two 
currents is not affected appreciably, and 
negligible errors result. This same prin- 
ciple may be applied to the resistance 
variation of the coil windings. However, 
with such an arrangement, there is no 
element in the upper coil circuit whose 
variation will compensate for the capaci- 
tor in the lower circuit. What is done 
therefore is to design the lower-pole 
winding with as small a coil resistance as 
possible relative to the upper-pole coil 
resistance. The physical construction 
of the electromagnet makes this rela- 
tively simple. The additional resistance 
placed in series in the lower-pole circuit to 
give optimum power factor produces a 
swamping action so that the over-all 
temperature variation of resistance in 
the lower-pole circuit is small. As the 
upper-pole resistance varies with tem- 
perature change (assuming negligible 
change in lower-pole circuit resistance) the 
vector Jy is swung around slightly. The 
direction is more lagging if the tempera- 
ture decreases and less lagging if the 
temperature increases. C, in Figure 4, 
is a capacitor with a small negative tem- 
perature coefficient. That is, as the tem- 
perature decreases, C increases and X¢ 
decreases. As the temperature increases, 
Xq increases. Thus J, swings in the 
lagging direction as the temperature de- 
creases and in the leading direction as 
the temperature increases. That is, the 
lower-pole current vector follows the 
upper-pole circuit vector, and hence the 
phase angle between the two changes but 
slightly with temperature variation, so 
that the frequency error due to ambient 
change is small. Typical temperature 
curves for a relay designed as described 
are shown in Figure 7. These indicate 
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/ 
that the temperature error has been elimi- 
nated to a large extent. 


CONCLUSIONS 


This paper describes a new frequency 
relay with inverse time delay which trips 
at an assigned frequency with negligibly 
small voltage and temperature errors. 
The time delay of the relay, as well aS 
the minimum trip frequency may be 
independently adjusted within a wide 
band. These design characteristics make 
the relay very suitable for power-system 
applications in which frequency is used as 
the discriminating quantity. 


Appendix | 


The following derivation indicates the 
order of magnitude of relay torque variation 
with respect to voltage near minimum trip 
frequency. 


List of Symbols 


E=voltage impressed on relay 

R,, Ly, CLp=resistance, inductance, capaci- 
tance of relay lower-pole circuit 

Ry, Ly=resistance, inductance of relay 
upper-pole circuit 

Xz, =lower-pole circuit reactance =wLy,— 

1 

wCy, 

Xy=upper-pole circuit reactance =wLy 

Zz, =lower-pole circuit impedance = Rz,+ 


1 
By geste 
ile L | 


Zy=upper-pole circuit impedance =Ry+ 
joLy 

I, =lower-pole current 

Ivy =upper-pole current ; 

6=phase angle by which J; lags E 

a=phase angle by which Jy lags E 

w=2rF 

F=minimum trip frequency 

T =relay torque 

K=constant of proportionality 


Assuming negligible shift between relay 
fluxes and respective currents, the equation 
of the induction disk torque is as follows: 


(3) 


where 6—a is the angle between Jy and I;,. 
Note that for 6>a, T is positive; 0<a, T 
reverses. However, only the absolute value 
of 6—a is considered in this discussion, so 
that it is equally valid for under- or over- 
frequency relays. 


T=KIylz sin (@—«) 


1 { 
Ve a ee 
8 eee: (4) 
é=tan7!?—=stan=} 
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uv Ry 
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The variation of torque with respect to 
voltage is given by 


Iy= (7) 


or | We | (8) 
ro ee | sin F=> 

dE dE ZyZ, i 

or 2k 

— = —H i 

SE Zz, | a) 

OT 2KIyI;, sin (@—a) 2T & 
oe E igs 


At minimum trip, the torque is only that 
amount required to overcome relay spring 
tension. Thus the numerator of equation 9 
is small and the denominator large, so that 
the variation of torque with respect to volt- 
age is small. 
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The following derivations indicate opti- 
mum design requirements for the relay cir- 
cuit elements: 

The relay sensitivity is measured by the 
magnitude of torque variation with respect 
tow. This should be as large as possible. 

If we refer to equation 3 


oT of dl; oT Oly oT 0(-a) 


mateo. Ol, do 00—a) da 
(10) 


From equations 4, 5, 6, 7, 0(@—a)/dw, 
dJy/dw and OJ;,/dw are evaluated. From 
equation 3,07 /d/,, oT /alv, and 07'/0(6— a) 
are determined. 

Collecting terms 


SRT Ky cos (@—a) X 
Ow 


1 
16S Aneel 
if EE ee, 
j Zz? Zy? 


KI,Iyv sin (@—a)X 
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At minimum trip 6@—a is small, so that 
the second term of equation 11 may be 
neglected. Hence if we set cos (@—a) =1.0, 
and note that at minimum trip 


Ry R 
Cos @= cos a= — = —” 


12 
Zo Zn (12) 
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we have 
| Pavia 
oT eae, Lie (13) 
Sa lh hCOS 0 le 
Ow ZL Zy 


OT /dw, and hence the frequency sensitivity 
can be made large by choosing Ly, large, 
C, small, and Z,; small. That is, the induc- 
tive reactance wL,, and the capacitive re- 
actance 1/wCz, must both be large, but 
the resultant reactance X,=wLly—1/wCy, 
should be small. This will mean that 


Ly 1 1 
at ve iPass 
Z| timer 


The optimum value of R; is determined by 
differentiating 07 /Ow, the measure of relay 
sensitivity, and setting the derivative equal 
to zero. This determines maximum sensi- 
tivity with respect to R,. 

If we substitute equations 6 and 12 in 
equation 13 


oT KEIyRz 1 
= t+ = 
Ow Zr | wCy 
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But from equation 14 


a eee 


wo Cy 


Therefore, the second radical of equation 
15 is approximately equal to 1, and we have 


1 


Cos 6= cos a= 4/— 
3 + 
0=a~54.7° (16) 
Therefore, fan @=1.414 
or 


1 
\/2R, =X, =0L,—-— 


oC, we) 


To indicate the accuracy of this approxi- 
mation, suppose 


which means that 


pee 
Bt Ce Dy, 


is only a nominal amount larger than L y/Zy. 
Even under these circumstances, the value 
of @ calculated from equation 15 is 56.7 de- 
grees, which indicates that the approximated 
value of 54.7 degrees is very close for design 
purposes. 
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Modern Motive Power for the 


Sorocabana Railway 


R. L. CHAPMAN 


MEMBER AIEE 


HE Sorocabana Railway in inaugurat- 

ing électric traction on its extensive 
meter-gauge system has selected the 87- 
mile-long double-track section between 
Sao Paulo and Santo Antonio in the State 
of SAo0 Paulo, Brazil, for the initial elec- 
trification. Twenty locomotives are 
being furnished to handle passenger, 
freight, and mixed trains with scheduled 
‘speeds of 35 miles per hour for passenger, 
and 30 miles per hour for freight and 


O. K. KJOLSETH 


NONMEMBER AIEE 


Company. In addition to the mechani- 
cal portions which are identical, much 
of the equipment as furnished by the two 
companies is either identical or physically 
and electrically interchangeable. Panto- 
graphs, traction-motor blowers, watt- 
hour meters, and high-speed JR circuit 
breakers are identical with all panto- 
graphs manufactured by the Westing- 
house Company and all breakers manu- 
factured by the General Electric Com- 


mixed trains over a mountainous terrain pany. Traction motors and motor 
._ 7” OVER HANDRAILS ; 
ins Figure 1. 
(2043 wee) 246% 2"(3815 MM) OVER CAB 
}-9-0% OVER CAB ->| 13-72 (4151 MM) TROLLEY LOCKED DOWN 
(2752 MM) 


54’- 2” OVERALL_ LENGTH 
(16,500 MM) 


OF CAB 


whe 
vf 


ing (Figure 5). Side frames are universal 
mill-rolled open-hearth steel 31/, inch 
thick, normalized, with an ultimate ten- 
sile strength of 55,000-65,000 pounds, 
maximum carbon content 0.25 per cent. 
The guiding trucks are equipped with 
outside journals and rolled-steel wheels. 
Semielliptic. and coil springs are ar- 
ranged in series over the top of the journal 
boxes. A laterally movable bolster is 
provided on which a portion of the loco- 
motive weight is carried through a system 
of equalizers extending from the springs 
over the outer driver boxes. ‘The bolster 
is provided with a variable gravity- 
restraint device of relatively high initial 
restraint to steady the locomotive and 
minimize lateral oscillations when it is 
running on tangent track and to assist 
guiding of drivers negotiating track 
turnouts and curves (Figures 6 and 7). 
An extension of each guiding-truck inner 


General outline of Sorocabana Railway locomotive 
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“nvolving maximum grades of two per 
cent, and prevailing minimum radius 
curves of approximately 800 feet. 

These locomotives are the largest and 
most powerful 3,000-volt d-c meter-gauge 
units built to date and are among the 
outstanding examples of design and con- 
struction embodying all welded fabrica- 
tion of mechanical parts and assemblies 
for main-line passenger and freight loco- 
motives. Ten are being furnished by the 
General Electric Company and ten by the 
Westinghouse Electric and Manufactur- 
ing Company, with the mechanical por- 
tion of all 20 built by the General Electric 
on land transportation for presentation at the AIEE 
summer technical meeting, St. Louis, Mo., June 


26-30, 1944. Manuscript submitted April 21, 
1944; made available for printing May 4, 1944. 


R. L. Cuapman and O, K. KyovsernH are both with 
the locomotive engineering division of General 
Electric Company, Erie, Pa. 
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generator blower sets are interchangeable. 
General characteristics of the locomotives 
are given in Table I. General dimensions 
are shown by Figure 1, and general ap- 
pearance by Figure 2. 


Running Gear 


The running gear consists of two three- 
axle driving trucks (Figure 3) and two 
single-axle radius-bar guiding trucks 
(Figure 4). The driving-truck frames 
are articulated at their inner end by a 
ball joint arranged to permit angular 
movement in both vertical and horizontal 
planes. The outer ends extend over the 
guiding trucks and carry draft gear, 
coupler, and pilot. The frames are 
fabricated of steel plates and structural 
shapes throughout with all parts torch- 
cut to size requiring little or no machin- 
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frame serves as a radius bar connecting 
it to the main truck frame. These truck 
frames are also fabricated from torch-cut 
steel plates and structural shapes readily 
adapted to welding. The weight of the 
locomotive, with the exception of wheels, 
axles, journal boxes, and that part of 
the motors which is carried directly on 
the axles, is carried on a system of semi- 
elliptic and coil springs equalized to pro- 
vide the desired loading on all wheels 
(Figure 8). ‘ 

| 
Cab Underframe 


The cab underframe or platform is con- 
structed of commercial steel shapes, bars, 
and plates. The structure is about 54 
feet long by 9 feet wide. ‘The center sills, 
which are the main load-carrying mem- 
bers of the frame, consist of two 18-inch 
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After the installation of apparatus and 
and wiring is complete, the compartment 
is lowered through the hatch opening in 
the cab and is welded securely to the 
underframe and roof structure. 


Figure 2. Three-quarter view 
of Sorocabana Railway loco- 
motive 


Construction Details 


The locomotive design incorporates 
throughout the use of fabricated sub- 


Figure 3 (left). As- 

sembly of driving 

and guiding trucks 
complete 


Figure 4 (below). 
Guiding truck 


Figure 5. (right) 
Driving-truck frame 


by 12-inch H beams reinforced with top 

and bottom plates of one-half inch thick- 

ness, forming a central duct serving as a 

pressure chamber into which air is dis- 

charged from two motor-operated blow- 

ers. From this chamber ventilating air is 

distributed to traction motors, accelerat- 
. ing resistors, and other electric apparatus. 

Side and end sills are made of eight-inch 

standard steel channels. Bolsters sup- closed by means of bolted-down hatch 

porting center plates, side bearings, and overs. 

lifting lugs are rigidly tied into center- . 

and side-sill members. The 18-inch Apparatus Compartment 

sill members extend well beyond the bol- 

sters and are joined with eight-inch H The apparatus compartment is built 


ag (Figure 9) extending to ends of agq separate unit to facilitate easy instal- 
rame. 


Cab 


lation of control apparatus and wiring. 


The cab is of semistreamlined design y,4), l. 
and is carried on two center plates lo- 
cated one on each of the two driving 
trucks. One of the center plates is ar- Classification 1—C-+C—1—238/ 


ranged for sliding motion in the lower BOO 8 ERAS outa 3,000 valts | 
Length over-all, inside of 


Characteristics of General Electric 
Locomotives for Sorocabana Railway 


or truck socket to compensate for varia- coupler knuckles. .... Serer 61 feet, O inches ett a ty an 

< . : Width over-all, cates can 9 feet, 77/3 inches ‘ a 

tions in truck center-plate distance when Hleightmoverttrcliee locked ae Figure 6. Guiding-truck bolster, center-plate 

operating on curved track. Additional down..... Wolo icts cha usc ureen 13 feet, 7’/iinches extension, and parts of lateral-restraint device 
a adade tan hee rack gare: Sein pes, ater 1 meter 

supports are provide oug Our Total wheel base.............. 50 feet, 0 inches 


spring-cushioned loading pads slideably Rigid wheel base... .........., 13 feet, 0 inches 
. u Diameter driving wheels....... 44 inches 
supported, one on each side of each driv- Diameter guiding wheels....... 33 inches 
ing truck. The loading-pad springs are Ene order. . petals eouay 
4 . : 2 FETS cy eta 238, pounds 
calibrated to give the desired load dis- Weight per driving axle........ 39,666 pounds 
é ¥ cunihi +4: Weight on guiding axles......., 48,000 pounds 
co. on all driving and guiding aoe pss guiding axle........ 24,000 pounds 
wheels. Nite On mOtorsiss regis <i 6 
: J 2 ea ee GRAN TALON coe 2 crraytasy itsingn s 75/17 
The cab ess. mainly of exterior Continuous rating (horse- 
sheets 0.180-inch thick welded to a four- | POWer)... ei eevee Bi220 
inch ‘ean d One-hour rating (horsepower)... 2,195 
inch steel channel frame erected on the Continuous tractive effort 
cab underframe. Louvres are provided (pounds)....... pee nvaabssinaalel 24,475 
: : , One hour tractive effort 
~ in the side sheets of the central portion of (Bounds eerie eee ante 29,500 
the cab for ingress of air to the motor- *? tte an pene eave 
blower sets.. Large hatch openings are Speed onaiious rating (miles 
. _ Bae " Per NOUR) At homens «Aare ae 4 20% 
provided in the roof to facilitate installa- Peat ac at fo sneade Guile a ees a alae 
n OP BOUM Sweets ae 5 H idi 
tion and removal of apparatus and are P ) 56 Figure 7, Guiding-truck frame 


Aucust 1944, VoLuME 63 Chapman, Kjolseth—Sorocabana Railway TRANSACTIONS 559 


¢ LEADING | ‘ 46 
xLe—-] 5 Weked 


Figure 8. Spring and equalization system 
assemblies which are easily handled for 
operations on the individual parts before 
being welded together for the complete 
assembly. All cross-tie plates fitting 
between side frames are machined to 
length with ends squared and are welded 
into subassemblies to facilitate the 


Figure 9. Cab underframe 


easy setting up and squaring of the main 
truck frames. Each side frame, the 
articulation or inner end frame, the main- 
frame extension and other similar groups 
of parts are likewise fabricated to form 
finished subassemblies before final as- 
sembly together. The boring of the 
recess for the cab center plate in the 
middle cross tie and also the boring of the 


inner end frames for the articulation are 
performed in the subassembly stage. 
After the truck frame is otherwise 
assembled and welded, pedestal shoes, 
forming guides for journal boxes, are set 
to position in a special fixture. Shoes 
are accurately trammed to position for 
squareness and distance, laterally as well 
as longitudinally, to the frame center 


as subassemblies after which they are set 
up and assembled with the cab platform 
which is itself a complete subassembly. 


Air-Brake Equipment 
The air-brake equipment is a combina- 


tion of vacuum and compressed-air sys- 
tems with the locomotive brakes operated 


Apparatus-compartment unit 


Figure 11. 


line extending through articulation, cab 
center plate, guiding-truck radius-bar 
fulcrum and center plate, draft gear 
and coupler. After accurate adjust- 
ments are accomplished the shoes are 
welded rigidly to the pedestal brackets. 
The cab sides, together with the cab 
frame, the hatches, cabinets, and com- 
partments, likewise are first fabricated 


Figure 10. General arrangement of apparatus in cab 


INSTRUMENT PANEL 
BRAKE VALVE 
‘CONTROLLER 


COMPRESSOR 
COMPRESSOR GOVERNOR 
VOLUME RESERVOIR 


END Est : 27 eee NCIREUIT 


SAND BOX SARAKER 


A- SIDE 
MOTOR FIELD SHUNTS 


CONTACTORS 


[Bl SEAT do () | A 
SS HAND-7 | | he : CONTROL COMPARTMENT REVERSER _ 
BRAKE \ Lf FUSE BRAKING fea 
Ps RESISTORS 
SEAT Nes eas (QS 
‘ SAND BOX LIGHTNING RESISTORS wise 
y r i acer cc) ARRESTOR 
RO ee APPLICATION TONTROL Vabve eR B-SIDE 
MOTOR-GENERATOR Vv 
BLOWER SET RELEASE CONTROL VALVE 


DISTRIBUTING VALVE 


560 TRANSACTIONS 


TRACTION MOTOR BLOWER 
WAT THOUR METER 


by compressed air and the train brakes 
operated by vacuum. The locomotive 
brakes may be operated independently 
of the train brakes, or in conjunction 
with them, in which latter case the train 
vacuum system acts as a pilot for the 
locomotive air-brake system. Two 12- 
inch-by-12-inch brake cylinders on each 
truck apply the brakes on that truck 
through a single brake shoe on each 
driving wheel. Interlocking is provided” 
to prevent simultaneous operation of air 
brakes and regenerative braking to avoid 
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Figure 12. Traction-motor, wheel, and axle 
unit 


the possibility of wheel sliding during 
regenerative braking. 


Location of Apparatus 


The space between the operator’s cabs 
is divided into three sections. The ap- 
paratus compartment, completely en- 
closed but with access doors and with 
removable covers along the aisles on each 
side, is in the center, while auxiliary ap- 
paratus such as motor generator blower 
sets, compressors, .exhausters, and _ air- 
brake control devices are located at each 
end. The operator’s cabs at each end of 
the locomotive are separated from the 
apparatus compartment by bulkheads 
with a door opening onto an aisle on each 
side of the locomotive (Figure 10). All 
apparatus is arranged to provide maxi- 
mum accessibility for inspection and 
maintenance. Figure 11 shows the 
apparatus compartment complete with 
all equipment being lowered into place 
in the main cab through the hatch open- 
ing in the roof. 


Electric Apparatus 


Two spring-raised air-lowered panto- 
_ graphs are provided, either of which has 
adequate capacity for collecting total 
locomotive current from the 3,000-volt 
overhead line. The pantographs are 
equipped with antifriction bearings, and 
each has two separate contact shoes, in- 
dependently hinged, to provide greater 
flexibility in maintaining contact with 
the overhead contact wire. A small res- 
ervoir which can be charged from the 
control air system is provided for main- 
tenance of air pressure for unlatching the 
pantograph when both pantographs are 
down and no other air pressure is avail- 
able on the locomotive. A small hand- 
operated air pump is also provided for this 
purpose. The two pantographs are con- 
nected together through a cable mounted 
on insulators on the roof and to the main 
power circuits through the protective 
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Figure 13. Circuits for motoring 
connections 


Figure 14. Locomotive speed—- 
tractive-effort curves 
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Figure 15. Regenerative-braking 


circuits 


devices mounted in the apparatus com- 
partment in the main cab. 

The traction motors are wound and 
insulated for operation two in series on 
3,000 volts and are of the commutating- 
pole force-ventilated type with anti- 
friction bearings. Figure 12 shows a 
traction motor in place and suspended on 
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ARROWS SHOW DIRECTION 


the axle with gear case in place. Axle- 
suspension bearings are waste-packed, 
oil-lubricated. The drive consists of 
single-reduction gearing with a pinion on 
the motor shaft engaging a solid gear on 
the axle, both being enclosed in a gear 
case which also serves as a reservoir for 
the gearing lubricant. 

The motor circuits are arranged for 
three combinations of motors: six in 
series, three in series with two such groups 
in parallel, and two in series with three 
such groups in parallel. Accelerating 
steps and one full-field and two reduced- 
field running steps are provided for each 
motor combination, thus making a total 
of nine running steps in motoring (Fig- 
ures 13 and 14). Regenerative braking 
is provided for each of the three combi- 
nations of motors (Figures 15 and 16). 

The auxiliary equipment duplicates 
that previously used on locomotives for 
the Paulista Railway, and consists of 
two 3,000/65-volt motor generator blower 
sets, two 65-volt exhausters, and one 65- 
volt compressor. 

Each motor generator blower set con- 
sists of a  single-commutator  series- 
wound commutating-pole 3,000-volt mo- 
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tor, direct-connected to a 65-volt genera- 
tor with a blower rotor overhung on an 
extended shaft from the motor end of the 
set. The generators of the two sets 
furnish power for the operation of con- 
trol, lights, compressor, and exhausters, 
with one of the sets serving as an exciter 
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for traction-motor fields during regenera- 
tion. The blowers furnish ventilating air 
for all force-ventilated electric apparatus. 

The exhauster control is so arranged 
that normally only one is in operation and 
at a reduced speed, while both operate 
intermittently at full speed to assist in 
quickly creating the necessary vacuum to 
effect the release of train brakes. 


Control Equipment 


The high-voltage control equipment is 
located in the apparatus compartment 
in the center of the locomotive and 
includes the accelerating resistors, braking 
resistors, main-circuit contactors, series- 
paralleling switch, reverser, JR circuit 
breaker, and other protective apparatus, 
switches, and fuses. 

The low-voltage equipment is located 
in the two eperating cabs and includes the 
master controllers, voltage regulator, 
pantograph magnet valves, control-cir- 
cuit switches, and fuses and instruments. 

Cast iron grids are used for the high- 
current sections of the accelerating re- 
sistors while those in the lower-current 
sections and in the braking circuits are 
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Figure 17(right). JR 
circuit breaker 
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formed of edge-wound strips of resistance 
alloy. All are insulated from their sup- 
porting frameworks which are mounted 
on porcelain insulators, thus providing 
double insulation to ground throughout. 

The high-speed JR circuit breaker 
(Figure 17) protects the main circuits 
from short circuits and from overload 
through the medium of overload relays 
in the traction-motor circuits and also 
protects the equipment against over- 
voltage during regeneration through the 
medium of an overvoltage relay. 

Manually operated starting switches 
are provided for operation of the two 
motor generator sets, and a selector 
switch is provided for altérnative selec- 
tion of the continuously operated ex- 
hauster. An automatic relay transfers 
the auxiliaries normally operating on the 
exciter motor generator set to the aux- 
iliary motor generator set during regen- 
eration. 

The main circuit contactors, series- 
paralleling switch, reverser, and braking 
switch are electropneumatically operated 
by low-voltage control circuits energized 
in proper sequence from the master con- 
troller. 
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Each master controller is equipped 
with a main handle controlling accelerat- 
ing and full-field running steps in motor- 
ing, a selector handle for selecting motor 
combinations for regenerative braking, a 
braking handle governing both regenera- 
tion and shunt-field steps in motoring, 
and a reverser handle for selecting direc- 
tion of motion of the locomotive. All 
handles are interlocked mechanically to 
prevent improper operation and are con- 
veniently located and in easy reach of the 
operator. 

The instrument panel is mounted 
beneath the front window, directly in 
front of the engineer, and contains a 
line voltmeter, traction-motor field am- 
meter, traction-motor line ammeter, loco- 
motive speed indicator, vacuum-brake 
gauge, and an air-brake gauge, illuminated 
indirectly from the rear of the panel. 

The air- and vacuum-brake valves are 
on the right of the operating position, 
the master’ controller on the left. Bell- 
ringer and sander valves, control push 
buttons and valve for the pneuphonic 
horn are all mounted so as to require a 
minimum of movement on the part of the 
engineer. A record of power consumed 
during motoring and of power returned 
to the line when regenerating is obtained 
by means of a duplex watt-hour meter. 


ELECTRICAL ENGINEERING 
' 


Voltage Transients in Arc-Furnace 


Circuits 


AIEE SUBCOMMITTEE ON TRANSIENT VOLTAGES IN 
\ ARC-FURNACE CIRCUITS 


HE subcommittee on transient volt- 

ages in arc-furnace circuits was estab- 
lished about four years ago to investigate 
the magnitude, cause, and control of tran- 
sient voltages occurringatthe primary and 
secondary terminals of arc-furnace trans- 
formers. The subcommittee has spon- 
sored a number of field investigations 
during the past four years with the co- 
operation of steel companies, manufac- 
turers of furnace equipment, and electric- 
equipment manufacturing companies. 
Only a part of the data obtained has 
been made generally available through 
publication (see a paper by Z. R. White- 
house and C. C. Levy, “Surge-Voltage 
Tests on Electric Steel Arc Furnaces,” 
presented at a joint meeting of AIEE 
and Association of Iron and Steel Engi- 
neers in Canton, May 1941, and also 
published references 1, 2, and 6). A data 
group of the subcommittee (L. W. Clark, 
chairman; S. B. Griscom, and E. R. 
Whitehead) was instructed to assemble 
all of the data available from the several 
field investigations, correlate the data as 
completely as possible to make them avail- 
able for further study by the subcommit- 
tee, and prepare general conclusions re- 
garding the magnitude of voltage tran- 
sients found during the investigations. 
This paper summarizes the work of the 
data group and the preliminary findings 
of the subcommittee. It should be em- 
phasized that this paper forms only a 
preliminary report of the work to date 
and is presented only so that the field 
data may be available for further study 
and analysis. The work of the subcom- 
fittee is continuing, not only in the col- 
jection and analysis of field data but also 
jn experimental laboratory investigations 
and analytical analyses. It is expected 
that more definite recommendations re- 
garding operating practices and possible 


-Paper 44-99, recommended by the AIEE committee 
.pn electrochemistry and electrometallurgy for pres 
entation at the AIEE summer technical meeting 
-Bt. Louis, Mo., June 26—30, 1944. Manuscript sub- 
_mitted April 29, 1944; made available for printing 
May 8, 1944. 


-Personnel of subcommittee on transient voltages 
-{n arc-furnace circuits: J. E. Hobson, chairman; 
'E. R. Whitehead, secretary; S. Arnold, E. W, 
Boehne, F. W. Brooke, L. W. Clark, L. E. Ferri. 
L. Fountain, C. M. Foust, S. B. Griscom, J. B. 
Hodtum, W. B. Kouwenhoven, C. C. Levy, W. E. 
Moore, J. O. Shimmin, N. R. Stansel, past chair- 
yuan; F. J. Vogel, H. H. Wagner. 


_Aucust 1944, VoLUME 63 


protection schemes will be made after 
further study. 


Installation Data 


Table I lists the essential information 
concerning the 15 furnaces tested at 12 
different locations, with references to the 
key-system diagram in Figure 1. The 
rated temperature rise as well as the kilo- 
volt-ampere rating of the furnace trans- 
former has been listed in order that the 
true thermal rating of the transformer be 
known. All of the installations except 
two were 55-degree-rise transformers. 
The two transformers rated at 40 degrees 
and 45 degrees rise, respectively, are thus 
proportionately larger than those with 
the same kilovolt-ampere rating at 55 de- 
grees rise. 

Transformers for the most generally 
used single-phase arc furnaces are in the 
125-volt class, single-voltage operation, 
voltage range 90-125 volts. 

Transformers for three-phase arc fur- 
naces are in the 250-volt class, multiple- 
voltage operation. The maximum volt- 
ages are within the range 220 to 300 volts. 
Although the maximum voltages of large 
units are seldom below 250 volts, the volt- 
ages in the upper part of the range given 
are often used for small units. The selec- 
tion of maximum voltage does not follow 
a size classification. 

The grounding practice appears to be 
practically uniform. In all cases except 
one, the transformer tank and furnace 
shell are grounded and the secondary cir- 
cuit is grounded through lamps. The 
data collected on the secondary-bus in- 
stallations were incomplete, and only at 
3 out of 12 installations was the actual 
spacing of the bus obtained. 

Table II lists all essential data regard- 
ing the power supply to the furnace 
transformer. Sufficient information has 
been collected on the installations so that 
it should be possible to estimate the ca- 
pacitance to ground of that part of the 
power-supply system directly affecting 
the furnace operation. Several of the 
tests indicate that the characteristics of 
the power-supply system may have a 
considerable effect on the magnitude and 
number of voltage transients experienced. 


Voltage Transients in Arc-Furnace Circuits 


It is desirable to have the power-supply 
data available for further study as to its 
possible effect upon the transients. 

An indication is given as to whether or 
not there have been insulation failures on 
either the line or transformer side of the 
transformer breaker, or on the secondary 
bus. However, there is no definite as- 
surance that voltage transients have 
caused each of these failures. 


Test Data 


e Table III gives most of the test data 
collected at the different installations. 
The recording device in most cases was a 
Lichtenberg figure recorder which records 
both the magnitude and number of tran- 
sients. In one of the tests a cathode-ray 
oscillograph was used, and in another 
test a vacuum-tube counter was used to 
record the number of transients that oc- 
curred above a certain magnitude. 

Most of the tests were made with the 
recorder on the transformer side of the 
furnace breaker, but in a few cases the re- 
corder was on the line side of the furnace 
breaker. Also, in most cases the recorder 
was connected line to ground, although 
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Figure 2. Total number of transient voltages 
per 1,000 hours of furnace operation plotted 
against furnace-transformer size 
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6, 1200 
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K 3000 
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L 6 000 
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Figure 3. Maximum transient voltage (times 


normal voltage) plotted against furnace-trans- 
former size 


in a few cases it was connected line to 
line. 

The transients recorded are segregated 
into groups according to magnitude. 
These groups are one to two times normal 
voltage, two to three times normal volt- 
age, and so on, up to the highest group of 
10 to 11 times normal. In all cases unless 
otherwise stated, this is crest voltage line- 
to-ground. The actual magnitude of nor- 
mal crest voltage line-to-ground is given at 
each installation for convenient reference. 

The transient-voltage distribution 
gives the number of transients per 1,000 
hours operation in each class. For in- 
stance, plant A, test 1, had a total of 574 
transients per 1,000 hours operation. 
The actual test covered a period of 
768 hours. There were 30 transients 
between normal and twice normal volt- 
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PLANT VOLTS NUMBER OF TRANSIENTS 
A 2,300 
Ga 4,000 
Ga 4.150 
In? 3,200 
0 13,600 
H 13,800 
By 23,000 
Ba 23,000 
C 23,000 


F, 24,000 
Fa 24,000 
K 24,000 
J 34,500 


0 4000 =. 2000 


3000 


4000 

Figure 4. Total number of transients per 1,000 

hours of furnace operation plotted against 
furnace-transformer primary voltage 


age per 1,000 hours operation. In 
the top classification there were five 
transients per 1,000 hours operation in 
the 10 to 11 times normal-voltage class. 

It was not possible to segregate the 
transient-voltage distribution for all tests; 
for instance, in test 2 at plant A it is 
known only that there were 77 transients 
between one and four times normal per 
1,000 hours operation. Similarly, at in- 
stallation D (tests 1, 2, and 3) it was not 
possible to give a complete breakdown. 
The tests at installation & were made with 
a vacuum-tube counter, so that the only 
information available is the number of 
transients in excess of 20 kv. For ex- 
ample, in test E—1, there were 33 tran- 
sients per 1,000 hours of operation in ex- 
cess of 20 kv, which is about twice normal 
voltage. 
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PLANT VOLTS MAXIMUM TRANSIENT VOLTAGE 
A 2,300 
6— 4,000 
Ga 4400 
I 13,200 
0 13,800 
H 13,600 
L 13,800 
B, 23,000 7 
8g 23,000 
¢ 23,000 
F, 24,000 
Fa 24,000 
kK 24,000 
J 34,500 
(VaR her nae ee WC ee it 
TIMES NORMAL 
Figure 5. Maximum transient voltage (in 


times normal) plotted against furnace-trans- 
former primary voltage 


Test E—1 shows the relationship be- 
tween number and magnitude of tran- 
sients and breaker operations. The re- 
cording device was connected in such a 
way that it recorded transients only at 
the time the transformer breaker was 
closed or opened, and in this particular 
case 30 of 33 transients occurred at the 
time of closing the breaker, and only three 
occurred at the time of opening the 
breaker. There may have been other 
transients during normal operation of the 
furnace, but the equipment was not con- 
nected in such a way as to record them. 

Test E—4 gives all of the transients. 
during normal operation of the furnace, 
but an arcing ground developed in the 
cable feed to the transformer during the 
test, and it is believed that this caused the 
abnormal number of transients (1,660 


Table I. Installation Data Regarding the Furnace Transformer, Circuit Breaker, Grounding, and Insulation of the Secondary Bus at Locations 
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Furnace Transformer Voltage Circuit Breaker Grounding Secondary Insulation 
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a iT as Sea be §2 5 Snare #88 ga 63 86 4§ 8 C] 
Ana M< e moO ald & AS o> oO << id Si fe ge of Oo 5 = 
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* Oil-immersed water-cooled. 
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Table II. 
Refer to Figure 1 for Key Diagram 


Power-System Data 


Transmission Data 


B Cc D Insulation 
Plant and Neutral Failures 
Furnace Grounding Over- Under- Over- Under- Over- Under- 
Designation Method head ground head ground head ground A B Cc Remarks 
Ny eda in, fit anata eae 40 feet..No . 4,400 feet... No ..No ..No ..No.,.No..No..Single circuit 
Lay Sa GRe E , ea aM AIRA bh oan be ROE Se, ere eb eer an 54 At tae a A Ee Yes..No..No 
MPMI R roy en eee! ths tiec jue, er om ye Seay tome el ode Mie elie tee Seo ae SN OMIM NaS Tee Sy aioli! eURole therapies: alates aiejena Yes..No..No : 
TARE <n adh vIsisue olen Lele No . .90 feet . 840 feet ..390 feet ..6,200 feet ..3,200 feet ..Yes..Yes..No..Single circuit—arresters at both ends 
of C 500,000 kva short circuit at B 
1D eee Ungrounded . .40 feet. .60 feet . 1,000 feet.. No ..No ..No ..Yes..Yes..No ..Single circuit—184,500-kva short cir- 
cuit at B 
3—15 kva, 460-volt capacitors at A 
3—1/4 microfarads 13.8-ky capacitors 
and three type S V 13.8-ky arresters 
at B 
7 lhe Rae Ungrounded delta ..No ..No ..No ..705 feet ..No ..2.76 miles..No ., Yes.. Yes.. Three parallel circuits in C 
12-kvy Westinghouse distribution ar- 
resters at C 
198,500-kva short circuit at B 
en ss) Solid ground . 80 feet, .No . 1,300 feet. .1,300 feet. . 1,125 feet ..1,150 feet .. Yes..No..No..,, Single circuit 
850,000-kva short circuit at B 
Westinghouse type L V 500-volt 
eRe Ain ale toh a's ol sl an) <p Shays loo shapin ene) a. ctclunelei> Paste eaaeasteeyrio de teRble Cpuekeyaininie c.eybininse AW eWigiabe Wetv iain 6 506 b)¥.e~ (a ai)S 2 aaa ee Arresters at A 
General Electric 24-kv—oxide-film ar- 
resters at C 
Gants aes Solid ground 50 feet..No ..No 1,500 feet.. No SOOO TORE rayaretnc soto tis cratrenihe ts Single circuit 
100,000-kva short circuit at B 
eR PRE TS Dyce Rayy ee Lia rss i eMata. crake tn (alabe eta Hare vayayae tv akacs! ate al aah site a/opotaly arses’ again. S ae, g olan ieee eoale abe Wits ovalatiers No arresters 
J ee 8 ohms resistance .No . .400 feet 2.4 miles..No ..12.4 miles. .2.9 miles .. Yes..No..No ..Single circuit 
15-kv line-type arresters at C 
120,000-kva short circuit at B 
I.....2.5 ohms resistance. .No .100 feet ..No .. 1,700 feet. .No SEDO Ae he Up rues isdarctel tecten ae Single circuit—no arresters 
131,500-kva short circuit at B 
SPneia teh’ Petersen-coil tests 
Be 2), 43 solid 
REOWMESECHG Ol eee cleresve stout ricld eupair aia no 4 miles ..650feet ..350 feet ..No ..No..No.. Yes. .Oxide film arrester at C 
* Underground cable at C bypassed by 
overhead for test 4 
1B Seta Solid ground ..No ..No ..4 miles ..No ..No ..No ..No..No..No..25-kv ‘“‘porous block’’ autovalve arres- 
terat C 
dae weneat)-« 2ohmsresistance ..No ..0.25 mile ..3 miles ..16 miles ..11 miles ..165 feet ..No..No..Yes.. B-2 circuits, 2 cables each 
C-4 circuits, 2 cables each 
26-kyv deion tubes on one phase at C 
550,000-kva short circuit at B 
transients per 1,000 hours). There is a transformer side of the primary breaker at duced in varying proportions, depending 


somewhat similar comparison between 
tests E—2 and H—38, except that it 
should be noted that the recording device 
on these tests was on the line side of the 
breaker. During test E—2, there were 11 
transients (per 1,000 hours of operation) 
‘above twice normal during normal opera- 
tion; when the recorder (test E—3) was 
connected to record transients only at 
the time of closing or opening the breaker, 
no transients were recorded. 

Tests at the J and K installations also 
give some information as to the effect of 
switch openings and closings on the tran- 
sients. For instance, test J—1 shows 
1,316 transients per 1,000 hours of opera- 
tion, and during the test of 250 hours 
there were 700 switch operations. This 
indicates a total of 2,800 switch opera- 
tions for the 1,000-hour period, and 47 
per cent of the switch operations could 
have caused transients. However, test 
J—2 recorded transients only at the time 
of staged switching operations; and for 
672 staged operations there were 315 
transients which is also 47 per cent of the 
operations. This is at least an indica- 
tion that most of the transients on the 
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this installation occurred at the time of a 
switch operation. 

A similar comparison for tests 1 and 2 
at location K shows that under normal op- 
erating conditions there were transients 
for 30 per cent of the switch operations 
and that for the staged switching opera- 
tions there were transients recorded on 
34 per cent of the switc'\ing operations. 
These tests seem very definitely to link 
the number of primary transients re- 
corded to the number of switch opera- 
tions. 

Under column ,headed ‘“‘Test Condi- 
tions,’ an indication is given as to 
whether the test was conducted under 
normal operating conditions or under 
some special condition with perhaps some 
remedial measures having been taken or 
some form of corrective equipment added. 
Tests 1 to 8 at location D show the effect 
of various combinations of arresters, 
capacitors, and reactors. For instance, 
with no- remedial measures there were 
1,460 transients per. 1,000 hours opera- © 
tion, and with various combinations of 
corrective measures both the number of 
transients and their magnitude were re- 
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upon the measures used. Similarly, at 
two tests, J—2 and J—3, Petersen-coil 
grounding was replaced with solid ground- 
ing, showing both a slight reduction in 
the number of transients and a slight re- 
duction in the magnitude of the tran- 
sients. However, the greatest reduction 
occurred when a 650-foot length of cable 
in the primary feed to the installation was 
replaced with overhead, as shown in test 
J—4, This indicates that the electrical 
characteristics of the circuit have a 
definite effect on the magnitude and num- 
ber of transients. 

There are only two installations at 
which transient measurements were made 
on the secondary circuit of the furnace 
transformer. These data are summarized 
in Table V. At location F measurements 
were made on two 10,000-kva furnaces 
and at location H on a single-phase 530- 
kva furnace. The number of hours opera- 
tion for the test at location H is unknown, 
so the number of transients could not be 
reduced to a 1,000-hour operation basis. 

The secondary transients are divided 
into classifications reading directly in kilo- 
volts rather than times normal. It is 
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Maximum — transient 
voltage crest of 60- 
cycle one-minute 
test: 
2 1—Apparatus bush- 
g ings, small 
Sy 9—Apparatus bush- 
ce ings, large 
of 3—Aiir switches and 
2 bus supports 
5 
re) 
‘< Impulse 1.5x40 full 
w wave 
5 4—A\pparatus bush- 
ings, sma] 
5—A\pperatus bush- 
A TGavGa Te De HSviE Bas Ba. C. Ska Fa Ke ings, large 
PLANT 6—Aiir switches and 
ee Ol RO NO Oe Oe OO Omi Oren e b on 
PST ha er oie Om Oe, Cnet a aN Stee us SUPP 


TRANSFORMER 


thought that there would be little signifi- 
cance in classifying them on a times-nor- 
mal basis where the actual secondary 
voltages vary only between 125 and 300 
volts. The first column, for instance, in 
the transient-voltage distribution are 
those transients between 1 and 2 kv, 2 and 
3 kv, and so forth, on up to the final 
column for the class 12 to 14 kv. Again 
the number of transients is given per 
1,000 hours of operation. 

Test Fa—3 covers 250 hours operation 


Table Ill. 


N 
PRIMARY VOLTAGE — KV RMS 


* Insulation failures 
occurred 


Figure 6. Maximum transient voltage appear- 

ing on primary winding of the furnace trans- 

former compared with withstand test voltages 
of insulation for indoor equipment 


with the recorder located line to ground 
and with secondary arresters connected 
to the bus. There were no transients 
recorded during this period. Similarly, 
test Fa—6 gives a 720-hour run on the 
same furnace one year later with secon- 


dary arresters, and again no transients 
were recorded. However, test FO—4 
gives the number of transients recorded 
on the secondary winding of another 
transformer of practically duplicate rating 
and fed over practically a duplicate cir- 
cuit. The only difference is that there 
were no secondary arresters in the circuit. 
This test showed 86 transients per 1,000 
hours operation with one transient as. 
high as eight or ten-kilovolt crest voltage 
line-to-ground. Test Fb—5 is another 
test run on the same furnace under similar 
conditions but with secondary arresters 
added. This shows 72 transients, but 
the magnitude has been reduced, and the 
great majority of transients are in the 
one- to two-kilovolt class, none higher 
than the three- to four-kilovolt class, in- 
dicating considerable improvement due 
to the arresters. : 

About one year later a similar test run 
was made on the same furnace with the 
transient recorders connected line to line 
instead of line to ground, and a vacuum- 
tube recording device was added to indi- 
cate arrester operation. Magnetic links 
were placed in the arrester circuits to give 
a measure of the transient current passed 
by the arresters. The test was conducted 
for 720 hours, and no transients were re- 
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a et 


Plant and Total Transient-Voltage Distribution—Number of Transients Per 
Furnace Recorder Test Furnace Normal Normal Tran- 1,000 Hours Operation—Times Normal Line-to-Ground Crest 
Designation Recording Location Opera- Size Line Line-to- sients Voltage 
and Test Device 1, (Line-to- ting (Kilovolt- Voltage Ground Per 1,000 
Number 2,or3* Ground) (Hours) Amperes) (Rms) Crest Voltage Hours 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 
A—1..... Debit ialsts Bees Nar TERcic he 1, 000. ee 2,300: ..... 1870} rer: 574 30 305 126 48. . 80; 2 sa. ee Ry crc 
A—2..... ir Wie Boat AEG yer 1,000. 2,300... 1S 7Ole Ars 7<—\ —_ 77> 
Ba—1..... a ez chee? a: a rare L000 10,000 23,000... 3.2 Le TON. 81 7. 64 10 
Bb—2..... Date A ie es 10008. =. 10,000. ....23,000..... AS) FOO mere ou 78 15. 62 1 
Cc. 1 eee A Bete. S400 ok 12,000.80... 23,000... 1S; TOO cen 420 118.. 161 BO Oso. 
D—1..... 1 SA Bettie 1502-35; T5000 oats 13,800..... T1200) c tnnicc 1,460<—— 1,453 = Oa eae 
D—2..... Ley sor tie Bose ite a8 acres 75500. ea 13,800... TU200 | ance 417<——— 417 ——_»> 
D—3..... se eit: eS gece O12 07000: crane 13,800..... 11,2008 s. s 1170<————1 ee ee 1 
D—4..... LP Sth os) Bie the 3,960..... T9008 ccs 13,800..... 112005555... 540... 475.. te 9 
D—5iy.5.. Uh RAIA Reg UBD bey. are Shee 7,500... ... 13,800..... LT 200 soca EBS ee OOo a 
D—6..... pe sear Bie hice 21,0562. 553 74500), eee 13,800. . 2. AT200) e255 125 TUES 8 
D—7..... DY re he Bis Bean ote L416 4-c. *,000.45. 5 13,800..... LE 200 ein, on 208 1867-268 ee a 4 
D—8..... 1 te Mena Bo Bees: 696..... 7,500 700 oe 13,800..... 1152007 35.55 292. 236.. 56 
E—1..... Bill trate Bese ies 336..... 10,000..... 1D, Q00R Ere 8,950 ...65 33. wees <—————, 83»... (80 ont of 33 were'on clara) 
; breaker) 
E—2..... Sisters wate (SAR th a AE Ssig 10,000..... 11;000 35.35 8950) Face. Die asttatie << 
BB sey a8 OM Fines Co ere S36 ag 10,000..... LIS0005 Re: 8,950 via. 0 
E—4..... Bie eae Be see 2AQ' Osan 10,000..... 11,000... 4. $950) 2... TGGON Gi tectids <——— 1,660 
E—5..... CUMS celts Coy ae Re: 10;000 (424). VU 000. 8. 8050 "rear eee aera ee 1 . . (Staged test—automatice trip in anaes 
i phase short circuit) 
Fa—1 et ees BY Fis cae Po bee 10,000..... 24,000..... LOS5OO' hot 500... 475... 24 1 
Fb—2..... Teh sh Ba ee TiSmenar 10,000..... 24,000..... 19,5000 eae 478... 465.. 13 
Ga—1...., Ae Sistn vic BEE crne SEs: W200 sre A,t50)e oe 5,850" Le: 107 (iene 
Ga—2..... De eae Breectas po SD dae! 12008 eer ALGO tere 33380) Fee 798 179.. 584 35 
Gb—4..... i ae ry BRR a ove 168 eee 4,000..... 4,000..... 5,640**,.... 209 143.. 48 18 
Gb—5:.... 1 Bos tke BM ahs PIV an 4000 sear: 4,000..... 3,250 8 ec 292 108.5 124 44 da Se 
A—1..... s amperes 2 Detain eke 44..... 530027 13,800..... LT 200 Ree. 3,810. . .1,630. .1,520 523. w. «114... 23 { 
A205. Dh Ses sia Beer fe Wye 83055. 13,800..... 19,500**,.... 2,412...1,230.. 955 227 ; \ 
eV ecas Litkie tee Uzi yen Cecearae 4,000°.458 132005" cer 10,800 eect 528 472... 55 1 
J—1..... 1 HA 2 Sil 2 Caen 260522, 3,000.). 5 34,500. .... 28,000 ..... 1,326 784.. 280 196 =... 56 
J—2..... ig eee ee BPs ite btote Satpare os S000 le en 34,500..... 28; O00) eis ne apt mete SSS .- wG7: AT) a 1B RES 
J—3..... ihe ess ean Be erences eee 3,000..... 34,500..... 28,000 xc cite centres 60s > 23 G*e* 
J—4..... PES Ee aati B end; OOO! cone 34,500..... BROOD aes 5 Sa wiraton 25.. grr 
K—1..... land2 BS en ae 1B0 35s. 3,000..... 24,000),...2). UO'5O0 ee: 600 480.. 100 20 
, Tiand!2, oar Ns Fes ee ie SAAS Oty 3,000..... 24,000..... 19; 500 Sestccotejewne ee ae 168.. 70 7eee bs 
I—1..... DMS weaken Bory wel aa es chia 6,000..... 3;800..... LIB ZOO Bee ees as aerate ere Fs 3 Sune Plat 


* 1. Lichtenberg figure. 


2. Cathode-ray oscillograph. 


3. Vacuum-tube counter. ** Line to line. 


*** Actual number of transients—not per 1,000 hours of operation. 
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corded. As far as could be determined, 
there was no change in furnace operation 
from the test of a year previous when a 


Table IV. Summary of Test Conditions 


Plant and Furnace 
Designation and 


Test Number Test Conditions 


Ale jciralip\'es 6 No remedial measures 
A—2 ..High-voltage capacitor at B 
Ba—1..... No remedial measures 
Bb—2..5.. No remedial measures 
C..... ‘No remedial measures 
D=—1...... No remedial measures, no capaci- 
tors, no arresters 
D—2..... High-voltage arresters, no capaci- 
tors, 5.9 per cent reactor 
D—3..... High-voltage arresters, low-volt- 
age capacitors, no reactor 
D—4..... High-voltage arresters, low-volt- 
age capacitors, 5.9 per cent re- 
actor 
D—5..... High-voltage arresters, high-volt- 
age capacitors, 5.9 per cent re- 
actor 
D—6..... High-voltage arresters, high-volt- 


age and low-voltage capacitors, 
5.9 per cent reactors 


D—7..... High-voltage arresters, high-volt- 
age and low-voltage capacitors, 
no reactor 

D—8..... High-voltage arresters, high-volt- 


age capacitors, no reactor 
.. Transients in excess of 20 ky re- 
corded; transients only at time 
of opening or closing breaker 
E—2..... Transients in excess of 20 kv re- 
corded; normal operation all 
transients 
B38... Transients in excess of 20 kv re- 
corded; transients only at time 
of closing or opening breaker 
B42... Transients in excess of 20 ky re- 


large number of transients was experi- 
enced; the only known difference was 
that the recorders were connected line to 
line instead of line to ground. 

There is nothing brought out by the 
secondary tests on these installations to 
indicate that there is any connection be- 
tween secondary transients and primary- 
breaker operations. This installation had 
four cases of secondary-bus flashovers, 
all of which occurred during the normal 
heat run of the furnace at a time when 
the primary breaker was closed and the 
furnace was in normal operation, indi- 
cating that some of the transients at least 
are not associated with breaker operation. 

Figures 2 through 5 are presented to 
give a visual indication of the possible 
existence of any uniform pattern or rela- 
tionship among furnace size, primary 


voltage, and the number and magnitude 


of transients. In all cases the data used 
are those of tests made when no remedial 
measures were taken and no corrective 
equipment added. These charts show no 
trends nor any functional relationship 
existing between the previously listed 
variables. This tends to strengthen the 
previously expressed thought that electric- 
system characteristics are a predominant 
factor in the number and magnitude of 
transients. 


TRANSIENT VOLTAGE TIMES NORMAL CREST 


fe) 
ie} 20 40 60 80 100 
PER CENT OF TRANSIENTS 
EXCEEDING ORDINATES 


Figure 7. The distribution and magnitude of 
arc-furnace primary-voltage transients compared 
with swifthing and fault transient voltages 


A and C—Switching transients 
B—Transients from faults 
From reference 4 


lieved that the actual insulation strength 
against furnace transients of this type, 
although certainly variable, falls some- 
where between these limits. 

At the installations where insulation 
failures were recorded (plants D, L, C, 
and J), the maximum transients all ap- 
proach or pierce the lower bound of the 


corded; transients evidently , 4 ; ; : > 
caused by arcing ground in Figure 6 shows the magnitude, in kilo- insulation level shown on the chart. In 
cable at C : . F 5 : i 
ae Transients in excess of 20 kv re.  VOlts, of the maximum transient meas- this connection it should be pointed out 
corded ured for each test and its relation to the that complete information is lacking re- 
Pa—1... 35. Normal conditions F 7 ; p ( ti : 
prea) Natmul conditions withstand test voltage of insulation for garding the actual insulation levels exist- 
ide in ore =i ae aie ie indoor equipment for each voltage class. ing at each test installation, and that, if 
CTs a 6/60 im ormal!l conditions ; 
Gb—4.....Normal conditions The AIEE Standards for apparatus bush- materially lower levels are encountered, 
Gb—5 .. Normal conditions : 3 : : 
my A ea Pa ings of both large and small apparatus, infrequent failures might be expected. 
H—2..... Normal conditions and for air switches and bus supports Insulation levels recommended for gen- 
3 eS Normal conditions : : : ‘ - ; 
ee Normal conditions (700 switch Specify certain withstand test voltages eral use in power installations also appear 
operations) ; Petersen-coil which are a measure of the basic insula- to be satisfactory for most furnace in- 
eee tion level for each voltage class of insula- _ stallati F devices th 
cea Al's 672 staged switching operations; tion level for each voltage class of insula-  stallations. For some devices there are 
oie ilies hem agp ri tion. There are some inconsistencies in ‘‘high” and “‘low”’ levels within the nomi- 
——D eves staged switching operations; A a 
solid grounding the values specified in the Standards for nal voltage rating, and the ‘“‘high’’ level 
J—4..... 328 staged switching operations; : : E 
Beciees mo orbandings 6E0 the different types of apparatus, but, in should. be selected (particularly when the 
feet of cable replaced withover- general, an insulation level can be indi- operatitg voltage approaches the ‘‘volt- 
head : ” : < 
emg Normal conditions (300 switch Cated whose lower bound isthe crest of the age class ), or it may be desirable to use 
operations) : 60-cycle one-minute withstand test volt- apparatus of a higher actual insulation 
K—2 . ,700 staged switching operations a 4 1 1 1 ( = ‘ 
Tee tts  bys 31 staged switching operations, age, and whose upper bound is the im- level or to apply suitable protection equip- 
opening magnetizing current pulse withstand test voltage. It is be- ment. 
Table V. Summary of Transient Voltages Recorded on Secondary Circuits 
Plant and Ra ees i 
Furnace Total Transient-Voltage Distribution—Number of Transients 
Designation Recording Recorder Test Transients Per 1,000 Hours Operation—Crest Voltage in Kilovolts 
and Device 1, Location Operating Per 1,000 
Test Number 2, or 3* Line-to-Ground (Hours) Hours 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-10 10-12 12-14 Test Conditions 
OO ens « ePeee see AGE es Y yt Bris MET Oo 250% ctamttene OP ict As onsen os IR REECE FE MarR tt eb CRSP Ee CO With secondary arresters 
1 a a ae 1 ia mtn aca AL Rotts WOZSry ance: BO ss dense AO Miao Ogi LO ce dance Ord, pe Re ees ee a With secondary arresters 
J eS ee eA pyeecn eed A capes cee tens 530 Moots erate ge 64... 2 Gas ache ae nen tae naa en Gaistgtian a cele wate With secondary arresters 
Ba cartes diets eae cee ae ARE eae nivel (PANG ere, then he 2 sae Beto, Butoh Gad SCE DATO ORAS NLS vO oO biG “Gah hd ome Sate aR IEP Aye With secondary arresters: 
DOSER: coe ee aE Distt eerste Aron rat dinehine as 720.. ORFS, estar N ORE ives eSous isos SCOR MNT OER ROMS nate rac ns vee sakanscets With secondary arresters. 
joie el CA eee iL ego A PERE eens Se Ailey cchlbetanaivson tas ar Re eons GReletamn ete 1 Did it eck tee Ope Oem Or) LO. ie WD kee Leute Normal operation 


*1. Lichtenberg figure. 2. 


Cathode-ray oscillograph. 3. 


Vacuum-tube counter. ** Line to line. 


ee Actual number of transients—not ‘per 1,000 hours of operation. 
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Figure 7 shows the magnitude of arce- 
furnace primary transients as recorded 
on the various tests and compares them 
with switching transients and transients 
which may be caused by system faults. 
The dotted curves A, B, and C are the 
switching transients and transients from 
faults .taken from the AIEE paper,’ 
“Power-System Transients Caused by 
Switching and Faults” (see also Lewis 
and Foust*). This curve indicates that, 
as far as the primary transients recorded 
on these tests are concerned, they are of 
about the same order as, and at least not 
greater in magnitude than switching 
transients. There was only one test that 
showed transients in excess of five to six 
times normal. Of all the transients re- 
corded above twice normal, 92 per cent 
were less than four times normal voltage. 
This curve sheet does not bring out the 
known fact, however, that the frequency 
of occurrence of furnace transients can 
be many thousands of times greater than 
that of ordinary power-system transients. 


Summary 


J. Voltage transients encountered in pri- 
mary circuits of furnace transformers have 
characteristics similar to those of ordinary 
power-system voltage transients, except that 
of frequency of occurrence. Primary-circuit 
transient overvoltages in arc-furnace instal- 
lations occur during the melting-down opera- 
tion and at the time of opening or closing the 
furnace breaker. The highest magnitudes 
appear to be associated with breaker open- 
ing operations. Accordingly, there are 
more transients in furnace transformer cir- 
cuits over a given period of time, because 
furnace breakers operate 40 to 50 times per 
day compared to a few times a year for the 
general use of circuit breakers. 


2. Insulation levels recommended for gen- 
eral use in power installations also appear 
to be satisfactory for most furnace installa- 
tiors. For some devices, however, there 
are wide variations of the insulation level 
for the same voltage rating, and in those 
cases where the operating voltage ap- 
proaches the ‘‘voltage class,’’ it may be 
desirable to use apparatus of a higher actual 
insulation level as compared to the rating 
or to apply suitable protective equipment 
such as capacitors and lightning arresters. 


3. There does not appear to be any func- 
tional relationship between either furnace 
size or primary voltage and the number and 
magnitude of transients on a times normal 
basis. 


4. The magnitude of secondary transients 
suggests that they originate from current 
discontinuities in the secondary circuit. 


5. This report does not cover internal 
transformer voltages. 


6. Although this report is primarily a 
factual presentation of test data on voltage 
transients, some members of the committee 
thought it desirable to stress the use and 
adequate maintenance of a mechanically 
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T has long been realized that the surest 
and most effective way to obtain 
simultaneous breaker operations at both 
ends of a transmission line, regardless of 
the location of a fault within the line sec- 
tion, is by use of some form of pilot chan- 
nel relaying. Two forms of this type of 
protection have been developed and used 
very successfully for a number of years. 
One system is the familiar distance-type 
carrier relay system, and the other is the 
single-element differential pilot-wire sys- 
tem, j 

This paper describes a new one-to- 
three-cycle carrier relaying system which 
combines the simplicity of pilot-wire pro- 
tection with the versatility of power-line 
carrier. 

A comparison of the characteristics of 
the distance-type carrier and pilot-wire 
relaying systems gives the background 
and reveals the impelling motives for the 
development of this new system, The 
distance type of relaying requires a source 
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of current and potential to determine the 
location of a fault. Backup protection is 
provided, and auxiliary elements are re- 
quired to prevent tripping on an out-of- 
step condition, Consequently, the con- 
tact and circuit complication has been in- 
creased over that required for a basic 
carrier relaying system, 

In the single-element pilot-wire system, 
which has been in use for a number of 
years, certain problems were solved which 
resulted in definite steps toward sim- 
plicity. The chief progress toward sim- 
plicity in this scheme was effected by the 
use of relays operating on symmetrical 
components of current, This obviated 
the necessity of using separate relays in 
each phase and reduced the relay re- 
quirements to one per terminal to handle 
all phase and ground faults. This same 
symmetrical-component device also re- 
duced the number of pilot wires to two. 


No potential source is required for this 
pilot-wire system, since the positive- and 
zero-sequence components of the fault 
current at each end of the protected lines 
are compared,! System out-of-step con- 
ditions do not tend to trip the relays and, 
therefore, do not require auxiliary ele- 
ments to prevent tripping. The resist- 
ance of the pilot wire is one limiting condi- 


rugged circuit breaker especially selected 
for are-furnace service, 


Recommendations for Future 
Analysis and Study 


The magnitude of furnace transients, 
both primary and secondary, appears to 
be very closely associated with the char- 
acteristics of the electric system, and it 
may prove worth while to investigate this 
relationship by future calculation and 
theoretical analysis. It is believed that 
sufficient power-system data have been 
tabulated along with the test data to per- 
mit such a study by an analysis group. 

Wherever the point has been checked, 
the addition of high-voltage capacitors 
has been found to reduce both the number 
and magnitude of the transients recorded, 
and this fact may support the view that 


Halman, Goldsborough, Lensner, Drompp—Carrier System 


system characteristics are an important 
factor. , 
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tion, however, for this relay. Further- 
more, in some cases induction in the pilot 
wire and differences of ground potential 
cause undesirable effects.® 

It is evident from the foregoing that a 
marked simplification in a carrier relaying 
system is possible by using the elements 
of the pilot-wire relay and substituting a 
power-line carrier channel for the pilot 
wire. A carrier relaying system of sucha 
nature has been developed, and extensive 
tests on an artificial transmission line in 
the laboratory and on an actual line in the 
field have proved it to be dependable in 
operation. 


Principle of Operation 


Basically the relays determine whether 
a fault is inside a protected line section or 
external to it by comparing, over the 
carrier channel, the relative directions of 
the currents at the ends of the line section. 
This comparison takes place in the grid 
circuit of a vacuum tube connected as 
shown in Figure 1. The tube is normally 
biased to cutoff; that is, the bias voltage 
E, is sufficient to block the flow of plate 
current when no other voltage is present 
in the grid circuit. Carrier is trans- 
mitted from both ends of the line on 
alternate half-cycles of the power fre- 
quency. A voltage proportional to the 
received carrier is introduced into the 
grid circuit of the vacuum tube in series 
with a single-phase voltage derived from 
the local line currents. The polarities of 
these two voltages are such that for an 
internal fault current flows through the 
vacuum-tube plate circuit on alternate 
half-cycles of the power frequency. A 
voltage is thus induced into the secondary 
winding of transformer TR which is 
sufficient to operate the relay element R 
and close the trip circuit. For an ex- 
ternal fault, the phase of one of the volt- 
ages in the grid circuit reverses, and the 
flow of plate current is continuously 
blocked. Therefore, no voltage is in- 
duced in the transformer secondary wind- 
ing, and the relay does not operate. This 
vacuum tube is appropriately called a 
“relay tube” because of its function, and 
it will be referred to as such hereinafter. 


Complete System 


Figure 2 shows a complete basic dia- 
gram of one terminal of the relaying sys- 
tem. The three-phase line currents ener- 
gize the positive-plus-zero-sequence filter. 
The single-phase output of the sequence 
filter is connected to a fault detector and 
to the grids of two thyratrons V1 and V2. 
These thyratrons and the associated re- 
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sistors and capacitors comprise a trigger 
circuit which is operated by the filter out- 
put voltage. The fault detector is used 
to obtain an intermittent carrier scheme, 
so that the carrier channel is available for 
any auxiliary function such as communi- 
cation or telemétering except during the 
time of a fault.4 One contact on the fault 
detector (FD-1) starts carrier through the 
thyratron trigger circuit, and another 
contact (not shown) is used to interrupt 
any auxiliary function. 

Upon the occurrence of a fault, the con- 
tact of the fault detector closes and 
applies positive direct voltage to the plate 
circuits of V1 and V2. When the grid of 
V1 becomes positive, as a result of the 
filter output voltage, it fires and its plate 
or anode current very rapidly rises to a 
steady-state value as determined by the 
supply voltage and the plate and cathode 
resistors (R, and R,) of the tube. On the 
next half-cycle, the grid of V2 becomes 
positive, and thyratron V2 fires. When 
this occurs, the charge on the capacitor C, 
connected between the plates of V1 and 
V2, makes the plate potential of V1 
momentarily negative which extinguishes 
V1. Thus the wave form of plate current 
of either thyratron will be square half- 
cycles of fixed magnitude for any value or 
wave form of grid voltage, providing, of 
course, sufficient grid voltage is present to 
fire the thyratrons V1 afid V2. The 
voltage drop across the cathode resistor R, 
is used as the plate-supply voltage for the 
oscillator tube in the carrier transmitter. 
Applying this voltage to the plate of the 
oscillator causes the transmission of 
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carrier on alternate half-cycles of the 
power frequency. 

The voltage drop across the other 
cathode resistor R,’ of thyratron V2 is 
connected in the grid circuit of the relay 
tube in series with the d-c output of the 
carrier receiver (Ep) asshown. When V2 
fires, the voltage drop across R,’ makes 
the grid of the relay tube positive. The 
d-c output of the carrier receiver is con- 
nected with the opposite polarity and is 
sufficient to cancel the effect of the volt- 
age across R,’ if carrier is received at the 
same time that V2 is conducting. The 


Figure 2 (left). Complete basic 
diagram of simplified carrier 
relaying system 
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Figure 3. Wave diagrams of relaying quanti- 


ties 


remainder of the relay-tube circuit is the 
same as shown in Figure 1. The carrier 
transmitter and receiver are conventional 
carrier relaying units whose construction 
and principle of operation are well 
known. 


Response to Faults 


Figure 3 shows in detail how the circuits 
just described determine whether an 
internal or external fault exists. The re- 
lay-tube circuit is repeated at the top of 
Figure 3 for convenience. The ‘“‘operat- 
ing voltage from trigger circuit” is the 
voltage drop across R,’ of Figure 2. Itis 
called operating voltage, as it makes the 
grid of the relay tube positive, causing the 
flow of relay-tube plate current. The 
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Figure 4. 


“restraining voltage from carrier” is the 
d-c output of the carrier receiver (Zp) and 
is so named as it opposes the operating 
voltage and prevents the flow of plate cur- 


rent in the relay tube by applying nega- 


tive potential to its grid. 

To see how the quantities shown in 
Figure 3 are utilized, consider first an 
internal fault. The polarities of the 
sequence-filter output voltages at the two 
ends of the line are such that, when the 
fault detectors operate, carrier is trans- 
mitted from both line terminals on the 
same half-cycles (Figure 3, C and D). 
The received and rectified carrier re- 
straining voltage (Figure 3, E) is applied 
to the grid of the relay tube in series with 
the operating voltage (Figure 3, B). The 
net voltage on the grid of the relay tube is 
the sum of these two voltages, and has the 
wave form indicated at F on Figure 3. 
The reference axis at F is the voltage E, 
required to cut off the plate current of the 
relay tube. Consequently, when the net 
grid voltage is above this axis, plate cur- 
rent flows. For an internal fault, there is 
no rectified carrier voltage during the half- 
cycles that the grid of the relay tube is 
made positive by the operating voltage. 
As a result, plate current will flow in the 
relay tube, as shown at G in Figure 3. 
The half-cycle plate-current pulses flow 
through the primary winding of the trans- 
former YR. The secondary voltage 
(Figure 3, H) is rectified to provide a 
steady relay operating force, and the 
direct voltage so obtained causes current 
to flow to operate the relay R (Figure 3, 
I). 

During an external fault, when the 
fault detectors pick up, carrier is trans- 
mitted from the two ends of the line on 
alternate half-cycles, as shown at C’ and 
D’ in Figure 3. This change occurs be- 
cause the current at one end of the line 
has reversed with respect to the current 
at the opposite end. If the current enter- 
ing the line is in phase with the current 
leaving it, the rectified carrier at each 
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receiver will. provide a substantially con- 
tinuous restraining voltage (Figure 3, 2’). 
This voltage in series with the operating 
voltage (3, B’) gives a resultant value 
which is always more negative than the 
cutoff bias of the relay tube (Figure 3, 
F’). Asa result, no plate current flows 
(Figure 3, G’), and the relay does not 
operate. 

The phase position of the line currents 
theoretically may fall anywhere between 
the inphase position and the 180-degree 
out-of-phase position. Figure 4 shows 
the characteristics of the relay over this 
entire range. As the phase position 
changes from in phase (external fault) to 
out of phase (internal fault), the blocks of 
the distant carrier change in phase posi- 
tion with respect to the blocks of local 
carrier, the two extremes being shown in 
Figure 3, C and D, and Figure 3, C’ and 
D’. Between these two extremes the 
plate current of the relay tube will be 
blocked over more and more of the cycle, 
and the rms value of the a-c component 
of the plate current will decrease. This 
will result in a decrease of the current in 
relay R as shown on the typical phase- 
angle relay-current relationship Figure 4. 
By adjusting the sensitivity, the relay R 
can be set to operate when the angle be- 
tween the currents at the two ends of the 
line becomes any desired value, such as 30 
degrees, as shown. 

The preceding explanation is based on 
single-frequency operation of the carrier 
equipment. That is, the transmitters 
and receivers at both ends of the line are 
tuned to the same carrier frequency. It 


Figure 5. Type-HKB relay used in simplified 
carrier relaying system described in paper 


should be noted, however, from a con+ 
parison of Figure 3, B and C, that carrier 
is transmitted locally only on the half- 
cycles when there. is no operating voltage 
present. Consequently, it is never neces- 
sary to receive the local carrier signal, 
since the relay-tube plate current always. 
will be zero during these half-cycles. 


This means that two-frequency operation,, 


of the carrier transmitters and receivers 
is possible without complication, if it is 
desired to use some auxiliary function 
which requires a two-frequency channel. 
In two-frequency operation, the trans- 
mitter at one end of the line and the re- 
ceiver at the opposite end are tuned to one 
carrier frequency, and the other trans- 
mitter and receiver are tuned to a differ- 
ent frequency. This permits simultane- 
ous transmission and reception in both 
directions as would be needed for teleme- 
tering in one direction and load control 
in the opposite direction. When two- 
frequency operation is used, the line trap 
at a given station is tuned to the fre- 
quency transmitted from that station. 


Special Considerations 


Although the settings of the fault detec- 
tors at both line terminals usually will be 
the same, there is the possibility of a dis- 
tant external fault picking up the fault 
detector at only one end of the line. As 


blocking depends on receiving a signal 


from the opposite end of the line section, 
carrier must be started at both line 
terminals before operating voltage is 
applied to the relay tube at either end. 
To do this, the thyratron which starts 
carrier is set more sensitively than the one 
which provides operating voltage to the 
relay tube. The  carrier-controlling 
thyratron also is more sensitive than the 


fault detector and therefore always will - 


fire whenever the fault detector picks up, 
but the thyratron which provides operat- 
ing voltage is set less sensitively and 
therefore will not fire until the fault cur- 
rent reaches a value approximately 50 per 
cent above the fault-detector setting. 
Thus, if the fault current is just above the 
pickup value of the fault detector, it will 
pick up, and thyratron V1 (Figure 2) 
will fire and cause the transmission of a 
continuous carrier signal. The two thy- 
ratrons will not trigger back and forth 
until the fault current is high enough to 
fire V2. Then the system will operate in 
its normal way. The firing point of V2 
need be enough above that of V1 to insure 
that the fault detectors at both ends of 
the line pick up and start carrier before 
operating voltage is applied to the grid of 
either relay tube. The difference in 
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settings of V1 and V2 can be accomplished 
easily by adjusting the resistor R1 in 
Figure 2 larger than R2 to obtain the 
proper voltage distribution. As the se- 
quence-filter output voltage increases, 
more of it will be applied to the grid of V1 
than to that of V2, thus allowing V1 to 
fire at a lower fault current than V2. 

One of the fundamental requirements 
of the new current-comparison carrier 
system is that no dependence be placed 
upon the relative magnitudes of the fault 
currents at the two ends of the protected 
line section. In this respect the system 
operates somewhat differently from the 
pilot-wire relay in that it is not a ratio- 
differential scheme but operates only on 
the relative phase position of the currents 
at the twoends. The reason why magni- 
tude comparison cannot be used is that to 
do so would entail the reception of a 
carrier signal through an internal fault. 
Also, the attenuation of a power line to 
carrier frequencies changes with weather 
and system switching conditions, result- 
ing in the reception of a signal which 
varies in strength over a wide range. 
While some signal, no doubt, could be re- 
ceived through an internal fault, especially 
if high power were used, it seems fairly 
obvious that no dependence could be 
placed on the reception of a signal of the 
proper magnitude. In the present sys- 
tem, therefore, the circuits which control 
tripping and blocking are saturated at 
as low a current value as possible, and 
only the variation in phase position is 
utilized to discriminate between internal 
and external faults. Also, it is only 
necessary to receive a signal from the 
far end of a line section when blocking 
is required, that is, during a fault exter- 
nal to the protected section. 

The carrier receiver saturates at a 
small value of received signal and pro- 
vides sufficient restraining voltage to give 
a good margin of safety over the operating 
voltage over a very wide range of carrier 
attenuation. This is done to insure de- 
pendable blocking for external faults. It 
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Figure 6 (left). | Transmission- 
system conditions for staged 
tests 


Figure 7 (right). Oscillogram 
of operation during internal 
fault 
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should be noted in Figure 3, C, D, and E, 
that the restraining voltage due to the 
reception of both the local and distant 
signals is no greater than for the reception 
of the distant signal alone (Figure 3, C’, 
D’, and B’). This is due to the satura- 
tion of the carrier receiver. Asa result of 
saturating all the quantities involved, a 
single curve (Figure 4) suffices to show the 
relay-system characteristic over a wide 
range of fault currents. 

On lines with a source of power at only 
one end, this system will block for an 
external fault beyond the line terminal 
having no source of power. However, 
for an internal fault, only the end having 
a source of power will trip. This opera- 
tion is the same as for a standard distance- 
type carrier relaying system. 

The application of this relaying system 
to three-terminal lines has been consid- 
ered, and there appears to be no funda- 
mental reason why it will not operate 
satisfactorily.6 However, to date no 
actual tests on a three-terminal line have 
been made. 

There is a theoretical condition where 
the use of the positive-plus-zero sequence 
filter may result in incorrect operation. 
This occurs on an internal B-C-to ground 
fault when the positive-sequence current 
all comes from one end of the line and the 
zero-sequence current all comes from the 
opposite end. In addition the magni- 
tudes must be exactly right, and the phase 
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angle of the positive- and zero-sequence 
system impedances must be equal. This 
same condition exists for the pilot-wire re- 
lay which uses the same type of network 
filter, but in no installation has this exact 
condition ever been encountered. If it is 
a condition which must be satisfied, the 
use of positive sequence alone is a solu- 
tion. 


The Equipment 


The relay proper contains the positive- 
plus-zero sequence filter, the operating 
element, and the fault detector. Figure 5 
is a picture of the relay in a case equipped 
with switches to facilitate testing. The 
trigger circuit, relay tube, and associated 
components are mounted on a 19-inch- 
wide panel for relay rack mounting in the 
same cabinet as the carrier transmitter 
and receiver. Provision is made to check 
the operation of the circuits without dis- 
turbing the installation. 


Field Tests 


In order to obtain field experience under 
typical service conditions, the first instal- 
lation of this carrier relaying system was 
made in April 1944 on a 120-kv trans- 
mission line of The Detroit Edison Com- 
pany’s system. Before being installed 
in the field, the equipment was set up 
completely by the company in its labora- 
tory for a preliminary trial. A miniature 
transmission line, which could be fed 
independently from either end, was con- 
nected to the relays through current trans- 
formers, and all types of fault conditions 
were simulated. These preliminary tests 
did not disclose any incorrect relay 
operations during a large number and 
variety of applied faults. The tests also 
permitted a very complete study of the 
effects of all adjustments on the equip- 
ment. 

After this thorough trial in the labora- 
tory, the equipment was installed on the 
Trenton Channel—Warren line 2 (see Fig- 
ure 6) which is one of four parallel circuits 
feeding the Warren station from the 
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Trenton Channel powerhouse. On April 
-2, a series of staged tests was run, in 
which artificial faults were applied to the 
line. Figure 6 shows the pertinent de- 
tails of the line and bus arrangement, 
together with the special test connections 
used. To minimize the disturbance to 
the system, two circuits on the same tower 
line were connected in series, as indicated 
on the diagram, and energized at only one 
fifth of normal voltage from the Warren 
station 24-kv bus. To compensate for 
the lower current resulting from this cir- 
cuit arrangement and to obtain values 
more representative of actual faults, the 
secondary current was stepped up three 
times through a set of auxiliary current 
transformers before feeding into the relay. 
The 24-kv system is solidly grounded in 
the same way as the 120-kv system. The 
a-c source was connected to the line 1, 
and the faults were applied to line 2 at the 
Warren station terminal under three 
different test conditions. In the first 
condition, the fault was applied at point A 
(Figure 6) just external to the protected 
zone. For the second condition, the 
fault was applied at the same point, but at 
Warren station the polarity of the se- 
quence-filter output was reversed to 
simulate an internal fault with a source of 
power at both ends of the line. For the 
third condition, the fault was applied at 
point C to simulate an internal fault fed 
from only one end of the line. 


Ten tests were made under each of the 
conditions outlined, including a solid 
three-phase fault and all combinations of 
line-to-line, double-line-to-line-to-ground, 
and single-line-to-ground faults. In all 
cases, the test condition was set up with 
the 120-kv lines de-energized and then the 
24-kv breaker was closed to initiate the 
fault current. In every case, the relays 
operated correctly. No tripping oc- 
curred on any of the external faults, 
whereas all internal faults were cleared 
promptly by the action of the proper 
circuit breakers. 


Oscillograms were taken at Warren 
station of every test and showed essen- 
tially consistent and positive operation of 
all components of the relaying system. 
The test control sequence was such that 
oscillographic records of the beginning 
and the end of the fault-current flow were 
recorded whether the fault was cleared by 
the line breaker or by the test feed 
breaker. This was done so as to include 
on the oscillograms the effect of switch- 
ing transients. 

The average relaying time was 2.5 
cycles with the slowest operation a cycle 
longer which was probably due to the 
random initiation of the fault in terms of 
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the 60-cycle wave. This can result in a 
variation of about one cycle in the point 
at which the trigger circuit applies operat- 
ing voltage to the grid of the relay tube. 
For these tests, the plate circuits of the 
thyratrons V1 and V2 were continuously 
energized, and the fault-detector contact 
was in the plate-supply lead to the relay 
tube. 


Typical oscillograms taken during the 
staged tests are shown in Figures 7 and 8. 
The quantities recorded include relay 
current in the three phases and neutral, 
detector plate current which indicates 
received carrier and restraining voltage, 
operating voltage applied to the grid of 
the relay tube, the plate current of the re- 
lay tube, oscillator plate current, trip 
current, and fault-detector operation. 
It was felt that these quantities would 
give a complete record of the performance 
of the new system. ; 


Figure 7 is an oscillogram of an internal 
fault. The fault detector operated in 
0.75 cycle, and the operating element RK 
closed to complete the trip circuit two 
cycleslater. A slight time delay has been 
added intentionally to the relay element 
R. This was done asa precaution against 
operation on a single pulse of energy 
caused by a transient during the clearing 
of an external fault. The tests indicate 
that the time delay selected was more 
than enough. Additional tests in the 
laboratory are being made to determine 
the amount of time delay, if any, which 
will be required. Figure 8, which is an 
oscillogram of an external fault, indicates 
that the time delay is unnecessary. Ref- 
erence to the trace of relay-tube plate 
current in Figure 8 shows that it remained 
zero during the entire time of fault. The 
external fault was cleared by automati- 
cally opening the 24-kv breaker approxi- 
mately 18 cycles after it closed. The 
wave form of the quantities recorded on 
the two oscillograms is in good agreement 
with the theoretical values shown in 
Figure 3. The carrier receiver was 
adjusted for a high sensitivity to obtain 
the maximum effect of any transient 
which might affect the received carrier 
signal. 

The equipment was put into service 
immediately after the tests, and has per- 
formed according to expectations to the 
date of this writing. Special records on 
the operation of this equipment are being 
kept. Indicators and counters provide 
records of the operation of the fault- 
detector and the tripping relay. Warren 
station has an automatic oscillograph in 
service which records three-phase voltage 
and neutral current on the 24-kv system. 
Another has been added for this trial in- 
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stallation which records 120-ky phase 
and residual currents in the generator and 
the Trenton Channel—Warren line 2, and 
the received carrier signal. The opera- 
tion of the fault-detector relay initiates 
both of these oscillographs, and it is ex- 
pected that further valuable information 
will be obtained from this combination, 


Conclusions 


This new carrier relaying system, by 
combining the advantages of electronic 
tubes and symmetrical-component filters, 
results in a marked simplification over 
previous carrier relaying systems. The 
number of relays required for complete 
phase and ground protection h&s been 
reduced to one per terminal, and the num- 
ber of moving elements in the relay has 
been reduced to two. 

The system operates on current only, 
eliminating the need of a source of poten- 
tial and the attendant requirement of 
minimum voltage operation. It will not 
trip during system swings or out-of-step 
conditions. It is particularly well 
adapted to installation on circuits where 
existing relays would provide  satis- 
factory backup protection to a carrier 
system. For this reason, lower-voltage 
circuits from 66-kv down appear to 
present a large number of possible ap- 
plications for the new relay system. 

The use of a fault detector retains the 
feature of an intermittent carrier system 
and permits the use of the relaying carrier 
channel for other services. 

The system compares phase positions’ 
of current and therefore can be made very 
sensitive. It is easily applied, and 
the saturation characteristics make it 
practically independent of fault-current 
magnitudes. 
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Synopsis: The performance of a multiratio 
current transformer is most simply repre- 
sented as a function among the admittance 
vector locus of the core for one turn, the 
secondary-turn number JN, and the secondary 
impedance Z. If the ratio of N?/Z is used 
as a variable, extremely simple application 
charts for ratio correction factor in relation 
to primary currents result. Theratio N?/Z 
furthermore is basic in the matching of 
transformers and burdens for maximum 
volt-ampere output at given primary cur- 
rent. Methods for computing the optimum 
volt-ampere output are given, and a chart 
is derived from which all data for a correct 
matching can be obtained at once. The 
usefulness of these methods is explained in 
connection with various examples such as 
applied to relaying circuits commonly used. 


N recent years the theory of operating 

of multiratio bushing-type current 
transformers has been given extended 
study resulting in a simplification of the 
application curves.!? There is still lack- 
ing, however, a single chart from which 
the ratio correction factor for any value 
of primary current, any turn number, 
any secondary burden, and burden power 
factor can be read directly. In this paper 
a study is made to determine the feasi- 
bility of such a chart. 


To date, there is very little information 
available on the secondary-output varia- 
tion with relation to primary current, turn 
numbers, and burden.’ In many in- 
stances the secondary volt-ampere output 
is the quantity determining the operation 
of connected apparatus, such as instru- 
ments and relays. It therefore appears 
that benefits would be derived from a 
formulation of the output characteristics, 
particularly in the field of low primary 
currents. Of particular value would be 
the development of a volt-ampere-output 
application curve which would enable the 
relay engineer to determine quickly the 
optimum performance. 


‘Standard Application Curves 


In recent years numerous efforts have 
been made to simplify the representation 
of errors in multiratio relaying-type cur- 
rent transformers. A particularly simple 
graphical solution results for the ratio 
correction factor and phase-angle error 
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when the admittance-vector locus of the 
steel core is used.1 The complex ratio 
can be represented as a function of the 
number of secondary turns, the secondary 
burden and the admittance vector for one 
turn, 
If one designates 
N=number of secondary turns 
Z=total secondary burden 


Y, =admittance vector for one turn 
R(1/1) =one-to-one ratio 


the following relation exists: 


resulting in the transformer chart shown 
in Figure | for the case of a typical 23-kv 


Figure 1. Chart for calculation of ratio and 
phase angle for any number of secondary 
turns N, any total burden Z at any power 
factor, and any desired secondary current |, 


provided N2/Z <1,000 
Instructions: 


1. Compute volts per turn /,Z/N and mark 
point on locus Y;, corresponding to this value 


as B 


2. Compute N2/Z and mark corresponding 
point A at proper power factor 


3. Phase angle @=angle OAB 
True ratio Ry=h/h=NxAB/AO 

N=Number of secondary turns 

Z=Total secondary impedance 
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specimen. All the following charts will 
be based on this 23-kv specimen. In 
most relaying applications knowledge of 
the phase angle is not required. The 
small amount of drafting work necessary 
in conjunction with Figure 1 can be 
avoided by plotting curves representing 
various N?/Z values in a co-ordinate sys- 
tem with ratio correction factor as 
ordinate and primary current as abscissa. 

Figure 2 represents a practical chart 
giving the required information without 
necessitating drafting and with the least 
amount of computations. As has been 
pointed out in a recent paper,” for most 
transformers the ratio error is not 
affected greatly by changes in the power 
factor of the burden. The curve there- 
fore applies for any burden power factor 
encountered in practice. The use of the 
chart shall be explained in conjunction 
with an example: 


Assumed total burden =4.0 ohms (at 50 per 
cent power factor) 
Transformer ratio =250/5 = 50/1 


What is the ratio correction factor for a 
primary current of 150 amperes? 
Calculate 


N? 502 
— =— =625 

Ae 

Z.- 150 

1—=—— =0.24 , 
N? 625 


Select this latter abscissa on the chart, 
point A, and follow vertically to the curve 
corresponding to N?/Z=625. If there is 
no curve drawn for this value, interpolate 
between two curves including this value, 
giving point B. The ordinate of point B 
corresponds to the ratio correction factor 
(RCF), the value of which can be read on 
the ordinate axis, point C, giving RCF 
=1.11. This chart permits the quick 
determination of the RCF of a specific 
transformer for any secondary-turn num- 
ber, any secondary burden of any usual 
power factor and at any primary current. 
It has the advantage of not being limited 
to the specific burdens usually referred to 
on similar charts. This seems to be an 
important feature since burdens encoun- 
tered in practice never or only acci- 
dentally correspond to these _ specific 
burdens. 

Figure 2, together with the admittance- 
vector-locus chart shown in Figure 3, 
appears to satisfy the American Standard 
C57.1—4.033, covering current-trans- 


Paper 44-93, recommended by the AIEE committee 
on protective devices for presentation at the AIEE » 
summer technical meeting, St. Louis, Mo., June 
26-30, 1944. Manuscript submitted February 15, 
1944; made available for printing May 4, 1944, 
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former application data completely and 
in the simplest and still most general 
form. A chart similar to Figure 2 can be 
prepared for the representation of the 
phase-angle errors. Such a chart, how- 
ever, is sensitive to power-factor changes 
in the burden and therefore is limited to 
one specific power factor. 


Secondary Volt-Ampere Output 


It is the prime purpose of a current 
transformer to provide an appropriate 
supply of secondary power for the opera- 
tion of various devices, such as meters, 
relays, and trip coils. These devices re- 
quire a definite amount of power to per- 
form the desired operation. Difficulties 
are encountered in many cases where 
operation is required at very low primary 
current. It is known that for each 
multiratio transformer there appears to 
be a definite ratio giving best performance 
under given primary current and load 
conditions. In the following it will be 
shown, that the optimum performance of 
any multiratio transformer can be deter- 
mined from a turn-impedance matching 
chart requiring but a few simple computa- 
tions. Since this chart is based on an 


analysis of the secondary volt-ampere 


output in relation to primary current, 
turn number, and secondary burden, 
these factors shall be investigated in 
detail. It will be seen that the admit- 
tance-vector locus offers a simple means 
of obtaining the desired data. 


VARIATION IN VOLT-AMPERE OUTPUT WITH 
VARYING SECONDARY-TURN NUMBER, 
CONSTANT SECONDARY IMPEDANCE, 
AND CONSTANT PRIMARY CURRENT 


Figure 4 shows the variation in second- 
ary volt-ampere output for 500-ampere 
primary current and two secondary 
burdens of 3.4 ohms and 13.6 ohms, in 
relation to the secondary-tur number. 
It can be seen that pronounced maxima 
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Figure 2. Chart giving ratio-correction factor 

for any number of secondary turns N and any 

total secondary impedance Z at power factors 

between 50 and 100 per cent and for any 
primary current - 


Internal R=O.0022N ohm 
Internal X considered negligible 


exist at 40 and 80 turns respectively. 
For the 3.4-ohm burden the output at 20 
turns is only about one-third the maxi- 
mum output of 325 volt-amperes occur- 
ring at 40 turns. It can be noted further 
that the maximum volt-ampere output is 
equal for the two burdens considered and 
that the following relation exists between 
optimum turn numbers and the respective 
impedances: 

N? 40? 80? 

> =~ =—— =471 =constant 

Leica le a0 

Matching of the impedance with the 
secondary-turn number is essential in 
order to obtain best performance. As 
an example, assume that the impedance 
Z=3.4 ohms represents the trip coil of a 
circuit breaker which is directly con- 
nected to one of the secondary taps of the 
transformer whose primary current is 500 
amperes. If the trip coil requires 300 
volt-amperes to trip, it can be seen that 
tripping will be accomplished easily with 
the 40-turn connection but is impossible 
with any of the other standard connec- 
tions of the secondary winding. 


VARIATION IN VOLT-AMPERE OUTPUT 
WitH VARYING’ SECONDARY IMPED- 
ANCE, CONSTANT TURN NUMBER, AND 
CONSTANT PRIMARY CURRENT 


Figure 5 shows the variations in volt- 
ampere output for 500-ampere primary 
current, for various fixed secondary-turn 
numbers and varying burden impedance. 
The maximum volt-ampere output again 
amounts to 325 volt-amperes. The out- 
put is very sensitive to changes in mag- 
nitude of the burden impedance butisonly 
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little affected by changes in power factor’ 


as shown in Figure 5. The optimum per- 
formance occurs at the same N?/Z value 
of 471 as found in Figure 4. From 
Figures 4 and 5 it follows that for a given 
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CONDUCTANCE FOR ONE TURN —MHOS 
(e) 100 


SUSCEPTANCE FOR ONE TURN — MHOS 


Figure 3. Admittance-vector locus Y; in 


mhos for one turn as a function of volts — 


per turn 


Determination of exciting current: 


1. Determine volts per turn /,Z/N giving 
point B, Y,=OB and ¢o 


oO Yv 3 Y/N? 

3. iF — YnEe 

Internal reactance considered negligible 
Internal resistance, R=O.0029N 


primary current there exists a definite 
volt-ampere-output maximum. It can be 


seen also that independent of the second- 


ary-turn number NV the maximum occurs 
at a definite flux density of the core corre- 
sponding to H,/N=0.83 volt per turn in 
case of 500 amperes primary current. 
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- VARIATION IN VOLT-AMPERB OUTPUT 
WITH VARYING PRIMARY CURRENT 


Increased volt-ampere output requires 
increased primary current. Figure 6 
represents tests on 80 turns with varying 
primary current and varying secondary 
impedance. At 1,000 amperes the maxi- 
mum equals 710 volt-amperes; at 700 
amperes 480 volt-amperes; at 500 am- 
peres 325 volt-amperes, and at 300 
amperes 175 volt-amperes. 

For various primary currents and con- 
stant number of turns the maxima do not 
occur at the same secondary-burden im- 
pedances and hence not at the same value 
of N?/Z. Therefore, if a transformer has 
been matched for optimum volt-ampere 
output at a specific primary current, the 
secondary impedance and turn numbers 
must be rematched for another primary 
current to produce maximum output. 
The curves shown in Figures 4, 5, and 6 
are too involved for use as practical 
application curves. Figure 7 shows a 
curve A which relates the primary current 
with the burden impedance Z and the 
turn number JV, in particular N*?/Z, at 
which the output maximum occurs. 
Curve B designates the maximum volt- 
ampere-output corresponding to various 
primary-current values. The use of this 
chart will be explained by means of a 
specific example. 

A relay having a burden of six ohms is 
set to operate at five amperes. What is 
the minimum primary current value at 
which tripping takes place and what is the 
corresponding optimum turn number? 

The secondary volt-amperes at tripping 
are equal to 57X6=150 volt-amperes. 
From curve B, Figure 7, the correspond- 
ing minimum primary current amounts to 
275 amperes. If we refer to curve A, the 
corresponding N?/Z value amounts to 
260. Since Z is equal to six ohms 


N*=6 X 260 =1,560 giving 
N=¥/1,560 =39.5 turns 


A924 


VOLT-AMPERE. OUTPUT 


OmtercON Ns 40/0.60° 60 NlN 100120 
SECONDARY-TURN NUMBER 
Figure 4. Variation in volt-ampere output 
- with varying secondary-turn number, fixed 
secondary impedances, and constant primary 
current 


|, =500 amperes 
Burden power factor =0.5 


Aucusr 1944, VoLumE 63 


The closest turn number available on 
standard taps is 40 turns. The relay 
should be connected to this tap; if the 
relay were connected to a different tap of 
the transformer, tripping would take 
place only at a higher primary current. 
It is apparent that impedance matching is 
essential in order to procure best perform- 
ance. 


GRAPHICAL DETERMINATION OF VOLT- 
AMPERE Output From ApMIT- 
TANCE-VECTOR Locus 


The secondary output can be deter- 
mined readily from the admittance-vector 
locus, for one turn as will be explained in 
the following. 

Figure 8a shows a graphical representa- 
tion of the primary, secondary, and 
exciting ampere-turn relation of a trans- 
former with equal number of primary and 
secondary turns VV. For the case of one 
primary turn and WN secondary turns the 
single-turn primary current can be ob- 
tained from the relation ’/=N,. 

The current diagram 8b is obtained 
from the ampere-turn diagram by divid- 
ing the vectors in diagram 8a by the turn 
number NV. As a first step it will be 
indicated how the volt-ampere output 
can be constructed from this current 
diagram. This method requires an ex- 
citing-current curve in polar form. 

For a fixed value of primary current the 
distance BC in Figure 8b remains con- 
stant, whereas OB=I, and OC=I, vary 
with the secondary impedance, respec- 
tively with corresponding variation in 
volts per turn. With open circuited 
secondary the primary current is equal to 
the exciting current ,=J,,=OA. The 
procedure of obtaining the volt-ampere 
output for constant primary current is 
therefore to assume a secondary-voltage 
value #2, determine the exciting current 
giving point B and find the intersection 
of the circle with center at B and radius J, 
with the line OC corresponding to the 


493-5 


VOLT-AMPERE OUTPUT 


) 10 20M SO M40 men 50 EO 
SECONDARY IMPEDANCE —OHMS 
Figure 5. Variation in volt-ampere output 
with varying secondary impedance, fixed turn 
numbets, and constant primary current 


|, =500 amperes 
50 per cent power factor 
—- -90 per cent power factor 
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power-factor phase angle of the secondary 
burden, giving OC=I, and the output 
=I2Fp. 

However if the vectors in Figure 8b are 
multiplied by N?/E:, the admittance dia- 
gram 8c is obtained. Since the admit- 
tance-vector locus is available (Figure 3), 
it is advantageous to use it in the deter- 
mination of the volt-ampere output. 
Whereas in Figure 8b, distance BC is con- 
stant, in Figure 8c it varies with the 
secondary volts per turn value F,/N. 

The secondary volt-ampere output for a 
constant primary current J,’= NIJ, and a 
specific value of E,/N represented by 
point B can be obtained as follows: 


/ 
1. Calculate zs 


2 


2. Intersect the circle with center B and 
radius [;'/(E2/N) with the power-factor line 
OD, producing point C. 

3. The volt-ampere output at point B is 
equal to H»o?/Z=(E2,/N)2N/Z and is ob- 
tained by scaling OC and multiplying its 
value by (£2/N)? of point B. This output 
is plotted most conveniently in an orthog- 
onal co-ordinate system with OD as 
abscissa, as indicated in Figure 8c. 


Figure 8c brings out the important 
fact that the volt-ampere output is not 
primarily a function of Z or NV, but of the 
ratio N?/Z. This is the basic variable in 
volt-ampere-output problems as well, and 
it is for this reason that the impedance 
matching curves (Figure 7) become sim- 
ple. 


MATHEMATICAL DETERMINATION OF 
VoLtT-AMPERE OUTPUT 


Without loss in generality, the volt- 
ampere output can be computed by 
assuming a transformer having one 
primary and one secondary turn. In the 
equivalent diagram, it can be represented 
as shown in Figure 9 where 77 represents 
the impedance of the transformer and Zz 
the secondary-burden impedance. De- 
pending on the value of Zz, a larger or 
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VOLT-AMPERE OUTPUT 


Co) 5 10 15 20 25 
SECONDARY IMPEDANCE — OHMS 

Figure 6. Variation in volt-ampere output 

with fixed primary currents, varying secondary 

impedance, and constant secondary-turn num- 


ber 


50 per cent power factor 
N=80 turns 
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0 50 100 150 200 250 300 
- PRIMARY CURRENT, AMP. 
Figure 7. Impedance matching chart giving 


maximum volt-ampere output and correspond- 
ing N2/Z for a given primary current 


smaller portion of the constant total cur- 
rent J, is diverted through the secondary 
winding. Z, is equal to 1/¥; and is 
obtained from Y, by complex inversion, 
resulting in Figure 10. In case of a 
highly reactive burden Zz, a close ap- 
proximation is obtained by neglecting the 
resistance in Zrpand Zs. This simplifica- 
tion is similar to that previously made in 
the case of inphase addition of currents. 

It has been shown further that the sus- 
ceptance component B, of Yj; is propor- 
tional to the eighth power of the secondary 
voltage for high flux densities, and pro- 
portional to E~°%* for very low flux 
densities.! 

An example covering the high flux- 
density range will be computed in the 
following, the primary current being 
assumed 500 amperes: With the trans- 
former open-circuited, the entire primary 
current is used to magnetize the core, re- 
sulting in 
T, = Y,,0E»,) for N=1 

Reference to Figure 3 proPuces V4 
=514 mhos, £29=0.973. volt. These 
values can be established by a few trials. 


Y, for any secondary voltage E can 
therefore be expressed as 


E 8 
Meo rs 
0.973 


and 


1 1 


TY, 64058 


If we refer to Figure 9, the following 
relations exist: 


(500—1:)Z7=E 
1 


500—L. = 
( ») 6A0BS 


E 


Hence 
I, =500—640E2 
and 


VA =1E=500E—640E” 
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which derivative with regards to E is to be 
zero for maximum volt-ampere output. 
This results in 


eee 
ae yn =0.754 volt 
6,400 


Hence 


I,=450 amperes _ 
and the maximum output =339VA 


Figure 8. Graphical representation of rela- 
tions between primary, secondary, and excit- 
ing ampere turns, currents, and admittances 


Z7= 


= 
N 
o 


Figure 9. Equivalent circuit for bushing-type 
current transformer 


This result checks closely with the values 
obtained in Figure 6. 


Relaying Circuits 


In many of the most common relaying 
circuits there is usually a large safety 
factor between the minimum amperes 
required to actuate the relay and the 
actual short-circuit current. In these 
cases little attention has to be paid to 
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“i 
impedance matching in order to produce 
maximum volt-ampere output. In spe- 
cial cases, however, where the short-cir- 
cuit current is low, where part of the 
secondary current of the transformer of 
the short-circuited phase is by-passed 
through idle transformers, and finally 
where impedances of relays are high or 
vary within great limits, a correct match- 
ing of the impedances becomes important. 

In previous example it has been shown 
how the combination of a single trans- 
former with a relay can be tuned to pro- 
duce tripping at minimum primary cur- 
rent. The method outlined determines 
directly the optimum turn number for a 
given relay impedance by use of Figure 7. 
The method can be applied directly for a 
symmetrical three-phase short-circuit in 
conjunction with three-phase relays and 
one ground relay in accordance with 
Figure lla. In case of single-phase-to- 
ground and phase-to-phase faults the 
method has to be modified because of the 
current by-passed in the idle transformers 
of the normal phases. For approxima- 
tion calculations some simplifying as- 
sumptions can be made. The load cur- 
rent in the two normal phases will be 
neglected, and, whenever permissible, in- 
phase addition of currents shall be ap- 
plied. Small impedances also can be 
neglected when in series with large ones. 
Because of the nonlinearity of the circuits 
caused by the variation in the impedances 
in the by-passed transformer as indicated 
in Figure 10, the optimum performance 
has to be determined by a step-by-step 
method. Since no general rules applying 
to all the numerous relaying circuits can 
be set up, the application of the methods 
shall be given in conjunction with a 
specific example. 

In the circuit shown in Figure lla a 


Zy=N@x Z 
f= 0.002 2 


Figure 10. Impedance-vector locus Z, for 
one turn as a function of volts per turn 
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d 
Relaying circuit and simplified 
representation 


Figure 11. 


combination of ground relays has an im- 
pedance of 28 ohms (700 volt-amperes at 
five amperes) at 60 per cent power factor. 
The ground relays are actuated at 1.5 
amperes. 

The phase relays have an impedance of 
0.2 ohm (five volt-amperes at five am- 
peres) and 70 per cent power factor. A 
single-phase-to-ground fault is assumed in 
phase A. 

The problem consists in determining: 


1. The minimum phase-to-ground current 
in phase A necessary to trip the ground 
relays. 


2. The corresponding optimum secondary- 
turn number J of the current transformers. 


In order to calculate the current by- 
passed by the idle transformers B and C, 
the small impedance of the phase relays 
can be neglected, and the circuit can be 
simplified according to Figure 11b. 
Since no rigorous solution is possible, the 
minimum primary current (which is just 
necessary to trip the ground relay) corre- 
sponding to several transformer ratios has 

_to be determined, the results of which 
have been plotted in Figure 12. From 
these values the optimum turn number 


~ 
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MINIMUM PRIMARY CURRENT TO TRIP GROUND RELAY, AMP 


40 60 80 100 120 40 
SECONDARY TURN NUMBER 
Figure 12. Optimum number of turns for 
relaying circuit of Figure 11 


can be determined. As a first attempt 
the 400/5 ratio is selected corresponding 
to 80 turns. As a first step the currents 
by-passed through the secondary circuits 
Band C have to be determined. The ad- 
mittance of the current transformers B 
and C can be obtained from Figure 3. If 
we refer to the simplified Figure llc and 
recall that the ground relay trips at 1.5 
amperes, the corresponding volts per 
turn are 42/80=0.525. The admittance 
Y, is 77 mhos for one single turn. For 80 
turns 


The circuit can be simplified further by 
combining the impedance of the second- 
ary windings B and C with that of the 
ground relay. Since the power factors of 
relays and current transformers are not 
very different, the resultant admittance 
can be obtained by numerical addition. 
Y= YVgt+Vert Yietays=2X0.012+ 

0.0357 =0.0597 mho 


corresponding to a resulting impedance of 
16.8 ohms. The total secondary current 
necessary to drive 1.5 amperes through 
the circuit is therefore 


In =42/16.8 =2.50 amperes. 


The problem now resolves itself to 
determine the primary current necessary 
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to produce 2.50 amperes across a second- 
ary burden of 16.8 ohms at 60 per cent 
power factor (see Figure 11d). This 
can be done by means of Figure 1. 


42 
The volts per turn are 30 =0.525 


Ro =I, /12=80 X 1.19 = 95.3 
Therefore 


J, =95.3 X 2.50 =238 amperes 


If 80 turns are used, tripping can be 
accomplished for a relay current of 1.5 
amperes ‘with a primary current of 238 
amperes. By repeating the calculations 
for other numbers of turns, a curve as 
shown in Figure 12 is obtained. From 
this figure it can be seen that the optimum 
performance occurs for V=90 turns. 


Conclusions 


A simple application chart from which 
the ratio correction factor can be deter- 
mined for any value of primary current, 
any number of secondary turns, and any 
secondary burden of practical power fac- 
tor has been developed. 

The secondary volt-ampere output of a 
current transformer at a given primary 
current varies with the secondary-turn 
number and secondary burden. In order 
to obtain maximum volt-amperes at a 
given primary current, matching of the 
secondary impedance and turns is re- 
quired. A volt-ampere-output applica- 
tion curve has been developed which is 
readily applicable to numerous relaying 
problems. 
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Economics of Trolley-Coach Operation 


G. M. WOODS 
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Synopsis: The trolley coach is one of the 
newer vehicles used in urban transportation. 
In 1948 trolley coaches carried 8.7 per cent 
of all passengers on the transit lines of all 
United States cities having a population 
between-50,000 and 1,000,000, although trol- 
ley coaches are only 6.6 per cent of the 
vehicles. This paper points out the fea- 
tures of trolley-coach operation which fit it 
for a wide variety of service conditions. Re- 
sults of trolley-coach operation in increasing 
gross revenues are given. The various de- 
velopments which have contributed to low 
transportation expense are outlined. Com- 
parisons of trolley-coach, streetcar, and 
motorbus operating expenses are included. 
Further progress in trolley-coach design, 
which can be expected to follow the war, 
will enhance the trolley coach’s economic 
position. . 


INCE the introduction of the modern 

trolley coach in 1928, it has demon- 
strated in almost every installation its 
ability to increase revenues and to oper- 
ate at very low cost. The investment 
cost for trolley-coach service is low, and 
the quality of that service ranks very high 
compared to other transportation media. 
The vehicle itself and the materials used 
in the distribution system have been 
improved continually with resultant im- 
provement in the financial showing. 
Further progress is under way. 

As a result of the success of early in- 
stallations, there are 3,500 trolley coaches 
in service in the United States and 
Canada. The number has been reached 
in spite of the years of depression and 
war, both of which have retarded the 
growth. 

In the broad field of urban transporta- 
tion there is room for many types of 
public conveyances; rapid-transit trains, 
streetcars, trolley coaches, motorbusses, 
and taxicabs. Rapid-transit elevated or 
subway service is limited to a few large 
cities, and taxicabs furnish a distinct 
type of service at a much higher price; 
therefore both will be omitted from fur- 
ther discussion. But most transit com- 
panies, in cities of 100,000 population up, 
are faced with the possible use of the 
three remaining types of vehicles. In 
order to develop the most useful trans- 
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portation system for any city, it is neces- 
sary to answer the question, “Which 
vehicle or combination of vehicles will 
afford the best service to the public at a 
reasonable cost?” 

The problem is almost always compli- 
cated by the presence of some form of 
public transportation that is inadequate 
or otherwise unsuitable. Sometimes itis a 
streetcar system whose only excuse for 
existence was the hope of its promoter 
that he might make an honest dollar. 
Sometimes it is a motorbus syStem which 
grew from unemployment and easy 
credit in a community which now would 
be better and more economically served 
by trolley coach or streetcar. 

Although the transportation engineer 
cannot hope to find virgin territory where 
each type of vehicle can be fitted into its 
correct economic niche, the factors deter- 
mining the selection of the proper vehicle 
should be recognized. Once the right 
perspective is obtained, the economic 
chaos which characterizes too many of 
our activities can be avoided. Invest- 
ment, earning power, and cost of opera- 
tion are the three important factors in 
determining the correct apy lication. 


Investment 


The first consideration is the initial 
cost of an installation. It can be as- 
sumed that for equal standafds of con- 
venience and excellence shops, car houses, 
garages, and similar items will be about 
the same, regardless of the type of 
vehicle. Of course, the detail arrange- 


ments differ, and each form of vehicle ° 


requires a maintenance facility or practice 
peculiar to itself: such as tracks for the 
streetcar, double overhead wires for the 
trolley coach, and fueling provisions for 
the motorbus. Likewise some feature 
which keeps down the first cost may 
entail considerable differences in day-to- 
day expenditures for the several forms of 
vehicle. For example, with outdoor 
storage in cold climates electric vehicles 
may require preheating in varying 
amounts proportional to. their size, and 
motorbusses need engine idling to prevent 
freezing and insure starting in the morn- 
ing. Such things must be evaluated in 
determining the initial investment for 
maintenance facilities. 

The modern streetcar has the highest 
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first cost, some $18,000. The trolley 
coach is next at $13,000. The motorbus 
is the cheapest at $12,000 for a vehicle 
comparable to. the trolley coach and 
ranging from that value downward, de- 
pending on how far one wishes to depart 
from that level. The streetcar has ap- 
proximately 58 seats compared to 40 to 
44 for the largest trolley coaches and 
motorbusses in common use; therefore 
fewer streetcars are required to handle 
equal traffic. The trolley coach is capable 
of higher schedule speeds than the motor- 
bus; hence fewer trolley coaches are re- 
quired for a given frequency of service. 
Also the electrically propelled vehicles 
have greater availability, and hence 
fewer spares are necessary. 


The investment required for streetcar 
tracks is very high, $100,000 per mile of 
double track in paved street being a nor- 
mal figure. As a result there has been 
little completely new track built in many 
years. When new track is required on a 
route, the advisability gf replacing it or 
substituting some form of rubber-tired 
service must be studied. The trolley 
coach requires overhead lines which may 
cost from $7,000 to $20,000 per route- 
mile (four wires) depending on the condi- 
tions and the degree of permanence de- 
sired. The routing of trolley-coach lines 
warrants the most serious study. Not 
only is it wise to analyze shifts in popula- 
tion and travel habits to forecast their 
trends, but it is doubly desirable to lay 
out routes with as few crossings and turn- 
outs as possible. Not only does com- 
plicated overhead greatly increase the 
first cost, but it slows down operation and 
increases maintenance cost. 

However, first cost does not tell the 
whole story. It is apparent that the 


operating expenses of streetcars must be 


very much lower than those of motor- 
busses to offset their greater fixed charges. 
The fixed charges of the trolley coach ob- 
viously fall between the two, being ma- 
terially less than those of the streetcar 
with its tracks, but still somewhat greater 
than those of the motorbus which uses no 
overhead. On the other hand, the operat- 
ing expense of the trolley coach is so low 
that there is a very wide field where its 
total annual costs are lower than those of 
either streetcar or motorbus. 


Gross Revenue 


One of the features in which the trolley. 
coach excels is its ability to attract and 
retain new patronage. The reasons for 
this passenger appeal are evident. The 
trolley coach is cushioned on rubber tires. 


It is not tied to rails like the streetcar, 
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and therefore it is not subject to the 
annoying delays caused by broken-down 
or improperly parked automobiles and 
trucks. It loads at the curb. On the 
other hand it affords a higher type of 
transportation service than the motorbus. 
Its light and heat are obtained from 
central-station power; hence, both are 
ample. Adequate ventilation is pro- 
vided, The trolley coach is free from the 
odors of hot oil and exhaust gases. Its 
accelerating rate is high, but there are no 
jerks due to interruption of torque during 
gear shifting as on motorbusses. Electric 
and air braking combine to give maximum 
safety and reliability The trolley coach 
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Ten-year record of trolley coaches 
owned in the United States 


is the quietest public transportation 
vehicle. 

The result of these superior character- 
istics is increased patronage. In one West 
Coast city the number of passengers on 
one route increased 15 per cent and on 
another 20 per cent when trolley coaches 
were substituted for streetcars. In an 
industrial city in Ohio where several 
lines were converted from motorbus and 
streetcar operation to trolley coaches, 
the revenue per vehicle-mile increased 20 
per cent, and operating costs per vehicle- 
mile decreased 14 per cent. Gross reve- 
nue on one line in a large eastern city 
increased 47 per cent, although the sys- 
tem earnings during the same period de- 
creased, On another line in the same city 
the increase in gross revenue was 21 per 
cent. In one southern city a new trolley- 
coach installation had a gross revenue in- 
crease of 47 per cent compared to an 
increase of 10 per cent on representative 
rail lines. In one eastern city 18 rail lines 
were converted to trolley-coach operation 
over a ten-year period. In every case 
patronage and revenue were increased. 


Operating Expenses 


Not only are trolley coaches able to 
increase gross revenues, but they are 
very economical in operation. ‘Trolley 
coaches have been built in sizes seating 
30 to 56 passengers, but most, coaches 
have been of 40- to 44-passenger capacity. 
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The discussion of operating expenses will 
be limited to that size. 


WAY AND STRUCTURES 


The maintenance of way and structures 
is now, approximately 0.8 cent per coach- 
mile, compared to two to four times that 
amount per street-car-mile and 0.1 to 
0.3 cent per bus-mile. The principal 
expenditure is for overhead lines, and 
great progress has been made in line 
construction as well as in current col- 
lectors. In the line material all parts 
attached to span or guy wires such as 
frogs and crossings are substantial cast- 
ings to which are bolted renewable run- 
ners. These wearing parts can be re- 
newed easily and quickly without dis- 
turbing the original construction. High- 
speed rigid curve segments with con- 
tinuous wire underrun greatly reduce the 
complexity of the system of span and guy 
wires. These devices result in lower 
maintenance. 

Another source of maintenance ex- 
pense has been the gouging of the trolley 
wire adjacent to “‘special work” by the 
collectors. Proper design of frogs and 
crossings to avoid tilting of the collector 
not only reduces wire maintenance but 
also permits operation at higher speed. 

The earlier trolley coaches used wheel 
trolleys similar to those used on street- 
cars, except that swivel harps allowed the 
coach to operate at either side of the 
overhead wires within the range of the 
trolley poles. The wheel trolleys caused 
considerable arcing and resultant short 
life of wire. They were noisy, and even 
with high contact pressure dewirements 
were too frequent. Wheel trolleys were 
soon superseded by bronze or steel 
shoes which overcame some of the diffi- 
culties. It was necessary to lubricate the 
wire for metallic-shoe operation. This 
was an expensive procedure, and excess 
lubricant was deposited on the ‘coaches 
and the street. 

The success of carbon inserts in loco- 
motive pantograph trolleys led to experi- 
ments in the use of carbon insert shoes. 
A satisfactory renewable carbon insert 
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Figure 2. Ten-year record of transit passengers 
carried by trolley coaches in the United States 
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shoe has now been developed and is used 
extensively. The low contact pressures, , 
self-lubrication, and current-collecting 
characteristics of the carbon are resulting 
in great improvement in life of overhead 
construction. Asa result of these devices 
which are now available and probable 
future progress in design, material reduc- 
tions in operating costs may be antici- 
pated. 


MAINTENANCE OF EQUIPMENT 


Progress, which has been made in the 
vehicles themselves and the electric pro- 
pulsion equipment, has effected econo- 
mies in maintenance. The earlier 40- 
passenger coaches were propelled by two 
65-horsepower motors. These were suc- 
ceeded by.a single 125-horsepower motor 
with a simplified control and with a 
double-reduction spur and bevel gear (or 
spur and hypoid) axle which proved to be 
superior in service to the worm-drive 
axles previously used. 

Early trolley coaches had two principal 
items of maintenance: current collection 
and brakes. The former has been dis- 
cussed. In the early days brake drums 
and linings were the same as those used on 
motorbusses. The trolley coach operates 
at higher speeds, and as a result there are 
more brake applications per hour, and those 
applications are made at higher vehicle 
speeds. Also the braking effect of an 
engine is absent. Life of brake lining 
and brake drums was very short. The 
single-motor axle provided more ade- 
quate braking equipment, but further 
improvement was desired. 


This requirement was met by the in- 
troduction in 1938 of 140-horsepower 
motors with dynamic-braking control. A 
relatively small reduction in temperature 
of brake linings gives a relatively large 
increase in lining life. Standard practice 
is to provide an electric-hraking rate of 
2.0 miles per hour per second, whereas the 
total service braking rate is 3.0 to 4.0. 
This reduction of duty on the mechanical 
brakes has been sufficient to increase 
brake-lining life to five or six times the 
life obtained without electric braking. 
The life of the brake drums should be as 
long as the coach life. Reduced mechani- 
cal braking reduces tire temperature and 
thereby increases the life of the tires. 
More than 97 per cent of the trolley 
coaches purchased since 1938 are of the 
electric-braking type. 

Trolley-coach maintenance in recent 
years has been approximately 2.70 cents 
per coach-mile, 0.90 cent of which is for 
tires and tubes. This amount should 
decrease as the mileage of modern vehicles 
expands. Modern streetcar maintenance 
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is 1.7 to 2.0 cents per mile. The main- 
‘tenance of motorbusses of comparable 
size averages 4.0 to 5.0 cents per mile, 


POWER 


The amount of power required for 
trolley coaches varies widely, depending 
on the conditions of operation. Greater 
weight, higher schedule speeds, hilly 
routes, and similar conditions increase 
energy consumption, The average energy 
consumption of 40-passenger trolley 
coaches according to recent American 
Transit Association data is 3.8 kilowatt- 
hours direct current per coach-mile, A 
modern streetcar requires approximately 
5.4 kilowatt-hours per car-mile. The 
average cost of power is close to 1.0 cent 
per kilowatt-hour direct current. 

The average cost of fuel and lubricants 
for 40-passenger motorbusses under simi- 
lar conditions is approximately 4.0 cents 
per coach-mile, excluding gasoline tax 
which may be another 2.0 cents per coach- 
mile. Lubrication is a negligibly small 
item on trolley coaches but on motor- 
busses it is ten per cent or more of the fuel 
cost. 

The central-station industry has a long 
record of decreasing the unit cost of 
power. Not only is the present power 
cost for the trolley coach favorable, but 
the prospects are that it actually will 
decrease. On the other hand, the future 
price of oil and gasoline is almost sure to 
increase. There is disagreement among 
the experts as to the adequacy of our 
supply of oil, even if we change our 
wasteful methods of use. One cannot 
expect any reduction in taxation of liquid 
fuels but should be prepared for in- 
creases. 


CONDUCTING TRANSPORTATION 


The principal item in public trans- 
portation expense is the wages of vehicle 
operators. At the present time wages per 
hour vary widely in different localities 
and among different types of vehicles. 
However, the cost of wages per vehicle- 
mile is inversely proportional to the 
schedule speed. The practically un- 
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Table | 
Trolley Street- Motor- 
Coach car bus 
Average seating capac- 
LY visi ccrs Webanelawiavaie ae ee S4. > i BEY Vee 
Average passengers per 
one-way trip........55 81,8.,. 88.4... 17.9 
Passengers per vehicle- 
BOHE Aaavsotiunieyaicdyeie eV shale 80 80.5... 62 
Operating cost per ve- 
hicle-hour less ad minis- 
trative and supervi- 
sory expense, percent ,.100 ,..141 .. 107 
Operating cost per pas- 
senger, percent.,......100 ..,140 ..,188 


limited supply of power and the uninter- 
rupted acceleration of the trolley coach 
give it marked advantage. It is true 
that some abnormally high-powered mo- 
torbusses may equal trolley-coach sched- 
ules, especially on brief test runs. How- 
ever, in the same or identical service the 
trolley coach maintains schedule speeds 
10 to 15 per cent higher than the usual 
motorbus. ‘The power of trolley-coach 
propulsion equipment does not deterio- 
rate with age and is practically inde- 
pendent of variations in air temperature 
and barometric pressure, Also the trolley 
coach is so easy to operate that driver 
fatigue does not reach the point where 
it affects schedule speeds, 

In the long run administrative and 
general expense should be essentially the 
same for a given system regardless of the 
type of vehicle. At the present time 
different systems of accounts, different 
conditions with respect to insurance, and 
other items cause wide variations. 


Future Prospects 


It is believed that the future of the 
trolley coach is particularly bright. 
New materials and new methods will 
result in lighter, more economical, and 
more attractive coaches. Also the motor 
bus has profited from the development 
of millions of private automobiles and 
tens of thousands of motorbusses. The 
modern streetcar is the result of an in- 
tensive development program costing 
hundreds of thousands of dollars. While 
the trolley coach has taken advantage of 
developments in both fields, it has never 
received the amount of study which the 
others have, and relatively greater prog- 
ress may be expected in the future. 
Further progress in design of electric pro- 
pulsion equipment may be confidently 
expected, 

All electrical engineers are familiar with 
the advantages of separate ventilation for 
the efficient cooling of electric apparatus, 
Clean dry air results in improved motor 
commutator and brush performance es- 
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pecially where the air for self-ventilation 
has been full of dust and dirt, In the 
case of the trolley coach the motor losses 
stabilize the temperature of the a‘r which 
is later blown over the resistors for coach 
heating. In many installations of dy- 
namic-braking equipment, the resistor 
losses during acceleration and braking are 
frequently adequate for coach heating 
with only a small amount of supplemental 
heat from the line. In the colder climates 
a large proportion of the motor losses can 
be used for coach heating in the winter 
months, The fans designed for verntila- 
tion and running at constant speed re. 
quire less energy than fans for motor self- 
ventilation which operate over the whole 
range of motor speed, 

Table I shows an example of relative 
operating costs in a city having trolley- 
coach, streetcar, and motorbus service 
under generally similar conditions, except 
that the trolley coaches and motorbusses 
are modern, ‘The streetcars are 20 years 
old, The motorbusses are of smaller ca- 
pacity than the trolley coaches and operate 
under easier traffic conditions. When 
conditions permit, it is expected that 
trolley-coach service will supersede the 
streetcar service on all present carlines, 

Figure 1 shows the number of trolley 
coaches owned in the United States by 
years from 1934 to 1943. As of Decem- 
ber 1, 1943, there were 3,502 trolley 
coaches, 

Vigure 2 shows the number of passen- 
gers carried by trolley coaches each year 
from 1934 to 1943, Trolley-coach pas. 
sengers were 0.6 per cent of total transit 
passengers in 1934 and §.3 per cent in 
1943, In cities between 60,000 and 
1,000,000 population the trolley-coach 
passengers were 8,7 per cent of the total 
in 1943, 

The number of trolley coaches owned 
in cities of various population classifica. 
tions is shown in Figure 3, Cities between 
100,000 and 1,000,000 have 76 per cent 
of the total; those between 250,000 and 
500,000, 43 per cent, 


Conclusion 


Generalizations are frequently mis. 
leading, because there is no substitute for 
detailed analytical study of any problem, 
However, a number of studies indicate 
that the proper economic field for the 
trolley coach is that where the interval 
between vehicles during base hours is not 
less than four or five minutes and not 
longer than 15 to 20 minutes. It is 
realized that both of these limits vary 
widely under different conditions and 
that other considerations such as political 
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Aircraft Fuses Must Protect 
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Synopsis: The ever-increasing list of elec- 
tric equipment needed for the satisfactory 
performance of the modern airplane has 
brought the electric system from a place of 
relative unimportance to one which cannot 
be ignored. The electric equipment must 
not fail, particularly on combat planes. 
Therefore, the protective devices must be 
_ designed and applied to permit the equip- 
ment to function as long as it can supply 
any useful work but to remove it from the 
circuit when it has ceased to function or 
has become a hazard. This type of electrical 
protection is obtainable with fuses of special 
design when applied properly. 


HE evolution of the electric system in 
aircraft has paralleled the develop- 
ment of the airplane itself. The original 
six-volt d-c electric system was little more 
complicated than that employed in the 
automobile. As power requirements in- 
creased, the voltage was increased to 12, 
then to 27 volts, which was considered 
adequate for several years. Increased 
electrical demands have forced the volt- 
age still higher to 120 volts direct current 
in some installations, and now a 208-volt 
three-phase 400-cycle system has ceased 
to be merely a dream but will become a 
reality in the not too distant future. 
Unfortunately, the transition from one 
system to the next has been so gradual 
that the whole problem of circuit and 
equipment protection has not been re- 
viewed to see if a completely new or un- 
orthodox approach could effect better re- 
sults. The techniques of the six-volt sys- 
tem more or less have been transplanted 
to the higher-voltage systems without re- 
evaluating them in the light of the re- 
quirements of the new system. Fortu- 
nately the 208-volt three-phase 400-cycle 
system will not permit such a transition, 
so that now is an ideal time to analyze 
what is available and what has been used 
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or financial affiliations sometimes dictate 
_ the course to be followed. 

In the great majority of cities where 
trolley coaches have been tried on a 
reasonably large scale, their numbers have 
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to obtain more complete electrical protec- 
tion in aircraft. 


Fusing Requirements 


The fusing requirements in aircraft 
differ little from the results desired in in- 
dustry except that the requirements and 
demands of the former are much more 
stringent. To save weight the overload 


capacity of aircraft electric equipment 
is, reduced to an absolute minimum, 
whereas in normal power applications 
extra weight is not so objectionable. 


Figure 1. Time-delay fuse consisting of a 

heater, a thermally operable current inter- 

rupter, and a_ fast-acting short-circuiting 
member 


Also, in aircraft the range of ambient 
temperatures to which a given installa- 
tion is subjected is much greater than 
that found in normal power work. It is 
true that a power installation can be 
found where extremes in ambient tem- 
peratures may be experienced, but seldom, 
if ever, is one installation ever subjected 
to the range of —60 to +71 degrees centi- 
grade as found in aircraft. Useless or 
unnecessary operation of protective de- 
vices in airplanes cannot be countenanced, 
particularly in military applications, 
whereas in most power applications ob- 
jectionable operation of the protective 
device is seldom little more than a nui- 
sance, hardly ever a catastrophe. Then 
the weight of the protection cannot be 
ignored in aircraft, thereby eliminating 
the use of many devices which have been 
proved satisfactory in industry. Hence, 


aircraft fusing can learn much from the 
techniques already employed in power 
work, but it must go further in accuracy 
to give the trouble free but complete pro- 
tection required. 
Electric fusing, whether it is applied to 
power work or aircraft, may be divided 
into two general categories: 
1, Fuses to protect electric equipment. 
2. Fuses to protect the circuit itself. 
Consider first the practice now employed 
in power work. Since aircraft electric 
system voltages will not exceed 208 volts, 


the discussion can be limited to secondary 
power fusing. 


Protection of Equipment 


Electric equipment, with the exclusion 
of instruments and similar devices having 
practically no overload capacity, consists 


a 


of a current-conducting path, usually 
metallic; insulation, either organic or 
inorganic; and a heat-absorbing mass, 
usually iron. The current-conducting 
path, insulation, and heat-absorbing 
mass are usually in good thermal relation, 
so that, under steady-state conditions, 
the heat generated in one member will 
elevate the temperature of all three com- 
ponents. Since the purpose of the electric 
equipment is to convert electric energy to 
mechanical, thermal, or chemical energy, 
and its efficiency is never 100 per cent, 
there always will be some electric energy 
converted to heat in the device so increas- 
ing its temperature. 

When the equipment is subjected to 
slight overloads which are continued for 
appreciable times, failure will occur in the 
material which is damaged at the lowest 
temperature. Because there is time for 
heat conduction, the temperatures of the 
component parts of the equipment are 
elevated by the heat generated in the cur- 
rent-conducting path. This does not 
mean that there is not a temperature 


increased fapidly. Trolley coaches are 
the backbone of Seattle’s, transportation 
system, 292 being in use. Milwaukee 
has 274 coaches, Providence 204, Boston 
162, Indianapolis 162, and Chicago 152, 
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All of these latter cities started with 
relatively small initial installations and 
expanded them as a result of the favor- 
able economic results. All of them 
contemplate further installations. 
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gradient in the device, but it does mean 
that this gradient remains unchanged if 
the load is maintained long enough to ap- 
proach a stable condition. The point or 
temperature of failure, of course, is de- 
pendent upon the individual characteris- 
tics of the component parts of the device, 
but, once the various materials have been 
chosen, this point is established irrevo- 
cably. The overload may be the results 
of the malfunctioning of the electric 
equipment itself or may be due to a 
greater connected load than was antici- 
pated in the design, but, in either case, 
the result is the same. In the final analy- 
sis this type failure may be regarded as a 
temperature failure even though it is 
caused by heat produced by electric 
energy. Hence, the condition is aggra- 
vated when operating in high ambient 
temperatures and alleviated in the lower 
ambient temperatures. 


If the overload is increased, the length 
of time the equipment can withstand it is 
shortened, but, again, the mechanics of 
the failure is the elevation of the tempera- 
tures of the various component parts in 
their relative proportions until one fails. 
This process continues as the overloads 
are increased, the safe time steadily de- 
creasing, but always dependent upon the 
thermal capacity of the whole device and 
influenced by the ambient conditions to 
which it is subjected. However, at some 
overload the heat generated in the cur- 
rent-conducting path will be so great that 
it will fuse before there is time to conduct 
some of the heat away from it to those 
components injured at a lower tempera- 
ture. This type failure may be consid- 
ered to be free from ambient effects, be- 
cause the variation in ambient tempera- 
ture, though theoretically affecting the 
failure in that less heat would be needed 
to cause failure at the higher ambient 
temperature, is so small a percentage 
that, for all practical purposes, its effect 
may be regarded as negligible. To illus- 
trate the general theory, consider an elec- 
tric motor. The current-conducting path 
is the copper wire; the insulation is 
enamel, rubber, glass, silk, or cotton used 
on the field windings; the heat-absorbing 
mass is the frame and rotor. On the lower 
overloads failure results from the insula- 
tion on the windings being destroyed, 
whereas on the higher overloads the cop- 
per in the winding itself actually fuses. 

From this it is seen that the curve of 
the overload capacity or safe-operating 
characteristic of an electric device con- 
tains a point of inflection, because it is 
the combination of two curves having 
different slopes. The time-current curve 
of the copper is steep, whereas the curve 
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-seconds and eight minutes. 


in that region in which there is time for 
thermal conduction has a more gradual 
slope and is affected by ambient tempera- 
tures. A protective device, to give com- 
plete protection over the entire range 
without useless blows, must have the 
same characteristic. This characteristic 
cannot be produced by a single-element 
device, whether it be a. fuse, circuit 
breaker, or thermal cutout. One answer 
to the problem is found in the time-delay 
fuse shown in Figure 1 time-current curve 
of which is shown in Figure 2. This de- 
vice consists of a thermally operable cur- 
rent-interrupting device in series with a 
fast-operating short-circuiting member. 
Current flowing through the fuse gener- 
ates heat in the heater as well as in the 
short-circuit strip. At the lower over- 
loads most of the heat is supplied by the 
heater, but, as the overload is increased, 
the effect of the short-circuiting strip be- 
comes more pronounced until finally, on 
the very high overloads where there is no 
time for thermal conduction, the fast-act- 
ing short-circuiting strip fuses before the 
thermally operable current interrupter 
can function. The time delay or time lag 
is obtained on the low overloads, because 
the heat generated in the heater must be 
conducted into the center member, called 
the absorber, and must elevate its tem- 
perature to the melting point of the fu- 
sible alloy holding the trigger before it can 
operate opening the circuit. The charac- 
teristics of this device are adjusted to ap- 
proach the safe-operating characteristics 
of power electric devices, so that, if its 
rating is chosen correctly, complete elec- 
trical protection without useless blows is 
obtained. The melting point of the fu- 
sible alloy is chosen, so that the effect of 
ambient temperatures on the fuse is the 
same as on the electric device it is pro- 
tecting. The time-delay fuse gives won- 
derful flexibility in design, because the 
heat-generating member, the fusible alloy, 
the mass of the absorber, and the charac- 
teristics of the short-circuiting strip can 
be adjusted independently giving any 
characteristic desired. 

The United States Army Air Corps ap- 
preciated the potentialities of this type 
fuse and built their specification 94-32084 
around it. Since, at the time the specifi- 
cation was written the highest system 
voltage in use was 27 volts, the short- 
circuiting characteristics were not speci- 
fied. The specification covers the lower 
end of the curve by requiring the fuse to 
carry 110 per cent load indefinitely and 
to open at 125 per cent load within one 
hour and at 200 per cent load between 90 
The omis- 
sion of the unnecessary short-circuit re- 
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quirements in the 94-32084 specification 
permitted a desirable saving in size and 
weight. 

The fuse combining a fusible element 
with a thermally operable current inter- 
rupter is often condemned and precluded 
from aircraft applications, because it is 
felt that the increased protection is ob- 
tained only by increasing the weight, 
which cannot be justified. Actually the 
use of such a fuse decreases instead of in- 
creases the weight of the protective de- 
vice, This seeming anomaly is true, be- 
cause the rating of the protective device 
can be decreased when time lag is built 
into it. To illustrate, consider a three- 
phase ten-horsepower 220-volt motor 
connected in series with ordinary fuses. 
Even though the full-load current of the 
motor is 27 amperes, 90-ampere fuses ate 
used in the circuit to assure that the fuses 
do not blow under starting or transient 
conditions. Such a device only can fur- 
nish protection to the motor above 90 
amperes. The fuse itself, neglecting the 
fuse block in which it is mounted, weighs 
121 grams. If, instead of the conven- 
tional fuse, a fuse having a thermally 
operable circuit interrupter as well as a 


_ short-circuiting strip is used, the rating of 


this device can be reduced to 30 amperes, 
and still it has sufficient time lag to with- 
stand starting and transient currents. 
With such a device the motor is protected 
over its entire range of overloads and 
short circuits by a device weighing only 
20 grams. Therefore, the change from a 
conventional fuse to a time-delay fuse not 
only improves the protection obtained 
but, at the same time, effects a very de- 
sirable saving in weight, the time-delay 
device weighing only one-sixth that of the 
conventional fuse. If the blocks in which 
the fuses are mounted also are considered, 
the saving in weight is even more pro- 
nounced. 


The counterparts of the commercial ~ 


power fuses which have time lag and are 
of conventional design are found in the 
Air Corps specification 94-32084 and 
32084-B. Specification 32084-B did not ~ 
require the fuse to have any inherent time 
lag, its characteristic being comparable 
to a power fuse of conventional design. 
As already mentioned, specification 94- 
32084 required the time lag found in 
fuses combining a thermally operable 
current interrupter with a short-circuiting. 
member. A 100-ampere 32084-B fuse 
needed for a 27-ampere motor weighs 
71 grams, whereas a 30-ampere fuse made 
in accordance with specification 94-32084, 
giving complete protection to a 27-ampere 
motor, weighs only 22 grams. Therefore, 
contrary to the general conception, com- 
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plete protection is effected with a saving 
in weight instead of increasing the weight 
of the fuse, even though ampere for am- 
pere the time-delay fuse weighs more. 

As the ceiling of aircraft has been 
pushed steadily upward, the ambient- 
temperattire range to which it is exposed 
has increased until now —60 to +71 de- 
grees centigrade is not unreasonable to 
expect. Since the usual procedure is to 
mount the electrical protective devices in 
a central location, the equipment seldom 
would be exposed to the same ambient tem- 
perature as its protective device. Such 
a central or grouped mounting is neces- 
sary when circuit breakers combining a 
switch with electrical protection are used 
but is unnecessary when the switching 
operation is divorced from the protector 
as is possible with fuses. Then the fuse 
can be mounted wherever convenient, 
and, if the type and size fuse is chosen in- 
telligently, the ease of replacement need 
not bea factor. The fuse only will oper- 
ate when there is a case of trouble and the 
electric equipment it is protecting already 
has been operated to its thermal or elec- 
trical breaking point, so that replacement 
before clearing the trouble accomplishes 
nothing. 

The extreme ambient requirements im- 
posed upon all the airplane electric equip- 
ment have been appreciated, but no 
reasonable solution is possible so long as 
the electrical protective devices are sub- 
jected to ambient temperatures different 
from those to which the electric equip- 
ment itself is exposed. Since the normal 
grouping now employed in aircraft pre- 
cludes the possibility of the equipment 
and protective-device ambient tempera- 
tures being the same, the effect is alle- 
viated partially by making the electrical 
protective device irresponsive to ambient 
temperatures and then building enough 
overload capacity in the electric equip- 
ment so that it will function satisfactorily 
at the higher ambient temperature. Since 
the capacity of most electric equipment 
decreases with increasing temperature, 
it is overfused at the lower ambient tem- 
peratures and underfused at the higher 
ones, because the protective device is 
designed to operate purely on current, 
not ambient temperature. The net result 
is that accurate fusing is impossible as 
long as the protective device is not respon- 
sive to temperature in the same manner as 
the equipment it is protecting and as long 
as the time—current curve is not identical 
over the entire range of currents which 
flow through the equipment. 

The time-delay fuse already described 
can be biased to give the same response 
to ambient conditions as the electric 
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equipment it is protecting by choosing the 
operating point of its thermal interrupter 
properly. Since the operation of the 
thermal interrupter in the fuse is depend- 
ent on temperature resulting from the 
heat generated in the heater of the fuse as 
well as on the ambient temperature, the 
bias needed to compensate for any given 
range of ambient temperatures can be ob- 
tained by the choice of the operating point 
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Figure 2. Time-current characteristic of the 
time-delay fuse shown in Figure 1 


of the thermal interrupter. An even 
closer thermal relationship between the 
electric equipment and its protector is 
accomplished in power applications by 
mounting the time-delay fuse on the 
equipment itself in good thermal relation 
to the hot spot. This thermal relation is 
obtained by a metal pin which extends 
into the equipment from one terminal of 
the protective device. To improve the 
flexibility of the design, two points are 
provided which are responsive to thermal 
energy. The first, located between one 
terminal and the heat coil (see Figure 3), 
operates almost entirely from the heat 
supplied it by thermal conduction from 
the hot spot of the device being protected. 
The second thermal interrupter, located 
between the heat coil and the short-cir- 
cuiting strip, is biased very slightly by 
the heat conducted to it from the hot spot, 
through the heat coil. In most cases the 
temperature of the heat coil is above that 
of the terminal, so that heat conduction 
from the terminal to the second inter- 
rupter through the coil is impossible, but 
the biasing effect of the thermal conduc- 
tion from the hot spot is realized in that 
the terminal temperature is elevated by 
it, so reducing the temperature gradient 


Lebens—Atrcraft Fuses 


from the thermal center of the coil to the 
terminal and therefore reducing the heat 
conduction, thereby forcing more of the 
heat generated in the coil to flow into the 
second thermal interrupter. The opera- 
tion of the thermal interrupter between 
the heat coil and the short-circuiting strip 
is due primarily to the heat generated in 
the heat coil and is a function of the cur- 
rent flowing through it. Since the heat 
must be conducted from the coil to the 
interrupter, a time lag is obtained which 
can be varied by varying the mass of the 
thermal interrupter or by varying the 
length of the thermal path through the 
heat coil. The short-circuiting strip, of 
course, is designed to be fast acting, but 
its rating is so chosen that it does not 
function -until the higher overloads, ap- 
proaching short-circuit conditions, are 
realized. 

Such a protective device has proved its 
worth in industry. The flexibility of its 
design permits the time-current curve to 
be made the same shape as that of the 
equipment it is protecting, so that com- 
plete protection is furnished over the en- 
tire operating range of the equipment 
under any ambient conditions. It will 
operate, protecting the equipment, when- 
ever the temperature of the hot spot ex- 
ceeds a safe predetermined temperature. 
Again the only answer to the objection 
that the protective device is unsuited for 
aircraft applications, because it often 
must be mounted in an inaccessible place 
which cannot be reached in flight, is that 
such a- protective device eliminates the 
guesswork in fusing so that the protec- 
tive device only will function when the 
equipment is worthless. The continued 
use of the equipment under such condi- 
tions only will disturb the electric system 
if not injure it without producing any use- 
ful work. If the equipment itself is acces- 
sible enough to be repaired in flight, then, 
obviously, the protective device also is 
replaceable, so that, in either case, the 
positive reliable performance of a properly 


Figure 3. Time-delay fuse consisting of three 
interrupters in series 


Point 1 is responsive to the heat conducted to 

it from the device being protected; point 2 

is responsive to the heat conducted to it 

from the heat coil; and point 3 is a fast-acting 

short-circuiting member functioning at high 
overloads 
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designed and properly selected protective 
device cannot be criticized. 

Such a time-delay fuse never has been 
adapted to aircraft applications, but it 
could be made quite attractive from a 
weight angle, because the present com- 
mercial model, in which weight has not 
been given any special consideration, 
weighs only 23 grams for a ten-ampere 
rating, whereas a 94-32084 fuse of the 
same rating weighs 18 grams. Hence, a 
few minor design changes probably could 
reduce the weight to a figure quite com- 
parable with that of the 94-32084 fuses 
which have proved quite satisfactory. 


Circuit Protection 


The problem of circuit protection as 
distinct from the protection of electric 
equipment is being attacked from two 
angles, both of which have their advan- 
tages and limitations. The first may be 
termed circuit isolation, its principal 
function being to isolate heavy faults and 
remove the load from the system to pre- 
vent the overloading of the generators 
supplying it. The second may be termed 
circuit protection in that the protective 
device is chosen so that it will function as 
a result of damaging overloads as well as 
faults, to remove the excessive load from 
the system. In either type of circuit pro- 
tection, fuse co ordination, both with the 
branch circuit fuses and the equipment 
fuses, must be considered to prevent cas- 
cading and the blowing of fuses which 
will de-energize more than the absolute 
minimum of equipment under fault con- 
ditions. Fortunately, on the 27-volt sys- 
tems the co-ordination problem was quite 
simple, because a transmission system 
of the simplest sort was employed, and 
the number of points at which cascading 
could occur was few if any. Because of 
this, fuse co-ordination was accomplished 
by increasing the rating of the feeder 
fuses inordinately to prevent them blow- 
ing under fault conditions in any of the 
branch circuits. This practice led to the 
use of limiters instead of fuses in these 
overfused applications. Since the rating 
of the fuse was chosen so great that under 
low overload conditions the wire would be 
destroyed before the fuse functioned, 
nothing could be gained by using a fuse. 

Limiters differ from fuses in that the 
fusing current of a limiter is great com- 
pared to the safe carrying current, 
whereas in a fuse the difference between 
the carrying current and the opening cur- 
rent is small. Since the limiter link usu- 
ally is made of copper, silver, or other 
high-melting materials, there is a range 
of currents between the safe carrying 
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current and the fusing current which, if 
continued long enough, will destroy the 
device itself as well as equipment in good 
thermal relation to it. The fuse, on the 
other hand, will carry or blow, depending 
upon the current, without ever reaching 
a damaging temperature. Hence, the 
current limiter can be compared to the 
fast-acting short-circuiting strip which 
is combined with the thermal interrupter 
in the time-lag fuses already described. 
The aircraft limiters are an adaptation of 
those devices used in power work which 
originally were little more than a cable 
lug with a reduced section. ‘Their func- 
tion in underground work was to assure 
that, in case of trouble, the blow would 
occur in the manhole where the limiters 
are mounted instead of in the duct run, 
thereby simplifying the clearing of trouble 
and the restoration of service. This fea- 
ture of the limiter is of no great value in 
aircraft where the conduit runs are short 
and particularly in military applications 
in which open wiring is employed almost 
universally, 


Since the limiter will destroy itself on 
slight overloads because of the high melt- 
ing point of its link material, it is satis- 
factory only in clearing short-circuit or 
high fault currents. Its extremely low 
time lag gives a wider separation of blow- 
ing times between limiters of different 
ratings at the same current, so that co- 
ordination is relatively simple. There- 
fore, limiters permit the isolation of 
faults producing high fault currents, but 
on low currents they are worse than no 
protection at all, because they in them- 
selves produce a fire hazard and destroy 
equipment associated with them. 


The fault currents resulting in an elec- 
tric system are dependent not only on the 
impedance of the fault but also on the 
capacity of the generating equipment, 
Of course, the higher the voltage, all other 
conditions being equal, the greater will be 
these currents. Hence, on the 27-volt 
systems the fault currents may be ex- 
pected to be relatively small, whereas 
those encountered in the 208-volt systems 
will assume reasonable proportions. 
However, the impedance at 400 cycles 
will reduce these currents, so that it is 
not at all unreasonable to assume that 
low fault currents can be obtained in air- 
craft. As long as these currents are not 
great enough to injure the wire insulation, 
there is no reason for them to be cleared 
instantly, particularly if the isolation of 
the fault will, at the same time, isolate 
equipment which is functioning properly. 
Instead, it would be better to permit the 
fault to persist until the completion of the 
mission and then be cleared when the air- 
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plane had returned to its base. Many of 
the wire sizes in aircraft are chosen from 
a voltage-drop standpoint instead of a 
thermal one, so that low fault currents 
will produce no damage to the distribu- 
tion system and will affect the equipment 
only in that the voltage at its terminals 
will be reduced because of the increased 
voltage drop in the line. If this drop is 
sufficient to cause the equipment to over- 
heat, it will be protected by its own pro- 
tective device, so that the circuit protec- 
tive devices need not function in this 
eventuality. If the fault current is so 
great that the thermal capacity of the 
wire itself is insufficient to withstand the 
heat generated in it, the fault must be 
isolated if complete protection is to be 
realized, 


To obtain complete protection of the 
electric distribution system, the problem 
again reverts to a consideration of the 
combined thermal capacity of the insula- 
tion and copper of the conductors. Again 
the protective device’s time-current char- 
acteristic must be identical with that of 
the conductor to give complete protection 
under all conditions of load, Since the 
thermal capacity of the conductor is less 
than that of most electric equipment, the 
time lag of the circuit protective device 
need not be so great as that of the equip- 
ment protection. This problem was ap- 
preciated by the United States Army Air 
Corps and was covered by specification 
94-32272. The time lag required in the 
most recent issue of this specification is a 
minimum of 40 seconds as compared to 
90 seconds in the 94-32084 specification 
covering protective devices for electric 
equipment, 


The effect of ambient temperature on 
the carrying capacity of the wires is as 
important as its effect on the capacity of 
electric equipment, so that again a pro- 
tective device responsive to ambient tem- 
peratures in the same proportion as the 
wires and mounted in the same ambient 
temperature is needed. This is not so 
unreasonable as it appears on the surface, 
because the use of glass insulation on the 
wires permits a relatively high safe-oper- 
ating temperature, so that the effect of 
the ambient temperature on the protec. 
tive device need not be too pronounced. 
Also, the grouping of sectionalizing fuses 
in a common central cabinet which may 
be subjected to ambient temperatures very 
different from those of the wire is unrea- 


sonable, both from a safety angle in mili- 
tary aircraft and from a funetional angle, 


Grouping the devices together necessi- 
tates the use of additional wire which, in 
turn, should require additional seetional- 
izing fuses for complete fault isolation. 
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Therefore, the circuit fuses can be 
mounted in approximately the same am- 
bient temperature as the circuit wires 
and, though not so responsive to ambient 
temperature as the equipment protec- 
tion, still should respond in the same 
manner as the circuit conductor. 

By using a time-lag fuse of the design 
shown in Figure 1 but with the absorber 
mass decreased and the thermally oper- 
able current interrupter biased to be less 
responsive to ambient conditions than 
the equipment protective device, a saving 
in weight is accomplished, and a circuit 
protective device is obtained which will 
co-ordinate beautifully with the equip- 
ment protector. Since both the equip- 
ment and the circuit protectors have fast- 
acting short-circuiting members, excellent 
co-ordination is obtained at the higher 
overloads with complete protection to 
equipment and circuit under every con- 
ceivable condition of overload and am- 
bient temperature. Thus, by adapting an 
arrangement already proved in power 
applications, aircraft can avoid many 
headaches, if not catastrophes, as its 
power system grows from that of an 
automobile to that of a power network. 
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Synopsis: The electronic power converter, 
controlled by the equipment described in 
this paper, consists of two units rated 
10,000 kw installed and operating at the 
Edgar Thomson Works of the Carnegie- 
Illinois Steel Corporation. The power 
converters connect a 60-cycle 69-kv system 
and a 25-cycle 44-kv system with a per- 
missible power transfer of 20,000 kw in 
either direction between the systems. 
Transfer of power by rectification and 
inversion and the design of the electronic 
power converter are discussed in companion 
papers.':2 The switchgear and _ control 
devices are discussed in this paper and for 
convenience and clarity, the discussion is 
divided into three main headings: ‘“‘Switch- 
ing,” “Control,” and ‘‘Protection.” 


O the switchgear designer whose point 

of view is influenced so largely by the 
needs of the ‘man who operates and 
maintains,’ the electronic power con- 
verter presents some new and interesting 
opportunities. The ease with which the 
converter is switched into and out of 
service and its output is controlled 
presents the opportunity of providing 
simple and at the same time versatile 
controls by means of which the operator 
can make the fullest use of the converter, 
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in meeting the varying demands of his 
system. Protective relaying of the elec- 
tronic converter against system dis- 
turbances is simple since the rectifier 
furnishes no power te its system and the 
output of the inverter is limited, 


Switching 


An examination of Figure 1 will reveal 
that the switching of the main power 
circuits of the electronic power converter 
is of the simplest possible nature. The 
unit is switched into service merely by 
closing power circuit breakers connecting 
the transformers to the two systems, 
Aside from having the auxiliary and 
ignition bus energized by closing the 
auxiliary and ignition transformer switch 
and circuit breaker, the only prerequisite 
to putting the unit into service is that 
the ignition-control-system networks for 
both frequencies must be in the inverter 
position, Auxiliary switches on the 
circuit breakers and position switches on 
the power-control device provide circuits 
for establishing this condition whenever 
the .circuit breakers are tripped, and 
simple interlocking in the circuit-breaker 
control circuits insures it, Therefore, the 
sequence of closing the breakers is of no 
consequence, and either breaker may be 
closed first, regardless of the intended 
direction of power flow. For convenience 
and simplicity of protective-relay  cir- 
cuits, both breakers are tripped simul- 


14. ArrcRAFT ELECTRICAL ENGINEERING (book), 
R. Matson. McGraw-Hill Book Company, Inc., 
New York, N. Y., 1943. 


15. A 600-Vo.tr ENcLosgp Limiter FOR Net- 
worK Uses, P. O. Langguth, H. L. Rawlins, J. M. 
Wallace. AIEE Transactions, volume 61, 1942, 
July section, pages 536-8. 


16. Evecrricat Power In Arrcrart, G, W. Led- 
better. Acro Digest, February 1942, pages 163-70. 


17. Arrerarr Conracrors, F. J. Russell, A. P. 
Charbonneau. AIEE TRANSACTIONS, volume 62, 
1943, September section, pages 563-6. 


18. Pprncripres oF AIRCRAFT ExLecrric-Moror 
Prorscrion, V. G. Vaughan. AIEE TRANSAC- 
TIONS, volume 62, 1943, December section, pages 
760-5. 


19. InpusrrRiaL Network LIMITER DEVELOPED, 
J. M. Wallace. Electrical World, October 3, 1942, 
page 88. 


20. Sworr-Crrcurir PROTECTION OF DISTRIRU- 
TION NETWORKS BY THE Use or Limirrrs, C. P, 


Gittings, Bateman—Switchgear and Control 


Xenis. AIRE Transacrrons, volume 56, 1987, 
September section, pages 1191-6, 

21, Opsrating Recorp Proves VALuR oF 
Limirsrs, C, P, Xenis, E, Williams, Slecirical 
World, October 21, 1989, pages 41-8, 

22, Limirers Prevent Canute Faunrs From 


SPREADING ON Networks, C, P, Xenis, B, Willlama, 
Electrical World, October 7, 1989, pages 44-9, 


23, Arrcrarr Evecrric Powrr-Suppery Syaree, 
J. E. Yarmack, AIRE Transacrions, volume 62, 
1943, October section, pages 654-8, 


24, ArrpLaAne Morors--A Yar or PROGRESS, 
Electrical Manufacturing, August 1948, pages 
99-108, L70-6, 


25, Conrror Components Trar Sorve Some 
Arrcrart Prostams, Elecirical Mannfacturing, 
August 1042, pages 32-4, 64, 92-100, 


26, .New Crrcurr Conrroirs ror ArRORART Rite 
FLECT WARTIME SpRcranmarton, Hectrical Manus 
facturing, October 1943, pages 116-18, 196-202, 


27. Execrrica, Prorecrivy Deviers For AYR 
crarr, J. C, Lebens, Jr, Aero Digest, March 1948, 
pages 235-9, 379-80, 


TRANSACTIONS 585 


wt 
" 


/} 
460-VOLT 25-CYCLE 


60-CYCLE 6O-CYCLE = gg , 460-VOLT 60-CYCLE AUXILIARY AND 
if ,  69-KV LINE 44-KV LINE _ AUXILIARY AND IGNITION BUS IGNITION BUS 
9 PUMP 
& ‘S———> MOTOR 
ae ~<—— METERING CT we CONTACT] _ HEATER 
OZ “ nz ORS CONTACTOR 
23 ~<———_ METERING _PT’S ————+ | a 
a Ov 
xu AUXILIARY AND x i WATER 
SAL iy eAey 60 CIRCULATING 250 
EWR eet IGNITION TRANSFORMERS shh zz CREATINE PUMP MoToRS HEATERS 1 EXCITATION 
(exo) qa RE AVINGH OT/S ee nace CONTACTOR CONTACTOR 
+ 
AUXILIARY AND POWER CIRCUIT BREAKERS —> AUXILIARY , AND 
IGNITION BUS ; IGNITION BUS PHASE- PHASE, 
™———LINE-RELAYING CTS ——> SsHIFTING SHIFTING. 
es r-- tee NA REACTOR CONTROL AW REACTOR 
| \ | 60% AMPLIDYNE 25°V EXCITATION 
| EXCITATION WRIA TRANSFORMER 
| MAIN | RANS- 
1+ TRANSFORMERS —>) | FORMER 
| 13,120 KVA | Ne 
| R SHIFTING 
7 CONTACTORS 
60- CYCLE 25-CYCLE | 
|_CURRENT-LIMITING | PHASE- SHIFTING PHASE~SHIF TING 
REACTORS ! IGNITION IGNITION 
Revavincano 4 NETWORK NETWORI 
FAULT DETECTOR CT'S > ; ; if 
<—SCANNING PT‘S FOR —> : Figure 2. Switching equipment for auxiliary apparatus 
CATHODE-RAY OSCILLOGRAM : 
t—|SOLATING SWITCHES —> INDUCTION 
VOLTAGE roarion swiones OCT Figure 3. Control 
eee ATOR eseisy séLsy a wigH RATIO AMPLIDYNE device for power 
ANSMIT 
LIGNITRON) TUBES: flow through the 
rie power converter 
CONTROL 
CIRCUITS 
| To Meaelieiiead 
AIR-GAP CT FOR AIR-GAP CT FOR excltarion aie ai aN 
ARC-BACK MISFIRE RELAY souyace Eats 
INDICATOR 0-C REACTORS FES AMP. 
| } Receiver tara FIELOS 
F7 Fe 
wa 
ZERO POWER FLOW 
uy 
Baie RON ew: = ized from the 60- and 25-cyel 
; here : : are energized from the 60- an -cycle 
Figure 1. Simplified one-line diagram show- SOeEA Rloae 6 Sy ee OX 8 sb 


ing switching equipment 


taneously at all times. Circuit-breaker 
operation is the only switching operation 
required under normal operating condi- 
tions. 

The only switching required in the 
circuits between the ignitron tubes and 
the transformers is that required for 
safety to personnel who may have occa- 
sion to work on equipment in the tube 
assembly enclosure. For this purpose, 
enclosed group-operated disconnecting 
switches are provided, suitably key- 
interlocked with tube-enclosure doors 
and high-voltage power circuit breakers 
to insure safety and to prevent operation 
of the switches under load. 

Since the flow of power in the d-c 
portion of the circuit is under complete 
control of the grids of the rectifier and 
inverter tubes, there is no necessity for 
any switching apparatus in the d-c 
circuit. 

Switching of the auxiliary and ignition 
transformers to the high-voltage lines is 
accomplished by horn-gap disconnecting 
switches suitable for interrupting magne- 
tizing current of the transformers. These 
switches are suitably key-interlocked with 
the transformer secondary air circuit 
breakers to prevent their operation under 
load. The transformers are protected 
by suitable current-limiting fuses. 

The 460-volt secondary windings of the 
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auxiliary and ignition transformers are 
connected to their respective loads by 
means of manually operated air circuit 
breakers. The transformers have suffi- 
cient capacity to carry the auxiliary and 
ignition load of both units. Provision is 
made therefore by means of a tie air 
circuit breaker for energizing both unit 
auxiliary busses from one transformer 
in case the other is out of service for any 
reason. 

Jach power converter requires the 
following general auxiliary devices, which 
for the sake of utilizing standard appara- 
tus are energized from the 60-cycle 
auxiliary bus: 


Driving motor for main control Amplidyne 
generators. 


Cooling-water circulating-pump motors. 


Water heaters. 


The phase-shifting networks which 
supply the ignition equipment for the 
60- and 25-cycle tube assemblies are 
energized from the 60- and 25-cycle 
auxiliary busses, respectively, through 
selector contactors which determine 
whether the tube assembly is to operate 
as a rectifier or inverter, 

Similarly, excitation transformers, sup- 
plying dry-plate rectifiers for the excita- 
tion of the main control Amplidynes, 
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auxiliary busses. 
The switching devices in these various 
auxiliary circuits are shown in Figure 2. 


Control 


When switching of the power circuits 
has been completed as previously de- 
scribed, the power converter is ready 
for control of direction and magnitude 
of power flow. The explanation under 
this heading will cover the means by 
which the power flow through the power 
converter is controlled. The operator 
has a choice of three types of control: 
smanual control by control switch, or 
either of two types of regulator control— 
watt regulator or load regulator. The 
paragraphs which follow first deal with 
the devices common to all three types of 
control, and then the three types of con- 
trol are individually briefly explained. 

The direction of power flow through a 
power converter is determined by the 
connections of the phase‘shifting ignition 
networks to the auxiliary and ignition 
bus as discussed in a companion paper.? 
These connections are made by contactors 
I or R of Figure 2; when the J contactor 
is closed, the phase-shifting ignition 
network causes the tubes connected to 
that network to operate as inverters; 
when the R contactor is closed, the phase- 
shifting ignition network causes the 
tubes connected to that network to 
operate as rectifiers. Therefore, for 
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example, to have power flow through the 
converter from the 60-cycle system to the 
25-eycle system, the R contactor of the 
60-cycle network is closed and the J 
contactor of the 25-cycle network is 
closed. The J and R contactors therefore 
are the direct means by which direction 
of power flow is established. The control 
of those contactors is described in the 
following paragraphs. 


The magnitude of power flow through 
a power converter is determined by the 
magnitude of the reference voltage used 
in the field circuits of the control Ampli- 
dyne associated with the firing circuits, 
as discussed in a companion paper. 
The reference voltage is obtained from 
an induction voltage regulator, and the 
magnitude of that voltage is determined 
by the induction regulator’s rotor posi- 
tion. Control of the rotation of the 
induction-regulator rotor therefore is the 
direct means by which the power-con- 
verter load is controlled. 


The power-control device is shown in 
Figure 3. The rotor of the induction 
regulator, the Selsyn transmitter, and 
the cam-operated position switches are 
on a common shaft; the shaft is driven 
through a high-ratio gear box to give 
smooth vernier control of shaft position. 
Contacts of the cam-operated position 
switch control the J and R contactors 
(of Figure 2). For the position of the 
induction regulator corresponding to 90 
degrees retard excitation and (zero power 
flow) for rectifiers, as discussed in a 
companion paper,? the contacts of the 
cam-operated position switch cause the 
I contactors of both the 25-cycle and 60- 
cycle networks to be closed, and all tubes 
of the power converter operate as invert- 
ers. As the induction-regulator rotor 
is moved away from this position of 
zero power flow, by means of contacts 
of the cam-operated position switches, 
the J contactor of one of the networks is 
opened and the R contactor is closed, 
making the power converter capable of 
power transfer; for one direction of 
rotation of the induction-regulator rotor 
from its zero power flow position the K 
contactor of the 25-cycle network is 
closed, and for the other direction of 
rotation the R contactor of the 60-cycle 
network is closed. Also, as the induction- 
regulator rotor is rotated in either direc- 


tion from the zero-power-flow position, 


its output voltage magnitude is varied 
to give smooth increase from zero to 
maximum power flow as discussed in a 
companion paper.2 The power flow 
through the power converter for different 
positions of the induction-regulator rotor 


is illustrated in Figure 3 (below the in- 
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duction voltage regulator); this illustra- 
tion represents 360 mechanical degrees 
of rotation of the rotor. It is at points 
A and C that the R contactor of the 60- 
cycle or 25-cycle network, respectively, 
closes and remains closed over the travel 
represented by the cross-hatched areas 
in the illustration. Rotor rotation from 
A to B or from C to D represents gradual 
smooth increase in power flow from zero 
to maximum for either direction of power 
flow as marked. Two contacts of the 
cam-operated position switch act as 
limit switches and prevent travel of the 
induction-regulator rotor beyond points 
Band D. Indication of the position of 
the induction regulator is obtained on 
the control board from the Selsyn re- 
ceiver shown in Figure 3. 

Driving power for the shaft driving 
the induction regulator, Selsyn, and cam- 
operated position switches is obtained 
from a d-c motor whose armature is 
energized by an Amplidyne generator. 
The use of a generator rather than a 
constant potential d-c source to energize 
the d-c motor has the advantages of: 


1. Reversible rotation of the d-c motor 
without the use of reversing contactors. 


2. Easy adjustment of d-c-motor armature 
voltage magnitudes. 


= 


3. Easy adoption of control circuits. 


4. Inherent dynamic braking. 


The Amplidyne is used instead of a 
conventional d-c generator, because its 
low excitation requirements permit the 
use of relay and control-switch contacts 
directly in its field circuit; the control 
fields of the Amplidynes used require 
only 0.1 ampere for 800-volt output; 
also these control fields have a resistance 
of only 218 ohms which permits the use 
of low control voltages. 

The Amplidyne has three fields, two 
control fields designated as F1-F2 and 
F3-F4 and one field designated as 
F7-F8 used for antihunt and residual 
voltage killing. To produce rotation 
of the d-c motor, voltage is applied to 


one of the Amplidyne control fields. | 


Hither direction of rotation is obtained 
as desired, since the control circuits 
apply a voltage of either polarity to a 
given field terminal. Separate “raise” 
and “‘lower’’ speed adjustments are pro- 
vided, since operating engineers may 
find it desirable to decrease the load 
setting at a faster rate than the load 
setting is increased, or vice versa. A 
fault-blocking contact in the control- 
field circuits opens during are-backs or 
other faults within the power converter; 
this prevents change in the setting of the 
induction voltage regulator during such 
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faults while the fault-recovery equipment 
is functioning. 

As stated in the section on switching, 
the main circuit breakers can be closed 
only if excitation power is available and 
if both the 25-cycle and 60-cycle portions 
of the converter are operating as in- 
verters. To insure that excitation is 
present, an undervoltage relay is con- 
nected to the auxiliary and ignition bus 
(Figure 1), and its contact permits: the 
breakers to close only when proper 
voltage is present. Contacts of the cam- 
operated position switch (Figure 8) 
prevent closing of the breakers except 
when the induction voltage regulator is 
in its zero-power-flow position where all 
tubes operate as inverters. If the circuit 
breakers are tripped while the converter 
is carrying load, the induction regulator 
automatically is returned to its zero- 
power-flow position, 

Manual control of power flow is by 
means of a simple double-throw momen- 
tary-contact control switch. Amplidyne 
field F3-F4 is used for manual control, 
one position of the control switch con- 
necting terminal F3 to positive potential, 
and the other position of the switch 
connecting terminal F3 to negative po- 
tential (control potential is 24 volts 
direct current). An operator, therefore, 
merely turns this control switch in the 
position to give the desired direction of 
power flow, and the switch is held in 
that position until power flow has in- 
creased to the desired magnitude as 


indicated by a wattmeter on the control 


board. 

The watt regulator is a device for regu- 
lating automatically the power flow 
through the power converter, The power 
elements of the device are connected to 
the current transformers and potential 
transformers in the power circuit of the 
power converter (Figure 1); the potential 
elements are correctly connected to the 
potential transformers for either direction 
of power flow by means of contacts of the 
position switches. The watt regulator 
has two sets of contacts; one set of 
contacts is closed when the power-con- 
verter power flow is greater than the 
regulator calibration, and the other set 
of contacts is closed when the converter 
power flow is less than the regulator 
calibration; both sets of contacts are 
open when the converter power flow is 
equal to or within approximately +2 
per cent of the regulator calibration, 
Calibration of the device is changed by 
means of a control switch on the control 
board; an instrument is provided on 
the control board which indicates the 
calibration setting directly in kilowatts. 
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The two sets of contacts connect the 
Amplidyne control field to control voltage 
of correct polarity to cause the induction 
voltage regulator rotor to be rotated in 
the direction to correct the power flow; 
for example, if the power flowing through 
the converter is less than the setting of 
the watt regulator, its contacts connect 
the Amplidyne control field to the po- 
tential which will cause the d-c motor 
to rotate the induction regulator rotor 
in the direction to increase power flow 
through the power converter. Ampli- 
dyne control field F3-F4 is used for watt 
regulator control as well as for manual 
control. With the watt-regulator control 
switch in the ‘‘on’’ position, the regulator 
contacts are connected to field F3-F4 
and the manual-control-switch contact 
circuits are disconnected. Contacts of 
the cam-operated position switch con- 
nect the regulator contacts to the control 
voltage polarity which gives correct 
direction of rotation of the induction 
voltage regulator for either direction of 
power flow in the frequency changer. 
In putting a power converter on watt 
regulator control, it is initially necessary 
for the operator to select direction of 
power flow by means of the manual- 
control switch; once the induction- 
voltage regulator has arrived at either 
position A or position C (Figure 3), the 
regulator control switch can be turned to 
the “on” position, and the regulator 
functions to pick up the load for which 
the regulator is set. 

The load regulator is an indicating 
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Figure 4. Control-room panels 

and excitation cubicles for 

10,000-kw electronic power 
converters 


Figure 5. Load-control panels 
for each converter unit and 
test panel at right 


integrating device energized from current 
and potential transformers which meas- 
ure the interchange of power between the 
power company’s system and the indus- 
trial company’s 60-cycle system. The 
load regulator is designed to hold a pre- 
selected value of instantaneous exchange 
kilowatts. This value, however, is cor- 
rected to compensate for any differential 
between the ideal preselected kilowatt- 
hour exchange and the actual kilowatt- 
hour exchange as time progresses. 

The load regulator permits the indus- 
trial user to make the best possible 
exchange of kilowatt-hours with the 
power company as determined by his 
contract with the power company. When 
the 60-cycle industrial load is heavier 
than the ‘setting of the load regulator, 
the power converter supplies kilowatt- 
hours from the 25-cycle system to the 
60-cycle system; when the 60-cycle 
industrial load is smaller than the 
setting of the load regulator, the power 
converter supplies kilowatt-hours from 
the 60-cycle system to the 25-cycle sys- 
tem. The contacts of the load regulator 
connect Amplidyne field F1-F2 to the 
control voltage polarity which correctly 
adjusts the power flow through the power 
converter. The load regulator is made 
operative or is removed from operation 
by a two-position control switch. 

For the station described, which has 
two converters, the load regulator can 
be used to control either or both con- 
verters by selecting such operation by 
means of the control switches. When 
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both power converters are operated on 
load-regulator control, load-balance re- 
lays are made operative. The load- 
balance relays are two-element induction- 
disk devices whose current circuits are 
energized from differentially connected 
current-transformer circuits of the two 
power converters. These relays keep 
the loads on the two power converters 
approximately equal when both are 
controlled by the load regulator. 

Any of the types of control described, 
manual, watt-regulator or load-regulator, 
can be used on one converter without re- 
gard for the type of control being used on 
the other. While the operator has a 
versatile choice of control combinations 
at his disposal, there are no complicated 
operating sequences which must be 
followed. 


Protection 


For the purpose of discussion of pro- 
tective relaying, faults which must be 
considered may be classified and sub- 
classified: as follows: 


1. Faults associated with the converter 
its transformers, and auxiliary apparatus 
(a). Insulation failures in the transformer 
and a-c conductor system. 


(b). Malfunction of the ignitron tubes or~ 


insulation failure in the d-c conductor 
system accompanied by failure or too fre- 
quent operation of the automatic fault- 
suppression features of the converter grid 
and ignition control. 


2. Faults 
systems 
(a). Short circuits. 
(b). Loss of voltage. 


associated with the power 


Insulation failures in the transformers 
and a-c conductor system are treated in 
the same manner as similar faults in 
conventional transformers. It is im- 
practical to apply differential relays to 
rectifier transformers by reason of the 
complexity of their secondary windings 
and the peculiar character of the currents 
flowing in these windings. ‘Therefore, 
the best available protective relay for 
this purpose is the - short-time-delay 
induction overcurrent relay with an 
inverse characteristic. This relay is 
adjusted to have just sufficient minimum 
time delay (approximately 0.05 second) 
to allow for normal transformer magne- 
tizing inrush currents and short-duration 
fault currents resulting from transient 
disturbances in the ignitron tubes. On 
systems having impedance-grounded neu- 
trals a sensitive residual overcurrent relay 
also is used to clear ground faults, 

Normal suppression of arc-backs and— 
“shoot-throughs” in the rectifier and 
inverter tubes and d-c short circuits by” 
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the converter ignition and grid-control 
equipment and the igniter short-circuit- 
ing device has been discussed in a com- 
panion paper! describing that equipment. 
Operating experience so far has developed 
no failure of the fault-suppression equip- 
ment to clear arc-backs, ‘“‘shoot-throughs”’ 
and d-c short circuits. However, such a 
possibility, though considered very re- 
mote, must be guarded against by backup 
protective relays which will prevent 
damage to the apparatus under such 
circumstances. 


Rectifier are-backs which are not 
cleared by the normal fault-suppression 
apparatus will result in sustained over- 
current in the rectifier transformer sec- 
ondary winding of sufficient magnitude 
to cause the transformer protective over- 
current relays in this circuit to operate. 

Inverter ‘‘shoot-throughs” and d-c 
short circuits which are not cleared by 
the normal fault-suppression apparatus 
will result in sustained overcurrents in 
the rectifier transformer and will produce 
alternating overcurrents in the lines 
between the rectifier tubes and the trans- 
former; sensitive and effective protection 
is obtained by the use of short-time induc- 
tion overcurrent relays connected to 
current transformers in these lines. 

In the case of repeated arc-backs or 
“shoot-throughs,”” the fault-suppression 
apparatus merely will suppress these 
faults as fast as they occur, and some 
means must be provided for disconnecting 
the converter when such faulting occurs. 
Since each fault suppression is accom- 
panied by a transient operation of an 
igniter short-circuiting device, impulses 
from the operation of this device are 
used to actuate a relay which operates 
to trip the power circuit breakers if the 
impulses occur too rapidly for predeter- 
mined time. The relay used for this 
purpose is a combined time-delay and 
notching device which, when subjected 
to more than a predetermined number of 
impulses within a predetermined period 
of time, closes its contacts to trip the 
power circuit breakers. 


Short circuits on the supply system 


tend to reduce the voltage of that system. 


This reduced voltage applied to the recti- 
fier tends to decrease the normal flow 
of power from the supply system to the 
receiving system. Since the inverter 
cannot function as a rectifier or the 
rectifier as an inverter unless the grid 
controls purposely are changed to give 
such operation, the converter cannot 
transfer power from the receiving system 
into the supply system. 

Short circuits on the receiving system 
if of such a nature that they do not 
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Differential Generator Control Relay for 
D-C Aircraft Electric Systems 


Fb.) CREVER 


ASSOCIATE AIEE 


Synopsis: The definite-pickup type of gen- 
erator control relay has been in use for a 
period of years om d-c aircraft electrical sys- 
tems. While this type of generator control 
relay gives satisfactory operation when the 
system is in proper adjustment, it had dis- 
advantages which are accentuated by im- 
proper adjustments of regulators and the 
relays. A differential type of generator 
control relay not subject to chatter has 
been developed and tested in flight on a 
system having four main-engine-driven gen- 
erators and an auxiliary power plant. This 
type of relay has been shown practical and 
advantageous when used on a system haying 
voltage regulators with equalizers. 


Functions of Generator Control 
Relay 


HE principal function of a generator 
Poa relay on aircraft d-c electrical 
systems is to connect the generator to 
the ship’s d-c bus whenever the generator 
is in a condition to furnish power to the 
bus, and to disconnect the generator from 
the system whenever the generator draws 
reverse current from the bus above a 


predetermined value. The relay also 
provides a means of disconnecting or 
holding off any generator at the will of 
the operator. 


The Definite-Voltage-Pickup Type 
of Relay 


In the past on 28.5-volt d-c electrical 
systems, a relay of the voltage-pickup 
type has been in common use. Such a 
scheme is illustrated schematically in 
Figure 1. 

The voltage-pickup type of generator 
control relay consists of a main con- 
tactor energized from the generator ter- 
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reduce the voltage of that system below 
approximately 80 per cent of normal will 
cause the converter to deliver only a 
nominal increase in power to the receiving 
system, but never more than the upper 
limit of power transfer provided for in 
the converter control. 

Short circuits on the receiving system 
of sufficiently low impedance and on 
any or all phases will cause the inverter 
to cease to commutate the direct current. 
This in effect places a short circuit on 
the d-c system. The rectifier control 
immediately limits this direct current to 
normal maximum load current, but the 
inverter immediately ceases to deliver 
power to the receiving system. As soon 
as the fault on the receiving system is 
cleared and the voltage returns to normal, 
the inverter begins to commutate again 
and delivers normal power to the re- 
ceiving system, 

As previously noted, low voltage, 
either single- or three-phase, on the 
supply system merely decreases the 
normal flow of power or, if it is too low, 
causes the rectifier to cease firing, thereby 
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interrupting the flow of power. Low 
voltage, either single- or three-phase, 
on the receiving system either causes a 
nominal increase in power flow or causes 
the inverter to cease commutation, 
thereby interrupting power flow. 

It becomes evident, therefore, that 
only in case of prolonged low voltage on 
the receiving system, sufficient to cause 
a cessation of inverter commutation, is it 
necessary to disconnect the converter 
from the system, This is accomplished 
readily by means of a single- or three- 
phase time-delay undervoltage relay set 
to drop out at approximately 80 per cent 
of normal voltage and having sufficient 
time delay to permit system relaying to 
remove receiving-system short circuits. 
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Figure’ 1. Schematic diagram of voltage- 
pickup type of generator control relay 
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Figure 2. Characteristics of definite-voltage- 
pickup type of generator control relay and 
system 
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Figure 3. Schematic connections of differen- 
tial generator control relay 
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Figure 4. Characteristics of differential gen- 
erator control relay and system 


minal voltage through contacts on a 
polarized control relay having a voltage 
coil and a current coil. The character- 
istics of relays of this type are a defi- 
nite voltage pickup and a dropout on 
reverse current which is a function of the 
voltage on the voltage coil, that is, it 
requires a higher value of reverse current 
to drop the relay out at 28.5 volts than 
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DIRECT VOLTAGE 
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PER CENT LOAD ON CONNECTED GENERATORS 
Figure 5. Characteristics of generator voltage 


regulators with equalizers on four-generator 
system 


Curves 1, 2, 3—Characteristics of regulators 
on machines off the bus 
Curves A, B, C—Characteristics of regulators 
on connected machines 
Curve 4—Characteristics of regulators with all 
machines on 
Curves 1 and A—One machine off, three 
machines on 
Curves 2 and B—Two machines off, two ma- 
chines on 
Curves 3 and C—Three machines off, one 
machine on 


at a lower voltage such as 27.0 volts. 
Typical characteristics of such a relay 
are shown in Figure 2, together with the 
system current characteristic for an as- 
sumed bus voltage of 28.5 volts estab- 
lished by other generators already on 
the bus. By reference to this figure, it 
can be seen that there is a shaded region 
above the pickup voltage of the relay 
where the relay will pick up and immedi- 
ately upon closure draw a reverse current 
sufficient to drop it out and result in a 
chattering condition so long as the gener- 
ator operates at a voltage in this region. 
Each time a generator comes up in 


VOLTAGE 
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speed, it operates in this region and the 
relay will chatter unless the generator 
speed is brought up so rapidly that the 
time duration of operation in this region 
is so short that the chatter does not 
occur. A second reason why a generator 
may operate in this region is in case the 
system load is light and its voltage regu- 
lator is set low in voltage with respect 
to the setting of voltage regulators on 
other generators operating in parallel. 
This is the most dangerous type of chatter 
because it is more likely to persist for 
long periods of time. It has been a real 
source of trouble on present systems in 
military service as it may result in hun- 
dreds of thousands of operations of the 
relay in a few hours giving rise to rapid 
wear. The chatter may be minimized or 
eliminated by raising the pickup voltage, 
increasing the reverse current character- | 
istic of the relay, and by making sure that 
voltage regulator settings and connec- 
tions are proper. If these things are done, 
the system is practical. 


The Differential Type of 
Generator Control Relay 


A second type of relay operating on a 
different principle has been developed 
which has several advantages which will 
become apparent as its characteristics are 
examined. This is known as a differential 
type of generator control relay and is the 
chief subject of this paper. Typical con- 
nections of such a relay are shown in 
Figure 3. Referring to Figure 3, the 
differential generator control relay con- 
sists of a main contactor energized 


Figure 6. Schematic connections of 28.5-volt 
d-c system with four main generators and one 
auxiliary power plant 


* 0.5-volt drop in negative lead for 100 per 
cent rated current of generator 
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through a contact on the differential con- 
trol relay and a manual switch from the 
generator voltage. The differential con- 
trol relay is a polarized device having a 
series coil and a voltage coil. The volt- 
age coil is connected across the contacts 
of the main contactor through a contact 
on a small polarized voltage relay. The 
funttion of this latter voltage relay is to 
protect the differential voltage coil for 
large differential voltages and to prevent 
drain on the batteries in case the battery 
switches are left closed when the plane 
is not in operation, The characteristics 
of the differential relay are that it will 
close whenever the voltage of the genera- 
tor is above the bus voltage by from 0.2 
to 0.5 volt and it will drop out at a definite 
value of reverse current independent of 
the voltage of the generator. These char- 
acteristics are shown in Figure 4, to- 
_ gether with the system current char- 
acteristic. It can-be seen from this figure 
that there is no region of chatter because 
the relay will not close the generator on 
the bus under any condition where it will 
cause flow of reverse current. Likewise 
the relay will not automatically remove 
the generator from the bus on reverse 


current under a voltage condition that 


would cause it to reclose. 

It might be argued that such operation 
could be obtained with a voltage pickup 
type of relay if the pickup voltage were 
raised to a point equal to or above the 
bus voltage. This is true but is not easy 
of attainment because of the necessary 
tolerance of pickup. On the differential 
type of relay a given percentage tolerance 
in the differential voltage results in only 
a small difference in generator voltage 
whereas the same percentage tolerance 
on the voltage-pickup type would result 
in a much wider variation in the actual 
pickup voltage. The differential type 
has another advantage in that the pickup 
voltage is related to the bus voltage so 
that if the bus voltage is low, the genera- 
tors can come on’ at a lower speed and 
thus charge low batteries at a generator 
speed that could not generate enough 
voltage of cause a definite-voltage pickup 
type of relay to operate. 


Effect of Equalizers on Voltage 
Regulators in Supplementing 
Differential Generator Control 
Relays 


It is to be noted that the differential 


type of generator control relay will close 
the generator on only when the generator 
voltage is of correct polarity and above 
the bus voltage. This brings up a ques- 
tion on a system where generators are 
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Ex =Bus voltage 
ER, = Contactor- coil 
voltage, relay 1 
Ep, = Contactor- coil 
voltage, relay 2 
/, =Current through 
relay 1 
f= Current through 
relay 2 


Figure 7A (upper). 


Oscillogram showing action at pickup on voltage-pickup type of 


generator control relay, taken by slowly increasing voltage setting of incoming generator 
regulator 


Figure 7B (lower). 


Oscillogram showing action at dropout on voltage-pickup type of 


generator control relay, taken by slowly decreasing voltage of generator regulator 


Figure 8A (upper). 
Oscillogram show- 
ing action at pickup 
on differential type 
of generator control 
relay, taken by 
slowly increasing 
voltage setting of 
incoming generator 
regulator 


III 


Figure 8B (lower). 
Oscillogram show- 
ing action at drop- 
out on differential 
type of generator 
control relay, taken 
by slowly decreasing 
voltage of generator 
regulator 


E,=Bus voltage 
Ep, =Contactor-coil voltage, relay 1 
Eg —E,=Differential voltage 

/, =Current through relay 1 

l2= Current through relay 2 


operating in parallel with all voltage 
regulators set at the same voltage as to 
whether the first generator to come on the 
bus will not raise the bus voltage to a 
point where the other generator control 
relays cannot close their generators on. 
Were it not for the presence of equalizing 


EB 

E»=Bus voltage 

Eg@=Voltage, gen- Eg 
erator 1 

Eg.= Voltage, gen- 

: he "ee 

lg, =Current, gen- Ig)=0 Ie2 
erator 1 : 

Igg= Current, gen- : 
erator 2 
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windings on the voltage regulators, this 
might be a valid objection. However, 
with equalizer windings on the regulators, 
any load on the connected generators will 
not only cause the voltage of the con- 
nected generators to droop with an in- 
crease in load but will also cause the 
voltage of the generators not on the bus 


Figure 9. Oscillogram showing pickup of one 

differential relay upon application of heavy 

(turret) load. Relay previously held off by 
low setting of voltage regulator 


aSF-9 
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to rise as the load increases. This ac- 
tion is illustrated in Figure 5 which is 
drawn based upon normal equalizer 
strength as specified for military aircraft. 
It can be seen that a differential voltage 
of one-fourth volt is obtained on the 
generators yet to be connected when 
only five per cent load is on each of 
the connected machines. A differential 
voltage of one-half volt would require 
ten per cent load on each connected ma- 
chine. Is the appendix it is shown that 
the differential voltage is dependent only 
upon the per cent load on the connected 
machines, regardless of the number of 
generators associated with the system. 
These figures are based upon all voltage 
regulators being set alike. However, it 
can be said that with the differential 
relay set to close on at from 0.2 to 0.5 
volt on a system of generators having 
equalizers on the voltage regulators of 
normal strength, if any generator fails 
to come on, it would not be able to 
furnish power to the bus under that load 
condition. Therefore, it might as well 
remain off until its voltage regulator set- 
ting is brought into line with the settings 
of other regulators on the system. 

Another characteristic of the differen- 
tial type of generator control relay has 
caused misunderstanding and that is the 
fact that it will not close a generator on 
to an unloaded bus because there is then 
no circuit for the differential coil. The 
existence of a very minute load or of 
batteries on the bus eliminates this. It 
is not a disadvantage because if there is 
no load to be supplied there is no use 
putting voltage on the bus. In testing 
these relays on a bench test, this has some- 
times caused confusion where testing the 
telay against an open bus without bat- 
teries or load. Only a fraction of an 
ampere load is required to complete this 
circuit. 


Flight Tests With Differential 
Generator Control Relays 


In order to prove out these principles 
and to satisfy any who might be skeptical 
of the ability to close on, tests were made 
on a four-engined B-24 Liberator bombing 
plane equipped with differential relays 
and on the same plane equipped with 
voltage pickup type relays. The tests 
showed that either type of relay with 
proper adjustments was practical but 
that the differential type is superior. 
Also, the tests showed that with mis- 
adjustment of the voltage regulators, 
the voltage pickup type would chatter 
whereas the differential type did not. No 
trouble was encountered in bringing any 
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generator on with differential-type re- 
lays. In fact, those who made the tests 
stated that with normal regulator set- 
tings, there would have been difficulty 
keeping them off the bus. 

Tests were made and oscillograms taken 
for various settings of the regulators and 
various load conditions. Figure 6 shows 
the system elementary connections. 


Figure 10. Schematic connection of equalizers 
on an N-machine system 


? 


These tests were purposely made severe 
by setting one regulator low and gradu- 
ally raising its voltage setting. Figures 7 
and 8 are oscillograms of these tests for 
the voltage-pickup and differential types, 
respectively. Note that Figure 7 shows 
a chattering condition whereas the same 
test with the differential relay, Figure 8, 
shows no chatter. Figure 9 shows a 
heavy load suddenly applied using 
differential relays with regulators set to 
prevent number 1 generator coming on 
until the application of the sudden load. 
It is to be noted that there was a sudden 
drop in bus voltage and a sudden rise in 
generator number 1 voltage and that 
generator number 1 came on within 0.05 
second and carried its share of the load. 


Conclusions 


The differential-type generator control 
relay is superior to the voltage pickup 
type because it can be readily made to 
have a characteristic not subject to chat- 
ter even though the voltage regulators 
on generators operating in parallel do 
not have the same adjustment. 

The voltage-pickup type of generator 
control relay can be made to function 
satisfactorily but is subject to chatter 
when regulators are not in adjustment 
on generators operating in parallel. 

On a system including several genera- 
tors operating in parallel, the differential 
type of generator control relay should give 
no trouble due to failure to close on the 
bus provided the voltage regulators are 
provided with equalizers of normal 
strength. 

Less trouble with adjustment of pickup 
should be realized in service with the 
differential type than with the voltage- 
pickup type because a fairly wide toler- 
ance in pickup differential voltage has a 
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/ 
relatively minor effect on operation and 
will not result in chatter. 


Appendix 


It can be shown that for a given equalizer 
strength the differential voltage between 
machines on the bus and off the bus with , 
all equalizer circuits closed is dependent 
only upon the percentage load on each con- 
nected machine. This is on the assumption 
that all equalizers and their leads have the 
same resistance and that all regulators hold 
constant voltage and are set for the same 
value except as influenced by the equalizers. 
Consider an N-machine system; see Fig- 
ure 10. 

The voltage applied to the equalizer cir- 
cuit is determined by the load on the con- 
nected machines and the standard value is 
0.5 volt for 100 per cent load. The effect 
of a given voltage applied to each equalizer 
coil is standardized. The United States 
Army value is a change of 2.5 volts for 0.25 
volt applied to the equalizer coil of one 
regulator. 

Let 


R=resistance of equalizer coil and con- 
nected leads 
N;=number of machines on the bus 
N,=number of machines off the bus 
L;=per cent load current on each connected 
machine 


Current in each equalizer of regulator 
with machine on the bus will be 
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Recalibration of each regulator with ma- 
chine on the bus due to equalizer current is 
obtained by proportion as follows. 
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ELECTRICAL ENGINEERING 


Lighting Required for Commercial-Aiirline 
Aircraft 


i W. A. PETRASEK 


ASSOCIATE AIEE 


IGHTING plays as essential a role in 
the performance of a modem air- 
transport airplane as it traditionally does 
on the stage. It is the purpose of this 
paper to outline the extent of the subject 
and to acquaint the reader with the basic 
requirements of each of the specific ap- 
plications. Actual airline operating ex- 
perience will form the basis for these re- 
quirements. 

The variety of problems involved in the 
lighting of a commercial airliner can be 
readily appreciated by referring to Figure 
1. The percentage of the aircraft electric 
power supply which is required for the 
lighting of two representative sizes of 
aircraft is shown on Figure 2. 


Exterior Lighting 


PosITION LIGHTS 


In the application of lighting for naviga- 
tion purposes, it is necessary that all air- 
craft conform to a standard arrangement 
so that there will be no confusion, with 
its unfortunate consequences. The Civil 
Aeronautics Administration has specified 
in their regulation CAR 15.20, Position 
Lights, the particular arrangement which 
an air carrier must employ. This system 
of position lighting is shown in Figures 3, 
4,and 5. 

With the advent of the war and in- 
creased aerial traffic, commercial-airline 
position lighting has undergone critical 
review. This survey in which the CAA, 
the Bureau of Standards, and the airlines 


collaborated consisted of installing addi- 
tional lights on an airplane and flight 
testing. The flight tests were so con- 
ducted as to cover all the possibilities 
which might be encountered in air traffic. 
The most exacting condition of the flight 
test proved to be the one in which one air- 
plane descended upon another ship flying 


EXTERIOR LIGHTS 


LANDING 
LIGHTS 


FIXED RETRACTIBLE 


POSITION AUX 
LIGHTS uG 


degrees white, 10 degrees dark, 150 de- 
grees red, 50 degrees dark. Both the red 
and white lights are to be fitted with 32- 
candlepower lamps. These red and white 
lights must conform in all other respects 
to the previous Civil Air Regulation. 
Permission was granted the airlines to 
flash all their position lights for a trial 
period. Figures 6 and 7 show the type of 
dual tail light and wing tip installations 
in use on a commercial airliner. 

The airlines do not regard the present 
system of flashing lights to be the ulti- 
mate in position lighting and are acutely 
aware of the need for additional study of 
the problem. The following remarks are 
intended as a guide to this further study. 

The existing CAR cutoff requirements 


AIRGRAFT LIGHTING 


INTERIOR LIGHTS 


ILIARY 
HTS 


WING NACELLE CARGO 
\CE WHEEL AREA 
LIGHTS LIGHTS LIGHTS 
CASIN COMPARTMENT COCKPIT ’ 
LIGHTS LIGHTS LIGHTS 
DOME SEAT AISLE INSTRUMENT MAP. GENERAL 
LIGHTS LIGHTS LIGHTS PANEL: REAOING LIGHTING 
LIGHTS LIGHTS 


Figure 1. Aijirline aircraft-lighting tequire- 


ments 


against a background of multicolored city 
lights. The results of these tests indi- 
cated that a decided improvement could 
be gained by flashing the position lights 
in a uniform sequence. The immediate 
outcome of these tests was an amendment 
to the CAA regulations requiring all 
commercial aircraft to flash a red and 
white tail light alternately at a prescribed 
tate of 40 cycles a minute, each cycle to 
have the following characteristic: 150 


Volts recalibration above norma] 


The sum of these two recalibrations is 
the differential voltage which is 


5xXLi 
iff tial voltage = 
Differential voltage 100 


Thus for differential voltage of 0.2 


0.2 
=— =4 
Ls 0.05 per cent load 
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For differential voltage of 0.5 


0.5 
fire = 
i= 10 per cent load 
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effectively limit the maximum intensity of 
forward position lighting. Ifthe intensity 
of the position light or group of lights as 
viewed from another airplane is considered 
to be a function of their relative approach 
velocity, then it is obvious that the maxi- 
mum light intensity should be obtained 
when viewing the airplane from a head-on 
position, and this intensity should de- 
crease in a reasonably uniform manner to 
an acceptable minimum when viewing the 
airplane from the rear. The problem of 
increasing the forward position-light in- 
tensity is complicated by the undesirable 
effect which any bright light located 
within the pilot’s field of vision has upon 
his ability to discern external objects 
when flying through haze, light snow, or 
similar weather. In fact, the pilot need 
not be looking out of the airplane to be 
bothered by the flashing of a light re- 
flecting from the haze. 
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21 PASSENGER AIRLINER 40 PASSENGER AIRLINER 


AIRCRAFT 
LIGHTING 


Figure 2. Relative power requirements of 
aircraft lighting equipment 


\ OFF 
1 CR OR LESS 


these three phases of the landing, the air- 
plane usually has three different attitudes 
with respect to the ground. With the 
fixed type of landing light which remains 
stationary relative to the airplane 
throughout the landing procedure, the 
illuminating effect of a beam pattern will 
vary with each of these phases. It is 
necessary that this beam pattern be so 
designed and the light suitably positioned 
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Figure 3. Angles and intensities of “‘airline 
forward” and “‘réar’’ position lights 


It is also necessary to consider the ef- 
fect of any position-lighting arrangement 
upon the passengers. Here again, the 
annoyance of a flashing light must be 
minimized, and the problem is compli- 
cated by the presence of polished wing 
surfaces. 

New navigation-light fixtures should be 
designed so that the streamline of the air- 
plane will be unaffected. It is most im- 
portant that this streamline be kept in- 
violate as ice accumulation will not only 
reduce the utility of the lights, but will 
also seriously affect the aerodynamic effi- 
ciency of the wing. 


LANDING LIGHTS 


The general requirement for an aircraft 
landing light is that it furnish sufficient 
illumination in the area ahead of the air- 
plane adequately to permit the pilot to 
guide the airplane to a safe landing. All 
three portions of a landing must be con- 
sidered; namely, the approach to the field, 
the actual landing, and the subsequent 
taxiing to the parking space. During 
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Figure 4. Showing section B-B of Figure 3 


that sufficient illumination is obtained on 
the landing strip under all conditions. 
There are in general three types of land- 
ing-light installationsin use. The leading- 
edge-of-the-wing installation is the type 
most commonly used in commercial-air- 
line aircraft (Figure 8). There are several 
disadvantages of this type of installation. 
The light lost by refraction through the 
curved lens is excessive, and the aero- 
dynamic efficiency of the wing is affected. 
Furthermore, there is interference with 
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on 
iad 


the deicing of the leading edge of the’ 


wings. This type of installation is sus- 
ceptible to damage from impact with ob- 
jects such as birds with subsequent unde- 
sirable aerodynamic effects upon the air- 
plane. The provision for bulb replace- 
ment is complicated by the necessity for 
installing sufficient fasteners on the hand- 
hole cover plates to meet the structural 
requirements for that portion of the air- 
plane just aft of the leading edge of the 
wing. Consequently, the time required 
for a change of bulb is excessive. 

The installation of the landing lights in 
the nose of the airplane, while not having 
the objections of interference with the de- 
icing function or aerodynamic efficiency, 
does have a more objectionable effect of 
illuminating any haze or fog to such an 
extent as to interfere seriously with the 
pilot’s vision from the cockpit. 

A more recent type of landing-light 
installation is the retractable landing light 
(Figure 9). This light is usually mounted 
well under the wing and is controlled 
either -hydraulically or by an electric 
motor. The bulb can either be illumi- 
nated automatically by means of a switch 
incorporated in the light assembly or can 
be illuminated in any position from the 
cockpit. The military services have 
standardized on the general requirements 
for electrically retractable landing lights 
for 12- and 24-volt d-c airplanes. The 
bulb is the sealed-beam type and is readily 
replaceable without the necessity of re- 
moving any wing structure. It is evident 
that this type of light does not have the 
objections common to the leading-edge 
and nose types; however, it has the ob- 
jection of added mechanical complexity. 
This additional mechanism is another 
source of trouble, and should it fail to 
function satisfactorily, it will render the 
landing light inoperative. The Civil 
Aeronautics Administration, recognizing 


the various forms in which the landing- 


light installations might appear, has 
framed its requirements as follows. 
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Figure 5. Showing section A-A of Figure 3 
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“Electric landing lights shall be so in- 
stalled on multiengine aircraft that at 
least one should not be less than ten feet 
to the right or left of the first pilot’s seat 
and be beyond the swept disk of the outer- 
most propeller. On single-engine aircraft 
such lights shall be so installed that no 
visible portion of the swept disk of the 
propeller, if of the tractor type, is illu- 
minated thereby. Individual switches for 
each light shall be provided in the pilots’ 
compartment.” It is a further CAA re- 
quirement that two lights be provided on 
any air carrier of passengers licensed for 
night flying. 

To sum up the landing-light situation, 
present-day airplanes having the conven- 
tional tail-wheel type of landing gear do 
not provide suitable illumination for all 
three phases of airplane maneuvering in- 
volved in the landing. As a result the 
lights are adjusted so as to favor the illu- 
mination of the landing strip during the 

_ approach and landing position with the 
result that the light available for taxiing 
is very poor. It has been suggested that 
landing lights be furnished with double 
filaments similar to the type employed in 
automobiles so that taxiing might be 
accomplished under more favorable light- 
ing conditions. Another solution to this 
problem would be properly to proportion 
the beam pattern from the landing light so 
that a sufficient amount of light is avail- 
able at the various attitudes of the air- 
plane. This can only be done, however, 
at the expense of the light intensity at any 
one working condition. In view of the 
‘compromises currently being accepted in 
regard to bulb life and lumens per watt 
output, it would be undesirable to adopt 
any system which does not fully utilize 
the lumen output of the lamps. 

A problem of aircraft lighting which is 
seldom appreciated by anyone but the air- 
line operator is the lamp burnout and re- 
placement problem. This problem is par- 
ticularly acute for the position and landing 
lights for the following reasons. An air 
carrier for passengers cannot be given 
flight clearance without the full compli- 
ment of position and landing lights as 


Figure 6. Dual flashing taillight installation 
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Installation of approved type of 
wing-tip position light 


Figure 7. 


Leading-edge-of-the-wing type of 
landing light 


Figure 8. 


specified by the CAA. Landing lights, 
which are lighted just prior to the air- 
craft’s departure from the loading ramp, 
and in some cases not until the a‘rcraft is 
ready for take-off, usually fail when the 
lamp is switched on. In the case of both 
the position lights and the landing lights 
the transition, from the airplane’s condi- 
tion at rest with engines not running to 
the excessive vibration experienced when 
engines are being ground run and the air- 
plane is taxiing, is sufficient to produce 
failure in a bulb which has approached the 
end of its service life. In most cases, 
therefore, the light-bulb failures occur at 
the most critical time and result in what 
is known as a station delay or an inter- 
rupted flight. These delays or interrupted 
flights are the ‘‘headaches’’ of airline 
operation. 

Considering the life expectancy char- 
acteristic of the incandescent lamp, the 
best that one can hope for, if a periodic 
replacement program is put into effect, 
is to reduce percentagewise the number of 
delays and interruptions. This procedure 


Figure 9. Under-the-wing-type hydraulically 
retractable landing light 
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can never, eliminate them. The economy 
of such a program must be balanced 
against the intangible cost of a delay or 
interrupted flight. A possible solution of 
this difficulty for the position lights is the 
use of lamps having double filaments of 
different structural characteristics so as to 
provide a lamp for which only one filament 
would burn out at a time. This would 
have the advantage of providing a light 
of reduced intensity in case the burnout of 
one of the filaments occurred in flight. 
It is obvious that such a system could not 
be applied to the landing-light bulb. 


AUXILIARY LIGHTS 


In addition to the position and landing 
lights various other auxiliary lights for 
lighting some portion of the aircraft ex- 
terior are being used. The pilot’s desire 
to see the leading edge of the wing at night 
during icing conditions has resulted in the 
installation of lights in either the fuselage 
or the outboard nacelles which floodlight 
the leading edges of the wings. Lights 
which are being used for this purpose are 
the type manufactured as automobile 
spotlights. These lights aré provided 
with refracting lenses to provide the par- 
ticular light pattern required for even dis- 
tribution along the entire length of the 
wing. The installation of these lights has 
met with the approval of the CAA. They 
are satisfying a need which will exist until 
more positive and automatic wing deicing 
equipment is available. It is interesting 
to note that these wing ice lights are also 
used as an aid to taxiing on the ground. 

Lights have been installed inside of the 
engine nacelles which house the landing 
gear in order to floodlight the gear'so that 
the pilot may check its position in flight 
at night. The installation of lights ad- 
jacent to the cargo doors has been pro- 
posed so as to provide sufficient illumina- 
tion for cargo handling. 


Interior Lighting 


CABIN LIGHTING 


The problem of cabin lighting in a com- 
mercial airliner is quite similar to that of 


Figure 10. Cabin dome-light installation in 
a DC-3 airplane 
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Figure 11. Combination dome light and 
ventilator outle-—Douglas DC-4 airplane 


the modern deluxe coach or railway car. 


Generally speaking, it is necessary to 
provide two types of illumination; namely 
general lighting and individual-seat light- 
ing. The general illumination for cabins 
commonly consists of a number of dome- 
light fixtures extending along the center 
of the cabin ceiling and suitably spaced to 
provide a uniform intensity of illumina- 
tion at the seat level (Figure 10). These 
dome-like fixtures usually consist of one 
or two incandescent light bulbs of 21 to 
32 candlepower, each covered by a diffus- 
ing light cover made of glass or a lighter 
plastic equivalent. Care must be taken 
in the selection of the plastic compound 
for this purpose inasmuch as the limited 
space provided for the bulbs results in 
fairly high temperatures. The usual 
thermoplastic materials will sag and warp 
and eventually present a very unattrac- 
tive appearance. Figure 11 illustrates a 
Douglas Aircraft Company design which 
places the light inside of a ventilation duct 
thereby obtaining better cooling of the 
lamp enclosure. 

Some means must be provided for 
lowering the intensity of the dome lights 
during night flight so that passengers de- 
siring to sleep will not be annoyed. The 
dimmed lights must provide enough illu- 
mination for the stewardess or passenger 
who may desire to move about the air- 
plane. A better solution of this problem is 
the installation of aisle lights which may 
be turned on when the dome lights are ex- 
tinguished. In this manner the illumina- 
tion is applied where it is needed with a 
minimum of discomfort to reclining pas- 

-sengers. The aisle lights are commonly 
installed at the base of the individual seats 
and so positioned that a uniform lighting 
of the aisle is obtained. 

A particular problem of cabin lighting 
at night exists at the vicinity of the main 
cabin door where passengers leaving or 
boarding the airplane must be checked in 
and out by the stewardess. Since it is not 
customary to wall off that section of the 
cabin containing the seats from the en- 
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trance door, the light in the vicinity of the 
door must be so designed that its cutoff 
in the forward direction will not permit it 
to strike the rearmost reclining-passen- 
gers’ heads. Furthermore, the brightness 
of the light-cover glass must be kept to a 
minimum when observed from the rear- 
most seat. While it is obvious that these 


Figure 12. 


Individual seat light installations— 
Douglas DC-3 airplane 


requirements may be simply satisfied by 
some sort of shade, the height of the cabin 
ceiling and the undesirability of installing 
any projecting surfaces make this method 
of solution impractical. 

The basic requirement of the individual 
seat light is that it illuminate the normal 
reading area in front of the passenger 
without annoyance to any other passen- 
gers. The normal positions and move- 
ments of adjacent passengers should not 
interfere with the light supplied to the seat 
for which it is intended. Individual-seat- 
light installations usually take the form of 
an incandescent lamp totally enclosed in 
a metal box with the exception of a small 
opening suitably designed to provide the 
required beam pattern (Figure 12). The 
switches for controlling these lights must 
be easily reached-from their respective 
passenger seats. The use of lenses for the 
purpose of improving the efficiency of the 
lighting system is impractical from the 
maintenance viewpoint inasmuch as the 
type and focal length necessary. for this 
application requires the maintenance of 
close tolerances between these two parts. 
Furthermore, the use of lenses presents 
an additional cleaning problem. 

The individual lighting installation is 
further complicated on airplanes with 
sleeping accommodations inasmuch as 
suitable lighting must be provided in the 
upper berths. . The problem of inter- 
ference is minimized inasmuch as the in- 
dividual compartments are partitioned or 
curtained; however, care must be taken 
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that upper and lower berth lights in the 


same compartment do not provide stray 
illumination to one another. 

In addition to the general cabin light- 
ing, there are various compartments re- 
quiring lighting; namely, dressing rooms, 
toilets, coat closets, and buffets. Each 
of these compartments presents its par- 
ticular problems. The general type of domé 
light is usually employed with the excep- 
tion of the dressing rooms where addi- 
tional lights are provided adjacent to the 
mirrors (Figure 13). 


Up to the present time fluorescent 
cabin lighting has not made its appear- 
ance in the commercial airplane. In view 
of the above requirements, it appears that 
an application exists for the fluorescent 
type of lighting for supplying general 
cabin and compartment illumination. In 
the application of fluorescent lighting to 
aircraft, the following factors must be 
evaluated: 


1. What will be the difference in weight 
over that of an incandescent bulb type of 
installation providing the same level of 
illumination? 


2. How will the service life and cost of 
operation compare with the existing system 
of incandescent lighting? 


3. Does the improved appearance of the 
fluorescent type of installation warrant 
penalties to be taken on either the weight or 
maintenance items? 


CocKpit LIGHTING 


If one were to ask what the most im- 
portant lighting application is in an air-. 
plane, the answer would be universal in 
its agreement on the instrument panel | 
lighting. The importance of proper panel 
lighting and its contribution to the safe 
operation of the airplane has long been 
recognized and a number of different types 
of lighting systems developed. 

The general problem of ‘instrument- 
panel lighting can be stated as the ap- 
plication of a controlled, uniform inten- 
sity of shadowless illumination over all 
instrument dials which must be observed 


by the pilot during the routine operation _ 


of the airplane. Furthermore, this illu-. 
mination must be so accomplished that 
there are no extraneous reflections of light 
visible to the pilots from instrument cover- 
glasses, windshields, or other reflecting 
surfaces, The instrument-lights’ function: 


has been similarly described by the CAA 


in their regulation CAR 04.5826 which 
reads, “Instrument lights shall be so in-- 
stalled as to provide sufficient illumination 
to make all flight instruments easily read- 


able and shall be equipped with rheostat — 


control for diming unless it can be shown. 
that a nondimming light is satisfactory. 
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There are in general three types of in- 
strument-light installations. They are: 


1. ‘Incandescent bulb floodlighting of the 
instrument panel. 


2. Individual (built in) ring lights on each 
instrument. 


3. Fluorescent floodlighting of the instru- 
ment panel. 


Each of the above methods has its ad- 
vantages and disadvantages of which the 
following are the more important. In 
floodlighting the panel by incandescent 
light bulbs, the following problemsare out- 
standing: 


1. Reflections from instrument 


glasses and windshields. 


cover 


2. Even distribution and shadowless illu- 
mination of all the instruments. 


3. The difficulty of locating the various 
lighting fixtures in the airplane to accom- 
plish the first two objects. 


The individual ring lighting of instru- 
ments solves the problem of extraneous 
reflections and of securing uniform and 
shadowless illumination. However, the 
chief disadvantage of this type of light- 
ing is the penalty which must be taken in 
the installation as each instrument must 
have a wire connection, and these wires 
must be located in back of the instrument 
panel which is one of the more congested 
spots on the airplane. 

The use of fluorescent lights for instru- 
ment lighting has been given considerable 
impetus by the military services for whom 
the dark-coekpit type of night flying is an 
absolute necessity because of tactical 
reasons. The principle of fluorescent 
lighting has been widely demonstrated to 
the general public by theaters which have 
used this medium for staging spectacular 
costume changes. ‘It is based upon the 


action of near-ultraviolet radiation on 


fluorescent paints. The wave length of 
this radiation is in the band from 3,000 


to 4,000 angstroms and consequently has 


no detrimental effect to the eyes or skin. 
The efficiency of the fluorescent lamp is 


approximately two to three times that of . 


the equivalent wattage of incandescent 
lamp. The history of the instrument- 
panel fluorescent lighting goes back to the 


_ year 1934 when an installation of a cold- 


cathode argon lamp was used with a co- 
balt-blue ‘glass filter to flood the instru- 
ment panel with near-ultraviolet radia- 
tion (Figure 14). The instruments were 
coated with a radium base paint which 
reacted quite readily to these lights and 
produced a legible instrument indication 


“without any extraneous illumination. 


The limitations of the argon lamp as a 
source of ultraviolet light became ap- 
parent as the size of instrument panels and 
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the distance which these lights had to be 


mounted from it became greater. 


A series of 4- and 6-watt 118-volt a-c 
fluorescent lamps were designed in ‘con- 
junction with the United States Army Air 
Corps, who pioneered in their develop- 
ment. The design of these lamps is 
unique in that they contain a fluorescent 
coating on the inside of the glass envelope 
which transposes the ultraviolet radiation 


Figure 13. Méirror DC-4 


lights—Douglas 
airplane 


of the ionized mercury-vapor gas into 
both visible and near-ultraviolet radiation. 
The lamp is provided with a rotable 
shutter and a blue glass filter which per- 
mits some control in the amount of near- 
ultraviolet radiation output and permits 
the use of visible light for reading of maps 
and charts in the cockpit. These lamps 
require a power source of 118 volts for 
their operation as well as a reactor (bal- 
last) and a starting switch similar to that 
employed in the commercial fluorescent 
lighting equipment. 

Within the past year a 24-volt d-c 
mercury-vapor bulb has been made avail- 
able. The same basic principles apply 
with the exception of the size and shape 
of the bulb which resembles an automobile 
headlight lamp and is enclosed in a fix- 
ture provided with a slotted face for per- 
mitting either dark lighting or visible 
lighting of the instrument panel. The use 
of the 24-volt lamps in aircraft having 
24-volt d-c electrical systems has abol- 
ished the need for inverters formerly re- 
quired for the 118-volt equipment. 

In conjunction with the design of the 
fluorescent lighting equipment just de- 
described, the military services have 
sponsored the use of fluorescent-paint 
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Figure 14. 


Instrument-panel light installation 
—DC-3 airplane 


materials which are activated by the near- 
ultraviolet radiation but which extinguish 
immediately upon removal of the radia- 
tion. The development of fluorescent- 
paint material has progressed to the stage 
where a wide range of colors are available 
which will fluoresce with approximately 
the same color as they appear in daylight. 
This property is advantageous in order to 
preserve the utility of the instrument limit 
markers used to designate various safe 
minimum and maximum values of engine 
pressures, temperatures, and airspeed. 

Independent studies made by a number 
of physiologists have demonstrated that 
the ideal color for instrument illumina- 
tion is in the red spectrum, the reason 
being that the red waveleng hs have very 
little effect upon the dark-adapted eye. 
As aresult of these findings, incandescent- 
light fixtures have been equipped with red 
glass filters for floodlighting panels with 
red light for night flying where a mini- 
mum of interference with the pilot’s abil- 
ity to discern objects through the wind- 
shield is required. 

Asin most lighting applications, par- 
ticularly those involving colored lights, the 
personal element is an important factor. 
As an example, one can cite the attitude 
of the commercial airline pilots to the ar- 
gon lighting system which has been in use 
for the past nine years. There are about 
as many pilots who do not use this form 
of lighting because they personally do 
not like it as there are pilots who would 
not be without it. The same reactions. 
have been recorded by the physiologists 
who have noted the personal opinions of 
the various subjects testing the red-light 
installation. Much to the surprise of some 
of these subjects, the tests showed that 
while they disliked the colored lighting, 
their visual ability to see objects out of 
the cockpit had been improved over their 
previous ability with their customary and 
preferred type of illumination. 

Some form of glareless general cockpit 
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illumination is necessary in addition to 
various spotlights provided for illuminat- 
ing the pilot’s controls, switches, valves, 
etc. Itis common practice for most pilots 
to fly with a brightly lighted cockpit when 
cruising on flights of long duration. Ap- 
parently this practice has been found less 
fatiguing than flying with a darkened 
cockpit with only localized lighting forillu- 
mination. The ability to flood the cock- 
pit with general illumination is.a desirable 
safety measure when flying through 
thunderstormsin the presence of lightning. 
It has been determined from a number of 
recorded cases in which pilots were mo- 
mentarily blinded by lightning flashes that 
the duration of their disability was gen- 
erally related to the intensity of cockpit 
illumination prior to the discharge. 

In addition to the problem of illuminat- 
ing the instrument panel for the pilots, 
there is the problem of satisfactorily illu- 
minating the work areas for the flight 
engineer, navigator, and radio man in the 
larger airplanes having provisions for 
such personnel. The lighting provisions 
for each of these crew members usually 
require the illumination of an auxiliary in- 
strument panel mounted in front of the 
observer plus a local spotlight for illumi- 
nating his table area. All lighting for 
the individual crew member must be care- 
fully arranged so as not to interfere with 
the other crew members. The various 
lighted work areas of the nonpiloting crew 
members must be shielded from the pilots’ 
compartment and it is customary to drape 
a curtain between the pilots and the re- 
mainder of the flight-crew compartment. 
It is also necessary to provide a suitable 
light shield for the navigator’s use when 
sighting through the ship’s astrodome. 
In general, the location of the various light 
sources and curtains must be determined 
from a full-scale mock-up of the crew 
compartment. It is essential that the in- 
stallation of all glass reflecting surfaces be 
duplicated in the construction of the 
mock-up. Only in this manner can the 
multiple reflections obtained from these 
windows be detected and eliminated. 


Conclusion 


The problems associated with the light- 
ing of a commercial transport airplane are 
many and varied, and current practice 
leaves much to be desired. Generally 
speaking, there is need for the develop- 
ment of colored position-light sources of 
greater intensity and better efficiency. 
-Such developments should seek a reduc- 
tion in size and weight of the installation 
and be designed to fit more closely the 
aerodynamic streamline of the airplane. 
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PAPER on fusing practices on dis- 

tribution systems operating at five 
kilovolts and below was presented at the 
winter technical meeting. It discussed 
the results of a questionnaire which had 
been submitted to about 200 operating 
companies and presented the data in 
graphical form. The data of the present 
paper were gathered on systems operating 
between 5 and 15 kv. Wherever pos- 
sible, the form of the previous paper has 
been followed in order to permit ready 
comparison. 


Distribution Transformer Fusing 


In answer to the question, ‘“Why do 
you fuse distribution transformers?” it 
was found that 86 per cent of the com- 
panies fuse to protect the system from 
the transformer, 61 per cent fuse to pro- 
tect the transformer, 18 per cent fuse to 
indicate the location of faults, and 17 per 
cent fuse as an isolating means. The 
Paper 44-97, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
summer technical meeting, St. Louis, Mo., June 
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total of these percentages is more than 
100 per cent, because several companies 
expect the fuse cutouts to perform more 
than one function. 

The primary windings of distribution 
transformers are fused by the use of 
enclosed indicating cutouts by 34 per 
cent of the companies. The enclosed 
nonindicating cutout is preferred by 12 
per cent of the companies, and 54 per 
cent expressed a preference for the open 
dropout type. Perhaps the large pref- 
erence for the open type is caused by the 
fact that the insulation is such as to put 
a grounded mounting bracket between 
the terminals of the fuse. At this higher 
voltage the dropout feature is almost a 
necessity in order to prevent voltage from 
appearing across exposed organic insula- 
tion of a blown fuse. 


The use of repeating fused cutouts on 


distribution transformers is very limited. 
This probably is brought about by the 
relatively high cost of this type of cutout 
and by the fact that almost all internal 
transformer faults are of a permanent 
nature. However, nine per cent of the 
companies reported some use of repeating 
cutouts for transformer fusing. This 
agrees with the eight per cent found on 
systems below five kilovolts. 


In the field of aircraft landing lights the 
development of a light which will meet 
all the requirements associated with the 
landing and ground running of the air- 
plane without increasing the weight of the 
installation is needed. The present life 
of the position light and particularly the 
landing-light bulb is exacting too great a 
penalty from the airline operator in view 
of the coincidence of lamp failures with 
the time of aircraft departure. 

Perhaps the greatest immediate change 
which can be expected in the post war 
commercial airliner will be in the realm of 
cabin lighting. This opinion is based upon 
the unexploited application of fluorescent 
lighting to aircraft cabin interiors. Light 
installations of more pleasing appearance 
and producing a higher intensity of illu- 
mination for the individual passenger at 
less cost in weight and energy are needed. 
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The flight crew personnel can look for- 
ward to improved cockpit lighting in- 
stallations as a result of the experience 
which is constantly being accrued by the 
military services in the laboratory as well 
as in the field. 

No paper on aircraft lighting would be 
complete without due acknowledgement 
to those agencies which are actively en- 
gaged in furthering commercial aircraft 
lighting developments. These are the air- 
craft lighting committee of the Air Trans- 
port Association, the committee on avia- 
tion lighting of the IIuminating Engineer- 
irig Society, the technical development 


division of the Civil Aeronautics Adminis- 
“tration, and the United States. Bureau of _ 


Standards. These agencies are mutually 
co-operative and will provide the neces- 
sary guiding hand to the future develop- 
ment of commercial aircraft lighting. 
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TRANSFORMER KVA RATING 


As in the previous questionnaire, the 
companies were asked the extent of the 
use of cutouts at locations where the 
short-circuit current exceeds the pub- 
lished interrupting rating. It was found 
that the policy of 37 per cent of the com- 
panies is to use cutouts at locations where 
the published interrupting ratings might 
be exceeded. 


Transformer Fuse Ratings 


The rating of the primary fuse which is 
chosen for a distribution transformer is 
usually correlated with the kilovolt- 
ampere rating of the transformer. In the 
case of smaller transformers, usually be- 
low five kilovolt-amperes, other factors 
predominate. Consequently, the ques- 
tion was asked as to the minimum-size 
fuse link used’on the system and the 
factors controlling its choice. The three 
factors most frequently mentioned in 
the order of their predominance were 
mechanical strength, lightning, and trans- 
former rating. Figure 1 illustrates the 
practice as to minimum fuse rating and 
shows graphically the number of com- 
panies in per cent using a given size. 
The range of values is about the same as 
that found for lower-voltage systems 


_ except that a larger number use the one- 


ampere link. 
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Table I is a transformer fusing chart 
showing the percentage of operating com- 
panies using the various combinations of 
transformer and fuse ratings. The most 
popular link for each transformer rating 
has been pointed out by the bold-faced 
type in the table. This table applies to 
6,600-7,600-volt single-phase systems and 
11,000 to 13,800 volts three-phase wye 
systems. It is interesting to note that 
the plurality of customers use a five- 
ampere link as,a minimum size for all 
transformers up to 15 kva. A weighted 
average of Table I ‘s graphically pre- 
sented in Figure 2 which shows the fuse 


link rating in amperes per kilovolt-ampere' 


plotted against the transformer kilovolt- 
ampere rating. It will be noted that the 
fusing ratio varies widely, a much higher 


Table I. 


fusing ratio being used for the smaller 
transformers. The data in Table I have 
been plotted again in Figure 3. This table 
shows the number of companies in per 
cent using a given fusing ratio, the fusing 
ratio being the link rating divided by the 
full-load current of the transformer. The 
data show even less uniformity in fusing 
practice than is found for transformers 
operating below five kilovolts. 

Table II applies to systems operating 
at voltages ranging from 6,600 to 7,600 
volts three-phase delta. Three-phase wye 
systems from 6,600 to 7,600 volts are 
shown in Table III. Single-phase sys- 
tems operating between 11,000 and 13,800 
volts are found in Table IV. Table V 
applies to systems operating in three- 
pliase delta between 11,000 and 13,800 
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volts. The data of Tables IJ through V 
could be shown in graphic form as was 
Table I in Figures 2 and 3 and would 
show the same general trend. 

All companies replying use primary 
fused cutouts. Reference to Figure 3 will 
show that the fusing ratios are such that 
in many cases low-impedance secondary 
faults near the transformers will be 
cleared by the primary fuses. However, 
secondary fuses are used by 18 per cent 
of the companies, as contrasted with 
12 per cent for systems operating below 
five kilovolts. 


Line Sectionalizing 


It was found that 88 per cent of the 
companies make use of fused cutouts for 
line sectionalizing. Of these, 66 per cent 
use them on the main feeders, 87 per cent 
on the three-phase branch feeders and 
95 per cent on single-phase laterals. 
The repeating cutout is most frequently 
found on the main feeder where 67 per 
cent are of this type. The three-phase 
branches are fused by repeating cutouts 
in 52 per cent of the cases, and this 
figure drops to 39 per cent on single-phase 
laterals. About 74 per cent of all cutouts 
used for line sectionalizing are of the open 
type. This contrasts sharply with the 
practice found on systems operating be- 
low five kilovolts, where 70 per cent are 
of the enclosed type. The rather wide 
variation in fusing practice for line sec- 
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Figure 3. Weighted 
average fusing ratio 
for all ratings of 


transformers plotted 
from data of Table | 
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tionalizing is illustrated by Figure 4. 
This shows the number of companies in 
per cent using a given number of line- 
sectionalizing fuses in series. This figure 
shows that 63 per cent of the companies 
consider the use of more than three 
sectionalizing fuses in series to be im- 
practical. 


Conclusions 


In general, the data applying to sys- 
tems above five kilovoltsagree closely with 
those for systems below five kilovolts. 
Perhaps one reason for this is the fact 
that the same companies were questioned 
in each case. There are a few discrepan- 
cies, such as the preference for open cut- 
outs at the higher voltage, and these are 
easily understood from a consideration 
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of the factors involved. There appears 
to be a trend towards larger fuse sizes for 
use with distribution transformers, which 
the authors consider to be very desirable. 
The high percentage of the repeating 
fuses for sectionalizing service is indica- 
tive of a trend toward automatic reclos- 
ing, but it is the authors’ belief that the 
small reclosing breaker eventually will 
supplant repeating fuses for line pro- 
tection. 

Discussion with operating engineers 
reveals that many have come to the con- 
clusion that the use of larger fuse links 
leads to reduced operating expense with- 
out any actual increase in the rate of 
transformer failure. The larger link 
while reducing unnecessary outages does 
not change appreciably the time required 
to disconnect a faulted transformer from 
the circuit. As no fuse link can give 
adequate thermal protection to a trans- 
former, little if anything is lost by em- 
ploying larger links. It is hoped that 
further study of this problem will lead 
to additional operating data which will 
allow quantitative interpretation of the 
merit of increasing the size of fuse link 
used on transformers. Ki 
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Synopsis: With the increased use of arc 
furnaces in the production of alloy steel, new 
interest has been aroused in both old and 
new methods of automatic regulation of 
electrode position. The regulator described 
in this paper is an electronic type which 
controls electrode position as determined by 
response to current in the electrode and 
voltage between the electrode and the fur- 
nace shell. Features and performance of 
an installation for a furnace having hydrau- 
lic control are illustrated. 


HE power input to arc furnaces has 

always been controlled by automatic 
adjustment of electrode position. Figure 
la shows a typical installation of an arc 
furnace which employs hydraulic elec- 
trode positioning. In this type of furnace 
air up-push is used to counterbalance the 
weight of the electrode arm. Hydraulic 
means, controlled by a small motor, is 
employed to lower or raise the arm. 

In the operation of the furnace, elec- 
trode adjustment is necessary because, 
as the charge melts down, the electrode 
must be lowered to maintain the arc. 
The scrap, as it melts, frequently falls 
against the electrodes, causing a short 
circuit and making withdrawal necessary. 
Adjustment of the electrodes is also 
necessary to allow for normal consump- 
tion of the graphite of which they are 
made. 

Early methods of are-furnace control 
consisted of simple current-operated de- 
vices. The electrode current in each 
phase was supplied from a current trans- 
former to the coil of the regulator ele- 
ment. The pull of the coil was then 
balanced against'a spring and the opera- 
tion of the regulator contacts caused the 
electrode motor contactors to close the 
motor armature circuit in a manner to 
either raise or lower the electrode as the 
current deviated from a predetermined 
value. This method of regulation was 
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found generally unsatisfactory, chiefly 
because the restraining force of the spring 
had a constant value and other factors 
were not taken into account. 

A better method was then developed 
using another coil in place of the spring. 
Across this coil. was impressed the arc 
voltage. As is well known, the voltage 
drop across the are will increase as the 
current is decreased and vice versa. It 
can be readily understood that, when the 
varying pull of the coil or other regulating 
device which is proportional to the 
electrode current is balanced against a 
restraining force which is proportional 
to the arc voltage, the utmost sensitivity 
to changes in arc length is obtained in the 
regulator. 

This principle of regulation has been 
in use for a period of about 15 years and 
has proved the best so far devised. For 
further improvement it seemed necessary 
to look to the actual control of voltage 
impressed across the electrode control 
motors, which for many years has been a 
constant potential d-c reversing control 
combined with dynamic braking. Figure 
1b shows a view of the electrode motors 
used for controlling the electrodes of the 
arc furnace shown in Figure la. The mo- 
tor in this case is one-half-horsepower 
frame size. 

Quite recently electronic motor control 
has been developed and has proved suc- 
cessful on many applications where wide 
range of speed control and quick response 
is desired. It is possible to obtain many 
combinations of acceleration and speed 
range with a minimum of apparatus and 
almost instantaneous response. The 
means for varying motor speed is differ- 
ent from the older method of varying the 
field of the motor and holding a constant 
potential on the armature. Instead, the 
field is held constant and the armature 
voltage is varied to give the desired speed. 
The use of electronic regulation and con- 
trol of the type described in this paper, 
for electrode motors, eliminates moving 
parts in the electrical equipment up to 


the necessary sensitivity and high speed 
of response. 

The electronic regulator includes a 
number of electronic tubes which take 


the place of relays and contactors to ° 


control the input to the furnace electrode 
motors. The power supplied to the regu- 
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lator is taken from the available a-c line 
and no direct voltage is required from any 
separate source. The grid to cathode cir- 
cuit of the vacuum tubes constitutes the 
input of the device, while the output is 
obtained from the thyratron-tube cir- 
cuit. The principal grid voltages for the 
vacuum regulating tube include: 


1. <A control voltage which serves as a 
reference against which the quantity to be 
regulated is compared. 


2. <A control voltage which is proportional 
to the quantity to be regulated. 


38. <A self-biasing voltage connected in 
series with the cathode. 


For a high degree of accuracy, the 
various grid voltages should have com- 
plete control over the regulating tube 
without Causing the tube to saturate 


Figure 1a. Typical arc furnace having elec- 
trodes arranged for hydraulic positioning 


Figure 1b. Electrode control motors for the 
furnace shown in Figure 1a 
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because of the grid swinging positive. 
The self-biasing resistor is designed so 
that the regulating tube will be working 
along the straight line of its saturation 
curve similar to that of a class A ampli- 
fier. This results in a high degree of am- 
plification since an extremely small 
change of the grid voltage is ample to 
change the output of the regulating tube 
over a wide range. 

The speed of response of this type of 
regulating element is almost instantane- 
ous. There is practically a complete 
absence of any retarding quantity such 
as inductance which might delay changes 
of current flow within the element. 

Figure 2 shows an elementary schema- 
tic diagram of the regulating system. To 
simplify the diagram, certain details 
including grid balancing circuits, have 
been omitted. The grid control voltage 
of the regulating tubes, proportional to 
the electrode current, is taken from two 
Rectox rectifiers, which are connected to 
a current transformer in the electrode 
circuit. The grid control voltage, pro- 
portional to the arc potential, is taken 
in a similar manner from the voltage be- 
tween each electrode and the shell of the 
furnace. In practice, when the furnace 
transformer breaker is closed, voltage is 
applied to the potential circuit which 
causes the output of tube number 1 to 
decrease. This in turn decreases the drop 
across potentiometer P1, supplying nega- 
tive grid direct voltage to tubes numbers 3 
and 4, When the negative grid voltage is 
decreased, tubes numbers 3 and 4 break 
down and start conducting, supplying 
full-wave rectified voltage to the elec- 
trode motor in the direction to lower the 

electrodes. 

- When the first electrode strikes the 


. 602 TRANSACTIONS 


metal, the voltage drops to zero causing 
the voltage to be removed from the 
potential circuit, thereby allowing tube 
number 1 to increase its output, conse- 
quently increasing the negative grid 
voltage on tubes numbers 4 and 5, thereby 
blocking the conduction of current 
through these tubes. When a second 
electrode strikes the metal, current flows 
causing a voltage to appear in the current 
circuit which will place a negative grid 
voltage on tube number 2, thereby de- 
creasing its output. Tubes numbers 2, 
5, and 6 and potentiometer P2 will oper- 
ate in the same manner as tubes numbers 
1, 3, and 4 and potentiometer P1 did for 
the lowering operation. A voltage will 
then be impressed on the armature cir- 
cuit in the direction to raise the elec- 
trodes thus establishing an arc. As the 
arc is lengthened, its voltage increases and 
the current decreases until a balance is 
established between the potential and 
current grid control voltages. The third 
electrode is controlled in a similar manner, 

As the charge melts and flows down, or 
as the electrodes burn off, or the scrap 
falls against the electrodes, the balance 
between the control grid voltages is con- 
tinually being disturbed. When this 
takes place, the two regulating tubes 
change the voltage output from the 
thyratron tubes that supply the elec- 
trode-motor armature power: 

The variable voltage for the motors 
is obtained by superimposing an alter- 
nating voltage wave on the grid direct 
voltage of the main thyratron tubes. 
By displacing the a-c wave 90 degrees lag 
with respect to the thyratron anode 
voltage, the a-c wave will cut the critical 
grid voltage line at different points as 
shown by Figure 3, as the direct grid 


Reilly, Valentine—Electronic Regulator 


Figure2. Simplified! 

schematic diagram 

of arc-furnace regu- 
lating system 


ve 


Figure 3 (below). 
Diagram of phase- 
angle firing control 


voltage of the power tubes is either 
raised or lowered. This allows the 
thyratron to conduct for varying portions 
of the ' alf cycle. 

A wide range of current adjustment is 
obtained by means of a rheostat shunting 


Figure 4. Metal-enclosed electronic regula- 
tor unit 
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‘ 


the current transformer. ‘ This method is 
used since it maintains the same sensi- 
tivity for all current settings. 

Provision is made for controlling the 
electrodes manually, either individually or 
in a group. This facilitates handling of 
the electrodes during charging, pouring, 
and changing electrodes. 

5 Figure 4 shows a front-view arrange- 
ment of the regulating equipment in a 
single metal-enclosed unit. A hinged 
panel door is used on the front of the 
regulator cabinet to permit access to 
various tubes and their connections. A 
bolted rear plate is provided in two 
sections so that any one or all of the 
regulator panels can be readily removed. 
The control panel is arranged for setting 
into the wall of the furnace vault in the 
usual manner. 

The equipment is made so far as 
possible in one unit so that the various 
parts can be protected from dirt and 
physical damage. This also permits fac- 
tory assembly and complete test, up to the 
operation of the electrode motors. A 
minimum of external connections and 
erection time is thus required. 

Figure 5 is an oscillogram showing 
typical operation of the furnace during 
the melt-down period. This demon- 
strates the high speed of the electrode. 
Unsustained sudden variations in cur- 
rent cause no extra action of the equip- 
ment, but sustained changes cause im- 
mediate response. It will be noted that 
the electrode is withdrawn at relatively 
high speed when a cave-in takes place. 

The start of the picture shows the 
electrode in comparatively stable opera- 
tion, then suddenly the are current is 
stopped indicating the arc has been 
broken. Instantly voltage is applied to 
the electrode motor to lower the electrode 
and re-establish the arc. Contact is 
made and the arc is drawn out until the 
are voltage and current are returned to 
the desired quantities. The film shows 
this operation to have taken p!ace in ap- 
proximately 19 cycles. It should be ap- 
preciated that during the me't-down 
period, electrical conditions change 
rapidly, necessitating more or less con- 
tinual electrode movement. 

Figure 6 is an oscillogram showing per- 
formance during a portion of the refining 
period. Here relatively small changes in 
current take place and consequently only 
small movement of electrodes is re- 
quired. Because of the inertia of the 
motors and electrodes, sudden-unsus- 
tained variations do not cause move- 
ment of the electrodes. 

Figure 7 shows a high-speed oscillogram 
taken during the refining period. This 
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Figure 6. Oscillogram showing elecrical performance of regulator during refining period 


Figure 7. High-speed oscillogram showing electrical performance of regulator during refining 
period 


film shows quite accurately the high speed 
of response. The picture shows the start 
of an unbalance and in less than two 
cycles voltage has been impressed across 
the motor armature. In 11 cycles the 
electrode has been returned to its de- 
sired position. 

Operating experience has shown that 
the quick response of this regulator is 
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particularly advantageous during melt- 


- down periods when cave-ins frequently 


occur. The high-speed withdrawal of 
electrodes prevents breaker tripping due 
to sustained overload. 

The regulator described in this paper 
was designed for a furnace which requires 
relatively small electrode motors by rea- 
son of using counterbalanced electrodes 
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Synopsis: In the treatment of the over-all 
behavior of a smooth transmission line, or 
uniform -ladder network, one frequently 
wishes to deal with the commonly termed 
A-B-C-D parameters rather than the propa- 
gation function, to which the former are 
related by hyperbolic functions, and the 
characteristic impedances. However, the 
latter are the functions which are simply 
related to the network components. The 
A-B-C-D parameters may be given as power- 
series expansions of the variable a, where 
o=Z7Yr7and Zpand Y rare the respective 
total series impedance and shunt admittance. 
For the smooth line these are infinite series; 
but they are terminating series for the 
ladder network, the number of terms and 
the coefficients of the terms being functions 
of the number (IM) of elementary x or T 
sections of which the network is composed, 
Formulas for these coefficients are developed 
and they are given in several alternate forms. 
Also included are recurrence formulas and 
some relations among the coefficients of the 
different parameters. One form for the 
coefficients is particularly interesting be- 
cause it shows that each coefficient for the 
ladder network is the corresponding smooth- 
line coefficient multiplied by a polynomial 
consisting of unity plus a polynomial in non- 
zero powers of 1/M?. This puts in evidence 
the manner in which the two coefficients 
approach each other as M increases; and 
also leads to easily computable upper and 
lower bounds of the ladder-network coeffi- 
cients, which may provide useful estimates 
of their magnitudes. 


The Parameters of Four-Terminal 
Networks 


HE general theory of four-terminal 
networks is well known and may ap- 
pear in any one of several forms, depend- 
ing on the combinations of external cur- 
rents and voltages which are to be related. 
In the present discussion we are interested 
in specifying the sending-end voltage and 
current, each in terms of linear combina- 
tions of both receiver voltage and current. 
In the general case of Figure 1, which 
may be a nonsymmetrical network, the 

required relations may be written 
Ce 


E,=AE,+B'l, 
I,=C’E,+DI, 


where the notation is that of the figure 
and A, B’, C’, and D are constants of pro- 
portionality. (The primes on B and C are 
used here merely to allow a uniform nota- 
tion in the final results.) The theory of 
smooth lines and recurrent ladder net- 
works is usually given in terms of the 
surge impedances (two in the case of a 
nonsymmetrical network) and the propa- 
gation function. However, this is an arti- 
ficial point of view when one is interested 
in the over-all behavior of the circuit, 
considered as a four-terminal network, the 
parameters of equations 1 being more suit- 
able. Occasion will arise in the subse- 
quent discussion to compare the formulas 
for the ladder network with those for the 
smooth line. Therefore, we begin by put- 
ting the smooth-line parameters into 
forms suitable to our purpose. The fol- 
lowing relations are well known: 


E, = (cosh «) E,-+°VW Z7/Y¥r(sinh ge @) 
Ip=V Vr/Zr(sinh «)E,+(cosha)I,f i 


where Zand Y pare respectively the total 
series impedance and shunt admittance 
of the line, and a? = ZpY,7. The param- 
eters of relations 2 may be put into our 
final form by expanding cosh @ and sinh a 
in McLaurin’s series, giving 


A(a)=cosh a 
=1+ Bias aL (a) 
B'(a) =Zr sinh a 
a 6 t (3) 
pa Ci user ican vant fa (b) 
C'(a) =Vr sinh a 
=(Yr/Zr)B'(a) ©) 
D(a) =A (a) (d) J 


It will be useful to introduce the notation 


B(a) =B'(a)/Zr 


a? at af 
Aa en cer ee rane 
(4) 


for future use. 


Turning to a consideration of the ladder 
structure let us consider Figure 2 which 
shows, in the general case, the two pos- 
sible forms of such a network. Itis shown 
in Appendix I that for either of these cir- 
cuits the parameters will be of the forms 


A (a) =aytma?tazat+ Bas: ag,a7st 
B(a) =botbie?+boatt ... bg 075? 
Cla) =cotcie?+crat+ ... C330 
D(a) =dyt+die?+drat+ ...ds a°%4 


The a, b, c, and d coefficients are functions 
of the & factors and it is further shown in 
Appendix I that, when the two circuits of 
Figure 2 are related as indicated in the 
figure, then 


Ag =D, 
Ba=Cp 
Cy=By (6) 
Dias 


where the subscripts refer to the intended 
circuit of the figure. In view of this it is 
necessary to apply the future treatment to 
only the series-terminated network be- 
cause-the solution for the corresponding 
shunt-terminated circuit will be tacitly 
included. We will be dealing with a uni- 
form network and therefore for our pur- 
pose A=D. 


The Uniform Ladder Network 


This discussion will apply to a ladder 
network consisting of M T sections with 
midseries termination. Such a circuit 
may be represented by Figure 2a in which 
ki=ky=1/2M and all other k’s are equal 
to 1/M. In similarity with equation 2, 
when the network is specified by its 
characteristic impedance (Z)) and propa- 
gation function (y), we have the well- 
known relations 


bey 


E,= (cosh My) E,+Zo(sinh My)I, 
I;=(1/Zo) (sinh My) E,+ (cosh My)I, 
Thus, for this circuit 

A7(a) =Dr(a) =cosh My (a) | 
Br(a) =(Zo/Z7) sinh My (b) (8) 
Cr(a) =(1/Zo¥r) sinh My (c) 
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1944. 
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and hydraulic lowering and raising 
means. It is evident that the output 
energy of such a regulator depends on 
the rating and size of the electrode motor, 
The size of the furnace having balanced 


604 TRANSACTIONS 


electrodes which this type of regulator 
can handle depends therefore on the 
energy requirements of the electrode 
motors. For other types of furnaces 
certain changes in design would be re- 
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quired such as braking means for the 
motors. In the application, described 
this has not been found necessary, thus 
resulting in simplification of the regu- 
lating equipment. 
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The T subscript on A, B, and Cis used to 
indicate that the network is made up of 


T sections. Furthermore, Z) and y are 
given by? 
aV4M 24 gy? 
pS Steel (a) 
2V7r7M 
Riga (9) 
ees te (b) 
4M?+a?—a 


In view of relations 9, and with some re- 
duction after substitution in equations 8, 
we obtain 


4M?+02)™ 
Ale) a 


vara) * 
vasa) | * 


— 4M?+02) Mt 
Bra) ~ a(4M)(4M2)™ 


De arcs) 


a 2M 
—-—S——==!===== b 
(1 Jaa) | i. 


M(4M?2+02)M— 1/2 
Cr(a) ao aut 


lors) - 


@ 2M 
(325) | My 


The binomial theorem may be applied 
twice to finally arrive at a power-series 
representation of equations 10. The de- 
tails of the conversion are given in Ap- 
pendix IJ, and the results are 


(10) 


M 
Ar(a) = >> aya (a) 
A=0 
M 
Br(a) =>) bya” (b)? (11) 
A=0 
M-1 
Cr(a) = as (c) 
- where 
: (2M)\(M—n)! @) | 
%% = (2M)*(2M — 2n)!(2n)!X 
(M—d)!(A—2)! 
x (2M=-1)\(M—n)! 
b=) oMP>eM—mn—pix 
em (nt 1x ©. f (2) 


(A—n)! 

X (2M—1)\(M—n—-1)! 
ie = (2M) (2M —2n—1)!X 
(2n+1)!(M—d—1)!X 
(A—n)! 


(c) 
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The preceding expressions are cumber- 
some but may be reduced to the following 
simple forms by the method indicated in 
Appendix III. The forms are: 


Ka(M,») 
ON any (a) 
Coon (b)) (a3) 
_ K.(M,») 
RT OeeT | (©) 
where 
(M+r—1)! 
Ka(M,») =a ex=197—9)1 (a) 
(2M?2+2)(M+A-—1)! 
KM) =—Saiggy 
K,(M,) = ee (c) 


M*™+'(M—r—1)! 


Equations 13 have been written with the 
factorials in evidence to bring out the 
similarity with the corresponding coeffi- 
cients for a smooth line as given by equa- 
tions 3a and 4. That is, the coefficients 
for a uniform ladder network are the 
corresponding coefficients for a smooth 
line multiplied by correction factors which 
are given explicitly by equations 14. 


Relations Among the Coefficients 


The similarities among formulas 14 
leads one to look for useful relations 
among them, and the following recur- 
rence formulas are immediately apparent. 


Ne aNG 
K,(M, »-[1-22) kx 


Kq(M,r—-1) (a) 


In view of the complexity of equation 15b 
a possibly more useful form for K,(M, d) 
is desirable, and may be obtained by ex- 
pressing it in terms of K,(M, Xd). For 
completeness a similar form is given for 
KM, ). The results are self-evident 
from equations 14, and are 


mie es 
Ky(M, d) -(1 +h Wala ») (a) 
a (16) 
K.(M, ») -(: ~*)a(at, d) (b) 


Other relations can be found among the 
coefficients; but, because of their par- 


——— i 16 


* Es! 


A,B,C4,D + Ir 
“> ’ Er 


Figure 1 


ticular interest, only the following ones will 
be given. By writing equation 16b with 


replaced by \—1 and substituting the 


resulting expression for K,(M, \—1) in 
equation 15a one obtains the simple rela- 
tion 


Kq(M, \)=K,(M, \—1) (17) 


Two less obvious relations may be ob- 
tained by starting from fundamental 
equations of the network. From equa- 
tions 8 and 9 one may obtain 
B=(1+0?/4M?)C (18) 
This is an identity and therefore when B 
and C are replaced by their series repre- 
sentations the corresponding coefficients 
of a given power of a, on the two sides of 
the equation, must be the same. Inspec- 
tion shows that this leads to the result 


A-1\? 
K,(M,»)= a ah 
py SSO 1 
i R=ONT a 1 (19) 
(14535) Ramet ins. 4 t te 
2M K,(M,»—1) (b) which is valid for all values of \ if ¢ —1 is 
pee a defined as zero. One obtains the second 
2M? of these two relations by starting from 
Nae. the well-known formula? 
K,(M, »\) =] 1-| = 
ty [ (i) i, mcrecrme=( ei hoi 20 
) K(M,r-1) (c)} ee a (20) 
Table | 
IN Ka(M, d) or *K,(M, \—1) Kp(M, d) 
SPE See aU, Sept ch ye eaenics ome aia de TURE UG tees Goes Wish hbage ene TL: ets ae AUIS 1 
1 
Ditinls War Nee ats ee IRN aay Thre ees he SSeS. Levene ea ad AR Gh aod ih ee ae 
SS rh at aap tenes, aR ae, SP a he DOO Ra ae OE OP UA A ee 
M? Ms 
Sie pet Ween THANE 
FEAL a a tt ya 77 Ree Eee Cee eee an eta 
Fi 114, 49 _ 36 Hi) 21. 62 72 
Face, Ooh teas oye. TUT Cas TR oe ek Ee . eae 
F , 30, 273820 , 576 _ 55,198 275 1,474 , 1,440 
Fld OE CALS meee a TUNTRMNT TITY Re TOOT RTT RTE CTT 


* This has no meaning for \=0. 
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Figure 2 


As in the previous case, one may sub- 
stitute series for A and C and equate co- 
efficients of like powers of a to give the 
formula — 


aN A=1 1 A-2 
De Getrn—a= Dy Cad-1-at Faz ds aOR-2-0 


q=0 q=9 q=0 


(21) 


These last two relations (19 and 21) are 
superfluous so far as numerical computa- 
tion is concerned but they are included 
for possible academic interest. 


Additional Forms for the Coefficients 


Neither of the forms so far given, in 
equations 12 or 13, for the coefficients 
gives a clear indication of how they vary 
with M, at a fixed value of A. A better 
form, in this respect, may be obtained for 
K,(M, 0) and K,(M, d) by the successive 
use of formulas 15a and 15c, and for 
Ky(M, d) by applying equation 16a to the 
new formula for K,(M, \). The algebra 
of this transformation is self-evident, and 
the results are 


A-1 & 
K(M, »=H(-75) (a) 


=v 


i rd 
Ky(M, ) = (: +3.) 


A-1 9 r (22) 
IL-3) (b) 
n=0 M? 
: n® ’ 
KAM, »=H(2-%) (c) 


From these it is seen that K,(M, d) isa 
polynomial in even powers of 1/M, the 
powers ranging from zero to 2A\—2, in- 
clusive; and that K,(M, d) and K,(M, d) 
are similar, but with even powers ranging 
from zero to 2X, inclusive. Some of these 
polynomials have been computed and are 
given in Table I. It is interesting to note 
that equations 22 put in evidence the fact 
that a and by are zero if \>M; and that 
¢, is zero when A>M—1. The form of 
equations 22 is particularly useful because 
it allows one to estimate the coefficients 
in terms of upper and lower bounds which 
may be obtained from the relation 


E B+1\2\7 ; B2+1\ [6/2] 
“Vom KX are) ate 
B 2 B 

n B+1\2 
Ne-i)GT 
I( M? 2M B<M 
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(23) 


in which n=0 or 1, depending on whether 
8 is even or odd, and [8/2] is the greatest 
integer in 6/2. The derivation is given in 
Appendix IV. Taking the right side of 
this inequality allows one to write 


<p)! (a) 
r<(1 “) aie (b)) (24) 
(+59) @+D! 

1 
Or< Qx+0)! ners) 


which is interesting because the reciprocal 
factorials are the corresponding smooth- 
line coefficients. 

The a, b, and c coefficients can be given 
in still another form, in terms of the hyper- 
geometric function F(r, s, t,x). When x= 
1 this function reduces to4 
F(r, s,t,1) = OE 

r(t—s)P(t—r) 


if real part ((—r—s)>0, . (25) 


which may be tsed to represent any one 
of the expressions in equations 14 by suit- 
able choices for r,s, andt. The following 
results are given for combinations of 7, s, 
and ¢ which reduce the multiplying factors 
to simple forms; but other choices would 
be possible. The correctness of the choices 
will become evident upon making the 
indicated substitutions. The results are 


2d, 2,1) (a) 
2M?+» 
iX=— > F2Q— - 
A Fp tee na (26) 
2,3,1) (b) 
n= Far FULMEN, 1 
2/1, 1)- Lc) 
Conclusions 


In view of the mathematical form of the 
results the formulas themselves are their 
most concise representation and only a 
few interpretive remarks are considered 
necessary. In the use of these results it is 
to be remembered that, as given, they 
apply to the midseries termination; but 
that the midshunt-terminated case is rep- 
resented if B and C are interchanged. Of 
the several forms given probably equa- 
tions 14 and 22 are the most important. 
If all the coefficients are to be found, 
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W 
equations 22, or the recurrence formulas 
which are practically the equivalent, will 
be found to be the more convenient. 
However, if only an isolated coefficient is 
wanted it may be computed more con- 
veniently by employing equations 14 in 
conjunction with tables of logarithms of 
the factorials, or Stirling’s approximation, » 
which is 3 


login! = (n-++"/s)log ion —n log we+ 
(*/s)logyo2a (27) il 


Equations 22 have the greater utility 
from the interpretive standpoint. It has 
already been pointed out that this form 
puts in evidence the number of nonzero 
coefficients in the series for each parame- 
ter. The form also leads to relation 23 
which will yield a quick estimate of a 
coefficient and may therefore be useful 
when M and 2X are large (but A not too 
near M) and the required accuracy does 
not necessitate the more extended com- 
putation of the exact formula. This in- 
equality also leads to the interesting re- 
sults given in relations 24; namely, that 
the coefficients or the A and C parameters 
are always less than the corresponding 
smooth-line coefficients, and that, for the 
B parameter, the ladder-network coeffi- 
cients are less than (1-+-1/2M) times the 
corresponding smooth-line coefficient. 

The treatment has been entirely in 
terms of the A-B-C parameters. However 
the four-terminal network may also be 
specified in terms of the driving-point and 
transfer impedances (or admtittances). 
The results are readily extended to give 
the latter parameters as rational functions 
of a® because the two types of parameters 
are related by simple rational forms. 
This ability to easily write the parameters 
as rational functions would find practical 
application where one is required to find 
the zeros or poles of these functions (or 
rational combinations of them), with re-~ 
spect to the variable p=d/dt, because ex- 
plicit means are available for finding the 
zeros of a polynomial. It is well known 
that such zeros and poles are of impor- 
tancein circuitanalysis. Inrelationto this 
discussion it should be noted that a? is a 
rational function of p when the network 
consists of lumped elements. 
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For the network of Figure 2a we may 
write the (V+ 1)/2 mesh equations my 


Ey Vr =I,(kio?+1/k2) —I5/ke 
0 = —T¢/ko+13(1/ko+ rr: 
kga?+-1/Ra) —Is/ks (28) 
0= —TIy-1/ky-1+I,(1/k wat 
kya?) +E,Vn 
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where the numbered currents are the mesh 
currents which are numbered to correspond 
to the series impedances through which they 
flow. Figure 2b may be given a similar 
treatment, but on a nodal basis,* with the 
result which follows: 


I,Z7 =E;s(kia?+1/ko) — E3/ke 

O= —E,/ko+ Es(1/ko+ 

2 = 
(4 Raa +1/Rs) Es /R4 (29) 
0= —Ey-i/Ry-1+E,(1/ky-+ 
kyo’) +1,Zr 

In these the voltage subscripts refer to the 
nodes at which the shunt elements having 
the same subscripts are terminated. It is 
seen that these two sets of equations are 
identical with respect to the k’s and a, and 
are dually related with respect to voltage, 
current, impedance, and admittance. Equa- 
tions 28 may be solved for FE, and Js, in 
terms of #, and J,, and the solutions are 


E;=A(a, ki, ko, os JEp+ 
Z7B(a, ki, ko, ...)L, 
Toe VeC(ex, ki, e,...)Ey+ 
D(a, ki, ko, .. .)I; 


where A, B, C, and D are polynomials in a, 
the coefficients of which are functions of 
the k’s. The above-mentioned relation be- 
tween equations 28 and 29 shows that the 
solutions of equations 29 are 


Is;=A(a, ki, ko,...)Ip+ 
Y7B(a, ki, ko, ...)E; 
E,;=Z7C(a, ki, ko, o. )I,+ 
D(a, Ri, Ro, ...)E, 


Relations 6 follow from a comparison of 
equations 30 and 31. 
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The method used to arrive at the for- 
mulas for A, B, and C for the uniform ladder 
network will be given by the use of A as an 
example. The same procedure was used 
- for Band C. We start by expanding each 
of the binomials of equation 10a by the 
binomial theorem. The signs are such that 
odd powers of the argument cancel and we 
obtain 


(30) 


(31) 


M 
ae (2M)! 
ant) GueRTONe 
7=0 


(a?)'(4M?+a2)@-" (32) 


The binomial expansion may now be applied 
to the last term in the summation, giving 


M 


i > (2m)! , 
ar Gym —anieni? in 


r=0 
M=r 
(M—n)! a? J 
(M—r-—s)\(s)!\4.M? 
s=0 


(33) 
which may be written as 
M 
Hes. (2M)! 
aS (2M—2r)!(2r)! 
r=0 
M—r 
(M—r)! 2 \rts (34) 
(M—r—s)\(s)!\4.M? 
s=0 f 
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This is conveniently transformed by chang- 
ing the summation indices to r and u, where 
u=r-+s, resulting in 


= (2M)'\(M—r)! 
(2M —2r)!(2r)! 


r=0 


M 
1 on Ns 
> pees (35) 


u=r 


The above may be rearranged by factoring 
out the various powers of a. For example, 
let \ be a particular value of wu, it being 
obvious that \ may be between 0 and MM, 
inclusive. For this value, one coefficient of 
a will be obtained for each value of 7 in 
the first summation for which \2r7, because 
the lower limit on the second summation is 
r. Thus, r may be replaced by another 
index (7) which runs from 0 to X, inclusive, 
and the result is as given by the combina- 
tion of equations lla and 12a. 
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An outline of the complete proof for the 
reduction to forms 14 will be given for a). 
The ustial notation for a binomial coeffi- 
cient will be used, namely 


(ean 
g} ql(p—q)! 


In this notation we are to prove 


r 
a op) ee 
an JX X—n ] (2d) !(M—»)! 


n=0 (36) 
The method is to write the function 
foe} 
(x) = (1-22) Na) = > Gx? 
q=0 (37) 


and obtain two expressions for G2, one 
which will be the left side of equation 36 and 
the other which will be the right side. The 
function is analytic and the series converges 
when |x|< 1. With some manipulation for 
the first of the following forms, and directly 
for the second, one obtains 


fos) 


(x4 = ) re he (a) 
(+9)"= > Gas (b) 


(38) 


G2 is obtained from equations 388 by sum- 
ming the product of the general terms of 
these two series over all values of 7 and s 
such that r20, OSsS2M, and 2r-+s=2). 
Thus, s must be even, say 2, and therefore 
y=\—n., With the substitution of these in 
the general terms of equations 38, and tak- 
ing their products, one arrives at the left 
side of equation 36. 

The second part of the proof is obtained 
from the Cauchy integral formula for 
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‘a circle of radius greater than unity. 


. 


(0) /(2A)! (the McLaurin-series coeffi- 
cient of x?4). This formula is 


1 $(x) 
Gn=955 af: eee 


where C is a circle of radius less than unity, 

with its center at the origin, and over which 

the integration is to be in a counterclock-' 
wise direction. The integral is easily evalu- 

ated by employing the change of variable 

x =1/u which results in 


1 
Gor oq f nto —1)-¥+%1gy 
po 
(40) 


(39) 


taken counterclockwise about the origin on 
The 
integrand hasa pole at u=1, which is inside 
the path, of integration, and is analytic 
everywhere else inside the path of integra- 
tion. Hence, G2) is the residue of the inte- 
grand at u=1. The Laurent series for 
y(u), the integrand, may be shown to be 


M+)-1 


}: M+,A-1 
v(u) =2M+r-1 A iF )x 


r=0 
(u = 1 Deda ntl QM+r-1 x 
M+d-1 


> aba Tecate (41) 


The residue is the coefficient of (w—1)7! 
and is obtained by putting 7= M/—) in the 
first sum, and r=/—)—1 in the second. 
The resulting form is readily reducible to 
the right side of equation 36. 

Similar proofs may be given for equations 
14b and 14c. In both cases one finds two 
formulas for the coefficient of x+?\*1 in the 
expansion of $(x); but in the case of equa- 
tion 14c the function (1—x?)—™“+> is sub- 
stituted for (1L—x?)-@+—1 in (x). 
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To arrive at relation 23 observe that the 
continued product may be written 


[sail fetta 
tg i=, : . 
M 
caaleryay 
TeAge sous (42) 
M 


where 


if B is even, n=0 and A=n+1/, 
if Bisodd, »=land A=n+1 


and the brackets on 6/2—1 indicate the 
greatest integer in 6/2—1. The continued 
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Improved Selective Tripping of Low- 
Voltage Air Circuit Breakers 


CHARLES P. WEST: 


MEMBER AIEE 


INCE the first devices for interrupting 
short-circuit currents in electric sys- 
tems were invented, the problem of 
having them operate to clear faults with- 
out removing energy from normal circuits 
has existed. Many devices, both separate 
and as parts of the interrupters, have 
been developed and good results obtained. 
Systems having potentials below 600 
volts alternating current normally use 
air interrupting devices designed particu- 
larly for this service. 

The normal utilization of a-c power 
in industrial plants or generating station 
auxiliary circuits where the average indi- 
vidual load is less than about 75 horse- 
power is at 600 volts or less. Occasional 
larger loads and groups of smaller loads, 
switched as units, require a considerable 
range in both current-carrying capacity 
and interrupting ability of circuit break- 
ers. The standard devices available 
have current ratings up to 6,000 a-c am- 
peres and 100,000 amperes interrupting 
rating. Larger units have also been built 
to a limited extent. 

When a large number of small loads 
are supplied, the total power required 
determines the size of the generating or 
transforming apparatus and -thus in- 
directly the values of fault currents. 
Even though individual loads may be 
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small, high interrupting requirements 
may dictate the use of relatively large 
circuit breakers. They may become so 
large that their cost is out of proportion 
to the motors or other devices to which 
they supply power. The economics of 
low-voltage system design, therefore, 
require circuit arrangements which will 
permit the use of the smallest possible 
switching devices. At the ’same time, 
selective isolation of faults is highly de- 
sirable. However, this is frequently 
partially sacrificed in special circuits 
arranged to permit the use of circuit 
breakers in duty above their interrupting 
ratings (cascading). New developments 
in built-in tripping devices will provide 
full selectivity without the use of separate 
relays in normal breaker applications and 
increase the ranges of reliable selective 
tripping in special circuit arrangements 
in which breakers are applied whose in- 
terrupting capacities are below the value 
of maximum fault currents. 


Selective Tripping With Breakers 
Having Full Interrupting Ability 


Circuit breakers supplying power to 
loads should operate to clear only faulted 
circuits and not interrupt energy to other 
parts of the system. This requirement 
can sometimes be modified, but in cir- 
cuits for essential central-station auxil- 
iaries and certain industrial processes, 
maximum continuity of service is essen- 
tial. This means, referring to Figure 1, 
that breakers A, B, and C must have 
interrupting capacity fully equal to the 


product on the right side of equation 42 
may be written 


B?+28+1+4 A? 
Oe ta Anat 
(6?+26-+1—4 2)? 
16M! | ~~) 


A lower bound of this quantity may be ob- 
tained by neglecting the third term and 
assigning to A its largest value, namely 
(8—1)/2 in each case. Similarly, an upper 
bound will result if 4A? is neglected in all 
terms. These substitutions, by eliminating 
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the variable 1, permit the substitution of an 
exponent for the product, and readily yield 
the results given in relation 23. 
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fault currents which may occur, that they 
must have time discrimination on trip- 
ping, and that they must have short-time 
ratings adequate for the time and 
current to which they will be subjected. 
These distinctions, as compared with the 
special ‘‘cascade” arrangement discussed 
later, where only limited selectivity is 
obtainable, should be kept in mind 
throughout the following discussion. 
The problems arising from selective 
tripping are all recognized in high-voltage 
breaker applications and standard devices 
meet them. These are usually protective 
relays which open the breakers by ener- 
gizing their shunt trip coils. The situa- 
tion on low-voltage air breakers is some- 
what different. The designs of all manu- 
facturers have almost uniformly in- 
cluded instantaneous trip attachments 
operating at 15 times normal current on 
ratings below 2,000 amperes and 12 
times normal above this value. No short- 
time current ratings were assigned, 
This has meant that the amount of con- 
ducting material in the contacts is rela- 


tively less than has been considered neces- | 


sary in high-voltage designs. Moves are 
now under way to assign short-time rat- 
ings to all low-voltage breakers. How- 


ever, the maximum values possible for — 


existing breakers, for reasons just ex- 
plained, probably will be somewhat 
lower compared to the interrupting cur- 
rent rating, than has been the case with 
high-voltage power breakers. This must 
be taken into consideration in applying 
breakers where intentional time delay in 
tripping is introduced to obtain selec- 
tivity and affects cost as compared to the 
cascade arrangement described in detail 
later. 


When breakers B and C are in separate 
structures and connected by cables, the 
problem of protecting these cables enters 
the picture. A relatively long tripping 
time is desirable, operating at the cable 
current capacity, a shorter tripping time 
within’ the short-time current rating 
of the breaker is needed for selectivity 
and instantaneous tripping above this 
current. Present commercially avail- 
able self-contained tripping devices offer 
only the time characteristics of oil dash- 
pots or thermal devices and these, at 
best, are questionable. Protective relays 
offer the best available means for ob- 
taining the tripping time values necessary 
for these various current values. 

Many engineers are satisfied to have 
short-circuit protection only on power 
supply cables on the basis that they are 
protected from overloads by the feeder 
breakers. This is sound practice on a 
properly designed distribution system, - 
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but there are arrangements where the 
best planning cannot eliminate the haz- 
ard of overloading. In these cases, dis- 
criminatory tripping must be provided 
or continuity of service partially sacri- 
ficed. 

The application of relays for obtaining 
selective tripping with suitable breakers 
on the basis of time discrimination is well 
understood and only self-contained trip- 
ping devices will be considered here. 


Cascaded Breakers 


If we refer again to Figure 1 which 
illustrates typical circuits, it is evident 
that if breaker B and one of the C break- 
ers both open at substantially the same 
time to clear a fault, the interrupting 
duty on C will be materially reduced. If 
tripping devices are supplied for B so that 
this will always take place, then a smaller 
breaker can under certain conditions be 
used in position C than would have been 
possible in the circuits described pre- 
viously. A similar relation exists be- 
tween breakers A and B. This often 
results in a material saving in the cost of 
circuit breakers. The advantages, limi- 
tations and conditions determining the 
selection of interrupting devices in cas- 
cade circuits of this kind will be con- 
sidered, 

Manufacturers have recognized the 
advantages of this arrangement and have 
approved special cascaded circuits as 
covered by the following definition in the 
National Electrical Manufacturers Asso- 
ciation Standards. 


“Cascading is the application of air circuit 
breakers in which only the breakers nearest 
the source of power shall have interrupting 
ratings equal to, or in excess of, the obtain- 
able fault current while breakers in suc- 
ceeding steps further from the source may 
have successively lower interrupting rat- 
ings.” 


The relative allowable reduction in in- 
terrupting rating of the breakers in suc- 
cessive steps is limited as follows. Group 
breakers B may have 50 per cent of the 
interrupting requirements of main breaker 
A and branch breakers C in turn may 
have one-third the rating of the main 
breaker which must be able to open on a 
standard duty cycle the maximum fault 
current which the power supply can de- 
liver. Cascading is limited to three 

steps of interrupting rating. In many ap- 

plications, this represents a great saving 
in breaker cost as compared to an in- 
stallation in which all devices have full 
interrupting ability. However, it must 
be realized that this saving is not ob- 
tained without some risk and sacrifice 
in over-all performance. 
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The main and group breakers must be 
free to trip instantaneously to afford 
maximum protection to the smaller 
branch breakers which are allowed to be 
of reduced interrupting ratings. This 
requirement is the all-important and defi- 
nite difference between cascaded and 
similar circuits previously described in 
which all breakers have the same full 
interrupting ability and selectivity of 
tripping depends on time discrimination. 

The instantaneous tripping devices of 
the main and group breakers must be 
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A common arrangement of low- 
voltage breakers 


Figure 1. 


set at about 80 per cent of the interrupt- 
ing rating of those in the next lower step 
in the cascade. This margin is necessary 
to allow for some manufacturing vari- 
ances and to insure that the speed of 
opening will not be too slow at currents 
just over the interrupting ability of the 
breaker in the next lower step. These 
trip calibrations mean that faults on 
load circuits may open the group or even 
the main breaker depending on whether 
the current reaches the trip settings 
of these devices. This limitation is funda- 
mental in the cascade arrangement and 
must be accepted as one of the offsetting 
factors against the savings in equipment. 

At present, low-voltage air breakers 
have no published short-time current 
ratings. These are being determined by 


Figure 2. A typical 
cascaded power supply 
to motors listing the 
breaker characteristics 

co-ordinated me- 


> 


Breaker A Breaker B Breaker C 

Current rating, am- 

PENeSn2 tie eae saa 1) OOO henley gh hOOO sven 50 
Interrupting rating, 

AMPELES sc. sols. aie 50,000 ...25,000 ...15,000 
Half-second short- 

time rating, am- 

Peres cl vale vices went 25,000 ...18,000 ...10,000 
Instantaneous trip 

setting, amperes....20,000 ...14,400 ... 500 
Time-delayed trip 

settings, seconds.... O:4iaGs 0.2252 * 


* Thermal time delay set to allow motor starting and pro- 
vide motor overload protection. 
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test for existing designs and will soon be 
announced. When this takes place, the 
tripping devices on main and group 
breakers may be set to allow delayed 
tripping up to their short-time rating 
with instantaneous opening at currents 
above this figure. It is apparent that 
better continuity of service and selective 
isolation of faults will be obtained under 
these conditions. However, there will 
still be many conditions in cascaded cir- 
cuits having breakers with successively 
reduced interrupting and short-time rat- 
ings where opening must be instan- 
taneous. 

At this point, it should be noted that 
the short-time ratings which can be as- 
signed to low-voltage breakers designed 
for instantaneous opening on 12 or 15 
times their continuous rating will have to 
be materially lower than their interrupt- 
ing rating. This does not parallel the 
situation on higher-voltage circuit break- 
ers where short-time ratings equal or 
occasionally exceed their interrupting 
ratings. Itis also very doubtful whether 
the cost of future low-voltage designs 
should be increased to provide higher 
short-time ratings. Most applications can 
be satisfied with present constructions 
and an increased number of standard 
ratings is not economically desirable. 
The requirements of a few applications 
should not burden all the others by 
dictating high short-time ratings in all 
standard designs. 

A reference to Figure 1 will make it 
evident that: 


1. Breaker B must open instantaneously 
when its short-time rating is exceeded. 


2. In the cascade arrangement, with suc- 
cessively smaller steps of interrupting ca- 
pacity and short-time ratings, close-in faults 
on feeders may exceed the short-time ratings 
of the group breaker. 


3. Consequently selective tripping is not 
always possible. 


A further condition applying to cas- 
caded breakers is the restricted duty 
cycle which is imposed. A breaker oper- 
ated within its rating is allowed maxi- 
mum-current ‘“‘O” and ‘“‘CO”’ operations 
separated by a two-minute interval and 
should be able to carry rated load after 
such openings. Breakers operating above 
their rating in a cascade circuit are re- 
stricted by requiring inspection and 
possible maintenance after each opening 
on fault current. This means that it is 
not safe to reclose cascaded breakers, 
even once, without inspection if two in 
series have cleared a short circuit. The 
smaller breaker might be damaged so 
that, even though its contacts completed 
the circuit, they would not safely carry 
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Figure 3. Time- 
current tripping co- 
ordination of cas- 
caded breakers with 
integral  mechani- 


INST. 
AMPS. -MIN.TO ¢ TRIP 
INST. AMPS. 
04 SECS. 20000 
02 SECS. 14400 
500 


1600 
600 


SO VARIABLE 


cally delayed trips 


The horizontal lines 


represent time bands 


of appreciable width 


and must be sepa- 


rated approximately 
as shown 


load current. Inspection is necessary 
after each fault opening when breakers 
are applied with inadequate interrupting 
ability as in cascaded circuits. 

To sum up the case for cascaded 
breaker circuits; on the affirmative side, 
breaker expense is often materially re- 
duced; on the negative side, continuity 
of power is partially sacrificed, increased 
breaker maintenance may be expected, 
and a more limited duty cycle is specified 
for most of the breakers. Cascade ar- 
rangements applied with a full under- 
standing of these conditions should 
prove satisfactory. 


Cascaded Breakers With 
Selective Tripping 


New definite-time tripping devices are 
being developed which will give breakers 
so equipped equal or better selectivity 
than is obtainable with relays, and will 
also improve the operation of cascade 
arrangements. Tests with as many as 
three breakers in series have shown ac- 
curate selective tripping with a maxi- 
mum time setting of less than one-half 
second on the largest breakers. The dia- 
gram, Figure 2, has been prepared to 
illustrate such conditions. This arrange- 
ment of breakers will provide instan- 
taneous tripping in the ranges required to 
permit a cascaded circuit witk the allowed 
reduction in interrupting rating in each 
breaker step farther from the supply. 
The consequent economics are realized 
and the new tripping devices will func- 
tion to give all the selectivity which the 
chosen breakers will permit. 
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Let us now review the operation of this 
cascaded circuit under a number of fault 
and load conditions. Assume motor M 
has a full-load current of 50 amperes. 
Breaker C will provide the usual thermal 
protection. It will open instantaneously 
on a motor fault exceeding ten times nor- 
mal or 500 amperes. If the fault is over 
15,000 amperes, that is, above the inter- 
rupting ability of C, breaker B will open 
instantaneously to back up C and so on 
up through the current range and breaker 
series. If the fault is below 15,000 am- 
peres but for some reason breaker C fails 
to clear, breaker B will still open in 0.2 
second. If it, in turn, should not inter- 
rupt, breaker A will open in 0.4 second. 
Faults which occur anywhere in the cir- 
cuit will: 


1. Open the nearest breaker. 


2. Open the next larger breaker instan- 
taneously if its assistance is needed for 
interruption. 


3. Open the latter breaker in a slightly 
longer time if the current is within the 
interrupting ability of the first breaker, 
but it has failed to clear. 


4. Open succeeding breakers in a similar 


manner if needed. 


Reference to Figure 3 will show the cur- 
rent and time characteristics which give 
these results. 

Considering the time intervals during 
which breakers will be subjected to high 
fault current in this arrangement, breaker 
C would be a thermally tripped breaker 
with a self-protecting instantaneous trip 
set at 500 amperes, breaker B would be 
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set to open in 0.2 second on currents wp 


to 14,400 amperes, 80 per cent of its short- - 


time rating, and breaker A would be set 
to trip in 0.4 second, up to-20,000 am- 
peres, 80 per cent of its half-second 
rating. This allows each breaker, pro- 
vided its short-time rating is not ex- 
ceeded, to hold in a sufficient time for 
the breaker next lower in the cascade 
to clear. This ensures that all breakers 
adequate to carry fault current arising 
from a short circuit remain closed and all 
others trip. 


It is evident that the above degree of © 


selective tripping gives discriminatory 
opening up to the capacity of the break- 
ers in the cascaded circuit. No better 
selectivity is possible with breakers ap- 
plied in accordance with standard cas- 
cading practice. However, there may 
be fault current values where group 
breakers occasionally open and de-ener- 
gize unfaulted circuits. The savings due 
to the use of smaller breakers will 
usually justify this. However, a similar 
circuit made up entirely of breakers with 
definite-time tripping attachments, full 
interrupting ability, and adequate short- 
time ratings will give complete selectivity 
without the use of relays and shunt trip 
coils. 

It has been shown, first, that full 
selectivity could be obtained with break- 
ers having full interrupting ability and 
adequate short-time ratings in all steps 
and tripped by relays giving definite 
time discrimination in faults. Second, the 
possibilities and economies of cascaded 
breakers and the limitations of this sys- 
tem were considered. Third, it was ex- 
plained that new tripping devices are 
being developed for standard breakers 
combining instantaneous and time-delay 
tripping features so that the economics 
of cascaded breakers can be realized and 
short-time ratings and interrupting abil- 
ity used to the best advantage to give 
maximum permissible selectivity. It 
was also pointed out that adequate 
breakers with definite-time tripping de- 
vices in all positions can give complete 
selectivity, the equivalent of which has 
previously been possible only with relays, 
shunt trips, and storage batteries. Thus 
we advance another step in the economic 
use of materials coupled with a better 
accomplishment of purpose in improved 
continuity of service. 
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IEE technical paper 42-79, entitled 
“Thermal Co-ordination of Motors, 
Control, and Their Branch Circuits on 
Power Supplies of 600 Volts and Less,’’! 
was presented in April’ 1942. The pur- 
pose of the article as stated was ‘‘to show 
what the characteristics of the protective 
devices should be in order that the power 
will be disconnected from the main feeders 
under all conditions of excess current 
before excess temperatures are attained.”’ 
After the overload protecting require- 
ments were discussed, it was pointed out 
that “to protect the conductors in the 
branch circuit adequately, the control 
devices, and the motor winding, we must 
use a device that is both fast in opening 
the circuit and also has the necessary 
interrupting ability.”’ In discussing the 
speed and the interrupting abilities of 
circuit breakers and fuses which were 
used to protect the motors and the con- 
trols against short circuits, the following 
statement was made: 


“The second half of the question dealing 
with the amount of available energy which 
these fuses can interrupt was determined by 
providing a 250-volt d-c source which was 
capable of delivering 96,000 amperes and 
also a three-phase source which was capable 
of delivering an rms symmetrical current of 
84,000 amperes at 440 volts and 114,000 
amperes at 600 volts. In the d-c circuit 
were placed two standard nonrenewable 
General Electric 250-volt fuses in series to 
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CONNECTIONS 

Figure 1. Arrangement of connections for 

fuses or circuit breakers when used for pro- 
_ tecting a-c starters 
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simulate the usual two fuses that are in a 
circuit. Two 600-volt' fuses were also tested 
in this circuit wherein the available currents 
were varied from 10,000 to 96,000 amperes 
in several steps, and the results were perfect. 
The buildup of the current in this circuit 
was much slower than in an a-c circuit so 
that the current-limiting effects were much 
more pronounced as shown in Figure 7. 


“Tn the three-phase 440-volt a-c circuit one 
250-volt fuse of the preceding type was con- 
nected in each supply line, and the available 
currents ranged from 18,000 to 84,000 sym- 
metrical rms amperes. The resulting cur- 
rents are shown in Figure 6 


6, and the per- 
formance was perfect. When the supply 
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CREST VALUE OF CURRENT IN KILO AMPERES 


3 4,56 8 10 20 30 50 
Figure 2. Approximate short-circuit currents 
(crest value) which will flow through a three- 
phase across-the-line starter when connected 
to a 550-volt three-phase supply that has an 
available current of 50,000 rms symmetrical 
amperes—short circuit on load side of starter 


power was 600 volts, then one 600-volt fuse . 


was connected in each supply line, and the 
available current ranged from 24,000 to 
114,000 amperes. The results are also 
shown on Figure 6 which was perfect in 
operation. It can be said therefore that 
with this arrangement of connections (note 
that Figure 6 gives the impedance of each 
combination of the a-c circuits), these fuses 
are capable of interrupting a circuit, either 
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a-c or d-c, which has an available short- 
circuit current of 100,000 amperes.” 


The preceding statement regarding the 
interrupting abilities of fuses has been 
interpreted by some differently from the 
original intent, and it is the purpose of 
this supplementary paper to point out 
the interpretation which should be made. 
Some further data will be submitted to 
show the relative protecting character- 
istics of these fuses and of some small-size 
air circuit breakers which are commonly 
used for protecting small-size starters. 

As was stated in the purpose of the 
article, the investigation was to ascertain 
the degree to which the fuses and the cir- 
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Figure 3. Current build-up following a short 

circuit on a 250-volt d-c supply and the [’t 

values which were permitted to pass through 

30-ampere fuses and through a 25-ampere 
circuit breaker 


cuit breakers would protect the starters 
from damage due to short circuits passing 
through the starters. Therefore, every 
test had a starter in series with either a 
set of appropriate-size fuses or a corre- 
sponding-size circuit breaker as illustrated 
in Figure 1 of this present paper. There- 
fore the amount of current which would 
flow was affected appreciably by the size 
of starter that was in the circuit. The 
original statement was not intended to 
imply that the fuses would give the same 
performance when the starters were omit- 
ted from the circuit. As previously noted, 
it stated that with this arrangement of con- 
nections the fuses were capable of inter- 
rupting a circuit having an available 
current of 100,000 amperes. 

To emphasize further the importance 
of this difference, Figure 2 shows the ap- 
proximate current which would flow if 
various sizes of three-phase starters, 
rated according to horsepower at 550- 
volt three-phase power supply, which 
had an available short-circuit current 
of 50,000 rms symmetrical amperes, 
were connected to the supply when a 
three-phase short circuit was placed 
on the load side of the starters. This 
shows that the value of the short-circuit 
current is determined more by the size 
of the starter, for the sizes under con- 
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sideration, than by the size of the power 
supply. Therefore, the small-size fuses 
have to interrupt the smaller currents 
and the larger fuses the larger currents 
which is in accordance with their abilities. 
Therefore, our tests showed that when 
the several features that were enumerated 
in the original paper obtained, then the 
fuses were able to give the necessary 
protection as originally claimed. 

These data also emphasize the impor- 


tected. The reason why a d-c supply 
was chosen on which to base this compari- 
son was that in many cases it is essential 
that this short circuit be removed in less 
than one-half cycle, and if direct current 
is used then the initial rate of current 
build-up and the voltage at interruption 
always will be the same, and whatever 
difference there is in the J*t value will be 
due to the difference in the interrupting 
characteristics of the two devices. In 
these three figures the available current 
from the power source is plotted and, 
curve 1 the build-up and cutoff as deter- 
mined by the fuse, and curve 2 the 


2 buildup and cutoff as determined by 
% the circuit breaker. It will be noted 
$ that two 30-ampere 250-volt fuses are 
$ compared to a double-pole 25-ampere 
2 (50-ampere frame) circuit breaker; two 
| 60-ampere fuses are compared to a 
5 double-pole 50-ampere circuit breaker; 
rd and two 100-ampere fuses are compared 
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50-ampere double-pole circuit breaker 


tance of combining the short-circuit pro- 
tecting means and the starter into one 
enclosure as illustrated in Figure 1 so 
as to minimize the probability of a short 
circuit occurring between the protecting 
means and the starter. Then, if the short 
circuit should require the assistance of 
the protecting means, the starter will be in 
the path of the short circuit, and the re- 
sultant current will be within the range 
of what the fuse can handle. 

Also, in support of the superior pro- 
tection claimed for the fuses in contrast to 
the protection which circuit breakers give 
to those small-size starters (size 3 and 
less), Figures 3, 4, and 5 are offered. 
The comparison shown is the Jt values 
(the current squared times the duration 
in seconds) which two 250-volt fuses of 
the 30-, 60-, and 100-ampere sizes and 
double-pole circuit- breakers (standard 
50- and 100-ampere frame sizes of break- 
ers) permitted to flow into a short circuit 
from a 250-volt d-c supply which had an 
available short-circuit current of 23,000 
amperes. The J? values which these two 
devices permit to get through into a short 
circuit is a direct measure of the amount 
of heat that will be put into some ther- 
mally weak member that should be pro- 
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Figure 5. Current build-up following a short 

circuit on a 250-volt d-c supply and the /*t 

values which were permitted to pass through 

100-ampere fuses and through 100-ampere 
circuit breakers 


to a double-pole 100-ampere (100-ampere 
frame) circuit breaker. These data show 
that the respective J*t values which these 
devices permitted to pass were 5,500 
versus 288,000; 62,000 versus 352,000; 
170,000 versus 582,000. This very 
definitely. proves that the fuse does a 
very much superior job in protecting 
the smaller device against excess energy. 

Because of the aforementioned situa- 
tion, it may be constructive to show the 
range of thermal capacity of the heaters 
of the overload relays which are very 
commonly the thermal limiting factor on 
most starters. The minimum curve in 
Figure 6 shows the Jt values which the 
overload relay heaters may be able to 
withstand. As already shown, the 60- 
ampere fuse would be used in conjunction 
with an overload relay rated about 17 
or 18 amperes, and Figure 6 shows that 
the minimum value may be about 70,000, 
and the test data showed that the fuse 
permitted 62,000 to get through but the 
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circuit breaker permitted 352,000 to pass. 
The maximum curve shows that there are 
some forms of relays which have a per- 
missible Jt value of 700,000. But, since 
the trend is toward the faster tripping 
relay so as to protect the fast-heating 
motors, it is advisable that the fast short- 
circuit protective means be used so as 
better to protect either the fast- or the 
slow-heating type of overload relays. “ 


Conclusions 
When we consider that: 


1. The fuse is capable of interrupting a 
short circuit on a large power supply of 
either alternating or direct current if the 
starter is in the path of the short circuit. 


2. Under some conditions, the 30-ampere 
fuse will allow only two per cent and the 60- 
and 100-ampere fuses will allow only 25 to 
80 per cent of what similar-size circuit 
breakers will permit to reach a short circuit 
under similar circumstances. 


3. The general trend of motors is to require 
faster overload relays, and these faster 
relays generally will have less thermal 
capacity (more expensive and larger relays 
can be fast and still have large thermal 
capacity), but the user cannot be sure 
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AMPERE RATINGS OF OVERLOAD RELAY HEATERS | 
Figure 6. Range of permissible /?t values 
which may be found in overload relays 


when purchasing control from the general 
market. ; 


4. If a slow interrupting means is used to 
protect against short circuits, the starter 
may be damaged, and the personnel may 
be injured. } 
The logical conclusion is that fuses are the 
only satisfactory available means to protect 


‘fully the small-size starters of either the 


a-c or d-c types. 
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Synopsis: Use of a-c power systems on 
aircraft presents the problem of provid- 
ing switching means. Contactors with 
the desired characteristics and suitable 
size and weight have not been available. 
Analysis of operating conditions, contactor 
size requirements, and performance char- 
acteristics provide a basis of design of a 
group of contactors to meet the needs of 
present and projected aircraft. These de- 
signs can meet aircraft size limitations and 
be capable of handling the circuits under all 
foreseen normal and emergency require- 
ments. : 


RRESENT and projected designs of 

aircraft have electric-system require- 
ments which far exceed in capacity those 
used in the past. As the airplanes have 
become larger, the electrically operated 
auxiliaries have required more and more 
power. Early airplanes had six-volt d-c 
systems, but these were quickly found to 
be inadequate because of excessive drop 
in the conductors. In order to avoid 
the use of prohibitively heavy cables, the 
voltage was increased to 12 and finally to 
24 volts. Power requirements have con- 
tinued to rise since the last increase in 
voltage, and a point again has been 
reached where a change in the electric 
system is considered necessary. A num- 
ber of possibilities have been suggested.1 
One of these is the use of a-c generators 
with constant-voltage output at constant 
frequency with most of the power being 
used as generated but with a portion of it 
being rectified for use with d-c instru- 
ments and in control circuits. Many 
points in favor of this system have been 
advanced.’ 

Use of alternating current makes it 
necessary to provide suitable switching 
equipment for controlling the circuits. 
Relays and contactors used in d-c systems 
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are nearly all single-pole low-voltage 
devices and are not satisfactory for use on 
three-phase a-c systems. While all of the 
devices needed are available in commer- 
cial form, their design is such that they 
are not satisfactory for use in aircraft. 
Their size and weight is excessive, and 
they are not designed for use under the 
wide range of conditions normal to air- 
craft operation. 


Contactor Requirements 


Design of the contactors needed in- 
volves a study of the factors influencing 
their operation. These include char- 
acteristics of the power system; type of 
load and duty cycle; as well as tempera- 
ture, humidity, pressure, vibration, shock, 
dust, and other conditions to which they 
might be subjected. 

Magnetically operated relays and con- 
tactors are used for the following pur- 
poses: 


1. To shorten the power-carrying lines by 
running them only to the point of use. 


2. To make possible . automatic-control 
functions. 


3. To save space at the control stations by 
the use of small pilot switches. 


4. To keep high voltage from control sta- 
tions by using low-voltage control circuits. 


Alternators, driven by the main en- 


Figure 1. Three-pole single- 
throw contactor rated 25 am- 
peres, 208 volts, 400 cycles 


The covers and’ moving-contact 
assembly have been removed to 
show construction 
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gines, furnish the principal source of 
power. The system is 208 volts, 400 
cycles, three-phase with grounded neu- 
tral. In one proposed arrangement the 
main bus is a loop with sectionalizing 
contactors, so arranged that a fault may 
be isolated and removed with minimum 
disturbance to the remainder of the sys- 
tem. The alternators feed this loop 
through latched contactors arranged to 
trip on a fault in the feeders or in the 
machines themselves. Loads are fed 
from the main bus either directly or 
through branch bus systems. Contactors 
for connecting the loads are required. 
In some cases some of the braneh sys- . 
tems may be transferred to an atxiliary 
power supply, in which case transfer 


switches are used. 


If it should prove to be impractical to 
operate the alternators in parallel on a 
common bus, it is proposed to supply 
some of the loads from each of the alter- 
nators with provision for transferring in 
case of emergency. Transfer switches 
of suitable rating are required to per- 
form this function, 

The latched contactors function as 
circuit breakers operated by separate 
protective relays not part of the contactor 
itself. Separation of the protective de- 
vices from the main contactor is made in 
the interests of simplification of the de- 
vices and in order to increase inter- 
changeability, since the same contactor 
may then be used with various circuit 
protective relays to obtain different types 
of protection or with manual control for 
sectionalizing the system. 

The greater part of the load consists of 


motors. All motors are intended to in- 
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corporate built-in overload protection, 
making provision of overload elements as 
part of the contactor or starting switch 


unnecessary. 

Contactors of several types and ratings 
are required to perform various functions: 
1. Single-pole single-throw for closing 
and opening single-phase load circuits—25 
amperes continuous rating. 


2. Single-pole double-throw for transfer- 
ring circuits—25 amperes continuous rating. 


3. Three-pole single-throw for closing and 
opening three-phase load circuits—5, 25, 
50, and 100 amperes continuous rating. 


4. Three-pole double-throw for reversing, 
motor-starting, and transfer of circuits—5, 
25, 50, and 100 amperes continuous rating. 


5. Three-pole latched for main circuit and 
alternator disconnects and for circuit pro- 
tection—120 amperes continuous rating. 

In addition to carrying rated full-load 
current, contactors must be capable of 
opening and closing the inrush currents 
which will be obtained with various 
types of loads. Under emergency condi- 
tions, the stalled current of motors may 
have to be interrupted. Current require- 
ment under these conditions has been 
established as ten times full-load rating. 

Temperature, vibration, and accelera- 
tion requirements have been discussed 
at length in connection with other air- 
craft equipment. Experience has indi- 
cated that in addition greater attention 
needs to be given to enclosures and pro- 
tection against the effects of high hu- 
midity and the entrance of dust. 


D-C Control Circuits 


Availability of direct current as a 
source of power for control circuits makes 
possible the use of d-c magnets in the 
contactors. This results in certain ad- 
vantages: 

1. Magnets can be smaller, lighter, and 


more rugged than if they were made for 
operation on 400 cycles alternating current. 


2. Switches now being used for the con- 
trol of circuits and contactors in d-c systems 
can be used, making possible instrument 
panel layouts similar to those used in d-c 
systems. 


3. Replacement problems are simplified. 


_4. Many of the present control schemes are 
usable. 
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Figure 2. Three-pole double- 
throw 25-ampere contactor 


5. High voltages which might be hazardous 
to operating personnel are removed from 
the pilot switches. 


When automatic control from the a-c 
circuits is required, small rectifiers may 
be used to supply the d-c magnets. 


Insulation 


Use of three-phase circuits requires 
the use of three-pole contactors, intro- 
ducing insulation problems in that it is 
necessary to insulate the a-c and the d-c 


Figure 3. Single-pole single- 
throw 25-ampere contactor 


circuits from each other and from 
ground, as well as to obtain phase isola- 
tion, all in the same device. In commer- 
cial practice, the idea of ‘“‘phase spacing” 
is frequently synonomous with phase iso- 
lation, but in the design of aircraft con- 
tactors it is not practical to approach the 
problem from this point of view. It is 
not possible to space the poles sufficiently 
to obtain the required insulation distances 
without exceeding the space and weight 
limitations imposed on this apparatus. 
This problem is complicated further by 
the need for protection against the en- 
trance of dust, a serious condition when 
operating on desert airfields, and by the 
effect of rarified atmospheres on insula- 
tion breakdown,’ since the equipment 
must be suitable for operation at alti- 
tudes up to 40,000 feet. It therefore 
becomes necessary to obtain phase isola- 
tion by providing suitable barriers be- 
tween poles and to provide an enclosure 
to prevent the entrance of dust. One of 
the principal causes of failure in circuit- 
interrupting devices is flashover between 
poles due to the presence of ionized gases. 
There are several ways in which this 
problem may be overcome: 


1. Sufficient space may be provided be- 
tween poles to limit the ion concentration 
to a value at which flashover does not occur, 
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tracking. 
sulation materials have this property and 
provide a suitable answer to this prob- 
lem. 


2 i) 
a method which is not economical as to 
space and weight. 


2. A sufficiently long path may be pro- 
vided between poles in which the gases are 
in contact with cold surfaces so that de- 
ionization takes place. 


3. The contacts may be placed in closed 
pockets which prevent the gases from com- 
ing into contact with parts of opposite 
polarity. Provision for venting the gases 
while maintaining a suitable dust seal may’ 
be required. 


The last method is the only one which 
permits the contacts to be sealed to pre- 
vent the entrance of dust or other foreign 
material which might interfere with 
operation or which would cause insula- 
tion failure. It has the disadvantage 
that, in order to obtain the best space 
factor in the switch design, the arc is in 
close proximity with the insulation ma- 
terial. Failure may occur because of 
insulation breakdown, unless a material 
is used which has high resistance to are 


Melamine formaldehyde in- 


Arc Interruption 


The contactors must be capable of 
making and breaking the current which 
may exist under any condition en- 
countered in operation. Under normal 
conditions, this may be the rated current 
or less, or the current at the instant the 
contacts close may be much higher, drop- 
ping quickly to the steady current. The 
contacts therefore must be capable of 
making ten times the rated current and 
breaking rated current as a normal condi- 
tion, that is, for the life of the contactor. 
Under emergency conditions, the con- 
tacts may be called upon to open the 
same high current for a limited number 
of operations in order to clear faulty cir- 
cuits or apparatus. In general, no diffi- 
culty is experienced with alternating 
current in breaking high current at the 
voltage used on these systems, even with 
relatively small are gaps. The gap is 
determined by the distance requiréd to 
prevent flashover at the maximum volt- 
age used for insulation testing, in this 
case 2,500 volts at sea level and 1,000 
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volts at 40,000 feet altitude. Breaking 
high current may damage the contacts so 
as to reduce their life considerably or, in 
extreme cases, cause failure when the 
switch is again closed. Closing of the 
circuit presents a more serious problem, 
because, when closing on high currents, 
the contacts are liable to weid. Factors 
involved in this case are the current on 
which the contacts close, the material or 
materials of which the contacts are made, 
and the amount of arcing obtained dur- 
ing closure—the latter being determined 
by the mass of the contacts, their velocity 
and the forces involved: that is, the 
initial contact pressure and the magnet 
pull. The design must be such as to ob- 
tain the proper relationship of these 
factors to limit the rebound to as small a 
value as possible. Use of the contact 


materials which are not readily welded 
offers many possibilities, but care must be 
exercised to keep their resistance low. If 


the contacts are to be enclosed in rela- 
tively tight chambers for obtaining phase 
isolation and for protection against the 
entry of foreign materials, the enclosure 
must be madesufficiently strong to prevent 
breakage under the relatively high pres- 
sures built up when the arc is broken, or 
some provision must be made to permit 
the pressure to be relieved. 


Arrangement 


Two general contact structures are 
available. The moving contacts may be 
carried on a pivoted arm which is in 
turn operated by the magnet. In this 
form, the contacts are generally single 
break and have flexible connections to 
carry the current to the moving part. 
For high current values the connections 
must be quite large and heavy, so that 
in order to retain flexibility they are 
made relatively long. It was thought that 
a better choice for the larger-size contac- 
tors would be the use of bridging-type 
_ contacts. Figure 1 shows the arrange- 

ment of the contacts and terminals and 
is typical of three-pole contactors rated 
-25 amperes and higher. The contact 
cover and the terminal covers have been 
removed and the moving contact assembly 
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lifted out. All stationary contacts are 
fastened to a molded insulating board 
with barriers to separate the phases. 
The moving contacts with their springs 
are carried in a sliding insulator assembly 
which is guided in a slot formed by the 
barriers provided between the stationary 
contacts. The barriers are designed to 
fit into recesses in the contact cover in 
such a manner that each contact is an 
individual chamber formed by the bar- 
riers, the slider, and the cover. While the 
closure between chambers is not abso- 
lutely sealed, the connecting spaces are 
very narrow and of such length that the 
gases are deionized before passing from 
one to the other. A seal against the en- 
trance of dust is obtained by use of a com- 
pressible heat-resisting gasket between 
the edges of the cover and the base. 
Covers are provided over the terminal 
screws to prevent accidental contact by 
personnel or by objects which might fall 


Figure 4. Three-pole double- 
throw five-ampere contactor 


across them. The sliding contact member 
is actuated by a pivoted lever, one end of 
which fits into the sliding bar and the 
other end of which is connected to the 
solenoid plunger. The contact bar and 
the solenoid plunger form a balanced 
structure which has essentially the same 
mass on each side of the pivot and is 
therefore unaffected by acceleration 
forces, making the device insensitive to 
shock and vibration. On double-throw 
contactors two similar contactors are 
mounted side by side on a common base 
as shown in Figure 2. A pivoted me- 
chanical interlocking bar prevents one 
plunger from pulling in to close the con- 


Figure 5. Three-pole latched 


contactor 


Rated 120 amperes continuous 
with 4,000-ampere — short- 
circuit capacity 
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tacts associated with it if the other plun- 
ger is already in its sealed position. Suit- 
able covers with sealing gaskets protect 
the mechanism from mechanical inter- 
ference and the entrance of dust. 


The smaller-rating contactors are 
readily adapted to the pivoted armature 
construction and accordingly are made in 
this form. Figure 3 is typical of the con- 
struction used and shows a 25-ampere 
single-pole single-throw contactor. A 
single bridging contact is used in this 
case, whereas on the three-pole contactor 
single-break finger-type contacts with 
flexible connectors are used. Double- 
throw contactors consist of two con- 
tactors mounted on a common base and 
mechanically interlocked to prevent si- 
multaneous operation. Figure 4 shows a 
five-ampere three-pole double-throw con- 
tactor. 


Contacts of the latched contactor are 
of the bridging type. The arrangement 
is similar to that used on the larger three- 
pole switches. The closing magnet con- 
sists of a solenoid which pulls the contacts 
into the closed position where they are 
held by a latch operating on the lever 
which moves the contact bar. The mag- 
net coil is disconnected as soon as the 
contacts reach their sealed position by 
means of a single-pole double-throw 
switch operated from the contact bar. 
Sufficient overtravel of the contacts be- 
yond the normal wear allowance is pro- 
vided, so that the coil disconnect switch 
does not operate until after full latch 
engagement is obtained. This must be 
done to prevent the possibility of failure 
of the contacts to latch under low coil 
voltage. The coil switch also is con- 
nected in the circuit of the trip coil so 
that, when the main contacts are in the 
closed position, the trip coil may be 
energized to permit the main contacts to 
open. Intermittent-duty coils are ener- 
gized only long enough to close or open 
the main contacts. In order to prevent 
“telegraphing,’’ the operating and latch 
mechanism is arranged to prevent the 
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closing magnet from closing the contacts 
following energization of the trip magnet 
until the closing-coil circuit has been 
opened. The contactor is ‘‘trip-free,” 
that is, it cannot be held closed when the 
trip circuit is closed. Additional contacts 
are provided for electrically interlocking 
other circuits. Figure 5 shows the con- 
struction used in this contactor. 

In order to protect other apparatus in 
the circuit, the fuses and the latched con- 
tactors must be co-ordinated in design to 
provide the proper protection from each 
under fault conditions. Accordingly, a 
specification has been established  re- 
quiring that complete current inter- 
ruption take place within 0.01 second 
after the trip impulse has been initiated. 
This time includes the arcing time and 
the time required for the contacts to 
begin to part. The worst condition 
which might be encountered is on single- 
phase where the arc might persist for 
one-half cycle plus the time required 
for the contacts to reach a gap great 
enough to prevent the are from restriking. 
On 400 cycles this time will be something 
less than 0.002 second. The contacts 
must separate ‘n (0.008 second or less 
after the trip-coil impulse is started. 
Results indicate that this time can be 
met satisfactorily. 
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Figure 6. Three-pole double- 

throw aircraft contactor and 

comparable commercial con- 
tactor 


Various sizes and 


Figure 7. 

types of contactors required 

on large aircraft with a-c elec- 
tric systems 


Summary 


Requirements for aircraft contactors 
may be summarized briefly as follows. 


1. Small size and low weight. 


2. Resistance to vibration and shock inci- 
dent to their use on aircraft. 


3. Ability to operate under a wide range of 
temperature, humidity, and pressure. 


4. Enclosures to exclude dust from con- 
tacts and mechanism. 


5. Ability to handle normal and emergency 
load conditions. 


6. Confinement of arc within the device. 


Analysis of these requirements and 
design to obtain maximum utilization of 


Russell, Charbonneau—A ircraft Contactors 


materials enables contactors to be built 
which are much smaller and Aghter than 
their commercial counterparts. This 
is illustrated in Figure 6 which shows a 
50-ampere three-pole double-throw air- 
craft contactor and a commercial con- 
tactor of the same rating. It should be 
noted that the commercial device is 
open whereas the aircraft contactor is 
completely enclosed. “ 

Figure 7 shows all of the contactors 
designed to meet the needs of aircraft 
a-c electric systems. They include single- 
pole single- and double-throw contactors 
rated at 25 amperes; three-pole single- 
and double-throw contactors for 5, 25, 
50, and 100 amperes; and a 120-ampere 
three-pole latched contactor or circuit 
breaker. Performance in each case 


meets the anticipated conditions which 
might be encountered in a-c systems used 
on aircraft and, with the exception of © 
life, which for aircraft applications is 


much lower than required in commercial 
applications, either meets or exceeds 
the conditions required on the equivalent 
commercial contactor. 
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Fdlustrial Control—Shunted-Armature 
Connection for a D-C Shunt Motor 


G. F. LELAND 


NONMEMBER AIEE 


\\ 

HERE are many operations in appli- 

cations where d-c shunt motors are 
used where it is necessary to slow down 
the rotating system in order to perform 
certain functions. Many typical ex- 
amples are found in machine-tool work, 
such as cross-feeding of a tool, milling- 
cutter slow-down for sharp corners, ac- 
curate positioning of tool to work, slow- 
down of a grinding wheel for dressing. 
Other examples are found in the slowing 
down of a printing machine for the pur- 
pose of matching colors and occasionally 
to obtain a threading speed in a textile 
range drive. 
’ There are three common methods by 
which these slow-down speeds may be 
obtained: 


1. Resistance inserted in series with the 
armature is a method of slowing down a 
motor but has the disadvantage that the 
speed will vary considerably for slight 
changes in the torque demanded by the 
load, so that this method has poor speed 
regulation. 


2. Variable-voltage control is a circuit in 
which the generator field is adjusted to vary 
the armature voltage, while the motor field 
is left constant. This method gives a range 
of speeds up to basic speed with good speed- 
torque regulation and good efficiency but is 
inherently too costly for intermittent appli- 
cations such as were mentioned previously. 


3. If resistance is put in parallel with the 
armature in addition to series line re- 
sistance, a method of control known as the 
shunted-armature connection is given. This 
method provides good speed regulation at 
low initial cost and is ideally suited for 
short-time or intermittent slow-downs, 
despite the decreased efficiency due to losses 
in the shunt resistance. The method is in 
effect a potentiometer connection (see 
Figure 1). 


Scope of Paper 
' This paper presents a simple graphical 


method of obtaining the required shunt 
and series resistances for the shunted- 


armature connection to obtain any de- 


sired speed at a specified value of torque 
and also to give a predetermined no-load 
speed. An analytical verification of the 
graphical method is also presented. 
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The method is outlined for the cases 
of a constant-speed’ motor and an ad- 
justable-speed motor. 


Nomenclature 


I=line current in amperes 

V=line voltage in volts 

R=series resistance in ohms 
S=shunt resistance in ohms 
E=back electromotive force in volts 
JI,=current through shunt resistance 
JI,=armature current in amperes 
Rg=armature resistance in ohms 
N=speed in rpm 
E,=back electromotive force in volts when 

I,=0 


All lower-case letters refer to the per 
unit value of the aforementioned quan- 
tities. 


T =torque in foot-pounds 
T=per unit torque 


The subscript FL refers to the full- 
load condition in the motor. The sub- 
script VLrefers to the no-load or running- 
light condition when full voltage V is 
applied. 


R,= V/Ipz=base or normal ohms 
No =rpm in per unit when 7,=0 


Analysis 


CONSTANT-SPEED MOTORS 


Application of Kirchoff’s laws to the 
circuit shown in Figure 1 yields the equa- 
tions, 


I=Ig+Ts (1) 
V=IR+E+1,Ra (2) 
and 
I,S=E+I,Ra (3) 
v 4 
Lit oe 
Fl F2 
SHUNT FIELD 
Figure 1. Elementary diagram for the 


shunted-armature connection showing shunt 
and series resistance 
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If equations !, 2, and 3 are solved 
simultaneously, a relationship between 
the armature current and the counter 
electromotive force is given as a function 
of the circuit resistances, The resulting 
equation is 


eR i 
hol Re! oes + R|- ye") (4) 


The intercepts of equation 4 are given 


by putting 7;,=0 and E=0. They be- 
come: 
See 
IK R 
a eieay (4a) 
and 
i) 
= V — 
0 SLR (4b) 


Equation 4 represents a straight line 
on the axes of armature current as the 


3 
= 
Ng 
1 Ne 
SS) 
Oo 
| ac 
> E Ig [Ra S+R) 4 R]=V-E (SB) 
R |e 
< 
(0,0) COUNTER EMF (E) 
Te 
Figure 2. Graphical 


representation of equa- 
tions 4, 5, and 9, show- 
ing that their points of 
intersections are deter- 
mined by the values 
of shunt and _ series 
resistance 


ordinate and counter electromotive force 
as the abscissa. 

Let equation 4 be solved simultane- 
ously with the motor equation, 


V=E+1,R, (5) 


to find the point of intersection. 
Substitution of E= V—I,R, from equa- 
tion 5 into equation 4 gives 


S-+-R y 
i [x Ste] VEER 
Ss S 
(6) 
which reduces to 
S+R 
I,R= a al (7) 


so that, at the point of intersection, 


Q=—-V/S (8) 
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Now, if equation 4 is solved simul- 
taneously with the straight-line equation, 


O=E+IgRa (9) 
the point of intersection becomes 
In=V/R (10) 


This shows that, if equations 4, 5, and 
9 are plotted on the same co-ordinates of 
I, and E, their points of intersection are 
determined by the values of shunt and 
-eries resistance. These relationships‘are 
shown in Figure 2. 


Per Unit SYSTEM 


Let line voltage V be 100 per cent or 
base voltage, full field current Jp, be 


BUi,-rq) Ali,i-ra)¥—-4 


=I- 


Figure 3. Relationships of 
Figure 2 shown in the per 
unit system 


base current, and no-load speed Ny, be 


base speed. 

Since 

T= chlq (11) 
and 

E=KoN (12) 


then, by eliminating ¢ from equations 11 
and 12, 


CuEl 
T=— — 
K N Gs) 
and 
E ide sie 
Tr=_ ye N Ipz (14) 


since the back electromotive force equals 

line voltage at no-load speed. Therefore, 

base torque is full-load torque which is 

consistent with the aforementioned base 

quantities of voltage, current, and speed. 
Tn this per unit system, 


Per unit volts e=E/V 
Per unit current 1=I/Ipyz, 
Per unit speed n= N/Nyz 


Per unit torque T=7/T pz, 
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Also, 

Normal ohms R, = V/Ipyz 
so that 

Per unit ohms=ohms/R, 


If equations 11 and 12 are put into the 


per unit system, 

T =i, (15) 
and 

e=n (16) 


Figure 3 is obtained by transposing 
Figure 2 into the per unit system and 
using torque and speed as co-ordinates 
alternately with current and voltage as 
permitted by equations 15 and 16. 

Equations 5 and 9 in the per unit 
system become 


1=e+igha . (17) 
O=e+igra (18) 


If ig is put equal to unity in equations 
17 and 18 to find the co-ordinates of two 
points A and B in Figure 3, A (1, 1—7¢) 
and B (1, —7q) are yielded, so that equa- 
tions 17 and 18 are determined only by 
the value of internal resistance in per 
unit at the unity-current point. 

Equation 4 in per unit is 


ial r aes (19) 


When 7, equals zero, equation 19 becomes 


Pee 
sr 
From equation 4b: ° 


SS. Fh Beane 


&o (20) 


(21) 


Now, 


so that e,=n, from equation 21, and the 
intercept on the x axis is 


No =5/(s+1) 


Equation 19 is then easily plotted from 
the given data of one required speed- 
torque point and the no-load speed. 


Graphical Solution 


A sheet of graph paper is laid out with 
ordinate as current and abscissa as speed 
varying from zero to one. At the unity- 
current point, the points B and A (Figure 
3) are plotted by knowing the per unit 
internal resistance of the motor, Through 
these points and the (0, 0) and (1, 0) 
points, respectively, straight lines are 
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oy 
ve 


drawn. From the given data of a speed- 
torque point (74, ») in per unit and the 
per unit no-load speed required (m,), a 
straight line is drawn. The two points 
of intersection of these three straight 
lines yield the reciprocals of the shunt 
and series resistance in per unit. 


EXAMPLE 


A machine driven by a ten-horsepower 
230-volt 1,150-rpm d-c shunt motor must 
be slowed down for a short time, so that 
the shunted-armature connection is 
indicated. The stated requirement is 
that the slow-down shall be 45 per cent 
of the full-load motor speed, and that 
the speed regulation shall be such that 
the speed will not exceed 66?/3 per cent 
of the full-load speed, if all load is re- 
moved from the motor shaft. It is given 
that the load demands 34 per cent of full- 
load torque, referred to the ten-horse- 
power motor, at 45 per cent of the motor- 
rated speed. 

Since 100 per cent or per unit speed has 
been defined as the no-load speed of the 
motor, the full-load speed can be ob- 
tained by subtracting the per unit in- 
ternal drop from unity. For this size 
motor the internal resistance is usually 
taken as ten per cent normal ohms, so 
that points A and B can be plotted on 
Figure 4. 

The lines drawn through these points 
and the points (1, 0) and (0, 0) represent 
the motor characteristics with no added 
shunt or series resistance. 

The 45 per cent speed referred to the 
no-load speed becomes: 


0.45 X0.9 =0.405 
while the 662/3 per cent speed becomes: 


0.66?/3X0.9 =0.6 


Figure 4. Graphical solution of example 
presented in the text 
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This translation of reference speeds 
from the full-load to the no-load base 
permits the plotting of the operating 
points in the per unit system as points 
Cand D, Figure 4. A line drawn through 
these two points and extended will inter- 
sect the motor curves at points F and G. 
For this particular solution, the ordi- 
nates of the points of intersection are 
(+1.2) and (—0.8). The reciprocal of 
these two values gives the per unit ohms 
of the series and shunt resistances, 
respectively. 

Therefore, 


r=1/1.2=0.833 
s=1/0.8=1.25 


With 100 per cent ohms equal to line 
voltage V divided by full-load current 
Tpz, the necessary resistances to meet the 
preceding requirements are: 


R=230/39 X 0.833 =4.91 ohms 
S=230/39X1.25=7.37 ohms 


Adjustable-Speed Motors 


A similar graphical construction can 
be used to determine the correct resist- 
ances for use with adjustable-speed 
motors. For these motors, load data are 
usually given with reference to the high- 
_est horsepower which occurs at the 
highest speed. To obtain speed control 
between highest- and lowest-rated speed, 
the field current is varied. For speeds 
below the lowest-rated speed, the arma- 
ture-shunt connection is used. There- 
fore, if speeds are referred to this lowest- 
rated speed as base speed and base 
torque is full field torque, the graphical 
solution is-identical with that for con- 
stant-speed motors. For example, as- 
sume that an application using a 71/2/10- 
horsepower 500/1,000-rpm, 230-volt d-c 
motor must be controlled to give 250 
rpm at 80 per cent torque. This latter 
figure refers to the high speed or weak field 
torque and is therefore 40 per cent of 
full field torque. Accordingly, the point 
which corresponds to D in Figure 4 is 
plotted at 


250 (0.9) 


500 =45 per cent speed and 40 per cent 


torque 


Specification of the required speed with 
no load on the motor shaft. or specifica- 
tion of the speed regulation determines 
the second point, so that the straight line 
can be drawn as before. 


Conclusion 


In many applications the torque de- 
manded by the load is not known very 
accurately, although the required. speed 
is well defined. The application engi- 
neer can compensate for the inaccuracy 
with which the load torque is known by 
using the shunted-armature connection 
and by so choosing a value of shunt re- 
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Possibilities of Heat Pumps for 


Heating Homes 


R. U. BERRY 


ASSOCIATE AIEE 


Synopsis: Heat pumps are refrigerating 
systems in which the principal interest is 
in the heat given off by the condenser. A 
portion of this comes from the electric 
input to the compressor and the remainder 
from cooling an external source of heat, 
usually outdoor air. Heat output is several 
times the equivalent of electric input, and 
these systems offer possibilities of fuel 
economy beyond anything possible with 
fuel-burning equipment. These systems 
can be used for all-year air conditioning, 
but the heat requirement dictates larger 
equipment than necessary for cooling only. 
Electric-load requirements are attractive, 
but further development is necessary and 
will be dependent on the promotion of 
summer air conditioning for homes. 


OME 92 years ago Lord Kelvin first 
called to our attention the fact that 
refrigerating systems are reversible, and 
that they have some unusual and inter- 
esting characteristics when operated as 
heating systems. Interest in the idea re- 
mained very low until about twenty years 
ago, when the development of the domes- 
tic electric refrigerator and commercial 
refrigeration for food preservation began 
to make engineers think of summer air 
conditioning for homes and buildings as 
something more than just a far-off dream. 
Since then interest, as judged by technical 
publications, has steadily increased, and a 
few actual installations have been made. 
Practically all of the installations were 
made before the war and nearly all of 
them are in successful operation today. 
To predict that in the next ten years a 
substantial proportion of our homes will 
not be heated by heat pumps seems rash, 
in view of the rapid development we have 
already seen in other types of equipment 
for the home. Therefore, it would appear 
to be of interest to analyze the prospects 


Paper 44-156, recommended by the AIEE com- 
mittee on domestic and commercial applications for 
presentation at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944. Manuscript 
submitted May 3, 1944; made available for printing 
May 19, 1944, 
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air conditioning and commercial refrigeration 
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as they exist today somewhat sympatheti- 
cally, even though the way in which wide- 
spread use may be obtained is not. yet 
clear. 


Description of a Heat Pump 


The heat which a domestic refrigerator 
absorbs from its cabinet through its 
evaporator does not just disappear. By 
means of a mechanical compressor, the 
temperature of the absorbed heat is raised 
to the point at which the heat can be 
transferred to the air outside of the 
cabinet through its condenser. In so 
doing it adds to the absorbed heat the 
heat equivalent of the work done by the 
compressor, and the sum of the two 
quantities of heat result as heat added to 
the room air surrounding the cabinet. 
When the reason for using the refrigerator 
is to take advantage of the lowered tem- 
perature inside the cabinet, it is called a 
refrigerator. When the primary object 
is to heat the surrounding room, it is 
called a reversed-cycle refrigerator or a 
heat pump. The type of equipment used 
in either case is the same. In the case of 
the heat pump heating a home, instead 
of placing the evaporator inside of an 
insulated cabinet, it is more effective to 
place it in the outdoor air or in a supply 
of water that can be cooled, and the con- 
denser is usually in the form of a finned 
coil, with a fan blowing the heated air 
from the coil through ducts to the house. 
In any case, the heating of the house air 
and the simultaneous cooling of the out- 
door air or water supply are fundamental 
to the heat pump, even though the out- 
door air being cooled may be at a tem- 
perature well below zero. 

Figure 1 shows a simplified schematic 
diagram of a direct-expansion heat pump. 
When operating in the winter time for 
heating, air from the house is forced 
through the condenser, where it is heated 
sufficiently to satisfy the heat loss of the 
house. Air from ‘outdoors is forced 
through the evaporator, where it is cooled 
sufficiently to provide its contribution of 
heat to be transmitted to the house. 


sistance to give a good speed regulation. 
Without a graphical solution, simul- 
taneous equations must be solved analyti- 
cally. The method previously presented 
is particularly useful because of its 
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simplicity in obtaining a particular solu- 
tion as well as determining families of 
curves that show the effect of shunt and 
series resistance on the speed-torque 
characteristics. 
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The liquid refrigerant inside the evapora- 
tor is boiled by the heat from the outdoor 
air at a boiling pressure and temperature 
sufficiently below the outdoor-air teim- 
perature to effect the necessary heat trans- 
fer. The compressor draws the refriger- 
ant gas from the evaporator and dis- 
charges it to the condenser at a high 
enough pressure and temperature so that 
it will condense and transfer its heat to 
the outgoing house air stream. The 
expansion valve maintains the pressure 
difference between condenser and evapo- 
rator by regulating the flow of refrigerant 
through the system. To use this same 
system for cooling the house in summer, 
the outdoor air and house air streams are 
interchanged with dampers, or an equiva- 
lent result is accomplished by other means. 

If all losses are neglected, the heat out- 
put from the condenser of this system is 
equal to the heat input to the evaporator 
plus the electric input to the compressor 
moter. Since the outdoor air is free, the 
efficiency of the system is the heat output 
divided by the heat equivalent of the 
electric input, and because this is always 
greater than 100 per cent, it is called a 
coefficient of performance. The electric 
input multiplied by the coefficient of per- 
formance gives the heat output to the 
house. 


Efficiency 


The relative proportion of the heat ob- 
tained from electric input and from out- 
door air depends primarily on the indoor 
and outdoor temperatures. This is quite 
different from a fuel-burning furnace, in 
which efficiency is substantially inde- 
pendent of outdoor temperature. As in 
the case of a steam-power plant, the heat 
pump is a heat engine absorbing heat at 
one temperature level and discharging it 
at another; the principal difference is 
that a steam-power plant delivers me- 
chanical work from the engine, whereas 
the heat pump absorbs it. Both follow a 
Carnot cycle in the theoretical ideal, and 
the theoretical ideal efficiencies are similar 
in form, that for the heat pump being 


T) 


Coefficient of performance = eae 


where 7, is the house or condenser tem- 
perature (both being the same in the 
ideal) and T, is the outdoor or evaporator 


A-C POWER 
SUPPLY 


MOTOR 


COMPRESSOR 


Schematic diagram of elements 
of a heat pump 


Figure 1. 
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temperature. Temperatures in this case 
must be measured on the absolute scale. 
Curve A in Figure 2 shows the coefficient 
of performance for a perfect Carnot en- 
gine heat pump maintaining 70 degrees 
Fahrenheit in a house at various outdoor 
temperatures. It will be noted that with 
a heat pump at 20 degrees Fahrenheit 
outdoor temperature it is theoretically 
possible to obtain 10.6 times as much heat 
in the house as would be possible by using 


COEFFICIENT OF PERFORMANCE 


OUTDOOR TEMPERATURE - DEG. F 


Figure 2. Efficiency characteristics of a heat 
pump maintaining a house at 70 degrees 


the same power input in electric resistance 
heaters. In addition to a perfect heat 
engine this would require condenser and 
evaporator heat-transfer surfaces suffi- 
ciently large to transfer the heat without 
appreciable temperature differences, and 
correspondingly large air flows in the 
house and outdoor air circuits. Sizing 
the heat-transfer surfaces and air flows 
to values that would be considered prac- 
tical in a summer air-conditioning system 
of similar proportions would give curve B 
in Figure 2, where the refrigerant con- 
densing temperature has been increased 
and evaporating temperature decreased a 
total of 60 degrees Fahrenheit. This 
would permit delivery of heated air to the 
house at a temperature between 105 to 
110 degrees Fahrenheit, which is con- 
siderably lower than would be used with 
a fuel-burning warm-air heating plant, 
but not enough lower than usual discharge 
temperatures from a normal year-round 
residential air-conditioning system to 
have a prohibitive effect on the cost of 
fans and duct work. 

Curve C in Figure 2 shows coefficients 
of performance that can be obtained with 
refrigeration equipment available today. 
This curve differs from curve B in that 
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proper allowance has been made for the. 
use of Freon 12, instead of a perfect re- 
frigerant, for ‘mechanical and other in- 
efficiencies of equipment and for power 
required by auxiliaries such as fans. The 
performance indicated by this curve is 
believed to have been reached by installa- 
tions now in operation using outdoor air 
as a source of evaporator heat. It will be 


noted that in climates such as Pittsburgh’ 


or Philadelphia, where less than three per 
cent of the requirements of the heating 
season occur at below 20 degrees Fahren- 
heit outdoor temperature, an average 
coefficient of performance for the whole 
heating season of better than three to one 
can be reasonably expected. 


Fuel Economy 


At about 52 degrees Fahrenheit outdoor 


temperature, the realizable coefficient of | 


performance reaches four to one. The 
best steam-power generating plants today 
have an over-all thermal efficiency of ap- 
proximately 34 per cent. Hence, even 
with a 15 per cent allowance for trans- 
mission losses between the generating 
station and the home, the heat pump will 
deliver at the 52 degrees Fahrenheit out- 
door condition 116 per cent of the heat 
that was in the fuel burned at the genera- 
ting station for supplying energy to the 
heat pump. Under favorable conditions 
the heat pump can pick up from its out- 
door air more than all of the losses from 
the system, including the heat rejected to 
its cooling water by the generating sta- 
tion. At first glance this might appear to 
offer encouragement to the seekers of 
perpetual motion machines, but a second 
glance reveals that, while we have in- 
creased the number of Btu available at 
the heat-pump condenser over what we 
started with in the fuel, its temperature 
level would not be attractive to the cen- 
tral-station operator as a source of me- 
chanical work. The heat pump effects a 
favorable exchange of high-grade electric 
energy for a greater quantity of low- 
grade heat energy, and it is well known 
that the same favorable rate of exchange 
cannot be obtained in the opposite direc- 
tion. However, the heat output of the 
heat pump is quite suitable for heating 
homes, and even at a three to one season- 
average coefficient of performance and 15 
per cent electrical transmission losses, it 
gives 87 per cent over-all fuel economy. 
This is substantially better than can be 
obtained with the best domestic auto- 
matic fuel-burning equipment, and more 
than 50 per cent better than a good hand- 
fired domestic coal furnace wiil give. As 
time goes on undoubtedly more efficient 


central stations and more efficient heat-_ 


pump equipment will be developed, and 
it is not impossible to imagine»that heat 
pumps may some day be required just 
from the point of view of conservation of 
our national fuel resources. Curve A in 


Figure 2 shows plainly that the develop- + 
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ment of this type of system is not limited 
to 100 per cent fuel economy. 

Of course, fuel utilization efficiency is 
not so interesting to the operator of a 
heat pump as is the annual operating cost 
in dollars. Here there can be a consider- 
able variation of opinion, because there 
are no reliable statistics available on the 
actual average operating efficiencies of the 
various kinds of fuel-burning domestic 
heating plants. If we assume hand-fired 
coal furnaces at 55 per cent efficiency, and 
oil and gas automatic furnaces at 75 per 
cent efficiency, they would compare as 
follows with a heat pump averaging 3.0 
coefficient of performance and using 
power at one cent per kilowatt hour. 
The heat pump would have the same 
operating cost as: 


1. Coal at $14 per ton. 
2. Oil at ten cents per gallon, 


3. Manufactured gas at 40 cents 
thousand cubic feet. s 


per 


4. Natural gas at 80 cents per thousand 
cubic feet. 


This is approximately the picture as it 
exists today for a heat pump constructed 
with general-purpose refrigeration equip- 
ment in a climate such as Pittsburgh and 
drawing its evaporator heat from. the 
outdoor air. It can be improved sub- 
stantially by circulating more house air 
at a lower temperature and using larger 
heat-transfer surfaces, thus increasing the 
first cost and departing from present 
limits of practice in year-round air-con- 
ditioning systems. It can be improved, 
also, by further development of the equip- 
ment, or by finding a higher-temperature 
source of heat for the evaporator than 
outdoor air. 

The possibilities of higher-temperature 
heat.sources have been well explored but 
possibly not exhausted. Most city water 
supplies are at a high enough temperature 
in winter to be usable as a heat source, 
but the cost of the water usually will ex- 
ceed the power saving. The use of the 
heat of fusion of water by freezing ice 
presents the problem of disposing of tons 
of ice per day per home in very cold 
weather. The use of well water, where 
available for the cost of pumping, can 
give average coefficients of performance 
of higher than four to one, and has been 
used very successfully, but since the 
availability in the United States is very 
limited, this furnishes only a local solu- 
tion to the problem. 


Output Characteristics 


Curve A in Figure 3 shows the output 
characteristic, calculated from test data, 
of a heat pump using a constant-speed 
71/>-horsepower condensing unit with an 
outdoor air evaporator.. In spite of the 
fact that the coefficient of performance or 
efficiency falls off at low outdoor tem- 
peratures, the power input, as shown in 
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curve B, also falls off because of the de- 
crease in circulation of refrigerant at low 
suction densities as the evaporator tem- 
perature and pressure fall. Curve C 
shows the requirements of a house needing 
85,000 Btu per hour at zero degrees Fah- 
renheit outdoor temperature, which would 
be a three-bedroom house of average pro- 
portions, well insulated, in a climate such 
as Pittsburgh or Philadelphia. Such a 
house would be in the $8,000 to $10,000 


120 
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Figure 3. Output characteristics of a heat 
pump with constant-speed 71/9-horsepower 
compressor 


price range at prewar levels. The 7!/- 
horsepower heat pump has capacity to 
heat this house down to 15 degrees Fah- 
renheit outdoor temperature. Rather 
than use a larger heat-pump system to 
take care of temperatures below 15 de- 
grees Fahrenheit, a storage scheme could 
be used. The excess capacity of the 
system at temperatures above 15 degrees 
Fahrenheit would be used to heat water 
in a storage tank to a temperature of 
100 to 110 degrees Fahrenheit, and when 
the outdoor temperature falls below 15 
degrees Fahrenheit this reservoir of heat 
can be drawn upon to maintain the house. 
The size of storage tank that will be re- 
quired will depend upon the severity of 
the longest cold spell below 15 degrees 
Fahrenheit to be expected at the location 
of the heat pump. In Pittsburgh, the size 
of the tank would be of the same order 
of magnitude as the fuel-oil storage tank 
that might be used if the same house 
were heated with an oil-burning furnace. 

Sources of auxiliary heat other than 
storage also can be used where advan- 
tageous. The city water-supply system 
is a convenient source in this case, be- 
cause the total usage will be small enough 
so that the cost is not important, and the 
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demand would come at a season when 
practically all city water systems have 
ample surplus capacity. A small auxil- 
iary evaporator cooling this water would 
be called upon for less than three per cent 
of the integrated heating-season demand 
in the Pittsburgh climate. 

From curves A and C in Figure 3 it is 
obvious that the constant-speed com- 
pressor gives far too much capacity at the 
higher outdoor temperatures. This is not 
desirable in any warm-air heating system, 
where it is likely to cause short cycling and 
excessive temperature fluctuation in the 
house. This type of system, therefore, re- 
quires a multispeed compressor motor or 
other means of capacity reduction, with 
the necessary controls to modulate the 
system output to the approximate re- 
quirements of the house. 

A requirement of 85,000 Btu per hour 
to heat a house at zero degrees Fahrenheit 
is composed of conduction through walls 
and windows, and infiltration of outside 
air. In summer the indoor—outdoor de- 
sign difference is typically only 16 de- 
grees Fahrenheit, which reduces the Btu 
load to 19,400 Btu per hour. To this 


“ must be added the requirements for in- 


creased fresh-air supply, people, lights, 
solar radiation, and latent cooling of the 
fresh air and people. All of these can 
vary widely, but it can be said that the 
majority of insulated houses of this size 
can be air conditioned satisfactorily with 
a three-horsepower system giving from 
35,000 to 40,000 Btu per hour under hot- 
weather conditions. Some houses with 
large glass areas exposed to the sun may 
require five-horsepower systems. This is 
typical of most parts of this country, and 
brings out the fact that few summer air- 
conditioning systems, designed as such 
for residential use, can be converted to 
heat pumps without adding capacity. 
Conversely, the cost of installing a heat 
pump in a residence involves more than 
just the extra cost of controls and re- 
versing mechanism applied to a summer 
air-conditioning system. Whereas the 
capacity of the condensing unit may have 
to be increased in the ratio of 71/, horse- 
power to three horsepower, the increase in 
size of heat transfer and air-handling 
equipment generally will be considerably 
less. 


Initial Cost 


Any authoritative discussion of in- 
stalled prices of heat pumps would be 
hopelessly beyond the scope of a short 
exposition such as this. It would involve 
the effects of local codes and building- 
trades practices, methods of selling and 
installing, selection of installation mate- 
rials, and all the other things that cause 
large variations in prices between one 
locality and another, and between two 
installations in the same locality when the 
system is assembled from individual 
pieces specifically engineered in the field 
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to the requirements of a particular house. 
Nonetheless, some highly approximate 
estimated figures might be of value as an 
indication of relative costs compared to 
those of conventional systems, A warm- 
air oil-fired furnace for a new well-insu- 
lated house requiring 85,000 Btu per hour 
might be sold for $700 today in a medium- 
size city. This would include uninsulated 
duct work, grills, oil tanks, and all neces- 
sary items for a complete installation, 
with a minimum of accessories. If this 


installation had been purchased as a year- 
round system, the duct sizes would have 
been somewhat larger, parts of the duct 
work would have been insulated, and the 
added equipment might have included a 
condensing 


three-horsepower unit, an 
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evaporator coil mounted in the supply 
duct work, an evaporative condenser, 
refrigerant piping, cooling controls, re- 
frigerant, and numerous smaller items. 
If the same method of estimating is used 
as in the case of the simple furnace, this 
system complete would be sold for $1,650, 
Again, if the same basis for estimating is 
used, a 7!/,-horsepower heat pump with 
two-step capacity modulation, outdoor- 
air evaporator supplemented with a 
1,000-gallon insulated water-storage tank 
for peak load, and automatic controls 
except for manual changeover from heat- 
ing to cooling, would be sold for $2,600. 
The heat pump might in some cases be 
entitled to a credit of approximately $150 
because it would not need a chimney. 
These figures are not represented as being 
either average or typical, but are prices 
that might be encountered in a climate 
_ such as Pittsburgh if the standard heating 
and refrigeration equipment available 
today were used. The cooling equipment 
would be selected and installed by the 
contractor in the field from various de- 
signs and sizes of compressors, fans, heat- 
transfer surfaces, and so forth. Ob- 
viously, whenever a volume is reached 
sufficient to justify pre-engineered pack- 
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aged designs assembled in factories, the 
price of the complete system to the user 
would be considerably altered. 


Energy Usage 


Figure 4 shows the effect on electrical 
demand of installation of various types of 
systems in the typical six-room house in a 
Pittsburgh climate, Curve A is for refer- 
ence, and shows the average hourly de- 
mand of an all-electric home, containing 
all electrical appliances except heating 
and air conditioning. It averages 360 
kilowatt-hours per month total usage, and 
it will be recognized readily that few 
homes of this size actually approach or 
seldom exceed this figure. Curve B shows 


HEATING 


Figure 4. Kilowatt- 
demand require- 
ments of a_ heat 
pump at various 
conditions 


the demand of a three-horsepower sum- 
mer air-conditioning installation in the 
same house on a hot day, when the out- 
door temperature reaches 96 degrees 
Fahrenheit in the afternoon, Curves C 
and D show hourly demand curves for a 
heat pump in this house on a mild day 
and on a zero degree Fahrenheit day, re- 
spectively. If this house were heated 
with electric resistance heaters, the peak 
demand of the heating system would be 
25 kw. 

Ustimating the average annual energy 
consumption of a heat pump is obviously 
a tedious undertaking, because the coeffi- 
cient of performance is a function of out- 
door temperature and the result is doubly 
dependent on the weather. However, ap- 
proximate calculations for the average 
Pittsburgh climate, including both winter 
heating and summer cooling, give a total 
usage of 17,000 kilowatt-hours per year, 
If Pittsburgh represents an average cli- 
mate in the United States, for which 
reason it was chosen here, then, even after 
all homes have reached a lighting and 
appliance usage of 4,000 kilowatt-hours 
per year, it would require installation of 
heat pumps in only 25 per cent of them 
to double the domestic electric load. 
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Conclusions i 

Quite apart from the residential possi- 
bilities of heat pumps, these systems 
should receive greatly increased attention 
in the postwar period because of their 
commercial and industrial applications. 
Many industrial applications will be 
found where there will be an economically 
advantageous use for both the heating 
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and cooling that these systems provide -’ 


simultaneously. Many industrial and 
commercial applications will be found 
where summer air conditioning is neces- 
sary, and where a high internal cooling 
load will make the cooling equipment 
adequate as a heat pump without increas- 
ing its size. Again, the availability of 
well water or process waste heat at a 
temperature too low for space heating but 
above outdoor temperature may make 
the heat pump, as an addition to a cooling 
system, far more attractive economically 
than in the case of the residential applica- 
tion. 

If the increased interest is to carry over 
into the residential field and result in any 
widespread use, it is clear that further 
development work will have to be done. 
At present costs and performance it can 
be predicted safely that usage will be 
very limited except possibly in southern 
California and Florida, where the climate 
is much more favorable than in Pitts- 
burgh. However, from the standpoint of 
first cost, it is also clear that the heat 
pump, when developed, will be attractive 
principally to those people who want and 
can afford to pay for over-all summer air 
conditioning of their homes and not for 
just one or two rooms. ‘To date this 
market might be described as extremely 
small but promising. Hquipment con- 
sisting of an electrically driven summer 
air-conditioning plant in combination 
with a fuel-burning furnace has reached 
a good stage of development, and appli- 
cation of it to residences is well past the 
pioneer stage. However, it has not re- 
ceived the promotion that manufacturers 
and utilities gave to the household electric 
refrigerator, for example, when it was 
introduced, Certainly endeavors will be 
made to promote it in the postwar period. 
The future development of the heat pump 
for residential use probably will depend 
upon the relative success or failure of these 
endeavors. 
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HE electric-driven cargo winces 

used to load and unload a modern 
cargo vessel are required to give fast 
efficient operation. Wartime conditions 
have made the time for loading and un- 
loading cargo more important than ever. 
In addition to the need for optimum oper- 
ating characteristics, the war has also 
brought about changes in the construc- 
tion and assembly of the winches and 
their asseciated control. Every square 
foot of deck space is needed to carry cargo 
to the fighting fronts, and the space 
allotted to the winch must be kept to a 
minimum. In the past the winch, the 
control panel, and the resistor had been 
furnished separately, then mounted and 
wired on the ship. The time to install 
all this equipment on the vessel is now 
too long to keep pace with the accelerated 
shipbuilding program. The problem is 
being solved by furnishing the winch, the 
control, and the resistor, as a unit. This 
unit is interconnected so that very little 
wiring must be done on the ship and the 
installation time is materially reduced 
(see Figure 1). 

In this paper the operating character- 
istics required for an electric-driven cargo 
winch will be discussed. The manner in 
which these characteristics may be ob- 
tained by the use of a properly designed 
motor control, and the problems encoun- 
tered in incorporating control equipment 
in an enclosure mounted on the winch will 
be outlined. 


Control Requirements for the 
Cargo Winch 


Most cargo is handled by using two 
winches operating on a burtoning rig 
(see Figure 12 and appendix). This setup 
results in one winch hoisting the load 
and transferring the load to the other 
winch which lowers it. Either winch 
will hoist a load of a ton and a half ata 
speed of 290 feet per minute. Desirable 
operating characteristics for these winches 
are: 


1. Speed characteristics suitable for use on 
a burtoning rig. The speed of one winch at 
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light load must be matched by the other 
winch operating at full load. 


2. Rapid acceleration and deceleration of 
the load to decrease the load travel time. 
Acceleration of the load is an important 
factor in placing the load under the hatch. 


3. Extremely low speed, from 10 to 20 
feet per minute, lowering to land heavy 
loads. This feature is important when 
lowering a load into a lighter. The lighter 
may be moving up to meet the load, by the 
action of a wave, which effectively increases 
the landing speed. 

4. High hoisting and lowering speeds with 
an empty hook, approximately 400 feet per 
minute to give fast loading cycle. 

5. Intermediate hoisting speeds at light 
loads are necessary to transfer the load 
smoothly from one winch toanother. These 
intermediate hoist speeds also give better 
control of an empty hook. 


6. Good jogging characteristics. 


The desired cargo-winch operating 
characteristics may be obtained by the 
use of a d-c compound-wound motor. 
The proper connections of the motor to 
the line on the various operating points 
must be provided by the control equip- 
ment. These power-circuit connections 
for each point are shown, and the reasons 
why they are used are explained in the 
following. 


First-Point Hoisting 


This is a low torque point used to take 
the slack out of the cable and gears. The 


One-unit cargo winches installed 


on board ship 


Figure 1. 
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motor is connected to the line through a 
relatively large value of resistance, which 
limits the torque that may be produced 
on this point. In order to reduce the 
light-line speed a resistance is connected 
directly across the motor, inside the line 
resistance, which limits the no-load arma- 
ture voltage. The circuit is shown in 
Figure 2. 


Second-Point Hoisting 


A relatively low speed with full load is 
needed on this point. This may be 
obtained by using the same circuit as 
used on the first point and merely re- 
ducing the line resistance. This circuit 
gives a little greater light-line speed and 
produces enough torque to hoist full 
loads slowly.. The circuit is shown in 
Figure 2. 


Third-Point Hoisting 


The load speeds must be increased on 
this point and there is no need to hold 
the light-line speed to a low value as the 
two intermediate speeds provided on the 
first two points are sufficient. The load 
speed can be increased by removing the 
motor shunt resistor which also permits 
the light-line speed to increase, The 
circuit is shown in Figure 2. 


Fourth-Point Hoisting 


This point gives greater hoisting speed 
which is obtained by cutting the value 
of line resistance, 


Fifth-Point Hoisting 


The highet speed on this point is ob- 
tained by connecting the motor directly 
to the line. 


First-Point Lowering 


Extremely low speeds with all values of 
load are desirable on this point properly 
to land heavy loads, In addition, the 
motor should be capable of paying out 
cable with no load on the hook, The low 
speeds may be obtained by using a com- 
pound-wound motor, as a shunt-wound 
machine with heavy field excitation. This 
is accomplished by connecting the series. 
field to the line through a resistor and 
shunting the armature across the series. 
field. If the value of line resistance is 
kept low enough, the motor will have 
sufficient breakaway torque to start a 
light line downward. The speed on this. 
point is extremely low, even with the 
heaviest overhauling load. The circuit is. 
shown in Figure 2. 


Second-Point Lowering 


The higher speed that is required on 
this point is obtained by weakening the 
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Figure 2. Cargo-winch control characteristics 
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B. Hoisting power circuit dia- 
grams 


motor-field excitation. A resistance is 
also inserted in the armature circuit, 
so there will be a little more variation in 
speed with load. This lines up the full- 
load speed on this point with the no- 
load speed on the third point. See 
Figure 2. This is important when bur- 
toning a load, as one winch is handling 
full load and the other no load. The 
circuit is shown in Figure 2. 


Third-Point Lowering 


The increased speed on this point 
comes from a further reduction in field 
excitation, by the increased resistance 
in the series-field circuit. The rest of 
the circuit is the same as that on the 
second point, The full-load speed on this 
point lines up with the no-load speed 
on the fourth point, which is valuable 
for burtoning (see Appendix 1). The cir- 
cuit is shown in Figure 2. 


Fourth-Point Lowering 


Another speed increase is obtained by 
a further reduction in series-field excita- 
tion. Full-load speeds on this point line 
up with the speed at no load on the fifth 
point. 


Fifth-Point Lowering 


A high light-line lowering speed to de- 
crease the time to return the empty hook 
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LOWERING 


A. Cargo-winch speed—load characteristics for 50-horsepower motor 


geared to winch with 15 to 1 ratio 


must be furnished on this point. This 
speed is obtained by reducing the field 
excitation to a low value. 

In this case, the series field is entirely 
removed from the circuit, and the only 
field comes from the shunt field. This 
speed is extremely high, and it would not 
be safe to handle loads at this speed. 
For this reason, the connection is main- 
tained only with light loads, and, if the 
hook is loaded, the control circuit auto- 
matically returns the motor to the fourth- 
point connections. 


Off Position 


An emergency dynamic-braking cir- 
cuit, made up of the series field, the arma- 
ture, and a resistor, is available in this 
position. This circuit automatically will 
provide a restraining torque for any over- 
hauling load in case of power failure. 


Description of Control-Circuit 
Problems 


A number of interesting control-circuit 
problems was encountered in obtaining 
the desired motor power connections. 
Rapid response of the motor to the move- 
ment of the master-switch handle is 
needed to give good jogging character- 
istics, When the master-switch handle is 
moved, circuits are established to release 
the brake and to energize the motor. 
The pickup speed of the brake and the 
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C. Lowering power circuit 
diagrams 


time required for the contactors to close 
determine the ease with which the load 
may be jogged. The brake pickup speed 
is increased by the use of a quarter-volt- 
age coil on the brake, connected to the 
line through a resistor. This combina- 
tion reduces the effective circuit induct- 
ance which cuts the time of the current 
buildup, and thereby increases the pickup 
of the brake. The contactors designed 
for this application pickup and drop out 
much faster than the ones previously 


re 


used, These contactors are connected in | 


such a manner that they pick up directly 


from the master switch and do not have 
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Figure 3. Acceleration curves 


Hoisting from standstill to full speed with full 


load on the hook. Master switch thrown’ 

instantaneously from off position to fifth-point 
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to wait for sequencing from other de- 
vices. 

Another function of the control is to 
make rapid acceleration of the load pos- 
sible. This is important when lowering, 
as it permits the stevedore to swing a 
load under the hatch coaming by start- 
ing the load to swing and then paying 
out cable as it swings in the desired direc- 
tion. The more rapid the acceleration, 
the more the advantage that may be taken 
of the swing to place the load in the de- 
sired position. Rapid acceleration in the 
hoisting as well as in the lowering direc- 
tion reduces the total travel time. Very 
rapid load acceleration without exceeding 
maximum permissible torque is obtained 
by the proper spacing of the speed-torque 
characteristics in the hoisting direction, 
the addition of a timing relay to main- 
tain operation on point three for a half 
a second, and the operation on point four 
for as long as it takes 3A contactor to 
pick up through an interlock on 24. 
The current-versus-time and speed-ver- 
sus-time curves for fast movement of the 
master switch are shown in Figure 3. 
Faster acceleration in the lowering direc- 
tions is obtained by increasing the motor 
torque that drives the load downward. 
Gravity helps accelerate the loads in the 
lowering direction, and rapid release of 
the brake is important. 

The control problem that requires more 
attention than all others is the establish- 
ment of a decelerating circuit that will 
smoothly slow down a load being lowered 
at high speed without causing poor com- 
mutation. The circuit must be laid out 
on the basis that a stevedore may be 
operating the winch at full load and full 
speed, and may then rapidly return the 
master switch to an intermediate or the 
off position. When the winch is lowering 
full load, the metor is acting as a genera- 
tor with a very weak field and its counter 
electromotive force is equal to or slightly 
higher than line voltage. As the master 
switch is moyed toward the off position, 
the resistance in the motor loop circuit 
is decreased and the counter electromotive 
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Figure 4. Test data 


Deceleration from high-speed lowering with 
full load to standstill. Data from oscillogram 
taken during factory test on cargo winch 
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Figure 5. Elementary diagram of cargo-winch control 
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force will circulate a large current through 
the motor armature and series field. If 
the loop-circuit resistance is cut out 
quickly before the load is slowed down 
and the counter electromotive force de- 
creased, the current values will be large, 
and poor commutation will result. For 
this reason it is necessary to sequence the 
action of the contactors to give a time de- 
lay in reducing the resistance in the loop 
circuit. It is not enough to sequence the 
devices; a time-delay relay must provide 
prolonged operation with an intermediate 
value of resistance. This slows down the 
load, thereby reducing the counter elec- 
tromotive force and the resulting current 
peak when the loop-circuit resistance is 
decreased. The current-versus-time and 
speed-versus-time curves obtained for 
rapid deceleration of full load are shown 
in Figure 4. The automatic-deceleration 
feature not only makes it possible to 
bring the load to rest as quickly as 
practical, but also permits plugging from 
the lowering to the hoisting direction. 
The deceleration of the load by the motor 
reduces the job to be- done by the brake 
in stopping the load. On the winch-con- 
trol circuit, the release of the electric 
brake is held off until the timed decelera- 
tion is completed. This prevents the 
brake from setting until the dynamic- 
braking circuit has reduced the speed at 
which the brake would be applied to ap- 
proximately one half. This reduces the 
wear on the linings considerably. 

One other part of the winch-control cir- 
cuit is, the safety features provided. 
The use of a shunt-wound brake is neces- 
sary on this application, since the current 
distribution between the series field and 
armature circuit is not well suited for the 
use of a series-wound brake. The series 
brake usually is considered very safe, as 
it is located in the power circuit (between 
S2 and R4), and a failure in the supply 
sets the brake. Some of the safety fea- 
tures of a series brake can be obtained 
when using a shunt brake, if the coil of 
the brake contactor is connected in series 
through H or L coils. This prevents re- 
lease of the brake if coils of either of these 
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Figure 6. Front view 
of unit winch control 
with all doors open 


devices fail. The most serious failure 
which could occur would be that of the H 
contactor when hoisting, as the load 
starts to drop, and there is not as much 
tendency for the stevedote to return the 
handle to the off position. An emergency 
switch is provided for stopping the motor. 
The circuits are set up so that failure of 
H or IDB contactors :de-energizes the 
coil of the normally closed emergency 
contactor 2DB. This establishes the off- 
position dynamic-braking loop circuit. 
Another safety feature is the interlocking 
provided between the relay 24 R and con- 
tactor M. The relay 24R weakens the 
shunt field when it is de-energized, 
thereby providing higher light-line speeds 
on the last three hoisting points. If this 
relay should fail to remain in the closed 
position in the lowering direction, the 
motor speed would be high. This is 
very important on the fifth point as the 
contactor M is opened, removing the 
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Figure 7 (left). Nor- 
mally open 


Figure 8 
Normally 


series field, with a light load. The use of Hi 


a normally closed interlock on 2AR 
connected to the coil of M prevents 
removal of the series field with a light 
load. The use of a normally closed inter- 
lock on 2AR connected to the coil of MW 
prevents removal of the series field if 
2AR is de-energized and the shunt field 
weakened. The control circuit with the 
safety features mentioned that gave the 
necessary power connection is shown in 
the elementary diagram (Figure 5). 


Construction of Control Equipment 


The specifications for cargo-winch con- 
trol on the newer vessels require the con- 
trol equipment with the exception of the 
master switch to be mounted directly 


con- 
tactor 


(right). 
closed 
contactor 


on the side of the winch. In this location 
the equipment must be protected from 
the action of rain and waves, as well as 
take a minimum amount of space. The 
standardized Maritime Commission de- 


sign for cortrol equipment has the elec . 


tric brake, the control panel, and the re- 
sistor located in separate compartments 
of a large waterproof enclosure on the 


Figure 9. Load relay 
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side of the winch. See Figure 6. The 
case is constructed of 3/;,-inch steel, re- 
inforced with partitions to give it in- 
creased strength. The control panels 
located in the middle compartment must 
be easy to service and relatively easy to 
remove if this should be necessary. This 
necessitates the panel being built in three 
sections which may be removed from the 
front of the enclosure. The weight and 
‘size of each panel is kept small by the 
use of a new-type marine contactor. The 
new normally open as well as the nor- 
mally closed contactors have their arma- 
tures pivoted on synthetic-rubber bear- 
ings. The normally closed contactor is 
provided with an Alnico magnet to give 
rapid opening of the main contact tip. 
See Figures 7and8. Totally enclosed elec- 
trical interlocks are used with these new 
contactors. The relays are located on 
the bottom panels, and the load relay, 
which gives high-speed lowering with 
light load, is especially designed for this 
application. The relay is both small and 
lightweight. The device has a magnetic 
circuit made up of an Alnico magnet and 
a series coil carrying motor-armature 
current. See Figure 9. The design of 
the device is such that it gives positive 
snap action when the critical value is 
reached. A heater of 100-watt capacity 
‘is located in the panel compartment to 
keep the temperature above the outside 
ambient temperature, and prevents con- 
densation of moisture. 


The magnetic brake is solenoid-oper- 
ated with the solenoid located above the 
motor shaft. This construction keeps the 
width of the brake compartment small. 
The brake designed for this application, 
shown in Figure 10, is a two-shoe brake. 
The brake resistor also is located in the 
compartment. 


The power resistor (see Figure 11), 
which is located in the remaining com- 
partment, is called upon to dissipate 
quite a bit of power, particularly on the 
slow-speed point. It was not possible to 
furnish a totally enclosed resistor in the 
available space because of the tempera- 
ture rise of the resistor and case that 
would result. The only alternative was 
to provide forced-air ventilation for the 
resistor. The specifications require the 
resistor compartment to be watertight 
when the equipment is not being used and 
the ship is at sea. The openings used for 
air intake and outlet for resistor ventila- 
tion are provided with watertight doors. 
These doors are opened when the equip- 
ment is to be operated, and interlock 
switches connected to the doors prevent 
operation of the equipment unless the 
doors are open. The resistor units, boxes, 
and interconnections are built to operate, 
eyen though rain is being driven into the 
air openings. The entire front of the re- 
sistor compartment may be removed, if 
it is necessary to replace resistor units. 
All of the units are mounted in unit 
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Figure 10. Magnetic brake used on unit 
cargo winch 


boxes. There are seven of these boxes, 
and each box slips into its own tray and 
is held in place by a clip at the back and 
two screws at the front. The intercon- 
nections between boxes are such that they 
may be removed from the front and the 
box taken out easily. The resistor venti- 
lation is furnished by a propeller-type 
fan which is capable of delivering 1,000 
cubic feet of air against a static pressure 
of 3/3 inches of water. This fan is driven 
by a one-quarter-horsepower, 1,750-rpm 
series-wound motor. The series-wound 
motor being used to obtain maximum air 
delivery is located below the resistor. 
The fan actually delivers 1,500 cubic 
feet of air a minute, as the fan load is 
less than fan motor rating and the motor 
tuns at 1,965 rpm. 

It was necessary to run a series of tests 
to determine the manner in which the 
resistor should be built. The first test 
that was run on the resistors was to deter- 
mine the amount of power that could be 
put in each box with different numbers of 
boxes carrying current. That is, the top 
box is capable of carrying 145 per cent of 
its open power rating when no other 


boxes are in the circuit, but when all 


seven boxes are in the circuit the top box 
can only carry 105 per cent of its open 
power rating without exceeding the per- 
missible temperature rise. These data 
were used to determine the best location 


for each section of resistance in the stack . 


of boxes. After the sections were located, 
it was possible to estimate the length of 
time each section could be left in circuit 


for the various master-switch positions. 


Data regarding the time required for re- 
sistor units of this type to reach tempera- 
ture with different percentages of their 
rated power applied made such estimating 
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possible. On the basis of preliminary 
layouts, a sample resistor was made and 
tested under a great variety of operating ° 
conditions which would be encountered 
in actual service. Data already collected 
from numerous shipboard tests made 
over a period of years served as a back- 
ground for determining how long the re- 
sistor should be capable of operating on 
each point. Assumed duty cycles are of 
little value in estimating the sizes of the 
various resistor sections because of the 
abuse this type of control receives from 
unexperienced operators. The final de- 
sign of resistor contains 35 units and has 
ample capacity for operation on average 
duty cycle for 15 minutes without forced- 
air ventilation. Another feature of the 
resistor compartment is the thermal 


Fh 


Figure 11. Front view of resistor compartment 
with door removed 
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Figure 12. Sketch of burtoning method of 
loading and unloading a ship 
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switch which is employed to protect the 
resistor from dangerous overheating due 
- to some unusual conditions, such as fan 
stoppage or blocking of the air-intake 
door. The fan motor is fed from the 
main contact tips on the control under- 
voltage relay and through the control 
fuses which should give fan operation as 
long as the control is energized. 


The resistor is very difficult to protect, 
as it is essential to trip out the control 
for a small amount of power in the stack 
or from a relatively large amount of 
power in the same length of time. The 
reason for this is that the resistor is made 
up of six sections, used in various circuit 
locations, and each section has a different 
power rating and time on requirements. 
A number of different types of thermal 
switches was tested, and it was found 
that the switch had to have a best heat 
response to protect the edgewise resistor 
units which do not have a great amount of 
thermal capacity. The next problem was 
to determine the exact spot where it 
should be placed in order to protect as 
many of the sections as possible on the 
various operating parts. The location 
of the thermal switch was above the re- 
sistor stack, so that the heat representing 
large kilowatt dissipation low in the stack 
would trip the switch. The unit also 
would function with a relatively low kilo- 
watt dissipation on the top units. The 
action in the latter case was mainly from 
radiation from the top units. This 
switch is entirely waterproof, as it is 
located where rain could damage it. It 
is not necessary to remove the thermal 
switch to take out resistor boxes, as it is 
mounted on the top of the air baffle. The 
thermal switch selected protected the 
resistor sections on most operating points 
as well as protecting the resistor on a 
normal operating cycle. 


Appendix 


The method of cargo handling known as 
burtoning consists of the use of two cables 
connected to the load. One cable is fed 
over a boom which is swung above the hatch 
of the vessel, while the other cable is fed 
over a boom above the dock. A separate 
cargo winch is used for each boom. Each 
of these winches is under the control of its 
own master switch. The winch that feeds 
cable over the boom above the dock is 
known as the outboard winch. The load 
is hoisted from the dock by the outboard 
winch. The winch that feeds the cable 
over the boom above the hatch is known as 
the inboard winch. The inboard, winch 
pulls in slack cable but does not hoist any 
part of the load as the load is moved above 
the dock. As soon as the load is far enough 
above the dock that it may be transferred 
above the hatch, the inboard winch is 
speeded up. This pulls the load toward the 
hatch, and the load may be moved more by 
paying out cable from the outboard winch. 
The load may be lowered into the hatch by 
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Operation of Rectifiers Under f 


Unbalanced Conditions 


E. F. CHRISTENSEN 
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HE development of single-anode recti- 

fying elements has greatly stimulated 
the application of rectifiers to general 
industrial and essential duty loads. 
Sealed ignitron rectifiers! have been made 
available in a range of ratings, and 
industry is vitally interested in the per- 
formance of these equipments when 
operated under conditions of partial- 
anode complement, as when an anode 
is misfiring or is entirely out of service. 

A multiphase mercury-are rectifier and 
its associated transformer are designed, 
so that, under normal cénditions, the 
current in all circuit elements will be 
balanced, and there will be no d-c com- 
ponents of flux in the transformer core. 
When the rectifier equipment is operated 
on less than normal-anode complement, 
the circuit is no longer symmetrical, and 
the remaining anodes do not share the 
d-c load currents equally. Under this 
condition, a d-c component of flux exists 
in the transformer core, and the inter- 
phase transformer is adversely affected 
by unbalanced currents in the two halves. 

The purpose of this paper is to describe 
the distribution of currents in the various 
transformer windings and rectifying ele- 
ments under conditions of unbalance and 
to indicate the effect of such unbalances 
on the circuit duty and the rectifier 
capacity.2. The paper is concerned with 
the temperature rise of transformers, 
transformer life, and the duty on the 
rectifying elements arising from both the 
magnitude and wave shape of the anode 
currents. The problem is best approached 
from an analysis of measurements made 
on standard equipments. 


Scope of Tests 


The mercury-are rectifier utilizes a 
number of rectifying elements in combi- 


Paper 44-160, recommended by the AIEE com- 
mittee on electronics for presentation at the AIEE 
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26-30, 1944. Manuscript submitted April 24, 
1944; made available for printing May 18, 1944, 
E. F. CHRISTENSEN is in the power-transformer 
engineering department, General Electric Company, 
Pittsfield, Mass.; M. M. Morack is electrical 
engineer, General Electric Company, Schenectady, 
Ni ¥. 


lowering the load on the inboard winch and 
paying out cable on the outboard winch at 
a speed slightly in excess of the inboard- 
winch cable. The sketch in Figure 12 indi- 
cates the relative positions of the cargo 
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nation with transformers and other appa- 
ratus. The heating of most of the com- 
ponents is determined by rms values, and 
the equipment is designed to meet defi- 
nite temperature rise limits. The im- 
portant factor in establishing temperature 
limits is the thermal endurance of insula- 
tion and other materials used in construc- 
tion. It is well known that the physical 
deterioration of insulating materials under 
the influence of time and temperature 
increases rapidly with temperature. The 
temperature rise, therefore, influences 
directly the probable life and reliability 
of the apparatus.’ 


The design and construction of the 


rectifying elements are such that time and 
temperature have little effect on life. 
The capacity of the device is limited only 
by the ability of the ionized vapor to 
conduct the current from the anode to the 
mercury pool and by the probability of 
arc-back which increases as the peak 
current increases. The usual design of 
the rectifying element is, therefore, a 
compromise between these factors. A 
design for low are-back frequency is ac- 
complished by baffles and shields which 
tend to aid the deionization properties 
at the expense of arc-drop and a decrease 
in the peak ampere capacity. These 
factors are not directly determined by 
temperature rise, since the capacity of 
the rectifying element is influenced by 
the characteristics of the circuit. The 
accelerated-load test, or “‘load-limit 
test,’’4 is used primarily to determine the 
capacity of the rectifying element. 


In order to determine the d-c load cur- 
rent which can be carried when operating 
on less than normal-anode complement 
without undue heating of any part of the 
rectifier transformer, or exceeding the 
maximur loading at which the rectifying 
element is capable of operating without 
failure, it is necessary to know the dis- 
tribution and wave shapes of current in 
the primary, secondary, and interphase 
windings. The procedure used in obtain- 
ing data of this nature is to make tem- 
perature measurements and to study wave 
shapes of currents with typical circuit 
arrangements, so that the analysis of 


booms on the vessel. T ere is hardly any 
swinging of the load with experienced - 
operators. This method of cargo handling 
permits rapid loading and unloading of a 
vessel. 
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data obtained in a few specific cases will current. Tests also were made ona 200- Test Procedure 


enable the design engineer to predict the kw 275-volt d-c double-biphase trans- NRCC CER ATG 


performance for a range of ratings. former. Test results on the 150-kw and 

A typical circuit diagram of equipment 1,000-kw equipment were very similar; To provide a basis of comparison, a 
for determining rectifier-circuit duty hence, discussion is limited to the 1,000- normal heat run was made on a rectifier 
operating with less than normal-anode kw unit. equipment with all anodes conducting. 
complement is shown in Figure 1. Shunts To determine the transformer heating, The rectifier transformer was rated 1,190 


and ammeters connected in the anode jeadings of the top oil, ambient, and ‘va and 6,600/243 L-N volts with a 
leads permit the reading of the average core temperatures were taken wunder double-wye secondary winding designed 
anode-current distribution. A multi-  yarious conditions of loading. For core- for @ 1,000-kw 250-volt 6-anode ignitron 
element oscillograph is used to obtain temperature measurements, thermo- Tectifier. The primary voltage was main- 
the wave shapes of all anode and trans- couples were placedin the main andinter- tained at 6,600 volts, 60 cycles, and the 
former primary currents. phase core during assembly with leads 102d was adjusted to a 4,000-ampere d-c 
For most applications, circuits which prought out through a manhole opening Output, at zero phase retard, and con- 
utilize simple rectifiers operating in jinthecover. The location ofthe thermo- timued until constant oil temperature 
parallel are preferable. In such circuits couples for the double-wye transformer rise was obtained. 3 
the total load is divided equally between js shown in Figure 2. Because of the Since the a-c voltage across the inter- 
the simple rectifiers. Arc losses are a difficulty in locating the thermocouples Phase transformer and, consequently, its 
minimum, and the current capacity of on the hottest surface, which is the under- Te losses increase with the amount of 
the equipment is a maximum. Tests, side of the top yoke, they were placed Phase retard, the run was continued with 
therefore, were conducted on equipments etween laminations near the top and 5 per cent phase retard, until constant 
with double-wye transformers rated 150 measurements corrected for the hottest iterphase core rise over oil was reached. 
kw and 1,000 kw at 250 volts direct surface temperature. Oscillograms were taken of the primary 


To determine the duty on the rectify- 
ing elements, as well as to evaluate fac- 
1,000-kw double-wye transformer, five-anode __ tors affecting the permissible transformer 1,000-kw double-wye transformer, three- 

operation load, an analysis was made of the primary anode operation 


Figure 3. Core and top-oil temperature rise Figure 4. Core and top-oil temperature rise 
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TIMING WAVE 


ANODE Xe 
ANODE X3 
~ ANODE X4 
ANODE X5 
ANODE X6 


Figure 5. Anode-current wave forms, double- 
wye rectifier, anode X, inactive 


voltage, primary and secondary currents 
in all phases. 


FIvE-ANODE OPERATION 


Temperature measurements were made 
on the rectifier transformer operating on 
five anodes with anode X, disconnected. 
The primary voltage was maintained at 
6,600 volts, 60 cycles. The load was 
reduced to 2,300 amperes d-c output at 
zero phase retard and held until constant 
main and interphase core rise over oil 
was reached, as shown in Figure 3a. The 
phase retard then was adjusted to 15 
per cent, and the run continued, as shown 
in Figure 3b. 

The load was increased then to five 
sixths of full-load rating or 3,333 amperes 
at zero phase retard and maintained until 
constant temperatures were reached, as 


W% 105 % 


104% 


Ho 


Hy H 
83.3 % LOAD 


shown in Figure 3c. The phase retard 
was set at 15 per cent, and the load held 
until constant core rise over oil was ob- 
tained, as indicated in Figure 3d. 


THREE-ANODE OPERATION 


To obtain data with one wye inactive, 
another run was made with the rectifier 
operating on anodes Xe, X4, and Xe. 
The primary voltage was maintained at 
6,600 volts, 60 cycles. It was recog- 
nized that more than one-half load could 


Table |. Temperature Rise—Degrees Centi- 
grade at 15 Per Cent Phase Retard 


Double-Wye Transformer 


Top Oil Inter- 

Above Main phase 

Number Ambient Core Core 

Per Cent of Tempera- Above Above 

Load Anodes _ ture Oil * Oil 

100. . 6. 
57.7. 5. 
83.3.. 5. 
3 


66.7 


be carried with one wye operating; 
therefore, two-thirds rated load or 2,670 
amperes d-c output at 15-per cent phase 
retard was held until constant oil rise 
was obtained. The results of the test 
are shown in Figure 4 and Table I. 


DOUBLE-BIPHASE RECTIFIER 


Similar measurements were made on a 
200-kw 275-volt double-biphase rectifier. 
A heat run was made operating with all 
anodes conducting at 15 per cent phase 
retard and 100 per cent load current. 
The test was continued when operating 
with three anodes at 15 per cent phase 
retard and 75 per cent load current. 


Analysis of Data 


TEMPERATURE MEASUREMENTS 


A summary of temperature measure- 
ments of Figures 3 and 4 are shown in 
Table I. 

It may be seen that the transformer 
core temperature rise over oil does not 


Figure 6 (left). Rms current distribution in 
per cent rated current 


Double-wye rectifier, five-anode operation 
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Anode 2 3 4 5 6 
Peak amperes...... 3,159.1,810.2,610. 1,948, 3,087 
Average amperes..... 831.. 427.. 644. . 526. . 832 
Rms amperes....... 1,466... 789.1,138. . 926.1,462 
Ratio effective/ 

AVETAZE: 5:0) cise s v's 1.76. 1.85. 1.77.31, 76. 1.76 
Table III 
Harmonic Per Cent I, 

Fundamental 89.0 
D eicloaXy euRte aso ED a ave val ovake 45.0 
3 
eT oh ay see. 6.3 
Bea Ph py Pavcsustenlelenes: +a eects 6.8 


increase appreciably when operating a 
rectifier on less than normal-anode com- 
plement, and that, under any of these 
test conditions, the hottest core surface 
rise above ambient temperature did not 
reach the permissible limit of 65 degrees 
centigrade. The core temperature, there- 
fore, is not a determining factor in limit- 
ing the load which can be carried under 


this condition of operation. 


Table II shows the data obtained when 
an analysis is made on a typical oscillo- 
gram of anode current, as shown in 
Figure 5. 

The rms current distribution in per 
cent of rated current in the various 
transformer windings of a double-wye 
rectifier with one anode inactive and with 
zero phase retard is shown in Figure 6. 
It may be noted that the output of the 
rectifier will have to be reduced approxi- 
mately to 60 per cent of rated d-c current 
in order not to exceed the normal current 
rating of any winding. Under emer- 
gency conditions, however, it may be 
necessary to overload and, consequently, 
decrease the transformer life expectancy.® 

The current distribution for a double- 
wye rectifier operating with three anodes 
in one wye inactive is shown in Figure 7. 
It may be noted that, at -66.7 per cent 
rated load, the primary -current is 102 
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Table IV. Temperature Rise—Degrees Centi- 
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per cent of normal rated load which 
indicates a large component of exciting 
current and considerable d-c flux in the 
transformer-core. Another disadvantage 
of operating with one wye is that the dis- 
tortion of primary line current is in- 
creased. The analysis of an oscillogram 
of primary line current gives the harmonic 
components in per cent of the total effec- 
tive current, as shown in Table III. 

The temperature rises obtained when 
one anode is inactive in a double-biphase 


rectifier operating at 15 per cent retard 


are summarized in Table IV. 

The rms current distribution in the 
various elements for 75 per cent rated 
load current is shown in Figure 8, The 
output will have to be reduced approxi- 
mately to 50 per cent of full load in order 
not to exceed the rated current of any 
transformer winding. 


Duty ON REcTIFYING ELEMENTS 


The duty on the rectifying elements 
when operating on less than normal- 
anode complement arises from both the 


LOAD I 
I I i 75%—> + DG 


Figure 8. Rms current distribution in per cent 
rated current 


Double-biphase rectifier, three-anode opera- 
tion 
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magnitude and the shape of the current 
and voltage waves. Since the instan- 
taneous arc-drop is a function of the 
instantaneous current, the peak current 
is an important factor in determining 
the duty on the rectifying element. On 
the other hand, the residual ionization is 
a function of the peak current which has 
passed during conduction and, therefore, 
influences the probability of arc-back. 
The ratio of peak current to load current 
in the anode following an inactive anode 
in a double-wye rectifier increases from 
0.5 for normal operation to 1.0 under 
operation with one anode inactive. A 
similar increase is noted for the anode 
preceding an inactive anode. 

The final commutation rate provides 


Figure 9. Load-limit tests 


Double-wye rectifier, normal- 
and partial-anode complement 
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2. Because of the large unbalances in rms 
coil currents with one anode inactive, it will 
be necessary to reduce the load to consider- 
ably less than five-sixths load for the double- 
wye connection and three-fourths load for 
the double-biphase connection. The tests 
indicate that the load will need to be re- 
duced to 60 per cent for the double-wye 
connection and to 50 per cent for the double- 
biphase circuit, if the current rating of any 
transformer winding is not to be exceeded. 


3. <A very large exciting current is present 
when a double-wye transformer is operated 
with only one wye carrying load, indicating 
the presence of considerable d-c flux in the 
core. 
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a further measure of the duty on the rec- 
tifying element. The residual ionization 
present at the beginning of the inverse 
period depends on the rate of reduction 
of current during the last few degrees of 
conduction. Kingdon and Lawton’ have 
indicated that the frequency of arc- 
back is a function of the product of initial 
inverse voltage by the final commutation 
rate. Both of these factors are increased 
when one anode in a rectifier is inactive; 
however, if the loading is reduced to 
come within the current limitations of the 
transformer windings, the frequency of 
arc-back is not increased. Figure 9 shows 
load-limit tests on a double-wye rectifier 
operating with normal-anode complement 
compared with five-anode operation. 
The five-anode load limits are roughly 70 
per cent of the limits with all anodes 
active. 


Conclusions 


1. The transformer core temperature in- 
creases somewhat when operating a rectifier 
on less than normal-anode complement, but 
it is not a factor limiting the amount of load 
which can be carried under this operating 
condition. 
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4, If the anode of a double-wye rectifier is 
inactive, more load usually can be carried 
on the remaining five anodes than can be 
carried using one secondary wye. 


5. If one anode of a double-biphase-con- 
nected rectifier is inactive, as much load can 
be carried on two anodes operating single 
biphase as can be carried on the three re- 
maining anodes. 


6. When the loading is reduced, because 
of the current limitations imposed by the 
transformer windings, the arc-back fre- 
quency is not increased when operating a 
double-wye rectifier on less than normal- 
anode complement. 
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An Aircraft Differential-Woltage Cutout 


O. C. WALLEY 


ASSOCIATE AIEE 


Synopsis: Experience obtained with present 
multiengine aircraft electrical systems 
indicates a need for preventing interchange 
of current between generators when the 
system is operating at light loads. Such 
current interchange causes reverse-current 
cutouts of conventional design to connect 
and disconnect their respective generators 
to the system so rapidly that the action is 
called ‘‘chatter.”’ Conventional cutouts 
connect the generator to the system when 
the generator voltage is above a pre-set 
value. The differential-voltage reverse- 
current cutout connects the generator to 
the system when the generator voltage is 
a pre-set value above the system voltage. 
A description is given on the design, opera- 
tion, and advantages of a differential- 
voltage reverse-current cutout which pre- 
vents interchange of current between the 
generators. 


 @ ae of the major problems on large 
multiengine aircraft electric systems 
is the prevention of the interchange of 
current between the generators when 
the system is operating at light loads. 
Parallel operation of the generators is 
accomplished with a circuit using equal- 
izer windings on the voltage regulators. 
The effectiveness of this circuit is pro- 
portional to the difference in load current 
of the generators. This means that 
there is no paralleling action at no load 
and very little paralleling action at light 
load, which is the normal condition on 
an airplane. Loads nearing the capacity 
of the system may be encountered for 
only a few minutes on each flight. Voltage 
regulators have an accuracy of plus or 
minus two per cent over the entire range 
of ambient temperatures and generator 
speeds. The nominal setting for voltage 
regulators is now 28 volts. The specified 
tolerance allows the voltage regulators to 
regulate the generator voltage at any 
point between 27.5 volts and 28.5 volts. 
This small variation in voltage causes 
reverse current to flow to one or more 
generators. Reverse current flowing to a 
generator causes the reverse-current cut- 
out to disconnect the generator from the 
system, However, the generator voltage 
may be above the pickup setting of the 
cutout so that it will reconnect the 
generator to the system. 

Consider the case of an aircraft elec- 
trical system containing two generators 
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operating in parallel under the control 
of two voltage regulators and two con- 
ventional cutouts.!:? The voltage regu- 
lator of the first generator is set at 28.5 
volts and its cutout is set to connect the 
generator to the system at 26.5 volts. 
The voltage regulator of the second 
generator is set at 27.5 volts and its 
cutout is also set to connect the generator 
to the system at 26.5 volts. With both 
generators connected to the system, cur- 
rent will flow from the first generator to 
the second generator. This condition 
causes the cutout of the second generator 


Figure 1. A 200-ampere differential-voltage 


cutout 


to disconnect it from the system. With 
the cutout of the second generator opened 
by reverse current, the voltage on its 
operating coil is 27.5 volts; which is 
one volt higher than its operating voltage. 
Therefore, the cutout of the second 
generator will reconnect the generator 
to the system and the action just ex- 
plained repeats. Due to the rapidity of 
this action, it is called “chatter.’’ When 
this condition occurs the respective 
cutouts are continually operating, 
shortening their life in some instances to 
relatively few hours. 

From this description it is evident that 
there is a need for a method of preventing 
interchange of current between genera- 
tors when the system is operating at 
light loads. 

The simplest means of eliminating the 
cutout “chatter” is to change the prin- 
ciple of operation from a device which 
measures the generator voltage (auto- 
motive type) to a device which measures 
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the difference between the generator // 


voltage and the system voltage. Hence, 
this new cutout is called a differential- 
voltage cutout. The differential-voltage 
cutout operates when the generator volt- 
age exceeds the system voltage by a pre- 
determined difference voltage. The sys- 
tem voltage may vary over a wide range 
without ‘“‘chatter” of the differential- 
voltage cutout. In electrical systems 
using the differential-voltage cutout a 
generator cannot be connected to the 
system until the system voltage decreases 
to a point where the generator has suffi- 
cient voltage to supply part of the load. 


Description 


Figure 1 shows a differential-voltage 
reverse-current cutout designed for use 
with any d-c generator having a normal 
regulated voltage of 28.5 volts and a 
current rating up to 200 amperes. The 
device occupies a four-inch cube and 
weighs ‘two pounds six ounces. Four 
mounting holes on three-inch centers are 
provided in lugs extending from the 
cover. All terminals extend from the 
top so that cables may be attached from 
any direction. The unit is entirely 
enclosed for operation in atmospheres 
of the severest dust and moisture content. 
Its operation shows negligible change 
when vibrated at frequencies up to 55 
cycles per second with a total excursion 
of 1/15 inch. 

The differential-voltage cutout con- 
nects the generator to the system when 
the generator voltage is 0.4 volt above 
system voltage. The system voltage 
may be at any voltage above 20 volts. 
A reverse current of 16 amperes causes 
the cutout to disconnect its generator 
from the system. Besides the main 
function, the cutout performs other 
necessary duties: 


1. Operates on a dead bus—when a gener- 
ator is up to speed and there is no other 
source of voltage on the system this cutout 
connects the generator to the system when 
a load as small as eight watts is connected. 


2. Operates as a starting switch—when the 
differential-voltage cutout is installed with 
an auxiliary power plant its contactor coil 
may be energized separately from the bus 
so that the contactor serves as a starting 
switch to start the auxiliary engine. 


8. Protects the system against reversed 
generator polarity—if the generator builds 
up with reversed polarity, it is possible to 
have 60 volts across the differential circuit 
of the cutout. Under this condition the 
cutout does not operate nor is the differen- 
tial circuit damaged even though its operat- 
ing voltage is only 0.67 per cent of this 
value. ‘ 


4. Protects the system against short cir- 
cuits—should a generator suddenly lose its 
field or become short-circuited, a heavy 
surge of reverse current will flow through 
it. The cutout must be capable of opening _ 
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this current without damage to the cutout 
or further damage to the generator. The 
contactor of this cutout has interrupted 
3,500 amperes at 50,000 feet altitude. 


Design 


A differential-voltage cutout presents 
several design problems not encountered 
with the conventional cutout. The 
primary considerations are protecting 
the differential-voltage winding against 
overheating and interrupting the differen- 
tial-voltage winding to prevent discharg- 
ing the battery when the generator is idle. 

Because the differential-voltage wind- 
ing must have sufficient excitation to 
operate on an extremely low voltage, it 
is impractical to make it withstand full 
system voltage (for the case of a dead 
generator) or double system voltage (for 
the case of a reversed generator) without 
overheating. The winding is protected 
by connecting a relay across the differen- 
tial circuit which operates at a low enough 
voltage to protect the differential-voltage 
winding by inserting a resistor in the 
circuit. 

On the conventional cutout the operat- 
ing coil is connected to the generator 
side of the contactor so that the coils 
are not energized when the generator is 
idle. The nature of the differential- 
voltage cutout makes it necessary to 
interrupt the differential-voltage circuit, 
in addition to the main circuit, to prevent 
discharging the battery when the genera- 
tor is idle. 

Two main units comprise the cutout 
illustrated by Figures 1 and 2: a polarized 
differential-voltage reverse-current relay, 
distinguished by the square coil, and a 
magnetic contactor. Two auxiliary relays 
control the differential-voltage winding 
on the reverse-current relay. Figure 3 is 
a schematic diagram of the cutout. 

The square spool of the reverse-current 
relay coil contains three windings. An 
inner differential-voltage winding RCD 
is connected between the generator 
positive terminal and the battery positive 
terminal through the contacts of the two 
auxiliary relays. A holding winding 
RCH, in series with a 470-ohm resistor, 
is connected between the reverse-current 
relay contacts and ground. An outer 
series winding RCS, consisting of a single 
turn of copper strap, is connected be- 
tween the generator positive terminal 
and the generator side of the contactor. 
The differential-voltage winding operates 
the reverse-current relay contacts RC. 
The holding winding produces the mag- 
netic force to hold the reverse-current 
relay contacts RC closed when the 
differential-voltage winding is  short- 
circuited by the contactor contacts C. 
The series winding adds magnetically to 
the differential-voltage and holding wind- 

ings when the generator is supplying 
current to the system. Polarization is 
accomplished with a permanent magnet. 
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The design of this relay produces a strong 
opening force on the relay armature 
when a heavy surge of reverse current, 
such as can be caused by a short-circuited 
generator or the loss of a generator field, 
flows through the series winding. As 
the reverse current increases, the relay 
opening force increases.1 It is impos- 
sible for this type of relay to ‘“‘lock in” 
on a heavy reverse current. 

On other types of reverse-current relays 
it is possible for a heavy surge of reverse 
current in the series winding to reverse 
completely the polarity of the magnetic 
circuit. When this condition occurs, 
the relay holds its contacts closed and 
the heavy reverse current continues to 
flow, causing additional damage to the 
system. 

A special design is used on the operat- 
ing magnet of the contactor. Magneti- 
cally it operates as a solenoid magnet in 


Figure 2. A 200-ampere differential-voltage 
cutout with cover removed 


the open position and as a lifting magnet 
in the closed position. This arrangement 
uses advantages of each type of magnet 
and produces a contactor of minimum 
weight for the forces obtained. The 
contactor coil is composed of a main 
winding CM, and a holding winding CH. 
The main winding has low resistance and 
is used to operate the contactor. When 
the reverse-current relay contacts RC 
close, full generator voltage is impressed 
across this winding. As the contactor 
contacts C close an electrical interlock 
opens, making the holding winding CH 
in series with the main winding. The 
contact force obtained with this contactor 
is 4.5 pounds per contact, producing a 
voltage drop across the cutout of only 60 
millivolts at 200 amperes. 

Both auxiliary relays have two contacts 
in parallel for added reliability in com- 
pleting the low differential-voltage cir- 
cuit. Relay Al is normally open and 
is in series with a rectifier. It is used to 
complete the differential-voltage circuit 
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when the generator voltage is over 20 
volts. The rectifier is used as a d-c 
valve and prevents the closing of relay 
Al, if the generator builds up with re- 
versed polarity. Relay A2 is normally 
closed and is connected across the 
differential-voltage winding. It protects 
the differential-voltage winding against 
over voltage. When the voltage on the 
differential-voltage winding exceeds four 
volts a resistance of 80 ohms is inserted 
in the circuit. 


Operation 


With switch S in the number 1 position 
the differential-voltage cutout is ready 
for operation. When the generator speed 
is increased until its terminal voltage is 
20 volts, relay Al will operate and 
complete the differential-voltage circuit. 
With a battery voltage of 25 volts there 
is 5 volts across the differential winding. 
Since this voltage is also applied to the 
coil of A2, the latter operates and inserts 
the resistor in series with the differential- 
voltage winding RCD. Increasing the 
generator voltage decreases the differen- 
tial voltage. When the generator voltage 
is equal to the battery voltage there is 
no voltage on the coil of relay A2. There- 
fore, A2 releases and closes its contacts, 
causing the resistor to be short-circuited. 
Now the circuit has only the low re- 
sistance differential-voltage winding to 
limit the current in the differential- 
voltage circuit. Increasing the gener- 
ator voltage to 0.4 volt above the battery 
voltage causes contacts RC to close, 
energizing the contactor coil CM and the 
reverse-current relay coil RCH. The 
contactor coil closes contacts C which 
connects the generator to the load bus. 
The differential-voltage cutout is now 
in the normal operating position. De- 
creasing the generator voltage below the 
battery voltage causes reverse current 
to flow from the battery to the generator, 
With current flowing in the reverse direc- 
tion, relay coil RCS magnetically opposes 
relay coil RCH. Increasing the reverse 
current to 16 amperes causes the reverse- 
current relay to open the contactor coil 
circuit and disconnect the generator from 
the load bus. 

If the generator builds up with reversed 
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LOAD BUS 


Figure 3. Schematic diagram of the differ- 
ential-voltage cutout 
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polarity the rectifier will block the current 
and prevent the closing of relay Al. 

To use the contactor of the differential- 
voltage cutout as a starting switch for 
starting an auxiliary engine, place switch 
S in the number 2 position during the 
starting period. 


Advantages 


Two fundamental improvements are 
obtained in the operation of aircraft 
electrical systems by using the differen- 
tial-voltage cutout in place of the con- 
ventional cutout: 


1. Cutout “chatter,” which occurs with 
conventional cutouts when the system is 
operating at light loads, is eliminated. 


2. The generator may be connected to the 
system at any voltage above 20 volts. This 
is particularly important on long flights 
where the generator speed is below the speed 
necessary to produce normal voltage. With 
this condition the battery supplies all of 
the load current untilits voltage drops below 
the generator voltage. At this point the 
generator is connected to the system, pre- 
venting complete discharge of the battery. 


Three additional improvements are 
included in the differential-voltage cutout 
which produces greater reliability of 
operation than is obtained with the con- 
ventional cutout: 


1. The contactor of the cutout protects 
the system when a short circuit occurs in 
the generator. 


2. Operation is not impaired in atmos- 
pheres of the severest dust and moisture 
content. 


3. Operation is not impaired by vibration 
conditions encountered in aircraft service. 


Conclusions 


It has been shown that a cutout which 
is designed for differential-voltage opera- 
tion has all of the advantages and none 
of the disadvantages of the automotive 
type of cutout. Also, the differential- 
voltage cutout has several advantages 
not obtained by using any other principle 
of operation. 

The outstanding success of the differen- 
tial-voltage cutout is exemplified by the 
preparation of an Army-Navy Speci- 
fication for a differential-voltage cutout 
intended to supersede the automotive 
type of cutout. 
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A Unique Moving-Magnet Ratio 


Instrument 


F.R. SIAS 


NONMEMBER AIEE 


Synopsis: This paper describes a unique 
type of moving-magnet d-c ratio instrument. 
An instrument designed for temperature 
measurement in aircraft is described in 
detail. 


HE remote indication of oil and cool- 

ant temperatures on aircraft has been 
accomplished principally through the use 
of temperature-sensitive resistance bulbs 
and moving-coil ratio instruments. A 
survey of the requirements indicated that 
a moving-magnet instrument could be de- 


veloped which would fulfill these require- 


ments and have characteristics of sim- 
plicity, serviceability, ruggedness, and 
lightness. Such instruments, both single 
and dual, are illustrated in Figure 1. 


Principle of Operation 
In this instrument the permanent- 


magnet rotor position and the indication 
are determined by the fluxes produced by 
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Figure 1. 

magnet 

temperature 
tors 


two mutually perpendicular coil groups. 
One coil group carries substantially con- 
stant current; the other carries current 
which is a function of the temperature 
bulb resistance. 

Figure 2 shows the coils and rotor ar- 
rangement. The small outer coils serve to 
set up a diametrical flux along the axis of 
these coils. - This flux corresponds to vec- 
tor B in Figure 3. The current in these 
coils is approximately constant for all 
indications at any given supply voltage. 

The large inner coils serve to set up a 
diametrical flux along the axis of these 
coils and perpendicular to the axis of the 
small outer coils. This flux corresponds to 
vector A in Figure 3. The current in these 
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coils is a function of the quantity to be 
indicated. These coils serve as the detec- 


ve 


tor in a Wheatstone bridge in which case — 


the coil current is zero near center scale, a 
positive maximum at one end of the scale, 
and a negative maximum at the other. 
This is illustrated in Figure 3 where vec- 
tor A is downward at —70-degrees-centi- 
grade indication, zero at +40-degrees- 
centigrade indication, and upward at 
+150-degrees-centigrade indication. In 
this diagram vector C is the resultant flux. 
The rotor is magnetized parallel to the flat 
surfaces, and the rotor aligns itself with 
the resultant flux lines. Figure 3 is help- 
ful for purposes of an elementary explana- 
tion of operation but does not include 
various distorting effects. 

In the actual device the two sets of coils 
are surrounded by a high-permeability 
cylindrical shield. The purpose of this 
shield is to provide a return path for the 
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internal fluxes and to screen out extrane- 
ous fields. 


The Circuit 


The circuit used is shown in Figure 4, 
Resistors Ri, Re, and R3 are fixed.arms in 
a Wheatstone bridge, and R, is the resist- 
ance-type thermometer bulb. All resist- 
ance values are practically independent of 
temperature except those of the coils and 
bulb. Bulb-resistance characteristics are 
shown in Figure 5. The bridge circuit is 
balanced by the bulb at approximately 
center-scale (+40 degrees centigrade) 
indication and is unbalanced at all other 
indications. At indications below approxi- 
mately 40 degrees centigrade unbalance 
current flows through coil A froth Ry to Ry. 
At indications above this value current 
flows through coil A in the opposite direc- 
tion. Because of the values of fixed re- 
sistances in the circuit, variations in bulb 
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resistance cause less than +5 per cent 
variation in ‘the outer-coil current for all 
scale indications at any given values of 
voltage and ambient temperature. For 
elementary considerations this current 
may be assumed constant. 


Construction and Adjustments 


Higure 6 illustrates the construction of 
a single-element temperature indicator. 
The element is cut away showing the 
close magnetic coupling between the rotor 
and the two inner coils. These coils are 
wound on insulated copper-coil forms, 
which provide a damping structure close 
to the rotor to damp excessive pointer 
oscillations. 

The permanent magnet rotor material is 
sintered oxide, chosen for its high coercive 
force and low density. The dimensions of 
the rotor were selected as a result of tests 
made to determine the optimum alloca- 
tion of space to coils and rotor, for the case 
of a 0.7-inch-diameter enclosing shield. 
The rotor is mounted on an aluminum 
shaft provided with tantalum-—tungsten 
pivots. The pointer is secured to the 
shaft over locating flats by a nut. 

‘Directly above the element are two ad- 
justable resistor spools, each consisting of 
a fixed-coil portion and a small rheostat. 

Resistance R; in Figure 4 includes one 
of these adjustable rheostats. This con- 
trols the balance point of the bridge and, 
consequently, substantially fixes the loca- 
tion of the center-scale point. 

Resistance R; is similarly adjustable by 
the other rheostat and by shunting action 
determines the amount of current in coil 
B, hence, the length of vector B in Figure 
3, and consequently the scale length. 
Permanency of thesé adjustments is ac- 
complished by soldering the rheostat con- 
tact arms to the windings. 
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Figure 2. Arrangement of coils and rotor 
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Figure 3. Wector diagram for 
fluxes from coils 
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acteristics 


Figure 5. 


Figure 6, Sectional 
view of single-ele- 
ment moving-magnet 
ratio-type tempera- 
ture indicator 


Scale Distribution 


In order to attain the required linear 
scale the introduction of nonlinear effects 
is necessary. Figure 7 shows the crowd- 
ing at the scale ends, which would occur if 
the effective vector B of the small outer 
coils were constant for every scale posi- 
tion, and if the vector A of the inner coils 
were of a magnitude proportional to the 


variation of the indicated quantity from . 


the center-scale value. Figure 8 shows 
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how a gradual shortening of vector B,-with 
departure from center scale, makes the 
seale distribution uniform. 

The nonuniform distribution of Figure 7 
is approached when a purely cylindrical 
rotorisused. The uniform distribution of 
Figure 8 is practically realized if the rotor 
has flat sides parallel to the rotor-flux 
lines. 

Figures 9 and 10 illustrate the manner 
in which the flat-sided rotor effects a lin- 
ear-scale distribution. 

The flat-sided rotor produces a large 
reduction in magnetic coupling between 
the outer coils and the rotor with rota- 
tion away from the center-scale position. 
This is-illustrated by Figures 9 and 10. 
This effect corresponds to the desired 
shortening of vector B. 


Power-Failure Indication 


Power-failure indication is accom- 
plished by a small magnet assembled in 
the subbridge with the magnetic axis per- 
pendicular to the center-scale rotor axis, 
so that, in the absence of excitation, the 
pointer is moved off the lower-scale end. 
The torque of this small magnet is supple- 
mented by a permeance torque obtained 
by shaping elliptically the shield enclosing 
the coil structure, and by aligning the 
minor axis properly. 

Both torques vary in an essentially 
sinusoidal manner with the permeance 
torque in second harmonic relationship to 
that of the small magnet. These torques 
and their uniform resultant are shown in 
Figure 11. 

The uniform resultant provides ade- 


quate torque well beyond the scale ends 
and eliminates the peak at center scale, 
thus minimizing the frictional and voltage- 
error problems. 

The down-scale shift in indication, 
which these torques tend to produce, is 
corrected by adjustment of R;, Figure 4. 


Voltage Error 


Fundamentally, the rotor position de- 
pends upon the ratio of the currents in the 
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two sets of coils and not upon magnitudes. 
In the absence of pull-off magnet and 
shield torques, the indication would be in- 
dependent of applied voltage. 

The pull-off magnet and shield torques 
cause the pointer to move down scale as 
the supply voltage and, consequently, the 
torque contributed by the coils are re- 
duced. Reduction of voltage from 28.5 
to 22.5 volts generally causes errors less 
than three degrees centigrade at any 
scale point. 


Ambient-Temperature 
Compensation 


Errors caused by change in ambient 
temperature are of two types. The first is 
a change in scale length which is caused 
by disproportionate changes in the cur- 
rents in coils A and B. With reference to 


the right-hand diagram in Figure 3 and 
150, 
100 
+50 +50 
A 
fe) 
=90) 918 


Figure 7. Scale dis- 
tribution with cylin- 
drical rotor 


Figure 8. Scale dis- 
tribution with flatted 
rotor 


the circuit of Figure 4, suppose that the 
ambient temperature is raised, and sup- 
pose that R;is omitted. Then, because of 
the increased resistance of the copper coil 
A, the current in that coil would decrease, 
and vector A would be shortened. How- 
ever, the current in coil B would not 
change appreciably, and vector B would 
not change. The dashed vector C shows 
the resultant in this case. The angle be- 
tween the solid vector C and the dashed 
vector C represents a shortening of the 
scale. 

If resistance R; of low-temperature- 
resistance coefficient is placed in the cir- 
cuit, then the current in the copper coil B 
can be made to vary in accordance with 
the variation of the current in coil A. At 
room temperature a portion of the battery 
cutrent passes through coil B and is 
governed by Rgand Ry. At elevated tem- 
peratures a lesser portion of the battery 
current passes through coil B. With refer- 
ence to Figure 3 again it is apparent that, 
if vectors A and B are shortened propor- 
tionately, the resultant vector falls on the 
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room-temperature resultant, no change in 
scale length occurs, and compensation is 
accomplished. Since this type of com- 
pensation depends upon diverting a frac- 
tion of the battery current through coil B, 
and since the ampere turns produced must 
be correct for a given scale length, it fol- 
lows that this type of compensation is 
primarily a function of the number of 
turns in coil B. 

The second type of temperature error 
is caused by a change in torque as the re- 
sistance of coils A and B vary. Suppose 
that at elevated temperature both coil 
currents decrease by say ten per cent. 
Then the torque contributed by the coils 
also will decrease ten per cent. The pull- 
off torque then will cause the pointer to 
move in a down-scale direction for all 
indications. This effect is compensated 
by including in bridge arm R, a certain 
amount of positive-temperature-coefh- 
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Figure 10. Coup- 


between rotor and ling between rotor 
outer coils at center and outer coils 90 
scale degrees from center 


scale 


cient material, in this case, copper. If the 
ambient temperature is elevated R, in- 
creases, and the bridge values change in a 
sense to cause the pointer to move up 
scale. Since bridge arm R, is opposite to 
bulb arm R,, an increase in R, acts in the 
same direction as an increase in bulb re- 
sistance. 

Self-heating errors are negligible be- 
cause of the very low heat dissipation and 
the corrective effects of the ambient-tem- 
perature compensations. 

Table I includes observed ambient- 
temperature errors on a typical instru- 
ment at —50- and +75-degree-centigrade 
ambient temperatures. 

Compensation attainable is better than 
required. It is thus possible to use R; for 
both compensating and scale-length-ad- 
justing purposes with satisfactory results. 


Factor of Merit 


On an equivalent D’Arsonval basis the 
torque-to-weight ratio of the temperature 
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) 


indicator averages unity with variations of 
+ 20'per cent. 


Conclusions 


The instrument described has the prop- 
erties of lightweight, ruggedness, simplic- 
ity, and serviceability required for air- 
craft use. In addition the factor of merit 
is good, the voltage errors are low, self- 
heating errors are negligible, and ambient- 
temperature errors are practically com- 
pensated. 

The instrument may be adapted to 
many applications where the characteris- 


tics of a ratio tnstrument are desirable. 
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A. Torque cane! of pull-off magnet 
B. Shield 
C. Resultant 


Inferred uses include the measurement of 
ohms, current ratios, voltage ratios, tele- 
metering, and voltace: weighted current 
indications. 
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Protection of Large D-C Machines by 
Means of High-Speed Circuit Breakers 


J. ELMER HOUSLEY 


FELLOW AIEE 


HE problems of protecting large in- 

stallations of rotating d-c machines 
have been neglected to some extent by the 
lack of suitable high-speed switchgear 
rugged enough to stand the severe duty 
ustially. encountered. The authors are 
describing their analysis of probable 
short-circuit characteristics of such large 
systems and a high-speed breaker rated 
at 7,500 amperes which has been de- 
veloped for this particular purpose. The 


authors are also describing a large rotary- ' 


converter installation built some time ago 
which has recently been modernized by 
means of modern switchgear in order to 
overcome the serious damage caused to 
the rotating machines resulting from the 
inadequacy of the originally installed 
switchgear. 


Comparison of Short-Circuit 
Conditions (A-C and D-C) 


There has been some confusion in re- 
gard to application of ultrahigh-speed 
breakers, Perhaps the curves shown in 
Figure 1 can help to clear up this con- 
fusion. 

Curve 1 is a fully offset 60-cycle cur- 
rent wave. The current dies down after 
a few cycles and becomes symmetrical, 
and an attempt to interrupt it at the 
first one-quarter-cycle peak would merely 
impose a severe duty on the breaker con- 
tacts as they would operate when the 
maximum current is flowing. The peak 
electromagnetic forces in the installation 
will not be cut down by the one-quarter- 
cycle opening of the breaker. From the 
standpoint of breaker performance it 
would be desirable to delay its opening 
as it then will have to interrupt lower 
currents. A compromise must be made 
between system stability and breaker 
performance and standard a-c breakers 
usually open in three to five or even 
eight cycles. Unless system stability is 
of prime importance there is no material 
gain in paying the higher cost of high- 
speed breakers. 

Curve 2 is a d-c curve illustrating the 
condition existing in a system where the 
d-c generators are located an appreciable 
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distance apart. The rate of rise is very 
low due to the inductance, and the ulti- 
mate current is low due to the ohmic 
resistance of the system. Except for pre- 
venting damage caused by commutator 
flashovers no gain is made by the use of 
high-speed breakers and commercial 
breakers with opening speeds of 13/, to 
three cycles can therefore satisfactorily 
be employed. 

Curve 3 shows the d-c rate of rise of a 
300-volt 3,000-kw generator under short- 
circuit conditions, The initial rate of rise 
is 4,500,000 amperes per second and the 
ultimate current is 450,000 amperes. A 
three-cycle breaker would have to inter- 
rupt 200,000 amperes and a 13/,-cycle 
breaker would have to interrupt 125,000 
amperes. A 3/s-cycle breaker (time to 
peak) would have to interrupt only 23,000 
amperes. Here the value of the high- 
speed breaker is clearly indicated. The 
electromechanical stresses in the machine 
and the connecting bus-bar structure or 


. conductor is only 0.77 per cent when us- 


ing a high-speed breaker. The various 
manufacturers of d-c machines do not 
seem to agree on the initial rate of rise 
and the ultimate current on a short-circuit 
condition, and a discussion of this problem 
would be of interest, but from test data 
which we have on a 650-volt 6,000-kw 


300 
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Short-circuit curves 
effect of opening speed of circuit breakers 


Figure 1. comparing 
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machine we have established beyond a 
doubt that the initial rate of rise is more 
than 6,000,000 amperes per second. 
This curve is shown as curve 4. é 

As more machines are added to the sys- 
tem, curves 5, 6, and 7 probably apply. 
If we use a three-cycle breaker in a d-c 
system represented by curve 7 we will 
have to interrupt the fantastic current 
of 700,000 amperes while a 0.38-cycle 
breaker (time to peak current) would have 
to interrupt only 80,000 amperes. In this 
case the stresses are again only 0.77 per 
cent if a high-speed breaker is used. 


Assume a bus of 100-foot length used 
in this latter system with the busses placed 
two feet apart and consisting of two six- 
inch-square tubes, the force per running 
foot will be 110,000 pounds, requiring 
insulators spaced 0.064 feet apart if a 
three-cytle breaker is used. This of 
course is impractical. If we use a 0.38- 
cycle breaker (time to peak circuit) the 
force is only 1,450 pounds per running 
foot and the insulator spacing of 4.8 feet 
can be safely employed. This latter 
scheme would appear to be more reason- 
able. 


It is appreciated that a bus-to-bus fault 
in a modern installation is rather uncom- 
mon but they do occur with disastrous 
results and it is emphasized that sound 
engineering practice dictates the installa- 
tion of modern high-speed switchgear 
as the one solution to the problems which 
are encountered by high current and the 
electromagnetic forces they set up in the 
system. 


Oscillographic Comparison of 
Current Against Time 


Figure 2 shows oscillogram of an FB 
breaker interrupting’ a short circuit on . 
two 3,000-kw generators at 550 volts, in 
parallel. The mechanical time of the . 
breaker is 0.212 cycle, time to peak is 
0.403 cycle, total time 82 cycles except 
for the small amount of trailing current 
which is permitted to flow through the 
arc interrupter resistors in order to keep 
the breaker voltage within reasonable 
limits. The maximum current is 26,600 
amperes and the initial rate of rise is 
4,920,000 amperes per second. The 
breaker was tripped by the reverse cur- 
rent feature, which trips the breaker in 
the shortest time possible. 

The oscillogram in Figure 3 shows the 
breaker interrupting the same circuit 
but tripped by the forward-current over- 
load feature. Due to the inherent char- 
acteristics of the overcurrent feature 
which employs an open air gap with a 
moving armature, the breaker now trips 
somewhat slower. The mechanical time 
of the breaker is 0.5 cycle, time to peak 
current is 0.667 cycle, and the total time 
is 1.17 cycles. The maximum current is 
36,200 amperes or 9,600 amperes more 
than the current is in Figure 2 because 
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Figure 2. Oscillogram of FB breaker inter- 
rupting 550-volt d-c reverse-current trip 


the mechanical time of the breaker is 
‘0.288 cycle slower. 

Figure 4 shows the same breaker open- 
ang the same circuit but at 650 volts and 
tripped by the forward current trip. The 
mechanical time is again 0.5 cycle, peak 
0.645 cycle, total time 1.16 cycles, and 
maximum current 47,000 amperes, an 
increase of 8,700 amperes by increasing 
the generator voltage by 100 volts over 
Figure 3. 


Description of Type-FB Breaker 


A schematic cross section of the FB 
breaker is shown in Figure 5. The cur- 
rent path through the breaker is from the 
upper terminal through the magnetic 
blowout coil to the upper contact. From 
here it flows through the bridges to the 
lower contact where the circuit divides 
into two parallel circuits which then meet 
in the lower terminal. 

There are two blowout coils, one lo- 
cated on each side of the are chute and 
connected in parallel. Each coil consists 
of one turn and the coils are physically 
located so that the core of the coilisin line 
with the region in which the arc is origi- 
nated. The return path for the blow- 
out flux is through a laminated-iron cir- 
cuit. The laminations extend through 
the core of the blowout coil to the outside 
face of the arc chute so there is no time 
delay in building up the blowout flux due 
to eddy current. Two slotted pole faces 
extend’ from the extremity of the lami- 
nated core to distribute the flux for proper 
are interruption. 

The movable bridge contacts are sup- 
ported in an extremely light carrier made 
of heat-treated aluminum and the moy- 
able arcing contacts are in turn mounted 
on this carrier. The necessary contact 
pressure between the stationary and 
moving contacts is furnished by a com- 
pletely independent separate spring on 
each contact located between the contact 
and the contact carrier. 

The carrier is biased toward the open 
position by means of two opening springs, 
one located inside the other. The 
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stronger of the two opetiing springs has a 
limited stroke and acts on the contact 
carrier only during the initial accelera- 
tion period. The weaker of the two 
springs is active during the whole opening 
stroke and definitely holds the contact 
carrier in its open position. The kinetic 
energy stored up in the moving contact 
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Oscillogram of FB breaker inter- 


Figure 3. 
rupting 550-volt d-c forward-current trip 


during the opening stroke is absorbed at 
the end of the stroke by means of a fric- 
tion-type buffer, preventing rebound of 
the contacts. 

The contact carrier is held in the closed 
position by means of a clutch shown in the 
released position on Figure 6. This 
clutch consists of two hardened steel jaws. 
The two jaws contact a hardened steel 
roller on opposite sides. The opening 
force of the breaker which is 5,000 pounds 
tends to force the two jaws apart with a 
force of 300 pounds, due to their angle of 
contact with the roller. This 300-pound 
force is counteracted by means of a hold- 
ing magnet of the bucking-bar type. 
The magnet has been described in detail. 

If the magnetic pull of the holding 
magnet is temporarily lost for any 
reason, the two clutch jaws will be forced 
apart and the breaker contacts moved to 
the open position by means of the two 
opening springs. 

There are several ways the holding 
force may be lost: 


1. By a bucking bar which will momen- 
tarily demagnetize the armature on reversal 
of current. 


2. By a trip coil acting as a bucking bar 
and connected across the interpole windings 
of the d-c machines.? 


3. By a mechanical prying mechanism 
which exercises a prying force greater than 
that of the magnetic holding force tending 
to keep the breaker closed. This mechani- 
cal mechanism can be operated by (a) a 
hand trip lever, (b) a shunt trip magnet, (c) 
an overload magnet located around the in- 
ductive leg of the trip circuit, or (d) an over- 
load magnet located around the lower ter- 
minal, 
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As already explained the circuit from 
the lower contact to the lower terminal 
is divided in two paths. The upper path 
passes through the holding magnet and 


the lower path is surrounded by a stack 


of iron laminations. With a steady 
current flowing through the breaker the 
current will divide between the two 
paths proportional to the conductances 
of the two paths. 
the current flows in a forward or reverse 
direction. With a rapidly changing cur- 
rent flowing through the breaker, the 
current will divide in the two paths in- 
versely proportional to the inductances 
of the two paths. This is also true 


whether the current is flowing forward or 
in a reverse direction. 


Figure 4. Oscillogram of FB breaker inter- 
rupting 650-volt d-c forward-current trip 


On a quickly rising reverse current, 
the portion of the current which flows 
through the holding-magnet circuit will 
cause the holding flux through the arma- 
ture to be diverted to a magnetic bypass. 
The armature will momentarily lose its 
pull and the breaker will trip for this 


reason. On slowly rising reverse current 
© 
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Figure 5. Section of type-FB breaker 
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This is true whether “ ~ 


the same effect will be obtained but at a 
higher current value. 

If we place an overload magnet on the 
inductive part of the circuit, the overload 
magnet can be arranged to trip the 
breaker at a maintained current of suffi- 
cient yalue. A quickly rising current 
will pass harmlessly through the upper 
portion of the circuit due to the induct- 
ati¢e of the lower circuit. This effect 
will afford overload protection of the 
machine and will permit harmless surges 
to pass through the breaker without 
tripping it. In other words, a time-delay 
overcurrent protection is provided with- 
out any mechanical timing means. 

An overcurrent feature placed on the 
lower terminal leads where all the current 
which flows through the breaker will pass 
through this feature can be arranged to 
trip the breaker on excessively high cur- 
rent thereby tripping the breaker if its 
associated machine should contribute a 


Figure 6. FB breaker clutch 
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Figure 7. Schematic diagram of FB operating 
mechanism 
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high value of current into a fault on the 
system. 

The operating mechanism consists of a 
solenoid which is arranged to close the 
breaker through an overcenter toggle 
mechanism. The opening springs and 
the contact buffer are built as an integral 
part of the closing mechanism. There- 
fore, all mechanical stresses in the breaker 
(except the contact pressures) are located 
in one common assembly and are not 


Figure 8. Right-side view of FB breaker 


transmitted through any insulating ma- 
terial. 

The various operating positions of the 
breaker are shown diagrammatically in 
Figure 7. ; 

The top illustration shows the breaker 
closed, The opening forces in the breaker 
are here counteracted by means of the 
operating toggle which is locked over 
center. 

The center illustration shows the 
breaker in the tripped position. The 
clutch is shown in its released position 
and the contact has been moved to the 
open position by means of the opening 


springs. The solenoid mechanism has 
not yet reset. 
The bottom illustration shows the 


mechanism reset and ready for closing. 
This resetting was accomplished by means 
of the resetting spring causing the toggles 
to fold up thereby resetting the solenoid 
to its open position which in turn has 
permitted the two clutch jaws to engage 
the clutch roller. 
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Figure 9. Left-side view of FB breaker 


The arrangement provides trip-free 
operation at any part of the closing 
stroke. Hand operation is provided by 
means of a removable handle which can 
be inserted in a socket on one of the toggle 
links. 

Two partial side views of the breaker 
are shown in Figures 8 and 9. 


Description of Rotary-Converter 
Station 


It will be of interest to describe a 
large d-c installation where the FB 
breakers are being installed to provide 
better protection of the rotating machines 
than was originally furnished for this 
installation. This plant has an installa- 
tion of a large number of 2,500-kw 60- 
cycle rotary converters housed in two 
conversion stations. Only one station is 
being modernized and this station is 
described in detail. 

The rotary stations are fed by a large 
hydroelectric power system with inter- 
connections to other power systems. 
Fault capacities are very high in the a-c 
system, 1,500,000 kva on the 13.2-kv bus. 

The station has double 13.2-kv a-e 
busses. The double-bus arrangement 
permits feeding all of the stations from 
one bus or splitting the load between the 
two busses. A one-line diagram of the 
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Figure 10. One-line diagram of rotary-con- 
verter station and bus 
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busses and station is shown in Figure 10. 
Double disconnecting switches are pro- 
vided for each unit, permitting the units 
to be connected to either of the busses. 
These disconnecting switches will break 


transformer magnetizing current. The 
transformers were originally connected 
to the busses through oil circuit breakers. 
These have been removed and replaced 
with low-voltage air circuit breakers of 
150,000 amperes interrupting capacity 
between the transformer secondary and 
the rotary converter. 

Each unit has a positive, negative, and 
starting air circuit breaker on the d-c 
terminals as shown in Figure 13. These 
breakers were originally conventional 
air circuit breakers, opening in approxi- 
mately eight cycles. The rotary conver- 
ters are started from the d-c side by re- 
duced-voltage starting. One unit is 
provided with an a-c motor for starting 
in case of complete station outage and 
there is a similar equipment in the 
other station to provide alternate means 
of starting. Several machines, and at 
times all machines, are operated in paral- 
lel on the d-c busses. The physical ar- 
rangement of the station is shown in 
Figure 11. Figure 12 shows the interior 
of the station. 
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Figure 11 (left). 


station cross section 


Figure 12 (right). 
converter station 


These units were considered very large 
when installed in 1914 and were quite sen- 
sitive to disturbances, particularly those 
involving rapid changes in frequency. 
During such disturbances the units tend 
to pull out of step with each other and 
flash over. , Such troubles often result in 
damage to the unit, particularly the main 
and equalizer busses, brush rigging, and 
commutators. There is also occasional 
damage to the armature winding. Flash- 
over may also be started by trouble 
on an individual unit or on the d-c 
busses. Most of the flashovers are on 
the d-c side, although there are occa- 
sionally a-c flashovers. Most of the 
damage during flashovers is from energy 
from the d-c bus. 


Rotary-converter- 


Interior of rotary- 


7 


Analysis of the troubles indicates that 
the damage to units and the transmission 
of trouble from one unit to others could 
be minimized if units in trouble could be 
disconnected fast enough from the bus. 
It is felt that the speed of the d-c breakers 
must be particularly high to be effective 
in this regard. This high speed will re- 
duce the time of heavy power inflow to 
the flashover and clear before the inflow 
can reach its peak, thereby limiting dam- 
age and the extension of the disturbance 
to other units. With the widespread use 
of mercury-arc rectifiers in the conversion 
field, new high-speed switchgear of im- 
proved design over that previously avail- 
able was developed. It was decided that 
the d-c breakers would be replaced with 
a modern high-speed breaker of the FB 
type. 

The breakers in this installation em- 
ploy the following tripping schemes: 


1... Reverse-current protection by means of 
the bucking bar releasing the holding arma- 
ture. As it is necessary to start the 
machines from the d-c bus, a slowly rising 
reverse current of approximately 1,600 
amperes is permitted to pass safely through 
the breaker but a higher reverse current or a 
fast-rising reverse current of a lower value 
will trip the breaker. 
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2. Overload trip on the inductive leg, 


affording machine overload protection and 


permitting harmless surges to pass through 


the breaker. 


8. Instantaneous high overload protection 
which will operate the breaker should any 
rotary converter contribute a larger amount 
of forward current into a commutator flash- 
over on any of the machines connected to 
the bus. 


4, Shunt trip. 
5. Hand trip. 


It is felt that this advancement in the 
state of the art of circuit-breaker design 
will materially reduce damage in this sta- 
tion during faults and that the time of 


outage of load may be materially re- 
duced. 
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Transient Performance of Induction 
Motors 


F. J. MAGINNISS 


( ASSOCIATE AIEE 
\ 


T has been the usual practice to solve 

induction-motor transient problems 
either on the basis of the familiar steady- 
state equivalent circuit or by calculations 
which require simplifying assumptions. 
‘These methods neglect important factors 
determining the performance. This paper 
shows the necessity of considering for 
many practical problems the electrical 
and mechanical transient phenomena 
simultaneously. 

For example, during sequential opera- 
tions such as jogging and plugging, 
conditions inside the rotor, phase rela- 
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Per unit electric torque versus per 
unit speed 


Figure 1. 


Effect of rotor deceleration. Transient speed— 
torque curves with constant rotor deceleration 
from steady-state conditions at 0.99 per unit 
speed 
Run 71— 6 cycles for unit speed change 
Run 81—12 cycles for unit speed change 
Run 73—24 cycles for unit speed change 


tions, and magnitudes of fluxes and 
current are influenced both by the 
electrical transients and by the me- 
chanical slip and oscillation. Also, the 
residual stator and rotor currents and the 
angular displacement of the rotor affect 
performance during plugging; these have 
been neglected previously. 

In order to evaluate some of these 
‘mutually interrelated phenomena which 
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had not been analyzed previously, the 
induction-motor equations including the 
rotor mechanical load and inertia were 
set up on the General Electric Company 
differential analyzer.! Since it. was de- 
sired to investigate a number of different 
operating conditions, the machine charac- 
teristics were held constant in all but a 
few cases. These characteristics given 
in Appendix B are those of a low-re- 
sistance motor which tend to accentuate 
the motor transients. The effect of 
increased rotor resistance may be seen 
in Figure 15. The results and conclusions 
presented in this paper indicate the im- 
portance of considering the transient 
electrical and mechanical phenomena 
simultaneously. 


Assumptions 


The analysis and results are based on 
the following assumptions (which are 
similar to those of reference 2). 


1. Balanced windings are assumed on both 
rotor and stator. 


2. The mutual inductance between any 
stator and rotor winding is considered to 
be a cosinusoidal function of the electrical 
angle between the axes of the two windings. 


3. It is assumed that the rotor is smooth 
and that the self-inductance of any winding 
is independent of rotor position. 


4. The effects of saturation, hysteresis, 
and eddy currents are neglected. 


5. The machine impedances are assumed to 
be independent of rotor speed. 


6. The machine electrical neutral is as- 
sumed ungrounded. 


7. Inallcases studied, the motor is consid- 
ered connected to an infinite bus through 
negligible impedance. The effect of system 
impedance can be taken into account by 
increasing the stator impedance, that is, by 
moving the infinite bus from the terminals of 
the machine and placing it further back in 
the system. 


Conclusions 


1. Large errors may be introduced by 
using the steady-state speed-torque curve 
for the calculation of transients. 


2. Under transient conditions, motor 
torque can be developed at speeds above 
synchronous, and generator torque can be 
developed at speeds below synchronous. 


8. Transient electric torques under shock 
mechanical loads or sudden electrical dis- 
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turbances can be several times the steady- 
state pullout torque. 


4, Transient electric-torque oscillations 
incident to a sudden change in applied 
voltage are, in general, more severe than 
those due to a sudden change in mechanical 
load. 


5. The initial rate of change of electric 
torque with respect to speed following a 
sudden change in mechanical load is less 
than the steady-state speed-torque curve 
would indicate. 


6. For a sudden change in applied voltage 
the transient electric torque is unaffected 
by the electrical angle at which the voltage 
is changed, provided that the machine was 
not initially running open-circuited with 
trapped flux. 


7. Transient-torque oscillations following 
the sudden application of voltage to a 
machine containing trapped flux (as in 
jogging) can be much more severe than the 
transient torques incident to a short circuit 
at the motor terminals. 


8. With a machine temporarily discon- 
nected from the system and running with 
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Figure 2. Per unit electric torque versus per 
unit speed 


Effect of rotor deceleration. Transient speed— 
torque curves with constant rotor deceleration 
from steady-state conditions at 1.5 per unit 
speed 
Run 82—12 cycles for unit speed change 
Run 74—24 cycles for unit speed change 


trapped rotor flux, there are definite opti- 
mum times for reapplication of voltage in 
order to reduce the torque oscillations. 


9. The magnitude of transient plugging 
torque is greatly affected by the magnitude 
of the trapped rotor flux and its position 
relative to the stator. It is also affected 
by motor speed. 


10. Transient currents caused by jogging 
or plugging (with trapped rotor flux) may 
be larger than the steady-state full-voltage 
starting current. 


Method of Solution 


The equations of induction-motor per- 
formance (see equations 10 through 20, 
Appendix A) were set up on the General 
Electric Company differential analyzer.! 
An inspection of these equations will 
show that 14 separate integrations were 
required in the solution. In this respect 
the problem provided an excellent oppor- 
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Figure 3 (left). Per 
unit electric torque 
versus per unit speed 
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Effect of rotor acceleration 
Transient speed—-torque curves with constant 
rotor acceleration from steady-state conditions 
at zero speed 
Run 70— 6 cycles for unit speed change 


Run 62—94 cycles for unit speed change 


tunity to observe and judge the operation 
of the analyzer, when using the entire 
integrator capacity. Five quantities, 
obtained as outputs from the analyzer, 
were plotted as functions of time. These 
were: 


(a). One of the applied voltages, Ea.* 


(b). Phase @ stator current, Ja. 
(c). Phase # stator current, [g. 
(d). Rotor speed, p@. 

(e). Electric torque, T,. 


As shown in Appendix C, the analyzer 
results were checked against calculated 
results in two cases which were readily 
soluble analytically. Differences be- 
tween analyzer and calculated results 
were in both cases negligible. 


Discussion of Results 


A. Evecrric TORQUES CAUSED BY 
Rotor ACCELERATION — TRANSIENT 
TORQUE-SPEED CURVES 


In order to study the transients due 
to changing rotor speed as differentiated 
from those due to electrical disturbances, 
the machine was subjected to various 
constant rotor accelerations and de- 
celerations. The electric torques de- 
veloped in some of these cases are shown 
in Figures 1, 2, and 3. 

In Figure 1, the motor was assumed 
in all three cases to be operating initially 
under steady-state conditions with a slip 
of one per cent. The rotor was then 
decelerated in runs 71, 81, and 73 at 


Figure 4 (right). Per 
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unit electric torque 
versus per unit time 
(electrical radians) 


PER UNIT ELECTRICAL TORQUE 


rates corresponding to unit change of 
speed in 6, 12, and 24 cycles, respectively, 
of fundamental frequency. It is of interest 
to note that the initial rate of change of 
torque with speed is zero and that the 
electric torque oscillates about the 
steady-state speed-torque curve. That 
the initial rate of change of torque with 
speed is zero, of course, is due to inductive 
lags in the motor. The relation of the 
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Figure 5. Per unit rotor speed versus per unit 


time (electrical radians) for cases shown in 
Figure 4 


first swings of these curves may be ex- 
plained as follows: 


1. If the rotor were decelerated at an in- 
finitely slow rate, the torque would follow 
its steady-state speed-torque curve. 

2. If the rotor were decelerated at an 
infinitely fast rate, the torque would remain 
constant at its initial value because of 
inability of the motor to respond elec- 
trically to the infinite decéleration. 


It is seen, then, that the speed-torque 
curves of runs 71, 81, and 73 appear in 
a logical sequence between the limiting 
curves resulting from zero and infinite 
deceleration. 

Figure 1 also shows that appreciably 
higher-peak electric torque may be 
developed upon the sudden application 
of mechanical load than the steady-state 
theory would indicate, and at a different 
speed. 


cabs a 
ae) 


60 80 
PER UNIT TIME 
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Effect of voltage disturbance; steady-state 

full-voltage conditions for 0.99 per unit speed 
before zero time 

Run 32—Voltage reduced to 0.5 per unit at 

t=0. Voltage restored to 1.0 per unit at 
t=182r (© cycles) 

Run 26—Terminals short circuited at t=O.. 

Voltage restored to 1.0 per unit at t=187 

(9 cycles) 


Figure 2 illustrates results obtained 
when the motor was decelerated from 
initial steady-state conditions for a rotor 
speed of 1.5 (per unit). 

The curves shown in Figure 3 resulted 
from acceleration of the rotor from steady- 
state standstill conditions. 


This group of curves illustrates the 


fact that motor torque may be developed 
above and generator torque below syn- 
chronous speed. It also indicates that 
large errors may be introduced by using 
the steady-state speed-torque curve for 
the calculation of severe transients. 
Acceleration and deceleration tests have 
been proposed as a method of obtaining 
steady-state characteristics.? The pres- 
ent results show that there is a limitation 
on the magnitude of acceleration which 
can be used in such tests if the true 
steady-state behavior is to be obtained. 


B. Evecrric ToRQUES DUE to SUDDEN 
CHANGE IN APPLIED VOLTAGE 


Figure 4 shows the effect upon electric 
torque of sudden changes in applied 
voltage. For both runs 32 and 26 of 
Figure 4, the motor was initially operating 
at steady-state conditions with a slip of 
one per cent. A constant mechanical 
load torque was assumed in both cases, 
although arbitrary load-torque curves as 
a function of speed easily could have 
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been used if desired. An inertia constant 
(1) of approximately 0.45 was assumed 
for motor and load combined. 

imerun 26, at t=0, (also '‘Bg—0), 
the applied voltage suddenly was reduced 
to zero, corresponding to a zero-imped- 
ance short circuit at the motor terminals. 
As is seen from an inspection of Figure 4, 
the maximum electric torque following 
the application of a short circuit is of the 
order of five per unit. It is also seen, 
as would be expected, that the electric 
torque became zero after the transients 
had died out and remained zero until the 
short circuit was removed. The fault 
was removed nine cycles after its appli- 
cation, The torque recovery following 


Run 85 was obtained as follows: 


1. With the motor running at steady-state 
conditions with a slip of one per cent, the 
stator phase 6 was opened at a zero of Ig. 


2. Phase a of the stator was opened ap- 
proximately one-fourth cycle later at a 
zero of Ig. 


3. At the same instant that phase a 
was opened, voltage of opposite (negative) 
phase rotation was applied simultaneously 
to both stator phases. (In this case, the 
mechanical load torque was assumed to be 
constant at its initial value, and the inertia 
constant (H) was assumed to have a value 
of approximately 1.43.) This is obviously 
almost one of the extreme cases mentioned 
before. 


Effect of rotor speed on 


plugging torque. _Infinite- 


inertia machine running at 

various positive speeds with 

zero rotor flux. Unit voltage 

of negative phase rotation 
applied at zero time 

Run 86—Rotor speed = 1.00 
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Figure 8. Per unit electric torque versus per unit time (electrical radians) 


the removal of short circuit also is pic- 
tured in Figure 4. 

Run 32, which also has been plotted 
in Figure 4 for purposes of comparison, 
is similar to run 26, except that the 
applied voltage was reduced-suddenly to 
half value rather than to zero. 

Several runs also were made in which 
the electrical angle at which the voltage 
was reduced or restored was varied. 
As stated in the conclusions, the electrical 
angle of switching under these conditions 
had no effect on the ensuing electric 
torque for a given switching time. 

Figure 5 shows the per unit speed as a 
function of time for runs 26 and 32. The 
two-phase stator currents J, and IJ, for 
these two runs are plotted in Figures 
6 and 7, respectively. As shown in 
Appendix A, corresponding three-phase 
currents may be obtained from J, and 
Ig by means of a relatively simple manipu- 
lation; in fact, in the present treatment 
Tq, itself is one of the three-phase currents. 


C. PrLuccinc TORQUES 


Two extreme plugging conditions are 
‘those in which the machine is plugged 
instantaneously while running at rated 
speed and load, and while it is running 
at rated speed but after the rotor flux 
‘thas died out completely. Plugging 
torques from runs which are nearly these 
extremes are shown in Figure 10. 
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Run 89—Rotor speed 
per unit 
Run 92—Rotor speed 
per unit 
Run 90—Rotor speed 
per unit 
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plugging torque. All curves shown in 
these two figures are based on the as- 
sumptions that the motor was initially 
unexcited, contained no trapped flux, 
and had infinite rotor inertia, negative 
phase rotation of voltage being applied 
in all cases. 

Figure 9 shows torques which are not, 
strictly speaking, ‘‘plugging’’ torques 
since the phase rotation of the applied 
voltage is in the same direction as the 
motor rotation. However, they are of 
interest in that they extend the range of 
rotor speed. Such conditions may be 
encountered in some pump and propeller 
drives having more than one motor on the 
same shaft. 


D. RS8CLOSING oF STATOR Circuit WITH 
TRAPPED FLUX IN THE ROTOR 


Several cases were studied in which 
the stator was open-circuited from a 
steady-state full-load running condition. 
After several cycles, full voltage was 
reapplied. Figures 13 and 14 show the 
electric torque and speed respectively for 
a few of these cases. It will be seen from 
these curves that there is at least one 
definite optimum reclosing time both 
from the standpoint of torque oscillations 
and from that of speed-recovery time. 
That there are several of these optima, 
and that they depend on machine inertia 


Figure 9. Per unit 


electric torque versus 
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per unit time (elec- 
trical radians) 


Effect of rotor speed on plugging torque. 
speeds with zero rotor flux. 
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Infinite-inertia machine running at various negative 
Unit voltage of negative phase rotation applied at zero time 


Run 95—Rotor speed = —0.25 per unit 
Run 93—Rotor speed = —0.50 per unit 
Run 99—Rotor speed = —0.75 per unit 
Run 98—Rotor speed = —1.00 per unit 


The two phase currents for this run are 
on Figures 11 and 12. 

Run 86 was obtained by applying 
negative-phase-rotation . voltage to an 
infinite-inertia machine running at syn- 
chronous speed with zero rotor flux. It 
is the other extreme case and is com- 
pared with run 85. The effect of trapped 
rotor flux is seen to be very important. 

It is interesting to note the similarity 
between run 86 of this paper and run 36 
of reference 4, in which the machine 
constants are similar to those used in 
this study, 

Figures 8 and 9 have been included 
to show the effect of rotor speed upon 
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and rotor resistance may be seen from 
the following analysis. 

In the steady state with the motor 
running at approximately one per cent 
slip, the rotor flux rotates at synchronous 
speed and lags the stator flux by a defi- 
nite angle. It is continually slipping 
forward with respect to the rotor. When 
the stator is open-circuited, the rotor 
flux becomes fixed in the rotor and decays 
relatively slowly (with the rotor open- 
circuit time constant L/r,) from its 
initial value. Since the electric torque 
is zero, the rotor slows down so that the 
trapped and slowly decaying rotor flux 
lags at an increasing rate behind the 
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steady-state position of the stator flux. 

An understanding of the phenomena 
occurring when the stator circuit is again 
closed on the supply voltage may be 
obtained by regarding the induction 
motor as a synchronous machine running 
below synchronism, the trapped rotor 
flux taking the place of the synchronous- 
machine excitation. The sudden re- 
application of stator voltage produces two 
fluxes, one very nearly the steady-state 
rotating field, the other a stationary (and 
decaying) field. Now the machine time 
constants are much shorter than with the 
stator open-circuited, so that the sta- 
tionary field components decay more 
rapidly, but for the purposes of the argu- 
ment one may neglect this decay. Both 
stator fields react on the rotor flux, the 
steady-state rotating component pro- 
ducing a slip-frequency torque, the 
stationary component producing a speed- 
frequency component. If the slip is 
small, the slip-frequency component acts 
roughly as a “synchronizing” torque, so 
that it is evident that there is a preferred 


TORG LL 


PER UNIT ELEGTRICA~ 


{Sule ax 4c Monte 


Figure 10. Per unit electric torque versus 
per unit time (electrical radians) 


es 


Effect of trapped rotor flux on plugging torque 
Run 85—Plugging from steady-state conditions 
for 0.99 per unit speed (see section C) 
Run 86—Plugging an infinite-inertia machine 
running at synchronous speed with zero 
rotor flux 
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initial position of the rotor for minimum 
time to recover speed, while the speed- 
frequency component produces only a 
superposed vibration of the rotor speed. 
One may calculate from the initial slip 
and rate of increase of slip the relative 
angle through which the rotor has 
passed, and it then will be found that 
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PER UNIT TIME 
Figure 11. Per unit stator current in phase a 
versus per unit time (electrical radians) for 


runs 85 and 90 


See Figures 10 and 8, respectively, 
corresponding electric torque 


for 


. equivalent 


oF 


at first for very small angles of retarda- // 


tion the speed will recover quickly and 
with a minimum of disturbance. Then, 
as the angle exceeds 90 degrees, the initial 
accelerating torque becomes smaller and 
finally is not sufficient, so that the ma- 
chine speed at first may decrease further 
by an appreciable amount. As in the 
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Figure 12. Per unit stator current in phase & 
versus per unit time (electrical radians) for 
runs 85 and 90 


See Figures 10 and 8, respectively, 
corresponding electric torque 


for 


synchronous-machine  case,, 
the “‘worst’ angle lies only a relatively 
short distance behind the ‘‘best” angle. 
The situation is made more complex by 
the fact that in every slip cycle the slip 
becomes greater and the trapped flux 
becomes smaller, so that the variation 
with angle becomes much less pronounced. 
The present case has a rather low rotor 
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Effect of switching angle. Steady-state full-voltage conditions for 0.99 per unit speed before 
Stator open-circuited at t=O 


zero time. 


Figure 13. Per unit 
electric torque ver- 
sus per unit time 
(electrical radians) 


Run 52—Voltage restored to 1.0 per unit at t=18a (9 cycles) 
Run 53—Voltage restored to 1.0 per unit at t=18.5a (91/4 cycles) 
Run 54—Voltage restored to 1.0 per unit at t=19x (91/2 cycles) 
Run 55—Voltage restored to 1.0 per unit at t=19.5a (93/4 cycles) 


Run 56—Voltage restored to 1.0 per unit at t=2Oz (10 cycles) 
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Figure 14. Per unit speed versus per unit 
time (electrical radians) for runs 52-56 


See Figure 13 for corresponding electric 
torque 


T FER UNIT TIME 


PER UNIT ELECTRIGAL TORQUE 


le—RUN 90 


Figure 15. Per unit electric torque versus 
per unit time (electrical radians) 


Effect of rotor resistance. Full voltage applied 
to locked rotor machine 
Run 79—Rotor resistance = 0.04 per unit. 
Positive-phase-rotation voltage 
Run 90—Rotor resistance = 0.01 per unit. 
Negative-phase-rotation voltage 


resistance, so that the effect is still large 
in the second slip cycle which has been 
studied. The inertia of the machine 
evidently enters here also, as it deter- 
mines the rate of increase of slip. A 
motor with a small inertia and a high 
rotor resistance would show little varia- 
tion with angle, and the ratio of inertia 
to rotor resistance may form a rough 
criterion of the importance of the effect 
of angle. Also if the slip becomes very 
‘large, the effect of the stationary stator 
flux may be emphasized and a pro- 
nounced speed decrease consequently 
may be observed. In all cases, the se- 
verity of the rotor swings should tend to 
be less than in the synchronous-machine 
case because of the generally higher re- 
sistances and the fact that the rotor has 
no sustained rotor excitation and thus no 
preferred position in which it must come 
to equilibrium. 


E. TRANSIENT CURRENTS 


If we consider only the a-c component 
of current, it is seen from Figures 6 and 
7 that the current caused by a terminal 
short circuit is somewhat less than full- 
voltage starting current; however, that 
resulting when the fault is removed is 
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approximately equal to full-voltage start- 
ing current. 

It is interesting to note that the current 
caused by plugging (when the rotor 
contains trapped flux) may be much larger 
than full-voltage starting current. For 
the case illustrated in Figures 11 and 12, 
the maximum current is nearly twice the 
normal starting value. 


Appendix A. System Equations 


The equations whose solution forms the 
basis for the results of this study have been 
derived by Stanley.2 These equations in 
which all quantities have been referred to 
the stator may be written 


Ca= hha t tra +e (pe) =0 (1) 
ep = bp t+trig—Wa(pe) =0 (2) 
=G(p)Eatx(p)ic (3) 
=G(p)Eg+x(p)ig (4) 
Te=Vpta—Vaip (5) 
i 
=a J (Te-Tm)at (6) 
=f podt (7) 
E,=E cost (8) 
Eg=Esint (9) 
where 
pies ae 
x(p) a = 
x! ee 
1g, 


All quantities are defined in Appendix B. 

For solution on the differential analyzer, 
these equations are written in the following 
form: 


va=—trS igdt — S ypd0 
vp=—trS igdt+ J Yodo 


OM ati alae 

Xe =Va ada E 
a rs M p 

KG mvt { (7 va—F Eg—rsip Jar (13) 


(10) 
(11) 


Faria) (12) 


Ea=—JS Epdt (14) 

Ep= S Eat (15) 
=S veliat S icdbe— 

S velig—S igdta (16) 

10 == S (Te—Tm) dt (17) 

6=S podt (18) 


Equations 10 through 18 which require 
14 integrators were set up on the differential 
analyzer, and a number of solutions was 
obtained. The quantities plotted were 
electric torque, rotor speed, applied voltage, 
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and the two components of stator current. 
The latter do not appear explicitly in 
equations 10 through 18 but come directly 
from the definition of flux; namely: 


1 F 
Ta= 77 Ya—Lia) (19) 


1 
=— a) 2 
yz 8 L8) (20) 
From the definitions of the a and 86 
quantities,? the stator-phase currents for a 
three-phase machine in terms of J and Ig 
are (with no zero-sequence currents): 


ig=Le (21) 
. 1 3} 
ine Etat Ip (22) 
: 1 3 
t= tang (23) 


Appendix B. Nomenclature and 
Values of Parameters for Machine 


Studied 


All quantities are in per unit on _kilovolt- 
ampere base. 


L=apparent three-phase stator 
rotor self-inductance =3.07 
M=apparent three-phase mutual in- 
ductance =2.99 
rs =resistance of one stator phase =0.01 
1, =resistance of one rotor phase =0.01 
p0=rotor speed 
t=time in electrical radians at unit 
speed 
6=electrical angle between rotor phase 
a and stator phase a at any time ¢ 
p=d/dt 
I,,=stator current in positive a axis 
JIg=stator current in positive 8 axis 
Eq=stator terminal voltage in positive 
a axis 
Eg=stator terminal voltage in positive 
B axis 
E=maximum value of terminal voltage 
Wa =rotor-flux linkages in positive a axis 
referred to stator 
Wg =rotor-flux linkages in positive 6 axis 
referred to stator 
ig=rotor current in 
referred to stator 
ig=rotor current in 
referred to stator 
€x=rotor terminal voltage in positive a 
axis referred to stator =0 
ég=rotor terminal voltage in positive B 
axis referred to stator =0 
H’=rotor moment of inertia =338.0 
H=conventional inertia constant 
=H’'/4r (frequency) =0.448 
T,=induction-motor torque / 
Tm =mechanical load torque=0.91 
iq =stator current in phase a 
7) =stator current in phase } 
i,=stator current in phase c 
Ai, A2=roots of characteristic 
(locked rotor) 


and 


positive a axis 


positive 6 axis 


equation 
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@=27r fundamental applied frequency 


=1.0 
¢=power-factor angle (locked rotor) 
tan- 1 ArA2 a w? 
=tan 
w(Ag +i) 
wetyrirs 
6,=tan7} 
; (Az — 1) 


Appendix C 


As a check on the differential-analyzer 
accuracy, the torque-time curves of two 
of the simple cases were checked by caleu- 
lation. An exact expression for the electric 
torque with blocked rotor and simultaneous 
application of voltage in both axes (on the 
basis of the given assumptions) is found in 
equation 5 of reference 5. This equation 
may be reduced to 


T.= rl sig (A2da)t 


e—™? cos (wt-+6,) +e—™* cos (wt —61) 
cos 4; 
where 


Az +a? 
w(Az— 1) 


This is identical in form with the ap- 
proximate equation 11 of reference 6, the 
difference being found in the phase angle 
6, which replaces ¢ of Kilgore and Wahl® 
where ¢ is 


6,=tan7! 


w? —)1A2 
w(Ae+Ax) 


This difference amounts to three per cent 
in the maximum torque for the machine 
constants used in the greater part of the 
study. The calculation of torque was 
carried out for four or five cycles of each 
of two cases (runs 90 and 79) Figure 15, 
and the discrepancy between calculated 
and analyzer solutions was found to be 
negligible. The two-phase currents corre- 
sponding to run 90 are given in Figures 11 
and 12. 
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Recent Advances in Aircraft Tachomenee 
Design 


R. G. BALLARD 
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Synopsis: A discussion of recent develop- 
ments in magnetic-drag-type aircraft ta- 
chometer equipment. Wartime demands 
for increased temperature range, instrument 
durability, and compactness have led to 
certain revisions and new design features. 
The results of these recent developments 
are outlined in this paper. 


HE magnetic-drag tachometer system 

consists of a three-phase generator 
supplying power to a synchronous motor 
in an indicator (Figures 1 and 2). The 
generator is mounted directly on the air- 
plane engine and the indicator is mounted 
on the instrument panel. The motor 
in the latter revolves an assembly of per- 
manent magnets which imparts torque 
to an aluminum-alloy drag disk, thereby 
moving the indicator pointer over the 
scale until an equal and opposite restrain- 
ing torque is developed in the control 
spring. The generators and indicators 
are interchangeable with other instru- 
ments of the same manufacture and simi- 
lar units made by other concerns. 

During the past three years several 
new requirements have influenced the 
design and manufacture of this aircraft 
tachometer equipment: the operating 
temperature range has increased by 
nearly 50 per cent; the vibration condi- 
tions which these devices must withstand 
have become more severe with the pro- 
duction of faster and more powerful en- 
gines; and increased instrumentation 
has made better utilization of panel space 
essential. Revisions in generator and 
indicator design have resulted from the 
new temperature and vibration require- 
ments. A new dual-element tachometer, 
occupying the space as one single indi- 
cator, has been developed to save panel 
area, 


Generators 


A cut-away view of a tachometer gen- 
erator is illustrated in Figure 3; this 
readily illustrates the simple, sturdy con- 
struction of the generator: To obtain 
satisfactory operation at temperatures 
down to —65 degrees centigrade, a special 
low-temperature lubricant is now used in 
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the ball bearings. The resulting torque re- 
quired to drive the generator at —65 de- 
grees centigrade is shown in Figure 4 for 
single- and double-element indicator 
loads. 


With increased speed and power out- 
put of aircraft engines, the generator 
must withstand more severe vibration 
than ever previously encountered; and 
modifications in design now eliminate 
consequent hazards. The possibilities of 
lead breakage are eliminated by more 
secure clamping of leads; oil leakage 
from the engine into the generator wind- 
ing is avoided by better oil seals and by 
additional vent-holes in the end-shield, 
preventing the build-up of oil pressure in 
front of the ball bearing at the flange- 
mounted end of the generator. Increased 
strength of the front end shield is assured 
by additional ribs, and the former two- 
piece receptacle end-shield is now a 
stronger and simpler one-piece casting. 

The tachometer generator drive key 
is required to withstand accelerations of 
400 revolutions per second per second. 
Generators of the present construction 
have withstood repeated accelerations 
as great as 800 revolutions per second per 
second without damage. In certain in- 
stallations where unusually severe pul- 
sations of the driving system are present, 
the drive-key design is further modified 
to prevent excessive generator wear and 
resulting pointer fluctuations in the in- 
dicator. This drive key includes a short 
section of flexible tachometer cable. 
The square driving tang is split diago- 
nally through the center line and the two 
sections are spread so that no play is 
present between the drive key and the 
mating part on the engine. By this 
change in construction no indicator 
pointer fluctuation occurs after many 
hours’ operation where previously the 
indication became unsatisfactory pes 
the first 10 to 20 minutes of use. 

Representative generator-voltage-out- 
put-speed curves are shown by Figure 5 
for conditions of no load, one and two in- 
dicator element loads. 


Indicators 


The range of operating temperature for 
tachometer indicators has increased, up- 
ward from +45 degrees centigrade to 
+70 degrees centigrade, and downward 
from —35 degrees centigrade to —55 de- 
grees centigrade. This increase in range ; 
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\\Figure 1. Tachometer equipment 


Left to right: Tachometer generator; single- 

element indicator, 31/2 revolutions; dual- 

element indicator; single-element indicator 
(330 degrees); synchroscope 


from a total of 80 to a total of 120 centi- 
grade degrees requires improved tempera- 
ture compensation material so that the 
error in indication is not excessive. 

Improvements in commercially avail- 
able temperature-sensitive nickel-steel 
compensator material provide the typical 
temperature compensation curve shown 
in Figure 6; the uncompensated curve 
shows the change in indication (at the 
3,000-rpm point) before the addition of 
compensator material, and the compen- 
sated curve shows that this error is re- 
duced to less than one per cent by proper 
compensation. 

Due to the high-ambient-temperature 
operation, it is essential that the lubricant 
for the indicator motor bearings have a 
low evaporation rate. To meet this re- 
quirement the indicator ball bearings are 
lubricated with inhibited blackfish jaw 
oil applied in controlled quantities. With 
this lubrication individual indicators 
have operated continuously for as much 
as 20,000 hours. 

Room - temperature torque — speed 
curves for representative tachometer in- 
dicator motors are shown in Figure 7. 
The starting or pull-in torque is developed 
jointly by a permanent-magnet rotor and 
eddy-current hysteresis disk. 

The vibration test for tachometer indi- 


‘eators consists of movement of the indi- 


-cator on a _ 0.018-0.020-inch-diameter 


circle in a plane inclined 45 degrees to the 
horizontal. The top frequency vibration 
has been increased from 2,500 to 3,000 
cycles per minute. All indicators are 
subjected to this vibration test after 
assembly to assure freedom from ex- 
cessive pointer oscillations or changes in 
indication. 


Dual-Element Indicator 


As airplanes increased in size and com- 
plexity, the available panel space has 
been needed for more and more indica- 
tions; thus, where previously a single- 
element indicator was installed it has 
become essential to build two or more 
indicators in one case wherever possible. 
This need leads to the development of the 
dual-element tachometer indicator, shown 
in Figure 1, to show the speed of two en- 
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INDIGATOR 


GENERATOR ELEMENT 


y 
Figure 2. Schematic 


: : INDICATOR ELEMENT 
connection diagram 


(FOR PARALLEL OPERATION), 


Figure 3. Cut-away view of generator 


gines in the same panel space as was pre- 
viously required for one engine. A “cut- 
away view of this dual indicator, with 
one element removed, is shown in Figure 
8. 

The dual indicator presented problems 
of much smaller-size motors, smaller 
rotating-magnet assemblies, and a means 
of coupling the two elements to a concen- 
tric pointer assembly. Previous experi- 
ence with the single-element indicator 
showed the following adjustments to be 
desirable: 


(a). Zero adjustment. 

(b). Full-scale adjustment. 

(c). Balancing means. 

(d). Adjustable temperature compensation. 


In addition cam adjustment of gear mesh 
has been built into each element of 
the dual indicator to facilitate adjustment 
and maintenance. 

A special feature of the design is the 
possibility of disassembly into inter- 
changeable subassemblies. These sub- 
assetnblies may be adjusted, tested, and 
inspected as units and subsequently as- 
sembled into completed tachometers. 
The moter and magnetic-drag assembly 
are completely assembled and tested in 
the normal manufacturing procedure, 
thereby preventing expensive tear-downs 
at later positions. Field maintenance 
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and handling is greatly facilitated by 
these types of construction, 


Smaller Motor 


For the synchronous motor of the dual 
indicator, a recently developed magnetic 
material, copper-nickel-cobalt, is used for 
the permanent-magnet rotor instead of 
the sintered-oxide material utilized in the 
single-element indicator. The new ma- 
terial offers the advantages of improved 
mechanical strength, greater ease of 
fabrication, and simpler assembly. 

The stator of the indicator motor is of 
the conventional three-phase type. To 
decrease the temperature rise of the wind- 
ings through greater thermal conduc- 
tivity, glass-cloth slot insulation replaces 
the fiber type common to the single- 
element indicator. This change reduces 
the temperature rise by approximately 
ten per cent. 


Drag Magnet Assembly 


The necessity of providing two indi- 
cator elements in the space previously 


TORQUE- Ib in 


INDIGATOR FREQUENCY- rpm 


Figure 4. Generator driving torque at —65 
degrees centigrade 


GENERATOR VOLTS 


3200 4000 4800 


1600 2400 


INDICATOR FREQUENGY- rpm 
Figure 5. Generator voltage output 


occupied by one necessitates smaller ro- 
tating magnets. In order to obtain sufii- 
cient torque for the moving element 
assembly, a second new magnet material 
is utilized. This material, Alnico V, 
produces approximately twice the ex- 
ternal energy per unit volume of Alnico IT 
used in the single-element indicator. 
Major differences in handling the ,two 
types of Alnico in manufacturing are the 
necessity for initial magnetization of the 
Alnico V during cooling from a semi- 
molten state, and the requirement that 
Alnico V be carried through a much 
greater temperature stabilization cycle 
than for Alnico IT in order to prevent sub- 
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Figure 6, Typical temperature compensation 


MOTOR TORQUE-g-cm 
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INDICATOR FREQUENCY- rpm 
Figure 7. Indicator-motor torque 


BALANCE ARMS] 


ZERO ADJUSTMENT 


Figure 8. Cut-away view of dual indicator 


sequent changes in magnetic strength 
throughout the instrument operating 
temperature range of —55 to +70. de- 
grees centigrade,?? 

Calibration adjustment of the indi- 
cator may be accomplished either by 
magnetic knockdown with an a-c coil or 
by varying the gap between the two sets 
of magnets. The latter adjustment is 
normally used for only small changes in 
calibration and is readily made with the 
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Figure 9. Temperature—deflection characteris- 
tics of single-coated pointers 


instrument cover removed. Calibration 
adjustment with a demagnetizing coil 
may be made to either element of the 
assembled indicator without affecting the 
calibration of the other element, al- 
though the magnets in the two assemblies 
are separated by less than three quarters 
of an inch. This method is ideal since 
the element being adjusted may be in 
operation while the demagnetizing is 
being done. Temperature compensation 
adjustment is provided by movement of 
the compensator plate (Figure 8) along 
the length of the magnets in order to 
shunt more or less flux. 


Moving Elements 


The zero-adjusting arm and balance 
arms are readily discernible in Figure 8. 
The mechanical assembly of gear hubs to 
shafts as small as 0.031 inch in diameter is 
accomplished by means of a knurl on the 
shaft; thus assuring a tight, permanent 
fit. 

The concentric pointer shaft assembly 
(Figure 8) is supported at the ends by 
ring-stone jewels. Intermediate supports 
are provided by two additional ring-stone 
jewels mounted in the outer bearing sleeve 
with the first one supporting the front 
end of the inner shaft and the second the 
back end of the outer sleeve. The ad- 
vantages of this assembly are its inherent 
line-up and a single end-play adjustment 
for the complete subassembly. 

Prior to the increase in range of tem- 
perature operation, tachometer pointers 
were normally flat and painted with lumi- 
nescent material on one side only. 
Changes in temperature cause bending of 
the pointer because of the difference in 
expansion and contraction of the alumi- 
num pointer material and the fluorescent 
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Figure 10. Dual tachometers for 
charger and helicopter applications 


material. The amount of deflection oc- 
curring for a 0.010-inch-thick pointer 
13/,, inches in length is shown in Figure 9. 
In order to improve this condition the 
pointer for the single-element indicator 
has been “‘ribbed” to reduce this bending 
action to less than half of its former value. 
Because of the small space between the 
two pointers on the dual element indica- 
tor, its pointers are made flat but are 
painted on both front and back sides, 
thus eliminating virtually all deflection. 


Conclusion 


The several problems of increased tem- 
perature range, additional vibration, and 
superior panel utilization have been met. 
Existing designs have been improved and 
new designs developed to accomplish the 
stringent wartime requirements. 

In addition to the furthered develop- 
ment in magnetic materials and processes 
fostered by the designing of the tachom- 
eter equipment, certain unique applica- 
tions have been made. Among the pres- 
ent and future applications are included 
airplane supercharger and helicopter 
rotor speed indication (Figure 10), test 
panel equipment, regulator control, and 
timing apparatus. A single indicator ele- 
ment from the dual tachometer can be 
built into a 17/s-inch diameter case for 
use where reduced size is paramount, and 
the separate indication of engine speed is 
desired. 

By means of these design revisions it 
has been possible to meet the new require- 
ments which aircraft tachometer systems 
have encountered. 
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Automatic Control and Switching 
Equipment for Capacitor Banks 


and Its Application 
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HE increasing use by utilities or 

industrial plants of shunt capacitors 
for voltage improvement, power-factor 
correction, and release of circuit capacity 
is leading in many cases to the desir- 
ability of automatically switching or con- 
trolling the capacitors. 

On some utility and industrial system 
circuits, capacitors have been or are being 
applied to the extent that it becomes de- 
sirable to switch part of them at time of 
light load to control voltage and to mini- 
mize circuit losses. 

Recent studies! have shown that as sys- 
tems grow, capacitors on distribution 
feeders and in substation banks have a 
definite place in the growth process. 
There should be, therefore, an increasing 
demand for automatic control equipment 
in this connection. Where industrial 
plants are encouraged, by means of the 
power-factor clause in the utility rate 
structure, to supply part of their own 
magnetizing kilovars, it sometimes may 
be desirable to switch the capacitors. 
This paper offers application information 
as a guide to the selection of proper auto- 
matic switching equipment, and describes 
available types of control equipment. 


Reasons for Switching Capacitors 
Automatically 


Capacitors applied for voltage-regula- 
tion purposes should be automatically 
controlled where manual switching is not 
convenient or reliable. Switching also 
may be necessary or desirable to avoid 
overvoltage or excessive losses, particu- 
larly during light-load periods for capaci- 
tors used to reduce circuit loadings, or to 
meet the requirements of the power- 
factor clause of an electric-power rate. 

Switching usually need not be con- 
sidered if the minimum-load kilovars 
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exceed the capacitor kilovolt-amperes. 
It is shown in the appendix that circuit 
losses will be a minimum if the un- 
switched capacitor kilovolt-amperes 
equals the average kilovar requirement 
of the load, that is, the average ordinate 
of the daily kilovar-load pattern. In 
some cases automatic switching equip- 
ment cannot be justified economically 
if losses are the only consideration. 


Types of Equipment 


In addition to the capacitors, automati- 
cally controlled capacitor equipment 
consists of: 


A. Switching device. For convenience, 
this may be divided into the following 
classes of application: 


1. Low-voltage circuits (600 volts or less) 


‘2. Medium-voltage circuits (2,400 to 


13,800 volts) 
3. Utility distribution feeder circuits. 


B. Control equipment for automatically 
controlling the switching device associ- 
ated with the block of capacitors. 


MAIN SWITCHING DEVICE 


1. Switching Equipment for Low- 
Voltage Circuits. This voltage class (up 
to 600 volts) is encountered most gener- 
ally in industrial plants, with the nominal 
460-volt circuit being most common. 
The two types of equipments for this 
service are air circuit breakers and con- 
tactors. 

Standard air circuit breakers generally 
are used, and have the advantage of pro- 
viding fault protection in addition to the 
switching function. Breakers are not 
designed for highly repetitive operation, 
but in the average industrial plant the 
number of operations is not large enough 
to result in a serious maintenance prob- 
lem. In those installations where the 
number of operations is large, contactors 
are the logical selection and are available 
with or without fuses. 

2. Switching Equipment for Medium- 
Voltage Circuits. 
breakers’are used almost always as the 
switching device for power circuits in the 
voltage range of 2,400 to 13,800 volts. 
Contactors are available for 2,400- and 
4,160-volt service. 
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Standard power circuit © 


3. Switching Equipment for Use With 
Utility Distribution Circuits. This class 
of switching equipment is limited almost 
entirely to the utility field for use with 
small banks of capacitors in which the 
switching device is primarily a switch 
only and not a breaker; fault protection 
is provided by other means. Here a 
power breaker could not be justified 
economically for the small capacitor 
banks (45 to 180 kva) located on dis- 
tribution circuits. Oil switches for pole 
mounting are available for this service 
in ratings up to 100 amperes and 5,000 
volts. A typical unit-type equipment, 
including capacitors, switch, and control 
for a 180-kva bank is shown in Figure 1. 


AUTOMATIC CONTROL EQUIPMENT 


The control is the heart of the equip- 
ment; it receives the signal, interprets it, 
and then sets into operation the proper 
devices to perform the desired function. 
This control consists fundamentally of 
the following: 


1. Master Element. This is the “brain,” 
and may be a voltage-, current-, kilovar-, or 
power-factor-sensitive device. 


2. Time-Delay Device. A time-delay 
device is a practical necessity to avoid 
unnecessary operation of the switching 
device for signal changes that are only 
momentary. This may be a_ separate 
device or may be incorporated as part of 
the master element. 


3. Sequencing Device. This is necessary 
only for multistep control, and determines 
the order in which the capacitor groups are 
switched in and out of service. 
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Figure 1. Unit-type pole- or base-mounted 


automatically controlled capacitor equipment, 
180 kva, 2,400 volts 
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4. Miscellaneous Relays or Devices. A 
lockout device is required to prevent the 
switching device from reclosing on a fault. 
It is also common to include, for convenience 
of control, an “automatic-manual”’ transfer 
switch and a “close-trip’”’ switch for each 
capacitor block, 


Control power is standardized at 220 
volts alternating current or 125 volts 
direct current, following switchgear and 
control practice. 

The simplified control schemes for the 
two most common controls are shown in 
Figures 2-and 3. To illustrate the func- 
tion of each of the component parts, the 
detailed performance of a typical control 
will be outlined. The sequence for a 
single-step voltage-sensitive control is 
quite straightforward and will not be dis- 
cussed. It should be noted that, in 
accordance with standard practice, the 
devices are shown in their de-energized 
position. 

Figure 3 shows the schematic diagram 
and Figure 4 a control panel for a three- 
step kilovar control. The sequence of 
operation is as follows: As the load 
magnetizing kilovars increase and reach 
a predetermined value, the master ele- 
ment operates, initiating the time-delay 
device and establishing a closing circuit 
for the correct direction of the sequence- 
ing switch. If, after a preset time delay, 
the master element still indicates capaci- 


tors are needed (that is, the signal was 
not the result of just a momentary dis- 
turbance), the time-delay device operates 
and starts the sequencing device. Once 
the sequencing device is started its motor 
continues to operate until the first posi- 
tion is reached, when a set of contacts 
closes to initiate the closing circuit of the 
switching device. The same control- 
sequence procedure is followed for 
switching in suecessive blocks. When the 
load kilovar requirements decrease, the 
capacitors are switched out of service in 
the opposite sequence, that is, the last 
capacitor group switched into service is 
the first group switched out of service. 

If the signal to the master element does 
not last for the full time-delay period, the 
control is arranged so the timing device 
will be reset for a full timing period for its 
next operation. 


MaAstTEeR CONTROL ELEMENTS * 


There are two characteristics common 
to all regulating types of master elements 
that should be fully understood to select 
intelligently the proper device. These 
are the range of adjustment and the band 
width. 

The range of adjustment refers to the 
normal operating level of the device, and 
is necessary, for practical purposes, to 
allow for differences in operating condi- 
tions. For example, the system voltage 


level may vary over a rather broad range, 
so the normal setting of a voltage-sensi- 
tive device must be capable of adjust- 
ment. 

Band width is defined as the difference 
between pickup (switching a capacitor 
on) and dropout (switching a capacitor 
off). The band width must be larger than 
the change in signal caused by switching 
the largest block of capacitors to prevent 
pumping action of the control and switching 
equipment. 

The most common types of master- 
control elements are: 


(a). Voltage. 
(b). Current. 
(c). Kilovar. 
(d). Power factor. 
(e). Time switch. 


(a). Voltage-Sensitive Device. Thisis — 
essentially a contact-making voltmeter; 
the most common type is that used with 
voltage regulators. Standard voltage- 
sensitive devices are available with a 
range of adjustment from 90 to 110 per 
cent, and with a band width adjustable 
from three to seven and a half per cent. 
A multistep control requires the lower 
band width, as it is likely to be used for a 
regulating duty where fine control is 
necessary. . 


Table |l. Application of Automatic Capacitor Switching Control 
Switching Function 
Switching Capacitors on Basis of Power-Factor Clause Requirements* 
Power Factor for Billing Determined By 
Average Monthly Power Factor Power Factor at Maximum Kw Demand 
Removal of Continuous Billing Billing 
Type of Capacitors Occasional Continuous Kwhrand Occasional. Measure- Kwhr and on Kw on 
Master ; at Regulating Regulating Measure- Measure- Kvarhr Measure- ment of ~ Kvarhr and Kvar Kva 
Element Light Load Voltage Kilovars ments ments Comparison ment** Power Factor Comparison Demand Demand 
Voltage, single- cs} ~ 
BLED LO estat Gren 4c ORE NI Fie te ae only Sore ie ee aatlln te CE Ree Pisce ete: a 
oltage, an oO 3) 
Mcrae rae (ete BONO Ke ie. 3 lca ne eke aes 
necessary a % 
Current, single- O.K. if power ‘S| =| 
SCONE emit eens FACCOE, [VELSUS NU sytepsiete > fates foi nleiefatavay3 roa sie svayerensete rae teae ists! Batewweiers te 
load charac- s iS 
teristic known g g 
Current, multi- = a 
3 g 
SLED in ierm.ca Oa >, Sie aes tam ole ate sacs ae Me earns wD ins) mhaaie iain ar eget és aie ee Orally clakeuehy 3) 4 
Kilovar, single- O.K. where volt- 2 2 
SUED we wcis oslo isis age magnit ideo yscve) acs atend oie: eceefomeas e-ase eee OVRSe As sti Ce tad we Sy hs vorcbely OK OFS. Wien OPK brine O.K AOU 
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tory signal 
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desired 
Power factor, O.K. but de- ' 
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'* Where capacitors are used for rate purposes only, they need not be switched unless there is a penalty for leading power factor. 


capacitors at reduced loads to prevent excess voltage and losses 


** At or near maximum load. 
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It may be desirable to switch. 
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: 


INCOMING 


CONTROL POWER SOURCE 


Figure 2. Simplified 


schematic connec- 


OFF ON 
MASTER 
ELEMENT 


TIME- DELAY 
DEVICE 


tion diagram show- 
ing single-step volt- 
age control 


Devices: 
1—Master element 
2—Time-delay de- 
vice 
52—Capacitor 
switching device 
(breaker) 


PT—Potential trans- 


BREAKERS 


OTHER LOADS 


(b). Current-Sensitive Device. This is 
essentially a contact-making ammeter, 
and since this type of control is more 
likely to be for an ON-OFF than for a 
regulating function, it usually is fur- 
nished ina single-step control. The stand- 
ard range of adjustment is 25 to 100 per 
cent of the coil rating (five amperes). 

(c). Kilovar-Sensitive Device. A kilo- 
var-sensitive device may be thought of as 
a contact-making wattmeter connected 
to read kilovars; usually it is an induc- 
tion-type directional relay for single- 
phase indication. It is customary to use 
two master elements for multistep con- 
trol in order to provide a simple and 
convenient means for adjusting the band 
width. One master element can be used 
for single-step control, and a suitable 
band width can be obtained by a recali- 
brating device. 

The characteristics of the kilovar or 
reactive-ampere master elements com- 
monly are given in terms of reactive 
amperes referred to the secondary side 
of the current transformer (five amperes 
normal). A useful range of adjustment is 
3.3 amperes (66 per cent) lagging to 1.6 
amperes (32 per cent) leading, with a 
band width adjustable from 2.5 to 0.7 
amperes (50 to 14 per cent). 

(d). Power-Factor Device. Since power 
factor is the measure of an angle, the 
usual power-factor or angle-measuring 
devices are suitable for this purpose. 
What has been said regarding the kilovar- 
sensitive master element also applies 
generally to a power-factor-sensitive 
master element. It is usually an induc- 
tion type directional relay. 

Since the band width in kilovars of a 
power-factor control is variable and 
changes uniformly with kilowatt load, and 
because at light load the band width may 
be smaller than the change in signal 
caused by switching the largest block of 
capacitors, some form of desensitizing 
control is necessary to prevent a pumping 
action at light loads. 
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For a larger number of steps, the motor- 
driven sequencing switch is simpler and 
less expensive, and also has the advantage 
that additional steps of control may be 
obtained conveniently by adding addi- 
tional contact positions on the switch. 
With the interlocked-relay scheme, a 
major change in wiring and arrange- 
ment is required to increase the number 
of steps. 


General Application of Automatic 
Control Equipment* 


For REMOVAL OF CAPACITORS AT LIGHT 
Loaps TO REDUCE VOLTAGE AND 
LOSSES 


In many cases this will be the only 
switching requirement, and it may be 
met generally by a single-step voltage- 
sensitive control that disconnects the 
capacitor bank when the voltage rises 
above a certain value, and reconnects it 


CONTROL POWER SOURCE 


(e). Time-Switch Device. This is a 
simple control device used for switching 
capacitors at a predetermined time, and 
is used on some utility feeder circuits 
where the load characteristics with time 
are reasonably constant. 


Timp-DELAY DEVICE 


A time-delay device may consist of an 
electronic or motor-driven timer. Usu- 
ally, only one time-delay device is used, 
regardless of the number of steps. If, 
however, a different time-delay is re- 
quired for the two sequences, two devices 
are required. The amount of time-delay 
is not critical, and is set long enough to 
avoid unnecessary operation because of 
momentary circuit disturbances. Range 
of adjustment is desirable; accuracy in 
timing is not of extreme importance. 
Practical experience has indicated that 
the range of adjustment is from 5 to 20 
seconds. 


SEQUENCING DEVICE 


A sequencing device is used only for 
multistep control, and consists of an 
arrangement of interlocked relays or a 
motor-driven cam switch. 

The interlocked-relay scheme is simple, 
and can be used for two-step control. 
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Figure 3. Simplified schematic connection dia- 
gram showing three-step kilovar control 


Capacitor Switching Sequence (Device 34) 


Raise Capacitor Kilovolt-Amperes 


—> 


Soe — 


Of | iH] It 
Trip 25-1 


Close 52-1 
Trip 52-2 
Close 52-9 
Trip 52-3 
Close 52-3 
, Lower Capacitor Kilovolt-Amperes 
<— 


when the voltage falls below a predeter- 
mined value. 

If the supply-system voltage is subject 
to variations independent of variations 


in the load with which the capacitor bank - 


is associated, the voltage-sensitive con- 
trol may cause the bank to be switched 
somewhat independently of the load. 
For example, in some cases the capacitors 
may be switched off during peak load, or, 
switched on during light load, with re- 
sultant feeder overload or undue losses. 
This can be obviated by the use of a 
kilovar or, in some cases, a current-sensi- 
tive control. 

The inherent characteristic of the 


*A discussion of the application suggestions 
summarized in Table I. 
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power-factor-sensitive control requiring 
it to be desensitized at light load to pre- 
vent hunting precludes its use for the 
application considered in this section. 


For VOLTAGE CONTROL 


If voltage control is the primary ob- 
jective, a voltage-sensitive control will be 


4. Control panel for 


kilovar control 


Figure 


three-step 


used, and since voltage control usually 
implies holding the voltage within rather 
close limits, a multistep control should be 
used. The capacitor kilovolt-amperes per 
step should be co-ordinated properly with 
the voltage band width. 


For KILOVAR OR POWER-FACTOR 
CoNnTROL* 


This application is concerned with 
bulk kilovar control in connection with 
kilowatt flow past a purchase or inter- 
change power point, or with maintaining 
a high power factor to minimize kilowatt 
losses. The master elements to be con- 
sidered are kilovar or power-factor- 
sensitive devices. 

In power-dispatching work, the two- 
quantity concept, which treats kilowatts 
and kilovars as two separate and inde- 
pendent quantities, is gaining increas- 
ingly greater favor. In instances where 
this concept is adhered to, switching the 
capacitors as a function of kilovars 
doubtless will be the predominant ap- 
proach. 

To compare the relative merits of a 
kilovar-sensitive and a power-factor-sensi- 
tive master element where the prime ob- 
jective is to control the flow of kilovars 
to a large load, refer to Figure 5. Part 
(a) shows the circuit involved, with a 
multistep capacitor bank installed near 


* Exclusive of that for rate-clause purposes. 
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the load for supplying the load kilovars 
to maintain a peak load power factor of 
95 per cent. 

The total kilovolt-amperes of capaci- 
tors needed is dictated by the maximum 
requirements of the load. The number 
and size of steps in which these capaci- 
tors are switched is governed by the 
fineness of control desired. Unless the 
kilovar versus the kilowatt component 
of load (the line a-b of Figures 5b and 5c) 
is known to be fairly constant at all times, 
it probably will be best to switch the 
capacitors in uniform steps to prevent 
the possibility of hunting. 

Let the line o-a represent the mini- 
mum uncorrected load and o-b the maxi- 
mum uncorrected load. Assume line 
a-b to represent the uncorrected-load 
variation between these two extremes. 
The line b-c then represents the total 
capacitor kilovolt-amperes applied at 
maximum load to obtain the desired 
corrected-load power factor, in this case 
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Figure 5. Comparison of multistep kilovar- 

and power-factor-sensitive control used to 

switch capacitors automatically for regulating 
kilovars 


(a). One-line circuit diagram 

(6). Performance diagram with kilovar control 

(c). Performance diagram with power-factor 
control 
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95 per cent lagging. The corrected-load 
characteristics are on the basis of four 
equal blocks. of capacitors. 

Since the kilovar band width of a power- 
factor-sensitive control is variable from zero 
at no load to maximum at full load, it ts 
necessary that the automatic control be made 
inoperative for loads below which the band 
width in kilovars is smaller than the capaci- 
tor block to be switched. This point is 
designated by the line labelled ‘“‘cut off” 
in Figure 5c. 
remaining capacitor blocks are switched 
manually, 

Setting the kilovar-sensitive control 
in this manner permits the power factor of 
the corrected load to fall outside the 95 
per cent band at light loads; but this is 
not important in this case, since the 
basic requirement is to control kilovars. 
However, the load at which the power 
factor falls outside the 95 per cent band 
may be reduced considerably by raising 
the operating band of the control verti- 
cally and sacrificing the very low leading 
kilovar characteristic. This load can 
be reduced still further by use of smaller 
switched blocks. 

It will be noted from the uncorrected- 
load characteristic and the size of capaci- 
tor blocks shown in Figure 5c that, if a 
power-factor control is used, the auto- 
matic switching will be done on only two 
steps instead of the desired four steps as 
shown. If, for this reason, switching in 
fewer and larger steps is considered, the 
“cut off” point will occur at a higher 
load; this will mean a smaller operating 
region in which the automatic control is 
effective. 

It can be seen from a comparison of 
Figures 5b and dc that a kilovar-sensitive 
control set for low lagging kilovars and 
very low leading kilovars will provide a 
more constant value of kilovars at all 
loads than does the power-factor-sensitive 
control. - The low leading kilovar feature 
may be of particular value in this case if 
it is not desirable to have kilovars flow 
from load to the power source. A power- 
factor control entails complications if 
power flow may be in either direction past 
the control point. 


For MEETING THE REQUIREMENTS OF 
THE PowER-FACTOR CLAUSE OF ~ AN 
ELECTRIC-POWER RATE 


‘ 


If capacitors are applied for rate pur- 


poses only, and voltage rise and losses at 


light load are not a problem, it is not 
necessary to switch the capacitors unless 
there. is a penalty for leading power 
factor. ie { 

If load power factor is determined on an 
average monthly basis by continuous 
measurement or by an integration of the 


kilowatts and the kilovars for the month, — 


it will be advantageous to the consumer 


to ‘leave his capacitors connected at all — 
Otherwise, generally 


times if possible. 
speaking, they can be off except during 
the period of maximum demand, or during 
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a period of relatively heavy load (not 
necessarily maximum demand) when the 
“occasional’”’ measurement is apt to be 
made. 

Where it is desired to have the capaci- 
tors on at heavy loads for rate reasons, 
but off at light load to minimize voltage 
tise or losses, the kilovar or power-factor 
master element will provide the most 
direct solution of the control problem. 
Unless multistep switching and control 
to regulate voltage or to keep the losses 
at a minimum can be justified, a single- 
step control, judiciously set, will be 
sufficient. 

Figure 6 shows a comparison of the 
single-step kilovar and power-factor con- 
trol used primarily in conjunction with 
a rate clause. The diagrams plot un- 
corrected and corrected kilovars versus 
load kilowatts. In all cases a light-load 
kilovolt-ampere o-a and a maximum- 
load kilovolt-ampere o-b is considered, 
with a straight-line variation between 
these limits for simplicity. Assume it is 
desired to hold a power factor at peak 
load as represented by the line o-c. A 
single-step power-factor control viewing 
the uncorrected-load, power factor, as in 
Figure 6a, switches the capacitors on 
for load power factors below o-c and 
switches them off for load power factors 
above o-c. (Actually, to avoid unneces- 
sary operation, this type of control would 
have a band width of a few degrees, but 
this is neglected in this analysis.) For 
the load pattern shown, the capacitors 
are on even at light load, with a resultant 
leading kilovar component corresponding 
to point d. As the locus of the uncor- 
tected-load kilovolt-amperes proceeds 
along the assumed pattern a—d, the locus 
of the corrected pattern follows d-c. 
Therefore, for this load pattern, the capaci- 
tors are never off and the power factor 
is unnecessarily high at light load. 

If the power-factor control measures 
the corrected power factor as shown in 
Figure 6c, the ON and OFF character- 
istics would result in a band width vary- 
ing with the kilowatt load. However, an 

auxiliary control device operable at point 
f is necessary to prevent the possibility 
of hunting. The load range of operation 
of the control could be increased some- 
what by moving the OFF characteristic 
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Figure 6. Comparison of single-step kilovar- 
and power-factor-sensitive control used to 
switch capacitors applied on behalf of rates 


(a). 


Single-step power-factor control measur- 
ing uncorrected load 


(6). Single-step kilovar control measuring 
uncorrected load 

(c). Single-step power-factor control measur- 
ing corrected load 

(d). Single-step kilovar control measuring 


corrected load 


to d’, but this scheme has the disadvan- 
tage of the complication interposed by 
the desensitizing relay and its adjustment. 

The kilovar control element measuring 
uncorrected kilovars, Figure 6b, has an op- 
erating characteristic kk and k’k’ (OFF and 
ON again differing practically by a small 
band width). The relay pickup is set 
somewhat above the corrected kilovar 
component of the expected peak load to 
assure the capacitors being on at heavy 
loads which are not necessarily up to the 
expected peak. As the uncorrected load 
increases, the capacitors go on at b’, 
making the corrected load o-d. At peak 
load the corrected kilovolt-amperes are 
o-c and, as the uncorrected load decreases 
to o-b”, the capacitors are switched off. 

If the single-step kilovar control is 
connected to view corrected kilovars, the 
performance is as shown in Figure 6d. 
Note that the band width must be 
widened to exceed slightly the capacitor- 
bank kilovolt-amperes. 


It has been pointed out previously © 


that if multistep switching is used for 
rate purposes, it probably will be for 
voltage regulation and to minimize losses. 
With this objective, it is considered that 
multistep kilovar control will provide 
the best results more simply than a power- 
factor-sensitive control as may be ap- 
preciated from a study of Figure 5. 


Factors Influencing Operation 
of Control Equipment 


SIZE AND NUMBER OF CAPACITOR GROUPS 


The type of automatic control for 
capacitor’ switching is independent of 
the kilovolt-amperes and voltage rating 
of capacitor blocks. The rating of a 
block and the number of blocks in a bank 
is determined by load requirements and 
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the fineness of control desired. It usu- 
ally is best to switch in blocks of equal 
rating, unless the daily kilowatt-versus- 
kilovar pattern of the load is definitely 
known and known to be the same from 
day to day. 


POINT OF SIGNAL MEASUREMENT 


Voltage Control. When automatic 
capacitor switching is done in response to 
voltage, the master-control element 
should obtain its signal from the point 
at which voltage is to be controlled. 
Where capacitors are located on feeders 
supplied from a common bus, with the 
bus in turn supplied from a system of 
limited capacity such that switching the 
feeder capacitors causes appreciable volt- 
age change at the bus, the signal for 
switching should be taken from the bus. 
If individual feeder voltage control is at- 
tempted, the bus-voltage variation as a 
result of switching one of the feeder ca- 
pacitors may require the switching of other 
feeder capacitors, with a resultant hunting 
action of the controls. 

Current Control. The single-step 
current control may measure the un- 
corrected-load current for simplicity. 
The multiple-step current control should 
receive its signal from the uncorrected- 
load current to prevent false operation, 
and this requires a separate master ele- 
ment for each step, or a recalibration for 
each step if only one master element is 
used. 

Kulovar or Power-Factor Control. In- 
dividual cases will determine whether 
corrected or uncorrected load should be 
used as a signal for single-step control 
(see Figure 6). A multistep control 
should measure the corrected load to 
assure proper operation, regardless of 
possible variation in load characteristics. 


DESENSITIZING REQUIREMENT OF POWER- 
Factor CONTROL 


It has been shown previously that in 
most cases the power factor type of con- 
trol should be made inoperative at low 
load to prevent the possibility of hunting 
action. To preclude all possibility of such 
hunting, the ‘“‘cut off’? or desensitizing 
operation should occur at some predeter- 
mined value of kilowatts; thus the 
need for a contact-making wattmeter 
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in addition to the power-factor control 
is indicated. In some cases it is possible 
that a current relay can be used to pro- 
vide “cut off”? with reasonable accuracy 
and little danger of hunting or pumping 
action of the power-factor control. 


Appendix. Determination _ of 

Optimum Unswitched Capacitor 

Kilovolt-Amperes to Give Mini- 
mum Circuit Losses 


J. W. BUTLER 
MEMBER AIEE 


Figure 7 shows the variable portion of the 
daily kilovar load pattern of a circuit. Let 
I, represent the wunswitched 
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Figure 7. Daily kilovar load pattern of a 
circuit 


kilovars or current. The square of the rms 
corrected current in the circuit is given by 


Gmitan f {Tf (t) —I,}%dt= 
Lr 0 
Lage i Oe “(dl 
ots F of pido : ii 
(1) 


Differentiate equation 1 with respect to 
I,, equate to zero, and solve for value of J, 
to minimize the loss, and obtain 


oe <n f “joao (2) 


eee fn 
es ae f(t)ds (3) 


T 
1 f f Qdt=area of the load pattern, 
0 


and when divided by T minus the width, the 
average ordinate is obtained. Hence, for 
any kilovar pattern, the minimum circuit 
loss with a fixed kilovar supply is obtained 
by using a value of I, equal to the average 
value of the requirement. 
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Electronic Power Converter 


E. F. W. ALEXANDERSON 
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HE TERM “electronic power con- 

verter” needs some definition. The 
object may be to convert power from 
direct current to alternating current for 
d-c power transmission, or to convert 
power from one frequency into another, 
or to serve as a commutator for operat- 
ing an a-c motor at variable speed, or for 
transforming high-voltage direct current 
into low-voltage direct current. Other 
objectives may be mentioned. It is 
thus evidently not the objective but the 
means which characterizes the electronic 
power converter. Other names have 
been used tentatively but have not been 
accepted. The emphasis is on electronic 
means and the term is limited to con- 
version of power as distinguished from 
electric energy for purposes of communi- 
cation. Thus the name is a definition. 


History 


Within the scope of the definition a 
mercury-are rectifier is an electronic 
power converter. From this point of 
view we must trace its history back more 
than 40 years. In the first 20 years of 
this period the development was rather 
slow. An important discovery however 
was made by Langmuir in 1913 when he 
found that a negative electric potential 
introduced between the cathode and 
anode prevented the start of current 
flow through the anode. 

At this time the initial development 
took place of the high-vacuumradio tube 
which was an evolution of the deForest 
audion. These tubes were soon used 
successfully at high voltages to convert 
direct current into alternating current of 
audio and radio frequencies and serious 
thought was given to their use for power 
conversion. The high internal voltage 
drop was however a serious obstacle. 
Attention therefore returned to the mer- 
cury are and ten years after Langmuir’s 
discovery, tests were made which proved 
that the mercury-arc rectifier could be 
inverted so as to convert direct current 
into alternating current. The tests were 
made with a standard high-voltage recti- 
fier of the type used for series arc lighting. 
It had a bulbous head and two upturned 
side arms. Carbon electrodes were intro- 
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duced at the elbows of.the side arms and 
connected to the control circuit. Direct 
current power of 9,000 volts was in this 
way successfully converted into alternat- 
ing current and then again into low- 
voltage direct current. A new electrical 
industry was immediately foreseen where 
power would be transmitted long dis- 
tances by high-voltage direct current and 
railroads would be electrified by locomo- 
tives carrying electronic converters from 
a high-voltage d-c trolley to low-voltage 
d-c motors. After another 20 years this 
new industry is now well under way on a 
modest scale but comprising installations 
up to 20,000 kw. 


Evolution of the Electronic Converter 


The first tests of the inverter were 
made with a mercury-pool tube and the 
latest installations have mercury-pool 
cathodes. Between these points there is, 
however, a significant development. The 
structure of the tube itself can assume a 
number of successful forms, such as the 
thyratron, the ignitron, and the excitron. 
But all these forms of tubes have certain 
characteristics in common which force 
the electrical engineer to accept a new 
point of view in the methods of its ap- 
plication. This has perhaps been the 
reason why the practical development 
has up to the present been rather slow. 
There has been an unwillingness to face 
the facts or what so far appear to be the 
facts, that high-voltage tubes are subject 
to momentary faults known as are backs 
and loss of grid control. The hope that 
the tubes could be so improved that these 
faults could be eliminated has so far been 
wishful thinking. But a much more con- 
structive point of view has been adopted 
which accepts the electronic faults as 
inevitable while measures are taken which 
render the faults perfectly harmless so 
long as the incidence of the faults is kept 
within reason. Installations of d-c power 
transmission and electronic frequency 
changers are at present operated on this 
Paciple with great success. Electronic 
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Electronic converter, dual-con- 
version type 


Figure 1. 
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Wave shapes of single-phase 
inverter 


Figure Qa. 


faults occur several times a day. They 
can, however, be observed only by deli- 
cate instruments and do not in any way 
interfere with power service. 


Suppression of Electronic Faults 


An electronic fault may or may not 
result in a short circuit, depending upon 
what means are used to suppress it. In 
low-voltage rectifier installations the 
faults occur so seldom that it has proved 
satisfactory to disconnect the fault by a 
high-speed circuit breaker. In _ high- 
voltage installations the faults occur 
so often that this would not be permis- 
sible because power delivery must be con- 
“tinuous. In the original installation of 
d-c power transmission for the New York 
Power and Light Corporation between 
Mechanicvilleand Schenectady, this situa- 
tion was first met by the use of constant 
current as described in a paper in 1935 
by Willis, Bedford, and Elder. Ina con- 
stant-current system a momentary short 
circuit is of no significance. Such a sys- 
tem is therefore adapted to the character- 
istics of the electronic converter. Opera- 
tion at constant current was successfully 
continued for four years but when plans 
were made for future installations it was 
found that the constant-current system 
was not well adapted to existing practice 
of power distribution. The reactance— 
capacity networks used for conversion 
between constant current and constant 
potential were therefore removed and 
the system has been operating at con- 
stant potential for several years. In this 
connection new means were developed 
for suppressing the electronic faults. 
These methods have proved entirely suc- 
cessful and have been adopted in later 
installations. The sequence of events 
is illustrated by oscillograms taken dur- 
ing practical operation. Samples of 
these oscillograms are shown herewith. 

_ Figure 1 shows a simplified diagram of 
an electronic converter of this type used 
for d-c transmission and frequency con- 
version. It should be noted that the 
power circuits of the rectifier and the 
inverter are identical and that it is the 
grid control which makes one part of the 
whole into a rectifier and the other into an 
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Figure 2b. Wave shape of six-phase inverter 
with low a-c reactance 


inverter. By change ofthe grid controls, 
the power flow can be reversed. The rec- 
tifier and the inverter are however not 
independent devices like a generator and 
a motor but function together as a whole 
—the electronic converter. Electronic 
faults which occur in the inverter are 
suppressed by the rectifier. The recti- 
fier suppresses its own faults but even 
this statement must be accepted with 
some qualifications. The rectifier can 
suppress its own faults because the in- 
verter cannot feed current back into the 
rectifier but if several rectifiers feed the 
same circuit in multiple they can feed 
current into each other’s faults and there- 
fore fault suppression depends upon inter- 
action between the several rectifiers. 

The oscillograms of Figure 2 show a 
typical performance of a single-phase and 
a six-phase inverter. The rather com- 
plicated wave shapes of the six-phase 
inverter can be easier understood if the 
records of the single-phase inverter are 
examined first. The three recorded 
curves represent the wave shapes of the 
current in the a-c line, the voltage be- 
tween a-c lines, and the voltage between 
cathode and anode of one tube. The com- 
mutation period is marked by the abrupt 
depression of the alternating voltage 
near the end of each half cycle. The brief 
recovery of the voltage before it passes 
through zero is the margin of commuta- 
tion. This same margin is also indicated 
by the brief negative swing of the voltage 
between cathode and anode. If the load 
is increased to the point where this mar- 
gin is used up, the inverter goes into 
short circuit. With this in mind we can 
examine the six-phase wave shapes and 
interpret them as the composite of three 
single-phase wave shapes. Each phase 
wave shows its own commutation period 
and also secondary reactions from the 
commutation of the other phases. 

The electronic fault may be of the 
nature of an arc back or a loss of grid 
control known as a ‘“‘shoot-through.” 
A simple are-back has so little effect upon 
the operation of an inverter that it is 
difficult to discover whether it has taken 
place. It wipes out the negative voltage 
that» marks the commutation margin 
but this in itself causes no disturbance. 
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Figure 2c. Wave shape of six-phase inverter 
with high a-c reactance 


If, on the other hand, the ionization left 
over from the are back causes the grid to 
lose control in the next half cycle the re- 
sult is a shoot-through. This occurrence 
is, however, more the exception than the 
rule. It seems to be one of those se- 
quences of events characteristic of elec- 
tronic phenomena which follow a law of 
chance over which we have no control. 
But as engineers, we are not much dis- 
turbed about this so long as we can avoid 
any harmful consequences. 

Besides arc backs there are two other 
causes which may initiate shoot-throughs 
in an inverter. These are not electronic 
faults in the same sense as are backs, and 
there is a fair chance that they may be 
entirely eliminated. One of these causes 
which has been observed in our earliest 
installations is voltage transients of very 
short duration which make the grid 
momentarily positive at a time when it 
should be negative. Faults from this 
cause have been eliminated by the use of 
suitable filters. A third cause of faults 
is the occasional failure of an igniter to 
fire. This difficulty has not yet been 
entirely overcome but the rate of progress 
in this technique promises that it will 
eventually be entirely eliminated. 

While thus some causes for faults are 
gradually being removed we must face 
the conclusion that shoot-throughs in 
high-voltage inverters will occur from 
time to time and we must be prepared to 
meet this situation in a practical way. 

From this starting point there are 
several possibilities. The inverter may 
be adjusted so as to work with a good 
margin of commutation and the power 
supply may have a short-circuit current 
that does not greatly exceed the normal 
load current. In that case the inverter 
may have enough margin to commutate 
the increased current. and the fault 
clears itself. It is then difficult to dis- 
cover that it has occurred and the opera- 
tor would seldom notice it. Faults which 
clear themselves are characteristic of 
circuits containing several rectifier and 
inverter units in series. It was the nor- 
mal performance of a 24-phase develop- 
mental set tested a number of years ago 
with four rectifier units and four inverter 
units in series. This is worthy of note 
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A. Fault involving opposite inverter tubes in 

both inverters. Both coils of d-c reactor in. 

Bottom trace is secondary current of current 
transformer in direct current 
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D. Wave shapes of phase voltages and phase 
currents during faults 


when we contemplate d-c power trans- 
mission at high voltages. Such installa- 
tions will necessarily have many units in 
series and they can be so designed that 
electronic faults will clear themselves. 
Each unit in such a system operates at 
constant potential but an electronic fault 
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B. Fault including two legs of one inverter 

transformer. Both coils of d-c reactor in. 

Bottom trace is secondary current of current 
transformer in direct current 


Figure 3. Oscillograms of inverter faults. 
Arrows indicate made fault—igniter miss 


in one tube does not disturb the sum of 
electromotive forces in the system enough 
to interfere with normal operation. 
Returning to the sequence of events 
that may follow an electronic fault we 
may assume that in some cases the cur- 
rent which follows the fault is so high 
that the inverter cannot commutate it. 
This is the case in the d-c power trans- 
mission from. Mechanicville to Schenec- 
tady and in the frequency changer de- 
scribed in companion papers. In these 
cases it is necessary to clear the fault by 
control of the rectifier. The oscillograms 
of Figure 3 show such a typical sequence. 
The sudden rise in current acts upon a 
fast relay controlling the igniter and grid 
circuit. Consequently the current which 
has been built up in the power circuit is 
no longer maintained by any electromo- 
tive force and decays at a rate dependent 
on the time constant of the circuit. It is 
important that the rectifier should not 
go into action again until the current has 
decayed to a value which the inverter can 
commutate. A time relay delays the 
action accordingly. In about one-fifth of a 
second the normal operation is resumed. 


The Single-Conversion Frequency 
Changer 


Another type of electronic converter is 
shown in Figure 4. It is the frequency 
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C. Fault including two legs of one inverter 
transformer and two legs of one rectifier 
transformer. Both coils of d-c reactor in. 
Bottom trace is secondary current of current 
transformer in direct current 


changer used with the thyratron motor 
described in a paper by Alexanderson and 
Mittag in 1935. This electronic converter 
has not yet been given a name by which 
it can be readily identified. It is pro- 
posed here that it be known as the single- 
conversion frequency changer. The 
energy is converted by electronic means 
only once whereas in the dual-conversion 
type of frequency changer the power is 
first converted into direct current and 
then back to alternating current. Both 
function in the same way as a non- 
synchronous tie between two a-c systems. 
Besides this the single-conversion type 
has many desirable characteristics, such 
as being adapted to feed a stub-end load. 
The motor for which it was originally 
developed is a stub-end load and starts 
from standstill with a good torque like a 
d-c motor. The single motor may be re- 
placed by a synchronous condenser and 
an independent distribution system in- 
cluding a multiplicity of motors. 

The problem of suppressing electronic 
faults is solved in this type of electronic 
converter in a different way. When for 
one reason or another a loss of grid 
control occurs in one of the tubes the 
resulting disturbance lasts only one-half 
cycle because each tube is a*rectifier as 
well as an inverter and the rectifier func- 
tion commutates the fault current out of 
the tube where the fault occurred: The 
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practical result is that this type of elec- 
tronic converter is entirely free from the 
problem known as shoot-through in the 
simple inverter. Thus it will continue to 
function with slightly reduced power 
even if several tubes are disconnected, 
whereas the simple inverter becomes in- 
operative if a single tube fails to function. 


The D-C Transformer 


One of the first objectives in the devel- 
opment of the inverter was to provide a 
way for transforming direct current from 
high voltage to low voltage. D-c trans- 


formation has not yet found application. 


in any large scale. But the experience 
gained in d-c power transmission indi- 
cates that it is from a technical point of 
view entirely practical. The electronic 
industry is waiting for a demand where 
this experience can be applied. The 
questions that are likely to be asked are: 
How will it start? Will it require moving 
machinery? How will it ride through 
faults? 

In order to give a practical answer to 
these questions, tests have been made rep- 
presented by the diagram, Figure 5, and 
oscillograms, Figure 6. The power source 
is assumed to be a rectifier station like the 
one used in the d-c transmission from 
Mechanicville to Schenectady. The re- 
ceiving station has no moving parts. It 
has a step-down transformer from the 
high-voltage inverter to the low-voltage 
rectifier. A capacitor is in shunt with the 
transformer. The load is a d-c motor. 
One oscillogram shows how the operation 
is initiated from a dead start by applica- 
tion of the grid control to the high-voltage 
inverter. A second oscillogram shows the 
characteristic wave shapes. 


Adaptability of the Electronic 
Converter 


Three types of electronic converters 
have so far been discussed and it has been 
shown how means have been provided for 
suppressing electronic faults. In practical 
operation there are also apt to be circuit 
faults. The d-c transmission line is for 
instance sometimes struck by lightning. 
The short circuit following a lightning 
stroke is cleared by the control system 
which is provided for suppressing elec- 
tronic faults. The transmission line is 
therefore immune to lightning strokes so 
long as permanent damage is not done to 
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Figure 5 (below). 
D-c transformer 
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Figure 6a. Wave shapes of inverter in d-c 
transformer 
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Figure 6b. Wave shapes of rectifier in d-c 
transformer 


D-c transformer starting a motor 


load 


Figure 6c. 


the insulators. 
tronic converter a virtue has thus been 
made of a necessity and a real improve- 
ment in practical reliability has resulted. 
Disturbances from other causes than 
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Figure 4 (left), 


Single - conversion- 


In the design of the elec- 


lightning may result in circuit faults. 
Whether such faults can be counted on to 
clear themselves automatically depends 
upon the characteristics and stability of 
the systems that are involved. An elec- 
tronic converter has a definite load limit 
like an inductance motor or a synchro- 
nous motor. In the,grid control we have, 
however, excellent means for regulating 
the system so that those load limits are 
never exceeded. Such regulating systems 
have been incorporated in the installa- 
tions now in operation as described in 
companion papers. 

It is important that the application 
engineer should understand the character- 
istics and limitations of the several types 
of electronic converter. 


The rectifier-inverter combination may” 


be described as a frequency changer or a 
d-c power transmission depending upon 
whether they are located in the same 
station or far apart and joined by a d-c 
transmission line. The Mechanicville- 
Schenectady installation is a frequency 
changer as well as a transmission because 
the power is generated at 40 cycles and 
delivered at 60 cycles. Similar installa- 
tions may fill a demand in the future as 
nonsynchronous links between 60-cycle 
systems which are not operated in syn- 
chronism. This type of installation is 
primarily adapted to exchange of power 
between independent systems. In its 
original form, it is not adapted to start 
a dead load. When needed, however, 
suitable arrangements will undoubtedly 
be made. An electronic d-c transformer 
fed from a d-c line may be used to start 
a dead load as shown on the accompany- 
ing oscillograms. The power thus made 
available may be used to start a syn- 
chronous condenser so that it can be fed 
from another electronic converter. This 
will serve to illustrate many possibilities 
of using the electronic power converter in 
one form or another. It can safely be 
said that with the installations of the 
electronic power converter already made, 
this new tool of the electrical industry 
has come out of its infancy. 
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The Evolution of Standard Lines of 


Current Transformers for High 


Overcurrent Capacity 
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Synopsis: Modern switchgear requires, 
more and more frequently, special current 
transformers capable of carrying very high 
fault currents. In the past, the application 
‘engineer and the design engineer were not 
always close together in their work on the 
current-transformer problem; the applica- 
tion engineer has often had only an approxi- 
mate idea of what the design engineer could 
produce, while the design engineer has had 
only an approximate idea as to general ap- 
plication requirements. The design engi- 
neer has not had too sound a basis for many 
of his designs. His costs were high on ac- 
count of the multiplicity of special designs. 

This paper discusses the basis of design of 
current transformers for high overcurrents, 
and describes the co-ordination of mechani- 
cal parts with performance requirements to 
produce lines of current transformers in a 
definite and easily understood pattern of 
characteristics. The result is that selection 
of the proper current transformer is easily 
accomplished. 

The arrangement of the line of mechanical 
parts and performance characteristics is such 
that the expense involved in manufacturing 
these special transformers can be consider- 
ably reduced. 


N the early days of switchgear con- 

struction, fault currents were not 
generally as high as they are today. 
Special current transformers to carry 
high currents were rarely needed. To- 
day, however, special current-trans- 
former designs for high current capacity 
have become common. These “‘special’’ 
designs have taken their place in so much 
switchgear that they have become in 
fact standard for switchgear. The basis 
of their design and rating becomes logi- 
cally a subject of wide interest and im- 
portance. 

These current transformers have been 
most confusing to the application engi- 
neer. He has understood that the special 
transformers for high overcurrent had to 
have, in general, either higher cost or 
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poorer performance, but there was little 
generally published information to tell 
him how high the cost or how poor the 
performance. He was amazed, in some 
instances, when he found out. The de- 
sign engineer, on the other hand, has 
been confused by the wide variation in 
performance requirements. The result- 
ing multiplicity of special designs has 
cost too much to design and to manu- 
facture. 

The fundamental basis for solution of 
the problem is logically a design study, 
but the evolution of standard lines of 
transformers to fit all conditions is a most 
important part of the solution for the 
application engineer. An application 
study will be described, together with 
the method of setting up standard lines 
of current transformers. 


Design Study 


The important characteristics of a 
switchgear current transformer may be 
listed (given also the insulation class and 
nominal current ratio) 


(a). Fault-current capacity! ‘ 
1. Thermal limit (one second). 
Mechanical limit. 


(b). Metering performance or accuracy 
ASA metering accuracy classes.? 
ASA metering burdens.? 


(c). Relaying performance 
1. ASA relay accuracy classes.‘ 
2. ASA relay burdens.’ 


(d). Size and cost. 


In general, it is obvious that any char- 
acteristic can be somewhat improved at 
the expense of one of the others. The 
problem is to get a best compromise of all 
the characteristics. Let us examine each 
characteristic separately. 


Fault-Current Capacity 


1. Thermal limit. This limit! is 
defined in a rather complex way which is 
really equivalent to defining the maxi- 
mum current density (for one second) as 
about 90,000 amperes per square inch. 
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To raise the thermal limit, put in mote 
copper. 

2. Mechanical limit. The study of 
the mechanical limit divides logically into 


two parts: 


A. Calculation of forces. Various forces 
act to distort the coils in various ways. (See 
Figure 1.) 


B. Calculation of strength, or the resistry 
ance to each form of distortion. 


A. CALCULATION OF FORCES 


The physical nature of the forces in 
the coils, together with the method used 
for their solution, is indicated in Figure 1. 

Two fundamental principles are avail- 
able as tools to determine the forces. 


(a). Force=Fa Bu (1) 
2 dL 

by ak Ce 2 

(2), Fore= Fa, (2) 


The first principle is the more familiar, 
and is thus more easily used. The second 
principle can be stated in words, about as 
follows: the force on an element of a 
coil, in any direction (taken as x) is 
proportional to the rate of change of 
coil inductance with respect to motion 
of the coil element in that direction. This 
is a powerful method of attack, since any 
element or direction of motion may be 
chosen. The method was demonstrated 
by Dwight!® and Clem’ and used to ad- 
vantage by Clem in calculating forces in 
transformers. Both methods are actu- 
ally used, as expedient. . 

1. The expanding force (which also 
tends to unwind the outer coil) is most 
easily calculated according to the assump- 
tions shown in Figure 2. The force 
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Physical nature of forces 


SECONDARY COIL 


* Figure 1. 


Forces are indicated by the arrows in the 
right-hand view 

In the primary coil, the forces, acting outward, 

with components toward the vertical center- 

line tend to expand the outer coil, and to 

crush it axially 

In the secondary coil, the forces tend to crush 
. it against the core 

Further inspection of the figure indicates that 

if the coils are not centered about the center- 

line of the right-hand view, an axial force 

tending to slide the coils apart will develop 
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formula derivation, 


also outlined in 
Figure 2, is very simple. This method 
obviously introduces some error. How- 
ever, the expanding force is not the im- 
portant force if the transformers are con- 
structed as shown in Figure 1, and actual 
failure is very seldom caused by it. Fur- 
thermore, even this approximate method 
giveg more accurate results than the best 
available formula for axial forces, so that 
further refinement is without point. 

2. Unwinding force: The principles 
of Figure 2 may also be used to calculate 
the force on the end turns of the coil 
which tend to unwind the coil. If the 
coil (Figure 4) is N turns thick, the 
average field strength through the end 
turn is 2/N of the average value through- 
out the coil itself. The ampere-turns 
in the outer turn is 1/N of the total 
ampere-turns in the coil. The force per 
inch of the end turn of a coil constructed 
according toFigure4 isthen (2/N) x (1/N) 
of the expanding force on the coil as a 
whole, or 2/N?. 

3. Axial-displacement force: The axial 
forces have been calculated in a number of 
ways.°® The method developed by Clem® 
has been found to be most accurate and 
easier to use. The discrepancy between 
the methods was found to be such that 
further investigation into the adequacy 
of Clem’s method was carried out experi- 
mentally, as follows: 


Experimental Determination of dM/dx 
The value of dM/dx or rate of change of 


“mutual inductance with displacement, 


was carefully measured by measuring 
for various axial positions of the inner coil 
relative to the outer. The change in 
mutual inductance is very small indeed, 
but can be adequately measured by com- 
parison with standard precision mutual 
inductances according to the method out- 
lined by Fortescue.’ This method can 
easily be used to measure a change in 
mutual inductance of 0.01 per cent. The 
coils used were actual current-trans- 
formercoils. Figure 3A shows the coils and 
gives some of the results of the measure- 
ments. The change in inductance at 
one centimeter displacement is only 1.4 
per cent, and as the mutual inductance 
can be measured to not better than 0.01 
per cent the measurement of dM/dx is 
probably not accurate to better than 


_ five per cent. 


. meter. 


Experimental Determination of Force 


The same coils were used to determine 
the force, according to the set up in Figure 
3B. Again the displacement was ac- 
curately measurable to about 0.05 centi- 
The difference between the re- 
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sults of Figures 3A and 3B is about 
eight per cent. The discrepancy can be 
attributed to experimental error. The 
agreement is close enough to show the 
adequacy of the principle that F « 
(72/2) (dM/dx). 
Calculation of Force by Clem’s Method® 
The formula is (the notation is from 
the original paper) 
F=0.881?a?nN10°X 
X: XxX: xX Xx. 
|  Fy—— Fy— nt n.| (3) 
4 


Ty a) 13 


F=Peak force in pounds 
I =Root-mean-square amperes 
n, N=Turns in the two coils, per centimeter 
of axial length 
A, a=Effective radii of two coils 


cae S—P 
Re es nae 

pea ile : S+P 
Ha ao a an ar 
n=VAtXY n=V/ AX 
tts) ABLE Sage \/ ATE 


Where X = displacement 
roi) EC) 

1 NSN 4) GA\n) © 
(A? a\* 55 (A\? 
ee -+}+(7) ae) z 
A 4 A 2, 

Ee) -s0(4) 48] ete. (4) 
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Fo, F3,,and Fy are similar expressions, 
functions of re, 73, and 74 instead of 7;. 
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SECTION A-A 


Figure 2. The expanding force can easily be 

calculated by FBli, if the flux lines are as- 

sumed to be straight lines limited at the ends 
of the coils by magnetic surfaces 


The figure shows the lines passing straight 


0.4xNI/ 
across. B= 
S 
The force is: 
pa 11.3(N? 
CC 


peak pounds per inch of coil perimeter when 
NI = root-mean-square symmetrical ampere turns 
is Fully offset 
S=inches length of leakage path 
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The numerical work in an actual prob- 
lem is considerable, even with the aid 
of curves and tables, and it is sometimes 
difficult to get a true answer, because the 
answer is a small difference between large, 
numbers, each one the result of consider- 
able calculation. Much simplification is 
‘possible by the assumption that S=P. 
This is usually true in power transformers, 
and nearly true enough in current trans- 
formers to give satisfactory results. 

Then 


X,=X =X; 
also, for small values of X, 
12 =13=A 
and 
F,= Fy, . 


XxX; Xx, 

BELT Seles Ps 

Ye 13 
S+P 


X= — —— =-X, and n=" 


2 


The corresponding values of a/r and A/r 
will usually be so small that 


A=Fs=1.0 


Hence 


Returning to equation 3 


x 
Force =1.776[?a?Nn ns F,10-* (5) 
or 
a \?X 
Porce=1.776(Wals)*{<) A F107 (6) 


where NsJs=ampere turns (root-mean- 
square) in coil of axial length S. F» is 
taken from the table in Clem’s paper. 
This formula is obviously much easier to 
use than the original (equation 3). 

Using this formula, and assuming that 
round coils equivalent to the actual coils 
in Figure 3 are those which have the same 
area inside the mean turn, the force comes 
out to be 


Force =0.0614/2X 


where X is in centimeters. This compares 
favorably with the actual value of force 
by either of the other methods (Figure 3) 


d 
From measured value of a F=0.086712X 
x 


grams; 108 per cent 

From measured value of force, F=0.0812X 
grams; 100 per cent 

Clem’s method simplified, F 
=0.0614/2X grams; 77 per cent 


From 


Taking the measured value ds correct, 
the force on the actual transformer coil 
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Figure 3. Coils used in experimental deter- 
mination of dm/dx'and F 


A—the relative axial position was determined 
from measurements of @ and a;. The center 
position (a= a,) did not give quite the maxi- 
mum value of M. The point at which M was 
actually maximum was taken as center. If X 
is displacement from this center (centimeters), 
the values of M followed very closely the 
relation: 


M=0.00031731 —0.00000495X2 
from which dm/dx=0.0000085X and force 
=0.0867X/2 (grams) 


8—Procedure of measurement: 


1. Adjust position and weight so thet balance is attained 
with or without current in the coils. This will be when the 
coils are electrically centered. 


2. Without current determine displacement (1.14 centi- 
meters) as additional weight (1 gram) is added. 


3% ‘ With current (7.8 amperes direct current) determine 
weight (6.55 grams) to produce same deflection. 


4. Force due to current is 5.55 grams. 
F=0,.08 X/2xX (compares with 0.0867 |2X from Figure 3A). 


at normal current (10./2 peak amperes) 
and 0.1 inch (0.254 centimeter) displace- 
ment would be 


F=0.08X2X100X0:254 =4 grams 


At 200 times normal current the force 
would be 200?X4=160,000 grams=352 
pounds. This compares favorably with 
the force of 600 pounds required to sepa- 
rate the coils, described later. 

This method is obviously not too exact. 
However, it is never possible to know the 
possible displacement in an actual trans- 
former with great accuracy. Itis neces- 
sary to make some assumption as to maxi- 
mum possible displacement, which must 
be assumed large enough to be on the 


\ 
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safe side. This automatically provides 
a fairly large factor of safety, so that 
great accuracy of calculation is unneces- 
sary. The method given will give a suffi- 
ciently accurate comparison of forces in 
various designs, which is all that is re- 
quired for the purpose. 


B. CALCULATION OF STRENGTH 


The resistance to each force can be 
calculated as follows: 


1. Expanding force. | The expanding force 
in a coil appears as a tension in the copper 
which can be calculated in the same way 
as the tension in the walls of a cyclinder sub- 
jected to internal hydraulic pressure. 


Given: 


F=force per unit of circumference 
d=diameter of the coil 


Tension in one side = Fd/2 and the stress in 
the copper is Fd/2 divided by the total cop- 
per cross section. In the coils in question 
this tensile stress (see Figure 2) is never the 
critical one; failure always occurs by axial 
displacement. 


2. Unwinding force. The end turn is 


held down in three ways: 


By the Micarta terminal brace (Figure 4). 

By the treated tape insulation wound tightly over 
the coil. 

By the stiffness of the copper. 


Of these, the first and third are difficult to 
calculate, although they are considerable. 
The strength of the treated tape is easily 
calculated, however, and is found to be suf- 
ficient to hold the end turn in place, assum- 
ing an ultimate tensile strength of 5,000 
pounds per square inch for the tape. (For 
0.010 X1-inch tape, a breaking strength of 
50 pounds.) 


3. Arching of straight side of primary coil. 
The expanding force tends to arch, or bow, 
the straight side of the primary coil. The 
strength of the side is obviously at least 
that of a beam supported at the ends, uni- 
formly loaded. The beam is made up of the 
several conductors of the coil, so that it 
should actually be considered as several 
separate beams, as many as there are con- 
ductors, which is usually equal to the num- 
ber of turns V. The load can be assumed to 
be divided equally on each beam. Then, if 
Fis the total force per inch of length of coil /, 
the load per inch on one conductor (beam) 
is F/N and the maximum moment is 


Fi? 
Moment =— 
en V8 


and the maximum stress is the familiar 
MC/I 


moment X1!/2 conductor thickness 
moment of inertia of one conductor 


Stress = 


conductor thickness 


R 
Stress = FX 8 2 


1 
i3 conductor width X 


conductor thickness? 
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The stress will usually come out to: e 
about 50,000 pounds per square inch at the 
current at which the limiting axial force is 
reached. The ‘inference is that the coil will 
fail by bowing out of the straight side. 


_ Actually, however, two important factors 


enter to reinforce the coil at this point: 


1. As soon as a very slight bow has occurred, the 
beam is much stronger. 


2. Thecore, backed up by a heavy steel base, takes 
much of the stress as soon as a slight deflection,, 
occurs. 


The actual strength is very difficult to cal- 
culate. Tests to be described, however, 
show that this stress is not the limiting one. 


4. Resistance against axial movement. A 
number of coils were made and the strength 
measured by actually pressing the inner coil 
out of the outer coil in a testing machine. 
The force required for the coil shown in 
Figure 4 was of the order of 600 pounds to 
start the coil moving. The cement used is a 
plastic, and its resistance is viscous in nature. 
The force required to move the coils very. 
rapidly, as they do when actual failure oc- 
curs, is certainly higher, but it is not possible 
to say how much. From these tests the ef- 
fective shearing strength of the cement was 
determined and strengths of other size coils 
calculated. A high-strength thermosetting 
cement was found to be practical for those 
designs made for high thermal capacity in 
oversize frames, to make the mechanical 
limit comparable with the high thermal 
limit. The strength of this cement is more 
than twice that of the plastic cement. The 
designs with which this cement is used have 
oversize copper, so that the tensile strength 
of the coil is increased about in proportion, 
and as they have, in general, more than four 
turns, the unwinding force was not a limit. 
The mechanical strengths were thus made 
higher in these designs in about the same 
ratio as the thermal limits. 


Strength Tests 


The critical strengths are evidently (1) 
the axial displacement resistance and (2) 
the bowing of the straight side of the coil. 

The possible initial axial displacement 
in a coil the next size smaller than Figure 
3 was deliberately made 0.16 inch by 
displacing the last coil layer. According 
to Clem’s method, simplified, the axial 
stress was then 650 pounds at 100 t mes 


_ normal current, while the resisting force 


averaged 600 pounds. This transformer 
withstood 100 times normal current, as a 
fully offset wave could not be obtained, 
but at a slightly greater current the 
secondary coil was violently ejected, | 
taking the core with it. Once the second- 
ary coil moves, the force is increased, and 
although the current lasted only three 
cycles, there was ample energy delivered 
to do considerable damage. ; 
Another unit was very carefully cen- 
tered and cemented with high-strength 
cement so: that an expanding force of 


about 8,200 pounds per inch, with a 


theoretical stress in the straight side, as a 
beam, of 98,000 pounds per square inch — 
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at a current of 350 times normal could 
be developed. (Force per inch of coil 
length=8,200 pounds.) This transformer 
actually withstood this current without 
damage. When the current was raised 
to 470 times normal fully offset, a bowing 
of the primary coil was produced. (Force 
per inch of length=14,700 pounds.) 
Thejiresulting bow did not destroy the 
transformer, but produced distortion of 
the core and frame. 

The final justification of the methods 
consisted of calculating the mechanical 
limit of a number of designs, and testing 


Table | 


150/5=8 primary turns to 240 secondary turns 
100/5 =8 primary turns to 160 secondary turns 
75/5=8 primary turns to 120 secondary turns 
50/5=8 primary turns to 80 secondary turns 
40/5=8 primary turns to 64 secondary turns 
30/5=8 primary turns to 48 secondary turns 


them all (over 15 units) at currents ex- 
ceeding the calculated limits, without 
damage. Higher currents produced axial 
movement in some units not perfectly 
centered, and stili higher currents de- 
stroyed a few units which were centered, 
by bowing of the coil. 

The final strength limit is fixed by the 
axial force on account of the assumption 
that these coils cannot invariably be 
initially centered closer than 0.1 inch. 
This dissymmetry is caused by a number 
of var ations. 


1. Dissymmetry due to leads. 


} 


2. Misplacing of the last (partial) layer. 
3. Dissymmetry of assembly of the coils. 


It is possible to control these factors in 
manufacture, but as it is not practical to 
make any tests for symmetry of the final 
assembly, it is considered that it would 
not be conservative to assume that the 
initial displacement would be less than 
0.1 inch. 


Metering and Relay Performance 


The method of calculation used has 
been described previously.* The quality 
of the problem to be solved can be illus- 
trated by pointing out that the errors 
in transformation vary (other things being 
equal) approximately as follows: 


Errors increase with increasing secondary 
burden in ohms. 


Errors increase with decreasing secondary 
turns (about as the square). 


The mechanical limit (limited by forces) in- 
creases directly with decreasing secondary 
turns. 


The thermal limit (considered in times 
normal) also increases with decreasing 
secondary turns(again almost directly). 
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The internal burden, however, decreases 
with decreasing secondary turns (about as 
the square). 


The relations are not exact but they 
illustrate the conflict between errors on 
the one hand and burden and current 
limit on the other. 


Application Study 


The design study is of fundamental 
importance, but the method by which it 
has been applied is of greater general in- 
terest, because it is based on ideas which 
are new and by which a unique result 
has been obtained. 

Obviously a practically infinite num- 
ber of current transformer designs would 
be required to suit all the applications 
exactly. Therefore, some study must 
be made of the field of application to 
allow the fundamental design principles 
to be applied. A limited number of 
standard designs is obviously desirable, 
but it is not clear, at first glance, what to 
choose as standard. The following para- 
graphs describe the evolution of standard 
lines of transformers. 


Standard Overcurrent Limits: Correlation 


With Circuit Breakers 


Standard switchgear pract’ce® is to 
specify, for the current transformer, over- 
current capacity equal to that of the 
circuit breaker with which it is used. 
The logical conclusion, therefore, is to 
design a standard line of current trans- 
formers to go with each of the commonly 
used circuit breakers. Four standard 
lines of current transformers in each in- 
sulation class are indicated, designed for 
fault currents of 14,500, 26,000, 36,000, 
and 46,000 amperes. 


Standard Cores 


Four core sizes have been found to be 
sufficient to cover the range of require- 
ments from 5- to 15-kv insulation classes. 
More details on the cores are given later. 


Standard Primary Coils 


Given the insulation class, overcurrent 
limit, and core size, the primary-coil de- 
sign is fixed, since the primary turns and 
copper section are determined by the 
overcurrent limit. The maximum pos- 
sible number of primary-coil designs is 
then the product of 3 (insulation classes 
5, 8.7, 15 kv) times 4 (overcurrent limits 
listed above) times 4 (core sizes) or 48. 


As shown in Table III, the useful num- 


ber of designs is only 28. Furthermore, 
as shown in the same table, 12 of these 
designs are taken from the standard com- 
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mercial line of transformers. Finally, 
then, only 14 special primary coils need 
to be designed, built, or carried in stock. 


Secondary-Coil Design 


In making the core designs and the 
designs for the primary coils, space will 
have been left for a secondary coil to have 
substantially the same total.copper cross 
section as that of the primary coil, so 
that the overcurrent density in the 
secondary copper will be substantially the 
same as n the primary, regardless of the 
number of secondary turns. 


Table Il. ASA Metering Accuracy Classes 
Related to Secondary Turns (for Any Core) 
Secondary Burden Burden Burden 
Turns* 0.1 0.5 2.0 
ZAD eS) wakes & a teers OLB Aisrcheve (Re Vee tenes 0.3 
DOOR RS Meares astre tae OB sek stone (eI aritias.c 0.6 
LGU pe seks inte Cie OVS eee OSI ae aes 1.2 
P20) Prox eeiecndttaieree 3 ORohenaek OnSite 2.4 
BOO SAR res ererayaika Ops ele). OSG sroeene.s 2.4 
SOM ieee eeacere ire Os Smee ke cl ORG TE Bes ety 4.8 
GOA tates wi OF Ge rie Aisha 1,2 
C8 eee Paci See TOR ORCxtprateee & 4.8 
Oana scl wan othe he De tsa ke ste 4.8 


* Nominal: The actual value is slightly smaller so 
that the actual current ratio will come out right. 


The various nominal current ratios are 
obtained with a given primary coil by 
varying the number of secondary turns. 
For example, the eight-turn primary coil 
in core number 1 is used to make the 
ratios shown n Table I. 

As the number of turns is reduced, the 
copper section in each turn must be in- 
creased. Obviously all ratings will 
carry 150 amperes continuously. The 
last one, for instance, the 30/5, may ac- 
curately be described as 150/25. The 
design of the secondary coil is obviously 
very simple. 


CEMENT te 4 


5 / 


& 
5 
PRIMARY TREATED TAPE ON 
SECONDARY PRIMARY COIL 
MICARTA 
BRACE 


Figure 4. The primary coil shown is that of 
the 200-ampere rating, wound of heavy cop- 
per strip in two sections 


The end (outside) turns are held down by 

the brace which holds the terminals together, 

and by the treated tape. The secondary and 
primary are held together by cement 
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Figure 5. The satu- 
ration curves for the 
cores are practically 
identical over the 


lower (metering) 


range, so that the 

metering _perform- 

ance of all cores is 
the same 


The curves vary 


widely over the up- 
per (relaying) range, 
but as the relay per- 


VOLTS PER TURN -60 CYCLES 


formance rating is a 
function principally 


4 5 6 


of the saturation 
voltage, it is not too 
difficult to work out 
relay performance 
ratings for each one 


789 10 15 


AMPERE TURNS ~- REACTIVE COMPONENT - 


Performance 


As the number of secondary turns is 
reduced, the performance becomes poorer. 
In a given core, the performance depends 
only on the number of secondary turns. 
The performance can be calculated for 
each number of secondary turns and core 
size, but the great amount of numerical 
work creates an impossibly tedious prob- 
lem. The problem was made practical 
only by designing the cores as follows: 

1. The saturation curves, in the lower 


(metering) range were made substantially 
identical (Figure 5). 


2. The proportions of the window opening 
were so adjusted that the internal reactance 
of the secondary coil comes out the same in 
any core (for a given number of secondary 
turns). 


This means that the calculation carried 
out for one core holds for any core, and 
that the performance for any design can 
be read from a single simple table, such 
as Table II. 


Final Standard Lines of 
Transformers (Table III) 


Each primary coil in Table III rep- 
resents a line of transformers covering a 
rather small range of current ratios, as in 
Table I, and the performance of each of 
these ratios can be read from Table II. 
The total possible number of designs is the 
product of the number of primary coils 
times the number of secondary coils 
used with each primary. The number of 


et 


ratios in each line is small because the 
highest ratio is that which has the normal 
maximum number of turns in the second- 
ary, while the lowest ratio is the one which 
has the minimum number of secondary 
turns for usable performance. However, 
as the table shows 28 lines of transform- 
ers, which, with at least six ratios in 
each line, is 168 new designs, it might 
seem that a great deal of design work is 
yet to be done. However, after the 14 
special primary coils have been designed, 
the design of the secondary coils is almost 
simple clerical work. 

The final complete table of trans- 
formers would require considerable space 
and is not included. Each space in Table 
III is expanded, in the manner of Table 
I, into a line of transformers. Each line 
has the one continuous primary-current 
rating in all ratios. The performance 
characteristics fall into a consistent pat- 
tern. 

The transformers are constructed in a 
similar way, and the fact that only four 
sets of mechanical parts and only 28 
primary-coil designs are required reduces 
manufacturing expense. 

The problem of selection is almost 
completely solved for the application 
engineer, since he can very quickly find 
the design he wants in the complete 
tables furnished by the manufacturer. 

Control of quality is much easier. The 
user of the transformers can be more 
certain that transformers selected from a 
standard line of proved performance, will 
be more satisfactory. 
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Totalizing Contents of Aircraft Fuel Tanks 


J. R. MACINTYRE 


. ASSOCIATE AIEE 


Ti. requirement of totalizing two or 
thore liquid levels in aircraft fuel tanks 
falls into two broad classifications. The 
first involves the addition of levels where 
the sequence of use is definitely estab- 
lished. This type is best exemplified 
by considering a long wing tank where 
the dihedral angle makes it necessary to 
have more than one transmitter in the 
tank to obtain complete coverage of the 
fuel contents. Figure 1 shows such an 
arrangement. With the fuel outlet as 
shown, transmitter 2 must function first. 
In other words, the sequence of operation 
is fixed so that the operation of trans- 
mitter 2 is always followed by that of 
transmitter 1 as fuel is withdrawn from 
the tank. 

The second category covers the totali- 
zation of several liquid levels in different 
tanks where the sequence of use is not 
established, but where single indication 
of the total fuel is desired. For the three 
separate tanks each with its transmitter, 
shown in Figure 2, the sequence of use of 
the fuel in the three tanks may vary 
widely. Such variations may be caused 
by the puncture of one or more tanks by 
gunfire, by the necessity of trimming the 
plane, or by other abnormal changes. 


Principle of Operation 


In order to explain the operation of the 
totalizing circuit it is desirable to show 
first the basic principles of a similar cir- 
‘cuit when used in the conventional man- 
ner. Figure 3 shows a typical liquid-level 
transmitter now used in aircraft fuel 
tanks. The cork float at the end of the 
lever floats on the surface of the fuel. 
As this surface level changes the motion 
of the float is transformed through suit- 
able gearing and sealing mechanisms to 
a change in resistance of a potentiometer 
unit located in the head of the trans- 
mitter. 

Figure 4 shows schematically this po- 
tentiometer connected to the element of 
the indicator on the instrument panel. 
This element has two coils, located 140 
degrees apart, one of which is connected 
directly across the battery through a 
series resistor. The current through this 
coil is constant except for changes in the 
line voltage. The other coil is shunted by 
the potentiometer in the transmitter. The 


Paper 44-148, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
' AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 20, 
1944; made available for printing May 20, 1944. 
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amount of shunting resistance, and hence 
the current in the indicator coil, is there- 
fore dependent upon the position of the 
transmitter float and varies with the 
liquid level. 

The vector diagram of Figure 5 further 
illustrates the principle of operation. 
The permanent-magnet rotor to which 
the indicator pointer is attached aligns 
itself with the resultant vector, a vector 
obtained by the addition of the constant- 
current-coil flux and the variable-current- 
coil flux. The general design of this in- 
dicator is similar to one described in an 
earlier paper, except it has been made up 
in a ratio-instrument? form for this appli- 
cation. 


Sequence Totalizing 


In a simple two-transmitter-sequence 
totalizing circuit the variable-current 
coil of Figure 4 is double wound. Each 
section of this double winding is con- 
nected to a transmitter as shown sche- 
matically in Figure 6. The flux from the 
variable-current coil is the sum of the 
fluxes produced by the currents flowing 
in the two parts of the double-wound 
coil. The conditions of the system de- 
scribed in Figures 4 and 5 are duplicated. 


\ 

= 

, TRANSMITTER 20 712+ 
TRANSMITTER | J 


Figure 1. Installation showing necessity of 
two transmitters to obtain complete fuel 
coverage 


Only one value of resultant flux is pos- 
sible for any tank content; therefore, the 
indicator reads the correct fuel quantity. 
The indicator-scale distribution is estab- 
lished by the shape of the tank and the 
values of the circuit resistances. 


Nonsequence Totalizing 


Since the indicator must show correct 
readings regardless of how the fuel is 
distributed in the tanks being totalized, 
the nonsequence-totalizing system pre- 
sents a different problem from the se- 
quence-totalizing system just described. 

As in the case of sequence totalizing, 
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there is a separate winding on the vari- 
able coil in the indicator for each trans- 
mitter used. In order to make the indi- 
cation of the total fuel quantity inde- 
pendent of the sequence of consumption, 
the increment of flux and ampere turns 
per gallon of fuel associated with each 
winding of the variable coil must be con- 
stant and of the same value for all tanks. 
The total ampere turns produced by the 
variable coil can then be represented by 
the equation: 


NI=Ani(gitgetgest ....) (1) 


where JVI is the total ampere turns pro- 
duced by the variable coil, Anz is the 
increment of ampere turns per gallon, 
and gy, go, and gs, are the gallons present 
in tanks 1, 2, and 3, respectively. In 
order to obtain the condition shown by 
this equation consideration must be 
given to: 
1. The shape of the tanks. 
2. The dimensions of the transmitters. 
3. The electrical circuit. 

The simplest tanks to totalize would be 
those having a straight line as the plot 


of gallons versus float angle. However, 
it is impractical to meet this condition 


TTERS 
Tae aie Pn oo 


———— FUEL OUTLETS” 
TANK 1 TANK 2 


TANK 3 


Figure 2. Installations in three different tanks 
with total fuel in all tanks to be indicated on a 
single dial 


and the nearest practical approach is a 
tank with uniform cross section at all 
liquid levels. With a tank of this con- 
struction it can readily be shown that: 


x =L(1—cos 6) (2) 


where x is the depth of the liquid, L is the 
length of the float lever, and @ is the angle 
formed by the float lever and a perpen- 
dicular to the liquid level. This equation 
is shown graphically in Figure 7. For 
uniform-cross-section tanks, the dimen- 
sions of the transmitters can be designed 
so that @ is kept between 60 degrees and 
120 degrees to utilize the portion of the 
curve which is almost a straight line. 
though a constant cross section is not 
always obtainable, it is often possible to 
vary the transmitter dimensions in order 
to utilize the curve of Figure 7 in such a 
manner as to compensate for the shape 
of the tank. Control over the character- 
istics of the electrical circuit can be ob- 
tained by introducing corrective resist- 
ance values Rj, R:, R3, and R, into the 
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ce FLOAT 


Figure 3. A typical liquid-level transmitter 


proper parts of the circuit as shown in 
Figure 6. These resistances also provide 
an additional means of compensating for 
the nonlinear relation between gallons 
and float angle which may exist even 
when the optimum dimensions of the 
transmitter have been selected. 

For example, consider a single section of 
the dual-wound coil and its accompany- 
ing transmitter potentiometer in Figure 6, 
where R, represents the variable-coil- 
circuit resistance; R7, and R,, the trans- 
mitter potentiometer resistances. Rp, and 
Rp, always add to give Rp the total po- 
tentiometer resistance. The total am- 
pere turns necessary to operate the indi- 
cator element are known from its design 
when used in the conventional manner. 
The maximum ampere turns are contrib- 
uted by any one tank when that tank 
is full. The ratio of these maximum am- 
pere turns to the total maximum ampere 
turns is equal to the ratio of the tank 
capacity to the capacity of all the tanks 
being totalized. The maximum ampere 
turns occur when 1, g2, and g; of equation 
1 are equal to the capacities of tanks 1, 
2, and 3, respectively. 

To insure uniformity of positioning 
of the sections of the multiwound coil, 
the individual windings are all wound in a 


Table |. Variations in Indication With 
Changes in Use Sequence 
Average Indicated Gallons With 
Total Fuel, Seven Various Sequences of Use 


Gallons A B Cc D E F G 


Que al OG PLO sat On. nO) cietlOz tery k Ova 
LOOK... 100..110., 98.. 92.. 94.. 98.. 90 
200K sitar 200. .208..206..198..198. .192, .198 
80020545 300. .294..308..298. .298. .288, .288 
BOON os 400. .386. .410. .400. .400. .386 


DOOM AL. 500. .500..500. .500..500. .500 


Sequence of use A—As calibrated. 

Sequence of use B—Tanks 1, 2, and 3 simultane- 
ously. 

Sequence of use C—Tank 2, tank 1, tank 3. 

Sequence of use D—Tank 1, tank 2, tank 3. 

Sequence of use E—Tank 1, tank 3, tank 2. 

Sequence of use F—60 per cent tank 2, 60 per 
cent tank 1, 100 per cent tank 3, 40 per cent tank 1, 
40 per cent tank 2. 

Sequence of use G—60 per cent tank 1, 60 per cent 
tank 3, 60 per cent tank 2. 


Tank 1 contents—200 gallons. 
Tank 2 contents—100 gallons. 
Tank 3 contents—200 gallons. 


664 TRANSACTIONS 


4146-4 


POINTER 


MAGNETIC SHIELD. 

POLARIZED ROTOR 
EMPTY ADJUSTMENT 
FLOAT-DRIVEN BRUSH 
FULL ADJUSTMENT 
CONSTANT- = 
CURRENT COIL” % 
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Wem iw 


INDICATOR 


SERIES RESISTOR / 
VARIABLE-CURRENT COIL 


Figure 4. Schematic cut-away view of indi- 
cator and transmitter 
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COIL FLUX VECTOR A 


> 


VARIABLE CURRENT COIL FLUX VECTORS 
D, B, AND C FOR 3 DIFFERENT TRANS— 
MIT TER FLOAT DRIVEN BRUSH POSITIONS. 


Figure 5. Vector diagram of fluxes for three 


currents in the variable coil 
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VARIABLE BRU: 
CURRENT COIL L 
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Figure 6. Schematic diagram of a two- 
transmitter totalizing system 


FLOAT LEVER ANGLE © 


6 8 10 l2 14 16 
DEPTH OF LIQUID xX 
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Figure 7. Curve of depth of liquid versus 
float-lever angle for a tank of constant cross- 
sectional area 


x=L(1— cos 6); L=10 


single operation keeping the several wires 
as closely together as possible. Each 
winding of the coil then has the same 
number of turns. 

To meet the conditions of equation 1 it 
is necessary to vary R;, Rr, and R: so 
that the curve of the current in the coil 
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versus gallons in the tank is a straight 
line. Since in practice this straight line 
cannot often be attained, the closest 
possible compromise must be used. 

To plot this current-versus-gallon 
curve, an intermediate curve of the tank 
calibration must be used. The calibra- 
tion curve shows the liquid level in the 
tanks versus gallons. This liquid level 
in turn is translated into angular move+ 
ment of the float lever and finally into 
values of per cent Kz where 


Per cent Rp =(Ry;/Rr) 100 (3) 


The amount of current in the variable 
indicator coil for various liquid levels 
can then be readily calculated by solving 
the simple circuits of Figure 6, and the 
resistance values determined to give the 
closest approximation to a straight-line 
relationship between current in the vari- 
able coil and gallons in the tank. Simi- 
lar curves must then be obtained for the 
other tanks. 

When the values of R;, Rr, and R, are 
chosen for one of the tanks the calcula- 
tions ‘for the remaining tanks become 
simple, providing the tanks are the same 
shape. When this is true the values of 
R;, Rp, and R, are multiplied by a suit- 
able constant proportional to the contents 
of the tank being considered in relation 
to the total contents of the system. If 
the other tanks are of different shapes, the 
values of Ri, Rr, and R, must be deter- 
mined for each by the same process used 
on the first tank, so that for each tank the 
curve of current versus gallons is a 
straight line of the same slope. 


Application of Nonsequence 
Totalizing 


Figure 8 is a photograph of a totaliz- 
ing-indicator element used to read the 
total fuel in three tanks. The variable- 
current coil located beneath the magnetic 
shield is triple wound. Manufacturing 
difficulties in producing this multiwound 
coil limit the number of windings and 
hence the number of tanks which can be 
totalized with a given-size element. 
Figure 9 shows the complete instrument 
using the element in Figure 8. The scale 


Figure 8. A three- 
transmitter totalizing 
indicator element 


Figure 9. A three- 

transmitter totalizing 

indicator using ele- 
ment of Figure 8 
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N recent years, the Commonwealth 

| Edison Company has adopted bus 
layouts for generating stations and trans- 
mission terminals which differ greatly 
from those installed in its older stations. 
The purpose of this paper is to describe 
these developments and to discuss the 
application of the ring-bus principle to 
high-voltage installations. It appears to 
be an appropriate time-to review the char- 
acteristics of various bus layouts in view 
of possible postwar expansion and re- 
habilitation of existing stations. 

The basic problem in determining the 
most desirable bus layout is to obtain 
reliability, flexibility, and adequate relay 
protection, at a reasonable cost. In the 
earlier period of development of bus lay- 


outs in large metropolitan stations, the | 


most important of the above factors was 
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reliability of supply. It was found that 
a duplicate power supply for all trans- 
mission lines emanating from the generat- 
ing station was essential for reliable serv- 
ice. However, as methods of station 
construction improved and advances 
were made in the development and design 
of station equipment and bus-protection 
schemes, the requirements for bus lay- 
outs in generating, distributing, and 
transmission stations have also changed. 
In addition, operating experience has 
indicated certain desirable features which 
should be incorporated in bus layouts. 
This paper will show how the bus ar- 
rangements used in the Commonwealth 
Edison system have been changing 
through a period of years to take advan- 
tage of improved equipment and experi- 
ence in the operation of the system. 


12-Kv Busses 


DESCRIPTION OF Bus LAYOUTS 


The conventional type of double-bus 
arrangement, which was used in the Com- 
monwealth Edison Company up to 1936, 
is illustrated in Figure 1A. In this ar- 
rangement, there are two sets of main 
busses, each set consisting of several 
sections separated by section tie breakers. 


The generators, high-voltage  trans- 
formers, and line busses which feed the 
outgoing lines are so arranged that they 
may be connected to either or both sets 
of main busses. The substations sup- 
plied by the outgoing lines have a multi- 
plicity of supply lines so selected that 
the outage of one line bus does not result 
in loss of load. The number of lines 
connected to each line bus has varied; 
earlier stations have three lines per line 
bus, while later stations have four lines 
per line bus. 

Several variations in this conventional 
bus have been used. At one station the 
two sets of main busses are connected 
through two reactor ties as shown in 
Figure 1B. The purpose of these re- 
actors is to reduce short-circuit currents 
with the two main busses operating in 
parallel. In this station, some of the 
generators, transformers, and line busses 
are operated closed to one of the two main 
busses, and the remainder to the other 
main bus. 

In another case, reactors were used 
between the main bus sections as shown on 
Figure 1C. The advantage of this ar- 
rangement over Figure 1B is that it per- 
mits parallel operation of the two main 
busses with opposite bus sections solidly 
tied, and yet provides a reduction in 
short-circuit current. However, these re- 
actors create a disadvantageous situation 
with respect to power flow on the out- 
going lines. These lines operate in paral- 
lel at the substation end, with the result 
that any phase-angle displacement at 
the generating busses results in undesir- 
able circulating currents. 

At one station the simplification 
shown on Figure 1D was used. In this 


distribution is inherently open at the 
lower end and closed at the upper end. 
This arrangement gives better instru- 
ment readability for the smaller fuel 
quantities which are the most important. 

Since it is impossible to obtain the 
exact requirements of equation 1, indi- 
cations of a given fuel quantity vary 
slightly with the distribution of the fuel 
in the tanks as determined by the se- 
‘quence of use. The indicator is calibrated 
with the fuel distributed in the tanks in 
the manner determined by the normal 
or average sequence of use. Table I 
shows how the indication of 100, 200, 
300, 400, and 500 gallons varies with se- 
quence of use for the instrument of Figure 
9. The contents of the three tanks being 
totalized, and seven different sequences 
of use are shown in the table. 


Advantages of Totalizing System 


The totalizing systems discussed have 
several advantages over the series opera- 
tion of two or more transmitters often 

used to accomplish the same results. For 
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sequence totalizing one commonly used 
system employs two or more transmitter 
potentiometers connected in series so 
that only one is in the circuit at a time. 
In order to avoid open circuits at the 
change-over points, the adjustment and 
installation of such _ series-connected 
transmitters is critical, since the point 
where one ceases operation and the other 
starts must be controlled within close 
limits. Stops are often attached to the 
transmitter properly to locate these 
change-over points. These are not neces- 
sary with the totalizing method de- 
scribed above since the top and bottom 
of the tank can be used as stops. 

Series connection of the transmitters 
has been used for nonsequence as well as 
sequence totalizing. In either case an 
open circuit of one of the units causes 
failure of the whole indicating system. 
In the totalizing method described, how- 
ever, the rest of the units operate in their 
normal manner, even when one of the 
transmitters is removed from the circuit. 

Moreover, the series-connection method 
does not readily permit the adjust- 
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ment of circuit resistances to compensate 
for variations in tank shapes, as has been 
described, and is therefore more limited 
in application. 


Conclusion 


To date the application of the totaliz- 
ing system has been limited to three 
transmitters per installation. While the 
use of these methods for a larger number 
of transmitters and tanks would tend to 
complicate the equipment and would 
require somewhat larger indicator ele- 
ments, such applications are entirely 
practical. Industrial liquid-level-measur- 
ing applications are inferred, in addition 
to the indication of aircraft fuel supply 
for which these systems were developed. 
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GENERATOR TO HIGH VOLTAGE BUS 


MAIN BUS 3 


MAIN BUS 4 


Figure 1. Double- 

main-bus layouts for 

generating and dis- 
tributing stations 


TO MAIN BUS 5 


Only operating -dis- 
connecting switches 
shown in diagrams 


TO MAIN BUS © 


(A) FUNDAMENTAL DOUBLE MAIN BUS LAYOUT 


MAIN BUS 


MAIN BUS 


REACTOR SHORT-CIRCUITING 
BREAKER NORMALLY OPEN 


MAIN BUS MAIN BUS 


{c) 
DOUBLE MAIN'BUS WITH 
REACTOR TIES BETWEEN 
BUS SECTIONS 


(8) 
DOUBLE MAIN BUS WITH 
END REACTORS 


layout, the line busses are directly con- 
nected to only one main bus and each 
pair of adjacent line busses are tied 
through a group breaker. This scheme 
reduces the number of group breakers 
required for a pair of line busses by 25 
per cent. Because of the method of 
operation used, the loss of flexibility 
entailed by the use of this scheme is of 
negligible importance. However, this 
arrangement required a larger group 
breaker, inasmuch as a group breaker 
may be required to supply two line 
busses. 

In the early 1930's, a new distributing 
station was planned to receive power 
from the 66,000-volt transmission system 
for distribution at 12,000 volts. This 
station was to be built for an ultimate 
of 80 12,000-volt lines. At the time, 
operating experience with the conven- 
tional double-bus arrangement of Figure 
1 was reviewed, and it was found that 
the number of bus outages was so low 
that the duplication of busses was not 
justified. - This study resulted in the 
adoption of the bus layout shown in 
Figure 2. Two rings are used in this 
layout because of the sectionalized operat- 
img of the 12-kv system. This method of 
operation is described in another part of 
the paper. 

This new type of bus layout is funda- 
mentally a ring bus in which the dis- 
tribution lines are connected directly to 
the main ring. In this way, the main 
busses used in the conventional double 
bus are eliminated. The use of this plan 
results in the elimination of a great deal of 
bus equipment and approximately 40 
per cent of the number of breakers re- 
quired other than lige breakers. In this 
station five outgoing lines are connected 
to each bus section, compared to a maxi- 
mum of four lines per line bus in the older 
stations. One disadvantage of this bus 
arrangement is that the supply trans- 
formers are connected to the same bus 
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MAIN BUS 


MAIN BUS 


(0) 
METHOD OF REDUCING 
NUMBER OF GROUP 
BREAKERS BY 25% 


TO HIGH-VOLTAGE BUS 


TO HIGH-VOLTAGE BUS 


Figure 2. 12-ky ring-bus layout with one 
breaker between bus sections 


Bus sections may be added by cutting ring et 
points indicated and extending the main rings 


as the lines, whereas in the double bus 
the transformers are connected to the 
main busses while the lines are con- 
nected to the line busses. The ring bus 
has an advantage over the straight bus 
with respect to the concentration of cur- 
rent in the bus. With the ring bus, there 
is a more equal distribution of the current 
due to the fact that the supply current can 
flow in two directions to the load. 

The operating experience with the lay- 
out of Figure 2 proved to be satisfactory 
except for one situation which is inherent 
in all bus schemes which have only one 
tie breaker between bus sections. With 
this type of bus separation, trouble in a 
bus section breaker can cause an outage 
of two bus sections, thus interrupting a 
sizable proportion of the entire station. 
Although such an occurrence is extremely 
rare, it would be advantageous from a 
system point of view, if any one case of 
trouble would cause the outage of only 
one bus section. This improvement was 
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ia 
obtained in a later development shown’in 
Figure 3 by using two breakers in series 
between bus sections. The only essential 
difference between Figures 2 and 3 is in 
the connection between bus sections. 


OPERATION OF 12-Kyv BUSSES 


The design of a fundamental bus 
layout is closely related to the method 
of operating the system. In the Chicago 
system, the principle of sectionalization 
has been one of the corner stones of re- 
liable power supply. With this type of 
operation any one case of trouble is con- 
fined to approximately one-half of the 
system. 
transmission terminals are divided into 
two parts, known as the red and blue 
systems. At some stations, the two sys- 
tems are normally operated completely 
separated from éach other. At other 
stations, the red and blue systems are 
normally operated in parallel, but auto- 
matic sectionalization takes place when- 
ever a heavy fault occurs on either sys- 
tem. This automatic sectionalization, 
which is accomplished by relay action, 
separates the station into two parts with- 
out causing the outage of any lines or 
equipment. The method of operating a 
particular station depends on the magni- 
tude of short-circuit currents and the 
balance between the load and capacity. 
It would be desirable to operate section- 
alized at all stations, but in some locations 
it is not economical to provide sufficient 
equipment to make possible this method 
of operation. 

The ring bus is well adapted to the type 
of sectionalized operation used in Chicago. 
In the bus layouts shown in Figures 2 


and 3, two rings are used, one ring con- - 


stituting the red system and the other 
the blue system. An important advan- 
tage of the ring bus is that it can operate 


+ 


All generating stations and . 


sectionalized even though a bus outage 


occurs. In the double-bus layout, Figure 
1A, a main bus outage causes the loss of 
a considerable amount of equipment, with 
the result that when such an outage 
occurs the red and blue systems must be 
operated solidly tied, and without auto- 
matic sectionalization. 


Various methods are provided for the 
normal operation of the two rings. In 
the diagram of Figure 2, the two rings can 
be paralleled directly, through reactors, 
or operated completely separated. In 
the diagram of Figure 8, the rings may 
be tied through reactors, or tied solidly 
through connections to an adjacent sta- 
tion. There is also a tie between| the 
rings through the two windings of the 
supply transformer; however, this tie 
is of relatively high reactance and rep- 
resents a weak link between the sys- 
tems. The two-winding generator shown 
constitutes a relatively heavy tie between 
the systems. Automatic sectionaliza- 
tion is provided to disconnect this genera- 
tor from the system in trouble. The 
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ADJACENT STATION 


SERVICE 
SWITCH 


SERVICE 
SWITCH 


SERVICE 
SWITCH 


JO HIGH 
VOLTAGE ss 


SERVICE 
SWITCH 


RED SYSTEM 


Figure 3. 12-kv ring-bus layout with two 
breakers in series between bus sections 


method of operation actually used at 
these stations will depend on the magni- 
tude of fault currents and on the balance 
between load and capacity as previously 
mentioned. 


Bus PROTECTION 


Although relay protection of station 
busses greatly improves reliability, in the 
earlier Chicago stations no bus protection 
was used. The current transformers then 
available were considered to be too haz- 
ardous from an insulation viewpoint to 
be installed in station busses. Also, the 


GENERATOR GENERATOR 


@ BREAKER NORMALLY OPEN 


electrical performance of these trans- 
formers and the types of relays available 
were not sufficiently good to make pos- 
sible a reliable relaying system. On the 
other hand, because of the methods of 
construction used bus faults were con- 
sidered to be too infrequent to justify 
the added risk incurred by the use of the 
protective equipment then available. 
This combination of circumstances re- 
sulted in all the earlier stations in Chicago 
being installed without bus protection. 


In the early 1920’s, the isolated-phase 
method of construction was developed 
and used for all station projects. This 
method of station construction makes 
possible a very simple and reliable type 
of bus protection known as the fault 
bus.! The operating record of this type 
of bus protection has been very satis- 
factory, inasmuch as all primary faults 
have been cleared correctly and quickly. 
In the past ten years, there have been 
12 primary failures on the 66-kv and 12- 
kv busses at generating stations due to 
insulator and bushing failures and sys- 
tem operating errors, and these have all 
been cleared by the fault bus with a 
minimum of damage and disturbance 
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TO HIGH 

VOLTAGE BUS 
SERVICE 
SWITCH 


GENERATOR 


TO GROUNDING 
TRANSFORMER 


© 


GENERATOR 


to the system. In addition to these cor- 
rect operations, there have been five un- 
necessary operations caused by low- 
voltage d-c and a-c circuits coming in 
contact with the fault bus. Some of the 
operations have been due to the failure of 
low-voltage circuits, and others to the 
improper use of the fault bus by personnel. 
An example of the latter case is the use of 
fault bus for grounding welders. These 
incorrect operations can be reduced to a 
minimum by using induction relays to 
prevent operation due to direct current, 
and by taking precaution to eliminate 
incorrect use of the fault bus by per- 
sonnel, 

An interesting point in connection with 
fault-bus protection is its application to 


Figure -4 (left). 292- 

kv ring-bus layout 

with provisions for 

connecting any unit 
to either ring 


. fib 9 


GENERATOR 


LINE , 


Figure 5 (right). Bus 

layouts used in the, 

early development of 
the 66-kv system 


RED SYSTEM 


A—Main-bus sections 


tied through one 
breaker 

B—Main-bus sections 

tied through two 


breakers in series I ! 


RED SYSTEM 


the ring bus shown on Figure 2. Ifa fault 
occurs on a bus section breaker, the fault 
bus will instantly disconnect one of the 
busses to which the section breaker is 
connected. If this operation does not 
clear the fault, the other bus section 
connected to the breaker is cleared. 
In this manner, a fault on a section breaker 
may or may not interrupt two bus sec- 
tions. The possibility of tripping two 
bus sections for one case of trouble can 
be eliminated by using two bus section 
breakers in series as shown in Figure 3. 
As discussed previously, this undesirable 
situation also exists in the double-bus 
layout. 

While earlier stations were installed 
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CABLE TIE 70 
ADJACENT STATION 
BLUE SYSTEM 


without bus protection, serious bus fail- 
ures experienced by other companies, 
together with the development of im- 
proved current transformers and relays, 
have led to the addition of bus protection 
to these earlier busses. Conventional 
methods of bus differential relaying using 
induction overcurrent relays have been 
used. In “one special case, impedance 
relays have been installed for bus pro- 
tection. Up to. the present time there 
have been no automatic operations of the 
bus differential or impedance relay 
schemes. 


22-Kv Busses 


The first type of ring bus used in the 
Chicago area is shown in Figure 4. This 
bus was installed in a bulk power generat- 
ing station operating at 22 kv. A de- 
tailed discussion of this type of ring-bus 
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A 
BLUE SYSTEM 


EMERGENCY 


(A) 


BUS 


NORMALLY OPEN 


oe 


LINE 


ee 
EMERGENCY BUS BLUE SYSTEM 


(8) 
layout, which is also.used at State Line 
station, has been published in a previous 
paper.? 

This bus is a double ring in which each 
generator winding and transformer has 
connections to both rings. The bus sec- 
tions of each ring are separated by a 
breaker and reactor in series with pro- 
visions to short-circuit the reactor by a 
second breaker. Experience has indi- 
cated that sufficient operating flexibility 
and reliability can be obtained with 
fewer breakers than the number shown 
in Figure 4, 

The 22-kv ring busses are oil-filled 
metal-clad structures which are pro- 
tected by a fault-bus system. An impor- 
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tant limitation of the arrangement used is 
that a bus section on one ring is part of 
the same steel structure as the similarly 
located bus section on the other ring, with 
the result that the fault-bus system can- 
not determine which of the two busses is 
faulted. This condition limits the re- 
liability and, therefore, the flexibility of 
this type of double-ring bus. 


66-Kv Busses 


The transmission system within Chi- 
cago is a 66-kv underground system which 
in effect is a cable bus running the full 
length of the city, interconnecting 


NORMALLY OPEN~, 


4b 


LINE 


RED SYSTEM 
NORMALLY OPEN 


BLUE SYSTEM 


Figure 6. 66-kv bus arrangement which com- 
bines the principles of the double-main-bus 
and ring-bus layouts 


sources of supply with load distribution 
centers.1 This:cable bus is operated in 
two sections known as the red and blue 
systems which correspond to the 12-kv 
red and blue systems. The principle 
of isolated phase construction is used at 
all the 66-kv terminals and applied to 
the transmission lines by the use of single- 
conductor cable. 

Figure 5A shows the fundamental 
station bus layout which was used in the 
first busses constructed for this system. 
This layout is a double-bus arrangement 
in which there is only one circuit breaker 
per line or transformer with disconnect 
switches provided to connect ‘the unit to 
either or both busses. During normal 
operating conditions the red and blue sys- 
tems are sectionalized, with all units on 
their respective systems being operated 
in parallel. In order to limit the extent 
of line and transformer outages caused 
by a bus fault, the red and blue busses 
were each split into sections by means of 
circuit breakers. These breakers were 
installed only on the main bus since the 
emergency busses were to be used only 
when a main bus section was. out of 
service. 

An important limitation in the opera- 
tion of this type of bus layout is that 
disconnect switches must be operated 
under load when it is desired to transfer 
units from one bus to another. Another 
disadvantage inherent in this type of 
layout is that a case of trouble on a 
bus section breaker interrupts a very 
large amount of capacity. As a result, 
the bus layout was rearranged to provide 
two breakers in series between bus sec- 
tions, as shown in Figure 5B. This 
principle is the same as is used to limit 
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the outage caused by a failure of a 12-kv 
bus section tie. 

In the development of a new 66-kv 
terminal, which was part of the distribu- 
ting station mentioned in the dis- 
cussion of 12-kv busses, a radically differ- 
ent type of bus layout was adopted. This 
bus plan is shown in Figure 6 and is a 
combination of the double-bus arrange- 
ment and the ring-bus type of design. 
One advantage of this arrangement is 
that a station fault will result in the loss 
of a minimum number of units. For 
example, a bus fault necessitates the maxi- 
mum loss of only one unit; whereas the 
layout of Figure 5 will cause a loss of two 
or more units. Another advantage is the 
increased flexibility of operation; there 
are many more possible arrangements of 
the system with a layout of Figure 6 


as compared with Figure 5, Although 
Hie Figure 7. An initial 
installation of the bus 
‘ arrangement shown in 
Figure 6 
LINE 


additional line and transformer breakers 
are required to obtain this increased 
flexibility, the layout of Figure 6 reduces 
the number of section tie breakers, so 
that the total remains approximately the’ 
same, 

One disadvantage of the arrangement 
of Figure 6 is that it requires the opening 
of two breakers at each terminal to dis- 
connect a faulted line or transformer, but 
this has not caused any trouble. As pre- 
viously mentioned, one disadvantage of 
the older type of bus layout was the fact 
that to transfer units from one bus to 
another without de-energizing, it is neces- 
sary to operate disconnect switches under 
load. With the new bus layout, this type 
of operation is unnecessary. 

In the bus layout of Figure 6, all 
breakers are operated closed except the 
bus section breakers separating the red 
and blue systems. The fault-bus sys- 
tem is used to protect the main busses, 
but the sections of bus to which the lines 
and transformers are connected are pro- 
tected by the line and transformer re- 
lays. This illustrates one of the basic 
principles of the ring bus; from the stand- 
point of protection there is no bus be- 
cause each section of the bus can be 
treated as a part of the unit to which it is 
connected. 

In a later development, the bus plan of 
Figure 6 was adopted as the ultimate 
diagram. However, in the initial step 
there are only two lines and one trans- 
former and the layout consists of the ring 
bus shown in Figure 7. 
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"132-Kv Busses i 


The high-voltage transmission system 
outside Chicago consists primarily of 
overhead 132-kv lines. The principle of 
group-phase construction is used almost 
entirely in the transmission terminals 
of this system. A typical layout used for 
132-kv busses on this system is shown in 
Figure 8. This arrangement is a double 
bus with one circuit breaker per unit and 
disconnect switches to connect the line 
to either of the two busses. A bus tie 
breaker is provided with necessary con- 
nections so that it can be used either as 
a bus tie or as a unit breaker. This type 
of bus layout was designed primarily for 
parallel operation of the 132-kv lines. 

At the present time, the 132-kv system 
is operated sectionalized for the purpose 
of limiting the effect of faults on the 
stability of the system. With this method 
of operation, the type of bus shown 
in Figure 8 lacks operating flexibility. 
In order to take a breaker out of service 
either the bus tie breaker must be used 
for line protection, or the line must oper- 


LINE 


LINE 


TRANSFER BUS 
RED SYSTEM 


Figure 8. Double-main-bus layout used for 
132-ky terminals 


ate without a breaker. In the first case, 
sectionalization cannot be maintained, 
while in the second case no relay protec- 
tion is provided for the line. 

Practically all the busses on the 132-kv 
system were installed without bus protec- 
tion. Operating experience has indicated 
the desirability of providing bus protec- 
tion at these terminals, inasmuch as there 
has been an average of about one bus 
fault per year on nine 132-kv terminals 
of this system. These faults have been 
due to operating errors in grounding live 


busses, insulator and bushing flashover, — 


and conductors coming in contact with 
each other due to insulator breakage. 
Investigations have been made to deter- 
mine the feasibility of applying bus pro- 
tection to these terminals. It was found 
that fault-bus protection could not be 


used because of the design of the steel 


structures. This study also indicated 
that the application of differential pro- 
tection to these busses would be very 
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complicated because the many combina- 
tions of system connections which are 
possible make it extremely difficult and 
costly to install a reliable and high-speed 
bus differential scheme that will satisfy 
all operating conditions. As a result of 
the difficulties involved in providing 
bus protection, most of these terminals 
are still operating without this type of 
protection. ; 

Studies have been in progress recently 
which indicate that the principles of the 
_ ring bus could be advantageously applied 
to 132-kv terminals. One arrangement 
which has been studied is the single ring 
bus shown in Figure 9, which requires 
only one breaker for each line or trans- 
former. The principal difference be- 
tween this layout and that of Figure 6 
is that the latter uses a larger number 
of breakers which results in a higher de- 
gree of flexibility. In both types of lay- 
out, the bus sections are relayed as part 
of the line or transformer connected to 
that bus section. 

The most important advantage of the 
ring bus over the arrangement of Figure 
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Figure 9. Single ring bus which has been 
studied for application to high-voltage ter- 
minals where all units are normally paralleled 


8 is that bus protection is automatically 
provided. Also, a bus fault will affect 
system stability to a lesser degree if the 
ring bus is used, because as mentioned 
previously, the ring bus reduces to a 
minimum the number of units which 
must be disconnected for a bus fault. 
Another advantage of the ring bus is that 
any breaker in the ring can be taken out 
of service for maintenance work without 
disrupting the operation of the remainder 
of the system. However, if a fault should 
occur on a line or transformer while this 
maintenance work is being done, there is 
a possibility of losing other units in addi- 
tion to the faulted unit. This character- 
istic of the ring bus is generally not of 
great importance during periods of light 
load when maintenance work is per- 
formed, but it does make the single ring 
unsuitable for use at terminals which 
are operated with the busses sectionalized. 
When a line or transformer is to be out of 
service for a long period, the disconnects 
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on this particular unit can be opened and 
the ring re-established by closing the 
breakers of this unit. 

An important problem arises in connec- 
tion with operating arrangements for the 
melting of glaze on transmission lines. 
In the Chicago area, glaze melting is ac- 
complished by isolating generators and 
transmission lines, and operating them 
with the transmission lines grounded 
and with reduced voltage on the genera- 
tors. With conventional bus arrange- 
ments such as Figure 8, glaze-melting 
procedures may be effected by using one 
bus for load-carrying purposes and the 
other bus for glaze-melting purposes. 
Obviously this could not be done with 
the ring bus, but the problem can be 
solved by providing a separate glaze- 
melting bus with disconnect switches at 


yw LINE 
NORMALLY 
OPEN 


LINE LINE 
BLUE RED 
SYSTEM SYSTEM 


LINE LINE 


Figure 10. Double ring bus which has been 
studied for application to high-voltage ter- 
minals where sectionalized operation is used 


each terminal for connecting lines to this 
bus as.shown in Figure 9. 


In the conventional type of bus, one set © 


of potential transformers can be used to 
provide potential for metering and relay- 
ing. In order to provide for all possible 
operating conditions with the ring bus, it 
would be necessary to use more than one 
set of potential transformers. 

Other arrangements of the ring bus 
have been studied. Figure 10 shows a 
double ring bus which requires one addi- 
tional circuit breaker in order to accom- 
modate the same number of lines and 
transformers as in a single ring. An ad- 
vantage of the double ring bus is that a 
fault on one line does not break the ring. 
Also, this arrangement is desirable for 
those cases where the bus is to be oper- 
ated in two systems, one ring being used 
for each system, without requiring any 
more breakers than are used on the 
double bus arrangement of Figure 8. 
However, the double ring does not have 
the same degree of flexibility as the bus 
layouts of Figures 6 and 8 for trans- 
ferring units from one system to the 
other. 

The ring bus shown in Figure 11 has 
desirable features for application at 
bulk-power generating stations. In addi- 
tion to the advantages offered by the 
single ring bus previously mentioned, this 
layout reduces considerably the number 
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of circuit breakers required without much 
sacrifice in the reliability of the lines, 
since transformer faults are very rare com- 
pared with line faults. For the case 
shown, only six breakers are required, 
while the layout of Figure 9 would re- 
quire ten breakers. 

The most desirable type of bus layout 
for any specific high-voltage installation 
depends primarily on the method of 
operating the system. At a terminal 
where all the units are to be normally 
operated in parallel the single ring (Figure 
9) is the most suitable. If the terminal 
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Figure 11. Single ring high-voltage bus 
which has been studied for application to 
bulk-power-supply generating stations 


is to be operated sectionalized in two 
parts with only a limited need for trans- 
ferring units from one system to the 
other, the double ring (Figure 10) is the 
logical choice. On the other hand, if 
maximum operating flexibility is required 
the principle shown in the bus layout of 
Figure 6 should be adopted. 

This section of the paper has discussed 
the advantages of applying the ring bus 
construction to new 132 kv structures. 
No attempt has been made in this paper 
to show the cost of rebuilding existing 
installations to incorporate the ring-bus 
design, or whether the cost of such re- 
building would be justified. 


Conclusion 


This paper has described the develop- 
ment of high-voltage bus layouts in the 
Commonwealth Edison Company. It 
has attempted to show that the char- 
acteristics of the ring bus provide various 
advantages from the standpoint of flexi- 
bility of operation, ease of providing 
protection, simplicity of maintenance, 
and economy in investment. 
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Interlamination Resistance 


JAMES P. BARTON 


ASSOCIATE AIEE 


N laminated-core structures for trans- 
formers and rotating machines the 
need for adequate interlamination resist- 
ance becomes more necessary as the core 
structure increases in size. Where con- 
siderable pressures are exerted on the core 
laminations, a safe value of interlamina- 
tion resistance must be maintained to 
prevent the stray losses in the core from 
ibecoming excessive. A method for deter- 
mination of the minimum interlamination 
‘resistance required in terms of the core 
cand its operating conditions, for any de- 
gree of permissible stray loss, is developed 
herein, resulting in a simple equation. 

A short paper on this subject was pre- 
pared during the latter part of 1943, and 
encouraging comments on it led to the 
writing of this paper. It is recognized 
that this problem undoubtedly has been 
investigated or considered frequently, 
privately or otherwise, since the advent of 
the laminated core. In recent years, how- 
ever, it has been the author’s conviction 
that a more complete understanding 
should be had of the major factors in- 
fluencing stray losses in the core. Al- 
though the consideration of the problem 
is not so rigorous as it could be, it is be- 
lieved that, for designers of core struc- 
tures, the resulting equations provide 
adequate protection in determining the 
minimum interlamination resistance re- 
quired. 

Figure 1 shows a section of a rectangu- 
lar core of width W and height of lami- 
nation stack aW. The flux density and 
interlamination resistance are assumed to 
be uniform throughout the core structure, 
and the electrical resistance of the silicon 
steel of the laminations is negligible when 
compared with interlamination resistance. 
For analysis the core is divided by a neu- 
tral plane into two equal parts, each W/2 
wide. 

The voltage causing the stray-loss cur- 
rents to flow is perpendicular to the lami- 
nations, and its value is a function of the 
lamination width. Consider an element 
dx in width, one centimeter in height, 
and aW long, having a resistance R, with 
the voltage causing the stray loss to be 
applied over the element lengthaW. The 
position of the element is x distant from 
the neutral plane of the core, and the core 
area enclosed becomes xaW. The result- 
ing voltage due to the flux through this 
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area will be that for one turn and will be 
concentrated across the element length 
aW. This can be stated as: 


E 444fBawWKx 


N 108 volts per turn (1) 


where 


jf =frequency in cycles per second 

B=flux density in kilogausses 

a=ratio of height of stack to lamination 
width 

W =lamination width in centimeters 

K =space factor > 

x=distance of element from center of core 
in centimeters 


The loss in the element due to the voltage 
of equation 1 is E?/R watts, with 

1 (4.44f,BaW Kx)? 
R ———- R10” 


watts (2) 


The total stray loss for the laminated-core 
width x=0 tox=W/2is: 


(4.44fBaWK)? [(¥/? 
Total watteane ey “fi xd 
0 


R10” 
Es (4.44faK B)?W® (3) 
24R10 \ 


Let the resistance 


raw 
I= sets ohms (4) 


for the element having a cross section of 
one centimeter square and aW long, with 
r being the interlamination resistance in 
ohms per square centimeter per lamina- 
tion and ¢ the lamination thickness in 
centimeters. The weight of the core for 
the total stray loss of equation 3 is 
0.5aW2dK /453.6 pounds, where d is the 
density of the core material in grams per 
cubic centimeter. Substitution for R in 


Figure 1. Section of laminated core 
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we 
equation 3 and division by the weight’ of 
the core involved gives the average stray 
loss in watts per pound: 


Watts 1.2211 /?B?W,?Kt, 
Pound — rd108 


(5) 


with W, and ¢, being expressed now in 
inches. WithP in watts per pound for the 
core material at flux density B and fre- 
quency f, the ratio of the stray loss to core 
loss, stated as a percentage, %, becomes: 


_ 1.2211 B Wi? Kt 6 
a0 rdP 104 ) 
and if we solve for the interlamination re- 
sistance 7, 


1.2211f?B?W,?Kty ‘ 
= Rae. ohms per square 
0 


centimeter per lamination (6a) 


It should be observed that the interlami- 
nation resistance 7 varies as the square of 
the frequency, the flux density, and the 
lamination width. 

Further analysis shows, however, that 
the maximum stray-loss voltage occurs at 
the lamination edge of the core when 
x=W/2. From equations 2 and 4, with 
x= W/2, the stray loss in watts in the ele- 
ment, having one side as the side of the 
core, is: 


Maximum stray watts 
a (4.44f,BK W)*taw 


4r10” -{7) 


The weight of the element one centimeter 
square is aWKd/453.6 pounds, and the 
maximum stray, loss in watts per pound 
becomes: 


Watts Bs 3.6633/°B2 Wi 2K ty 
Pound | rd10° 


(8) 


with W, and t, expressed in inches. 

With P in watts per pound for the core 
loss at B and f, the ratio of the maximum 
stray loss to core loss, stated as a per- 
centage, %, is 


_ 8.66387B Wa? Kty 


% rdP104 


(9) 


and, if we solve for the interlamination 
resistance 7, 


_ 8.6633 fB*Wi?7Kty 


%dP104 
centimeter per lamination (9a) 


ohms per square 


If equations 9a and 6a are compared, it 
will be observed that, with all factors the 
same, including the percentage, the inter- 
lamination resistance as calculated from 
equation 9a is three times the value ob- 
tained from equation 6a. But as the 
voltage causing the stray loss is maximum 
at the ‘lamination edge of the core, the 
interlamination resistance should be cal- 
culated for this condition (equation 9a) 
rather than for the average stray loss 
(equation 6a). Furthermore, the maxi- 
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mum voltage occurs where the lamination- 
edge ‘condition is an important factor, 
that is, degree of burring and edge dis- 
tortion which must be controlled to pre- 
vent low interlamination resistance. 

If, for instance, in using equation 9a it 
is assumed that the per cent maximum 
stray loss to core loss at the lamination 
edge is nine per cent and the value of 7 is 
determined, then the per cent average 
stray loss to core loss becomes one third 
or three per cent. This is another way of 
showing the desirability of using equation 
9a rather than equation 6a. 

The interlamination resistance 7 is the 
average value in ohms per square centi- 
meter of lamination and is the sum of all 
factors affecting its value. Not only does 
it include the resistance of the core-plat- 
ing and surface oxides, but it also reflects 
the condition of the lamination surface 
and edges, stray metallic particles on the 
surface that may short-circuit adjacent 
laminations, and so forth. Furthermore 
and of major importance, it is the resist- 
ance that must be in effect at the pressure 
applied to the core and the temperature 
at which the core operates to assure the 
percentage of stray loss to be within the 
value chosen. 

In applying equation 9a, the relation of 
B* to P should be examined. Anexamina- 
tion of several commercial grades of silicon 
steel, as used for the laminations in rotat- 
ing machines and transformers, in the flux 
density range of 8 to 15 kilogausses, shows 
that the ratio of B* to P can be considered 
a constant within an error of about plus or 
minus five per cent. This ratio states 
that the core loss varies as the square of 
the flux density, and for practical purposes 
the error involved is negligible in this 
application. This ratio also can be con- 
sidered as a figure of merit for the steel 
used, as the greater its value the lower the 
core loss, for a given thickness. 

If B?/P=C (a constant) is considered 
for the grade and thickness of the core 
steel used, the number of design curves 
that need be prepared for ready reference 
is simplified and reduced. Such curves 
- can be drawn with the lamination width 

(W) as the independent variable, the 
interlamination resistance (7) as the 
dependent variable, with various values of 
the ratio of stray loss to core loss in per 
cent (%) as the parameter. The thick- 
ness (#), frequency (f), density (d), and 
space factor (K) are usually the same for 
many designs, with the first two, (¢) and 
(f), usually not having more than two or 
three standard values. 

Figure 2 illustrates such a design curve, 
using a 29 gauge (0.014 inch) commercial 
grade of transformer 52 silicon-steel sheet, 
with the core-loss-test specimen cut paral- 
lel to the grain of rolling and annealed. 
This test condition simulates the lamina- 
tions in a transformer, and for this grade 
of steel C= B?/ P= 222, being the average 
value in the flux-density range of 8 to 15 

kilogausses. With t=0.014 inch, f=60 
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Figure 2. Variation of interlamination resist- 
ance with lamination width and per cent stray 
loss to core loss 

For the conditions: 
3.6633 f2B2 W,, Kt, __ 0.50279 W,2 
CaP iGs % 


ohms per square centimeter per lamination 


= 


where 
f=60 cycles a—75 
K=0.92 B2/P=999 
t, =0.014 inch 


cycles, d=7.5, K=0.92 and % having 
values of 0.1, 1.0, 10, 100, and 1,000, the 
curves of Figure 2 were obtained. Such 
curves clearly show the values of inter- 
lamination resistance necessary to control 
the stray loss, as well as those values that 
will allow excessive stray loss with the 
danger of hot spots developing, further 
reducing the interlamination resistance 
progressively to the point where the core 
laminations may melt, causing eventual 
failure of the apparatus. Experience in 
applying these curves to such conditions 
just mentioned has substantiated the 
soundness of the analysis. 

In the case of large transformers where 
the cores usually are bolted along the 
middle of the lamination, the pressure is 
maximum where the stray-loss voltage is 
minimum, with the pressure at the lamina- 
tion edges being lower than at the center. 
By calculating from equation 9a the re- 
sistance for the maximum voltage, this 
value becomes the minimum interlamina- 
tion resistance for the maximum pressure 
and operating temperature for the core, 
thus constituting the limiting and safe 
conditions. Whatever additional safety 
factor is desired can be multiplied by this 
calculated interlamination resistance. 
The same considerations also apply to 
the cores of rotating machines. 

If the laminations on one side of the 
core are short-circuited together, the stray 
loss in the core increases four times as the 
voltage is doubled on the nonshort-cir- 
cuited side.” Furthermore, if the inter- 
lamination resistance is broken down, be- 
cause of the increased voltage, the stray 
losses will increase more than four times. — 

In large symmetrical transformer cores 
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bolted down the center of the laminations 
short-circuiting of the core by the bolts 
has no adverse effect, so long as the inter- 
lamination resistance is uniform through- 
out the core. For practical purposes, 
however, it is desirable to insulate all 
bolts in case of nonuniformity in the core 
structure, even though the ratio of total 
stray loss to core loss of the assembled core 
is within the allowed value. 

The measurement of the interlamina- 
tion resistance of the finished laminations 
becomes most desirable as a means of 
quality control in the manufacturer’s 
plant toward assuring a resistance greater 
than the calculated minimum. The meas- 
urement of this resistance should be made 
on the specimens subjected to the maxi- 
mum pressure, the maximum temperature 
and the maximum voltage to be encoun- 
tered in the core. The rms voltage is 
given by equation 10, 


1.4319fBaW,?K 
adoro 


E olts (10) 


where W, is in inches. 

A standard test method in general use 
is that for measuring interlaminaticn re- 
sistance, as given in the American Society 
for Testing Materials Standard Method 
A-34, The test specimen is composed of 
3x25-centimeter strips that can be proc- 
essed in the same manner as are the lami- 
nations. It is essential that, whatever 
specimen is used to measure the resistance, 
it should be prepared in the same manner 
as are the laminations, so that not only 
the surface of the specimen but also the 
edge effects are included in the measure- 
ment. 


The pressure can be applied readily, and 
the heating of the specimen can be accom- 
plished by various methods. The testing 
at temperature is important, especially 
where core temperatures are higher than 
those heretofore considered normal, such 
as encountered in air-cooled inorganically 
insulated coils and cores. While the or- 
ganic core-plate varnishes, when properly 
applied and baked on the lamination, wilt 
withstand pressure and voltage at higher 
core temperatures, the same core plate 
improperly processed or cured may flow 
and not give the desired insulation to 
withstand the voltage and pressure. In- 
organic core plates are available, which 
will withstand lamination annealing tem- 
peratures and yield suitable values of 
interlamination resistance for large cores. 

In conclusion it may be said that an 
equation has been developed wherein the 
minimum interlamination resistance can 
be calculated for the maximum stray-loss 
voltage to be encountered in a uniform 
core structure for a given percentage of 
maximum stray loss to core loss. This 
value of resistance is that to be in effect 
at the temperature and pressures at 
which the core structure is to operate. 
The importance of quality control of inter- 
lamination resistance, especially in large 
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Battery Booster Coils for Airplane-Engine 


; Ignition Systems 


A. V. ALVINO 


NONMEMBER AIEE 


HE use of battery booster coils and 

problems in connection therewith re- 
quires an understanding of engine igni- 
tion-system design and operation. Fig- 
ure | illustrates a complete ignition sys- 
tem consisting of ignition switch, two 
magnetos, radio-shielded harness, spark 
plugs and booster magneto. One mag- 
neto is illustrated completely assembled, 
and the other in skeleton form showing 
electric and magnetic circuits. 

The magneto primary winding is 
grounded at one end and connected to 
the insulated breaker contact at the other 
end. A capacitor, as in all vibrator sys- 
tems, is connected across the breaker con- 
tacts. The insulated breaker contact and 
ungrounded side of the primary winding 
are connected to a terminal on the mag- 
neto housing. This terminal is connected 
to ground through the ignition switch. 
When the switch is in the ‘‘off”’ position, 
a direct path to ground is provided the 
primary current. Therefore, when the 
breaker contacts open, the primary cur- 
rent is not interrupted, preventing induc- 
tion of high voltage in the secondary wind- 
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ing. When the switch is in the ‘‘on’”’ posi- 
tion, ptimary current is interrupted by 
opening of breaker contacts inducing a 
high voltage in the secondary winding. 
One end of the secondary winding also is 
grounded; the other terminates at the 
high-voltage insert on the coil. Current 
in the high-voltage circuit is conducted 
to the central insert of the distributor 
fingers by means of a carbon brush, from 
there to the high-voltage seginent of the 
distributor finger, and across a small air 
gap to the contacts of the distributor 
block. High-voltage cables in the dis- 
tributor block then carry it to the spark 
plugs where the discharges occur. 

The distributor finger is secured to the 
large distributor gear which is driven by a 
smaller gear located on the drive shaft of 
the rotating magnet. The ratio between 
these two gears is always such that the 
distributor finger is driven at one-half 
engine crankshaft speed. This ratio in- 
sures proper distribution of the high- 
voltage current to the spark plugs in ac- 
cordance with the firing order of the par- 
ticular engine. 

Practically all aircraft engines operate 
on the four-stroke-cycle principle. Con- 
sequently the number of sparks required 
for each complete revolution of the crank- 
shaft is equal to one-half the number of 
cylinders. The number of sparks pro- 
duced by each revolution of the rotating 
magnet is equal to the number of its 
poles. Therefore, the ratio of speed at 


which the rotating magnet is driven’to 
that of the engine crankshaft is always 
half the number of cylinders on the engine 
divided by the number of poles on the 
rotating magnet. 


Numbers on the distributor block de- | 


note magneto sparking order and do not 
represent the firing order of the engine. 
Distributor-block position marked 1 must 
be connected to cylinder 1, distributor- 
block position 2 to the second cylinder to 
fire, and so on. 

Sparks are not produced until the rotat- 
ing magnet is turned at or above a speci- 
fied number of revolutions per minute, at 
which speed the rate of change of flux 
linkages is sufficiently high to produce the 
required primary current and resultant 
high-voltage output. The speed varies 
for different types of magnetos, the aver- 
age.is 100 rpm, and the minimum is 
approximately 60 rpm. This is known as 
the ‘‘coming-in speed”’ of the magneto. 

Starting of airplane engines has always 
provided a problem from the ignition 
engineer’s point of view, and many ideas 
have been introduced in an attempt to 
provide ideal ignition conditions without 
increasing the weight of the system. A 
source of external high-voltage current is 
provided for starting purposes when con- 
ditions make it impossible to rotate the 
engine crankshaft fast enough to produce 
coming-in speed of the magneto. This 
may be in the form of a booster magneto, 
high-voltage booster coil or low-voltage 
starting vibrator. 

The high-voltage booster coil of the 
vibratory type has superseded the motor 
or manually operated booster magneto. 
This is a device for obtaining a high inter- 
mittent voltage from a source of steady 
low voltage, such as a battery, accom- 
plished by electromagnetic induction (see 
Figure 2). A primary winding of rela- 


tively few turns and a secondary winding 


of many turns are wound on a common 


transformers and rotating machines, is re- 
viewed, and test methods are indicated. 


Appendix 


Since the preparation of this paper, the 
author’s attention was called to the paper 
by L. V. Bewley and Hillel Poritsky,! 
wherein a rigorous analysis is applied to 
stray losses in the core. Their equation 38, 
giving the stray loss in watts per centimeter 
of transformer core, was found to be the 
same as equation 5 given in this paper. As 
the transformation may be of interest, it is as 
follows: 


Ay/ wh, \* a 
w= =) 5 watts per centimeter of 
corelength (38) 
where 
Ay = conductivity across the laminations 


w=2nf, with f in cycles per second 
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¢, = total flux, peak value 
a=lamination width 
b=height of lamination stack 


The factor a corresponds to W and b toaW, 
with ¢,=BKaW?. The weight of the core 
one centimeter is aW?Kd/453.6 pounds. 
Substitution in equation 38 gives: 


Watts  dy4n2f?B?W?2K453.6 
Pound | 2441016 


(38a) 


The conductivity Ay is equal to t/r, and 
equation 38a becomes: 


Watts _ 4nr*f?B?W?K 1453.6 
Pound — 24dr10™ 


(38b) 


and with W and ¢ in inches, equation 38b be- 
comes 


Watts _ 1.2224f?B?W,?Kt, 
Pound | rd108 


(38c) 
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section, pages 344-6. 


The constant 1.2224 of equation 38c is — 


about 0.1 of one per cent higher in value 
than 1.2211, as obtained in equation 5. 
Equation 38c yields the same interlamina- 
tion resistance as is obtained from equation 
5, being based on the average stray loss 
rather than the desirable value obtained 


from the maximum stray loss of equation 8. 


Unfortunately, equation 38 does not call to 
the designer’s attention immediately nor 
clearly that the interlamination resistance is 
a function of the square of the lamination 
width and the lamination thickness, al- 
though it shows that the resistance is a func- 
tion of the square of the flux density and fre- 
quency. 
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Figure 1. 


laminated soft-ironcore. A breaker mecha- 
nism is in series with the primary 
winding and battery for the purpose of 
producing rapid change of flux setting up 
high-voltage surges in the secondary 
winding. The secondary winding in turn 
connects to the magneto distributor seg- 
ment. 

The battery is connected to the booster 
coil through the engine-starter engaging 
switch on inertia starters or motor switch 
on direct cranking starters (see Figure 2). 
When the starter switch is closed, the 
booster coil is energized to provide high- 
voltage current at the spark plugs prior to 

‘coming-in speed. The booster coil fires 

but one plug in each cylinder; this is the 
plug giving the least detonation and is 
usually the front plug on radial engines. 
This plug usually is fired by the right 
magneto or the right side of a double 
magneto. Booster coils are not connected 
to both magnetos nor to both sides of a 
double magneto. 

The main objection to high-voltage 
booster systems is the inherent disad- 
vantage in that the trailing finger of the 
magneto must be placed so far back, to 
prevent jumping back at altitude, that 
the starting spark may occur anywhere 
from 30 to 60 degrees after top dead 
center. This difficulty has been overcome 
and correct timing of the starting spark 
obtained by boosting the main magnetos, 
thus dispensing with starter magnetos, or 
high-voltage coils, magneto booster rings 
and trailing segments. This method con- 
sists of using a separate induction coil 
(low-voltage starting vibrator) connected 
to the magneto primary winding, utiliz- 
ing it as a transformer and supplying it 
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Figure 4. Low-voltage start- or 
ing vibrator circuit incorporat- res 
ing magneto protection 


with alternating impulses of the order of 
150 volts (see Figure 3). It is made up of 
a coil wound on a soft-iron core connected 
in series with a breaker operated by mag- 
netic action of the core. A relay is in- 
cluded, in series with and between the 
booster and magneto, to prevent magneto 
current feedback through the booster 
when the booster is not in operation. 

A complete wiring diagram of a low- 
voltage starting vibrator is shown in 
Figure 3. A battery is connected to the 
magneto primary winding—through the 
breaker and vibrator coil. A circuit such 
as this has one drawback in that no pro- 
tection is afforded the main magneto in 
instances when breaker contacts tend to 
“freeze.’”’ ‘‘Freezing’’ of breaker con- 
tacts results in high current flow, in some 
cases 40-45 amperes in a 24-volt system, 
due to low resistance value of vibrator and 
magneto windings. High current flow 
will cause demagnetization of magneto 
permanent magnets and burning of mag- 
neto primary winding. This difficulty has 
been overcome by using a system illus- 
trated in Figure 4. The vibrator circuit 
here differs from the common unit in that 
the coil consists of a double winding hay- 
ing a common core and common ground. 
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The primary winding has more turns than 
the secondary winding, so that, for a 
given magneto current requirement, a 
lesser amount need be interrupted through 
the primary winding. This is not the case 
in Figure 8. This feature contributes 
greatly to longer contact life, and, too, 
should the breaker contacts ‘‘freeze,”’ 
no induction takes place, and current will 
flow through the primary winding to 
ground, Under these conditions no harm 
can be done to the magneto. 

Earlier types of magnetos have magnets 
of low-coercive-force steel which would 
lose their magnetism if used with a low- 
voltage starting vibrator. Engine start- 
ing speed, hand cranking, kickback, and 
required spark retard for starting all have 
a bearing on use of low-voltage units in 
place of high-voltage type. 

Oscillations in a vibratory system are 
very complex, involving the primary LC 
circuit, the secondary LC circuit and dis- 
tributor-to-spark plug circuit. Calcula- 
tions of a coupled circuit are difficult 
enough in an a-c case; they are more so in 
the transient case and practically impos- 
sible when spark gaps, nonlinear iron, and 
dielectric losses are combined with free 
oscillations. 
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Extending the Use of Shunt Capacitors 
by Means of Automatic Switching 


W. H. CUTTINO 


ASSOCIATE AIEE 


Synopsis: It generally is recognized that 
the kilowatt loading on distribution circuits 
or plant feeders may be increased substan- 
tially by using capacitors to supply the kilo- 
var load and relieve the current-carrying 
system of this burden. The use of capaci- 
tors to boost voltage or actually to regulate 
voltage has increased during recent years. 
Automatic switching of capacitors makes it 
possible to obtain the benefits of adding 
capacitors to take care of the full load kilo- 
vars without the objection of excess capacitor 
kilovars at light loads. It also makes it 
possible not only to apply capacitors in the 
most effective manner from the standpoint 
of meeting power-factor limits established 
by the utility, but also to regulate voltage 
in the plant or on the system. 

Capacitors may be switched automati- 
cally by the same switching means con- 
trolling the load, or they may be switched in 
response to changes in circuit conditions 
such as voltage, current flowing, or the reac- 
tive kilovars drawn by the load. The ad- 
vantages of the various types of control and 
the choice of the number and size of capaci- 
tor steps to be switched are discussed fully. 


HE wide acceptance of shunt capaci- 

tors and the desire to obtain the bene- 
fits of adding sufficient capacitor kilovars 
to meet the full-load kilovar requirements 
has resulted in a demand for equipment 
which will switch them automatically to 
avoid excessive leading kilovars or over- 
voltages at light loads. The automatic 
switching makes it possible to obtain the 
benefits of additional capacitor correction 
that otherwise would not be permitted. 
The effectiveness of shunt capacitors 
often can be increased by switching them 
“on” and “off” in accordance with 
changes in load. This is particularly 
true on circuits with widely varying 
loads where it is desired to maintain im- 
proved voltage conditions, or hold the 
current or kilovars supplied by the source 
to a minimum with variation in kilowatt 
loading. The demand for switching 
equipment increases as more and more 
capacitors are added to compensate, in 
whole or in part, for the kilovars de- 
manded at fullload. In general, capaci- 
tors should be switched to prevent over- 


Paper 44-178, recommended by the AIEEcommittee 
on industrial power applications for presentation at 
the AIEE summer technical meeting, St. Louis, 


Mo., June 26-30, 1944. Manuscript submitted 
April 13, 1944; made available for printing May 
18, 1944. 


W. H. Currino is design engineer, Westinghouse 
Electric and Manufacturing Company, East Pitts- 
burgh, Pa. 


674 TRANSACTIONS 


voltages, to reduce line current, to keep 
the demand low in proportion to the 
kilowatt loading, or keep the over-all 
power factor within desired limits. 


When Should 
Capacitors Be Switched? 


OVERVOLTAGE 


Capacitors may be switched to avoid 
overvoltages on lamps, motors,;and so 
forth at light load. Standard capacitors 
are designed for operation on circuits 
whose average voltage over a 24-hour 
period does not exceed the normal rated 
voltage by more than five per cent. The 
variations above the average may go up 
to the accepted standard limit of 115 per 
cent of normal rating for 230-, 460- and 
575-volt capacitors or the standard limit 
of 110 per cent of normal rating for 
capacitors with higher voltage ratings. 


VOLTAGE REGULATION 


Switched capacitors can be located on 
distribution circuits or plant feeders be- 
yond the voltage regulators to improve 
voltage regulation by reducing the current 
flowing in the feeders. This is accom- 
plished without changing existing regulat- 
ing equipment and lowers the 1X and /R 
losses in the circuit. 


REDUCTION OF POWER Costs 


To maintain minimum cost of power 
purchased under certain rate schedules, 
capacitor kilovars should be varied to 
keep the power factor within certain 
limits or to keep the demand to a mini- 
mum with variation in kilowatt loading. 


AVOID OBJECTIONABLE HARMONICS AT 
Licut Loap 


In a few cases it has been found desir- 
able to switch capacitors ‘‘off’ during 
light-load conditions because of the com- 
bination of objectionable harmonics and 
overvoltages. These cases are rare, but 
when they are encountered, it is usually 
more economical and satisfactory to 
switch the capacitors ‘‘off’’ automatically 
during light loads when they are not re- 
quired than to apply a filter or wave trap. 

The decision on whether or not the 
capacitors should be switched auto- 
matically depends upon the benefits 
expected, the size of the capacitor banks, 
the extent to which the kilowatt and kilo- 
var load varies over a typical load period, 
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and the variation of voltage with load. He 


The first step in making an analysis 
usually is to make measurements of kilo- 
vars, kilowatts, and voltage over a typical 
load period to determine the capacitor 
kilovar requirements and then, if auto- 
matic switching is needed, to determine 
what type of control should be used for 
actuating the switching device. 


Methods of Switching Capacitors 


Capacitors may be switched manually 
with variations in load. Requiring an 
attendant to make the necessary observa- 
tions of operating conditions such as 
voltage, power factor, kilovar demand, 
and so forth, this method of switching 
should be considered for those cases where 
an attendant can be assigned the specific 
duty of performing the switching opera- 
tions. 

In general, capacitors should be applied 
as near the load as possible. Therefore, 
if it is found desirable to switch capacitors 
with variations’in load, one of the first 
things to consider is the distribution of 
the capacitors on the feeders and their 
connection directly to the motor terminals 
so that they may be switched ‘‘on” and 
“off” with the motor without additional 
switching equipment. In this connec- 
tion, the capacitor kilovars switched with 
the motor switch should be selected to 
avoid excessive overvoltage due to self- 
excitation. It is difficult to determine 
how large the capacitor may be without 
causing excessive overvoltages unless the 
motor characteristic curves are available. 
The majority of motors will generate 
about 165 per cent normal rated voltage 
when disconnected from the line with a 
capacitor whose kilovar rating is equal to 
the motor horsepower rating. Some 
motors may generate higher voltages 
under these conditions. 
is encountered if the capacitor kilovar is 
not greater than the motor no-load kilo- 
var. 

In some instances it may be desirable to 
use a separate switch for the capacitor 
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Figure 1. Kilowatt load increased 225 per 
cent by adding switched capacitors without 
increasing voltage regulation 
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No overvoltage. 


which is controlled by. the motor control. 

_ If the motors are small or if, due to load 
factors involved, it is not practical to 
switch the capacitors with the motors, 
then automatic switching equipment 
should be used with the capacitor. 

If the load follows the same repetitive 

‘load pattern each week, then a time 
switch may be a practical means of 
initiating the switching operations. This 
type of device is not suitable for applica- 
tions where the load fluctuates widely 
with a variable load cycle. 

Capacitors also may be switched auto- 
matically in response to changes in load. 
There are three generally accepted 
methods of initiating the switching of 
capacitors automatically : 


1. Voltage control—In response to 
changes in circuit voltage by means of a 
voltage-sensitive relay. 


2. Current control—In response to 


changes in load current by means of a cur- 
rent-sensitive relay. 


3. Kilovar control—In response to 
changes in reactive load by means of a kilo- 
var-sensitive relay. 


VOLTAGE CONTROL 


The automatic switching of capacitors 
in response to changes in circuit voltage 
may be considered for applications where 
objectionable voltage deviations occur 
with varying loads. Itis well known that 
capacitors will raise the general voltage 
level on a typical circuit. 

To have a clear conception of voltage 
changes or voltage regulation, it will be 
helpful to remember that for all practical 
purposes the voltage drop can be deter- 
mined from the kilowatt-load component 
flowing through the resistance of the cir- 
cuit plus the kilovar component flowing 
through the reactance of the circuit. The 
voltage drop caused by the kilowatts is 
the product of the kilowatt load in am- 


Q= MAXIMUM CAPACITOR KVAR PERMITTED AT 
Y% LOAD AND NOT EXCEED POWER FACTOR LIMITS 


SELECT b=Q, THEN C MINUS SPREAD TOLERANCE 
O5|m_DETERMINES MAXIMUM CAPACITOR KVAR PERMITTED 
& TO BE SWITCHED IN ONE OPERATION 


KVAR RELAY 
SETTING 


Figure 2. Curves showing relation between 
kilovars, kilowatts, and power factor, and how 
capacitors may be switched to keep power 
factor or kilovar demand within desired limits 
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peres and the circuit resistance in ohms, 
The voltage drop caused by kilovars is the 
product of the kilovar load in amperes 
and the circuit reactance in ohms. The 
total voltage drop is the sum of the two. 
The voltage rise produced by the capaci- 
tor is the product of the circuit-reactance 
ohms and the change in kilovar-load 
amperes provided by the capacitor. The 
voltage change affected by switching a 
capacitor is the product of the circuit- 
reactance ohms and the change in kilovar- 
load amperes produced when the capacitor 
is switched. In calculation of voltage 
rise produced by the capacitor above an 


to be switched to the maximum capacitor 
kilovars that can be switched at one opera- 
tion without exceeding the permissible volt- 
age change. 


Example. Consider the case of an in- 
dustrial plant at the end of a feeder where 
it is desired to increase the load from 442 
kilowatts at 65 per cent power factor to 
950 kilowatts at 65 per cent power factor 
without exceeding the current rating of 
the circuit or increasing the voltage regu- 
lation. Power is supplied from a sub- 
station over a 2,400-volt three-phase pri- 
mary feeder consisting of 4/0 cable with 
equivalent spacing of 33.6 inches, to the 


existing voltage level, the nonlinear 1,000-kva 2,400/460-volt plant trans- 
CURRENT bgt 
TRANSFORMER TRANSFORMER 
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ch be ao 


CONTROL TRIP CL 
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variation of exciting kilovars drawn by 
motors, transformer, and so forth, should 
be given due consideration. If the volt- 
age level is high, the exciting kilovar load 
may increase rapidly with increase in 
voltage and should be taken into account 
in arriving at the net kilovar load. It 
also should be remembered that the 
capacitor kilovar varies as the square of 
the voltage for a given rating. If the 
voltage level is moderate and steps are 
taken to permit only a small change in 
voltage, the nonlinear variation of excit- 
ing kilovars may be of no consequence 
and may be disregarded. In this case the 
voltage rise produced, by the capacitor is 
the product of the circuit-reactance ohms 
and the capacitor current. 

The following steps are necessary to 
determine the amount of capacitors to be 
connected permanently and the number 
and size of capacitors to be switched to 
maintain satisfactory voltage conditions: 


1. Determine light-load voltage with total 
capacitor kilovars connected. 


2. If the light-load voltage with the total 
capacitor kilovars connected is objection- 
able, then determine the maximum capacitor 
kilovars permitted during light-load condi- 
tions without exceeding the upper voltage 
limit. 

3. Determine maximum-size capacitor that 
can be switched in one operation or step 
without exceeding the permissible voltage 
change. 


4. The total capacitor kilovars to be 
switched is the difference between the total 
capacitor kilovars required and the capacitor 
kilovars permitted during light-load condi- 
tions. 


5. The minimum number of switching 
steps is the ratio of total capacitor kilovars 
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Figure 4. Circuit diagram showing location of 
load and capacitors referred to in Table | 


former bank having 5.4 per cent reactance 
and 5.55 per cent impedance. The dis- 
tance from the load center to the trans- 
former bank is approximately 50 feet and 
from the transformer to the substation is 
one-half mile. The circuit impedance 
between the load and the substation as 
figured on a 2,400-volt base is as follows: 


Substation to trans- 


FOMMEE Modachace res 0.15 + 70.315 
Transformer..........0.078 + 70.31 
Transformer to load 

CENCE Resets yuna 0.018 + 70.131 

DRG ea ae conver racecar 0.2386 + 70.756 ohm 


The kilovars permitted when supplying 
950 kilowatts without exceeding the 
1,000-kva rating of the plant transformer 


is 310 kilovars (~/1,0002—950?=310). 
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Table |. Relation Between Power Factor, Kilowatts, Kilovars, and Kilovolt- Amperes for an Assumed Variation of Lead Where 
Capacitors Are Located as Shown in Frauis A and Switched at Predetermined Values of Load 
Load Increasing, Load Decreasing, 
Conditions at EB’ Conditions at ath: Conditions at A—A’ Conditions at A—A’ 
Capacitor Kilovar od See 

Load Power  Kilovolt- Power Kilovolt- Power  Kilovolt- Power Kilovolt- 

Kilowatt B—B’ D—D’ Factor Amperesa Kilovar Factor Amperes Kilovar Factor Amperes Kilovar Factor Amperes Kilovar 
11 24 0 a 0,50,, 0,25 0 O27 OF biel BLE rl oO aa Ae ren 5 lice Oat. Ucn barca 0,97* , 103°"; ONZO AF 0,97* tL, OSS new 
0.9 _,0,60 (ilpy 4. be te OV7077 a leere O08. 0,81 Bb | 0,65...,,0,986 O-O12 eo OnlBtecn es 0.98645.) 1. 0/00. Fae ene 
0,9 0,50 0.25 0,707 1.18 0.8 0,824 0.972 0,55., 0,998" 0,802; i OHORRT ey 0,008", ,.0.802, ...0505)- 1* 
0,76 0,50 0,26 0,707 L O6'ser Our 0,832... ,0,902 0,50 1.00 QF e warns Oita ten 1,09 nO ¢ 75 ayn OMe 
0,75 0,26, 0,25, Q7O% ee LOO aU neue: 0,8382.,,,0,902 0.50 0.948", ...0,792....0,25 
Oat. y 0,50 0.25, OVFOF Ane O00 polar 0,84 ,.,,0,8338, OT eMart tnt ak MILT CHET brace Paty er Teeter cle O,0I7#.%.. 2057025 Sra Ou om 
Dies 0,26 0.26, 0,707 0.99 0.7 0,84 ..,,0,833 0.45 0.961" 0,.728....0,20* 
0.65 7.0, 60 0,26, 0,707 0,02°.,..0,66 0,85 105766, 6.0 OUBOU Sie ae esate eine cree manna eet erent 0,988f....0.659..../0,10# 
0.05 0,25 0,26 0,707 0,02,..,,.0,65 0,85 0.704 0,40 0,974"... .0,668,,,.0, 15", 55, 0,974*..,,.0,668,.,.0.15* 
0.6 0,26 0,26, 070744. O Be naccOsGe na nO pees, 0, 96 O88 vrare 0, 986" 0), 608).%, COLL MA, ae 0,986*....0,608....0.10* 
0.5 0,25 0,26, 0,707... 0,708 0.5 0, 803 0,56 O25 LOOK CieO OD tog iD seat 100: :, > <0) BO iam 
Ob 0.0 0,26 0.707 oO). 708 0,5 0.898 0,56 0.25 0.894",.,.0.56 0,25* 
0,45 © 0,25 0,26, 0,707,,,,0,6387 0.46 0,913,.,,.0,494 10:20. Soh picn hk ba vate ee ils alee Ghali peers 0,.9934,.,.0.454,..,0.05f 
0,45 0.0 0,25 0,707)..,.0,6874,.,0,45 0,918 0,494,,,,0,20 0,918*,...0 0,20* : 
0.4 Oh £6: 0.25 0,707, ,, 0,666 0,4 0.935 0 AOB i OUTS as) ence sla aPetRN ten ronan DcEEnn aes 0.97# ....0,413 0.104 
0.4 0,0 0,26, 0,707,,, ,0,566,,,,0.4 0,035 0,428,..,0.15 0, 086%) .15/ OibSls es Cuba any 0,936", ,, /0,427, 0,15* 
0.5 0.0 0,26 0,707 0,425 OED sale 00, 986 Fav iO BOKsn co Or OB aaulae 0,986",,,,.0.804,,..0.05"..,,, 0,986",,,.0,304.,,,.0.05* 
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The reactive component of the 950 kilo 
watt load at 65 per cent power factor is 
1,110 kilovars (kvare tan 0% kwe 1.17 
950 1,110). The expeeted load varia 
tion is from one fourth to full load or 
287'/, to 950 kw. If the measured volt- 
age at 2371/, kw is LOL per cent and the 
permissible voltage change is 2.6 per 
cent of normal then the size and number 
of capacitors can be determined, negleet 
ing the nonlinear variation of exciting 
kilovars, from the following formula: 


Por cent voltage rise produced by capacitor 
capacitor kilovars ¥ecireuit reaetanee 
in ohms 
10 * (line kilovolts)# 


The 800-Kkilovar capacitor at one fourth 
load will raise the voltage approximately 
10'/, per cent (800 0.756)/10%« 2.42: 
10'/y, which is excessively high. Since 
the voltaye is one per cent above the mean 
level without capacitors at one fourth 
load, then the maximum capacitor kilovar 
permitted should not inerease the voltage 
more than 1.6 per cent (2.6—1,0). The 
capacitor permitted at one fourth load is 
1.6% 2.4°% 10/0,756@ 122 kilovars, .Use 
the nearest standard rating of 120 kilo» 
Vars, 

Since it is desired to keep the voltage 
within 2,6 per cent of normal, the 
capacitor selected should not change the 
volts age ‘by more than 5.2 per cent minus a 
margin or tolerance whic h will prevent 
the possibility of hunting, Tf amargin of 
0.3 per cent is chosen at both the upper 
and lower limits, then the capacitor kilo» 
var selected should not change the voltage 
more than 4,6 per cent, The maximum 
size capacitor to be switched in one step is 
350 kilovars (4.6% 2.42X 10)/0,756 = 350, 
and the minimum number of switching 
steps is two since (S00 — 120) /350 = 1.04, 

Figure | shows graphically the voltage 
regulation with variation in load for the 
old load without capacitors and the new 
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load with unswitched and with switched 
capacitors. The 120-kilovar capacitor 
representing 15 per cent of the total is 
permanently connected to give a voltage 
rise of approximately 1.6 per cent at one 
fourth load, The remaining 680 kilovars 
is divided into two equal groups of 340 
kilovars and switched automatically in 
response to voltage to keep the voltage 
within the desired limits, Each 340- 
kilovar capacitor switched changes the 
voltage approximately 4.5 per cent. 


KILOVAR ViRSUS CURRENT CONTROL 


When capacitors are connected to a 
well-regulated bus, the voltage regulator 
or other devices usually will keep the 
voltage within satisfactory limits or at- 
tempt to do so independently of the 
amount of capacitor kilovars applied. 
Circuit voltage, therefore, does not reflect 
truly the need for capacitors and, if the 
capacitors are to be switched, other 
methods of detecting the capacitor re- 
quirements should be used, 

If sufficient capacitor kilovars are 
added to supply the lagging reactive kilo- 
vars at full load, then it may be desirable 
to switch the capacitors with variation in 
load to obtain maximum benefits by keep- 
ing the demand and losses to a minimum 
or to avoid the possible penalty of exces~ 
sive leading power factor during light 
loads, In some instances the kilovars 
supplied by the capacitor make it possible 
for the regulating equipment to keep the 
voltage up to a satisfactory level at full 
load and in such cases the voltage at light 
load is very likely to be excessive unless 
capacitors are switched, 

One method to consider is that of 
switching the capacitors in relation to line 
current, This is satisfactory and pre- 
ferred provided the load power factor 
remains relatively constant with variation 
in kilowatt loading or the power factor of 
the load varies in a predictable manner 
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with a variation in kilowatt loading. 
However, if the load power factor does not 
vary in a predictable manner, then the 
sapacitor should be switched in re- 
sponse to the load kilovar requirements, 
When the latter type of control is used, 
it is not necessary for the load power 
factor to have a definite relationship with 
kilowatt loading. In cases where either 
type of control can be used, the existing 
physical circuit arrangement may dictate 
the type to be selected, 


KILOVAR CONTROL 


The kilovar method of control should be 
used to switch capacitors when the load 
voltage is regulated and the load power 
factor varies in an unpredictable manner 
with variation in kilowatt loading. It 
often may be used in’ conjunction with 
existing voltage regulators to improve 
voltage regulation, In some instances 
the existing voltage regulators may not 
provide satisfactory voltage regulation 
but when switched capacitors are added 
to supply the kilovars of the load, the 
regulators then may provide satisfactory 
regulation, 

When the kilovar type of control is 
used, the following steps are suggested for 
determining the amount of capacitors to 
be connected permanently and the number 
and size of capacitors to be switched; 


1. Determine the capacitor kilovars re- 
quired at light load to maintain desired 
power factor or to keep kilovar demand 
within desirable limits, 


2, Determine the maximum capacitor kilo- 
vars that can be switched in one operation 
without exceeding the permissible change i in 
power factor or kilovar demand. ©, 


8. The difference between the total capaci- 
tor kilovars proposed and the capacitor 
kilovars permitted duirng light-load condi- 
tions determines the total capacitor kilovars 
to be switched. 


» 
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4 The minimum number of switching 
steps is the ratio of the total capacitor kilo- 
vars to be switched to the maximum kilovars 
that can be switched in one operation and 
stay within the power-factor limits or kilo- 
var-demand limits. 


Example. Consider the case of an in- 
dustrial plant where it is desired to im- 
prove the full-load power factor from 
70.% per cent to 97 per cent and thereby 
reduce the demand approximately 27 
per cent or from 1.41 kva per kilowatt to 
1.03 kva per kilowatt. The capacitor 
required to do this is 0.75 kilovar per 
kilowatt. The expected kilowatt-load 
variation is between one-fourth and full 
load and the maximum variation of load 
power factor without correction is between 
62 per cent and 80 per cent lagging. If it 
is desired to add correction to keep the 
power factor between 90 per cent lagging 
and 90 per cent leading for all load con- 
ditions, then the boundaries are outlined 
which will permit the selection of maxi- 
mum capacitor kilovar at light load. 

The kilovars at light load and at maxi- 
mum uncorrected power factor plus the 
leading kilovars permitted at light load 
without exceeding the permissible leading 
power factor determines the maximum 
capacitor kilovars permitted at light load 
or 0.187+-0.12=0.309 kilovar. Once the 
permanently connected capacitor is de- 
termined, this together with the previous 
boundaries permits the selection of the 
maximum capacitor kilovars that may be 
switched automatically in one operation. 
If 0.3 capacitor kilovar is connected per- 
manently, determine the kilowatt loading 
at which the 0.3 capacitor kilovar will 


improve the power factor from 62 per cent 


to 90 per cent. See Figure 2, line b=0.3 
kilovar at 0.377 kw. The capacitor kilo- 
vars required to improve the power factor 
at this loading point from 90 per cent to 
unity plus the leading kilovars permitted 
at light load is 0.305 kilovar. See Figure 
2, line c. This determines the maximum 
capacitor kilovars that can be switched 
and stay within the power-factor limits. 
Since the microfarad tolerances of shunt 
capacitors are usually in the plus direc- 
tion, and also since the kilovars vary as 
the square of the voltage, the kilovar relay 
should always be adjusted for a greater 
spread than the kilovar rating of the 
capacitor by a margin sufficient to avoid 
hunting. If the capacitor kilovars are 
reduced to 75 per cent of its original calcu- 
lated value to provide this margin, then 
the normal capacitor rating should not 
The minimum 
number of automatically switched capaci- 
tor steps is (0.75—0.3)/0.229=1.94, 
therefore, the 0.45 capacitor kilovar 
should be divided into two equal groups of 
0.225 kilovar. The kilovar relay may be 


adjusted to switch the capacitors ‘‘on’”’ 


at 0.175-kilovar lagging with increase in 
loading and switch capacitors ‘‘off” at 
0.125-kilovar leading with decrease in 
loading. 


The curves in Figure 2 show power- 
factor boundaries with and without cor- 
rection. The two broken horizontal lines 
show the kilovar relay settings for 
switching the capacitors ‘‘on’’ and ‘“‘off’’ 
to keep the power factor at all times 
within 90 per cent lead or lag for load 
variation of one-fourth to fullload. For 
the one particular variation of loading 
illustrated, the permanently connected 
0.3-kilovar capacitor changed the power 
factor at one-fourth load from 80 per cent 
lag to 90 per cent lead. The load in- 
creases at a minimum power-factor slope 
of 40 per cent until the first automatically 
switched capacitor is added when the 
reactive reaches 0.175 kilovar. The 
0.225-kilovar capacitor changes the power 
factor to slightly leading and the load 
increases at a power-factor slope of 761/, 


per cent until the second automatically ~ 


switched capacitor is added when the 
kilovar reaches 0.175. The second 0.225- 
kilovar capacitor changes the power factor 
to slightly leading and the load increases 
at a power-factor slope of 761/» per cent 
until full-load conditions are reached. On 
decrease of load the capacitors are switched 
“off’’ in the reverse order when the leading 
reactive reaches 0.125 kilovar as indicated 
by the broken extended lines. The load- 
ing may increase or decrease at different 
power-factor slopes than those shown and 
the power factor will be maintained within 
the desired limits so long as the operating 


ie a i 4 


Figure 5. Single-step kilovar control assem- 

bled with outdoor capacitor rack showing kilo- 

var relay, two-element time-delay relay, and 
control switch 
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conditions are within the boundaries 
outlined. 

If the full load in this case happened to 
be 1,000 kw, then a total of 750 capacitor 
kilovars is required, 300 kilovars to be 
connected permanently and the remain- 
ing 450 kilovars to be switched in two 
equal steps of 225 kilovars. 5A 


CURRENT CONTROL 


Current control should be considered 
for switching capacitors where the voltage 
is well regulated and the power factor of 
the load remains substantially constant 
with variation in kilowatt loading or if 
the power factor of the circuit varies in a 
predictable manner with variation in 
kilowatt loading. If in some instance 
the existing voltage regulators do not give 
satisfactory voltage regulation, capacitors 
may be added and switched in response 
to current to obtain satisfactory voltage 
regulation in combination with the regu- 
lators. 

In analyzing the application of capaci- 
tors automatically switched in response to 
current there are always at least two 
power factors involved and in some in- 
stances more. To illustrate how some of 
the various circuit conditions should be 
analyzed when more than two power fac- 
tors are involved, a diagram and tabula- 
tion has been prepared. The values 
shown in Table I are based on the follow- 
ing assumptions: 


1. The power factor at point E-E remains 
at 70.7 per cent lagging for the maximum 
load variation of 25 to 100 per cent. 


2. One 0.25-kilovar unswitched capacitor 
is located at point D-—D to improve the 
power factor at H-E to unity at minimum 
load of 25 per cent. 


3. Two 0.25-kilovar switched capacitors 
are located at point B—B to improve the cir- 
cuit power factor at H—-E to 97 per cent lag- 
ging at full load. One capacitor to be 
switched on at 50 per cent kw load and off 
at 40 per cent kw load and the second 
capacitor to be switched on at 75 per cent kw 
load and off at 65 per cent kw load. 


The number and size of the capacitor 
can be determined in a similar manner to 
that described for the kilovar control. 
If more than one switched capacitor is 
required, a separate current control is 
required for each capacitor switch. 
These can be adjusted for different cur- 
rent values to give the same results as 
multistep kilovar control. 


Equipment Required 


The automatically switched capacitor 
station consists essentially of the capaci- 
tor, the capacitor switch, the automatic 
control and instrument transformers, and 
control source. 


THE CAPACITOR 


The capacitor usually will be one of the 
standard ratings and types of mounting 
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which is suitable for the particular loca- 
tion and circuit requirements. 


CAPACITOR SWITCH 


The capacitor switch should be 
equipped with overcurrent trip devices 
unless other overcurrent protection is pro- 
vided. If the switch is equipped with 
overload and fault-current protection, 
then it should also have a lockout feature 
to prevent the switch from closing, if 
tripped from overcurrent, until the lockout 
device is reset manually. Of course, if 
the switch does not have overcurrent trip 
devices, then no lockout feature is re- 
quired and the master breaker or line fuses 
should provide the overcurrent protec- 
tion. 

The capacitor switch should be suit- 
able for repetitive duty and should be 
selected to have the correct rating as to 
voltage, continuous current, momentary 
current, and interrupting ability. Con- 
tactors with line fuses or overload attach- 
ments may be considered for switching 
small low-voltage capacitors where the 
fault current and momentary inrush cur- 
rent does not exceed the maximum 
momentary rating of the contactor. 
Oil-immersed contactors may be used on 
small high-voltage capacitors on a similar 
basis. 

Electrically operated circuit breakers 
generally are used for switching the larger 
size capacitor equipments. The breaker 
should, of course, be selected to have the 
preper voltage, continuous current, mo- 
mentary current, and interrupting ability. 
On the very large banks of the higher 
voltage ratings the possibility of restrik- 
ing when opening the circuit to the 
capacitor is greater and this should be 
taken into consideration when selecting a 
breaker. 

It is often necessary to have current 
transformers in the circuit to the capaci- 
tors as a means of energizing breaker over- 
current trips. If the transient inrush 
current is high when the capacitor 
switch is closed, then sufficiently high 
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Figure 6. A 1,440- 
kilovar three-phase 
460-volt capacitor 
divided into four 
360-kilovar indoor 
equipments with 
electrically operated 
air circuit breakers 
and four-step auto- 
matic control 


voltage may appear across the ‘secondary 
winding to necessitate a protective device 
to limit the voltage to a safe value and 
avoid damaging the insulation in the 
secondary of the current transformer 
circuit. This is particularly true on 
large capacitor banks closely coupled. 


AUTOMATIC CONTROL 


The automatic control for switching 
capacitors usually consists of a master 
element, time-delay relays, auxiliary de- 
vices, and control switch. A voltage- 
sensitive relay, current-sensitive relay, or 
kilovar-sensitive relay may be selected as 
the master element for initiating the 
switching operations. The time-delay 
relays will allow sufficient time to prevent 
unnecessary switching operations, caused 
by momentary disturbances on the power 
circuit. The time-delay desired usually 
is not critical, but in the interest of keep- 
ing the transient current to a minimum, 
sufficient time delay should be chosen 
between the opening and closing of the 
capacitor switch to allow the discharge 
device to drain off a substantial part of 
the stored energy before the next switch- 
ing operation. The auxiliary relays re- 
spond to the request of the master ele- 
ment and time-delay relay combination 
to close or open the capacitor switch. 
Control switches usually are desired to 
permit opening and closing of each capaci- 
tor switch by manual operation of its 
control switch or have the capacitor 
switch open and close in response to the 
master element. 


INSTRUMENT TRANSFORMERS AND 
CONTROL SOURCE 


A potential transformer is required for 
voltage control, a current transformer is 
required for current control and both cur- 
rent and potential transformers are re- 
quired for kilovar control. See figures 
3A, 3B, and 3C for their positions in cir- 
cuit. In all cases a single-phase control 
source is required. Suitable instrument 
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transformers and control source may jor 
may not be available at the proposed 


capacitor location. 


Description of Operation 


SINGLE-STEP CONTROL 


If the control switch is in the automatic 
position and one set of the master-element 
contacts close, indicating that capacitor 
kilovars are required, this will energize 
the closing element of the time-delay 
relay. If the initial cause is not a 
temporary disturbance, then the master- 
element contacts will remain closed until 
the time-delay relay contacts have closed 
energizing the closing mechanism of the 
capacitor switch. The capacitor switch 
will then close and connect the capacitor 
to the circuit. 

If with the capacitor connected to the 
circuit one set of the master-element con- 
tacts close, indicating that the capacitor 
correction should be removed, this ener- 
gizes the tripping element of the time- 
delay relay. If the master-element con- 
tacts remain closed for the time requir 
for the time-delay tripping contacts to 
close, then the capacitor-switch tripping 
device will be energized opening the 
capacitor switch and disconnecting the 
capacitor from the circuit. 


MULTISTEP CONTROL 


The multistep control operates in a 
manner similar to the single-step control 
except that it is arranged to switch two or 
more groups of capacitors selectively and 
automatically by means of a time-delay 
relay for each separate group in combina- 
tion with auxiliary contacts on the 
capacitor switches. The time-delay re- 
lays operating in conjunction with the 
auxiliaries of the capacitor switches set 
up the circuits to close or open the 
capacitor switches in a definite sequence 
responding to the master element with 
time delay between switching operations. 


Conclusions 


1. The usefulness of shunt capacitors can 
be increased by switching them automati- ~ 
cally. 


2. The benefits of adding capacitors to 
supply kilovars up to full-load conditions 
can be obtained, if automatic switching is 
applied to remove the objectionable leading 
kilovars at light load. 


3. The type of control to use and the size 
and number of automatically switched 
capacitors steps required to do a particular 
job can be determined when the operating 
conditions and requirements are known. | 
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Magnesyn Remote Indication 


ROBERT S. CHILDS 


NONMEMBER AIEE 


EMOTE indication is, in general, the 

\transfer of information or intelligence 
from one point to a remote point in a semi- 
permanent form which may be visually 
observed. A variety of means can and 
have been used to accomplish such a pur- 
pose. Information can be sent from one 
place to another simply by moving a long 
string or cable, rotating a long flexible 
shaft, changing pressure in a hydraulic or 
pneumatic line, changing the character- 
istics of an electric circuit, as well as by 
methods involving thermal and optical 
devices. The fields of telemetering and 
visual recording are well-known branches 
of remote indication. Automatic control 
systems and computing mechanisms de- 
pend on remote indication for their source 
of intelligence. 

As aircraft have increased in size and 
complexity, improved methods of remote 
indication have become most essential. 
Practically all information concerning the 
performance and conditions of engines 
and ship that is brought to the attention 
of the pilot comes to his instrument panel 
by means of remote indication. Rela- 
tively large distances exist between pilot 
and flight-instrument sensing elements, 
between flight engineer and engines, and 
between navigator and compass. Pneu- 
matic and hydraulic methods are still 
most efficient for some functions, but a 
majority of indications are carried out 
electrically on modern aircraft. In many 
cases electric systems can offer a saving in 
weight, simplicity of installation and 
maintenance, greater accuracy, better 
interchangeability of components, re- 
duction in military combat hazard, and a 
somewhat more inexpensive unit. In 
some cases electric systems have been the 
only practical way of remotely indicating 
a particular function. 

Electrical methods of remote indica- 
tion, as used on aircraft, can be divided 
into four general groups. D-c systems, 
using a variable resistance for a trans- 
mitter and a voltmeter for an indicator, 
were probably the first form to be used. 
This method is still widely used for tem- 
perature indication where the variable- 
resistance transmitter becomes a tem- 
perature “bulb,” utilizing the inherent 
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change in resistance with temperature of 
an electric conductor. 

Autosyns* have been extensively used 
on aircraft since 1932 as an a-c electric re- 
mote-indicating system similar to the self- 
synchronous motors used in marine order 
signal systems and many industrial 
applications. A transmitting Autosyn 
which has a rotor mechanically actuated 
by the function to be indicated is elec- 
trically wired to one or more similar Auto- 
syns as indicators with pointers and dials. 
Every motion of the transmitting rotor is 
reproduced as a motion of the indicating 
pointer. The prime mover may be any 
of the engine-pressure functions, liquid- 
level functions, or position functions of 
any movable part on the aircraft. 


O-C FLUX 


Frequency doubler 


Figure 1. 


A third class of remote indicating in- 
struments are the d-c Autosyns. Opera- 
tion is analogous to the a-c Autosyn, 
where the a-c field is replaced by a d-c 
field. The transmitter is a continuous 
circular resistance with three equally 
placed taps contacted on a diameter by a 
direct voltage. When connected to an 
indicator similarly wound with a con- 
tinuous tapped winding on a magnetic 
iron core, a d-c field will be set up across 
a diameter of the indicator corresponding 
to the diameter of the transmitter that is 
contacted by the d-c voltage. The rotor 
of the indicator can then be a permanent 
magnet which will align itself with the 
indicator field. 

A more recent development, which has 
become well suited to the requirements of 
aircraft remote indication, is the Mag- 
nesyn system. Originally applied to the 
problem of remote compass operation, it 
is equally adaptable to most of the func- 
tions which are remotely indicated on air- 
craft. It retains the advantages of a 
simple indicating unit, as used in the d-c 
Autosyn system, but utilizes a trans- 
mitting unit that is equally simple. The 


* Magnesyn and Autosyn are registered trade- 
marks of Bendix Aviation Corporation. 
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Magnesyn system is a-c operated and uses 
identical units for transmitter and re- 
ceiver. In each case, the stator is a toroid- 
ally wound tapped coil on a laminated 
magnetic core, and the rotor is a per- 
manent magnet. Rotation of the trans- 
mitter rotor causes corresponding rota- 
tion of the indicator rotor. 

The preceding four systems are the 
only ones that have been used in quan- 
tity on aircraft. Other electric remote- 
indicating systems that have been con- 
sidered are the distometer and the in- 
ductance bridge. 

In order to understand the somewhat 
involved magnetic circuit of the Mag- 
nesyn, it is perhaps worth while to con- 
sider some of the chronological steps in its 
development. A well-known phenome- 
non basic to the operation of the Mag- 
nesyn is the production of harmonic 
voltages ina saturated reactor. Suchare- 
actor, shown in Figure 1, is often used as a 
frequency doubler. An H-J lamination 
core of a magnetic material that saturates 
abruptly is wound with coils on the out- 
side legs, series aiding, and a separate coil 
on the center leg. If a sufficiently large 
alternating current is passed through the 
outside windings, the magnetic path made 
up of the outside legs and top and bottom 
sections will be alternately saturated and 
unsaturated with magnetic flux twice 
every cycle. When direct current is 
passed through the center winding, the 
magnetic path presented to its field is 
made up of the two outside legs in parallel. 
Consequently the magnetic path of the 
d-c circuit is varying in permeability twice 
for each cycle of alternating current on 
the outside legs. This means that the flux 
passing through the d-c leg will vary from 
a maximum to a minimum twice for each 
a-c cycle, inducing a voltage in the d-c 
winding at even harmonic frequencies of 
the exciting voltage. The a-c circuit on 
the outer legs is acting as a ‘‘gate’”’ on the 
amount of flux produced by the d-c field. 


o-c 


SIGNAL FIELO 


Figure 2. Flux gate 


TOROIDAL 
WINDINGS 
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ALTERNATING 
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Figure 3. Magnesyn transmitter and receiver 


TRANSACTIONS 679 


499-4 


IIs 


LAMINATION WITH MAGNETIZATION 
TOROIDAL WINDING CHARACTERISTIC 
; 1B tTTOF CORE MATERIAL {+ 
Hac ’ ooo By 
4 Hac ie PEEEEL EH ai a 
pc } seer Lt | 
Hoc EEE a4 Biaio i 
H - i Abbe . 
4 : raft t t Baht a 
PERMANENT MAGNET H i Seen ase TEEN 
Figure 4 (above). Hy 7 ak 
Magnesyn magnetic : coeeee . 
circuit a 4 Ht a S 
iH HHH t 
bees EHR | 
— CH Ss a | 
; a By= 5 (81~ Bz) aa 
8 i 
f | | mae a 
zs aEEHGCESETOneecES etntE 
Bac= (81+ 82) EEE 
=E [ EEC tt 
c : apie oa PEEP et LY 
Figure 5 (right). Flux tH tt sated 
densities and corre- HH ECE Peet 
“4 . rH CE Tet f } 
sponding magnetiz- ie +Hoct HHH recs i ro | 
; 4 ma Poo | | a 
ing force t t 
By replacing the field from the d-c Magnesyn is again a frequency doubler 


winding by a permanent-magnet field, or 
even by the earth’s magnetic field, the 
same principle of operation will apply. 
Early forms of a unit that operated in the 
earth’s field were called ‘‘flux gates’’.* 
Construction of this form of frequency 
doubler is shown in Figure 2. An a-c 
winding on a portion of a strip of mag- 
netic material serves to saturate the metal 
twice every cycle, thereby providing a 
path of variable permeability. Flux pro- 
duced in the strip by the earth’s field will 
then vary twice each cycle with the vary- 
ing permeability, which, in turn, will 


produce an even harmonic voltage in a — 


second winding around the strip. This 
action is basically the same as that of the 
original frequency doubler. 

A further step in development was the 
idea that if fundamental flux in combina- 
tion with a unidirectional field would pro- 
duce an even harmonic flux in the afore- 
mentioned devices, then a fundamental 
flux in combination with even harmonic 
flux might be expected to produce a uni- 
directional field. Such proved to be the 
case and resulted in the Magnesyn sys- 
tem. Figure 3 shows the elements re- 
quired for a Magnesyn transmitter and 
receiver or indicator. Both units can be 
identical electrically and magnetically. 
The stator of each is a circular core of 
magnetic material around which is placed 
a single continuous toroidal winding 
which is connected to a source of a-c 
voltage. Each winding is divided by two 
taps into three equal sections, and cor- 
responding taps of the two units are con- 
nected together. The rotors are two- 
pole permanent magnets, magnetized 
along a line perpendicular to their axis of 
rotation, and are free to revolve in the 
centers of their respective stators. The 


* Flux Gate is a registered trade-mark of Bendix 
Aviation Corporation. 
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supplied by a unidirectional field from its 
rotor and presenting a variable-perme- 
ability path to this field because of the a-c 
flux produced by the winding. 

By first considering the magnetic cir- 
cuit of the transmitter, as shown in Figure 
4, some of the relationships necessary for 
the production of even-harmonic flux in 
the stator can be seen. A magnetomotive 
force, Ha—c, will be set up in each half of 
the annular core by the presence of the 
permanent-magnet rotor. Assuming the 
core to be a homogeneous material, sym- 
metrical in shape and concentric to the 
magnet, the reluctance of the two paths 
will be the same and Ha-, will be equal in 
the two halves of the ring. 

When the transmitter winding is con- 
nected to a source of sine wave alter- 
nating voltage, the current drawn will 
produce an alternating magnetomotive 
force, Hac, which will be considered at a 
specific time to have a clockwise direction 
in the core. With respect to this exciting 
magnetomotive force, Ha-c, the uni- 
directional magnetomotive force is posi- 
tive in one half of the core and negative 
in the other half. Then the total magneto- 
motive force in one half is 


A, =H,-.+-Ha-c (1) 
and in the other half is 
Ay, = H,-.— Hac (2) 


A typical relationship between flux 
density produced in the core-and magneto- 
motive force set up in the core is shown as 
the magnetization curve in Figure 5. By 
projecting a time cycle of H,; and H, on 
this characteristic, the corresponding time 
cycles of flux densities B, and By, in each 
half of the core may be obtained. Flux 
density B, is made up of two components, 
Ba-. produced by the exciting voltages 
which is the same in both halves of the 
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core, and an additional flux density By 
which exists because of the presence of 
Ha-., combined with H,-., or 
By, =Ba-.+Bz (3) 


Likewise, the flux density in the second 
half of the core ' 


vy 


B,=By-.—B (4) 
From equations 3 and 4 
Ba-c="/2(Bi+Bz) (5) 
and 

By ='/2(B, — Be) (6) 


The time relationships of Bs-. and B, 
are shown in Figure 6, where it is clear 
that B, is an even-harmonic function of 
B,-c with a major second-harmonic com- 
ponent. Because voltage is induced in a 
winding surrounding a piece of magnetic 
material proportional to the rate of change 
of flux density in the material, component 
voltages Z,-. and EF, will be induced in the 
transmitter stator winding by B,-.and B, 
as shown in Figure 6. Total voltage 
induced by the axis of the magnet poles 
on the rotor then will be 


15 Wars +E, (7) 
and in the other half will be 
y= Bae — Le (8) 


The sum of £, and E£, or 2H,-. is equal to 
the impressed a-c voltage. 

If we refer to Figure 3, the proportion 
of even-harmonic voltage appearing in 
each of the three sections of winding will 
depend on the position of the rotor. Fig- 
ure 7 shows the relative amounts of this 
component voltage in each section as the 
magnet is rotated through 360 degrees. 
The fundamental component of voltage 
in each section, of course, is independent 
of magnet position and is equal to one 
third of the total applied voltage. 

If taps on the transmitter are connected 
to the corresponding taps on the receiver 
stator, omitting the receiver rotor magnet 
for the moment, and both coils are sup- 


Vt TT 
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Figure 6. Flux density and voltages in the 
Magnesyn 
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plied from the same a-c source, there will 
be no flow of fundamental current be- 
tween the two units, because the voltages 
at the taps of each are at the same funda- 
mental potentials. However, because 
there are even-harmonic voltages present 
in each section of the transmitter but none 
in a receiver with no magnet, there will 
be a flow of even-harmonic currents be- 
tween the two coils. This flow of cur- 
rent effectively lowers E, at the trans- 
mitter to some value, #,’, at each instant 
of time, and produces the same voltage, 
,’, in the receiver winding in a corre- 
sponding position with respect to the three 
sections of winding. 

It is difficult to obtain the actual value 
of #,’, but the action of the Magnesyn 
system can be none the less faithfully fol- 
lowed if 2,’ is considered to be the same 
' as E,, which is the same as saying that B, 

and B, in the transmitter core are un- 
changed when the receiver stator is con- 
nected. Because the voltages in the re- 
ceiver-stator winding have to be the same 
“as those in the transmitter winding as a 
result of their interconnection, the flux 
densities in the receiver core must have 
the same rates of change. This means 
that B,’ and B,’ in the receiver must have 
the same time-cycle wave shape as B, and 
Bz, in the transmitter. Figure 8 shows 
By, in the transmitter with its associated 
H, followed by an assumed B,’ in the re- 
ceiver with a time integral of zero and the 
HT,’ in the receiver that would be required 
to produce the assumed B,’. Such an as- 
sumption obviously presumes the pres- 
ence of aneffective unidirectional magneto- 
motive force in the receiver core which is 
impossible, inasmuch as there is no source 
of direct current anywhere in the system, 
nor is there any unidirectional field ap- 
plied at the receiver. This delimits By,’ 
in the receiver to such a value that the 
time integral of 7,’ in the receiver is zero, 
which in turn requires an effective uni- 
directional component of flux density to 
be produced in one half of the receiver 
core. A similar argument will show that 
a corresponding unidirectional flux-den- 
sity component exists in the other half of 
the receiver core. Therefore, an effective 
unidirectional field will exist across a di- 
ameter of the receiver core, corresponding 
to the diameter in the transmitter in line 
with the rotor magnet poles. As the 


Figure 7. Phase-voltage variation 
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Figure 8. Development of poles in the Magnesyn indicator 


transmitter rotor is turned, the effective 
unidirectional field in the receiver stator 
will turn likewise. 

If a permanent-magnet rotor is intro- 
duced at the receiver, a restoring torque 
gradient will make it align itself in the uni- 
directional field at the receiver. When it 
is in line with this field, exactly the same 
even-harmonic voltages will be induced 
in both transmitter and receiver coils, and 
the flow of even harmonic currents will 
cease. Rotation of the magnet in one 
unit then will cause corresponding rota- 
tion of the magnet in the other unit, and, 
since they are identical, either unit can 
act as a transmitter. 

Because of the nature of the parts in- 
volved, the Magnesyn is an inherently 
simple device to fabricate. All lamina- 
tions can be annular-ring punchings from 
sheet metal. The windings are readily 
adapted to an automatic machine opera- 
tion. A round disk magnet is used for the 
rotor and the entire rotor assembly is no 
more than this magnet pressed on a suit- 
able shaft. In practice, an additional 
annular core of magnetic material is 
placed around the outside of the stator 
serving the dual functions of a return 
path for even-harmonic flux to the stator 
and a magnetic shield against extraneous 
magnetic fields that may be present near 
the unit. 

Perhaps the most outstanding feature 
of the Magnesyn system is the extremely 
low reaction torque on a prime mover. 
In any system the torque gradient of the 
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prime mover must be sufficiently large to 
mask any friction or error torque gradients 
in either transmitter or receiver. Any 
friction torque of brushes or sliding con- 
tacts, as well as the bearing friction of 
rotor weight, must be overcome. Mag- 
nesyns have no source of friction except 
bearings and with jeweled pivots sup- 
porting a total rotor weight of the order 
of one gram, this source of friction is 
negligible to the most sensitive prime 
movers. Error torques likewise can be 
kept to a low value without excessively 
involved assembly techniques. 

Some applications of remote indication 
in aircraft require the transmitting unit 
to be installed at a point of extremely high 
vibration. The construction of a Mag- 
nesyn can be modified to make it admir- 
ably suited to this requirement. The 
stator, associated lead wires, and electric 
connector can be molded literally into one 
solid unit. The rotor can be mounted on 
a rugged shaft, with suitable bearings to 
withstand anticipated vibration. It is 
even possible to mount the magnet on the 
prime mover directly and mount a molded 
Magnesyn stator concentrically to the 
prime-moyer shaft. Such units have been 
constructed that are waterproof, dirt- 
proof, and oilproof, and that withstand 
temperatures from —100 to +200 degrees 
centigrade, with sustained vibration of 
100 gravity in any direction. There is no 
possibility of wear external to the prime 
mover and no hazard of sparking contacts 
in an explosive atmosphere. 
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For certain applications, it is not neces- 
sary to have the transmitters and indica- 
tors physically thesame. This permits re- 
mote indication of any moving member 
by placing a magnet on it and providing 
a stator at a reasonable distance away in 
the most convenient part of the assembly. 


Some general characteristics of the 
system are freedom from errors resulting 
from voltage variation and temperature 
changes. Accuracy can be maintained 
at any desired level with suitable choice 
of transmitter components. Transmitters 
can be constructed to drive any number 
of receivers. Units for aircraft use are 
operated at 26 volts from a 400-cycle 
source and draw about 1.5 volt-amperes. 
When operated from an inverter, these 
Magnesyns will perform satisfactorily on 
frequencies between 150 and 1,200 cycles, 
provided the ratio of frequency to voltage 
is maintained between 13 and 17. 


The most widespread use of the Mag- 
nesyn to date has been in remote-indicat- 
ing compasses. In modern combat air- 
craft it has been essential to place the 
compass element in a location free from 
the magnetic effects of armor plate, 
machine guns, turrets, engines, and other 
interfering components, and bring the 
compass heading to the pilot and navi- 
gator by remote indication. A single 
magnet mounted in a compass float serves 
both the purposes of aligning itself in the 
earth’s field and acting as the rotor of a 
Magnesyn transmitter. Below the liquid 
cavity containing the compass float is a 
Magnesyn stator. This stator is con- 
nected to a receiver, and the compass 
heading is reproduced by a pointer on a 
dial. No moving parts are added to a 
conventional magnetic compass. 


A class of flight instruments, including 
air speed, rate of climb, and altitude, has 
been successfully remotely indicated 
with the Magnesyn system. These prime 
movers, in general, are too weak to oper- 
ate other systems. Practical trailing 
“bombs” containing these flight-sensing 
elements have used Magnesyn indication. 
Remotely operated weather instruments 
have incorporated the Magnesyn system 
to advantage. 

For indication of the position of various 
moving members, such as wheels, a 
variety of flaps, bomb-bay doors, and so 
on, the shockproof construction type of 
Magnesyn is well suited. Vibration, 
dirt, water, and ice have little effect on 
the molded unit. A particular applica- 
tion where the Magnesyn has stood up 
remarkably well, is the indication of 
propeller pitch. Here the position trans- 
mitter is mounted in the hub of a pro- 
peller and subjected to extreme vibra- 
tion. 

Fuel-level and fuel-flow instrumenta- 
tion in general presents the requirement 
that the electric system be external to any 
cavity containing gasoline vapors as a 
safety precaution. Most systems ac- 
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Auxiliary-Power-Plant Requirements 


L. E. O’NEIL 


NONMEMBER AIEE 


Synopsis: Designers of electrical equipment 
for aircraft are confronted with many limita- 
tions. Some of these limitations may be 
nullified with the use of auxiliary power 
plants. 

To cover various phases of application a 
series of engine-generators would be neces- 
sary. A large number of their design fea- 
tures should be adapted to each type of air- 
plane in order to save weight and obtain 
best performance. This necessitates close 
co-operation between designers of the com- 
ponent parts of the airplane. 


N developing and extending the use of 
electric equipment for aircraft, de- 
signers have been faced with the eternal 
problems of space and weight limitations. 
Two places where a great many limita- 
tions have been encountered are at 
generator and battery. 

In most cases generators are mounted 
on accessory sections of main engines. 
Diameter is limited by the presence of 
other accessories, and overhang is limited 
by the strength of the mounting flange. 
Another undesirable feature, which has 
precluded the use of alternators, is the 
wide speed range of the drive. 

Batteries, as a source of auxiliary 
power, have been a millstone around the 
necks of designers. With the airplane 
on the ground the accessory system is 
almost useless unless ground power units 
are available. Radio and other acces- 
sories can be operated only momentarily 
without reducing the battery charge to 
the extent that the main engines cannot 
be started. 

Generator designers have done an ex- 
cellent job in recent years. They have 
succeeded in multiplying the output of 
generators several times without exceed- 
ing the rigid space and drive limitations. 
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Although we may expect further develop- 
ment, it is not likely that it will be so 
rapid. 

Batteries also have been improved; 
however the fundamental shortcoming 
which characterizes them cannot be 
overcome. They cannot deliver power 
beyond their ability to store it. It would 
be impractical to carry sufficient batteries 
for supplying auxiliary power in warm 
weather and impossible in cold weather. 

Elimination of some or all of these 
stumbling blocks will enable electrical 
engineers to exploit further the use of 
electricity throughout the airplane. One 
solution lies in the use of one of the three 
general types of auxiliary power plant 
which are as follows: 


1. Battery chargers. 
2. Battery replacers. 


3. Continuous duty (providing a primary 
source of power). 


A further breakdown can be made as to 
the type of electrical output. In this 
paper it will be done only insofar as the 
necessity arises. 


Battery Chargers 


Without altering the accessory system, 
except for the addition of a little weight, 
a battery-charging auxiliary power plant 
can expand its efficiency materially. 
One main difficulty thus is overcome; 
batteries can be recharged readily in- 
numerable times independently of the 
main engines. 

The engine itself must be of simple and 
rugged construction and as small as pos- 
sible, consistent with the desired charg- 
ing rate of the unit. For this type of 
operation a single-cylinder air-cooled 
two-cycle engine is a good choice since 
the number of parts inherently is kept to 
a minimum.» The governor need be no 
more complicated or accurate than the 
pneumatic-paddle type used on small 
engines. A flywheel magneto offers the 
advantage of having a large part of its 


complish this by having the prime mover 
in the gasoline drive a magnet which, in 
turn, drives a follower or slave magnet 
outside the compartment. By using a 
Magnesyn stator in place of the slave 
magnet, the transmitter is complete with 
no additional equipment. 

The development, method of operation, 
and some features of the Magnesyn have 
been described with a comparison of other 
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existing electric systems. Magnesyns 
can be used in a variety of remote-indicat-' 
ing devices, some of which were imprac- 
tical previously. Future developments 
will depend on new requirements in the 
aircraft industry and potential applica- 
tions in industrial instrumentation, as 
well as the ever-present problem of con- 
tinuous improvement in existing equip- 
ment. 
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weight performing useful work as flywheel 
inertia. Battery ignition, if lighter, can 
be used since the number of batteries 
with which the unit operates hardly can 
be discharged to the point where suffi- 
cient voltage for ignition is not available. 
There is no need for a fuel pump if the 
unit can be located slightly below the 
normal fuel level. However, too much 
fivel head may complicate the carburetor 
float-valve arrangement. The choice of 
cooling system depends somewhat upon 
the requirements of the generator. 


A unit of this type has been in use for 
over a decade in the Navy’s flying boats. 
It consists of a small one-cylinder two- 
cycle engine driving a combination a-c 
and d-c generator and has provisions for 
attaching another accessory. Its long 
record speaks for itself. 


Battery Replacer 


The great strides made in the develop- 
ment of generators for main engines re- 
sulted in a set back for the continuous- 
duty type of auxiliary power plant which 
was being developed to overcome, among 
other things, low generator output. The 
resulting increase in electrical loads on 


airplanes made batteries even less ade- ° 


quate as a source of auxiliary power and 
led to the development of an auxiliary 
power plant for replacing batteries. 

The battery-replacing type, like the 
battery charger, is best suited to military 
aircraft and flying boats, as its main pur- 
pose is to provide a more adequate source 
of auxiliary power where ground-type 
units are not available. Development 
of its inherent advantages will make it a 
common sight in postwar airplanes of all 
types. 

Figure 1 indicates an approximate 
battery-output curve for a given load as 
compared with the output curve of an 
auxiliary power plant. Assuming that 
the efficiency of the two systems is ap- 
proximately equal (that is converting of 
British thermal units in gasoline to kilo- 
watts of auxiliary power) an obvious ad- 
vantage is apparent. 

The output of this type of unit is deter- 
mined by the largest necessary continuous 
load required. Although it would be 
desirable to have sufficient output to 
handle breakaway surges and to operate 
several accessories simultaneously, the 
weight would be objectionable. Figure 2 
illustrates roughly the demand curve of 
an electrical accessory as compared with 
the output curve of a battery-replacing 
auxiliary power plant of proper size. 
Note the shaded area indicating the 
energy to be supplied by the remaining 
battery 

The engine for the battery-replacing 
auxiliary power plant is larger than for 
the battery charger and naturally offers a 
wider choice as to arrangement. The 
number of cylinders may vary from two 
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Figure 1. plant versus 


Auxiliary power 
batteries 


to five and be arranged radially, vee, 
opposed, in line, or in almost any con- 
ceivable manner that results in a com- 
pact accessible engine. Either the two- 
or four-stroke cycle may be used; operat- 
ing conditions favor the four stroke some- 
what. Magneto ignition is desirable and 
smaller engines of the group may find a 
weight advantage in a flywheel magneto. 
The fuel pump should be eliminated, if 
possible, unless combined with a fuel 
injector which becomes more practical 
on larger engines. From the standpoint 
of first cost and servicing, consideration 
must be given to the possibility of de- 
signing a majority of parts for use in a 
series of models having varying outputs. 
This should not be done to the detriment 
of weight and performance. Controls 
and other equipment must be determined 
by the requirements of each installation. 


Continuous Duty 


The third type of auxiliary power 
plant, previously mentioned briefly, is 
one which runs continuously providing a 
primary source of power. Although cer- 
tain units of this type have given good 
service, their development was not ad- 
vanced sufficiently to compete with im- 
proved main-engine-driven generators, 
and manufacturers turned to the second 
type mentioned. 

Prospects of return of the continuous- 
duty type are likely when the advantages 
are considered; some of these are as 
follows: 


1. It rounds out the power system into a 
complete unit independent of main engines 
and ground equipment. 

2. High-voltage alternators can be used 
individually or in parallel. 


3. Congestion of main-engine accessory 
sections can be relieved. 


Further elaboration on these advan- 
tages is unnecessary since they have been 
discussed many times in various papers. 
However, one substantial disadvantage 
does bear mentioning at this time: 
auxiliary power plants require essentially 
the same maintenance as main engines do. 

Performance records indicate that time 
between overhauls beyond 1,000 hours 
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Figure 2. Division of load between auxiliary 
power plant and small battery 
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is reasonable. This fact coupled with 
an engine designed for easy maintenance 
will minimize this objection materially. 

The engine for the continuous-duty 
type of unit generally will be larger 
than either of the foregoing types, but 
in many cases it will be identical with the 
one used in the battery-replacing unit, 
except for controls and supercharging. 
For the extreme altitudes at which opera- 
tion will be required external supercharg- 
ing has many advantages. Supplemen- 
tary cooling will be necessary and may be 
obtained from an air scoop. 

As the size of airplanes and, conse- 
quently, the demand for auxiliary power 
increases beyond a certain point, another 
primary source of auxiliary power may be 
developed in the form of a steam turbine. 
Recent trends toward using exhaust gases 
for deicing as well as for turbosuper- 
chargers might preclude their use as heat 
for generating steam. This should not 
hamper the system a great deal since a 
separately fired boiler would be desirable 
to provide power independently of main 
engines. 

In order to have auxiliary power plants 
meet the requirements in the best possible 
way, close co-operation between manu- 
facturers of airplanes, main engines, aux- 
iliary engines, and accessories (electrical) 
will be essential. 

One of the best ways to save weight on 
auxiliary engines is to eliminate acces- 
sories and structures that are duplicated 
elsewhere in the airplane. In an effort 
to relieve the congestion behind main 
engines some airplanes are equipped with 
gear boxes. By designing into the gear 
box an auxiliary engine which would 
make use of the generator, oil pump, and 
fuel pump already required, considerable 
weight could be saved over batteries or 
conventional auxiliary power-plant in- 
stallations. The auxiliary engine would 
drive only the necessary components of 
the gear box to keep friction at a mini- 
mum and would be operated when 
needed. During flight the auxiliary en- 
gine could be kept warm and ready for 
use by circulating gear-box oil through it. 

Continuous-duty auxiliary power 
plants, like main engines, require super- 
charging. With a slight.increase in the 
size of the main engine supercharger 
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point of the section as origin, then the/’ 
magnetic field due to any small circular 
wire through the point (wu, v) may be 


The Computation of Magnetic Field 


Strength of Round Coils of Small 


Cross Section 


HERBERT B. DWIGHT 


FELLOW AIEE 


HEN a solenoid, or cylindrical coil, 

has no iron core, the magnetic field 
in the space around it or within it may be 
computed very precisely. Formulas have 
been published! which take account of the 
length and thickness of the coil by alge- 
braic terms which have been obtained by 
an integration over the cross section of 
the coil. This requires a calculation to be 
made twice, once for the end of the coil 
nearer the point for which the magnetic 
field is being computed, and once for the 
farther end. When the distance to this 
pointislargecompared with the dimensions 
of the coil section, the final computed re- 
sult is a small difference of two larger 
quantities, resulting in a loss of accuracy. 
In this paper formulas for the magnetic 
field strength are presented which not 
only preserve the accuracy of computa- 
tion, in such cases where they are applica- 
ble, but also save a considerable amount 
of work. 

When the length and thickness of the 
solenoid or coil are so small compared with 
the radius that they may be neglected, 
formulas are available which give the field 
strength directly in terms of elliptic inte- 
grals? or of a series of zonal harmonics 
(see equations 12 to 24 of reference 1, and 
the earlier references given therein). 
These formulas can be used with actual 
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coils by taking the position and diameter 
of the coil to be those of the circle at the 
middle of the coil section. 

In this paper, correction formulas are 
given which can be used along with those 
of the preceding paragraph, and which 
will give the effect of the dimensions of 
the cross section. These formulas are in 
the form of convergent series, and, as is 
usual in such cases, their applicability is 
determined by the rapidity with which 


Circular coil 


Figure 1. 


the terms become smaller and smaller, 
for any given problem. If in any case 
they are found inapplicable for this 
reason, recourse may be had to the more 
general set of formulas indicated by 
numbers in Figure 5, of reference 1. 

A general method by which correction 
terms for the section of a cylindrical coil 
may be derived is given in “Electricity 
and Magnetism” by J. C. Maxwell, 
volume 2, para. 700. If the coil section, 
which is a rectangle of length b and radial 
dimension f, be plotted with the middle 


enough air could be supplied for the 
auxiliary power plant more efficiently 
than from a separate supercharger built 
into the auxiliary engine. This has been 
done with good results. 

Another source of ‘cheap’ super- 
charging may be found in the exhaust 
from cabin supercharging. The auxiliary 
power plant could be mounted inside or 
outside the pressurized cabin. However, 
mounting it inside the cabin would be 
better from the standpoint of heat dissipa- 
tion. 

Auxiliary-engine accessories such as 
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magnetos, fuel pumps, and carburetors 
can stand considerable improvement from 
the weight standpoint. Such equipment 
on most auxiliary engines is capable of 
serving engines many times larger. 

Although auxiliary power plants neces- 
sarily are operating within the range of 
diminishing returns from the standpoint 
of weight and efficiency they reopen 
the avenues of development to designers 
of electrical equipment. Co-operation 
along the lines mentioned can result in 
better and lighter accessory power sys- 
tems. 
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called H,,. Expressing this as H, and a 
series of its derivatives, and integrating 
from —t/2 to t/2 and from —b/2 to b/2, 
there results 


Heoi1 = Ho + AH, 


HT, is the magnetic field strength due to Es 
the single turn at the center of the cross 
section, the entire current of the cross 
section being taken to be concentrated in 
this turn. H, may be computed by any 
of the formulas for single circular turns 
described in the preceding paragraphs. 


rene porte | 4,0*Ho F 1 Ks 
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A case in which the method of this 
paper is very applicable is where the point 
P(x, y) (See Figure 1), at which the value 
of the magnetic field strength is desired, 
is at a large distance from the coil. 

A formula for the. axial component of 
the magnetic field for this case is equation 
20, reference 1, as follows: 
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By applying equation 1, there is obtained 
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Similarly, the radial component at the 
point P(x, y) is, by equation 21, reference 
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The same coefficients are used for each 
term as in equation 3; thus, by equation 


In the above formulas, the magnetic 
field is given at the point (x, y), the 
center of the round coil being the origin of 
co-ordinates and the axis of the coil being 
the axis of x. See Figure 1. The quan- 
tity r?=x?+y*, The coil has a mean 
radius of a centimeters. Its cross section 
is rectangular, the radial thickness being ¢ 
and the axial length, b. It is evident 
from the form of equations 3 and 5 that ¢ 
and 6 should be small compared with the 
radius a for these formulas to be applica- 
ble. Dimensions are in centimeters, 
The dots represent multiplication. 

P,,(u) is a surface zonal harmonic. It 
may be computed by standard formulas* 
or the required aa may be taken from 


Py! (wu) == iP n(H). 


Since these peas are to be used 
when there is no iron or magnetic ma- 
terial near the coil, the flux density at the 
point P(x, y), in lines per square centi- 
meter, is numerically equal to the value of 
H given by the formulas. 

Example 1. For a numerical example, 
take a=10 centimeters, t=0, b=5 centi- 
meters, ‘v=24 centimeters, and y=32 
centimeters. See Figure 1. Then: 


tables.4 


r?=1,600, r=40, and x/r =0.6 
‘By equation 2, 
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An alternative way of computing this 
tesult is by two applications of equation 
39, reference 1. First, with t=0, by 
equation 39, 
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For 


b 
a= abo = 24+2.5= 26.5, 
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This agrees very well with the result by 
means of AH,. The method by equation 
39 takes about twice as long as equations 2 
and 3, for this example. It has the ad- 
vantage that further terms can be com- 
puted indefinitely if desired. 

For the same shape of coil as has been 
taken up, namely, with ¢ and 6 small com- 
pared with the radius a, the magnetic field 
strength near the center of the coil can be 
computed by means of equation 1, by 
applying it to equations 17 and 19 of 
reference 1. 

By equation 17, 
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By equation 1, 
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For the radial component of the field 


near the coil center, by equation 19, 
reference 1, 
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and, by equation 1, 
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where 72=x?+y? and where the coeffi- 
cients Dw, Duy, and Dg) are given after 
equation 7. 

The results described in this paper were 
derived in connection with a thesis at 
Massachusetts Institute of Technology. 

Formulas for the first few surface zonal 
harmonics are: 


Py(u) = Po(u) =1/2(8n?— 1) 
P3(u) =1/2(5u3— 3) 
Pa(u) = = Pe oa 2°3-5yu?+ 1.3) 


pis 


Pun) =55 (7-95 —2-5-7u8+3-5y) 
ey 
Poli) = 55 (79 Ua 35-7 90+ 
3:3-5-Zut— 1:35) 
P. 9-11-13-15.8 —4-7-9-11-13y8 
a(u) = 2-4-6: 9468 Me Joh 
6-5-7-9-11u4—4-3-5-7-9u2+-1:3:5-7) 
Py'(u) =1 Po! (u) =3y | 


P3'(u) =1/2(3-5y?— 1:3) 
Pol (u) =1/2(5:7u8 —3-5y) 


’ and so on, by simple differentiation of the 


formulas given above. 
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Aiircraft-Engine Torque Instruments 


F. W. GODSEY, JR. 


MEMBER AIEE 


Synopsis: Flight-operations experience has 
shown that significant improvements in fuel 
economy may be obtained through the use of 
aircraft-engine torque instruments as regu- 
lar flight instruments. This paper describes 
the better-known types of torque instru- 
ments and introduces a new type that has 
recently come through its development 
stage. 


HE performance of airplane engines 

in flight is evaluated ordinarily by 
means of engine speed, manifold pressures, 
air temperature, airplane speed, and 
flight altitude in terms based upon fac- 
tory-calibrated engines. Corrections for 
fuel variations, atmospheric humidity, 
and actual engine condition are usually 
indeterminate and cannot be applied, so 
that substantial variations from the 
“chart’’ engine output frequently are en- 
countered. Torque measuring instru- 
ments have been used when available for 
test flying of new aircraft designs and to 
a limited extent as regular flight instru- 
ments to reduce fuel consumption and 
extend the useful radius of flight opera- 
tions. The value of a torque instrument 
on the propeller shaft of an airplane 
engine lies in a balance between the ad- 
vantage of knowing true engine-power 
delivery and the disadvantage of ad- 
ditional weight, service difficulties, and 
increased equipment cost. For very 
long-range operations of large military 
aircraft, engine torque instruments or 
some accurate type of power-measuring 
devices are a necessity and a military re- 
quirement. As ranges are shortened and 
as airplane size decreases, excessive 
torque-instrument weight and cost in- 
creases can quickly outweigh their 
advantages. 


General Types of Torque 
Instruments 


There are two general types of torque 
instruments which have been applied to 
aircraft engines to determine engine out- 
put; these are the hydraulic and the elec- 
trical types. The hydraulic torque in- 
strument!.? is the better known of the two 
and has been in use for a number of years; 
it usually measures the torque reaction on 
a stationary member of the propeller- 


Paper 44-138, recommended by the AIEE commit- 
tee on air transportation for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 26- 
1944; made available for printing May 23, 1944. 


F. W. Gopsry, JR., is engineering manager, avia- 
tion department, new-products division, and B, F, 
LANGER is in the research laboratories, both with 
Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 


686 TRANSACTIONS 


B. F. LANGER 


NONMEMBER AIEE 


shaft reduction-gear train by means of an 
hydraulic piston and a pressure-regulated 
oil supply. The oil pressure is controlled 
by means of slight piston movements to 
balance exactly the torque reaction of the 
selected gear, usually the stationary sun 
gear of a planetary gear set, Figure 1, and 
the oil pressure which is proportional to 
the torque is measured by a conventional 
pressure gauge. When double-reduction 
gears are required, or when operation at an 
extremely low temperature is necessary, 
and when excessive torsional vibrations 
are present, the hydraulic system-becomes 
difficult to handle. Electric torque in- 
struments fall into three general classi- 
fications, the strain-resistive, strain-ca- 
pacitive, and strain-magnetic. 


Electrical-Resistance Strain Gauges 


The strain-resistive type may measure 
either the twist in the propeller shaft by 
means of strain-sensitive resistance ele- 
ments mounted directly on the shaft, or it 


SUN GEAR 
TORQUE ARM 


DIRECTION 
OF TORQUE 
REACTION 


PLANET GEAR 
SPIDER ON 
PROP, SHAFT 


Figure 1. Hydraulic torque instrument ap- 
plied to sun gear of planetary transmission 
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(> 
| ] AMPLIFIER 


TORQUE INDICATOR 


Figure 2. Torque instrument using resistance- 
wire strain gauges attached to shaft 


Godsey, Langer—Torque Instruments 


may measure the deflections of a station- 
ary reaction member, somewhat similar to 
the conventional hydraulic torque instru- 
ment in application except that the actual 
deflection of a spring is measured rather 
than the balancing oil pressure. If the 
strain-sensitive resistance elements are 
attached to a stationary reaction member, 
direct electric connections can be made 
between the resistance units and the in- 
dicating instrument; but if the resistance 
units are mounted on a rotating shaft so as 
to be sensitive to the actual twist in a 
specified gauge length of shaft, electric 
connections usually must be made through 
slip rings on the shaft with brushes riding 
on the slip rings, Figure 2. Attempts have 
been made to use carbon-pile resistance 
elements in such torque instrument or 
strain-gatige applications because of the 
high energy levels which can be tolerated 
in carbon piles. This should make pos- 
sible direct indication of torque on con- 
ventional ammeters or voltmeters without 
using amplifiers; however, the strain-re- 
sistance characteristics’ of carbon piles 
have not been sufficiently stable and sub- 
ject to manufacturing control within re- 
quired accuracy limits to permit their use. 
Wire-resistance strain gauges® have the re- 
quired accuracy, but the resistance 
changes for strains corresponding to maxi- 
mum allowable stresses in both the engine 
parts and the wire-resistance elements 
seldom exceed one per cent of the initial 
resistance. Therefore, use of a sensitive 
potentiometer and balancing bridge is re- 
quired with wire-resistance strain gauges, 
or high-gain electric amplifiers must be 
used with direct-indicating instruments. 
The ease of application of the small resist- 
ance-wire strain gauge and its general 
reliability makes it quite valuable for 
laboratory work, but its low sensitivity 
appears to rule it out as an aircraft flight 
instrument. A further disadvantage is 
the relatively large temperature coeffi- 
cient of resistance of most of the wire-re- 
sistance strain gauges; normal tempera- 
ture excursions in aircraft engines result 
in temperature-resistance changes of 
greater magnitude than the strain-resist- 
ance changes under measurement; these 
temperature: effects can be eliminated, 
however, by careful adjustment of com- 
pensators, 


Electrical-Capacitance Strain 
Gauges 


Strain-capacitive elements are used in 
much the same manner as strain-resistive 
elements, and may be mounted either on 
rotating shafts with slip-ring connections 
or on torque-responsive stationary mem- 
bers of the engine. Here an air-dielectric 
capacitor is formed of two groups of plates 
or conducting surfaces insulatedfrom each 
other and so positioned that, when the as- 
sembly is subjected to strain, either di- 
electric spacing between plates of opposite 
polarity changes or opposed plate areas 
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alter in proportion to the strain, with a 
resultant change in the capacitance of the 
capacitor, The per cent change in capaci- 
tance which can be obtained for permis- 
sible strains in engine parts can be large, 
and for that reason much effort has been 
expended in attempts to utilize strain- 
capacitive elements in strain gauges and 
torque instruments. However, space and 
weight limitations usually restrict the 
capacitance of the strain-sensitive element 
to afew micromicrofarads; and therefore, 
even with a-c power supplies of several 
hundred kilocycles frequency, energy 
levels in the sensitive circuit elements are 
so low as to require amplifiers ahead of 
the torque indicating instrument, with the 
usually attendant difficulties of maintain- 
ing calibration. Capacitance-sensitive 
strain elements must also be hermetically 
sealed to exclude oil, moisture, and dirt; 
and the uncertain stray capacitances of 
electric connections and mechanical sup- 
ports are also major difficulties. 


Electromagnetic Strain Gauges 


Strain-magnetic elements lend them- 
selves to the measurement of small dis- 
placements much more readily than do 
any of the aforementioned strain-sensitive 
devices when it is desirable to connect di- 
rect-indicating instruments to the strain- 
sensitive circuit without interposing am- 
plifiers. The conventional magnetic strain 
gauges operates at sufficiently high energy 
levels that its output can be utilized to 
drive an indicating instrument directly; 
and in such manner it is commonly used 
as the sensitive element in many precision 
gauges or comparators as well as for air- 
craft-engine testing.* 

It is usually small and operates on con- 
ventional a-c supply circuits, 60 cycles in 
the case of ground equipment and 400 
cycles for air-borne equipment, and can 
take any one of several different forms; 
the one in Figure 3 with its connection 
diagram shown in Figure 4 is simple and 
commonly used. It consists of two iron- 
core inductance coils with variable-length 
air gaps in their magnetic paths; moving 
the armature A of Figure 4 to the left 
will decrease the air gap of coil Z, in- 
creasing its inductance, and at the same 
time will increase the air gap of coil Z, 


Figure 3. Magnetic strain gauge 
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with a corresponding decrease of its induc- 
tance. Since Z; and Z» are both elements 
of a four-arm bridge, the output of the 
bridge indicated by the instrument M will 
be almost exactly proportional to the 
physical displacement of the armature A 
from its center position, within the useful 
limits of the strain gauge. The other two 
bridge arms, Z; and Z,, are usually made 
part of a center-tapped autotransformer, 
which decreases the bridge impedance and 
thus increases the maximum signal energy 
available. 

Magnetic strain gauges can be mounted 
in the take-off head of the conventional 
hydraulic torque instrument, replacing 
the hydraulic piston and pressure gauge. 
When this is done, a spring element, usu- 
ally a short section of steel tubing, resists 
the reaction of the sun-gear torque arm 
and the strain gauge measures the deflec- 
tions of the steel tube, Figure 5. They 
also have been mounted directly upon the 
propeller shaft of an engine or reduction- 
gear assembly, Figure 6, with electric con- 
nections made through slip rings on the 
shaft. 


The Magnetic-Coupled 
Torquemeter 


For shaft mounting, the slip-ring design 
is likely to be difficult from the stand- 
points of service trouble and contact re- 
sistance. On the other hand, there are 
numerous aircraft-engine applications for 
torque instruments where it is desirable if 
not imperative to measure the twist in a 
shaft when the engine output is to be 
known with any degree of accuracy. The 
Magnetic-Coupled Torquemeter there- 
fore was designed to eliminate slip rings 
and still retain a shaft-mounted strain 
gauge. A schematic illustration appears 
in Figure 7, and a picture of a typical as- 
sembly is reproduced in Figure 8. If we 
refer to Figure 7, the shaft is provided 
with three flanges on which are mounted 
three toothed rings of magnetic material, 
but separated from contact with the steel 
shaft by means of nonmagnetic spacers 
made of a metal such as bronze or brass. 
Overlapping teeth or projections from 
each of the three magnetic rings form two 
sets of air gaps, one set between outer 
ring 1 and the middle ring A, and one set 


CALIBRATING RESISTANCE 


Figure 4. Simplified magnetic-strain-gauge 
circuit 
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between outer ring 2 and the middle ring 
A. When the shaft is loaded or twisted in 
a clockwise direction, the air gaps between 
teeth on rings 1 and A are shortened and- 
the air gaps between teeth on rings 2 and 
A are lengthened; this is in effect the same 
as moving the armature A of Figure 4 to 
the left. 

Magnetic flux flows across the two sets 


MAGNETIC STRAIN GAGE 


SUN GEAR 
TORQUE ARM 


Figure 5. Magnetic strain gauge applied to 
sun gear of planetary transmission 
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Figure 6. Magnetic strain gauges measuring 
the twist of a propeller shaft 
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Figure 7. Schematic illustration of Magnetic- 
Coupled Torquemeter 


Figure 8. Small Magnetic-Coupled Torque- 
meter for test-floor use 
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Figure 9. Magnetic-Coupled Torquemeter 
designed for propeller shaft of Allison 
V-1710-E engine 


Figure 10. Magnetic-Coupled Torquemeter 
rotor with four tooth gaps per side 


Yj Ui: 
itl 
Figure 11. Magnetic-Coupled Torquemeter 


designed for the engine extension shaft of an 
Allison engine 
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Figure 12. Electric circuit for a magnetic strain 
gauge or Magnetic-Coupled Torquemeter 
using a regulated power supply 
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of air gaps, induced by the two stationary 
coils Z; and Zo, also corresponding to 2, 
and Z, of Figure 4. Coils Z; and Z, are 
shown completely encircling the shaft as- 
sembly and the magnetic return paths are 
through their encasing shells of magnetic 
material and across the radial air gaps be- 
tween the stationary-coil assembly and 
the rotating-shaft assembly. These air 
gaps have telatively large effective areas 
and short lengths so that their magnetic 
permeances are quite large compared with 
the permeances of the active air gaps be- 
tween the toothed rings; consequently, 
the insertion of the radial air gaps in the 
magnetic circuit has but small effect upon 
the characteristics of the strain gauge. 
Normal eccentric movements of the rotat- 
ing shaft in its bearings relative to the 
stator cause second-order changes in per- 
meance of the radial air gaps and finally 
result in only third-order changes in 
torque-instrument calibration. 

When = strain-gauge elements are 
mounted on a rotating shaft, precautions 
must be taken to avoid errors due to bend- 
ing moments and compression or tension 
loads on the shaft so that only pure torque 
is measured. This requires that a bal- 
anced magnetic circuit be used with both 
Z, and Z, responsive to shaft torque loads, 
and it also requires that the sensitive air 
gaps be distributed uniformly around the 
circumference of the shaft. Slip-ring in- 
stallations of two conventional magnetic 
strain gauges diametrically opposite each 
other on a shaft and with their coil circuits 
either connected in series or in parallel 
have shown a satisfactory lack of response 
to bending loads on the shaft where mod- 
erate loads are imposed. Some aircraft- 
engine propeller shafts are subjected to 
bending moments from propeller gyro- 
scopic couples in spins that may result in 
maximum fiber stresses of the order of 
100,000 pounds per square inch where 
normal stress in torsion is of the order of 
8,000 to 16,000 pounds per square inch. 

Well-distributed sets of sensitive air 
gaps are desirable in such circumstances, 
and Figure 9 shows a rotor for a magnetic- 
coupled torque instrument with a large 
number of small individual air gaps in 
each set around the shaft. This particular 
shaft element is intended to be mounted 


between two existing flanges on an engine’ 


propeller shaft, and therefore, in order to 
divide circumferential strain due to twist 
in the shaft length between flanges equally 
between the two sets of air gaps, three 
rotor rings are mounted on a torsionally 
flexible cage, the ends of which are per- 
manently fastened to the two flanges. 
The stator carrying the two coils and their 
magnetic shells is also shown in the same 
illustration, and is bolted to the inner- 
thrust-bearing retainer ring inside of the 
propeller reduction-gear housing. 

The large number of small air gaps 
shown in the rotor of Figure 9 is very ef- 
fective in averaging out bending and 
thrust loads on the propeller shaft, but 
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1 
does lead to excessive magnetic leakage 
around the teeth and also to incteased 
manufacturing difficulties since normal 
air-gap spacing is of the order of 0.004 to 
0.010 inch, depending upon shaft stiffness 
characteristics. Another rotor for the 
same application is shown in Figure 10 in 
which only four air gaps each of relatively 
large area are used per sensitive gap set; 
there is a considerable increase in apparent 
sensitivity of this torque instrument over 
the one shown in Figure 9, due to the 
better magnetic design and the large re- 
duction in leakage flux around the rotor. 
Flux leakage at 400 cycles per second to 
the steel shaft is effectively reduced to a 
negligible quantity if the nonmagnetic 
spacer rings between the toothed rings and 
the shaft are made of high-conductivity 
materials such as brass, bronze, or copper. 


Figure 11 shows another magnetic- 
coupled torque instrument intended for 
use on the extension shaft between the 
engine and a separate propeller reduction- 
gear box. The three toothed magnetic 
rings are mounted on three shaft flanges 
instead of on a flexible cage, and the short 
shaft section carrying the rings is.inserted 
in the extension-shaft drive with flanged 
or splined couplings. A better mechanical 
job is obtained when it is possible to 
mount the toothed rings directly upon in- 
dividual flanges integral with the shaft 
rather than upon the surface of a flexible 
cage or sleeve. 


Temperature Effects in Magnetic 
Strain Gauges 


The effects of ambient-temperature 
changes upon magnetic strain gauges can 
be divided into those originating in the in- 
strument circuit and those originating in 
the shaft pickup unit. Temperature ef- 
fects in the instrument circuit are readily 
corrected by conventional means and at- 


tention to good design practice. The tem- 


perature effects in the shaft element are 
more difficult to handle ordinarily, par- 
ticularly since temperatures may range 
from —50 degrees centigrade to hot en- ~ 
gine oil temperatures. The changes in 
modulus of elasticity of the shaft material 
are usually small over the normal tem- 
perature ranges, but serious unbalances of 
the impedance bridge with large shifts in 
the zero adjustment of the torque in- 
strument may result from large ambient- 
temperature changes around the shaft 
pickup unit; this may be particularly 
noticeable when large temperature dif- 
ferentials appear from one end of the 
shaft unit to the other. These calibration 
changes can be held to small limits if suffi- 
cient care is used in design to prevent — 
large hysteresis and eddy-current losses in 
the magnetic parts of the shaft unit, High 
power factors in the impedance coils of 
the strain-gauge bridge usually are the 
result of abnormal magnetic losses due to 
saturation effects in parts of the circuit; 
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and such losses are usually highly tem- 
perature-sensitive, so that torque-instru- 
ment accuracy suffers from temperature 
changes. By exercising care in design and 
application, these temperature effects can 
be held within acceptable limits; one of 
the early Magnetic-Coupled Torque- 
meters that showed excessive tempera- 
ture\sensitivity was corrected by adding a 
small resistor with a high temperature co- 
efficient of resistivity in series in one of the 
impedance coil arms of the bridge. A 
nickel-wire resistor was used and fastened 
to the shaft pickup stator housing. 


Magnetic-Strain-Gauge Instrument 
Circuits 


A number of precautions must be ob- 
served in applying magnetic strain gauges 
or Magnetic-Coupled Torquemeters to 
aircraft instrumentation problems. The 
a-c power supplies ordinarily available 
on airplanes may be subject to rather 
wide variations in voltage and frequency; 
and, while close frequency regulation is 
not essential, the calibration of the torque 
instruments is proportional to the supply 
voltage when a simple circuit such as 
shown in Figure 4 is used. Therefore a 
voltage-regulated power supply is essen- 
tial to accurate calibration under these 
circumstances. Since the electrical load is 
small and fixed, the voltage-regulator 
problem is not particularly difficult. 
The power requirements of a magnetic 
strain gauge at 400 cycles is about five 
voltamperes. The Magnetic-Coupled 
Torquemeter, due to greater iron loss and 
flux leakage requires 30 to 50 volt-am- 
peres. Ordinary frequency variations 
are compensated for, when compensation 
is required, by the use of a small capacitor 
in the instrument circuit. On airplanes 
where the only available electric power is 
direct current, it is possible to use a small 
inverter to obtain the necessary 400 cycle 
power. Various regulators, such as the 
carbon-pile, saturated-reactor, and cen- 
trifugal speed-governing type are avail- 
able. By designing a unit specially for 
the job, it is possible to reduce the 
weight of the inverter, complete with 

regulator, to about two pounds per 
torque instrument on a _ two-engine 
airplane. 

The indicating instrument is usually a 
rectifier-type milliammeter, and the com- 
plete bridge output circuit must include 
the proper external resistances to insure 
that the instrument circuit will provide 
accurate voltage measurements of the 
strain-gauge bridge output over wide 
ranges of ambient temperature, input volt- 
age, and frequency. Such a circuit is 
shown in Figure 12, which is Figure 4 with 
the added refinements of a voltage regula- 
tor, frequency-compensating capacitor, 
sensitivity-adjusting rheostat, zero-bal- 
ance potentiometer, and a small bias recti- 
fier. The bias rectifier is added, because a 
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true null balance of the bridge is never 
obtainable because of the presence of 
phase unbalance and harmonics in the 
supply voltage. Therefore, without a 
biasing rectifier or an off-scale zero spring 
adjustment, the indicator pointer could 
never be brought to zero. 

The use of a d-c ratio instrument instead 
of a conventional milliammeter elifni- 
nates the necessity for the voltage regu- 
lator, and since frequency variations are 
relatively unimportant in magnetic-strain- 
gauge instrument errors, its use has many 
attractive features. A d-c ratio instru- 
ment consists of a permanent-magnet in- 
strument movement with two coils set at a 
wide angle to each other on the shaft of 
the moving element which carries the 
pointer. Connections are made to the 
moving coils through soft gold conducting 
spirals instead of the conventional springs, 
and the resultant spring restraint is negli- 
gible under normal conditions. When 
each coil is made to carry current, the 
position which the pointer will assume is 
determined by the resultant magnetic field 
of the two coils, and the instrument scale 
is marked as the ratio of current flowing in 
the “forward”’ coil to that flowing in the 
“reverse” coil. The torque-instrument 
application of a d-c ratio instrument is 
shown in Figure 13, and it should be 
noted that the coils are energized through 


_instrument-type rectifiers and also that a 


biasing voltage is required for the forward 
coil for zero-adjustment purposes. Un- 
fortunately, the scale length of present d-c 
ratio instruments is limited to that of a 
90 degree instrument movement, and the 
scale is nonlinear. A comparison of the 
short-scale ratio instrument with a 270- 
degree-scale-movement aircraft-type mil- 
liammeter such as is used in the circuit of 
Figure 12 is shown in Figure 14. 

A greatly simplified torque instrument 
utilizing the magnetic strain gauge work- 
ing directly into an a-c ratio instrument is 
shown in the connection diagram of Figure 
15, in which voltage regulators, rectifiers, 
and all biasing circuits are eliminated. 
The stationary coil of the instrument is 
energized directly from the power-supply 
source, and the moving coil is connected 
to the Peake output. Current is con- 
ducted to the moving coil through soft 
gold spirals with a minimum of spring re- 
straint, and the moving element comes to 
rest when the inphase component of the 
voltage induced in the coil is equal to and 
opposes the bridge output voltage. Since 
the power factor of the stationary coil is 
usually quite low, the out-of-phase volt- 
ages induced in the moving coil are small 
and have a negligible effect upon accuracy. 
Physically the a-c ratio-instrument move- 
ment resembles the conventional fre- 
quency-instrument movement. Close 
coupling between the moving coil and the 
stationary coil is desirable in order to re- 
duce power requirements, and a lami- 
nated silicon steel or Hypernik magnetic 
structure is used. Long-scale or 270- 
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degree a-c instrument movements have 
not yet been developed for aircraft use, 
and the a-c ratio-instrument airplane- 
engine torque instruments probably will 
have to wait until such movements are 
available in production. Figure 16 shows 
an experimental long-scale a-c ratio-in- 
strument movement for aircraft use com- 
pared with a modified wattmeter move- 


UNREGUL ATED 
AC. POWER 


SUPPLY 
BIAS AND REVERSE bf 


COIL RECTIFIER SSS 


REVERSE 
coil TORQUE METER 
PICK—UP 
D.C. RATIO METER 


Figure 13. Electric circuit for a magnetic 


strain gauge or Magnetic-Coupled Torque- 
meter using an unregulated power supply 
and a d-c ratio instrument 


Figure 14. Aijircraft-type d-c milliammeter 
(left) and d-c ratio instrument (right) 
UNREGULATED 
A.C. POWER 
SUPPLY 


FIELD COIL 


MOVING 
col 


AC. RATIO METER 


TORQUE METER 
PICK-UP 


Figure 15. Electric circuit for a magnetic 
strain gauge using an a-c ratio instrument 


Figure 16. A-c ratio instruments 


Experimental movement at left, modified watt- 
meter at right 
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ment originally designed for marine use 
and therefore somewhat large and heavy 
for aircraft applications; both instrument 
movements operate successfully as a-c 
ratio instruments. 


Other Shaft-Mounted Types 
Without Slip Rings 


Several experimenters have made at- 
tempts to utilize various coupling schemes 
to permit the use of strain-resistive or 
strain-capacitive gauges mounted directly 
upon the rotating shaft without using slip 
rings or electric connections. Strain- 
sensitive capacitors have been mounted 
directly on the torque loaded shaft with 
their terminals connected to the second- 
ary coils of transformers, these coils com- 
pletely encircling the shaft and rotating 
with the shaft; the primary coils of the 
transformers are stationary and also en- 
circle the shaft assemblies and the rotat- 
ing coils. Mutual inductance between the 
primary and secondary coils of the rotat- 
ing transformer thus formed constitutes 
the link between the stationary instru- 
ment circuit elements and the strain- 
sensitive capacitor on the loaded shaft. 

Coils also have been placed close to or 
encircling shafts to cause magnetic flux to 
flow in the surface of the shaft itself or 
through special surface coatings on the 
shaft, so that, when the shaft is twisted 
under torque loads and the magnetic per- 
meability and electrical resistivity of the 
shaft change, such changes are reflected as 
changes in impedance of the flux-inducing 
coil or coils. This magnetic skin-effect 
method of torque measurement is sensitive 
to temperature, shaft bending, mechanical 
and magnetic hysteresis, and thrust loads. 

Relatively high-frequency (kilocycles) 
power supplies are required for the afore- 
mentioned two schemes, and amplifiers 
are required between the shaft unit and 
the indicating instrument. The magnetic 
skin-effect or magnetostriction torqte- 
instrument shaft element approaches the 
ultimate in design simplicity; and if 
means of eliminating temperature errors 
and hysteresis effects can be found, the 
simplicity of the shaft element may offset 
the disadvantages and difficulties of high- 
frequency power supplies and amplifiers. 
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High-Voltage Compressed-Gas Power 


Transformers 


; HENRY M. HOBART 
; FELLOW AIEE : 
N a previous article,’ the author 2. Gases are not subject to cumulative 


pointed out the many advantages of 
high-voltage power transmission in com- 
pressed gas. Compressed CO, at the 
moderate pressure of 40 atmospheres (ab- 
solute) has a dielectric strength about 20 
times as high as that of air at normal at- 
mospheric pressure, and compressed SO» 
at 40 atmospheres about 30 times as high, 
so that the line conductors need be sepa- 
rated by only a few inches instéad of the 
customary many feet and may, therefore, 
be enclosed in a reasonably small pipe line. 
This system offers opportunities for many 
important cumulative economies in the 
terminal equipment also, and this paper is 
devoted to their discussion. It is shown 
that the use of compressed gas, instead of 
oil, as the insulating and cooling fluid 
makes possible power transformers that 
are only about one fourth as large as the 
present ones for the same duty, are for all 
intents and purposes nonaging, and are 
highly resistant to damage from internal 
arc-overs, besides many other advantages. 

While such transformers have not as 
yet been built, and further laboratory re- 
search is desirable on certain phases of the 
system, yet, based on the great economies 
shown by several exploratory designs 
listed in Table II, the author expects that 
the system will be adopted in the near 
future to transmit large amounts of power 
over great distances by transmission lines 
of very much higher voltages than hereto- 
fore and at frequencies as high as 600— 
1,200 cycles per second. 


Important Facts Underlying the 
System 


The more important facts from which 
the various advantages of the proposed 
transformer system arise are as follows: 


1. The dielectric strength of some com- 
pressed gases is greater than that of oil. 


Paper 44-170, recommended by the AIEE commit- 
tee on electrical machinery for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted July 29, 
1943; made available for printing May 24, 1944. 


Henry M. Hosart is a consulting engineer, Sche- 
nectady, N. Y. 


The author is indebted to Glenn B. Warren for sug- 
gesting the investigation of underground high- 
voltage transmission in compressed-gas-filled welded 
steel pipes, to H. H. Skilling for encouragement de- 
rived from his article (reference 3), to the many 
engineers and scientists mentioned in reference 1, 
and to the author’s own associates. 


This paper is speculative and looks toward the 
future; consequently, it contains many statements 
of opinion for which there are no supporting data 
or facts. 4 
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breakdown to which solid insulation—the 
backbone of the present-day high-voltage 
transformers—is subject. 


3. Gases have no dielectric loss and can, 
therefore, be operated at 600-1,000 cycles 
per second without any harm, making possi- 
ble corresponding reductions in the sizes of 
the cores and also of the coils. 


4. Unlike oil and the conventional solid 
insulations used in transformers, gases do 
not age and are not injured in any way by 
moderately high temperatures, and there- 
fore the cores of compressed-gas transform- 
ers can be operated a couple of hundred 
degrees centigrade hotter than the windings 
and the windings a hundred degrees hotter 
than now to transform much larger kilo- 
volt-amperes per pound than heretofore. 


5. For heat transfer, compressed gases are 
many times more efficient than atmospheric 
air used in the conventional shell-type air- 
blast transformers. 


These and additional facts and con- 
siderations are discussed below in greater 
detail. 


Compressed Gases Versus Oil 


Table I shows the leading data on the 
60-cycle dielectric strength of several 
gases at various pressures and that of oil. 


ve 


It will be seen in the table that CO, at 40- 


atmospheres absolute has a 60-cycle 
strength of 1,650 volts per mil as against 
750 volts per mil for oil—a ratio of 2 to 1 
in favor of the compressed gas. For tran- 
sient voltages of steep rise and short dura- 
tion, such as the 1.5x40 standard impulse 
wave of the Institute, oilis credited witha 
strength of twice its 60-cycle value, where- 
as the strength of the gases is asswmed to 
be unchanged. Compressed SO, at 40 at- 
mospheres (2,400 volts per mil) is approxi- 
mately 50 per cent higher than that of 
either nitrogen or CO:. No data are now 
available on the impulse-strength ratios 
of compressed gases circulated at a high 
velocity. These may be higher than unity. 
Laboratory investigation of them, in both 
uniform and nonuniform fields, is very de- 
sirable. 


Cumulative Failure of Solid 


Insulation Under Impulse Voltages 


As impulse voltages are of rare occur- 
rence and of very short duration, if a gas 
does not break down under the sudden 
stress, it probably will recover from the 
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shock with its strength unimpaired. But 
with solid insulations a small permanent 
harm may be done without apparent 
failure, and this process will be cumula- 
tive. The overvoltage failure of a conven- 
tional oil-and-solid-insulated transformer 
will not take place necessarily at the first 
heavy surge occasioned by lightning, but 
after a number of such surges have pro- 
duced minute but progressive and cumula- 
tive impairments. Then, a less severe 
surge may cause an outage. 


Aging of Solid Insulation 


It is well-known that the customary 
fibrous insulations used in oil-filled trans- 
formers age physically and become brittle 
at a rate twice as fast for every eight- 
degree-centigrade increase in temperature. 
Every substantial overload thus repre- 
sents a substantial shortening of the use- 
ful life of the transformer. Such an effect 
does not exist in compressed-gas trans- 
formers, and therefore short-time over- 
loads may be handled without any re- 
sidual harm. Such transformers will be 
practically nonaging. 


Problem of Nonuniform Fields in 
Gases and Solid Insulations 


Uniform distribution of voltage stresses 
is, of course, desirable no matter what the 
insulation may be, but in transformers the 
compressed gases enjoy a particular ad- 
vantage over solid insulations. In solid 
insulations overstress implies cumulative 
damage, and, no matter how small the 
damage may be per day, cumulation of 
such damage implies eventual failure. For 
this reason, in conventional apparatus, 
the bulk of the solid insulation is oper- 
ated at a very low and uneconomical 
stress. A good example of this is the slot- 
lining insulations in generators and mo- 
tors. The slot lining of a high-voltage 
stator winding may prove in the labora- 
tory a strength of several thousand volts 
per mil in a uniform field and yet, based 
on experience, be operated at only 30-60 
volts per mil on the average. 

Because of the greater electronic mobili- 
ties in gases, it is wise to proceed at first 
with generous margins of safety in com- 
pressed-gas apparatus, until a sufficient 
amount of service experience is gained, 
but such margins of safety are more 
economically practicable with compressed 
gases than with oil and solid insula- 
tion. 


Value of High Frequencies 


‘One of the major economy factors in 
this system is the use of 600-1,200-cycle 
frequencies made possible by the replace- 
ment of oil and solid insulation by com- 
pressed gas. If compressed gas is used in 
combination with these higher frequencies, 
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sizes drop to about a fourth of their pres- 
ent values. 


The voltage produced by a given flux 
varies directly with the frequency. At ten- 
fold frequency the voltage, and hence the 
kilovolt-amperes, is ten times as large for 
the same flux, or the flux required for the 
same kilovolt-amperes is only one tenth 
as large. Since, however, at constant flux 
density, core loss increases with frequency, 
the same high flux densities may not be 
used at tenfold frequency as at normal, 
and the full tenfold benefit may not be 


Table !. Dielectric Strength of Four Gases and 
Commercial Transformer Oil 


Tested at 60 Cycles Between Two Spherical 
Electrodes of 2,500-Mils Diameter With a 


100-Mil Gap 
Gas Pres- 
sure in At- Volts Per Mil (Crest) 
mospheres-~ - 
Absolute Air Nitrogen CO, SO: Oil 
95.2.5. 75. 200...750 
...2,000 


1,650... .2,400 
. 2,250 


60. .402,100....1;550.... 


secured; yet, by virtue of the permissible 
high core temperatures and by the use of 
seven-mil sheet steel it is possible to use 
sufficiently high flux densities to afford the 
great economies indicated. 

Departure from 60 cycles at this late 
date may appear to some as impractical, 
but the best economic course is to utilize 
600 cycles (or more) for the major high- 
voltage transmission system and network 
of any single enormous territory, and em- 
ploy frequency changers or rectifiers 
where the service demands a different fre- 
quency or direct current. 


These higher frequencies reduce the size 
not only of the big terminal equipments 
but also of all power transformers used in 
the industry. Rectifier installations for 
electrometallurgical and electrochemical 
processes, as for the production of alumi- 
num and magnesium, include already 
several millions of kilovolt-amperes in 
step-down power transformers. Rectifier 
applications (all requiring special step- 
down transformers) for railways, steel 
mills, mines, and shipyards are rapidly 
growing. An increase of 10 to 1 in fre- 
quency, with compressed-gas insulation, 
will reduce the size and cost of these trans- 
formers to about one seventh. 


These higher frequencies are particu- 
larly advantageous in welding as to speed, 
quality, safety, and various other cumula- 
tive economies. Thea-c arc is more stable 
and produces a better weld at the higher 
frequencies, and therefore greater speeds 
and lower voltages may be used. The 
combination of lower voltages and higher 
skin effect will greatly reduce shock haz- 
ards to the operator from accidental con- 
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tact with live electrodes. Careful tests to 
confirm these conclusions ought to be 
undertaken as soon as possible. 

Resistance-welding and flash-welding 
systems also will benefit as to speed, 
quality, and greatly reduced cost of 
equipment, from a tenfold increase in 
frequency. 


Effect of High Core Temperatures 
on Efficiency and Economy 


As far back as 1911 and 1912 MacLaren 
published his researches demonstrating 
substantial reductions in core loss at in- 
creasing core temperatures.” As core tem- 
peratures heretofore have been limited to 
about 90 degrees centigrade to avoid the 
sludging of oil, now, with the replacement 
of oil by compressed gases, it becomes pos- 
sible to operate the transformer cores at 
temperatures as high as 300-325 degrees 
centigrade, so as to realize corresponding 
reductions in core loss and secure great 
economies in core material by operating 
the cores at higher frequencies and flux 
densities than now possible. 

These high temperatures are particu- 
larly advantageous in the case of those 
compressed gases (as SO») which tend to 
liquefy at the lower temperatures. 


Thermal Screening of Windings 


In a compressed-gas design the wind- 
ings also will be operated at higher tem- 
peratures (though not so high as the core 
temperatures), so as to enable them to 
carry greater loads per pound. Higher 
winding temperatures naturally tend to 
raise the J?R, but in this system a higher 
iron-to-copper ratio would be maintained 
using relatively more flux and fewer turns, 
and thus the increase in the J/*R due to 
higher temperature will be small and may 
be offset by operating the core at a still 
higher temperature. 

With core temperatures of the order of 
300 degrees centigrade the winding tem- | 
peratures should be 100 degrees less, in 
which case provision must be made for the 
thermal screening of the windings from 
thecore. Excellent high-temperature ma- 
terials are now plentifully available for 
turn and layer insulation and for spacers 
and strengthening supports, and for 
screening the windings from the core. 
Mycalex, asbestos, lava compositions, or 
ceramic materials in suitable thicknesses 
easily will withstand a temperature drop 
of 100 degrees centigrade between core and 
windings. 


Heat-Transfer Procedure 


The stream of circulating gas will be 
heated by the transformer losses as it as- 
cends from the bottom to the top of the 
transformer. Above the transformer, or 
in the upper portions of the tank, con- 
densation may be effected by providing a 
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region of lower temperature or through an 
external heat exchanger. 

The circulation speed of the gas will be 
high—500-1,000 feet per minute, con- 
trolled by a fan or blower. 

As the core will operate around 300 de- 
grees centigrade, and there will be a drop 
of about 100 degrees centigrade through 
the thermal barrier, the ascending gas will 
flow over barrier surfaces at a temperature 
of about 200 degrees centigrade. By vir- 
tue of the high rate of flow of the gas, no 
portion of it will acquire a temperature 
higher than 150 degrees centigrade. 

The hottest parts of the windings may 
attain a temperature in excess of 200 de- 
grees centigrade, the surface drop prob- 
ably exceeding 75 degrees centigrade, and 
the average copper temperature by resist- 
arice being of the order of 170 degrees 
cenitigrade. 

These hypothetical temperature values 
are chosen as well suited to the use of SO2 
at 50 atmospheres. 

As a comparison between the heat- 
transfer capacity of compressed gas and 
air at atmospheric pressure, it may be 
pointed out that SO, at 50 atmospheres is 
about 71 times as efficient as atmospheric 
ait for equal volume. This is based on a 
specific-gravity ratio of 110:1 and specific- 
heat ratio of 0.154:0.237, excluding con- 
siderations of viscosity and contact re- 
sistance. Thus, instead of the 130 cubic 
feet of air per minute per kilovolt-ampere 
for 55 degrees centigrade rise allowed in 
air-blast-transformer practice, only 1.8 
cubic feet of compressed SO, at 50 atmos- 
pheres would be needed. 


Supporting of Transformer Tanks 


The forces exerted on the tanks by the 
compressed gas can be taken care of by 
the combination of : ; 
(a), 
inch. 


(b). Providing internal braces in the form 
of tie rods of a nonmagnetic alloy. 


(c). Locating the tank in an underground 
pit and filling in gravel and cement between 
the tank walls and the pit walls to provide 
support for the tank walls. 


Providing a tank-wall thickness of 5/, 


Comments on Sulphur Dioxide 


If absolutely free from all trace of mois- 
ture, SO, gas is quite noncorrosive to some 
metals up to rather high temperatures. It 
costs only six cents per pound, whereas 
many otherwise attractive insulating gases 
are rather expensive. In a metal-sealed 
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Table Il. Five Exploratory Compressed-Gas Designs for Power Transformers 


A B Cc D E 

Rated output (in kilovolt-amperes)....20,000 20,000 20,000 50,000 100,000 
Periodicity, N (cycles per second)..... 60 600 1,200 1,200 1,200 
Primary voltage (kilovolts)........... 80 80 80 200 345 
Pramasy tusud UT) ines as ce be 2 ale 240 160 132 180 200 
Magnetic flux (M) (megalines)........ 126 18.8 11.4 E236 Mopars) 
Volts Per Catia  o. fo oe ih ene a 333 . 500 605 1,110 1,730 
Space factor (in winding window)..... 0.158. 0.121 0.110.. 0.087. 0.054 
Gross stacking height (inches)........ 80 65 58 80 100 
Primary plus secondary I?R losses at : 

rated load. Power factor =1.0 and 

170 degrees centigrade (kilowatts)... 142 77 54 103 168 
Core loss: (EG OWAEES) Foie 32 fen os nee 42 62 73 184 430 
Allowance for stray load loss plus 

ventilation (kilowatts)...........45 10 15 25 50 75 
Total losses, power factor=1.0 

(Rlowattay ein ee od eee oa ot nate aes 194 154 152 337 673, 
Rated load efficiency, power factor = 

PA (perleene cote dcherris Ficlets oo 99.0 99.2 99.2 99.3 99.3 
Weights 

MASIIAGIONG 5, o's tks Ga hous eae aa 63,000 15,500 12,100 30,600 72,000 

Conductors (aluminum)............ 1,700 900 600 1,200 1,900 

Allelse (including tank, ventilating 

equipment, insulation, and so 
F12 ) OPE e oee, PEPE PEDO 19,300 4,600 3,700 9,200 21,800 

Vatal WeigHts: 2650 ac Foss tag wove meh 84,000 21,000 16,400 41,000 95,700 
Total weight per kilovolt-ampere.:... 4.2 1.05 0.82 0.82 0.96 
Per kilovolt-ampere weight of 

Latimer 2) A ay gira as has Ww 0 3.2 0.78 0.61 0.61 0.72 

CONBHCIOTS Los Kode c tack ce calls. s 0.085 0.045... 0.030 .. 0.024.. 0.019 
Laminations plus conductors.......... 3.3 0.82 0.64 0.63 0.74 
Laminations plus conductors in per 

cent of total weight (per cent)...... 79 78 78 77 77 


These exploratory designs were carried only far enough to disclose trends clearly, to ascertain and check the 
general consequences of employing periodicities of 600 and 1,200 cycles per second. Attention is called to 


the fact that the conductor is of aluminum. 


transformer tank complete absence of 
moisture may be maintained. Although 
more tests are desirable on the effect of 
temperature and pressure on the corrosive 
properties of this gas, rough tests indicate 
that a pressure of 40 atmospheres is en- 
tirely safe. At this pressure its dielectric 
strength is 2,400 volts per mil and the 
condensation temperature 120 degrees 
centigrade. At 50 atmospheres its dielec- 
tric strength is 2,500 volts per mil and 
condensation temperature 130 degrees 
centigrade. Doubtless reliable surface 
treatments (such as enameling) could be 
developed to render the metal surfaces 
immune from attack at much higher tem- 
peratures. 

In this, as well as in all other gases, 
condensation of the gas on those portions 
of the system which need insulation must 
be prevented by keeping those parts 
hotter than the condensing temperature of 
the compressed gas. 


Exploratory Designs 


Five designs are exhibited in Table II 
in just enough detail to disclose clearly the 
trends and illustrate the potentialities of 
compressed-gas transformers. Three of 
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the designs (A, B, and C for 80 ky) are for 
20,000 kva each, one at 60 cycles, one at 
600, and the third at 1,200. Design D is 
for 50,000 kva at 1,200 cycles per second, 
and £ for 100,000 kva at the same fre- 
quency. 

Design A (60 cycles per second) has a 
per kilovolt-ampere weight of 4.2 pounds, 
which is approximately half that of a con- 
ventional oil design, whereas designs B 
and C have weights of only 1.05 and 0.82 
pounds per kilovolt-ampere, respectively. 


ve 


The full-load efficiencies vary from 99.0 - 


per cent at 60 cycles per second to 99.2 
per cent at 600-1,200 cycles per second, 
and can be made higher if desired. In 
order to save on critical materials alumi- 
num, instead of copper, is figured on in 
all of these designs. ss 
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* Pentode lIgnitrons for Electronic 


Power Converters 
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Synopsis: The name “‘pentode ignitron”’ 
has been applied to a high-voltage tube used 

’ for rectification and inversion in electronic 
converters, It is a sealed steel tube having 
an anode, three grids, and a mercury-pool 
eathode. The tube is of the gas-filled type 
with control characteristics similar to those 
of the thyratron. An ignitor establishes a 
cathode spot each cycle on the mercury pool. 
The cathode spot is stabilized at low anode 
currents by the use of an auxiliary holding 
anode. The functions of the three grids are 
somewhat similar to those in the pentode 
vacuum tube, but the manner of use is quite 
different. The first grid, or one nearest the 
anode, is used as an intermediate anode to 
divide potential gradients across the tube 
during nonconducting periods. The sec- 
ond, or center grid, is used to control the 
starting of the conduction period and the 
third, or outer grid, as a shield to permit 
rapid deionization of the space between the 
control and shield grids. 

The introduction of multiple grids in 
ignitron tubes provides certain character- 
istics which are essential to inverter opera- 
tion. It is the purpose of this paper to de- 
scribe some of these characteristics, and the 
design and construction of the pentode 
ignitron tube. 

These tubes are the ones installed in the 
power converter described in the companion 
papers.!5-8 


HE history and development of suit- 

able electronic tubes and circuits for 
high-voltage power-conversion systems 
is discussed in a companion paper.! 
Briefly, the first power unit after labora- 
tory tests consisted of a 40-60-cycle 
5,000-kw power converter. The tubes 
for this unit were of the thyratron* type. 
The nonsynchronous link operated at a 


Paper 44-147, recommended by the AIEE com- 
mittees on electronics and industrial power applica- 
tions for presentation at the AIEE summer tech- 
nical meeting, St. Louis, Mo., June 26-30, 1944. 
Manuscript submitted April 27, 1944; made avail- 
able for printing May 18, 1944. 


H. C. Sterer, J. L. ZeEHNeER, and H. E. Zuvers 
are in the electronics department, General Electric 
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* Thyratron is a generic term describing a gas- 
_ discharge thermionic-cathode tube in which one or 
more grids control the starting of the current elec- 
trostatically. 


OCTOBER 1944, VOLUME 63 


J. L. ZEHNER 


ASSOCIATE AIEE 


H. E. ZUVERS 


ASSOCIATE AIEE 


direct potential of 80,000 volts and a cur 
rent of approximately 170 amperes. 
Power from the 40-cycle system was con- 
verted to direct current through 12 phano- 
tron tubes connected in a cascade ar- 
rangement of two three-phase double-way 
rectifier circuits. The direct current was 
converted to 60-cycle a-c power through 
12 thyratrons connected in a_ similar 
arrangement of double-way inverter cir- 
cuits. Initial operation was remarkably 
free from any basic trouble. Operation 
over a period of some five years demon- 
strated the complete practicability of 
sealed electronic tubes for this type of 
service. 

The development of the ignitor? opened 
the possibility of utilizing the control 
features of the thyratron design in a tube 
having the inherent high-current capacity 
of the mercury pool. Operating experi- 
ence with sealed steel ignitrons* which 
were developed for service in the 250- to 
600-volt power-conversion fields indi- 
cated the basic soundness of the ignitron 
principle of starting a new cathode spot 
each conducting cycle. These ignitrons 
are of sufficient current capacity to give 
power rectifiers of 75 to 1,000 kw, de- 
pending on voltage. Similar ignitrons 
operate in welding service with precise 
cycle-by-cycle control of currents from 
1,000 to 10,000 amperes. The rectifier 
ignitrons were designed to have the lowest 
possible arc loss consistent with essen- 
tially complete freedom from arc-backs 
under normal operation conditions. The 
designs consist of an anode, a mercury- 
pool cathode, ignitors, and a_ small 
auxiliary anode for maintaining the 
cathode spot during the normal conduct- 
ing period in case the main anode current 
falls below the value (about three am- 
peres) at which the arc is stable. There 
is a minimum of shielding. Voltage con- 
trol is obtained by shifting the phase 
angle at which the ignitor is fired. Varia- 
tion in the starting or ignition time is 
small (of the order of 50 to 100 micro- 
seconds) with the usual excitation cir- 
cuits.4 Deionization time at the end of 
conduction is relatively long because of 
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the open construction, Deionization time 
in an ignitron is the time required for the 
ionization in the space to decay suffi- 
ciently so that cathode spots are not re- 
established if the anode is made positive. 
In a thyratron, it is the time required for 
ion sheaths to close the holes in the grids 
and effectively isolate the anode from the 
main body of the tube. Ignitron tubes 
have operated successfully as inverters, 
but the required commutation time is in 
general too long to permit optimum 
operation. For such service, the grid- 
control characteristics of the thyratron 
tube for accurate starting and rapid de- 
ionization, in combination with the high 
current capacity of the mercury pool, 
seemed to offer attractive possibilities 
for the design of higher-voltage higher- 
current tubes. 


Description 


The pentode ignitron tube consists of an 
anode, a mercury pool cathode with ig- 
nitors and auxiliary anodes, and three 
The similarity of the construc- 
tion—an anode, three grids, and a cath- 
ode—to that of the pentode vacuum 
tube, suggested the use of pentode igni- 
tron as a name. The general design is 
shown in Figures | and 2. The anode is 
surrounded by the grids. Starting from 
the anode, the first grid acts as an inter- 
mediate anode to divide potential gradi- 
ents during nonconducting periods, ‘The 
next or control grid determines the time of 
starting and reduces the deionization 
period at the end of conduction. The 
outer or shield grid acts in a dual capacity 
to pick up the are at the beginning of con- 
duction and to shield the rest of the grid— 
anode structure from residual ionization 
after conduction. The cathode has three 
ignitors, only one of which need be used 
at a time. There are also two auxiliary 
holding anodes. One auxiliary anode 
maintains cathode-spot excitation for 
low anode currents and the other is used 
for control purposes as described later, 

The tube conversion capacity is of the 


grids. 


Table | 
Maximum peak inverse or forward voltage, 
WOES yore at moto cls cco SES RVR alice NG AM trate 20,000 
Maximum anode current, amperes; 
FRStEMTAMEOUS yc sy cu valely clue een 900 
Average: 
Gontimuouasrpocadasis eae eiee echt 150 
AL WOUMOUES TGA sracel lid Geliet. reise Wastes » 200 
Ooepmrlo ute ied ails steve a bese eray state yes 3800 
Minimum water flow, gallons per minute, ..., 3 
Minimum inlet water temperature, C........ 35 
Maximum inlet water temperature, C 45 
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Figure 1. The pen- 
tode ignitron tube 
used in the 20,000- 
kw electronic power 
converter 


order of 1,500 kw per tube. Companion 
papers®-* describe the installation and 
application of the pentode ignitrons in a 
20,000-kw 25-to-60-cycle electronic power 
converter. The converter is divided into 
two 10,000-kw units. Each unit consists 
of two sections, a rectifier and an inverter, 
whose functions may be reversed, depend- 
ing on the desired direction of power flow. 
There are 12 tubes in each section con- 
nected in two three-phase double-way 
rectifiers in cascade. The nonsynchro- 
nous d-c tie operates at approximately 
30,000 volts and 340 amperes. 


Development 


The design of the tube is based on work 
by K. H. Kingdon and E. J. Lawton® on 
the cause of arc-back and on the possi- 
bility of increasing the operating voltage 
of gas-filled tubes through potential 
division. 

A single-anode tube has a fairly definite 
maximum voltage limit at which are-back 
occurs. This limit depends on load con- 
ditions, vapor pressure, and tube design. 
Reduction of potential gradients by 
means of potential dividing anodes would 
seem to offer the possibility of increasing 
the operating voltage. The principle has 
been successfully applied in high-vacuum 
rectifier tubes for X-ray service. In the 
case of gas-filled tubes, and particularly 
for tubes operating at relatively high cur- 
rents, it is impracticable to divide the in- 
verse potential at the end of commutation 
since the ion densities are too great. A 
few degrees later in phase angle, however, 
ionization has decreased to values which 
permit successful use of potential division. 

Arce-back or inverse current conduction 
has been an interesting subject of discus- 
sion for many investigators.!—!2 The 
occurrence is definitely of a random 
nature, and the time may vary! from 


694 TRANSACTIONS 


immediately after conduction when ion 
densities are greatest to any point in the 
inverse cycle. One obvious cause is too 
high vapor pressure due to lack of suff- 
cient cooling or to mercury droplets 
striking hot objects and transiently in- 
creasing the vapor pressure above the 
voltage breakdown of the gas. The rela- 
tion between vapor pressure and tem- 
perature for equilibrium conditions is 
shown in Figure 8. Mercury droplets are 
ejected from the surface of the pool by 
the action of the cathode spots. These 
droplets leave the pool with a random 
velocity so that the space above the pool 
and around the anode is filled with flying 
droplets during both the conducting and 
inverse parts of the cycle. These drop- 
lets do not always cause arce-back even 
when striking a hot anode, but it seems 
probable that a sufficient concentration 
of them may well do so. é 

As a result of tests on the influence of 
contaminating materials such as glass, 
quartz, asbestos, and so forth, on the rate 
of arc-back, the hypothesis has been 


Figure 2. Sec- 
tion through the 
pentode ignitron 
showing the gen- 
eral design 
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Figure 3. Relation between mercury-vapor 

pressure and temperature for equilibrium con- 
ditions 
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Figure 4. Single-tube inverter test circuit for 
investigating effect of circuit on arc-back rate 


proposed by Doctor Kingdon that are- 
backs are due basically to the collection of 
charges on small insulating patches on the 
anode. If the potential gradient exceeds - 
the field emission requirements of the 
base material, arc-back results. Whether 
or not a sufficient potential gradient is 
established depends on the rate at which 
ions strike the insulating particle and the 
rate at which the charge leaks off. The 
rate at which ions strike the anode is pro- 
portional to the ion density in the space in 
front of the anode at the end of conduc- 
tion, and the negative voltage to which 
the anode is driven. The density of ioni- 
zation bears a direct relationship to the 


current, and at the end of conduction both — 


the current and inverse voltage may be 
defined in terms of circuit parameters. 
Test results indicate that the rate of are- 
back is proportional to the product of the 
initial inverse voltage and~the rate of 
current change. For each design of tube, 
therefore, a rate can be determined in 
terms of an arc-back factor 6 which will 
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Figure 5. Relation between circuit arc-back 
factor V(di/dt) and rate of arc-back for the 


conditions shown in Figure 4 


permit its performance under other cir- 
cuit conditions to be predicted. That is: 


cv 


dt 
where 


V =negative anode potential at end of com- 
mutation in kilovolts 

dis 

— =rate of current change at the end of com- 
mutation in amperes per microsecond 


Developmental tests under varying 
circuit conditions of current and voltage 
were made to determine the arc-back 
rate. The tests were made in a single- 
tube inverter circuit as shown in Figure 4. 
The duty was made sufficiently high to 
cause rapid failure (one to ten times per 
minute), and the data obtained are shown 
in Figure 5. The solid lines are a plot of 
the Poisson probability formula: 


ee” 
n! 


P(n) = 


where 


P(n)=probability of arc-back  (arc-backs 

per number of trials in unit time) 
w=average number of ions striking an 
area AA intime At. This is propor- 


4 
tional to yi 
dt 
n=nutmber of ions striking AA in At 


_ time for failure 


With the proper choice of #4 and » the 

curve may be made to fit the test data, 

and the probable values of arc-back rates 

for more normal circuit constants deter- 
mined from its extrapolation. 
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Arc-back tests were also made under 
actual power conditions in a biphase 
single-way rectifier—inverter circuit shown 
in Figure 6. The transformer capacity 
was of the order of 1,000 kw and the arc- 
back factor 1.5-2 for no phase retard. 
At 25,000 volts peak inverse, 150 amperes 
current, a limit of 60 degrees centigrade 
(241/. microns) outlet water temperature 
was found. At 12,500 volts, 300 am- 
peres, the temperature was 71 degrees 
centigrade (50 microns). ‘These ex- 
tremely high limits tend to reflect the gas- 
breakdown point for a particular pressure 
and spacing. 

Considerable experience and data are 
being accumulated to substantiate the 
validity of the insulating-patch theory 


A-C 
OUTPUT 


Figure 6. A 1,000-kw operation-test circuit 
for rectification and inversion 


and the definition of circuit duty in terms 
of an arce-back factor. Correlation be- 
tween test conditions and actual perform- 
ance in power circuits is sufficiently close 
to indicate the importance of the concept 
in understanding the mechanism of arc- 
back. 

Control measurements were taken with 
a rotary switch in the circuit shown in 
Figure 7. In this case, a quarter-wave of 
current is passed through the tube under 
test. At the peak of the wave, the cur- 
rent is rapidly commutated to a second 
tube. Shortly after this, the mechanical 
switch opens and at a given interval later, 
a positive voltage is applied to the anode 
of the tube under test. Its ability to 
withstand this voltage is a measure of its 
deionization time, that is, its ability to 
regain control. Figure 8 shows the test 
results. The effect of gas pressure and 
grid-circuit impedance is clearly indi- 
cated. 


Construction 


The pentode ignitron is arranged for 
water cooling, that is, the mercury-vapor 
pressure is controlled by circulating water 
of the proper temperature through a 
water jacket surrounding the tube walls. 
A spiral water guide imparts a velocity of 
approximately five feet per second to the 
water to insure efficient heat transfer. 
An adequate amount of mercury-con- 
densing surface is provided in the tube to 
maintain a low vapor pressure during 
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overloads and at the same time allow fora 
reasonable variation of cooling-water 
temperature. Sudden increases in vapor 
pressure due to flying mercury droplets 
hitting hot anode and grid surfaces are 
prevented by the addition of a graphite 
splash baffle. The effects of ionization 
and vapor pressure are further controlled 
by suitable shielding in the anode stem 
and by the action of the grids. 
Electrode connections are brought out 
through permanently vacuum-tight insu- 
lation bushings consisting of high-resist- 
ance borosilicate glass sealed to fernico. 
All water-cooled surfaces of this tube 
are made of stainless steel which is highly 
resistant to corrosion. The inner cylin- 
der is formed out of sheet material anda 
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Figure 7. Kingdon—Lawton rotary-switch cir- 
cuit for determining the recovery of grid con- . 
trol following commutation 
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Figure 9. Arc-drop characteristics for cooling- 
water temperature of 30-60 degrees centigrade 
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vacuum-tight seam weld is made by are 
welding. After the anode and grids are 
properly assembled on the anode header, 
it is set into one end of the cylinder and a 
vacuum-tight weld made. The cathode 
header is similarly assembled and welded 
to the other end of the cylinder to com- 
plete the vacuum envelope of the tube. 

At this point the tube receives a very 
rigorous degassing treatment during 
which the mercury is introduced and at 
the end of which it is permanently sealed 
off from the pumping system. 

The outer cylinder, or water jacket, is 
formed from sheet material similar to the 
inner cylinder and its seam is fusion 
welded. After the water nipples are 
welded to it, the outer cylinder is slid over 
the tube and the ends are welded to the 
spacer rings. 


Characteristics and Ratings 


The general sequence of operation of 
the electrodes in the pentode ignitron is as 
follows. A cathode spot is established 
for each conducting cycle by means of one 
of the ignitors. Auxiliary anode current 
starts as soon as the ignitor fires. The 
shield and control grids are then made 
positive, and conduction is established 
first to the shield grid, then the control 
and finally to the anode. Phase control 
is obtained, as described in a companion 
paper’ by simultaneously shifting the 
ignitor, holding ‘anode, and grid voltages; 
or the grid voltage may be shifted with 
respect to the ignitor. 

The introduction of multiple grids in 
the tube design considerably influences 
the tube characteristics. The are drop is 

_ higher than that which is obtained in the 
lower voltage ignitrons. Figure 9 shows 
this characteristic. Some of the increase 


in arc drop is due to the length of are path 
below the grids themselves. The arc 
drop plotted is the average value over the 
conducting period, that is, the are-drop 
wave shape of gas-filled tubes is, in 
general, higher at the beginning of the 
period when there is a deficiency of ions 
and vapor and lower at the end of the con- 
ducting period. These values may vary 
from the mean by one to two volts. For 
the data in Figure 9, the tubes were oper- 
ated in a three-phase single-way circuit 
with resistance load. The are drop was 
measured by means of a cathode-ray 
oscilloscope and amplifier with an in- 
verse-voltage blocking circuit. The ab- 
scissa is the maximum or peak of the cur- 
rent carried. 

The amount of fault current which the 
tube can conduct is shown in Figure 10. 
This characteristic is reduced by the in- 
troduction of multiple grids. Two dis- 
tinct phenomena occur depending on the 
mercury-vapor pressure. At low pres- 
sures corresponding to about 20 degrees 
centigrade, there is a tendency for surges 
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Figure 11. Potential of a probe near the 
cathode used to indicate ion density after con- 
duction 


if the current exceeds to any appreciable 
extent the value indicated. This phe- 
nomena is due to so-called “‘starvation’’ 
of the arc. In effect, all of the gas 
molecules in the grid openings are ionized 
and swept out of the immediate region 
before new molecules can diffuse in from 
the gas outside. The current tends to 
cease abruptly for an instant and this rate 
of current change, in connection with 
circuit inductances associated with the 
current path, generates high voltages. 
It is common practice in mercury-are 
equipment to protect associated trans- 
formers with suitable resistance-capaci- 
tance filters or Thyrite. 

At higher vapor pressures, correspond- 


ing to temperatures of 40 degrees centi- 


grade and above, and higher currents, the 
are drop tends to reach a value where cath- 
ode spots may form spontaneously on the 
walls of the tube. If this happens too fre- 
quently, sufficient metal may be vaporized 
into the mercury pool to cause wetting 
of the ignitors. Higher vapor pressures 
reduce the are drop and increase the fault- 
current capacity, and it is desirable to 
operate the tube at as high a vapor pres- 
sure as is consistent with freedom from 
arc-back or loss of control. The pentode 


ignitron tube was designed to operate at 
the higher temperatures in order to mini- 
mize water-cooling and heat-exchanger 
problems. As a result, however, opera- 
tion at low temperatures is limited. 

In gas-filled tubes having relatively 
large open volumes, ionization is present. 
in this space during all of the inverse 
cycle. It decays rapidly in magnitude 
following the cessation of anode-current 
conduction. Figure 11 shows a drawing 
of a cathode-ray oscilloscope trace of the 
voltage on one of the auxiliary anodes. 
used as a probe. The anode was con- 
nected through a one-megohm resistance 
to a 100-volt negative bias. The voltage 
trace shows clearly the rate of ionization 
decay and the need for the shield-grid 
construction. 

The grid-control characteristics are 


t 


somewhat different from those of the . 


usual thyratron. The ‘‘turn on”’ or firing 
conditions are essentially independent of 
the anode voltage in the range of 1,000 to 
30,000 volts. Both grids must be made 
positive to establish conduction. If 
either is negative, the tube will not con- 
duct. Conduction must first be estab- 
lished to the shield grid and then to the 
control grid. The optimum point for 
this occurs at the peak of the ignition- 
current impulse when an ionization den- 
sity equivalent to the 40- to 50-ampere 
ignitor current is reached. Beyond this. 
point, the ionization corresponds to that 
of the auxiliary-anode current and slightly 
higher shield-grid voltages are required. 
Under ordinary conditions, the shield- 
grid potential to establish conduction is. 
of the order of 15 to 30 volts. Control- 
grid conduction voltages are correspond- 
ingly low. Figure 12 shows the grid- 
circuit control system used in the opera- 
tion test, Figure 6. 

The essential ratings defining the tube 
characteristics are tabulated in Table I. 


Application 


The application of electronic tubes in- 
volves careful co-ordination of the tube 
characteristics with the circuit require- 
ments. The application engineer is con- 
cerned primarily with the over-all per- 
formance of the apparatus. The tube 
engineer must be concerned with the re- 
quirements as the tube sees them. While 
it is necessary to consider the average and 
rms voltages and currents, it is manda- 
tory to consider the instantaneous. 


Figures 13 and 14 show the anode- | 


eurrent and anode-to-cathode-voltage 
wave shapes for a tube in a three-phase 
double-way rectifier and in an inverter. 


The voltage traces are the logical result of 


rectifier and inverter operation in a three- 
phase system. In the case of the rectifier, 
the anode voltage is driven sharply nega- 
tive at the instant the current transfer is 
complete. The resultant arc-back factor 
V(di/dt) and the stress on the tube will be 


high when the voltage is high. It is in- 
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creased with greater angles of retard since 
both the initial inverse voltage and the 
rate of current change increase. The re- 
maining notches in the inverse voltage are 
the result of commutations between other 
tubes. In the case of the inverter, the 
small negative-voltage region represents 
the time for deionization and regaining 
grid control, as well as margin for possible 
phase; -angle changes between the anode 
and grid circuits. Loss of commutation 
in an inverter tube results in a d-c short 
circuit on the rectifier 60 degrees later 
when the second tube on the same phase 
starts to conduct. Sudden voltage 


changes as represented by the vertical 
parts of the curve transiently may effect 
other elements in the circuit or tube. 
Are-backs during the commutation pe- 
tiod, interestingly enough, do not always 
result in loss of control. 


Currents are 


80 VD-C 


Figure 12. Grid circuit used in the operation 
set, Figure 6 
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Ous anode current and anode-to-cathode volt- 
age for a tube in a three-phase double-way 
rectifier circuit 
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small and commutate out at the voltage 
reversal, and the arc does not restrike un- 
less the ionization is high. 

Ample power in the ignition circuits is 
essential to insure complete reliability of 
firing for possible voltage fluctuations or 
changes in the ignitor. A single-cycle 
misfire in a rectifier results only in a par- 
tial loss of output and a corresponding 
increase in duty on the tube which must 
carry current for a longer period. A 
single-cycle misfire in an inverter, how- 
ever, results in a short circuit on the recti- 
fier since the direct current may then flow 
through the two tubes on one phase 
rather than traverse the transformer 
windings. In such a case, recovery is 
obtained by blocking the rectifier through 
ignitor and grid control to stop the direct 
current, and then gradually reapplying 
voltage. The entire cycle requires less 
than one-third second to restore power.1” 

Under certain conditions of residual 
ionization and high voltage, cathode spots 
may be formed in event of an ignitor mis- 
fire. The process is erratic, but the 
mechanism is interesting. If the grids 
are made positive, electrons are drawn 
from the space below the grid. These 
electrons attain considerable energy if 
there is no replenishing source to maintain 
the plasma electron and ion balance. In 
striking the grids they release secondary 
electrons. Ionization follows and the 
gradients established are sufficient to 
form cathode spots on projecting points in 
the cathode section or on the walls of the 
tube. The process is entirely prevented 
if the grids are held negative. Therefore, 
to prevent the possible uncontrolled 
formation of cathode spots the grid circuit 
is energized through one of the auxiliary 
anodes, as described in a companion 
paper.’ The possibility of occurrence is 
remote, but its control illustrates the ex- 
actness which can be obtained when there 
is complete co-ordination between the 
tube and circuit characteristics. 

Ignition, in general, with the excitation 
circuits employed, is both accurate and 
reliable. 

The successful application of an elec- 
tronic tube depends on its performance 
and life. In performance, it must equal 
or exceed that of other devices supplying 
the same function or it must provide some 
unique function in order to merit con- 
sideration. 
matter of economics. In most power- 
conversion applications it is a balance be- 
tween the savings due to the increased 
efficiency of the electronic apparatus and 
the cost of tube renewals. Industrial- 
tube life is excellent and in general results 
in a satisfactory operating cost. Since 
there is no way of running accelerated life 
tests, a conclusive statement cannot be 
made in the case of the pentode ignitron, 
but in view of experience with similar 
tubes and the basic design features in- 
volved, it is expected that an average life 
of at least five years will be obtained. 
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Life then becomes largely a . 


Conclusion 


The development and application of the 
pentode ignitron marks a new and ad- 
vanced step in the program of developing 
electronic tubes for power-conversion pur- 
poses. The performance to date and the 
characteristics of the 20,000-kw electronic 
power converter are described in associ- 
ated papers. Quite obviously, additional 
units could be added to give higher volt- 
ages, and the d-c link itself could be ex- 
tended to form a complete transmission 
system. As experience is gained, the 
tubes themselves will undoubtedly under- 
go design refinements and improvements. 


The development and application of 
any electronic tube is interesting—that of 
the pentode ignitron extremely so. Its 
design and manufacture required the col- 
laboration and the skill of many individu- 
als, and their co-operation and assistance 
is gratefully acknowledged. In any ex- 
tended development of this nature, vision 
and faith are required on the part of man- 
agement and the authors wish to acknowl- 
edge specifically the encouragement and 
assistance of E. F. W. Alexanderson, R. C. 
Muir, and the late C. W. Stone. 
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Synopsis: The study of what happens to 
the proportions of a machine as the size of 
the machine is changed not only is interest- 
ing to imaginative engineers but also is very 
useful in teaching the engineer how best to 
design a particular machine. By under- 
standing the relationship which exists be- 
tween size and any desired useful character- 
istic, it is possible to make better use of ex- 
perience which has been obtained on 
machines of different output in determining 
the probably best proportions of a new de- 
vice. It is the purpose of the present paper 
to point out how relatively complicated 
machines may be compared by a method 
similar to dimensional analysis for the pur- 
pose of establishing such relationships as 
output per pound or output per cubic inch. 
Obviously, the conclusions which will be 
reached by such a study will be different as 
different original assumptions are estab- 
lished and it is therefore important to deter- 
mine carefully what limitations on machine 
performance are really fundamental. Once 
such assumptions have been established 
soundly, it seems possible to arrive at very 
useful dimensional-analysis conclusions in 
connection with relatively complicated 
' machines. 


The Effect of Size on Design 
Proportions 


T is not recorded by Jonathan Swift 
in describing the visit of Lemuel Gulli- 
ver to the island of Lilliput whether Gulli- 
ver observed the difference in engineering 
proportions which must of necessity have 
taken place between the machines of 
people of our size and those of the diminu- 
tive people who inhabited that island. 
If he had reported such differences they 
would have been the inspiration for some 
very interesting engineering philosophy 
concerning changing proportions as the 
dimensions of devices are changed in a 
way similar to that of microphotograph- 
ing V-mail letters. A brief consideration 
of what happens when size is changed will 
show that, for equal performance, the best 
proportions of a machine are seldom the 
same. This idea is visualized easily if 
consideration be given to a simple me- 
chanical structure and the conditions sur- 
rounding the change of its proportions 
as one of its dimensions is changed. 
One of the simplest mechanical struc- 
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tures is that of a bar of structural steel 
suspended from one end and acted upon 
by the force of gravity. In considering 
the characteristics of such a piece of 
mechanism as the length of the bar is in- 
creased, the conclusion shortly is reached 
that it would be impossible to increase 
the length of the bar indefinitely if it be 
presumed that the cross section of the bar 
remain constant. When the structural 
steel bar had reached a length of approxi- 
mately 33,000 feet, or six miles, a further 
increase in the length of the bar would 
cause it to break at the point of support 
under its own weight and it would, of 
course, be incapable of sustaining any ex- 


Figure 1 (left). 
lamination 


rotor 


to zero when each dimension was ins 
creased by 100,000 times. 

An interesting sidelight of the above 
comparison is that it has been found that 
drawn wires of small cross section have a 
greater per unit strength than do drawn 
bars of larger section. For this reason, if 
the cross section of the rod or wire which 
we have been considering were made ex- 
ceedingly small, for example 0.005 inch 
in diameter, the strength of the steel it” 
self might be doubled or even trebled 
without any change in the chemical com- 
position of, the material. We see there- 
fore that, instead of dealing with a con- 
stant for the ultimate per unit strength of 
a material, we actually have to deal with 
a variable which is dependent on size. © 

A slightly more complicated structure 
is that of a uniform flexible rod suspended 
from both ends in such way that the rod 
takes on the shape of a catenary. A brief - 
consideration will show that for a cate- 
nary there must be a definite physical 
limit in the horizontal distance between 
the two supported ends. In other words 
there is a limit to the span of a suspension 


D-c 


with teeth mechani- 


cally weak 


Figure 2 (right). D-c 


lamination 


rotor 


made with lighten- 
ing holes 


ternal load. If, instead of being made of 
structural steel, the bar had been made of 
the rarer tungsten, the per unit strength 
of the material would, of course, be in- 
creased approximately four times, but 
unfortunately the weight of the metal 
also would be increased approximately 
two and one-half times and the length of 
the rod which would be self-supporting 
would be increased only 60 per cent and 
the limit in length, while greater, would be 


.just as definite as for the steel rod. 


We are forced to conclude, therefore, 
that in the case of this particular struc- 
ture one of the dimensions, the length of 
the bar, could not be increased indefi- 
nitely although the sectional dimensions 
of the bar could. It follows, therefore, 
that, if we had a miniature steel bar four 
inches long and 0.0001 inch in diameter 
suspended from one end and we wished to 
increase all dimensions of the bar pro- 
portionally, we could do so until each di- 
mension was multiplied by 100,000 after 
which the bar would break of its own 
weight. Furthermore, as all the dimen- 
sions of the bar were increased, the useful 
load which could be attached to the ex- 
treme end would decrease from an initial 
value of 100,000 times its own weight 


Morrill—Lightweight Aircraft Motors 


bridge, the supporting cables of which are 
of uniform cross section, and this limit 
still will exist even though the best sag 
is chosen and the best structural mate- 
rials are employed. 

In ordet to combat the limitations on 
size which have just been pointed out, ~ 
an engineer immediately would conceive 
the possibility of employing tapered 
sections and by such an engineering trick 
he would be able greatly to extend the di- 
mensional limits to which his structure 
could be produced without failing under 
its own weight. But if the size of his 
structure were permitted to increase in- 
definitely, there would come a time when 
he would find it necessary either to reduce 
the extreme end to a size so small as to 
be useless, or to increase the supporting 
end to.a size so great as to be impractical 
or uneconomical. It seems, therefore, 
that in practical engineering there are 
reasonably definite limits with regard to 
the extent to which we can go in propor- 
tionally enlarging a device and there are 
certainly limits beyond which we cannot 
go without sacrificing greatly-in machine 
efficiency. 

Engineers, because they see so many 
things to do and so many things to be 
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‘improved, are inclined to be busy people. 
Because of their tendency to- be busy 
they seldom take enough time to philoso- 
phize on their problems and thus to recog- 
nize and obtain the best possible use of 
their experience. Ordinarily they are 
concerned more with producing one par- 
ticular design to meet the requirements of 
the problem in hand, and once satisfac- 
tory performance has been attained, they 
tend to lose further interest and proceed 
with the next problem. Where time is 
not too important and competition not 
too severe, the tendency of cumulative 
experience is to produce finally a product 
of substantially the best proportions. 
However, when there is immediate pres- 
sure for an ultimate design of consider- 
ably altered size, the usual specifjc ap- 
proach is likely to be either ineffective or 
expensive. 


Analysis of Proportions of Light- 
_ weight Motors for Aircraft Use 

The recent requirement brought about 
by the pressure of war necessity for many 
different d-c motors of minimum weight 


per horsepower for operating various de-' 


vices on war planes is one in which the 
dimensional-analysis point of view can be 
brought to bear profitably. In determin- 
ing the best proportions for such mo- 

_tors it is necessary to consider the best 
operating speed, the best number of poles, 
and the best relation between diameter 
and length in order that maximum out- 
put per pound may be secured. Because 
-of the current interest in this problem 
insofar as war aircraft are concerned, it 
is one of the purposes of this paper to 
present a method for comparing d-c mo- 
tors of different sizes. Another object of 
the paper is to describe a few of the con- 
clusions which have been reached as a re- 
sult of the study of such motors. 


Basis for D-C Aircraft-Motor Study 


It seems in consideration of the design 

_ of d-ec motors for aircraft that the most 

important problems are specifically the 
following: 


1. What are the best proportions for a d-c 
motor when weight is a prime consideration? 


2. What are the relative horsepower per 
pound values which can be obtained from 
two, four, six, eight, and more poles? 


3. How does the horsepower per pound 


vary with the stacking length? 


4. How does the horsepower per pound 
vary with the size of the motor? 


The structure of a d-c motor is so com- 
plicated as to make it entirely impractical 
to undertake to develop a function which 

‘would express the output of such a motor 
in terms of several independent vari- 
ables, and it is necessary to apply practi- 
cal considerations such as are used in de- 
sign work in order to reduce the problem 
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to one which can be treated analytically. 
Such considerations will be explained 
briefly. 

It is obvious that the more compli- 
cated the structure of a motor (the more 
slots we put in the rotor, for example) the 
less efficient will be the use of the space 
and material which we allot to its con- 
struction. If too many slots are put in 
the rotor (Figure 1), the teeth may be- 
come flimsy, and it may be necessary to 
increase their widths for purely me- 
chanical reasons. In’ addition, since the 
walls of each slot must be insulated in 
preparation for the winding, with a 
larger number of slots the amount of 
space which must be taken for slot insula- 
tion will be greater than for a small num- 
ber of slots.. For this reason it is de- 
sirable to maintain the number of rotor 
slots at a minimum in order to be able to 
crowd into a small space the maximum 
amount of active material. In direct con- 
flict with the desire for a small number of 
rotor slots is the desire for good commu- 
tation, and in order to obtain good com- 
mutation a relatively large number of 
rotor slots must be used. It is necessary 
to use experience and designer’s judgment 
to determine the number of rotor slots 
per pole which constitutes the best com- 
promise. 

The type of mechanical construction 
which is chosen for both the rotor and the 
stator will affect the utilization of mate- 
rial and the over-all size of the motor. 
Consideration must be given to whether 
unused iron under the rotor slots will be 
punched out (Figure 2) in order to lighten 
the rotor, or whether a riveted type, a 
shell type, or some other form of stator 
construction will be used. Once these 
constructional details have been fixed 
upon, it is possible to proceed with the 
analysis by making additional simplifying 
assumptions. 

In order to avoid unnecessary compli- 
cation it is well to confine attention to the 
electric part of the motor and to allow the 
end bells, the ventilation, and the bear- 
ings to intrude only insofar as they af- 
fect the electric construction. Even the 
commutator and brush mechanism may 
be relegated to the sidelines with the as- 
sumption that for any given horsepower 
of output the brushes must be of a certain 
cross section area and the commutator 
must be of sufficient size to receive such 
brushes. On the basis of this point of 
view there will be little difference in com- 
mutator size and weight for a given ma- 
chine output with changes in electric pro- 
portions even with changes in numbers of 
poles. 

If the motor is of the shunt type or is 
compounded only slightly, it can be as- 
sumed that the flux densities in the motor 
will be reasonably constant except for 
armature reaction and that the iron is 
worked very close to the saturation point. 
Under these conditions the performance of 
the motor is very similar to that of a sepa- 
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Figure 3. Calculated curves, output charac- 
teristics versus poles and L/D 


rately excited machine, and the variation 
in output characteristics may be assumed 
to come almost entirely from the varia- 
tion in rotor proportions. 

If we are dealing with a constant field 
flux, the output of a d-c motor is a func- 
tion of the amount of conductivity in the 
rotor winding and is independent of the 
actual number of turns on the winding 
provided the impressed voltage isassumed 
to be adjustable to obtain best motor per- 
formance. In other words, itis unnecessary 
for us to concern ourselves with the ac- 
tual details of the rotor winding itself 
provided we know the resistance of the 
winding corresponding to a given number 
of rotor-winding turns. This point of 
view allows us to take the mean length 
of the rotor turn divided by the total 
area*of the rotor conductors as a measure 
of the output of the rotor. 

If by design modification it becomes 
possible to increase the field flux of a d-c 
motor, the effect is to cause the motor to 
run more slowly unless there is a propor- 
tional increase in the voltage impressed 
upon the rotor. Since the speed is usually 
a part of the specifications, it would be 
normal either to modify the rotor winding 
or to increase the impressed voltage by 
such an amount as to maintain the speed 
of the motor at the same value as before 
the increase in the field flux. If the volt- 
age per turn of the rotor be modified to 
maintain constant speed, the actual rotor 
resistance per impressed volt will vary in- 
versely as the square of the field flux, and, 
consequently, the output of the rotor also 
will vary as the square of the field flux. 

From the above considerations the com- 
plete expression for the output of a con- 
stant-flux d-c motor operating at con- 
stant speed is 


Output = (field flux)? X (rotor conductivity) 
(1) 


From the above expression it is pos- 
sible to start with a rotor diameter and 
stacking length chosen to give approxi- 
mately the output desired and to lay out 
within that diameter a series of rotor 
punching designs differing from one an- 
other by the width of the rotor teeth and 
other changes which follow consistently 
therefrom. On the assumption that the 
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flux density will be maintained constant 
in the rotor teeth by varying the field 
strength, it is possible to express the rotor 
output as the product of the square of the 
total rotor-tooth section by the total use- 
ful rotor-slot area divided by the rotor 
mean length of turn, In this way the 
relative merits of a series of rotor designs 
can be determined without the labor of 
calculating each specifically and in detail. 
By plotting a curve in which the above 
product is the ordinate and the width 
of the rotor tooth the abscissa, it is pos- 
sible to select the particular rotor design 
which will give the maximum possible 
output within the assumed dimensions. 
With a change in the assumed stacking 
length it would be expected that the rotor 
punching design would change somewhat 
in order to secure the best proportions, al- 
though actual trials, fortunately, show 
that the effect of stacking length on the 
best punching design is not very pro- 
nounced. Once the best proportions for 
a rotor having a given ratio of diameter 
to stacking length have been determined 
it can be shown that a proportional 
change in all dimensions of the rotor will 
not affect the condition of maxima, In 
other words, if a certain rotor design 
having an outside diameter of D is found 
to be the best design for a given stacking 
leagth, L, then a rotor having every di 
mension reduced to one half the size of 
the first mentioned rotor will be found to 
have the best proportions for a rotor of 
that diameter and length. With this in 
mind it is possible to apply dimensional 
analysis to the rotor design and thus com 
pare rotors having different sizes but 
which are otherwise similar. 

The dimensional equation correspond- 
ing to the field flux of a rotor with satu 
rated teeth is 


Field flux =? (2) 


The dimensional equation correspond- 
ing to the conductivity of a rotor winding 
as already defined is 


Conductivity =L?/L=L (3) 


By substituting the dimensional values 
for flux and conductivity in equation 1, 
the dimensional equation for output is 


Output = (L2)? XL = Ls (4) 

The dimensional equation for weight is: 
Weight = 1 (5) 
L =(weight)'/# (6) 


When equation 6 is substituted for L 
in equation 4, we learn the output in terms 
of the weight, which is 


Output = (weight)'/* (7) 


Wquation 7 shows that the output of a 
motor under the conditions assumed is 
not linear with the weight as often is as- 
sumed, but instead varies as the %/s 
power of the weight. In other words the 
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Figure 4. Calculated curve, maximum output 
characteristic versus number of poles 


larger a motor becomes, the greater will 
be its output per pound. In order to 
compare two different designs it is neces- 
sary to reduce them to two designs of 
equal weight. This may be done by 
dividing the output of a design by the °/, 
power of its weight, which is equivalent 
to reducing the design to a proportional 
one having a weight of one pound. On 
this basis, the dimensionless number 
which measures the output per pound of 
any design under the conditions assumed 
is 


Design effectiveness = output/(weight)'/# 


(8) 


By making a series of designs, as pre- 
viously suggested, to determine the best 
design for a given diameter and length of 
rotor and then repeating the operation for 
other ratios of L/D, it is possible to plot 
desiyn effectiveness figures and to learn 
what ratio of L/D gives the maximum 
output per pound for a motor of any given 
number of poles. A similar investigation 
for other numbers of poles permits plot- 
ting a curve showing the maximum out- 
put per pound as a function of the num- 
ber of poles of the motor. 

It is not the purpose of the present 
paper to go into the laborious side of the 
problem, but only to indicate in a general 
way the method to be followed in making 
an analysis of this sort and to show the 
types of curves which are obtained in such 
an investigation, These curves are given 
in Figures 3 and 4. 


Effect of Speed on Output 


In many cases because of the use of a 
gear train, the speed at which an aircraft 
motor operates will be left to the judg- 
ment of the designer of the motor and 
the gear train. Under such conditions it 
is desirable to be able to compare the 
over-all weight of a high-speed motor 
driving a long gear train with a low- 
speed motor equipped with a shorter 
train. The foregoing discussion furnishes 
the means for making such a comparison. 

The speed of a constant-flux d-e motor 
can be increased by increasing the volts 
per turn which are impressed on the rotor 
winding. If the volts per turn are in- 
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creased in ratio a, the increase may bé! 
accomplished by reducing the number 
rotor turns in ratio 1/a. Since a redue- 
tion in turns produces a corresponding re- 
duction in length of conductor and, in 
addition, a corresponding permissible 
increase in the area of the conductor, the 
actual resistance of the rotor will be re- 
duced in ratio 1/a*, If the duty cycle is 
so short that heating is not a limit in the 
motor performance, the change in speeds 
will be accompanied by an increase in 
output which is proportional to the square 
of the change in the volts per turn. In 
other words, where heating is not a limit 


Output =speed? (9) 


Of course, it will be noticed that an in- 
creagg in the speed of a motor should 
change the ratio of the weight of the com- 
mutator and brushes to the weight of the 
active material of the motor and there- 
fore should modify by that amount any 
conclusions which are reached in connec- 
tion with the active material of the motor. 

If the temperature of the rotor be a 
limit, it is necessary to maintain the same 
current density in the rotor regardless of 
the speed. In such case, the output of 
the motor would be directly proportional 
to the speed, and for a given motor size 
and constant rotor current density, we 
might write 


Output = speed 


(10) 


It depends upon whether the duty cycle. 
of the motor is short or long which of the 
foregoing two relationships will be as- 
sumed to exist and, if temperature is not 
a limit, a more complete expression to be 
used in comparing the output of two mo- 
tors than that given in equation 8 might 
be written as follows: 


Design effectiveness = [output + i 
(weight)'/*|(speed)* (11) 


Conclusions 


It is especially interesting to notice that 
under the assumed conditions there is a 
considerable advantage in output per 
pound in increasing the number of poles 
of a motor until eight or ten poles have 


been reached, Beyond this point there is | 


relatively less improvement to be gained 


by increasing the poles, and manufactur- _ 


ing considerations and considerations of a 
practical nature dictate that no more 


“poles than are necessary to accomplish 


the desired result should be used, 

In considering the value of the curves 
which have been obtained by the ad- 
mittedly high-handed method of analysis 
which has been proposed herein, there 
may arise questions concerning the va- 


lidity of the conclusionsinconnection with — 


motors other than the constant-field 
shunt type of motor which hag been dis- 
cussed. It probably might be better to 
start with different and perhaps more 
complicated original assumptions in the 
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DRY-TYPE transformer may be 

defined as a transformer devoid of all 
liquids and one whose core and coils and 
associated parts are cooled by the natural 
or forced circulation of air. 

Dry-type air-cooled transformers are 
not new; in fact, the first transformer 
ever built was of dry-type design. How- 
ever, until a relatively recent date, dry- 
type transformers have been usually of 
small kilovolt-ampere rating and low 
voltage, or of relatively large size of the 
air-blast type. These transformers have 
been constructed with organic insulating 
substances, known as class A insulation. 
Class A insulation is not fireproof. 

In 1936, a new kind of dry-type trans- 
former was developed. These trans- 
formers are now built in ratings as large 
as 4,000 kva and they are cooled simply 
by the natural circulation of air through 
their core and coil structures. With 
forced-air cooling the capacity of these 
transformers may be increased materially. 

These dry-type transformers are ex- 
plosion-proof and essentially fireproof 
because their major insulation is princi- 
pally. air and porcelain, In fact, their 
insulation structures are made up largely 
of inorganic substances, such as porcelain, 
glass, asbestos, and mica, or combinations 
of these and other substances, bonded 
together with a heat-resisting varnish. 
Combinations of these substances are 


now defined in American Standard C-57.1 
as class B insulation. 


Temperature Limitations 


Briefly stated, the present definition 
of class B insulation covers inorganic sub- 
stances such as mica, asbestos, and fiber 
glass in built-up form with organic bind- 
ing substances. A small portion of class 
A materials may be used for structural 
purposes provided the electrical and 
mechanical properties of the insulating 
structure are not impaired by a con- 
tinuous temperature of 130 degrees centi- 
grade. 

Although the continuous temperature 
limit specified for class B insulation was 
established some time ago at 130 degrees 
centigrade it is obvious from the definition 
of class B insulation that there might be 
different combinations of organic and in- 
organic substances that would have tem- 
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perature limits varying over a consider- 
able temperature range. This is further 
indicated in ATEE Standards number 1 
by the statement: ‘‘Materially higher 
‘hottest-spot’ temperatures may be satis- 
factory for particular forms of class B 
insulation, . . .”’ Consequently, it has 
been recognized that certain combina- 
tions of these substances will withstand 
higher operating temperatures than 130 
degrees centigrade. Such a combination 
of insulating materials has been used in 
developing the dry-type transformer de- 
scribed in this paper. 

Now, let us consider just how these 
insulating materials are used in the con- 
struction of these transformers so that 
they will give satisfactory service over 
long periods of time even though under 
sustained rated load their ‘‘hottest-spot”’ 
copper temperatures may be in excess of 
130 degrees centigrade. 

Figure 1 is a photograph showing the 
structural detail of the type of winding 
commonly used in these transformers for 
operating voltages up to 5,000. Figure 
2 shows the type of winding used for 
voltages above 5,000 and up to and in- 
cluding 15,000. 

Winding conductors are insulated with 
glass or asbestos. Sections of the high- 
and low-voltage windings are separated 
by porcelain, mica, or asbestos. High- 
voltage windings are supported on por- 
celain. Porcelain is used to center the 
high- and low-voltage winding assembly 
on the core. Porcelain spacers form large 
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consideration of the series motor and per- 
haps even in the consideration of a shunt 
type of motor in which the armature re- 
action very seriously affects the field dis- 
tribution. However it is true that for 
motors of the aircraft type it probably 
will be found that under the normal op- 
erating conditions the strength of the 
series field is so great as substantially to 
saturate the magnetic structure of the 
motor and to produce conditions more 
nearly like those proposed in this discus- 
sion than might appear at first glance. 


It is probably also true that there is 
enough similarity between a series motor _ 


and a shunt motor to make the end result 
of an individual study of each reach ap- 
proximately the same conclusion. 

- The procedure outlined in the paper has 
not included the study of the field struc- 
ture of the machine, although, actually, 
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work which already has been carried out 
did include the field structure in order to 
complete the story and obtain an accu- 
rate picture of the output per pound of 
active material in the motor. 

It is believed that the conclusions which 
have been reached in connection with the 
study should make it possible to compare 
motors of this type which differ greatly 
from one another in size more accurately 
than by the more conventional D?L 
method of comparing designs. 


General Comments 


As mentioned originally in connection 
with the. comments on proportions of 
mechanical structures, there are factors 
which dictate that as the size of an elec- 
trical machine is increased indefinitely 
its proportions must change. For this 
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reason, a study of machine effectiveness 
made over a considerable range in size 
must be accompanied by a review at in- 
tervals of the design limitations to make 
certain that a factor which was impor- 
tant in a small machine does not become 
negligible in a large machine or vice versa. 

One important factor which was 
omitted purposely from the present study 
was the effect of iron loss. Such loss 
will be seen to vary in respect to the out- 
put as the output is increased while the 
flux density is maintained constant; be- 
cause with flux density constant the iron 
loss will vary as the first power of the 
weight, whereas the output has been 
shown to vary as the °/3* power of the 
weight. With two similar machines dif- 
fering in size the iron loss of the large 
machine should be less important in com- 
parison with the output. 
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air-ducts between sections of the high- 
voltage winding and between the low- 
voltage winding and the core. A clear 
cylindrical duct of air separates the low- 
voltage winding from the high-voltage 
winding. Dirt which falls into this high- 
potential area simply drops through to 
the bottom of the transformer case, Hori- 
zontal creepage surfaces in high-potential 
areas are eliminated. High-voltage and 
low-voltage leads are supported on or 
terminated in porcelain insulators. 
Figure3 shows a cross section of a low- 
voltage and high-voltage winding and the 
insulation structure. The windings are 
individually treated with a heat-resisting 
thermoset varnish and baked at a high 
temperature. The core and winding 
assemblies are also treated with the same 
heat-resisting varnish and baked at a 
high temperature which eliminates the 
residual volatile matter. ‘This treatment 
imparts a smooth, tough, glossy finish to 
the complete structure which makes it 
highly resistant toheat, dirt, and moisture. 
Glass, an inorganic substance, is highly 
resistant to temperature. It is also essen- 
tially nonhygroscopic. However, in or- 
der to insulate copper suitably with glass 
for use as a winding conductor, it is neces- 
sary to bond the glass fibers and fila- 


/ 


Figure 1. Structural 

detail of a barrel- 

type low-voltage 
winding 


Figure 2. Structural detail of a disk-type 
high-voltage winding 
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ments mechanically to the copper. This 
bond imparts the mechanical stability 
required to use the insulated conductor in 
winding coils and assembling them into 
transformers. Tests made on windings 
treated with this bond show that it will 
withstand continuous temperatures of 
the order of 160 degrees centigrade for 
long periods of time with but little loss of 
its mechanical cementing properties. 
The insulation is not materially affected 
by an amount of moisture that may be 
expected under operating conditions. 
Operating experience has confirmed that 
it is not necessary for the varnish to retain 
its original properties fully during the 
operating life of the transformers, as will 
be shown later. 


Temperature Distribution 


Let us now consider what theoperating 
temperatures of the windings and the 
insulation structures may be and how the 
transformers are assembled to withstand 
these temperatures. 

According to American Standard C-57.1, 
dry-type transformers constructed with 
class B insulation (combinations of organic 
and inorganic substances) are permitted 
to operate at a continuous average copper 
temperature rise of 80 degrees centigrade, 
measured by the resistance method, 
With the present maximum permissible 
temperature of 130 degrees centigrade 
for class B insulation and with an am- 
bient temperature of 40 degrees centi- 
grade the hottest-spot copper allowance 
in a transformer would be only 10 degrees 
centigrade, This seems inconsistent be- 
cause even in properly designed dry-type 
transformers of small kilovolt-ampere 
rating, aside from those of large kilovolt- 
ampere rating, relatively high tempera- 
ture gradients may exist and it is not 
practicable to limit the hottest-spot al- 
lowance to 10 degrees centigrade. 

If we consider the actual temperatures 
to which the insulation of a dry-type 
transformer may be subjected, it is neces- 
sary to recognize the existence of tem- 
perature gradients within the trans- 
former itself. The insulation nearest 
the winding copper is necessarily sub- 
jected to higher temperatures than the 
insulation physically removed from the 
copper. Thus the turn insulation, 
directly in thermal contact ‘with the 
copper, is, for all practical purposes, stub- 
jected to the same temperatures as the 
copper. On the other hand, insulating 
barriers which are not in thermal contact 
with the copper will be at appreciably 
lower temperatures than the windings. 

To obtain data on temperature gradi- 
ents within dry-type transformers, tests 
have been made on model winding assem- 
blies, representative of small as well as 
large transformers, and on actual trans- 
formers, to determine (a) copper tempera- 
tures and their distribution in the wind- 
ings of transformers as representative of 
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“ 
the insulation in direct contact with 
the copper, and (b) temperatures of 
the insulating barriers in transformers as 
related to the copper temperatures and 
the space between the copper and the 
barriers. 

Figure 4 shows a model winding assem- 
bly on which a series of tests were made 
by passing a certain current through the 
winding until steady temperature condie 
tions were obtained and recorded by ther- 
mocouple readings, ‘Thermocouples were 


HIGH-VOLTAGE CONDUCTOR 
GLASS INSULATORS 


LOW: r VOLTAGE INSULAI TING BARRIER iF 


Figure 3. Cross section of the low-voltage’ 
and high-voltage winding and the insulation 
structure 


, 


used because they afford the most suit- 
able experimental means of measuring 
local temperatures. 

The winding assembly consisted of 
three sections, cach section 15 inches 
long: The three sections could be used 
either separately or stacked one upon the | 
other, thus giving three effective winding 
lengths. The width of the cooling duet 
separating the winding from the insulat- 
ing barrier was made variable by using 
barriers of different diameters, Thermo- 
couple junctions were soldered to the » 
copper conduc tors. <A three-quarter- 
inch retaining collar at the ends of each» 
section reduced the effective length of the 
winding assembly to 131/, inches per 
section, 

In all these tests, it was found that the 
hottest-spot copper temperature is lo- 
cated at a distance of 10 to 15 per cent 
below the top of the winding, the higher 
value applying to the wider ducts. For 
any specific duct width andslength, the 
hottest-spot copper temperature rise was 
found to be proportional to the average 
copper temperature rise, thus giving a 
constant value for the ratio of the 

\ Tas 
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hottest-spot copper temperature rise to 
the average copper temperature rise. 
This ratio was found to vary with the 
width and length of the air duct separat- 
ing the winding from the insulating bar- 
rier. This is shown in Figure 5. The 
highest value was 1.36 for the longest and 
narrowest duct. 

Due to the presence of a radial gradient 
and areduced radiation at the ends of the 
winding because of the retaining collars, 
the ratio of the hottest-spot copper tem- 
perature rise to the average copper tem- 
‘perature rise may be expected to be 
greater in the windings of actual trans- 
formers when compared with that ob- 
tained in the model winding. 

To determine the location of the hot- 
test-spot temperature in the windings of 
actual transformers, a series of tests was 
made on a 300-kva 2,400-volt single- 
phase transformer, and on several 500- 
to 800-kva 13,800-volt three-phase trans- 
formers. All of these transformers had a 
pancake or disk-type outer high-voltage 
winding with three-eighths-inch air ducts 
separating the disk sections. A three- 
eighths-inch air duct separated the in- 
side of the winding from the outside of 
its insulating barrier. The inner or low- 
voltage windings were of the cylindrical 
or barrel type of two- and four-layer con- 
struction having air ducts from five- 
eighths inch to seven-eighths inch wide, 
separating the layers from each other, 
and from the inner and outer insulating 
barriers. 

The 300-kva transformer had a number 
of thermocouples placed in the low- 
voltage and high-voltage windings, the 
object being, primarily, to locate the 
hottest spot. Tests made on this trans- 
' former show that for the same average 
temperature in each winding, the upper 
portion of the inner or low-voltage wind- 
ing is considerably hotter than the hottest 
part of the outer or high-voltage winding, 
thus definitely locating the hottest-spot 
of the assembly in the upper part of the 
inner winding. A study of the radial 
temperature distribution in the inner 
winding shows the existence of a tem- 
perature gradient from layer to layer 
with the highest temperature in the 
outer layer. 

The highest value of the ratio of the 
hottest-spot copper temperature rise to 
the average copper temperature rise re- 
corded for natural draft operation on the 
500- and 800-kva transformers, was 1.41. 
With forced-air operation of these trans- 
formers and with the same average copper 
temperature rise, the value of this ratio, 
in general, may tend to be somewhat 
higher. In particular, this may be due 
to the more turbulent action of the air 
which exists with high air velocities. 
In an extreme case, however, a high value 
of the ratio of the hottest-spot copper 
. temperature rise to the average copper 
temperature rise may be traced to an 
unequal distribution of the air flow be- 
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tween the phases of the transformer and 
a consequent inequality of the average 
copper temperature in the different 
phases. 

A comparison of actual copper and 
barrier temperatures obtained is as fol- 
lows: Based on an average temperature 
rise of the windings of 80 degrees centi- 
grade as determined by the resistance 
method, the hottest-spot copper tempera- 
ture rise will range from approximately 
100 to 115 degrees centigrade. With 


WINDING 
AIR DUCT 


HEAT 
INSULATING 
ENCLOSURE 


FIN, BARRIER 


15 IN. FELT 
FIL! ER 


THERMOCOUPLES 


Figure 4. Model winding and barrier assem- 
bly used for temperature distribution tests 


an ambient temperature of 40 degrees 
centigrade the hottest-spot temperature 
of the copper will range from approxi- 
mately 140 to 155 degrees centigrade. 

Data obtained on the model winding 
assembly, Figure 4, show temperatures 
on the surface of the insulating barrier 
adjacent to the winding but separated 
from it by air ducts of variable widths. 
Figure 6 shows a typical temperature dis- 
tribution in the winding and the barrier 
with a one-half-inch-wide air duct sepa- 
rating the winding and the barrier, Ex- 
pressed as a fraction of the hottest-spot 
copper temperature rise, the value of 
the barrier hottest-spot temperature rise 
varies from 0.58 to 0.73. 

It has been shown that the barrier 
insulation in these transformers will oper- 
ate at appreciably lower temperatures 
than those of the windings. See Table I 
and Figure 6. From these data, it may 
be noted that the hottest-spot tempera- 
ture of the barrier insulation in properly 
designed dry-type transformers having 
an 80-degree centigrade average winding 
temperature rise as measured by the 
resistance method will be approximately 
115 degrees centigrade; that is, it will 
range from 25 to 40 degrees centigrade 
below the hottest-spot winding tempera- 
ture. Life tests on the barrier insulation 
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used in these transformers show that it 
will withstand a continuous temperature 
of 130 degrees centigrade without detri- 
mentally affecting its electrical and me- 
chanical strength. 

It is important to note that none of 
the insulation which may reach a tem- 
perature in excess of 130 degrees centi- 
grade is subjected to line-to-line or line-to- 
ground voltage stresses. The voltage 
where temperatures above 130 degrees 
centigrade may occur is limited to wind- 
ing turn-to-turn stresses which do not 
exceed 80 volts. 


Service Tests 


A 500-kva 13,800-volt three-phase dry- 
type transformer was moved outdoors 
and given a rain test for 16 days with a 
water spray having a precipitation of 0.2 
inch per ‘minute applied continuously 
around the case. The case had screened 
openings in the bottom and the top. 
The transformer carried no load but was 
excited at 13,800 volts for 16. out of each 
24 hours. During the period without 
excitation, the rain test was continued. 

After this extreme test, lasting for 16 
days, the transformer was subjected to 
the standard dielectric test of 31,000 volts 
from the high-voltage winding to the 
low-voltage winding and to ground for 60 
seconds with no signs of distress what- 
ever. While these dry-type transformers 
are intended only for indoor application 
where very little moisture is likely to be 
present, these results are reassuring when 
condensation or the effects of high 
humidity during installation and opera- 
tion are considered. 

A 150-kva 2,400-volt three-phase dry- 
type transformer, enclosed by an open- 
screened case, has been under test for 
more than 20 months, supplying power 
for the operation of motors and other 
equipment. The load cycle begins each 
week at 8:00 a.m. on Monday. The test 
is conducted in a relative humidity of ap- © 
proximately 95 per cent and at a room 
temperature varying from 32 to 50 de- 
grees centigrade. At 4:00 p.m. each day, 
through Monday to Saturday, the load is 
removed but the transformer is kept’ 
energized and left to ‘‘soak’’ overnight. 
From 4:00 p.m. on Saturday until 8:00 
a.m, on Monday, the transformer re- 
mains energized and the 95 per cent rela- 
tive’ humidity is maintained. Under 
these extreme conditions this transformer 
has given continuous service and there 
are no indications of a deterioration of 
the varnish or of the insulation. The 
test is being continued. ' 

Another dry-type transformer, en- 
closed by a sheet-steel case with louvers, 
having a normal rating of 480 volts, has 
been subjected to temperature and mois- 
ture tests for more than 2,000 hours, 
operating under the following cycle. 
The load was adjusted so that the average 
maximum continuous winding tempera- 
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ture, determined by thermocouples, is 
175 degrees centigrade. The load is 
maintained for 16 of each 24 hours dur- 
ing five days of each week. At the end 
of each 16-hour load period, a water spray 
is directed against the transformer case 
for five minutes. Following this, the 
transformer is allowed to stand eight 
hours of each day without power applied. 
At the end of each weekly cycle, im- 
mediately following the last 16-hour load 
period, the standard dielectric test of 
4,000 volts is made from the high-voltage 
winding to the low-voltage winding and 
to ground. Following this test, the 
water spray is applied for five minutes. 
The transformer then remains de-ener- 
gized for 56 hours when power its again 
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applied and the weekly test cycle is re- 
peated. 

A careful examination of the trans- 
former’ after the 2,000-hour test period 
disclosed some deterioration of the var- 
nish but no insulation failures have oc- 
curred nor were there any indications 
of a decrease in the dielectric strength 
of the insulation. The test is being 
continued, 


Operating Experience 


Many transformers of this type have 
been in continuous operation for more 
than seven years. Today, there are 
nearly 2,000 transformers in service 
totaling approximately 1,000,000 kva. 
Never has a breakdown of the winding 
insulation occurred in any of these trans- 
formers which could be directly attrib- 
uted to an excessive hot-spot winding 
temperature, an accumulation of dirt, 
the effects of condensation, or operation 
in a humid atmosphere. 


‘With nearly 2,000 transformers in 
operation, four transformers have failed 
in service. It is of interest to note the 
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cause of these: failures, the resulting 
damage to the windings of the trans- 
formers, and what was necessary to put 
the transformers back into service. 

A 600-kva three-phase 6,900-volt dry- 
type transformer flashed over as the 
result of a severe lightning surge. The 
voltage impressed on the high-voltage 
winding was estimated to be in excess of 
100 kv. Connected directly to the 
secondary of a large bank of power 
transformers, this dry-type transformer 
had no lightning protection of any kind. 
The high-voltage winding was severely 
damaged; the line leads and a consider- 
able portion of the winding were fused 
because the system breaker permitted 
arcing for a considerable period of time. 
It is interesting to know that neither an 
explosion nor a fire occurred. It was 
necessary to replace the windings. 

A 1,000-kva three-phase 13,800-volt 
dry-type transformer was temporarily 
put out of service because of a lightning 
surge. However, in this case, flashover 
occurred across two plain rectangular 
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Figure 6. Typical curve of the temperature 
distribution in one section of a model winding 
assembly, showing the relation between the 
winding and the barrier temperatures for a 
one-half-inch duct width 


porcelain insulators which were used to 
support the high-voltage leads, As a 
secondary result, a small are occurred 
at one point between the two outer turns 
of the top high-voltage coil section of 
one phase. The turn insulation was only 
slightly damaged. Permanent repair of 
the winding was made and the trans- 
former was put back into service within 
two hours after the failure. Later, the 
rectangular-shaped porcelain insulators 
were replaced with round corrugated in- 
sulators. 

Two other dry-type transformers failed 
after short periods of service. One fail- 
ure was caused by a short-circuit be- 
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tween two adjacent turns in the high- 


pi 
ve 
voltage winding, apparently the result of 
a poor joint which punctured the insula- 
tion. Repair was effected easily and 
quickly. The other transformer outage 
was caused by the flashover of a porce- 
lain lead support which may have been 
due to an excessive accumulation of 
conducting dirt. The only repair neces- 
sary was to replace the lead support. 

There have been instances where a” 
number of these dry-type transformers _ 
operated at overloads ranging from 150 
to 200 per cent of rated load for con- 
tinuous periods of time in excess of 24 
hours. The windings must have been 
subjected to temperatures appreciably 
in excess of 160 degrees centigrade. 

For instance, a bank of 150-kva 4,000- 
volt transformers carried in excess of 
150 per cent of rated load for a period of 
nearly three days. This overload oc- 
curred nearly four years ago. A careful 
inspection of these transformers did not 
indicate any noticeable deterioration of 
the insulation. These transformers have 
continued to give uninterrupted service. 

Two years ago, another bank of dry- 
type transformers carried approximately — 
double load for more than 24 hours. 
These transformers have continued to 
operate without any ill effects of this 
heavy overload. 

A 600-kva 13,800-volt three-phase 
dry-type transformer, after having been 
in service over one year, was operated 
at 200 per cent of rated load for a period 
of 30 hours. It is estimated that the 
maximum temperature of the windings 
was in excess of 225 degrees centigrade. 
No failure occurred and the transformer is” 
continuing in service. ; 


Conclusions 


Because the major insulation of these 
dry-type transformers is primarily air, 
it is unaffected by temperatures within 
the operating range. 

There are available special winding- 
conductor insulations which come within 
the scope of the present definition of 
class B insulation. These conductor 
insulations will withstand satisfactorily 
hottest-spot temperatures in excess of 
130 degrees centigrade. Other parts of 
the insulation structure are subject to 
temperatures which are well within the 
established limits for the materials used. 

Experience with dry-type transformers 
of this type operating under extremely 
humid conditions show that the effects 
of moisture are not a limiting factor. | 

Tests on these transformers, together 
with an operating record of more than 
seven years, give ample proof that these 
modern dry-type air-cooled transformers 
operating’ under normal as well as the 
usual abnormal conditions of service,.may _ 
be expected to give continuous reliable 
service. ae) 
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HIS interim report was prepared 

by the working group on _bibliog- 
raphy of the relay subcommittee of the 
AIEE committee on protective devices, in 
order to make immediately available this 
material to the entire industry. Pre- 
viously it has been available only to the 
telay subcommittee in annual reports and 
then published at ten-year intervals. 
However, it was felt that the urgency of 
the relay problems brought about by the 
war emergency makes it desirable to have 
this information more generally available. 

A “Bibliography of Relay Literature, 
1927-1939” was published in pamphlet 
form in July 1941 and in the AIEE 
TRANSACTIONS, Volume 60, 1941, pages 
1435-47. 

The articles listed in this bibliography 
(1940 to 1943) include all those appearing 
in the AIEE TRANSACTIONS or ELEC- 
TRICAL ENGINEERING as well as in most 
of the chief technical publications of the 
world from January 1940 through Decem- 
ber 1943. These articles are subdivided 
into several sections. In each section the 
entries are numbered consecutively and 
listed alphabetically by years, the first 
significant word of the title determining 
the alphabetical position. 


Section A. Line Protection— 
Distance 


1942 


1. Distance Protection, F. J. Lane. Electric 
Times (London, England), volume 102, August 20, 
1942, pages 256-9; August 27, 1942, pages 296-9. 


1943 


2. Distance RELAY PROTECTION FOR SUBTRANS- 
MISSION LiInES MaprE EconomicaL, L. J. Audlin, 
A. R. van C. Warrington. AIEE TRANSACTIONS, 
volume 62; 1943, September section, pages 574-8. 


3. Distance ReLayinc WitTH Low-TENSION 
PotentTiAts, J. L. Blackburn. Westinghouse Engt- 
neer, volume 3, May 1943, pages 61-4. 


4, PERFORMANCE REQUIREMENTS FOR RELAYS ON 
UnvusuaLtty Lonc Transmissron Lines, F. C. 
Poage, C. A. Striefus, D. M. MacGregor, E. E. 
‘George. AIEE TRANSACTIONS, volume 62, 1943, 
June section, pages 257-83. Discussion, page 422, 


5, PROBLEM—SOLUTION—TESTS IN RELAYING 
270-Mive 154-Kv Line. Electric Light and Power, 
volume 21, February 1943, pages 36-41. 


6. PROTECTIVE RELAYING FOR LONG TRANSMIS- 
ston Lines, A. R. van C. Warrington. AIEE TRANs- 


Se 
Paper 44-104, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
_AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 10, 
1944; made available for printing May 10, 1944. 


Personnel of working group preparing this interim 
‘report: C. E. Parks, H. F. Lindemuth, S. Gold- 
-smith, C. L. Smith, George Steeb. 
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ACTIONS, volume 62, 1943, June section, pages 261-8, 
Discussion, page 427. 


Section B. Line Protection—Pilot 
Wire and Carrier Current 


1940 


1. CARRIER-CURRENT LossES MEASURED AND 
INTERFERENCE MINIMIZED ON BOULDER Dam— 
Los ANGELES TRANSMISSION LinEs, J. D. Laughlin, 
W. E. Pakala, M. E. Reagan. AIEE TRansac- 
TIONS, volume 59, 1940, January section, pages 4-9; 
discussion, page 9. 


2. CARRIER-CURRENT RELAYING IMPROVED, S. L. 
Goldsborough. Electrical World, volume 113, 
January 1940, page 156. 


1941 


8. AN ImMpRovep A-C PrLrot-WirE RE ay, J. H. 
Neher, A. J. McConnell. AIEE TRANSACTIONS, 
volume 60, 1941, January section, pages 12-17. 
Discussion, page 638. 


4, POSSIBILITIES AND MertTHODS OF EXTENDING 
CARRIER-CURRENT RELAY CHANNEL TO OTHER 
Usss, R. M. Smith, S. L. Goldsborough. AIEE 
TRANSACTIONS, volume 60, 1941, January section, 
pages 23-7. Discussion, page 645, 


5. POWERTON-CRAWFORD 220-Ky LInE—Sys- 
TEM OPERATING FEATURES AND TERMINAL DE- 
sion, H. E. Wulfing, T. G. LeClair. AIEE Trans- 
ACTIONS, volume 60, 1941, pages 1084-9; discus- 
sion, page 1304. 


6. Supervisory Crrcuir CHECKS RELAY SysTEM, 
R. M. Smith. Electrical World, volume 115, May 3, 
1941, page 1507. 


7. SUPERVISORY CIRCUIT PERFORMS DOUBLE 
Durty, M. A. Bostwick. Electrical World, volume 
115, June 28, 1941, page 2236. 


1942 


8. CARRIER-CURRENT RELAYING AND COMMUNI- 
CATION ON THE TVA System, M. S. Merritt, T. D. 
Talmage. ELEcTRICAL ENGINEERING, volume 61, 
November 1942, pages 561-72. 


9. CARRIER-CURRENT SoLtves TVA RELAYING 
AND COMMUNICATIONS PRoBLEMs, M. S. Merritt, 
T. D. Talmage. Electric Light and Power, volume 
20, September 1942, pages 48-57. ; 


10. MULTICHANNEL CARRIER-CURRENT FAcILi- 
TIES FOR POWER Line, P. N. Sandstrom, G. E. 
Foster. AIEE Transactions, volume 61, 1942, 
Februaty section, pages 71-6, Discussion, page 
469. | 


11. PROTECTION OF PiLoT-WiRe Circuits, E. L. 
Harder, M. A. Bostwick. AIEE TRANSACTIONS, 
volume 61, 1942, September section, pages 645-51. 
Discussion, page 996. 


12. Revay Ams Use or 3-TERMINAL LINES. 
Electrical World, volume 118, August 22, 1942, page 
638. 


13. Sracep Fautt Tests on 154-Kv Line. 
Electrical West, volume 118, November 21, 1942, 
page 1708. S 


1943 


14. A New-Type CarrigR RELAY PROTECTION 
E. M. Wood, H. W. Haberl, F. A. A. Baily. AIEE 
TRANSACTIONS, volume 62, 1943, December sec- 
tion, pages 774-9. 


15, Prtot-Wrre CIRCUITS FOR PROTECTIVE RE- 
LAYING—EXPERIENCE AND PRACTICE, AIEE com- 
mittee on protective devices. AIEE ,Transac- 
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Trons, volume 62, 1943, May section, pages 210-14, 
Discussion, page 380. 


16. Prrot-WirRE RELAYING ON A METROPOLITAN 
System, T. G. LeClair, E. L. Michelson. AIEE 
TRANSACTIONS, volume 62, 1943, August’ section, 
pages 511-15. 


17. PROTECTION OF THREE-TERMINAL LINES, 
M. A. Bostwick, E.L. Harder. Westinghouse Engi- 
neer, volume 3, August 1943, pages 76-9. 


18. ReLAy PROTECTION OF TAPPED TRANSMIS- 
sIon Lines, M. A. Bostwick, E. L. Harder. AIEE 
TRANSACTIONS, volume 62, 1943, October section, 
pages 645-50. 


Section C. Line Protection— 


Ground Faults 
1941 


1. ANALyzE UnusuaL GrouND-RELAY PROBLEM, 
R. J. W. Koopman. Electrical World, volume 115, 
May 17, 1941, page 1667. 


2. EARTH FAULT PROTECTION: WEAK Sports IN 
PRESENT-Day Metuops, T. C. Gilbert. Electrical 
Review (London, England), volume 128, May 1941, 
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Formulas for Calculating Short-Circuit 
Forces Between Channels Located Back 
to Back 


THOMAS JAMES HIGGINS 


ASSOCIATE AlEE 


N 1937 Arnold’ published an analytic 
procedure enabling the designer of a 
sugie-phase two-conductor bus to deter- 
mime combinations of conductor spacing 
and cross section that render the prox- 
irmty eflect zero—hience combitiations that 
tender the a-c resistarice, and thus the 
eddy-current loss, a minimum. For ex- 
plicit details the reader is referred to 
Arnold’s paper. For our purpose it suf- 
fices to remark that in general the designer 
is afforded an indefinite numiber of com- 
binations (of conductor spacing and cross 
section) from which to choose; that the 
exact ctoss sections determined by the 
theory are not simple in shape; that as the 
tatio of conductor spacing to perimeter of 
conductor ctoss section increases, the 
equivalent structural shape associated 
with « particular conductor spacing shifts 
from rectarigular strap to channel to cir- 
etilar or square tubular conductor, that 
the ac resistance, and hence the eddy- 
current loss, cati be calculated from a 
given simple formula; and that the ac- 
eutacy of this formula and the correct- 
hess of the getieral theory are verified by 
experimental data set forth in the paper. 
Despite, however, the availability and 
the obvious usefulness of this general 
theory, it wold seem that no consider- 
able use, if any, has yet been made of it. 
In some part, tio doubt, this neglect is due 
to lack of knowledge of it: Arnold’s paper 
was published in the Journal of the In- 
stitution of Hlectrical Engineers, a British 
petiodical which in this country enjoys 
pitt little circulation outside of engineering 
libraries ot the technical departments of a 
few of the larger public libraries. In 
other part, however, this neglect doubt- 
lessly can be attributed to the fact that, 
largely, a-c industrial-bus design is poly- 
phase and has as its desideratum the 
achievement got mitimeu#n 
hence minimum reactance voltage drop. 
Designs achieving this end involve closely 
spaced conductors, thus greater than mint- 
mum eddy-current losses, whereas prac- 
tical designs achieving minimum eddy- 
curterit losses involve fairly widely spaced 
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inductance,’ 


conductors, thus increased reactance vol- 
tage drop. 

In those ittstances, however, where 
single-phase busses are to be designed and 
minimum reactance is not so much the 
desideratum as is minimum eddy-current 
loss, Arnold’s theory affords preferred de- 
signs. In consequence, it is of interest to 
the designer of such busses that there be 
available to him formulas enabling calcu- 
lation of the electrical and mechanical 
performance of designs stemming from 
Arnold’s theory. This, as already men- 
tioned, yields conductor cross sections to 
be approximated by standard structural 
shapes: rectangular strap, channel, and 
circular or square tubular conductors. 

* Now formulas essential for calculating 
the a-c resistance, a-c inductance, mutual 
electromagnetic forces on short circuit, 
and other conductor parameters essential 
to knowledge of the electrical and me- 
chanical (short-circuit) performance of the 
bus are available for rectangular strap and 
circular or square tubular conductors.” 
As regards (uniformly thick) channel con- 
ductors located back to back, Arnold has 
advanced a formula for calculating the 
a-c resistance and Higgins’ has advanced 
a formula for calculating the mutual elec- 
tromagnetic forces exerted between the 
conductors on short circuit. But no for- 
mulas for the inductance have been pub- 
lished hitherto. Yet, inasmuch as among 
the various combinations of conductor 
spacing and cross section afforded by 
Arnold’s theory, that combination which 
affords the best all-around design is usu- 
ally one comprised of moderately spaced 
channels placed back to back, it is most 
desirable to have formulas for the induct- 
ance, Such formulas have been derived 


a 


nt = 


reams 
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Figure 1 
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by Schwantz and Higgins in a musateetes 
science thesis done by W. Schwantz undéet 
the supervision of T. J. Higgins, “Formulas 
for the Inductance of Busses Comprised 
of Channels Located Back to Back. 

Subsequent to the derivation of and 
through the use of these formulas, the 
present writer has been able to derive new 
and improved formulas for calculating the 
mutual electromagnetic forces exerted on 
Short circuit. These formulas—easier toy 
use, more rapid in convergence, capable in 
general of greater accuracy than the ear- 
lier formula previously mentioned—are 
presented in this paper. Use of them con- 
siderably simplifies calculation of bus-bar 
support stresses. 

The mechanical forces acting on bus-bar 
supports during short circuit are deter- 
mined both by the magnitudes of the mu-. 
tual electromagnetic forces exerted among 
the bus conductors and by the elastic 
properties of the supporting structure: its 
motional resistance, natural frequencies, 
and physical nature and arrangement. 
Comprehensive mathematical studies, 
substantiated by experimental data, of 
the individual and collective efforts of- 
these factors and general methods for cal- 
culating the magnitudes involved have 
been advanced by Schurig and Sayre, 
Dahlgren,*.* Eigermann,’ Pilcher,’ and 
Aebi.? In shorter articles based on the 
work of the first-named Schurig, Fricke 
and Sayre!“—Tanberg,'! Specht,’? Ed- 
son,!* and others™ have presented certain 
charts, nomograms, and short cuts that 
facilitate the numerical labor incident to 
actual calculation. In consequence of the 
work of these men, it may be taken that if 
the designer has knowledge of the physical 
make-up of the bus structure and of the 
mutual electromagnetic forces exerted 
among the bus conductors, he can readily 
calculate the forces on the bus supports. 
Obviously, knowledge of the bus structure 
is immediately available to the designer. 
Accordingly, if there are also available to _ 
him formulas for calculating the mutual 
electromagnetic forces, he has all that is 
essential to calculation of the bus support — 
stresses. 

Such formulas are derived in this paper, - 
it being assumed that the conductors are 
nonmagnetic and of stitch length that end- 
effects are negligible and carry currents 
distributed uniformly over the cross sec- 
tions, and that these cross sections are so 
thin they may be considered to be com- 
prised of line segments (Figure 1). 

Of these four assumptions the first and 
second aré commonly satisfied in practice. 
Re the third, though skin and proximity 
effects are always present on a-c busses 
(however, the latter can be largely an- 
nulled by use of Arnold’s analysis) at — 
power frequencies and normal conductor 
spacings, their effect on the magnitudes of 
the electromagnetic forces is,as Beetz!® — 
has discussed at length, vanishingly small: 
whence this assumption introduces error ~ 
negligible with reference to the accuracy 
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‘required in calculating short-circuit forces 
and enables solution of an otherwise in- 
tractable problem, Finally, the assump- 
tion of negligible thickness affords fot- 
mulas that yield values substantially iden- 
tical with those calculated from the pre- 
viously mentioned earlier-derived formula 
for uniformly thick conductors and yet 
require but a tithe of the numerical com- 
putation—whence the labor involved, the 
time) required, and the possibilities of 
numerical error are considerably reduced. 

The desired formulas obtained—by 
simple differentiation of the known for- 
mula for the inductance of the bus with 
cross section as in Figure 1—their use is 
illustrated by the numerical solution of a 
typical problem in bus design. 


Derivation of the General Formulas 


As derived by Schwantz and Higgins, 
the inductance per unit length of a circuit 
comprised of two identical channels lo- 
cated back to back as in Figure 1 is 


L=—(y+2x)~?[2[y?—(D+2x)?] log [y?+ 
(D+2x)?]—4{ [y?—(D+x)?]4+2y(D+x)} x 
log [y?+(D+x)?]+ 8yD log (y?+D?) — 

4 [(y?—x?)—2xy] log (y?+x?)-—4(D+2x)?X 
log (D+2x)+8(D+x)? log (D+x)+ 
* 12y? log y—8D? log D+8x? log x+ 
8y(D+2x) tan~! (y/D+2x) —8[2yx 
(D+x)+(D+x)2—y?] tan—'(y/D+x) — 
8(y?— D2) tan 1(y/D) —8(y?+ 2xy—x?) X 

tan '(y/x)+4ry(y+2x)] (1) 
From fundamental electromagnetic 
theory, the energy W in the magnetic 


field associated with a unit length of the 
circuit when it carries current J is 


W=LI?/2 (2) 


and the mutual electromagnetic force F 
exerted between the conductors is 


_ F=dW/oD (3) 


Substituting equation 1 in equation 2, 
substituting the resulting expression in 
equation 3, performing the indicated dif- 
ferentiation, and collecting terms yields 


F=—41(y+2x)-*[—1/a(D+2x) log [y?+ 


(D+2x)?]+ (D+) log [y?+(D+x)?]—yX 


log [y?+(D+«)?]+y log (y?+D?)— 
(D+2x) log (D+2x)-+2(D+«) log (D+<x) — 
2D log D+y tan7!(y/D+2x) — 
2y+D-+x) tan '"(y/D+x)+2D X 
tan“! (y/D)]_ (4) 


Simplicity and increased accuracy of nu- 
merical computation stem from combining 
the logarithmic terms according to the 
rules for addition and subtraction of 
logarithms. In such manner we obtain 
from equation 4 


F=—4I?(y+2x)-?[(D/2) X 
' log [y?-+(D+2x)?](D+2x)*D~4+(D+x) X 
log [y?+(D+2)?](D+x)?[y?+ 
(D-+2x)?)-1(D+2x)~?2—y log [y?-+ 
(D+#)?](9?+D?)-1+y tan7! (y/D+2x) — 
2(y+D+x) tan—! (y/D+x)+2DX 
tan™ (y/D)] (5) 
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Finally, if we take a=D/y, b=(D+<x)/y, 
and c=(D+2x)/y, equation 5 can be 
written 


F=2kI2/D (6) 


wherein & is a dimensionless parameter to 
be calculated either from 


k= [—2Dy/(y+2x)?][(a/2) X 
log [c?(1+c?)/a*]+b log [b?(1+-b?) + 
e?(1+c?)]— log [(1+-6?)/(1-++a?) J+ 
tan~1(1/c)—2(b+1) tan—! (1/b)+2axX 
tan-! (1/a)] (7) 


or 


k=[—2Dy/(y+2x)?][(a/2) X 
log [c?(1-++c?)/a‘]+b log [b?(1+-b?)/c?x 
(1-+-e?)]— log [(1+?)/(1+-a?)]— 
tan~!c+2(b+1) tan~! b—2axX 
tan-!a+a(a—b—0.5)] (8) 


equation 8 being obtained from equation 7 
by use of the trigonometric identity, 
tan! X¥+tan-1(1/X)=7/2. 
Alternatively, if we take A=3/D, B= 
(D+x)/D, and C=(D+2x)/D, equation 
5 can again be written in the form of 
equation 6, but therein & is now given by 


k=[—2D#/(y+2x)?][1/2log (A?+ C*)X 

C?+B log [B?(A?+B?)/C#(A?+ C)]—AX 

log [(A?+B?)/(A2-+-1)]+ A tan~! (A/C)— 
2 (4+B) tan-(4/B)+2tan-1A] (9) 


or 


k=[—2D?/(y+2x)?][1/2 log (A*+C?) X 
C?+-B log [B(A?4-B?)/C?(A?+-C?)]—AX 
log [(A?+B?)/(A?+1)]—A tan™! (A/C)+ 
2(4+B) tan-1 (A/B)—2 tan-1 A—2X 
(0.54+B—1)] (10) 


Inasmuch as a, b, c, A, B, C, and k are 
dimensionless, we note that in calculating 
these quantities x, y, and D may be meas- 
ured in any unit of length; but otherwise 
the units of all quantities mentioned to 
this point are in the absolute system: x, 
y, and D in centimeters; the current J in 
abamperes; L in abhenrys per centimeter 
of bus length; W in ergs per centimeter of 
bus length; F in dynes per centimeter of 
bus length. 

Inasmuch as in actual practice the di- 
mensions x, y, and D commonly are stated 
in inches, the current Jin amperes, and the 
force F in pounds per foot, it is convenient 
re numerical computation to have an 
equation equivalent to equation 6 wherein, 
however, the various quantities are meas- 
ured in the units just stated. Accord- 
ingly, introducing the necessary conver- 
sion factors in equation 6, we obtain 


F=(5.4kI?/D)10~7 pounds per foot of 
bus length (11) 

wherein k, as before, is given by equations 
7, 8, 9, or 10. k 
Regarding these formulas for k, we may 
remark that though each involves calcu- 
lation of the sum of a number of logarith- 
mic and arctangent terms—six in all—the 
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actual labor required is not heavy. 
Thus, using the 15-place tables of natural 
logarithms and arctangents (with 0.0001 
and 0.001 increment arguments) pub- 
lished by the Work Projects Administra- 
tion! and effecting numerical calculations 
on a ten-digit electric calculating machine, 
the writer was able to effect the computa- 
tion pertinent to the following illustrative 
example in but a few minutes. 


An Illustrative Example 


The conductors of a single-phase bus 
are standard aluminum channels (web, 
y=S8inches; flange width, += 2.56 inches; 
thickness 0.524 inches) spaced back to 
back, D=16inches. To calculate k: 

By virtue of the given data we have: 
a=2, b=2.34, and c=2.64. Substituting 
these values in equation 8 and performing 
the indicated calculation yields 


k=—(1/0.6724) [log 3.4715578—2.32X 

log 1.6169046 —log 1.27648— tan-12.64+ 
6.64 tan-! 2.32—4 tan-! 2—0.829] 

= — (1/0.6724) [1.2446034—2.32 
(0.4805136) — 0.2441063—1.2087089-+ 
6.64(1.1638255) —4(1.1071487) — 
0.82(3.1415927) ] 

= — (1/0.6724) [—0.5999026 ] 

=0.892+ 


Alternatively, A=0.5, B=1.16, and 
C=1.32. Substituting these values in 
equation 9 and performing the indicated 
calculation yields 


= — (1/0.8362) [0.5 log 3.4715578—1.16X 
log 1.6169046—0.5 log 1.27648+ 
0.5 tan~! 0.8780303 —3.32 
tan~! 0.431034+2 tan! 0.5] 

=0.892-+ 


Obviously, since it is only desired to 
know & to two or at the most three deci- 
mal places, it is not necessary to use 
seven-place logarithms and arctangents. 
Inasmuch, however, as 15-place tables 
were employed and the calculation was 
done on a ten-digit calculating machine, 
the added labor is negligible, and one has 
no uncertainty as to the effect of cumula- 
tive errors on the accuracy of the first 
few digits of k. 


References 


1. THE TRANSMISSION OF ALTERNATING-CURRENT 
PoweER WitH SMALL-Eppy CuRRENT Lossgs, A. 
H. M. Arnold. Institution of Electrical Engineers 
(London) Journal, volume 80, 1937, pages 395-400. 


Drrect-CuRRENT AND Low- 
FREQUENCY Bus SySTPMs: A GUIDE TO THE 
LITERATURE, T. J. Higgins. Proceedings of the 
Midwest Power Conference, 1943. 


2. DESIGN OF 


3. FORMULAS FOR CALCULATING SHORT-CIRCUIT 
Forces BETWEEN CONDUCTORS OF STRUCTURAL, 
Suapg, T. J. Higgins. AIEE TRANSACTIONS, 
volume 62, 1943, October section, pages 659-63. 


4. MECHANICAL STRESSES IN Bus-BaR Support, 
O. R. Schurig, M. F. Sayre. AIEE TRANSACTIONS, 
volume 44, 1925, pages 217-37. 


5, ELEKTRODYNAMISKA KRAFTER HOS STROM 
FORANDE STALLVERKSSKENOR, F. Dahlgren. Tek- 


TRANSACTIONS 711 


The Nature of Vibration in Electric 
Machinery 


TROY D. GRAYBEAL 


ASSOCIATE AIEE 


Synopsis: Vibration in electric machinery 
is the result of a number of contributing 
agencies, some mechanical, others electro- 
_ magnetic in origin. Features of mechanical 
and electrical design and construction which 
give rise to these agencies are discussed. 
The general character of the vibration which 
each agency produces is explained, as well as 
how different agencies combine to produce 
the resultant machine vibration. Where 
excessive vibration is encountered in the 
field, methods are outlined for ascertaining 
the major agencies responsible so that cor- 
rective modifications may be made which 
will be effective in reducing the resultant 
vibration. These methods are applied to 
motor-generator sets driven by two-pole in- 
duction motors to ascertain the cause of a 
particular type of vibration characterized by 
the vibration amplitude increasing and de- 
creasing in uniform cycles twice during each 
revolution of motor slip. In this way the 
agencies which give rise to this particular 
type of vibration are explained, and methods 
by which they may be controlled to keep the 
resultant vibration to a satisfactory mini- 
mum are discussed. 


URING the past few years the prog- 

ress made in reducing vibration in 
electric machinery has resulted in more 
freedom from mechanical failures and 
other maintenance troubles. The more 
quiet machines which result from reduced 
vibration also produce less nervous strain 
tothe operators. The generally accepted 
theory of vibration is based on the prem- 
ise that vibration and noise arise from 
forces which act in a periodic manner 
upon the different component parts of the 
machine. Such forces are called “driving 
forces,” and the actual mechanical dis- 
placement or vibration which results is 


frequently called the “vibrational re- 
sponse.” The amplitude of the vibra- 
tional response depends upon the ampli- 
tude of the driving forces as well as upon 
the mass, stiffness, and damping factors 
associated with the vibrating member. 
While this fundamental concept is quite 
simple, yet to account for particular types 
of vibration which are produced in elec- 
trical equipment and mechanical rotating 
assemblies is sometimes quite difficult. 

In general, the amplitude of a vibra- 
tional response can be reduced either by 
decreasing the amplitude of the driving 
forces which cause it, or else by modifying 
the mass, stiffness, and damping factors 
associated with the vibrating member so 
that a smaller response occurs under the 
action of the same driving forces. In 
electric machinery there are many agen- 
cies which contribute to these factors and 
to the final vibrational response. As a 
rule it is not a simple process to isolate the 
particular agencies responsible for exces- 
sive vibration, particularly when several 
agencies are cumulative in effect and are 
present simultaneously. A careful sys- 
tematic study based upon a knowledge of 
conditions which are conducive to ex- 
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cessive vibration and the frequency com-, 
ponents which arise from them usually is 
necessary before effective corrective 
measures can be specified. 

The driving forces which are present in 
electric machinery are of two general 
kinds, namely, mechanical and electro- 
magnetic. Mechanical driving forces are 
those which arise from mechanical or 
structural irregularities such as mechani- 
cal unbalance, nonsymmetrical mechani-_ 
cal parts, friction, loose bearings, and so. 
forth. Electromagnetic driving forces 
are those which arise by virtue of mag- 
netostriction and magnetic attraction be- 
tween different parts of the machine. In 
any electric machine both kinds of driving 
forces are present simultaneously and act 
together to produce the vibrational 
response. 

A very important agency which con- 
tributes to excessive vibration is static or 
dynamic unbalance of a rotating assem-- 
bly. This produces an excessive mechani- 
cal driving force of fundamental fre- 
quency—that is, numerically equal to the 
speed of rotation in revolutions per second 
—and this results in an excessive vibra-_ 
tional response of the same frequency. 
This phenomenon has long been realized 
and many kinds of balancing machines, 
some of which are quite elaborate, have 
been developed for testing and correcting 
the condition of balance of rotating parts. 
For this reason this factor is not consid- 
ered in detail here. It is mentioned 
merely because other types of vibration . 
which arise from altogether different 
agencies frequently are attributed to im- 
proper balance. Mechanical unbalance 
alone always gives rise to a vibrational 
response having a frequency which is 
numerically equal to the speed of rotation 
in revolutions per second. This fact very 
often can be used to differentiate between 
excessive vibration due to mechanical un- 
balance and excessive vibration due to 
other agencies. Components of vibration 
having frequencies which are multiples of - 
the speed of rotation in revolutions per 
second cannot be reduced appreciably by 
improvement in the conditions of balance 
of rotating parts, because the driving 
forces which produce them originate 
through other agencies. 

Another well-known cause of excessive 
vibration which must be dealt with in 
machine designs is closely related to 
mechanical resonance in the rotating as- 
sembly and is referred to as the phenome- 
non of ordinary critical speeds. When 
the speed of rotation is such that the fre- 
quency of the driving force due to 
mechanical unbalance corresponds with © 
one of the natural resonant frequencies of 
the rotating assembly, the latter isin in- 
different equilibrium, and a small com 
ponent of driving force may cause ex-— 
cessive vibration and whipping, or even 
mechanical failure, of the rotating assem- 
bly. For satisfactory operation the 
ordinary critical speeds must be consider- 
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ca 


ably outside the normal operating speed 
range of the machine. This subject has 
received careful attention by many in- 
vestigators who have developed methods 
whereby the critical speeds may be com- 
puted from the dimensions and compo- 
nent masses of the assembly. 


Mechanical Driving Forces 


‘The fundamental component of driving 
force which arises from a rotating assem- 
bly is caused by static or dynamic unbal- 
ance. It has a frequency numerically 
equal to the speed of rotation in revolu- 
tions per second. The amplitude of this 
driving force may be controlled by careful 
adjustment of balance of the rotating 
parts. In addition to the fundamental 
component, harmonic driving forces hav- 
ing frequencies which are multiples of the 
speed of rotation in revolutions per second 
frequently occur. These are caused by 
mechanical imperfections or dissymme- 
tries in the construction of the machine. 
For this reason they are more difficult to 
control than the fundamental. The 
second harmonic component—that is the 
one having a frequency double that of the 
fundamental—is most likely to give rise to 
troublesome vibration. This component 
arises from shafts having portions of non- 
circular cross-sectional area, caused by 
keyways, for instance, from slightly ellip- 
tic bearings, as well as from other 
mechanical imperfections. Elliptic bear- 
ings are more likely to be a source of 
trouble in the case of ball bearings as 
avoidance of slight warping of the bearing 
races is practically impossible during the 
heat-treatment processes necessary in 
their manufacture. Slightly oval or non- 
spherical balls also may cause harmonic 
driving forces; but these are usually of 
higher harmonic order than the second 
and are not necessarily integral multiples 
of the fundamental. The only effective 
method by which harmonic driving forces 
arising from these causes may be con- 
trolled is by the use of rotating assemblies 
and shaft designs which are as nearly cir- 
cular in cross section as practical con- 
siderations will permit, and by better 
workmanship and closer tolerances in the 
manufacture of the component parts of 
the machine. Harmonic driving forces 
must be given special consideration from 
the standpoint of vibration and noise in 
machines of special design where the 
rotating assembly is unusually long if the 
shaft has a keyway or other dissymme- 
tries. They may be serious also if the in- 
herent resonant frequencies of the ma- 
chine frame correspond closely with the 
frequency of the harmonic driving forces. 


Electromagnetic Driving Forces 


Electromagnetic driving forces arise in 
electric machinery for several reasons, 
but the principal fundamental causes may 
be traced to magnetostriction and mag- 
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netic attraction between different parts of 
the magnetic circuit of the machine. 
Magnetostriction plays an important role 
in creating vibration and noise in static 
apparatus such as transformers. In 
rotating machinery the forces caused by 
magtietic attraction are by far the more 
important. In general these forces are 
quite complex in nature, consisting of 
numerous harmonic components. The 
frequency of the most important compo- 
nent, at least with respect to amplitude, is 
twice the frequency of the voltage at the 
machine terminals, and. for this reason 
will be called the second harmonic com- 
ponent of electromagnetic driving force. 
Other harmonic components of driving 
force arise because of the slots in the 
stator and rotor of the machine. The 
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order of these harmonic components is a 
function of the number of slots on both 
the stator and therotor. Certain of these 
are attributed to the machine windings 
not being infinitely distributed, while 
others exist simply because of the stator 
and rotor teeth. Certain combinations 
of stator and rotor slots result in much 
more pronounced driving forces than do 
others, and methods have been developed 
for choosing the optimum combinations 
for minimum noise. As a rule these har- 
monic components are of comparatively 
high order and are of importance in vibra- 
tion principally from the standpoint of 
noise. 

The second-harmonic component of 
electromagnetic driving force always is 
present in an electric machine. It arises 
principally from the radial magnetic 
attraction between the stator and rotor. 
Nearly all rotating machines make use of 
revolving magnetic fields. As the mag- 
netic field revolves in the air gap of the 
machine, it passes a given point of the 
stator twice during each cycle of voltage 
change, once as a flux entering the stator 
and once as a flux entering the rotor. A 
force of attraction results regardless of the 
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flux polarity. This force therefore builds 
up and dies away twice during each cycle 
of voltage change and produces a driving 
force having a frequency exactly twice 
that of the voltage supply. This driving 
force causes a periodic distortion of the 
stator core which, through the agency of 
the stator mounting supports, acts as a 
driving force to excite vibrations in the 
frame of the machine. This driving force 
cannot be eliminated since it is inherent 
in any electric machine, but the vibration 
or response it causes can be controlled by 
constructing the stator core sturdy 
enough so that the resultant core response 
is small, or in special cases such as large 
alternators (15,000 kva and larger) by 
mounting the stator core on flexible sup- 
ports so that minimum vibration is trans- 
mitted to the frame of the machine. 

The second-harmonic component of 
driving force is much more pronounced in 
two-pole machines than in machines hav- 
ing a greater number of poles, because the 
distance along the stator periphery be- 
tween points where the flux is simultane- 
ously at maximuin values is compara- 
tively much greater. This is one of the 
fundamental reasons why two-pole motors 
present more difficult problems from the 
standpoint of vibration than do motors 
having a greater number of poles. 
Forces of magnetic attraction act simul- 
taneously upon diametrically opposite 
points of the stator and cause it to be- 
come distorted into an elliptic form, the 
distortion progressing around the stator 
in synchronism with the magnetic field. 

In addition to the factors already men- 
tioned, harmonic driving forces result 
from air-gap dissymmetries. The type of 
dissymmetry most frequently encoun- 
tered is imperfect centering of the rotor 
in the stator core. This gives rise to a 
second-harmonic electromagnetic driving 
force in a two-pole machine. As the 
magnetic flux in the air gap revolves, it 
passes the point where the air gap is 
shortest twice during each cycle of voltage 
change, once as a flux entering the rotor 
and once as a flux entering the stator. 
Simultaneously, a flux of opposite polarity 
exists in the air gap at the point dia- 
metrically opposite. Since the radial 
magnetic force exerted on the rotor in- 
creases as the air-gap length decreases, the 
two attractive forces acting at diametri- 
cally opposite points of the rotor do not 
always cancel. When the flux is in the 
position where the air gap is longest or 
shortest, a net force results which acts 
toward the point where the gap is short- 
est. As the air-gap flux moves from the 
position, the unbalance between the two 
diametrically opposite forces diminishes 
and becomes zero at the point 90 degrees 
from this position. As the flux rotates 
further, an unbalance again exists in the 
saine direction and reaches a maximum 
when the flux has moved through another 
90 degrees. This unbalance of radial 
forces builds up and dies away twice 
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during each cycle of voltage change and 
produces a second-harmonic driving force 
which acts to deflect the rotor toward the 
point where the air gap is shortest. This 
driving force is transmitted through the 
bearing supports and serves as a driving 
force to produce vibrations in the frame 
of the machine. 

This driving force may be eliminated 
by perfect centering of the rotor within 
the stator core. It also may be used in 
some instances to counteract or neutralize 
driving forces of the same frequency 
which arise from other causes, since the 
phase and magnitude of the driving force 
thus produced can be controlled by the 
use of an adjustable bearing support 
which will allow the rotor to be shifted off 
center in any desired direction. The 
magnitude of this driving force depends 
upon the amount by which the rotor is off 
center with respect to the stator, and the 
phase (with respect to the impressed 
voltage) depends upon which direction it 
is off center, that is, upon the angular 
position of the point in the air-gap pe- 
riphery where the gap is shortest. 

The use of this method for controlling 
vibration has several disadvantages from 
the standpoint of actual practice. Each 
machine of a like series must be adjusted 
independently to secure the maximum 
benefit. Also, if the machine is at all 
critical with respect to its mounting, an 
adjustment correctly made at the factory 
or for one location in service would not be 
correct for any other location or mount- 
ing. This method can be used to ad- 
vantage, however, in emergencies and 
other instances where a better method 
cannot be readily applied. 


Combined Effect of Electromagnetic 
and Mechanical Driving Forces 


During the operation of an electric 
machine, the vibration or response which 
results from several driving forces may be 
considered from the standpoint of super- 
position. Each harmonic component of 
driving force will produce a component of 
response of the same frequency as that of 
the driving force. The amplitude of each 
component of the response depends upon 
the magnitude of the driving force and 
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upon the mass, stiffness, and damping 
factors associated with the component 
parts of the machine. The resultant 
total response at any point of the frame is 
equal to the sum of the harmonic compo- 
nents of the response. If there is a corre- 
spondence in frequency between one or 
more of the driving forces and the natural 
or resonant frequencies of the component 
parts or complete assembly of the ma- 
chine, comparatively large amplitudes of 
vibration will result, consisting princi- 
pally of frequencies for these particular 
modes of vibration. 

As a rule, excessive vibration due to 
resonatice can be recognized by the be- 
havior of the vibration accompanying 
changes in frequency of the driving forces. 
In the neighborhood of resonance, the 
vibration will build up to a maximum 
amplitude at the resonant frequency and 
decrease as the frequency of the driving 
forces is either increased or decreased from 
this value. Mechanical driving forces 
produced by a rotating assembly may be 
changed in frequency by changing the 
speed of rotation. Electromagnetic driv- 
ing forces may be changed in frequency 
by changing the frequency of the voltage 
supply. Sometimes the two kinds of 
driving force are dependent upon one 
another as in the induction motor. In 
such cases the frequency of both can be 
changed simultaneously by a change in 
supply frequency. 

In cases where mechanical resonance is 
prominent, the only effective method of 
reducing the resultant vibration is a 
change in the machine design which will 
shift the natural resonant frequencies in- 
herent in the machine assembly outside 
the range of frequencies encountered dur- 
ing normal operation so that mechanical 
resonance will not occur. To insure this 
result in a new design is not easy because 
the geometric shapes of machine frames 


Figure 2. Vibration of motor generator set 
under load with voltage at rated frequency 
applied to the motor 


A. Actual vibration as recorded by means of 
electrodynamic vibration pickup unit 

B. Same as A except high-frequency com- 
ponents filtered out of recorded wave 
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and other parts do not lend themselves to We 


accurate mathematical analysis. It is 
very difficult, except in special cases, to 
compute the natural resonant frequencies 
of a machine frame or assembly. The 
final test of a design is the nature of the 
vibrational response which results under 
the action of the driving forces present 
under normal operation of the completed 
machine. If high amplitudes of vibration 
do not arise from small driving forces, the 
design is satisfactory. Otherwise stiffen- 
ing of certain parts and modifications in 
the shape of others are necessary. Addi- 
tional stiffness may be secured by in- 
creasing the size of the members, or by the 
use of cross braces of one form or another 
which increase the rigidity. The use of 
steel of higher tensile strength will have 
little or no effect, since the stiffness de- 
pends upon the modulus of elasticity 
which is essentially the same for all grades 
of steel regardless of the ultimate tensile 
strength. 

From the standpoint of excessive vibra- 
tion which results in excessive bearing 
wear, failure of mechanical members, 
and other maintenance troubles, as con- 
trasted with noise, frequencies in the lower 
audio range are of major importance. 
For the lower resonant frequencies the 
stiffness and damping factors of mechant- 
cal members are comparatively much 
smaller, and a much greater resonant 
response can result. Fortunately, very 
low resonant frequencies are not usually 
encountered in actual practice in ma- 
chines of standard design, because the 
frame and other parts must be constructed 
with sufficient strength to withstand 
stresses which are likely to arise during 
both normal and abnormal conditions of 
operation. For this reason the natural 
resonant frequencies inherent in the 
assembly usually will be of comparatively 
high order as compared with the driving 
forces produced by the machine in opera- 
tion. Exceptions to this general rule 
occur in very large machines, and in com- 
pact high-speed motor-generator sets 
having comparatively long armatures. 
This is particularly true in machines of 
fabricated-steel-frame construction. In 
this latter instance considerable rigidity is 
sacrificed for the lighter construction thus 
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afforded, and the lowest natural frequency 
may be of the order of 120 cycles per 
second or even less. 

In the case of two-pole 60-cycle induc- 
tion motors, the important electromag- 
netic driving force of lowest frequency is 
120 cycles per second. At the same time 
a mechanical driving force, the second 
harmonic component, which has a fre- 
quency double the speed of rotation in 
‘revolutions per second, can exist. When 
these two driving forces exist simultane- 
ously, they alternately reinforce and inter- 
fere with each other and cause a response 
which builds up and dies away in ampli- 
tude giving rise to the phenomenon of 
beats. Since the difference in frequency 
is exactly twice the slip frequency of the 
induction motor, two cycles of the beat 
frequency correspond exactly with one 
revolution of motor slip. If the lowest 
resonant frequency of the machine frame 
is in the neighborhood of 120 cycles per 
second, the vibration amplitude may 
build up to an excessively high value even 
though the driving forces are compara- 
tively small. The beats are then very 
pronounced and clearly audible. The 
only effectivemanner of reducing vibration 
in this case is to modify the machine 
frame to avoid mechanical resonance, and 
perhaps also to modify the machine con- 
struction to reduce the amplitude of the 
driving forces. If the machine is of a 
portable nature such that the method of 
mounting or arrangement of support on 
its foundation may be changed, or if the 
machine operates over a fairly large speed 
range, the frame.would have to be made 
more rigid, rather than less rigid, in order 
to avoid possible operation in the resonant 
range. Increasing the rigidity has the 
effect of raising the resonant frequencies. 
Appreciable increase in rigidity cannot be 
obtained by the use of the same frame de- 
sign and steel of higher tensile strength. 
Frame members of higher moment-of-in- 
ertia cross section must be used. 


Experimental Studies 
and Observations 


The ideas presented in this paper are 
the result of considerable research which 
has been conducted on motor-generator 
sets in which the complete rotor assembly 
of both motor and generator was mounted 
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60. CYGLE TIMING WAVE 


Figure 3. Vibration of motor generator set 
coasting to rest without load and without 
generator excitation 


on a single shaft supported by two ball 
bearings, one at either end of the shaft. 
The complete set was housed by a single 
fabricated steel frame of welded con- 
struction. The driving motor was a 
3,600-rpm two-pole squirrel-cage induc- 
tion motor. The particular type of 
vibration produced in these sets was 
characterized by the amplitude of the 
vibration building up and dying away 
twice during each cycle of motor slip, thus 
producing a very decided beat which was 
clearly audible. The beat is clearly dis- 
tinguishable in most of the oscillograms 
of the accompanying figures which were 
obtained by means of an electrodynamic 
vibration pickup unit. The signals so 
obtained were amplified by one stage of 
voltage amplification, followed by a push- 
pull power-amplifier stage, the output of 
which was recorded by means of a 
mechanical oscillograph. 

Figure 1 is a pictorial drawing of the 
pickup unit. The field coil was excited 
with direct current to produce a flux in 
the air gap in which the small output coil 
was mounted. The field coil and its 
associated magnetic circuit were sup- 
ported on comparatively weak springs to 
allow free motion between this assembly 
and the output coil. The small frame 
which carried the output coil was rigidly 
attached to or else firmly held against the 
mechanical member when the vibration 
of the member was being recorded. The 
principle of operation of the pickup unit 
is similar to that of the dynamic type 
microphone, except that it is mass con- 
trolled. The electromotive force gener- 
ated in the output coil is proportional to 
the relative velocity of this coil with re- 
spect to the field-coil magnetic circuit. 
The output wave form represents the in- 
stantaneous velocity of the vibrating 
member. 

The actual mechanical displacement 
can be obtained from the velocity wave 
by taking the derivative, or else by re- 
solving the wave into its sinusoidal com- 
ponents, dividing each component by its 
own angular frequency, combining the 
resultant terms, and interpreting the 
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wave to the proper scale. As far as 
actual mechanical displacement is con- 
cerned, the velocity wave accentuates the 
high frequencies. If the noise produced 
by a machine is the factor of principal 
concern, the instantaneous sound pressure 
is moresclosely related to the instantane- 
ous acceleration. The acceleration wave 
may be obtained from the velocity wave 
by one step of integration, or else by 
taking the sinusoidal components of the 
velocity wave, multiplying each by its 
own angular frequency, combining the 
resultant terms, and interpreting the 
resultant wave to the proper scale. The 
velocity wave represents an average of 
two extremes, and thus forms a good basis 
for comparing relative vibration ampli- 
tudes. It may be used very satisfactorily 
in studying the effects of different factors 
on the amplitude and nature of the 
vibration produced in a machine. 

In order to eliminate the effects of stray 
electromagnetic fields which were very 
prominent in the proximity of the ma- 
chines used in this investigation, the vi- 
bration pickup unit and the amplifier had 
to be very carefully shielded, both electro- 
statically and electromagnetically. The 
power amplifier stage was of the trans- 
former input type and presented a diffi- 
cult problem from this standpoint, be- 
cause of the transformer connected to the 
grids of the output tubes. To reduce 
stray pickup from this source to a 
negligible value, the transformer was en- 
closed in a °/,5-inch-thick soft-steel shield, 
and the amplifier was placed several feet 
from the machine under test. 

Figure 2A is a representative oscillo- 
gram of the actual vibration which was 
obtained by the use of this apparatus. 
Careful examination of the pattern shows 
that the wave consists principally of a 
component of slightly less than 120 
cycles per second which varies in ampli- 
tude having two maximum and two 
minimum values for each revolution of 
slip of the induction motor. In addition, 
the wave contains numerous harmonic 
components, some of rather high order, 
which are of fairly constant amplitude 
and bear no apparent relationship to the 
slip of the motor. The frequency of 
several of these harmonic components was 
measured with a sound analyzer and 
found to check with the frequencies to be 
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expected from the stator and rotor teeth of 
the machine. For these reasons, a 
capacitor was connected across the output 
terminals of the voltage amplifier stage to 
by-pass the high-frequency components 
and filter them out of the recorded wave. 
Figure 2B is an oscillogram of the same 
vibration recorded in Figure 2A, but with 
the filter capacitor connected into the am- 
plifier circuit. Beats in this oscillogram 
are very pronounced, showing that the 
wave contains two principal components 
of approximately equal amplitude. By 
analysis, the frequency of one component 
is exactly 120 cycles per second, and the 
frequency of the other is exactly double 
the speed of rotation of the motor in 
revolutions per second. 

The presence of the 120-cycle compo- 
nent of vibration is easily explained on the 
basis of electromagnetic driving forces 
produced in the machine as previously 
described. The component having a 
frequency twice the speed of the motor is 
due to mechanical causes only. This is 
shown clearly by the oscillogram of 
Figure 3. This oscillogram was obtained 
by starting the motor without load and 
allowing it to reach maximum no-load 
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Figure 4. Oscillograms showing the effect 

upon the machine vibration of simultaneous 

changes in the motor supply frequency and 
speed 


A. Machine speed 3,400 rpm 

B. Machine speed 3,800 rpm 

C. Machine speed 3,900 rpm 

D. Machine speed 5,000 rpm 

For comparing vibration amplitude of D with 
amplitudes of A, B, and C, divide by two 


speed. Then the motor voltage supply 
was switched off and the machine allowed 
to coast to rest without load and without 
electrical excitation of any kind. The 
vibration was recorded while the machine 
was coasting to rest. The mechanical 
vibration has a maximum amplitude at 
approximately 3,580 rpm and contains a 
very large second harmonic component. 
This component decreases in amplitude 
quite markedly as the speed decreases, 
and becomes negligible at approximately 
3,300 rpm. 

That the beat vibration reached a high 
amplitude because of mechanical reso- 
nance is demonstrated by the following 
test. The motor of the set was supplied 
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from an adjustable frequency source and 
operated at different speeds by adjust- 
ment of the source frequency. The beat 
would become discernible when the speed 
was approximately 3,300 rpm, increase in 
intensity with an increase of speed above 
this value, and reach a maximum intensity 
at approximately 3,560 rpm. Asthe speed 
was increased further, the beat would 
come less prominent, and would be barely 
discernible at 3,900 rpm. It was com- 
pletely absent at5,000rpm. This behay- 
ior is illustrated by the oscillograms of 
Figure 4, together with that of Figure 2B. 
These oscillograms were obtained at 
speeds .of 3,400 rpm, 3,800 rpm, 3,900 
rpm, 5,000 rpm, and 3,530 rpm, respec 

tively. For a comparison of relative 
amplitudes in Figure 4, the ordinates of 
oscillogram D are to be divided by two, 
since this oscillogram was obtained with 
the oscillograph adjusted for double the 
sensitivity used for recording the other 
three. 

To ascertain the part of the machine 
responsible for resonance, the rotor assem- 
bly first was examined critically. The 
first ordinary critical speed was computed 
analytically by several methods from the 
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dimensions and masses of the rotor assem- 
bly. Different methods gave values 
ranging from 5,500 rpm to 6,200 rpm. 
As a final check, the rotor assembly was 
removed from the machine and mounted 
on rigid supports at the bearings. The 
natural frequency of vibration of the 
rotor assembly was measured by record- 
ing the free vibration of the rotor assem- 
bly under impact. Figure 5 is an oscillo- 
gram of the vibration at the center of the 
rotor assembly caused by a light blow 
from a rubber hammer. The blow was 
applied at the quarter-point of the rotor 
assembly. The frequency of the free 
vibration is 104 cycles per second, which 
corresponds with a first ordinary critical 
speed of 6,240 rpm. In actual operation 
of this machine, the bearings were not 
rigidly supported. This lack of complete 
rigidity somewhat lowered the critical 
speeds. By observation, the secondary 
critical speed due to gravity actually 
occurred between 2,800 and 2,900 rpm, 
which would fix the first ordinary critical 
speed at approximately 5,700 rpm. 
With the first ordinary critical speed of 
the rotor in this speed range, it is im- 
possible toattribute theresonance phenom- 
enon which occurred at 3,560 rpm to 
any resonant condition in the rotor 
assembly. 

Impact tests similar to those described 
above were made to determine resonant 
frequencies in the machine frame. The 
complete frame, which was rectangular 
in shape, was mounted on three rigid 
point supports which could be moved to 
different relative positions. Blows were 
applied at different points of the frame, 
with and without the rotor assembly in 
place; and the vibration resulting at 
various points of the machine was re- 
corded and studied. The nature of the 
free vibration depended upon the relative 
location of the three fixed point supports, 
the point where the blow was applied, 
and the point where the vibration was re- 
corded. It made no apparent difference 
whether the rotor was in place or removed. 
The oscillograms of Figure 6 and Figure 7 
are typical of the results obtained. Fig- 
ure 6 shows a very prominent 115-cycle 
component and Figure 7 a very prominent 
125-cycle component. In obtaining the 
oscillogram of Figure 6, two of the three 
point supports were placed at extreme 
corners of the frame at one end of the 
machine, and the third point support was 
placed at the center of the opposite end. 
For Figure 7, symmetry of the supports 
with respect to the frame was main- 
tained, but the supports were placed con- 
siderably closer together. The actual 
mounting of the machine corresponded to 
a condition intermediate between these 
two and gave a resonant frequency of 
approximately 119 cycles per second. 

As a final check on considerations re- 
garding the cause and nature of the beat 
vibration, the frame of the machine was 
stiffened by welding several pieces of 
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angle iron to the frame. The machine 
was operated at rated voltage and fre- 
quency, and the vibration was studied 
under different conditions of motor load, 
and with various arrangements of the 
three rigid frame supports. After rein- 
forcement of the frame, the beat was 
completely absent at many points of the 
frame regardless of the arrangement of 
the rigid frame supports. At other points 
the beat could be detected, but was not 
prominent. At points where the beat 
was most prominent, the vibration was 
similar in character to that of Figure 4C. 
At other points, the vibration consisted 
almost entirely of a component slightly 
less than 60 cycles per second, which was 
due to slight mechanical unbalance of the 
rotating assembly. That the beat vibra- 
tion was produced by the combined effect 
of electromagnetic and mechanical driv- 
ing forces and reached a high amplitude 
because of resonance in the frame is 
clearly indicated by these tests and 
observations. 


Conclusions 


Vibration and noise in electric machin- 
ery arise by virtue of both mechanical 
and electromagnetic driving forces which 
exist simultaneously during normal ma- 
chine operation. The amplitude of the 
vibrational response which results de- 


FREE VISRATION 


Figure 5. Free vibration of machine rotating 
assembly produced by a sudden blow from a 
rubber hammer 


Assembly was mounted on rigid supports at 
the bearings 


pends upon the amplitude of the driving 
forces,|and also upon the mass, stiffness, 
and damping factors of the component 
parts of the machine. To secure quiet 
operation and comparative freedom from 
vibration, all of these factors must be 
dealt with. When excessive vibration is 


present in a machine of a particular de- 


sign, the factors or agencies which con- 
tribute most to this condition must be 
ascertained, and modifications in design 
and construction made to minimize them. 
Because of inherent design features, two- 
pole induction machines and high-speed 
motor generator sets present more difficult 
problems from the standpoint of vibration 
than do machines having a greater num- 
ber of poles which operate at lower speeds. 
Certain mechanical and structural irregu- 
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larities of the rotating assembly may pro- 
duce harmonic driving forces, and in par- 
ticular a mechanical driving force having 
a frequency which is double the speed of 
rotation in révolutions per second. This 
driving force, acting simultaneously with 
an electromagnetic driving force having a 
frequency double that of the voltage sup- 
ply, causes a resultant vibrational re- 
sponse which builds up and dies away in 
amplitude twice during each revolution of 
motor slip. This “‘beat vibration’ may 
be very troublesome, particularly if the 
frame of the machine has an inherent 
resonant frequency which is approxi- 
mately double the frequency of the volt- 
age supply. A beat vibration of this 
kind may be reduced by careful attention 
to mechanical irregularities which give 
rise to the second harmonic component of 
mechanical driving force, or, if resonance 
is a contributing factor, by modifying the 
frame of the machine so that resonance 
does not occur. The second-harmonic 
component of electromagnetic driving 
force is inherent in the machine and can- 
not be eliminated; but it may be reduced 
with respect to the frame by the use of a 
stiffer stator core, or by the use of a special 
stator mounting which will not transmit 
the core response to the frame in cases 
where such refinements are justified. 
Whenever excessive vibration is encoun- 
tered in electric machinery, a compre- 
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Figure 6. Free vibration of machine frame 
produced by a sudden blow from a rubber 
hammer 


Frame was supported by three rigid point 

supports, one at each corner of one end of the 

frame, and one at the center of the opposite 
end of the frame 


FREE VIGRATION 


Figure 7. Free vibration of machine frame 
produced by a sudden blow from a rubber 
hammer 


Frame was supported by three rigid point 
supports, two near one end of the frame, and 
the third near the opposite end of the frame 
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hensive study based upon a consideration » 


of the frequency of the components of 
vibration present and the agencies which 
give rise to them will point the way to 
proper corrective measures and modifica- 
tions which will be effective in reducing 
the resultant vibration. 
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Electrothermal Space Heating and 


Air Conditioning 


GEORGE H. KRUEGER 


NONMEMBER AIEE 


PACE heating of dwellings has been 

one of the prime necessities in the 
improved living conditions of the human 
race and one that has received consider- 
able study from the earliest time. As 
the various heating methods were de- 
veloped, from the early open fireplace to 
modern heating equipment, utility and 
esthetic designs for the heating equipment 
were given a great deal of consideration. 

In Sweden very artistic heating units 
were developed approximately 150 years 
ago of ceramic glazed tile, which were 
extremely attractive in design as well as 
being useful. These devices used small 
quantities of fuel to heat the entire mass of 
tile, and the heat energy stored in this 
tile was radiated into the room, furnishing 
the required heat for the day. 

In the last 20 years in the Pacific North- 
west, experiments have been conducted 
continually, and many practical installa- 
tions which utilize electric energy for 
heating have been made. However, these 
installations have been almost entirely of 
the radiant and convection type of heater. 
This type of heater requires an uninter- 
rupted supply of electric energy. In 1935 
at the city of Grand Coulee, adjacent to 
Grand Coulee Dam, an electric heat- 
storage installation was constructed and 
placed in operation utilizing granite 
boulders for the heat-storage medium. 
This installation was operated for ap- 
proximately two years on an experimental 
basis, the results of which experiment 
were outlined fully in a report by the 
State College of Washington experiment 
station.! Also in the Pacific Northwest, 
several installations of storage heaters 
utilizing hot water are in operation with 
varying degrees of success. 

The problem of filling valleys and re- 
ducing peaks in daily load curves of utility 
systems has existed since the early days of 
electric distribution. Daily load factor 
has a direct bearing on cost of service. 
Increasing load factor decreases cost of 
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service. Incentive rates have been estab- 
lished by utilities in order to encourage 
use of electric service during off-peak 
hours, as witnessed by special rates estab- 
lished for hot-water heating and the de- 
velopment of devices for controlling use 
of electricity during predetermined hours. 
The present-day prices charged for elec- 
tric energy used by consumers in the 
Pacific Northwest are low enough to have 
encouraged serious consideration of the 
adoption of electric space heating. 

The increased cost of oil, coal, and wood 
fuels, and the severe curtailment of oil is 
an incentive for the use of electric energy 
in space heating. 

These conditions led the author to 
consider the development of a method for 
utilizing an electric-energy—heat-storage 
system which would permit the use of 
off-peak electric energy obtained prin- 
cipally during the night hours 

In designing the electrothermal stor- 
age system for space heating, considera- 
tion was given not only to the heating 
but also to the problem of air conditioning 


in as simple a manner as possible, bearing: 


in mind that the electrical method was the 
one offering the greatest possibilities for 
regions having low-cost hydroelectric 
energy as available in the Pacific North- 
west. Cleanliness was also a prime 
factor to be considered. It was de- 
cided that a medium for heat storage 
should be selected which offered extreme 
flexibility and provided for the storage of 
a large amount of heat energy in the mini- 
mum of space. Water under moderate 
pressures and temperatures seems to offer 
the best solution to this problem. There- 
fore, a system was devised wherein water 
is stored in an unfired pressure vessel 
under a pressure of 200 pounds per square 
inch and at the saturated temperature 
corresponding to this pressure. Electro- 
thermal space heating is based on funda- 
mental thermodynamic principles, when 


a common fluid (water) is used for the 
storage of heat generated by electric 


energy. The heat is stored in the fluid 
under pressure. As the pressure is re- 


re 


duced, the sensible heat of the fluid is 


converted into latent heat of vaporiza- 


tion. The vapor carries this heat to the - 
heat exchanger and liberates the latent 


heat when condensation takes place. 

By the use of this method of off-peak 
heat-energy: storage, economical use of a 
utility’s distribution system can be ac- 
complished. 
systems of the various utilities are being 
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utilized at a relatively low load factor. 
Greater use of these facilities during the 
periods. when the load factor is low per- 
mits the fullest possible use of the sys- 
tem with only minor expansion of the dis- 
tribution facilities. Any added use of 
these facilities is a source of additional 
revenue to the utility with only slight 
additional cost. Another very impor- 
tant factor of the off- peak storage system 
is\that it does not require the utility to 
guarantee uninterrupted service. This 
factor has caused the utilities in general 
to back away from space-heating loads, 
because additional equipment is re- 
quired on their part to render this un- 
interrupted service. Normal outages in 
no way would affect the heating of the 
dwelling, if the storage system is in use, 
_ As a general thing, the rate structure of 

a utility is set up to carry all fixed charges 
and operating expenses plus a reasonable 
profit on the distribution of energy at a 
moderate load factor. Therefore, the 
additional energy distributed over their 
existing facilities without much addi- 
tional cost to them is very desirable. 
The revenues derived from this additional 
energy will result in a greater net income, 
which in turn can be shared with the users 
of electric energy, thus benefiting both 
the utility and the user. 

With reference to Figure 4, a typical 
daily load curve of the Pacific Power and 
Light Company (main system) for 
December 16, 1943, shows the night load 
between midnight and 6:30 a.m. to be 
less than half of the peak load during the 
evening hours from 5:00 p.m, to 7:00 
p-m. On this load curve the morning 
peak between 8:00 a.m. and 12:00 noon 
is slightly lower than the two-hour peak 
between 5:00 p.m. and 7:00 p.m. How- 
ever, some of the systems reverse this 
order and have a higher peak during the 
morning hours, but the duration of both 
morning and evening peaks are approxi- 
mately as shown on this load curve. It 
is the ob ‘ect of the off-peak electrothermal 
heating system to use as much as possible 
of the available energy represented by the 
valleys in this curve for space-heating 
purposes. The shaded section above the 
load curve represents the energy that 
would be used by 100 homes similar to 
the one that was chosen as a demonstra- 
tion unit at the Midway substation of 
the Bonneville Power Administration, 
which is located in the area of central 
Washington served by the Pacific Power 
and Light Company. It is estimated 
that the off-peak energy represented by 
the valleys of this load curve could be 
used to heat 1,500 five- or six-room dwell- 
ings. 

The electrothermal off-peak heat-stor- 
age system was designed to meet all of the 
safety and insurance requirements of the 
state of Washington, the city of Seattle, 
and the city of Tacoma, as well as the 
code of the American Society of Me- 
chanical Engineers for unfired pressure 
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vessels. All electric equipment used in 
this system has been approved by the 
national Underwriters’ Laboratories. 


\ 


Principal Equipment of the Electro- 
thermal Off-Peak Storage System 


A general description of the electro- 
thermal storage-space-heating and _ air- 
conditioning equipment consists of the 
following: 


The main items of equipment are a. super- 
heated hot-water accumulator, immersion 
electric heaters providing the source of heat, 
a reducing valve for automatically releasing 
the heat energy from the accumulator to a 
lower pressure level, a heat-transfer element 
for transmitting the heat energy into the air 
used for heating the dwelling, a condensate 
receiver to store the condensate until such 
a time as. it is returned to the accumulator, 
an electrically controlled feed pump, a 
thermostat for maintaining a constant pre- 
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determined temperature in the dwelling, a 
humidistat for maintaining the relative 
humidity at a predetermined level, renew- 
able dust filters, activated carbon filters, - 
and an air-circulating fan. 


Method of Operation of Electro- 
thermal Off-Peak Storage System 
for Winter Heating 


A schematic diagram of the electro- 
thermal off-peak accumulator system is 
shown in Figure 1. A description of the 
method of operation of this system is out- 
lined here. 

The accumulator A is an unfired pres- 
sure vessel filled 90 per cent full of water 
under normal operating conditions. 
When fully charged the pressure in the 
accumulator is maintained at 200 pounds 
per square inch and 388 degrees Fahren- 
heit. The accumulator is built according 
to the specifications of the latest unfired 
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Schematic diagram of complete electrothermal off-peak accumulator heating 


and air-conditioning system 


Equipment: 
A. Electrically heated water tank and accu- 


mulator. Normal operating condition 90 per 
| cent full 

B. Steam-pressure reducing valve * 

C. Condensate receiver 

D. Modulating thermostat control valve 

E. Room thermostat and time clock 

F. Heat-transfer element 

G. Condensate return trap 

H. Feed pump 

J. |mmersion electric heaters 

K. Pressure control 

L. Humidifier 


Specifications: 


All electrical controls to be 


Underwriters’ 


Air fan 

Plenum air chamber 

Activated carbon filter for air purification 
Removable air filter for dust 

Return air duct from rooms 

Evaporator 

Condenser 


Chilled-water pump 

Control panel 

Float switch in condensate receiver 
. Room humidistat 

Humidity-control valve , 
Thermocompresser unit 
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approved standard. Accumulator to be 


approved ASME unfired pressure vessel for 200 pounds per square inch and 388 degrees 


Fahrenheit. 


Valves, fittings, and piping to be American standard for 200 pounds per 


square inch working steam pressure 
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pressure vessel Code as published by the 
ASME, which insures a pressure vessel 
having a high factor of safety for use in 
dwellings. The vapor above the water 
in the accumulator is released through a 
pressure-reducing valve B, which reduces 
the pressure from 200 to 2 pounds per 
square inch. The two-pound per square 
inch steam line is provided with a safety 
valve in order to limit the pressure in this 
part of the system to not more than five 
pounds per square inch. , Thermostatic 
control valve D, which is under control of 
the room thermostat and night setback 
time clock Z, regulates the flow of steam 
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Figure 2. Schematic diagram of electro- 

thermal off-peak storage heating system 

as applied to low-pressure and vapor 
steam-radiation systems 


For identification of letters, refer to Figure 1 


to the heat-transfer element F as gov- 
erned by the room temperature. Valve 
D is a modulating valve permitting con- 
tinuous flow of varying quantities of 
steam as required and is not the on-and- 
off type. As the steam is condensed in 
the heat-transfer element, the flow of 
condensate is controlled by a thermo- 
static trap G, which allows only the liquid 
to pass. The condensate is returned to 
the condensate receiver C, where it is 
stored until such a time as the liquid level 
has risen to a predetermined point. At 
this predetermined point the float switch 
V energizes the feed-pump circuit and 
permits, the feed pump // to return the 
condensate to the accumulator A at the 
slow rate of approximately 0.25 gallon 
per minute. The condensate cannot be 
returned to the accumulator unless the 
heating elements J are energized. This 
low rate of feed to the accumulator was 
fixed, so that this water could absorb 
nearly all of the required heat energy 
from the immersion electric heaters, 
rather than deriving it from the high- 
temperature water in the accumulator. 
It is evident that with this closed circuit 
there will be little or no loss of water 
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which would require an appreciable 
amount of make-up water. Because of 
the closed circuit there is no accumulation 
of solids from the water to form objec- 
tionable scale in the system. Safety 
features in connection with the hot-water 
accumulator are a safety valve with out- 
side discharge, which has a steam-flow 
capacity considerably in excess of the 
heat-generating capability of the electric 
immersion heaters J, and an electric 


pressure control K which interrupts the 


power circuit to the electric heaters when 
the pressure in the accumulator has 
reached the predetermined pressure of 
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200 pounds per square inch. Air re- 
quired to transmit the heat from the 
heat-transfer element to the rooms of the 
dwelling is propelled through the heat- 
transfer element into the plenum chamber 
N by the forced-air-circulating fan M. 
From this point air is conducted to the 
rooms of the dwelling by well-designed 
and well-constructed air ducts. The re- 
turn air from the rooms is conducted 
through the return air ducts Q, and is 
passed through removable dust filters P, 
which remove all dust and lint from the 
air. This air then passes through acti- 
vated carbon filters O, which remove all 
household odors. Outside air is ad- 
mitted to the suction side of the fan in 
sufficient quantities only to maintain the 
oxygen and the carbon-dioxide contents 
of the air at normal levels. By recir- 
culating the air in the system, with only 
this small addition of outside air, con- 
siderable heat is saved, and a slight posi- 
tive pressure inside is maintained, thus 
reducing infiltration of outside air. To 
maintain the proper relative humidity 
in the dwelling, a humidifier L is pro- 
vided. The moisture for humidification 
is provided by a fine spray nozzle that 
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injects the water into the air stream in 
the form of a mist’ This mist then passes 
through the heat exchanger and is com- 
pletely vaporized and mixed with the 
heated air. The flow of water to the 
spray nozzle is through valve X, which is 
under the control of room humidistat 1’. 
To govern the flow of electric energy to 
the system, time switches are provided to 
determine the point at which the energy 


is cut off during the peak period of the, 


day and then re-established during the 
night hours. A second time switch is 
provided which will permit a limited 
amount of energy to be taken during the 
off-peak period between 12:00 noon and 
5:00 p.m. The controls are operated so 
that the various heaters are energized 
in groups; therefore, the entire heater 
load cannot be thrown on the system at 
one time. This function is controlled by 
a motor-driven step controller which 
permits the energization of the first four 
kilowatts of heater capacity, then the 
next six kilowatts of heater capacity, 
and finally the last four kilowatts. 
Should the demand for heat during the 
day vary from the maximum, the step 
controller will reverse its direction of 
rotation and de-energize the heaters in 
steps in order that the predetermined 
pressure of 200 pounds per square inch 
in the accumulator will not be exceeded. 


Method of Operation of 
Electrothermal Off-Peak 
Storage System for Summer 
Cooling é 


For summer cooling, the steam supply 
to and condensate supply from the heat- 
transfer element are shut off by the clos- 
ing of valves in those lines, and the two 
valves controlling the chilled water to and 
from the heat-transfer element are open, 
and a summer switch governing the auto- 
matic controls is placed in the summer 
position. This automatically energizes 
the summer cooling equipment and con- 
trols. The cooling is accomplished by 
circulating chilled water through the 
heat-transfer element F. This chilled 
water is produced by the use of a small 
vacuum water-refrigerating unit which 
comprises a thermocompressor unit, con- 
denser, and evaporator. The steam from 
the accumulator is utilized to operate the 
thermocompressor Y, which together with 
secondary steam-jet ejectors produces a 
vacuum in evaporator R. Return water 


from the heat-transfer element is sprayed — 


into the evaporator, which operates at a 
high vacuum causing the evaporation of 
a portion of the return water. This 
evaporation removes the heat from the 
balance of the return water, reducing 


its temperature to approximately 45 


degrees Fahrenheit. The water vapor 
evaporated, plus the steam supplied to 
the thermocompressor, is carried over 
to the condenser S$, which is cooled by 
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circulating water from the domestic water 
supply. The condensate from. the con- 
denser is returned through a vacuum trap 
to the condensate receiver C, and thus re- 
enters the closed circuit to the accumu- 
lator, The chilled water from the bottom 
of the evaporator is circulated by a 
chilled water pump 7. This pump is 
controlled by the room thermostat E, 
thus maintaining a temperature within 
the dwelling approximately 15 degrees 
Fahrenheit below the outside air tem- 
perature. As the entire system is con- 
trolled automatically, after being adjusted, 
it requires little attention for operation. 


HOT-WATER HEATER 
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two pounds per square inch steam-dis- 
charge header from the hot-water accu- 
mulator to the main steam riser of the 
existing system. The main thermostat 
E will respond to the room temperature 
and regulate the steam flow through the 
modulating-thermostat-control valve D. 
By this method of control the steam flow 
to the radiators varies with the demand 
for heat as indicated by the thermostat. 
The condensate from the radiators is re- 
turned through the common drain header 
back to the condensate receiver C through 
the thermostatic trap G. Here again the 
system is a closed one, and the condensate 
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With an accumulator system of this 
kind in a dwelling, advantage can be 
taken of the stored heat energy to provide 
sterilizing steam for use in the kitchen, as 
well as to provide a source of steam-heat 
energy for pressure cooking of food and 
for a steam table to maintain prepared 
food at a uniform temperature, thus 
making available to the occupant of a 
small dwelling all of the conveniences that 
now are available in the most modern 
hotel and restaurant kitchens. 


Low-Pressure Steam Installations 


Figure 2 shows adaptability of the 
electrothermal heating system to existing 
dwellings having low-pressure steam- 
heating installations. 

The electrothermal heating unit can 
be used as the source of heat energy for 
existing dwellings that have installations 
of low-pressure steam radiators F for 
heating. It is not considered necessary 
to repeat the description of the various 
elements in the electrothermal heating 
system, as these have been described 
earlier in this paper. In order to adapt 
the electrothermal storage heating system 
to a low-pressure steam-radiator installa- 
tion, it is necessary only to connect the 
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Figure 3. Schematic diagram of electro- 

thermal off-peak storage heating system as 

applied to gravity and forced-circulation hot- 
water heating systems 


Equipment: 


A. Electrically heated water tank and accu- 
mulator. Normal operating condition 90 per 
cent full 

Steam-pressure reducing valve 

Condensate receiver 

Modulating thermostat control valve 

Room thermostat and time clock 

Hot-water radiation 

Condensate return trap 

Feed pump 

Immersion electric heaters 

Pressure control 

Hot-water pump, either forced or gravity 
circulation 

Control panel 

Float switch in condensate receiver 

Expansion tank 
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is continually re-used with only slight 
make-up water being required. With this 
low-pressure steam-heating system, no 
control of relative humidity or air con- 
ditioning is possible unless additional 
ventilating ducts and equipment are in- 
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stalled. The various uses to be made of 
the steam in the kitchen and for hot-water 
heating remain as previously described. 


Hot-Water Heating 


Figure 3 shows the two general types 
of hot-water-heating systems that are 
installed in existing dwellings, namely, 
gravity systems and forced-circulation 
systems. The use of the electrothermal 
off-peak accumulator system with either 
type of the previously mentioned in- 
stallations is practically as simple as that 
used in the low-pressure steam radiator 
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Figure 4. Typical daily load curve of a 
utility system 


Effect of space-heating load on Pacific Power 
and Light Company. 100 homes—accumulator 
system 


system. In order to adapt the electro- 
thermal accumulator system to hot-water 
heating, it is necessary to provide only a 
small hot-water tank fitted with an im- 
mersion steam coil. This coil functions 
as a heat-transfer element to heat the 
water of the radiator system. The flow 
of steam to this immersion coil is con- 
trolled by the modulating thermostatic 
control valve D, which in turn is con- 
trolled by room thermostat #. The cir- 
culation in the gravity hot-water system 
is comparatively slow, which makes it 
difficult to maintain a uniform room tem- 
perature. If the hot-water system is of 
the forced-circulation type, a more even 
distribution of the water is obtained 
throughout the system, and the water 
temperature can be governed more uni- 
formly by the thermostat. The hot-water 
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heating systems do not provide humidi- 
fication nor air conditioning. In order 
to obtain these features it would be neces- 
sary to provide humidifying and ventilat- 
ing. equipment. 


Midway Cottage Installation 


An electrothermal off-peak heat-stor- 
age and air-conditioning system has been 
installed recently in a five-room cottage 
at the Midway substation of the Bonne- 
ville Power Administration 
Washington (see Figure 5). 

The cottage has no basement. 


in central 


There- 


fore, to conserve space in the dwelling, 
the entire electrothermal and air-condi- 
tioning unit was installed in the attic. 

The cottage is well-constructed with 
insulated floors, side walls, and ceilings. 
All windows are tightly weather-stripped, 
and both front and back entrances are 
vestibuled with double doors. The design 
conditions at Midway are minus five 
degrees Fahrenheit outside and 70 de- 
grees Fahrenheit inside, with a computed 
heat Joss for the dwelling of 35,000 Btu 
per hour. 

All of the heating equipment is housed 
in a small well-insulated room constructed 
in the attic. This room is easily reached 
through a hatch from the utility room on 
the first floor. 

The electric control board was placed 
on the outside wall of the small equipment 
room to make it accessible for testing 
purposes. This board is shown in Figure 6. 

The cold air return duct system was 
installed under the floor, and the hot air 
ducts were placed over the ceiling joist. 
The hot air is distributed from the duct 
system through registers or grills placed 
near the ceiling line, affording a very 
even method of distribution of the air 
in the dwelling. 

Two electrothermal hot-water accumu- 
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lators were used in this installation in- 
stead of a single larger one in order to 
secure the required heat-storage capacity 
and yet be small enough to pass through 
a 24-inch by 24-inch hatch to the attic. 
The arrangement of the equipment in the 
room is compact yet accessible for main- 
tenance purposes. 

Hot-water accumulators are insulated 
with 4!/. inches of magnesia block and 4 
inches of rock wool and then covered with 
duck which is pasted on. , 

The entire duct system is insulated with 
rock wool, which is wired on and finished 
by covering with duck. 


Figure 6 (left). Con- 
trol panel 


Figure 7 (right). Ac- 
cumulators, pressure- 
reducing equipment, 
and electric control 
equipment 


Figure 7 shows the equipment installed 
inside the attic room. j 

Each of the two accumulators contains 
104 gallons of water. At the normal 
operating condition the accumulators 
have an effective heat-storage capacity of 
300,000 Btu, between 200 pounds per 
square inch and 2 pounds per square inch. 

The Midway installation incorporates 
all of the features discussed in connection 
with schematic diagram, Figure 1, with 
the exception of the refrigerating unit. 
This will be installed as soon as it is com- 
pleted. Weather conditions have been 
too warm to obtain any scientific data on 
this heating system. 


Conclusions 


Electrothermal space heating and air 
conditioning is based on thermodynamic 
principles and is very simple. The equip- 
ment involved in the construction of the 
system is standard and can be supplied 
by existing manufacturers. 

Heating and heat-storage features can 
replace oil, coal, or wood-burning equip- 
ment used in existing heating systems 
in dwellings, such as hot-air heating, 
Figure 1; low-pressure and vapor-steam 
heating, Figure 2; and gravity or forced- 


Krueger—Space Heating and Air Conditioning 


circulation hot-water systems, Figure 3: 
It is also possible to make use of the 
stored heat energy for sterilizers, pressure 
cooking, and steam tables, giving the 
housewife all the advantages. of the 
modern hotel kitchen, 

The system is practical and economical 
to install in any dwelling or building now 
existing or in new construction. It is 
estimated that the cost for converting a 
hot-air heating system to the electro 
thermal storage heating system in a six- 
room dwelling would not exceed $600. 

The electrothermal heat-storage unit 
uses daily off-peak electric energy, thus 


using hydroelectric energy that otherwise 
would be wasted in stream-flow plants. 
This system is advantageous from the 
standpoint of the utilities, as it permits 
the use of their distribution systems at a 
much higher load factor than is now pos- 


sible. It also offers the advantage that 
an interruption to the service for short 
periods of time, which are unavoidable, 
has no effect on the operation of the 
storage system. 


The consumer derives advantages from 
the storage system by being assured of a 
continuous heat supply. Then there are 
advantages of cleanliness, elimination of 
all fire hazards, lower insurance rates, 
simplicity of operation, and minimum 
space requirements. 

Studies indicate that the cost of the 
equipment installed in the dwelling is 
moderate and competitive with other 
first-class heating and air-conditioning 
equipment:on the market at the present 
time. : 
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An Investigation of the Relationship 


Between Temperature and Movement of 


Cables in Ducts 
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ANY complex thermal and mechani- 
cal influences govern the relation- 
ship between electrical loading and the 
movement of cable in an underground 
conduit line. It is probable therefore that 
a knowledge of the relationship will come 
only through the analysis of many careful 
observations of the movement of cable in 
conduits of different types and in different 
locations and also under the influence of 
electrical loadings of various magnitudes 
and durations. It is apparent that engi- 
neers now appreciate the importance of a 
knowledge of the factors that influence 
cable movement as well as of the control 
of these factors as a requisite for higher 
loading of cables that operate under the 
load factors normally encountered. 

This paper contributes to the general 
information that is accumulating on the 
subject the results of tests made over a 
five-month period in the underground 
distribution system in Buffalo, N. Y. It 
-also describes the testing methods and the 
equipment used in the hope that this in- 
formation will prove helpful to others 
who may wish to conduct similar tests. 
Finally the paper advances a theoretical 
explanation of the relationship between 
the electrical loading and the mechanical 
movement of cable. The test results sup- 
port the theory, but more data are re- 
quired for a confirmation. It is hoped 
that the presentation of this theory will 
stimulate the assembly of additional data. 


Description of Conduits and 
Cables on Test 


About 8,600 feet of 350,000-circular-mil 
25-kv cable, located in a typical under- 
ground conduit line, was operated on a 
controlled-current loading schedule which 
permitted the recording of the expansion 
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and the correlated sheath temperature 


rise over a period of about five months. . 


The load cycle for most of the tests was 
equivalent to a load factor of less than 
30 per cent, although some data were 
obtained for load factors approaching 
100 per cent. 

The site of the test was a 4,300-foot 
conduit run in an area considered typical 
of underground-system conditions in 
Buffalo. The conduit installation is less 
than 15 years old. It contains 16 four- 
inch fiber ducts installed in a concrete 
envelope with the individual ducts on 
seven-inch centers and arranged four 
ducts wide and four ducts high. Most of 
the manholes are ten feet long, six feet 
wide, and about seven feet deep. The 
entire line is located beneath asphalt 
street paving. 

The general arrangement of the test 
conduit line is shown in plan and profile in 
Figure 1. There are 17 sections between 
manholes, and individual sections vary 
from less than 100-feet to over 400 feet in 
length. Some of the sections are in rock, 
whereas other sections are above the rock 
line. Some of the sections are submerged 
in ground water, some are what might be 
termed moist, and a few are relatively 
dry. 

The conduit is not subjected to external 
heat influences and carries only three 
three-conductor 350,000-circular-mil, 25- 
kv cables all located in the bottom row of 
ducts. Two of these cables, in adjacent 
ducts, were used for the tests. The re- 
maining cable carried no load while the 
test was in progress. The cables manu- 
factured in 1930 have regular sector con- 
ductors which are insulated with 29/54 inch 
of impregnated paper and shielded with 
three-mil-thick copper tape over the insu- 
lation. The insulated conductors are 
bound together with a five-mil-thick steel 
binder. The lead sheaths are 9/g, inch 
thick. The complete cable has an over-all 
diameter of 27/s inches and weighs about 
12 pounds per foot. 

These cables, installed in their present 
location in 1931, have attained sheath 
surface dullness and rest in the ducts in 
a normal fashion. They have never been 
loaded above a small fraction of their 
normal -carrying capacity. They are 
arranged rather well in the manholes with 
the splices centrally located on hangers 
approximately 40 inches apart. The 
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splicing sleeves are 28 inches long and 
51/, inches in diameter. The two cables 
included in the test are carried through 
the manholes on the same 17-inch arms. 
Radii of the bends in the manholes vary 
considerably but fall in the general classi- 
fication of 15 inches at the duct mouth 
and 30 inches at the support arm with a 
total offset from the line of ducts of 18 
inches. 


Description of Test Equipment 


The two test cables, located in adjacent 
ducts, were connected in series, and the 
three conductors were connected solidly 
together at one end of this test circuit. 
The power supply to the test circuit was 
provided through a three-phase low- 
voltage source with variable-voltage con- 
trol, capable of providing up to 380 am- 
peres per phase to the test cables. This 
maximum current produced roughly 18 _ 
watts loss per foot of cable. 

Time-clock control was provided so 
that the test current was initiated and 
interrupted on a selected time schedule. 
The test-current magnitude, however, 
was manually preselected with the result 
that unit cable losses varied somewhat as 
the test-cable conductors heated up on 
each load cycle. 

Cable-sheath temperature was meas- 
ured by a special probe which fits into 
the same duct occupied by the cable. 
The probe is fitted with an -‘‘advance- 
copper” thermocouple which is carefully 
shaped to make a large-area contact 
when it is pressed against the cable 
sheath by the action of a bellows. The 
couple is mounted on a small bakelite 
plate which is attached rigidly to the 
formed end of a small-diameter steel 
pipe. A small metallic bellows is at- 


‘tached to the pipe probe on the side oppo- 


site the couple. Figure 2 shows the 
couple end of the probe. 

The probe is inserted, couple end first, 
into the duct containing the cable to be 
checked. When the couple is in the duct 
six or seven feet from the manhole duct 
entrance, and contact between sheath and 
couple is evident from an_ electrical- 
continuity test between couple and cable 
sheath, a pressure of 15 pounds per square 
inch is applied to the bellows by way of 
the pipe probe. The bellows presses 
against the duct wall and forces the couple 
against and slightly into the cable sheath. 

Sheath temperature is read by using the 
thermocouple in combination with a po- 
tentiometer which is compensated for 
ambient temperature. During the tests 
the temperature measurements were 
taken at intervals of roughly 30 minutes 
and always at the close of each test. 
Unattended recording equipment was not 
used because of the possibility of losing 
thermal contact with the cable as a result 
of cable expansion. However, the probe 
was left in the occupied duct between 
readings to reduce effect of thermal lag. 
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* Four to eight-watt-per-foot heaters in adjacent ducts in section from manhole 317 east to m 


Heaters on same time cycle as test cables. 


A continuous record was made of the 
expansion and contraction of the test 
cables at the duct entrances in the man- 
holes. This was accomplished through 
the installation of graphic recorders made 
up from old graphic demand instruments. 
A flexible shaft, attached to the cable at 
the duct edge, transmits cable motion to 
the recorder mechanism and pen and pro- 
vides a continuous record of cable motion 
on paper strip charts. This arrangement 
of the recorder is shown in Figure 3. 

Mercury-bulb thermometers were used 
to obtain sink and empty-duct tempera- 
tures. A small-diameter steel pipe about 
four feet long was driven through the 
manhole wall about four feet below grade 
and at right angles to the line of the 
conduit run to accommodate the ther- 
mometer for sink measurements. The 
locations at which sink temperatures 


Before starting the tests, each manhole 
was carefully inspected, all subnormal 
arrangements of the cables were corrected, 
and all fireproofing was removed from the 
cables. The field survey was started by 
taking photographs of the interior of all 
of the manholes by means of special 
photographic equipment which fitted into 
the manhole-cover openings in such a 


? 


r 


was completed. Figure 5 
photographic equipment itself. 

Bending radii and location dimensions 
were taken to establish the position of the 
cables at the start of the tests. Current 
then was applied in two four-hour 260- 
ampere cycles each day. This loading, 
four hours on and eight hours off in each 
12-hour period, was about double the 
24-hour load factor for which ratings 
were desired, but at the low heating level 
no carry-over of heat between the indi- 
vidual cycles occurred. This loading 
developed about seven watts per circuit 
foot of cable. 

Temperature observations during the 
first few load cycles showed appreciable 
increases in only six sections. Expansion 
recorders were installed on the 12 ends of 
these six sections. The balance of the 
conduit line was either quite moist or 


shows the 


ampere four-hour cycles every day was 
continued from May 13 to August 11. 
From that date to September 26 the 
schedule was changed to one four-hour 


247 273 291 
270° 


anhole 347 west from 9-7-43 to end of tests. 


260-ampere load cycle per 24-hour period. 
During this latter schedule special heating 
cables, each having losses of eight watts 
per foot, were installed in four ducts 
adjacent to the test cables in one of the 
sections which showed a large tempera- 
ture rise during the earlier tests. The 
purpose was to simulate the effect of 
additional loaded cables in this section 
of conduit by the addition of losses equal 
to 32 watts per foot. The heating cables 
were energized and de-energized on the 
same schedule as the cables under test. 


A few special tests were made at higher 
values of loading and some for longer 
durations in order to obtain data on the 
thermal characteristics of the conduit 
system. These data subsequently proved 


‘were measured are shown in Figure 1. partly flooded. Figure 1. Plan and profile of the test conduit 
j With a few interruptions for spot line 
hecks, the test schedule of two 260- 
Test Schedule cheeks: the, “fest -Scuede lee Saat * indicates location of sheath-temperature 


thermocouple and cable-expansion recorder 


#indicates location of earth temperature 
thermometers 


STATION 
31 


317 
192’ 251’ 


379 391 415 
I” 267’ 280° 


347 
‘ 


way that all pictures taken of each man- STATION 
hole were from the same camera position g 
and angle of exposure. This made possi- 70 3038 
ble a direct comparison of photographs to q 

determine the changes in the positions of a STREET GRADE 60 


the cables, splices, supports, and so forth, 
and for correlation with field measure- 


29 


Syssuy| 317) 
\\ 
T 


i 


ments taken during the tests. The ad- 50 : SOUCTS + ee 
vantage of this care in the photographic ae = -— ; 
work is shown in Figure 4, where a picture 40 ore ae 


taken during a severe load cycle is super- 
imposed on one taken after the testing 
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“and Expansion Measurements 
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to be very informative in the study of the 
expansion phenomena. 


Test Results 


Figure 6 has been prepared as a general 
picture of the increase and decrease of the 
linear dimensions of the six cable sections 
as recorded by the equipment at each end 
of each section. This information is pre- 
sented by plotting the recorded positions 
at the time of maximum longitudinal 
expansion and maximum contraction for 
each end of each cable section during each 
test cycle. These maximum and mini- 
mum points are joined together by 
straight lines except for the ‘two long- 
duration load cycles and for those cases 
where the loading was discontinued for 
appreciable periods. The expansion and 
contraction curves for these special tests 
have been plotted on the basis of four 
points taken from the record during each 
24-hour period. 

The scale used for longitudinal expan- 
sion in Figure 6 indicates cable motion in 
the manhole. No movement of cable into 
the duct beyond the starting point was 
recorded in the six sections where re- 
corders operated. 

The gaps in the curves shown in Figure 
6 are the result of mechanical difficulties 
in the operation of the recorders. The 
data so lost are not of serious consequence. 

Table I shows the maximum sheath 
temperatures measured during each test 
for the six sections referred to previously. 
It should be noted that the sheath tem- 
peratures given in the tabulation were 
taken at different loadings, at different 
ambient temperatures as shown by the 

sink temperature measurements and also 
at different load factors. The tabulation 
gives the expansion of the cable that 
appeared in the manholes at each end of 
each section as a result of the measured 
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sheath temperature rise also shown in the 
tabulation. All of the values for expan- 
sion were obtained by scaling the curves 
of Figure 6. 

The variation in the sheath tempera- 
ture increases at the 12 test points as 
shown graphically in Figure 7 at four 
different times and at three different 
heating levels. 

Figure 8 is a graphic report of the total 
expansion during each test for each of the 


The bellows  pro- 
vides the force to 
insure good thermal 
contact between the 
thermocouple and 
the cable sheath at 
a point six or seven 
feet inside the duct 


six sections on which recorders were in- 
stalled. The data for Figure 8 were ob- 
tained by adding together the recorded 
expansion of the two ends of each of the 
test sections to obtain the total expansion 
for each section for each test. The ex- 
pansion in each case is the increase in 
length apparent in the manhole for each 
section and for an individual load cycle, 
without regard for expansion, permanent 
set, or other effects which accumulate as 
a result of such factors as changes in 
earth temperature and motion of the 
sections as a whole, which produce long- 
time changes and irregularities. 


Analysis of Tests 


The first thing of interest found in 
analyzing the test results is that the 
measured temperature rise at-the test 
points is remarkably free from radical 
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variation with time. This is brought 
out particularly well in the two curves at 
the bottom of Figure 7 which are plotted 
from data taken during tests made four 
months apart. 

Another interesting observation from 
Figure 7 is that the maximum variation 
in measured temperature rise for the 
whole group of test points in any test 
approaches two to one. This is not sur- 


prising, but it is important since it could 


Sheath-temperature-thermocouple 
probe 


Figure 2. 


indicate that the variation of tempera- 
ture over the individual section lengths is 
considerable and that measurements of 
temperature taken at the ends of the 
section may not be a true indication of 
average section temperature. 

However, the comparison of the tem- 
perature measurements at the ends of the 
individual sections for each test shows a 
range of temperature variation consider- 
ably less than that for the whole test run. 
Furthermore, the relationship between - 
the individual end temperatures is main- 
tained with change in load factor and 
load level as shown by a comparison of 
the shape of the upper curves with that 
of the lower curves in Figure 7. 

The plotted temperature rise, Figure 7, 
has many of the characteristics of the 
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elevation profile, Figure 1, in that the 
maximum temperature rise of each sec- 
tion is at the end of maximum elevation. 
This characteristic, in all probability, is 
due to the tendency of the higher ends 
of the duct sections to have the minimum 
moisture in and around the duct bank. 
Turning next to Figure 9, one sees 
that the shape of the curves for total 
measured section expansion and that of 
the curves for the average temperature 
rise have a very close similarity. It is 


interesting, however, that Figure 9 shows 
several marked deviations from this simi- 
larity in the two groups of curves. At 


the heating level existing on the 260- 
ampere four-hour cycle, the measured 
section expansion in all cases was less 
than one millimeter per degree centi- 
grade sheath rise, whereas at the higher 
heating levels found in the 325-ampere 
72-hour and 300-ampere 149-hour tests 
the section expansion was on the average 
above one millimeter per degree centi- 
grade. In addition, the two lower expan- 
sion curves in Figure 9 show that for the 
260-ampere four-hour loading there was 
considerable variation in the expansion 
as measured at two different times while 
the temperature rise showed almost per- 
fect repetition. 

The curves in Figure 10 show that the 
realized elongation of the cable observable 
in the manholes is less than 50 per cent 
of the theoretical free expansion of either 
the lead sheath or the copper conductors. 

Fortunately, these three effects, non- 
linear relationship of movement with tem- 
perature rise, variation with time of year, 
and failure to approach theoretical elonga- 
tion, are of interest chiefly in studies 
aimed at establishing the mechanism of 
expansion. A given cable installation 


_can be operated satisfactorily with only a 


general knowledge of the relationship 


- between loading and expansion. This is 


particularly true, since the arrangement 
of cable in a manhole is not carried out 
with scientific precision and with an 
expectation of permanency. Cable ar- 
rangements designed to permit certain 
top limits of expansion in most cases will 
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deteriorate with time, and only prohibi- 
tively expensive maintenance schedules 
could maintain the design conditions. 

In view of these considerations, it is 
concluded from the temperature-expan- 
sion relations shown by the curves of 
Figure 9 that one millimeter of longitu- 
dinal expansion observable in the man- 
holes per degree centigrade sheath tem- 


perature rise is a practical design factor. | 


The length of cable section is not an 
important consideration, because all sec- 
tions in normal operation are reasonably 
close to the average length of the six 
sections on these tests. In ‘addition, the 


Figure 3. Expansion-recorder 
mechanism 


The flexible shaft transmits cable 
[ motion to the recorder pen 


ve 


Figure 4. Superimposed pictures to show 


‘a . . 
b | | cable motion in a manhole 
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The dashed lines outline the positions of the 

expanded cables under heavy load. The 

solid lines outline the contracted positions of 
the cables under no load 


rane 


realized longitudinal expansion per unit 
length of cable is less for a long section 
than for a short section, and this tends to 
make the length of the section a rather 
unimportant factor in determining the 
anticipated longitudinal expansion. 

On the system under test, two cables 
were carried by the same 17-inch arms in 
the manholes. This arrangement will 
accommodate about 50 millimeters of 
total section expansion or about 25 milli- 
meters at-each duct mouth. The 50- 
millimeter expansion produces about five 
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inches of lateral movement of the splices. 
If there is a difference in the loading of 
the two cables on the same arm, the per- 
missible lateral motion may be reduced. 

The 50-millimeter limitation for total 
longitudinal expansion is acceptable only 
where the cables are properly arranged in 
the manholes and where the radii of 
curvature at the duct mouths and at the 
arms are appropriate. The life of the 
cable sheath under the flexing produced 
by the proposed expansion limit is not 
known accurately, but our interpretation 
of the tests reported to the AIKE last 
year by E. W. Osterreich is that at least 
20 years of operation can be expected 
before sheath trouble due to expansion 
and contraction becomes serious. Occa- 
sional operation at higher temperatures 
and greater expansions should not effect 
the life of the sheath but may cause inci- 
dental difficulties. 

The degree to which the results of these 
tests will apply to other installations is 
not known, but it is probable that the re- 
action of installations involving other 
sizes and types of cables and ducts will 
vary considerably from the findings given 
here.- It is apparent, however, from these 
tests that the longitudinal expansion of 
the cable as now installed is a more seri- 
ous limitation than the thermal limita- 
tions of the insulation for load cycles 


such as those experienced in supplying | 


residential load. 
Mechanism of Expansion 


The tests described in this paper were 
made to determine the safe limits for the 
loading of a specific system. However, 
it is felt that so much improvement can 
be made in the methods of constructing 
and installing cable as a result of a more 
complete understanding of the mechanism 
of cable expansion under load that we 
have examined these test results for data 


Figure 5. Manhole camera installation 


Care in positioning cameraiin mantiene open- 

ing permits making a graphic record of cable 

motion by superimposed pictures as shown in 
Figure 4 
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Figure 6. Continuous 
record of cable expan- 
sion 
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Motion recorded at the 
12 ends of the six test 
sections is plotted 
against load cycle and 
date. The scale of mo- 
tion at the top of the 
figure is in millimeters. 
The load cycles are of 
four-hour duration ex- 
cept those marked *, **, 
and ***, which are 7, 
72, and 149 hours dura- 
tion, respectively 
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Figure 7. Temperature rise of 


cable sheath 


The heavy, light, and dashed 


lines connect points plotted 


for temperatures measured at the 
ends of the same section, ad- 


INCREASE OF SHEATH TEMPERATURE 
DEGREES CENTIGRADE 


jacent sections, or sections not 
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MANHOLE LOCATION NUMBERS 


that might be helpful in this understand- 
ing. We believe the following observa- 
tions warrant further consideration: 


1. The amount of longitudinal expansion — 


appearing in the manholes for a given in- 
crease in cable temperature due to losses in 
the conductors was different for tests made 
at different periods of the year. 


2. The average longitudinal expansion 
appearing in the manholes per degree of 
increase in cable temperature was greater 
for the larger increases of cable temperature. 


8. The amount of longitudinal expansion 
appearing in the manholes was only about 
- one half of the theoretical free longitudinal 
expansion of either the copper conductors or 
_the lead sheath (see Figure 10). 
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adjacent, respectively. For test 
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conditions see Table | 
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The following is a theoretical analysis 
of cable movement that explains these 
three observations. The theory is offered 
with the knowledge that there are insuffi- 
cient test data to support it but with the 
hope that it may stimulate further in- 
vestigation. 

Consider first an idle cable in a conduit 
line which carries no other cables. At 
the time of lowest earth temperature, the 
cable is contracted to its minimum length 
and is in a straight path along the bottom 
of the duct. As the earth temperature 
and consequently the cable temperature 
increases, the cable expands longitudi- 
nally. The initial increase in the length of 
the cable is taken up principally by lateral 
displacement or “‘snaking’”’ of the cable 
within the duct, since the resistance to 
this ‘‘snaking”’ is less than the resistance 
to longitudinal motion. Some longi- 
tudinal motion is present, and some of 
the increase in length appears in the 
manholes, in spite of the freedom of the 
cable to reposition itself within the duct. 

The longitudinal expansion probably is 
due to the greater thermal expansion of 
the lead sheath than of the copper con- 
ductors. This undoubtedly produces a 
longitudinal mechanical force in the 
sheath, part of which is transmitted to the 
conductors through the insulation, so that 
it acts to increase the length of the entire 
assembly. This increase in length of the 
entire assembly is readily taken up as 
lateral displacement of the cable within 
the duct. However, some of the stress in 
the sheath must be transmitted along the 
sheath and is effective only as a force to 
increase the length of the cable into the 
manholes. The ability of the sheath to 
produce such movement is limited by the 
elastic deformation of the sheath and the 
maximum compressive force which the 
sheath can transmit longitudinally with- 
out permanent deformation. 

‘At the time of maximum earth temper- 
ature, which may represent a rise of as 
much as 25 degrees centigrade above 
minimum temperature, the cable is ex- 
panded sufficiently so that the resistance 
to added lateral deflection or ‘‘snaking”’ 
within the duct is considerably increased 
and the over-all tendency for expansion 
is into the manholes. 


nN 
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Figure 8. Cable expansion ap- 
pearing in manholes 


The solid. and dashed lines con- 
nect points plotted for adjacent 
sections and for sections which 
are not adjacent, respectively. 
For test conditions see Table | 


CABLE SECTION EXPANSION-MILLIMETERS 


Nicholson, Brosnan—Cables in Ducts 


O O oO 
205 247 273 317 347 


MANHOLE LOCATION NUMBERS 


379 


TRANSACTIONS 727 


Next, assume that the cable under con- 
sideration is carrying load. The action 
of the forces produced by the temperature 
changes caused by the electrical losses 
must be analyzed in relation to the ef- 
fects of ambient temperature which were 
discussed in previous paragraphs. For 
example, if a moderate load is placed on 
the cable at the time of lowest earth tem- 


ing the temperature level at which the 


cable would be in a straight line in the 
duct. 

The theory outlined in the preceding 
paragraphs not only explains the per- 
formances observed during the tests 
reported in this paper, but also accounts 
for a type of damage that occurs to the 
lead sheath of cables in operation. If the 


Figure 9. Sheath temperature 


40 


rise and associated cable ex- 
pansion appearing in manholes 
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The solid lines represent ex- 


20 


sections which are not adja- 
cent. For test conditions see 
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perature, the longitudinal expansion starts 
with the cable flat in the duct. Under 
this condition, a large part of the in- 
crease in length ‘is readily absorbed by 
lateral movement within the duct, and, 
for a given temperature rise, the expansion 
appearing in the manholes will be a 
minimum. However, if the same loading 
is placed on the cable at the time of 
maximum earth temperature, the in- 
crease in cable temperature is the same as 
before, but the amount of expansion of the 
cable into the manhole is from 20 to 50 
per cent greater. The reason for this, of 
course, is that most of the lateral freedom 
of the cable within the duct was ab- 
sorbed by the expansion due to earth 
temperature increases. 

The mechanism of cable movement is 
complicated by other variables. For ex- 
ample, the temperature at which an un- 
loaded cable will assume a straight line 
on the bottom of the duct undoubtedly 
depends on previous loadings. If the 
cable experiences a relatively severe load 
cycle so that the space available for 
lateral displacement within the duct is 
fully occupied before the top of the cycle, 
then it would appear reasonable that the 
cable on cooling would tend to straighten 
out in the duct before withdrawing the 
cable which had expanded into the man- 
holes. This would have the effect of rais- 
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lead sheath is reasonably free to move 
with respect to the core of the cable, then 
the forces of longitudinal expansion of 
the sheath are in part transmitted into 
that portion of the sheath in the manhole. 
These forces are maximum where the 
movement of the sheath is restrained as 
at a bend or at a solid-filled splice or at 
the location where the equal opposing 
forces of an adjacent section appear. 
Frequently this results in the lead sheath 
exceeding its elastic limit at one of these 
points, and a wrinkle or ripple appears in 
the sheath all around the cable. Once 
this ripple develops, all further expansion 
of the sheath is concentrated at that 
ripple, and failures do not appear at 
other locations on the sheath. This type 
of failure is very commonly found at the 
ends of splices, particularly on those 
installations where the cables are in- 
stalled without bends. 

If the lead sheath fits rather tightly on 
the core of the cable, the longitudinal 
forces developed between core and sheath 
due to excess expansion of the sheath are 
continuously transmitted to the core, and 
the action of the sheath in straightening 
the cable is reduced or possibly eliminated. 

This suggests the desirability of in- 
vestigating experimentally the possible 
advantages of improving the mechanical 
bond between the core and the sheath of 
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i pansion. The heavy dashed 
lines -represent temperature 
20 rise. The light dashed lines 
connect points plotted for. 


the cable. It is possible that the use of 
properly shaped core-binder tapes and 
the use of sheath reinforcement would 
provide sufficient bond between the sheath 
and the core to insure greater lateral ex- 
pansion within the duct and less expansion 
into the manhole. It may even be within 
the realm of possibility that a carefully 
co-ordinated design would make possible 
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Figure 10. Relation between increase in 
cable-sheath temperature and realized unit 
cable expansion 


The solid lines connect points relating to 
individual sections. The dashed lines indi- 
cate the friction-free temperature-expansion 
characteristics of lead and copper assuming a 
temperature differential between the two. 
metals approximating the differential found in 


a loaded cable 


the elimination of all expansion loops in 
a cable installation. If would, of course, 
be necessary to restrain the movement 
of such a cable into the manhole, perhaps 
by a suitable enclosure for the cable 
within the manhole. If a cable so in- 
stalled had its sheath and core mechani- 
cally interlocked, we believe that the en- 
tire expansion would be taken up as 
lateral deformation within the duct, and, 
if the operating temperature increases 
became high enough to cause the sheath 
stress to exceed the elastic limit, the 
permanent deformation would be spread 
over the entire length of cable, and there 
would not be localized portions of the 
sheath stressed to the point of failure. 
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~The Summation of Load Curves 
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NUMBER of load curves may be 
¥% added to determine some character- 
isti¢s of a composite load from known 
values of the individual loads which com- 
prise it. The resulting peak load, min- 
imum load, load factor, or time of the 
peak are characteristics usually sought, 
but there may be many others. 

Operators seek to maintain high load 
factor in a power system in given areas, in 
feeders, and in equipment to obtain maxi- 
mum use of the facilities, and to this end 
loads are combined, so far as practical 
limitations will permit, for optimum re- 
sults, which are generally measured finally 
by return on the plant investment. 
Hence the subject of rates is linked to that 
of load curves. 

For instance, the economic justifica- 
tion for central-station generation as com- 
pared to local generation near individual 
loads, depends primarily on two facts: 


1. The unit kilowatt-hour cost of energy 
. delivered has, in general, been lessened as 
the amount generated has increased. 


"2. Relative generating capacity, feeder 
capacity, and substation capacity required 
have decreased as additional loads have 
been added and the demand factor has 
decreased due to the effects of diversity, 
through the serving of many loads of greatly 
diverse character, resulting in improved 
load factor or use of facilities. 


The advantage for central-station gen- 
eration offered by condition 2 is pertinent 
to the subject matter of this paper. It 
may be partially neutralized by adding 
certain types of loads in excessive 
amounts. The principles involved will be 
recognized by engineers who are striving 
to keep their organizations competitive 
and build up their revenues at the same 
time. 

Also, in wartime, when old economic 
-controls no longer govern, the need for 
intelligent load forecasting is apparent to 
all. It is realized now that in the haste to 
arm and produce, after a prolonged period 
of comparative business stagnation, there 
was much overestimation of loads, with 
corresponding delays because of some de- 
mands for equipment not really needed. 

Forecasting under war conditions be- 
comes difficult for load characteristics and 
timing have changed. Factors based 


Paper 44-98, recommended by the AIEE com- 
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upon past observations are no longer re- 
liable. Industries that formerly operated 
on a single shift may now be on a 24-hour 
day, seven-day week basis.’ Wartime has 
changed the characteristics of lighting 
loads, while shortages of manpower and 
materials have had their effect upon com- 
mercial loads. Many utility companies 
have had their peak-load periods dis- 
placed as much as 12 hours under war 
conditions. 

It is prudent to examine trends from 
time to time, and in so doing, one is con- 
fronted with the need to determine the 
components which comprise a load or 
conversely to determine the result of 
combining loads. The purpose of this 


1.0 


10) 0.2 O4 


Figure 1. Ag versus ¢ for various values of Q 


a= 2andp = 1.00 


paper is to consider some of the technical 
aspects of these problems and to present 
some methods which, it is hoped, will be 
helpful. 


The Addition of Loads Which 
Are Similar Except for Timing 


An understanding bf the case in which a 
number of loads Q, of equal load-factor 
¢, are to be combined, is helpful in deter- 
mining the methods to be applied to the 
more general case for loads of various load 
factors. 

In a previous paper! load-curve sum- 
mation was mentioned briefly and the 
formula presented: 


oo=[1+(5-r)o-ve |" (a) 
fo) 


in which ¢g was given as the load-factor 
for the sum of Q equal loads of load-factor 
¢ each and a was stated to be a variable 
of value two or greater. 
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A more general form of equation 1 is 
given by: 


#o=| o+(3-a)o-v]" 


where a is the asymptote of the curve of 
1/¢q versus Q, instead of unity as is the 
asymptote given in equation 1. 

In previous applications of the formula, 
a was taken as greater than two without 
introducing a value for a when adjusting 
for peak concentration. This procedure 
is not rigorous and does not give true re- 
sults with any constant for large range 
of values of Q and periods of peak con- 
centration because the asymptote is 
variable and greater than unity when the 
peaks are concentrated within periods 
less than that for which ¢@ has been cal- 
culated.} 

A preferable approach is to find the 
value of the asymptote a. With a taken 
as a constant equal to two, a then becomes 
equal to z/¢, in which zg is the coincidence 
factor for Q= © as will be seen subse- 
quently. 

Further investigation has convinced 
the author that for utility services, the 
number of hours, on the average, during 
which peaks of a given load factor occur, 
decreases as the load factor decreases in 
accordance with probability laws which 
can be expressed analytically. 

Let us examine the meaning of ¢ itself. 
Suppose a constant load lasts for a period 
of one hour and no longer. On this one- 
hour basis the load factor is 1.00; on an 
eight-hour basis it is 0.125; and on a 
24-hour basis only 0.0417; all for the same 
load. So load factor must always be as- 
sociated with the time for which it is 
measured. Also, a time restriction in the 
occurrence of the peaks alters Ag by 
changing a or ¢ as given in equation 2, 
which, for a=2, applies to a random 
peak-time distribution during the time 
for which @ is considered. If peaks of 
one-hour duration should all occur during 
the same hour, they would be added arith- 
metically. This is one extreme condi- 
tion. The other extreme condition would 
occur when the peaks are evenly dis- 
tributed throughout the time considered, 

Since the coincidence factor Ag is the 
ratio of the peak for Q loads to Q times the 
peak for one load (the inverse of the di- 
versity factor), we can write, taking the 
peak for one load as unity: 


(1a) 


Qe ? 
Ag=—-+0=— 
Q e $a 
so that 
Ag=a¢+(1—ag)Q-"/* (2) 


substituting the value of dg given in equae 
tion la. Values of Ag versus ¢ for various 
numbers of loads are shown on Figure 1 
with a taken equal to two and a equal to 
one. As Q becomes infinitely large Ag= 
¢. Also note that as ¢=0, Ag=O-”. 
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Refer to Figure 2. Assume five equal 
momentary peak loads A, B, C, D, and £, 
to be concentrated and evenly distributed 
within a time p. The momentary peak, 
at the time of the peak C, of the sum of 
these five loads will be the sum of the 
five ordinates F, G, C, H, and J, spaced 
equally in time on the curve FCI. J, K, 
L, M, and N, are relative instantaneous 
peak values of the sum of the five loads 
at the times corresponding to peaks A, 
B,C, D,and E. Note that L is the high- 


Five equal peak loads occurring 
within a time p 


Figure 2. 


est of these values corresponding to the 
time of the peak C of the curve which is 
symmetrical within the time p. 

Now as the number of loads is increased 
above five, the momentary peak L of their 
sum will approach as a limit the integral 
of the curve FCI over the interval of time 
p. For uniform distribution with refer- 
ence to time one can therefore write for 
equal loads: 


Mq=Q-p"* i "(a(t «06 3) 


for Q + ©, measuring time from the point 
O of Figure 2. 
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Figure 3. Reversed time-duration curve 


M, T, ¢, k, and po given 


ah 
T 
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This equation simply states that the 
peak value for Q= ~loads approaches Q 
times the average value for one sym- 
metrical load during the interval p. This 
average value we have called z. For non- 
uniform distribution during the time p, 
the peak Mo, following the most probable 
random distribution, will exceed Qz by an 
amount equal to (1-z)Q’/2, This follows 
from equation 1 using a=2 and replac- 
ing @ with zg, or 


Mg=Qz+(1—2)Qt”? (4) 
Ag=z+(1—2)Q7/? (5) 


Also from equation 2 it is apparent that 
a = 2/¢if a is to be two and equation 5 
holds true. 

Suppose we now set up a hypothetical 
load synthetically, taking into considera- 
tion minimum value, maximum value, 
duration of the peak, and load factor, 
using the methods heretofore described!', 
‘in accordance with Figure 3: © 


¢ is the load factor. 

k is the variation factor. 

Po is the peak duration. 

Te the total time, is unity. 

M, the maximum value, is unity. 


Figure 4. p, z, and Ajo versus ¢ using equa- 
tions 8 and 9 for z, and z, 
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Figure 5. Curves of 1/a versus ¢ and Ag 
versus ¢ tor various values of Q 


Hamilton—Summation of Load Curves 


The curve A can be expressed as: uy 
i) 


m/M=R+a-Ha-p)-™( 4) 


where 


(1—¢) 
(hin 6) 
“(—H)— poll —B) 
This will represent a load-duration curve 
with abscissas reversed in sign. or 
Let ~ be a period of time which includes 


0.8 


0.4 0.6 
P 5 
Figure 6. z versus p for various values of 


¢ according to equation 8 


the period of the peak fo, and (p — po) in 
addition. By integrating this load-dura- - 
tion curve over the time p and dividing 
the result by p, one obtains z, the average 
value, and hence the load factor for that 
portion of the load included within the 
time p. 


2=k+p-'{ (p—k) — [(6—k) —Po(1—k) ]X 
12 
| =e t (7) 
where 


Sie (1—k)(1— fo) 
(¢—k) — po(l—k) 


For a one-hour peak in a 24-hour cycle, 
po= 1/24; also in utility curves it has been, 


z versus p for various values of ¢- 
according to equation 9 


Figure 7. 
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z versus @ for various values of p 
according to equation 8 


Figure 8. 


found that one can use k = 0.4¢ usually. 
Under these conditions: 


"| 1 
pers ce 1 awe! = 
z i 46+) {e8 2 [746-5] X 


23(5— 2) 
4p — 5 MI (8) 


For momentary peaks or for weekly 
and monthly load-factors for which pp be- 
comes very small and where k approaches 

- zero in value, one can put po and k equal 
to 0 in equation 6 and then: 


24 
E (1—p) 


ae) 
SS i — 5 1t/? 9 
2 a —py/*} (9) 


The purpose of equations 7, 8, and 9 
will be obvious. If the peaks of a num- 
ber of loads Q, of equal load factor ¢, are 
restricted to a time p, which is less than 
the time for which ¢ is calculated, then 
we shall use z instead of d. If our cycle 
is one of 24 hours, then 24p will be the 
number of hours in which the peaks are 
concentrated. 


Probability Elements as Applied 
to Consumers’ Habits 


Consider the not unusual custom of 
measuring all consumers’ maximum de- 
mands on a unit-time basis. If these de- 
mands in kilowatts are also compared on 
a unit basis regardless of magnitude then, 
relatively, a consumer’s load factor is a 
direct measure of his energy consumption 
throughout the day, and it seems logical 
to presume that the more energy he con- 
sumes the more likely is the time of his 
peak-load to vary. Stated in another 
form, when a substantial number of 
customers with about the same load factor 
have been segregated, it is found that the 
time in which the peaks occur can be cor- 


related with the load factor. Such a cor- 
relation may be expressed: 
p=b+ce—" Ue)? (10) 


to conform to Gauss’ normal probability 
curve. 
A study of Constantine Bary’s results 
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s 


z versus ¢ for various values of p 
according to equation 9 


Figure 9. 


covering large and small light and power, 
commercial and industrial consumers in 
Philadelphia, Pa., would indicate values 
for b, c,h? and (fp)? in equation 10 as fol- 
lows? (see figure 4): 


p =0.187+0.813e~ *{0-9)*+G—9)?"} (10a) 


Other values of these quantities will be 
found for other special types of load and 
may be expected, it is believed, for the 
same types in other locations. 

The curve of ¢/z=1/a versus @¢ also 
assumes the shape of a probability curve 
as can be seen in Figure 5, and may be 
expressed empirically without reference 
to p and z. However, for momentary 
peak loads and with p known, a would be 
given by, (po and k = 0): 
a=-{1-(1-p)*} (11) 

p 

from equation 9 and likewise other values 
from equations 7 and 8 for the conditions 
therein given for fp and k. The quantity 
a is the value of the asymptote of equa- 
tion la as previously discussed. Figure 
5 also shows the variation of Ag with Q, 
for the values of 1/a on the curve. 


The Effect of Peak Time 
Concentration on the 
Coincidence Factor 


Refer to Figure 4. The curve marked 
p represents values of p as calculated from 
equation 10a and 24p is the equivalent 
hours per day in which the total number 
of peak loads may be considered as con- 
centrated. (See note following example 5 
in the Appendix.) 

The curve marked z; represents values 
of z calculated from equation 8 using the 
corresponding values for p just found. 

The curve marked z. represents values 
of z calculated from equation 9 using the 
corresponding values of p. For 2, po is 
1/24 (one-hour peak) and k=0.4¢ and 
for Z2, po’is 0 (instantaneous peak) and 
k=0, as explained previously. 

Note that z; and 2, apply to an infinite 
number of loads. By concentrating the 
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HOURS 


Figure 10. m/M versus hours of peak dis- 
placement for various values of ¢ using 
Pes equation 12 


k = 0.4 ¢ and po = "/x 


HOURS ! 


Figure 11. m/M versus hours of peak dis- 
placement for various values of ¢ using 
equation 12 

k = Oand pp = 


time of the peaks in accordance with 
curve p, we have shifted the straight di- 
agonal line of Figure 1,.A9=¢, for an in- 
finite number of cases, to one of the pe- 
culiarly shaped curves Ag =z of Figure 4. 
See also Figures 8 and 9. 

Now by applying equation 5 for the 
summation of 30 equal loads, we obtaim 
the two curves of Figure 4 shown for Agp. 
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Tests conducted by Constantine Bary?, 
for 30 combined loads and analyzed sub- 
sequently by H. E. Eisenmenger®, and 
others, have given results that agree 
closely with these curves, except that 
Bary’s curve for 30 combined loads ter- 
minates at 0 for 6 =0, whereas that of the 
author terminates at 0.1825 for ¢=0, for 
Azo. In the case for 39, in which the 
peak is measured on a one-hour basis, 
a load factor less than 0.0675 is im- 
possible, for po has been taken at 1/24 
and k=0.4¢. 

The value k=0.4f seems to apply 
closely enough for utility loads. It is not 
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Figure 12. Demand factor and load factor 
versus connected load for military establish- 
ments 


critical. For example, with po=1/24, 
¢=0.5, and k taken as 0.29, 0.34, 0.49, 
and 0.5¢, respectively, the corresponding 
values for z using equation 7 would be 
0.803, 0.792, 0.775, and 0.757, for p= 
0.4. 

In this case, a 60 per cent decrease in 
the value of k from 0.5¢@ results in about 
six per cent increase in the value of z. Of 
interest too is the fact that a given per- 
centage change in p usually causes less 
than one-half this percentage change in 2. 


Adding Loads of Various Load 
Factors 


Equation 6, or others similar, which 
give consideration to the load-curve 
shape, can be used to find the value of a 
given load at any time p from the peak. 
Otherwise stated, if the time of a peak- 
load is known, the effect of this peak at 
any other time as added to any other peak 
or peaks can be estimated closely. This 
method is specifically applicable for a 
substantial number of peaks when their 
hour-to-hour characteristics are not read- 
ily obtainable, or where these vary and 
average values will suffice. It is not of- 
fered for a few curves as a substitute for 
the actual load curves if these are avail- 
able. The curve for m/M, in equation 6, 
and others similar, is for a load duration 
curve with abscissas reversed. When 
used for direct-time readings of m/M, 
zero time may be taken at the midpoint 
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of the peak load (1/2 p,) and the value 
of m/M would then be given by: 


a (1—¢) 
(¢—k) — pol —k) 


Note that 2p is used instead of when 
the equation is applied in this manner. 

For Q loads occurring with a random 
distribution and having various load 
factors, the peak value of the sum of the 
loads may be found from: 


(12) 


1/2 
Mg=2(a00)+( [et -#y) (13) 


1/2 
Mo==(Mz) +(Z2ueu-2"1) (14) 


depending upon whether the peaks are 
distributed throughout the cycle of ¢ 
or concentrated during p so that z be- 


Figure 13. [Demand 
factor and load factor 
versus number of 

electric ranges 0 10 


p=0.5 


comes applicable as heretofore discussed. 
These follow from equations 2 and 4. 

The corresponding coincidence factors 
Ag may be obtained from equations 13 
or 14 by dividing Mg by 2M. 


The Effect of Load Changes on 
Coincidence Factors and System 
Peaks 


Coincidence factors have been em- 
ployed to estimate the effect of an ad- 
ditional load on an existing peak load. It 
will be seen that this method can be ap- 
plied only when the existing peak occurs 
during a time in which the additional load 
isapttooccur. If the time of a principal 
peak load has shifted, the relations which 
determine the relative contributions to 
this peak load are certainly altered. A 
single industrial customer, in the change 
from 8-hour to 16- or 24-hour operation, 


has correspondingly increased his load: 


factor and, therefore, the hours during 
which his maximum demand (which may 
have remained constant) is likely to oc- 
cur. The effect of a substantial number 
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of such load changes would not necessarily ’’ 
increase a system peak. It might con 
ceivably reduce it, at least alter its timing. 
Failure to understand or evaluate this 
A versus ¢ relationship and to foresee the 
limitations in materials and manpower, 
may in part account for many of the ex- 
tremely high estimates which have been 
made from time to time of the total gen- 
erating capacity needed for the war effort. 

The solutions which are based upon” 
probability relationships increase in ac- 
curacy as the number of loads increases. 
For a few loads, one may speak of the 
most probable solution. For a substantial 
number of loads, one may with more con- 
fidence speak of the actual solution for 
some of these intangible problems. 


Demand Factors for Composite 
Loads 


Since, for unit loads of all load factors, 
the load factor of the summation of a 
substantial number of such loads increases 


30 40 50 
NUMBER OF RANGES 


as the number of loads increases, it is ap- 
parent that the demand factor will de- 
crease for given types of loads as the con- 
nected load increases. If the demand 
factor for Q loads is Ya and the connected 
load is Bg 


= Mo _ Age M _ 1 QM, 
Ba ZB gq Qh 


hla op 
ari: Wi ya 


Yo 
(15) 


Thus, for loads of a given load-factor 
type ¢1, We is proportional to 1/¢a, since 
[¢1~1] is a constant value for that type 
of load. M,/ 8, represents the kilowatt de- 
mand per kilowatt of connected load for 
the unit load, and, therefore, [¢,y4] is 
the average load per kilowatt of con- 
nected load. 

It has been determined that by dividing 
a given type of connected load into Q 
hypothetical unit blocks of 10, 100, or 
1,000 kw each, useful empirical relations 
may be established for the demand- 
factors. 

For example, for military establish- 
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ments of certain kinds ranging in mag- 
nitude of connected load from 5,000 to 
50,000 kw, the demands have been found 
to fall within or near the values given by 
the above relations with p=1.0, ¢1= 
0.159, and ¥,=0.935 for 1,000-kw unit 
blocks of connected load as given on 


curve A of Figure 12. Curve B of the 
same figure is for the corresponding load 
factors.‘ 

Another example, for domestic electric 
ranges, is illustrated by curve A of figure 
13 which represents demand factors versus 
number of ranges for p=0.5, ¢,=0.05, 
z=0.10 (equation 9), and y,=0.8. 
Curve B is for the corresponding load 
factors and curve C gives values of de- 
mand factors as given in the National 
Electric Code.® 


Conclusion ‘ 

The more one delves into this subject 
of load-curve analysis, the more apparent 
does it become that here is to be found 
an opportunity for research, particularly 
by utility companies, which should be 
profitable. It is hoped that in this brief 
paper, a few load-curve relations have 
been presented in a manner that will 
point to the possibilities for further in- 
vestigations. 

To explain more fully practical ap- 
plications of some of the formulas pre- 
sented, additional figures and a few ex- 
amples are included in the Appendix. 


Appendix 


Symbols Employed in the Paper 


¢—Load factor 
A—Coincidence-factor 
p—Peak-concentration factor (or peak- 
shift factor) 
po—Peak-duration factor 
k—Load-variation factor 
g—Coincidence-factor for an 
number of similar loads 
Q—The number of loads 


infinite 
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Figure 14. Frequency 


curve for individual 
electric-range peak 
loads 
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Ag—Coincidence-factor for Q loads 
M—Maximum value of a load 
Mg—Maximum value for the sum of Q 
loads 
y¥—Demand factor 
8—Connected load 
a—An empirical number, value two or 
more 
=—Sign of summation for terms follow- 
ing 
T—Time of load cycle 
t/T—Fraction of load cycle (in time) 
m/M—Fraction of peak load (in power) 


Explanation of Additional Figures 


Figure 6 shows the z versus p relationship 
for various values of ¢ as calculated from 


equation 8, in which k=0.4¢ and py=1/24. 

Figure 7 shows the z versus p relationship 
for various values of ¢, as calculated from 
equation 9, in which k=0 and po=0. 

Figure 8 corresponds to Figure 6 except 
that the relationship of z versus ¢ of equation 
8 is given for various values of p. 

Figure 9 corresponds to Figure 7 except 
that the relationship of z versus ¢ of equa- 
tion 9 is given for various values of p. 

Figure 10 gives values of m/M_ versus 
hours of peak displacement for various 
values of ¢ as calculated from equation 12 
with k=0.4¢ and pp =1/24. 

Figure 11 gives values of m/M versus 
hours of peak displacement for various 
values of ¢ as calculated from equation 12 
with k=0 and po=0. 


Example 1 


The ten loads shown in Table I are to be 
combined on a single circuit. What peak 
load may be expected at 6:00 p.m. and at 
9:00 p.m.? Refer to equation 12 and 
Table II. 


Example 2 


What peak load may be expected on a 
power feeder which is to carry the loads 
shown in Table III? Peaks are ona 15- 
minute basis. In this case po=1/96. 
Take k=0.4¢ and apply equations 7 and 
14. See Table IV. 


1,020,444\'/2 
Mo=3.ase-+( 0A) =8,755 kw 
3,755 
=—— =0.6 
2 5,600 


(Note: average z=0.633) 


Table | 
Peak 
Kw Kw Time of Duration Kilowatt-Hours 
Number Maximum Minimum Peak, P.M Minutes Per Day 
Le pio eet EO. OOO) riers uiccaverss sie ce BOOMs aemirete is! saeer LOBULUE Gio bec tenes BOP eccana secant 48,000 
Pach O Oa > ne ZOU eters ts apeie inlets LOO. erie tts etn DESO HSS erctetettatin,e (50 ttre GE aR 5 12,000 
iscialeh a Ceiat relate ZyOOOWeaians sete ZO Osea ritaeate te ratiteeets SiC Recta eat RS fea toctebe ue io MS eG 24,000 
ZA AY ONT chee OOOO Rs istars says seae BOON herons eutes xcs BS LOR teetncieteranleters Ow orerginversaat neers 60,000 
Daerdicn inkhticchs cen TOO Oi iercrng atx create BOA iavemtcarc mse RZD Rohe, cachet au cetined BOG Fs sake be Ge saat 8,400 
Gtaeinte orerendes a ass ASOD Men sie Atos ere OOO ese aierer te scents DORS amistad: GOL Sa wareneee 64,800 
VA Tres Donte MEBOO wartrtrecw et ciate GEL Al oe aces CIOR SUR Begin atetere LBs ya Aretarn. «te anak 34,560 
Sica a/saveateis DOO) cavesetaraivtace oche TT Riapeyate, Peeters, « SPS. wk cise cave as LO aA ie rate sca Havete 4,320 
WEopnroacncecrsd OO ree saaesnt (i Ta ee aes ae tS oka thee vale ieee CO eas sc atten a ciere 3,600 
US riiescudie ces ooo AS OOO: fesrererdtotsis ate EOS ebatne: sisvoreatenmte BAG Wictevertyatetel crust DOM renee cvarcveeets 3,600 
29,200 
Table Il 
Number o k Po p, 6 P.M. p,9 P.M. M,6P.M. M,9P.M 
DaisicfeleietavelO ZOE cra erer, 6 O50 sis tee ab OPO2Z08 se say. 5t 0.0000... so OSI 260 acer LO;OOO Fas aes 2,342 
iD iaratetaeanicds P25 Dacian On O Srereteres ce OOS Tere as cite 050208). 5 tees O31458 05. sat 2000s Nise 611 
Shia ce seats OL AO en Ge ik (0)5,11 De eR Sees ok OLOLOS ay oa OFOSAS RT wie: ODELT Soca A DURE LO atta 2,169 
Braise OOO ones ORM rss sitcs OVO085). sean OLO729 aP oel: OULD Dic tece ees A204 \. ete 2,859 
O ater oehej4 Oi Diete ave, OAs, Seeanc 0.0208. 55... OZQ556 ise. O\0694 eta, OGRE at cae 739 
Greece (OF UR Ae sre QUID AF rerdi cans O04 D7 ie asain OF 250s orc os 00000 ca, eee SO: 66Ora te ais 4,500 
{didite sushtic sO xO ge eater ats ON SOA rates 0.0104 = 72.5.5 OF 0625. aaron OC LS Tia viet DTG te teate Bios 1,580 
Sisters O20 ctrevate 4 ORODi my sera OROL OG arenes On TOA 2 eis 0 2202 dealer. CYAN AR See 69 
Qi itera lacs, + OO eters ve a. (Oi eee ata OO Tinere siseete 0.0625....... 0.0625.-;...... CL. 344 
10s Sataxere (0 pg Spe a OL OS yy, cures OVOLSO aera ets OLO521 cent (Oh Wy jalan Bea gene ALOT tore 63 
26,283.3. 25:56 15,276 
kw kw 


Peak load at 6:00 p.m. 25,283 kw 
Peak load at 9:00 p.m. 15,276 kw 
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Table III 
Kilowatt-Hours 

Number Per Day Kw Peak Hours in Which Peak May Occur 

Graze fave eyes ahs ios (aver sce UQOO SA pahsticeiclateittosnis arse LOO. skontssterctepietarersittters 9:00 a.m. to 9:00 p.m. 

OB AA EEO OO tL SOOM .hereraterararecepereters tare SOO ervaretatewi speteretensis tate 9:00 a.m. to 7:00 p.m. 

SSeS Ses HERE Re ae SOLO ceronratt isthe BOO wes A eeicoracin toate 8:00 a.m, to 8:00 p.m. 

Se Ney IPE es EAA Or iiotere yisperelersvecste atte ZOO l erey haya oleate ior erore 10:00 a.m. to 10:00 p.m. 

eA Gn henh aoorcar 62000 aca cece Li OOO mrecxahstererecetene eh eteraree 4:00 p.m. to 10:00 p.m. 

Gebicnmrertterca eters rome D GOO ae cisielencreratinrstskerey ei D2 OO0O cass acotreat terre etal 5:00 p.m. to 10:00 p.m. 

Sa ee cach eClcncs Caen UB s44 Os, ake Prottlaiases wis eeteye OO Sielovesane a taierenerete ee tets 12:00 m. to 12:00 m. 

(Sib Dino pieroneos karte WHOSONSe teteiehershons een ieeaiete iO Seaods bono oc noe 12:00 m. to 12:00 m. 

QE ieaatete cic oarevetNahe LA Oe resaveistatsia avs ieenalateceee “AOO So iele sioreccisiaetetaictedee 5:00 p.m. to 11:00 p.m. 

RO sere ear cenne UU R Bo case sede to els AO OReisie wieterialeare eral 4:00 p.m. to 8:00 p.m. 

‘ft 494 OS cae ore cane 5,600 
Table IV 

Number ¢ i) Zz Mz M2(1—z)? 
atten tere fe ayes aes (Mak ere ace acecn cee OF500 Khas ves 0.699 Seiactee cece AUB Bo ckcatetocy: 906 
OPS ade Pade O Laas a historias sree ORAL sateledenme ORGOD ise laleratesterctals ZOO coteheccheloetanane 12,800 
He ss Qe ON Gite Sater dh vehs end sit ORGOOs, poraerer siete eas 0.781. 469).-: tacts ase 17,266 
AS alates os ca ete) ols ONG aynes easpevaneuiats OR BOOT rnrarvsten ce eae OF4O8 sitar ceo tete QA acd visits tera enere 11,321 
Diners dic simistere ars OSZ5 Acivteccateteetane Oe 2EMe ereycreetdicrtercsers OFGO2 Riacthy erates DOD ajeteteusle aeree 166,464 
Goiarroate.s.z/ehe.cinis (reruns, fee A Ook, OP 208 27. aevete shirls 0.563. Lhd wala o Amn 763,876 
eeMeeate viots:ipi aia ere OnSite isistelsetarere re LOO Osea etatevaratelers wl 0.800. OBO ssi venneratee 19,600 
Soeeiies a eelaye Woes one pinehic a Sais LOO AS eb at eeveierre O900Rrewiisia areal Tivos nis bhatony sie 25 
9 SOS 5-0, ienetetsie eee 0.208). NaS hotie ns OGABS: Celteisisrs osrace BR BGA ghoors 4,700 
NO) iecristave se 00 due O)SLOME Riatriontas eae: 0, G7 ..2, epeneepcete cieieners Sd PR ae Samco Saye OFiaivetemetetee teres 23,486 
Average 2=0.633.........-.56. DESO ls: ace. cle dauiieteveys 1,020,444 
Example 3 for groups of 5, 10, 20, 170, and 500 single- 


Tests made on a few electric ranges of a 
given type indicate an average maximum 
demand of 3.5 kw for one range, and a 
monthly consumption of 125 kilowatt- 
hours. At 80 per cent transmission effi- 
ciency, what will be the increase in a utility 
company’s 7:30 p.m. peak load if the maxi- 
mum probable use of the ranges occurs at 
5:30 p.m. and 10,000 of these ranges are to 
be placed on the system? 


SOLUTION 


The load factor for one range ¢=125 
kilowatt hour per month—range/720 hours 
per monthX3.5 kilowatts per range 
0.0496. 

The peak-time-concentration factor p= 
0.188 (from equation 10). 

The coincidence factor for an infinite 
number of ranges (or the load factor per 
range for the time-concentration factor 
pb) = 0.26 (from equation 9). 

The coincidence factor for 10,000 ranges 
Q is Ag=0.2674 (from equation 5). 

The demand for 10,000 ranges Q is Mg= 
AeQM,/0.8 for 80 per cent efficiency. So 
that 
Mo = (0.2674) (10,000) (3.5) /0.8=11,699 kw, 
5:30 p.m. range peak. ; 

Now the load-factor for Q ranges, ¢g= 


¢ 
EN eee 

The peak-time-shift factor, p,=2 hours 
per day/24 hours per day =1/12. 

The fraction of the range peak at 7:30 
p.m. is m/M=0.447 (equation 12). 

So the range load contribution at 7:30 
p.m. is m/MXM g=5,229 kw. 


Example 4 


Neglecting transmission losses, what 
peak demands per heater may be expected 
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unit domestic-type water heaters of 1,500 
watts rating, considering that the maximum 
use will occur between 7:30 a.m. and 8:30 
p.m. and the average monthly consumption 
per heater is 300 kilowatt-hours? 


SOLUTION 


The load-factor for one heater ¢=300 
kilowatt-hours per month per unit/720 
hours per month X1.5 kilowatts per unit = 
0.278. 

The peak-time-concentration factor p= 
13 hours per day/24 hours per day =0.542. 

The coincidence-factor for an infinite 
number of heaters (or the load-factor per 
heater for the time-factor p) is 


The coincidence-factor for Q heaters pian 


2+-(1—2)Q-¥*. 
The demand per heater is AgM,=1.5 Ag 
so that: 


Kilowatts 

Q AQ Per Heater 
pene tenc da OA GU Rem son ror 5 1.071 
ook Srliec 4 O}GAG cate oie sysetemre 0.969 
QOS trueeeios ee OS BOS Neisceteainyestee 0.897 
VIO rracs shetaase WAEV AE aryeaen coc 0.783 
SOO’ a acts teats es On SO0Siaaistaeins aie 0.758 


The reader is invited to compare these 
results with Figures 14 and 16 of reference 6, 
which were based on a large number of tests. 


Example 5 


A proposed military post for 40,000 
officers and men is expected to have the 
wintertime loads shown in Table V. 

For purposes of determining the capacity 
of the service feeders and transformers, find 
the maximum load, the average load over 
a three-hour period, and the rms value 
over three hours. 


SOLUTION 


See Table VI. The quantity p is from 
equation 10, and z is from equation 9. 


464,679 \!/2 
3 °) =3,871 kw 


maximum demand 


Me=3aT7+( 


Mg is from equation 14. 


33,200 


ee 57 
$0 94x3,871 


For a displacement of 11/2 hours from the 
peak load: 


m/M=0.717=ke (using equation 12 with 
k=0.4¢ and fo =0) 

z = 0.852 (using equation 7 with k=0.4¢ 
and p)=0) 


g is the load factor over the three-hour 


gat (1s) /p l =(.482 period. So that average value over three 
p { hours =3,871 0.852 =3,297 kw. 
Table V 
Connected Daily Use, Hours Use of 
Type Kilowatts Kilowatt-Hours Maximum Demand 
1, All lighting wees aay ees ee Sonat: BANOO Seca ehet a tie 16000 ener 8 
2. >Heating’and cooking)... oss. css ceeaee SOOO Fat es iceite snore U2: OOO Matas cleiatt ta ters esters 6 
3. Power and. miscellaneous............... LGOO ss late ccoteetteman orcad. ‘Bi: 2OD aeteiaetaeiess che sapere 10 
Di GOO Morar (aide al atete yarevatree 33,200 
Table VI ! 
? p Zz M Mz M2?(1—z)? 
Leeyasistsiseie ONSS3. eas sarees O.226 Sereratmenetss ats OT OI at etorccatenecsie 2000 conta ee te 1b GBS. <clouste case 174,724 
Dy iaictokteratete (OS-UBR Ss Bot bod 0). DO Darren aate-arem ORS O acceler ZOO Mesias cet 1,470....... 20% .280,900 
Oe steers WR a RC ay Cag Os27Siiersresicresen ONSLTAG.tkrreereatels DZOP se atcieiaisetete 425... coe ‘9,055 
BATT itxac ae 464,679 
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To find the rms value of load use equation 
5 of reference 1. Thus 


where @ is the loss factor, so that rms value 


over the three-hour period is VoM =3,450 
kw. 

The peak time-concentration factor , 
as used in the foregoing example, is an 
“equivalent time’’ in which the total number 
of peak loads may be considered as concen- 
trated. 

Actually, in certain types of loads, there 
may be a frequency distribution of these 
peak loads which can be represented 
graphically by a frequency polygon of peak 
concentration about some given time at 
which the density of the peak concentration 
will be a maximum value or mode of the 
frequency distribution. While not con- 
clusive, it would seem from a limited number 


of cases that p may be taken as that time - 


(or fraction of the total time of a cycle) 
which, if squared and multiplied by the 
total number of peak loads, will give the 
sum of the second moments about the axis of 
the mode of the frequency polygon. Ab- 
scissas in this polygon would represent times 
of the class intervals of the peak loads and 
ordinates would be .he numbers of peak 
loads falling within the various frequency 
rectangles. 

Mathematically, p+[Q-15(p,Q,)]'/2 for 
the frequency polygon and, if the number 
of loads becomes large, p+1/./2 h where 
h is the modulus of the probability curve 
relating p, and Q,, thus 


QOc= Ome "e)? 


and p =o, the standard deviation. 

Refer to Figure 14 which shows on curve 
A the peak-load-time distribution for 50 
nine-kilowatt electric ranges found in a 
recent test in Philadelphia over a period of 
one week, as furnished by Constantine 
Bary. 

Curve B is the probability curve whose 
standard deviation is equal to the [Q71Z 
(b:O-) '/2 of curve A, namely 4.44 hours or, 
as a fraction of one day, p=4.44/24 =0.185. 
Compare this with the value of p in example 
8 which was taken from equation 10. 
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Electrically Operated Gyroscopic 


Instruments 


H. KONET 


NONMEMBER AIEE 


HE topic “Electrically Operated Gy- 
1 eee: Instruments’’ covers a very 
wide and interesting field in which our 
work includes, for the most part, instru- 
ments and systems closely associated 
with aircraft, navigation, and control. 
Gyroscopic instruments for aircraft 
originally were air-operated because of 
the availability of pneumatic pressure 
from the simple Venturi tube. As the 
use of electricity aboard airplanes became 
prevalent, the advantages of electrical 
operation were applied to the gyroscopic 
instruments. 
The electrically driven gyroscope may 
be divided into the three commonly used 


types: 

1. The vertical gyroscope. 

2. The directional gyroscope. 
3. The rate gyroscope. 


Since the vertical gyroscope is used for 
stabilizing the directional reference, the 
directional gyroscope may be disregarded 
in this discussion. 

Gyroscopes may be classified under the 
two phenomena associated with rotating 
bodies: 


1. Stability or the fixity of the spin axis in 
space. 
2. Precession or the reaction of the spin- 


ning body to a torque about an axis other 
than the axis of rotation. 


Gyroscopes are characterized by the re- 
quirements of the maximum moment of 
inertia about the rotational axis and maxi- 
mum rotational velocity. The equation 
T=IQw defines the relationship be- 
tween applied torque, moment of inertia, 
precessional velocity, and spin velocity 
in either the vertical or the rate gyro- 
scope. In both types the rotor is de- 
signed to provide the largest possible 
moment of inertia and is constructed, so 
that it is exterior to the stator. For most 
purposes the gyroscope is an induction 
motor designed to operate at 400 cycles 
from single- or three-phase supply, 110 or 
26 volts. Rotor speeds for the large 
gyro are 10,000 rpm and for the smaller 
units 20,000 rpm. Power consumption 
is between four and six watts. 


Vertical Gyroscopes 
In the vertical gyroscope (see Figure 1) 


the equation T=J Qw defines the rigidity 
of the gyroscope. T is an index of the 


amount of torque which the gyro can re- 
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sist in the form of friction and disturbing 
forces. Its importance in the field of air- 
craft control has been occasioned by the 
necessity for a fixed reference, regardless 
of changes in the aircraft’s attitude. 
High velocities, accelerations, pitch, bank, 
poor visibility, and great altitudes have 
made it imperative that fixed axes be es- 
tablished to provide reference for control, 
navigation, bombing, fire control, and so 
forth. For the purpose of establishing 
attitude, a stable vertical reference is 
required. The gyroscope possesses the 
necessary stability, but it must also be 
responsive to the earth’s gravitational 
field, so that it may become vertical. A 
free gyroscope established in the vertical 
soon would depart from that position be- 
cause of such factors as precession caused 
by ‘friction, departure from vertical 
caused by the earth’s rotation, and de- 
parture caused by the motion of the craft 
on the earth’s surface. To insure that the 
gyroscope remains vertical, a device called 
an erection mechanism (see Figure 2) 
causes the gyroscope at all times to pre- 
cess into the vertical axis. The response 
of the gyroscope and its erection mecha- 
nism to the gravitational field cannot be 
separated from its response to any other 
acceleration. The problem of seeking the 
vertical, therefore, is one of separating 
gravitational acceleration from random 
accelerations and from those introduced 
by maneuvers of the craft. Since it is 
impossible to separate them instantane- 
ously, the combination of the gyroscope 
and its erection mechanism is so designed 
that the response of the system to ac- 
celerations is very slow. Under these 
conditions the random accelerations will 
cancel out over a period of time, while 
those caused by maneuvers are responded 
to so gradually, that departure from the 
vertical, even in extreme cases, is small. 
Since the gravitational’ acceleration is 
constant and continuous, the gyro is at 
all times corrected to the vertical Quring 
normal, straight, and level flight. 


Basic Gyro Vertical 
We have three gyroscopic elements 


characterized by different sizes of gyro- 
rotors. The gyro vertical (see Figure 3) 
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consists of an induction motor in which 
the rotor comprises the gyroscopic mass 
and is external to the stator to secure 
maximum moment of inertia. The axis 
of rotation of the motor is normally ver- 
tical. Attached to the housing is the 
erection mechanism. The rotor, stator, 
housing, and erection mechanism com- 
prise the gyromotor. This gyromotor 
assembly is supported on ball-bearing 
pivots in a gimbal ring, which in turn is 
supported on ball-bearing pivots in the 
main housing. The axes of the gimbal 
support are perpendicular to each other 
and to the rotor axis. It follows that the 
two gimbal axes are normally in a hori- 
zontal plane. The gyromotor is in a 
universal joint, and the gyro axis is free 
in two horizontal axes about its rotational 
axis. The basic gyro vertical therefore 
can be described as a gyroscope with 
three degrees of freedom provided with an 
erection mechanism. 

The erection mechanism (see Figure 2) 
consists essentially of a steel ball rolling 
in a circular track. A disk with a slot is 
mounted above the track allowing the 
ball to run freely within the limit set for 
it by the slot. The ball on this track 
acts as a level and reacts to the inclina- 
tion of the track, which is perpendicular 
to the rotor spin axis. A circular magnet 
attached to the gyrorotor shaft turns in- 
side a drag cup attached to cause the disk 
to turn. The magnetic coupling is de- 
signed so that the disk turns at approxi- 
mately 30 rpm. 

When the gyro axis is vertical the ball 
travels with uniform velocity, and there 
are no unbalanced forces. Displacing the 
gyroscope inclines the track, causing a non- 
uniform ball velocity due to acceleration. 
An escapement mechanism, built into 


RETICLE IS HELD ABOVE 
LENS BY GYRO 


INSTRUMENT VERTICLE 


| 
| INSTRUMENT TIPPED, BUT iN 
RETICLE 


ONE LENS REPRE- 
SENTS THE COMPLEX 
OBJECTIVE SYSTEM 


Figure 1. Principle of vertical gyroscope 
(applied for driftmeter) 


A. Schematic gyroscope shown hollow to 
allow light to pass through, although it is solid 
in the instrument, and the light is reflected 
aside by a prism 
B, Although the lens is tilted, it still directs 
the vertical ray to the center of the reticle 
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the disk, is provided to restrain the speed 
of the erection system when the gyroscope 
is in the vertical position and still provide 
sufficient torque for correct operation of 
the mechanism when the gyroscope is dis- 
placed from the vertical. 

The mechanism is so designed and bal- 
anced that the rotating mass of the ball, 
due to its variable velocity, exerts a pre- 
cessing torque upon the gyroscopic system 
at an angle of 90 degrees from the inclined 
angle of the gyroscope to the vertical: 
The chief consideration is that the vari- 
able velocity of the rolling ball creates an 
erecting torque on the gyroscope which 
persists until the track is horizontal, at 
which time the gyroscope is vertical, the 
ball speed is uniform, and no further un- 
balanced forces exist, In all three of the 
gyro verticals power is supplied through 
the gimbal suspension by means of hair- 
springs or insulated pivots. The selection 
of rotor and gimbal bearings is an impor- 
tant problem, since these instruments 
must function through a temperature 
range of from —54 degrees centigrade to 
+70 degrees centigrade; the available 
torque exerted on the gyroscope is minute 


Figure 2. Vertical gyroscope showing erec- 
tion mechanism 


and any imperfection in the gimbal bear- 
ings will result in failure to attain required 
accuracy to vertical. 


Precessional Gyroscope 


The characteristics of the precessional 
gyroscope (see Figure 4) are given again 
by the equation T= JQw in which T is the 
precessional torque, J is the rotor moment 
of inertia, Q is the angular velocity to be 
measured, and w is the angular velocity of 
spin. It is evident from the equation 
that an angular velocity imposed on a 
spinning mass will result in a torque which 
is proportional to that angular velocity. 
The precessional or rate gyromotor is 
similar in construction with the gyro 
vertical in that it consists of an induction 
motor comprising an internal stator, an 
external rotor of maximum moment of 
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ree 
inertia, a motor housing, and a set of” 


pivots in gimbal bearings attached to the 
external housing. The basic-rate gyro 
can be described as a restrained gyroscope 
with two degrees of freedom. Angular 
velocity about the reference axis causes a 
precessional torque about the restrained 
axis. The torque acts against appro- 
priate springs, causing a displacement 
proportional to the imposed angular ve- 
locity. Ina specific case, the rate of turn’’ 
indicator for aircraft, the rotor axis isin a 
horizontal plane athwarthship, the gimbal 
axis is in a horizontal plane along the fore 


Figure 3. Basic vertical gyroscope (applied 
for gyro roll indicator) 


and aft axis. The rate of turn to be 
measured is about a vertical axis, and the 
precessional torque is exerted about the 
fore and aft axis against restraining cen- 
tralizing springs. 


Production Problems. 


The imposition of severe restrictions in 
space and weight on instruments designed 
for aircraft requires the use of compo- 
nents of small size and extreme precision. 
For example, decreasing the length of an 
axis by 50 per cent automatically calls for 
a 50 per cent reduction in allowable toler- 
ance to maintain the same angular accu- 
racy. 

The problems attending the production, 
inspection, and assembly of small parts of 
high precision have forced the adoption 
of methods of manufacture, such as coin- 
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ing, centrifugal casting, and forging in ex- 
treme accuracy and small size. Accuracy 
requirements have resulted in adoption 
of production techniques capable of main- 
taining +0.0001l-inch tolerances. As- 
sembly and calibration of these instru- 
ments necessitates a technique where the 
microscope and the vacuum-tube ampli- 
fier are essential parts of production and 
inspection equipment. Dynamic _bal- 
ancing of the small high-speed rotors re- 
quired the development of a production 
balancer of novel design in which the 
rotor is operated, and the location of un- 
balance in either of two correction planes 
is marked at the location of metal to be 
removed by means of an electric arc. An 
indication of required depth to be drilled 
is secured and the rotor balanced by 
' drilling out the prescribed amount at the 
marked spot by means of an integral 
drilling fixture on the machine. In this 
manner rotors of several ounces in weight 
are balanced to a residual unbalance not 
greater than 0.00001 ounce-inch. 

The assembly of these instruments must 
be done in air-conditioned rooms with ex- 
treme emphasis on constant temperature, 
freedom from moisture, dust, and con- 
tamination. Investigation of sources of 
contamination indicate necessity for elimi- 
nating even the handling of parts with 
fingers and the development of technique, 
whereby vital parts are never touched 
with the hands. The use of cleaning 
methods and cleaning materials has been 
investigated fully to the extent that spe- 
cial equipment and specially prepared 
washing solutions have been attained 
and held to rigid specifications. The 
problem of testing, cleaning, and lubricat- 
ing ball bearings was, in itself, a project 
of considerable scope requiring the de- 
velopment of highly specialized equip- 
ment and production techniques. 


Gyro Horizon Indicator 


This instrument may be used to fulfill 
two purposes. It serves to transmit sig- 


nals in pitch and bank for automatic pilot 


Figure 4. Principle of precessional gyroscope 
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control, or it may serve as a visual refer-' 


ence to the human pilot indicating the 
attitude of the plane. The unique feature 
of this instrument is its small size. Here- 
tofore, the artificial horizon has been of 
larger size due to difficulties of manufac- 
ture and required accuracy. With the 
development of the small gyro vertical 
we have been able to produce an instru- 
ment of standard interchangeable size 
with other aircraft panel instruments (that 
is, 31/s inches in diameter), which fulfills 
the requirements of accuracy for both 
indication and autopilot control. The 
gyroscope consists of an induction-type 
motor driven by three-phase 26-volt cur- 
rent supply. The motor draws five watts. 
The rotor of this instrument has a speed 
of 20,000 rpm. To secure the highest- 
possible moment of inertia, a centrifugally 
cast silver-alloy rotor with an integral 
squirrel cage is used. The gyromotor is 
mounted in a fork-type gimbal ring which, 
in turn, is mounted on a main pedestal in 
the rear of the instrument housing. 
Transmission of pitch and bank signals 
is accomplished by small signal genera- 
tors on the pitch and bank axis. Con- 
ductors supplying power to the gyro- 
motor and bringing out electrical signals 
are provided in the combination of con- 
tact pins and hairsprings. Some concep- 
tion of the problems involved in the de- 
velopment of this instrument may be 
glimpsed from the fact that within the 
space of 31/s inches in diameter by 6 
inches in length is provided a gyro vertical 
of accuracy within 20 minutes of absolute 
vertical with freedom of +100 degrees 
in bank, 80 degrees in dive, and 70 de- 
grees in climb, transmitting signals of 
attitude in pitch and bank. 


Driftmeter 


The gyro-stabilized driftmeter (see 
Figure 5) is an optical instrument de- 
signed to provide the navigator or bom- 
bardier with a stable reference with which 
to compute drift, ground speed, and bear- 
ings of terrestrial landmarks from the air- 
plane independently of the pitch and roll 
of the aircraft. 

The driftmeter consists of a vertical 
telescope through which the ground may 
be viewed and upon which is superim- 
posed the image of a gyroscopically sta- 
bilized reticle. The system is so designed 
that, with pitch and roll of the aircraft, 
there is no relative motion between the 
image of the ground and the reticle, and 
so an observer can see what is apparently 
a stationary image against the reticle. 
The motion of the ground due to flight 
can be referred to reference lines on the 
reticle and accurate readings of drift ob- 
tained. The telescope is provided with 
scales in azimuth and in elevation, so that 
for certain purposes accurate bearings 
may be obtained. The gyroscopic ele- 
ment of the driftmeter is the large gyro 
vertical, consisting of the rotor of 5,000 
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grams centimeters squared moment of 
inertia, a rotor speed of 10,000 rpm, 
power supply of 400 cycles, 110 volts, 
single phase, and power consumption of 
approximately seven watts. This gyro- 
scope does not contain any signaling de- 
vices, and current is brought into the 
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Figure 5. Driftmeter 


Figure 6. Gyro roll indicator 


gyromotor through the gimbal rings by 
means of insulated pins in hollow pivots 
concentric with gimbal bearings. The 
gyro is calibrated to an accuracy of bet- 
ter than ten minutes from true vertical. 


Gyro Roll Indicator 


The roll indicator (see Figure 6) is an 
example of the application of an aircraft 
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type of gyro vertical to marine use. For 
the purpose of fire control on board a me- 
dium-size vessel it was necessary to pro- 
vide an accurate indication of the ship’s 
roll with respect to true vertical. For this 
purpose the gyro used in the driftmeter 
was adopted. A special housing is pro- 
vided and a pointer attached to the gim- 
bal ring, the pointer being read against a 
scale on the stationary housing. The 
instrument is mounted with the outer 
gimbal bearing supports along the fore 
and aft axis of the ship and a reading of 
roll of the vessel is obtained within an 
accuracy of better than one-half degree 


Electric turn-and-bank indicator 


Figure 7. 


under conditions of rough weather and 
maneuvers. 


Electric Turn-and-Bank Indicator 


The turn and bank indicator (see Figure 
7)is an instrument which combines the two 
functions that indicate the rate of turn of 
an aircraft and the resultant acceleration 
which is, in general, referred to as bank. 
The combination of these two indications 
tesults in correctly executed turns at 
proper banking angles. This instrument 
has been developed in three basic types: 


1. Utilizing an air-driven gyroscope. 
2. A d-c-driven gyroscope. 


3. An a-c-driven gyroscope. 


The principles and basic structure of 
the rate gyroscope have been described 
already under the heading ‘‘Precessional 
Gyroscope.”’ In the d-c-driven instru- 
ment the gyroscope consists of a small d-c 
motor on the shaft of which is mounted a 
flywheel of sufficient moment of inertia 
to provide the required indicating char- 
acteristics against the centralizing springs. 
The motor current is supplied to the 24- 
volt shunt motor through contact pin 
connections to the case. 

The a-c-rate gyroscope consists of an 
induction motor of which the rotor is the 
gyro mass. The rotor is exterior to the 
stator and rotates at a speed of 20,000 
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rpm. Power supply is 26 volts, three 
phase, 400 cycles at approximately four 
watts. The instrument serves as an indi- 
cator and also as a transmitter for air- 
craft control. At one end of the pivot 
axis is located a signal generator which 
provides electrical signals as a function of 
the angular velocity of the aircraft. 
Power supply and signal leads are in the 
form of hairsprings from gyroscope to case. 


Gyro Flux Gate* Compass System 


The Gyro Flux Gate compass system 
is a remote indicating earth-inductor 
gyro-stabilized compass. The system is 
composed of a gyro-stabilized Flux Gate 
transmitter, a master indicator, an am- 
plifier, and repeater indicators. Its ad- 
vantages are based on the fact that the 
magnetically sensitive compass element 
or Flux Gate is located in a position free 
from the magnetic and electrical disturb- 
ances usually found in the pilot’s and 
navigator’s stations, and that the Flux 
Gate is gyro stabilized and is thus main- 
tained in a horizontal position at all 
times. As a result of this stabilization, 
turning and acceleration errors, for all 
practical purposes, are eliminated. 

The Gyro Flux Gate transmitter (see 
Figure 8), with which we are concerned 
primarily, is a gyro vertical of the larger 
size, similar in electrical characteristics 
to the driftmeter type. Operating power 
is supplied at 110 volts, 400 cycles, 6 watts 
to the gyro induction motor. The motor 
stator is, again, inside the rotor and con- 
sists of a two-phase four-pole winding, 
one of the phases being in series with ca- 
pacitors mounted on the gyromotor to 
provide the necessary quadrature cur- 
rent. In the bottom of the gyromotor 
housing is mounted a magnetic detector 
sensitive to the direction of the magnetic 
field in its plane. Asa result, steady and 
accurate compass readings are obtained 
independently of pitch, bank, and maneu- 
vers of the aircraft. 


Automatic Pilot 


This system comprises a combination 
of units, the purpose of which is the con- 
trol of an airplane in attitude, direction, 
and through selected maneuvers. In the 
application of electrically driven gyro- 
scopes to the automatic pilot, three of 
the instruments previously described are 
used. These are the artificial horizon, the 
Gyro Flux Gate transmitter, and the turn 
and bank indicator, 

The artificial horizon transmits electri- 
cal signals of the attitude of the airplane 


* Registered trademarks of Bendix Aviation 
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with respect to the vertical to suitable de- 
vices for the purpose of,control. These 
devices consist of amplifiers and servomo- 
tors which actuate the control surfaces of 
the airplane and maintain attitude. 

The gyro-stabilized Flux Gate trans- 
mitter is also a two-purpose instrument 
in that it serves to transmit the magnetic 
heading of the aircraft for the purpose 
of indication and to provide a directional. 
reference through amplifier and servo- 
system to the rudder-control surface. 

The turn-and-bank indicator, likewise 
a dual-purpose instrument, serves to in- 
dicate the rate of turn-and-bank angle — 
of the aircraft and to transmit the rate 
signals to combine with the directional 
signal of the Gyro Flux Gate system in 
such a manner that precise directional 
control is obtained. The rate signal is 
used further to control the desired rate 


Figure 8. Gyro Flux Gate compass trans- 
mitter 


of turn and to execute precision turns of 
correct banking angle. 

To summarize, the electric gyroscope in 
aircraft instrumentation is rapidly sup- 
planting air-driven types, owing to the 
following factors: a 


1. Freedom from air-supply requirements 
at high altitudes. 


2. Sealing and elimination of air supply, 
thus preventing contamination and insuring 
greater reliability. 

8. Greater versatility, especially where 
electrical signaling devices are required. 

4, Compactness, greater reliability under 


extreme temperatures due to speed regula- 
tion and torque characteristics. 


Since the development of electrically 
driven gyroscopes for instrumentation is 
a relatively new art, many interesting and 
very important applications still are to be - 
anticipated. 
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The Copper-Oxide Rectifier in 
Electrochemical Work 


I. R. SMITH 


ASSOCIATE AIEE 


UCH has been written about the 

copper-oxide rectifier during the 
23 years of its existence, yet the subject 
is far from exhausted. It still remains 
one of the most interesting developments 
of recent years. A brief résumé of its 
history may be of interest. 

The scene opens in 1921 when L. O. 
Grondahl discovered that a large area 
of copper coated with cuprous oxide 
would act asa rectifier. Five years later 
the rectifier known as the Rectox was 
introduced commercially for use in trickle 
charging ‘‘A” batteries in home radio 
sets. This became a tremendous busi- 
ness overnight but disappeared with the 
same disconcerting speed two years later 
with the advent of a-c tubes. Applica- 
tion of the rectifier to industrial uses 
started in 1927 and after a period neces- 
sary for trial and acceptance by users 
began to develop rapidly, reaching its 
peak during the past three years in many 
diversified war activities. 

Though this may be familiar material 
to many, it will be worthwhile to run 
through those characteristics which par- 
ticularly apply to the use of the rectifier 
in electrochemical work. A  copper- 
oxide rectifying element is an integral unit 
consisting of a disk or plate of high- 
purity copper, coated on one or both sides 
with red (cuprous) oxide. The combina- 
tion is shown schematically in Figure 1. 
It is an asymmetric resistor, that is, it 
passes current better in one direction 
than in the other. Current flows readily 
from oxide to copper, but with difficulty 
from copper to oxide. 

This is best illustrated by a typical 
volt-ampere curve, which is simply a 
curve showing how much current flows in 
either direction for any given voltage, 
Figure 2. To illustrate, if one applies 
three volts in the low resistance direction, 
a current of nine amperes will flow 
through a 11/,-inch-diameter disk. If the 
voltage is then reversed, the current flow 
will be perhaps one milliampere, a ratio 
of 9,000 to 1. 

From the shape of the curve, one can 
see that resistance in either direction is 
not a constant. This is better shown 
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by Figure 3, on which is shown the varia- 
tion in resistance with voltage for both 
directions of polarity. 

These characteristics do not remain 
fixed but vary with temperature and also 
with time and operation. The forward 
resistance will tend to increase over a 
long period of time, the amount depend- 
ing upon the temperature, while the back 
resistance will decrease somewhat dur- 
ing operation. These effects are known 
as aging. The effect of temperature is 
to cause both forward and back resist- 
ance to decrease as temperature in- 
creases, and vice versa. 

The construction of copper-oxide recti- 
fier units is by now familiar to many 
users. There are two general types, one 
involving a high degree of pressure on 
the rectifying element, the other requir- 
ing practically no pressure. 

The pressure-type construction is ap- 
plied to disk rectifiers used for relatively 
small capacities. A variety of such units 
is shown in Figure 4. The rectifying 
disks are strung on insulated bolts, with 
thin lead washers placed against the 
oxide surface. Radiating fins and metal 
spacers may be added, and the whole 
structure then pulled together under a 
pressure of over 1,000 pounds per square 
inch. This gives a solid, rugged type of 
unit that has stood the test of all kinds 
of service for many years. 

The other type of construction is em- 
ployed on plate-type rectifiers. A cross- 
sectional view is shown in Figure 5. The 
rectifier plate, to begin with, has oxide 
on both sides, whereas the disk is coated 
only on one side. The plate oxide is then 
reduced to copper on its outer surface, 
and the copper is plated over with nickel. 
Contact then must be made to both 
nickel surfaces. This is done with large 
spring washers, insulated from the plate 
copper, and pulled down and riveted 
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Figure 1. Diagrammatic cross section of single 
copper-oxide disk 
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together with a metal bushing. This 
construction thus parallels the two sides 
of the plate and furnishes the negative 
connection. The copper or positive 
connection is obtained by removing the 
oxide around a second hole through the 
plate. Figure 6 shows three sizes of 
plates with their connectors. - 

Plate rectifiers are used with natural 
convection cooling, but more often with 
forced draft. The plates are assembled 
on insulated studs, about one-half inch 
apart. This is ideal for forced cooling, as 
the cooling air comes in direct contact 
with nearly all of the active surface. 

From one point of view, the method of 
determining a rectifier rating is of no 
interest to a user since he buys the rating 
he wants and expects that the manu- 
facturer will have determined the rating 
properly. However, a user who does 
know more about the unit than just what 
is stamped on the name plate, can cer- 
tainly operate with greater intelligence 
and with less likelihood of getting into 
trouble. 

The method used is very simple to 
understand but the application of it is a 
matter involving considerable time and 
work. That, however, is the designer’s 
problem. 

Basically, the rectifier is a thermally 
rated device, like a transformer or a 
motor. Due to its internal resistance, 
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Figure 2. Typical volt-ampere curve for single 
copper-oxide disk 


HIGH- LOW- 
RESISTANCE E ESISTANCE 
DIRECTION DIRECTION 


ic 


=O “4 2: le) 2 4 6 


Figure 3. Typical resistance-voltage curve for 
single copper-oxide disk 
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Figure 4. Group of Rectox disk-type units 
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Figure 5. 


Figure 6. Standard copper-oxide plates with 
connectors assembled 


heat is generated by the flow of load 
current in the forward direction and of 
leakage current in the back direction. 

For any given rating, then, these losses 
are determined separately, either from 
volt-ampere curves or from actual tests, 
covering a range of operating tempera- 
tures. The separate losses are then com- 
‘bined into a total loss curve. In Figure 7 
the general shapes of both the forward 
and back loss curves are shown, together 
with the total loss curve, which tells what 
the actual loss is at that rating and at 
any temperature in the operating range. 

These curves, of course, must be based 
on aged characteristics, not new ones. 

Having determined what the total loss 
curve is for the rating in mind, one still 
has to find out whether the type of con- 
struction intended to be used is satisfac- 
tory, that is, whether it has sufficient 
heat-dissipating ability to get rid of these 
losses. To learn this, the temperature 
rise of the particular structure is deter- 
mined as a function of the watts to be 
dissipated in the structure. This gives 
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a heat-dissipating curve which can be 
matched with the total loss curve to 
show what is the right combination. 
How this works is shown in Figure 8. 
The heat-dissipating curve for the unit 
is curve D, drawn with the ambient 
temperature as a starting point. 
shown are three total loss curves. These 
are for the same total output. Curve A, 
however, is the total loss in a rectifier 
operating at high voltage and low current, 
curve B for one operating at high current 
and low voltage, and curve C for median 
values of voltage and current. Curve C 
corresponds to actual commercial ratings. 
Inspection of this figure shows that the 
combination of A and D is unsatisfactory. 
The two curves do not intersect and the 
rectifier would consequently burn up at 
this rating. Curve B intersects D at a 
broad angle and is obviously very safe 
since if temperature rises for any reason, 
losses will actually decrease. “Curve C 
is also quite safe, crossing D at a reason- 
ably wide angle. ' 
Since curves A, B, and C are for the 
same output, their relative positions indi- 
cate the relative efficiencies. Curve B, it 
can be seen, has obtained exceptional 
safety at the expense of efficiency. Curve 
C gives good efficiency and satisfactory 
safety with a margin in case of occasional 
operation at higher than rated ambient 
temperature. Curve C also gives ap- 
proximately the same losses and effi- 
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Figure 7. Relation of internal losses to unit 
temperature 


ciency over the entire range of tempera- 
ture, which is desirable. It follows also 
that the operating temperature, which is 
at the intersection of the loss curves and 
the heat dissipation curve D, is much 
lower for curve C than any other rating. 

With this brief discussion of character- 
istics, construction, and ratings, attention 
may be turned to applications, particu- 
larly in electrochemical fields. 

Of course, the commonest of all electro- 
chemical rectifier applications is battery 
charging. Probably nothing needs to 
be said beyond the fact that copper- 
oxide rectifiers are used successfully in 
all types of battery charging, ranging 
from a single cell at a fraction of an 
ampere to a 2,500-ampere 12-volt charger. 
Of interest is the 12-cell one-ampere oil- 
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immersed charger shown in Figure 9,” 
The use of oil immersion for protection 
against corrosive atmospheres is likely 
to expand rapidly. Figure 10 is included 
to show a fully automatic charger for 
industrial-truck batteries. This charger 
will handle up to 18 cells of lead-acid 
battery, and up to 450 ampere-hours 
capacity. The charger automatically 
gives the battery its proper rate, regard- 
less of the state of charge. At the correct” 
point, the rate is reduced to the desired 
finishing rate, and at the end of the finish 
charge, the rectifier shuts down and dis- 
connects the battery. A companion 
model is available for nickel-alkaline 
batteries. 

The next application is not so widely 
known except in the oil industry. That 
is the cathodic protection of pipe lines. 
It was found about 15 years ago by R. J. 
Kuhn and others that pipe-line leaks 
could be prevented if the pipe could be 
maintained cathodic, that is, negative to 
the surrounding soil. This was reason- 
able, since leaks occur due to loss of metal 
where the pipe is anodic, the soil being an 
electrolyte. To make the pipe cathodic, 
that is, to force it to be negative to 
the earth at every point, a source of 
direct current was connected between 
the pipe and ground plates in the sur- 
rounding earth. The system is shown 
simply in Figure 11.. When such an in- 
stallation is properly designed, the result 
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Figure 8. Heat-dissipation curve compared to 
total-loss curves for different disk ratings but 
same unit output 


is complete stoppage of leaks. The re- 
quirements are for relatively small-capa- 
city units, delivering up to say ten volts 
at up to 100 amperes, the units being 
mounted on poles or platforms along the 
pipe line at intervals of the order of a 
mile. Operation, of course, is continuous, 

For this work the copper-oxide rectifier 
has been used since the beginning. It 
has good efficiency, which is important 
since operation is continuous and power 
rates are sometimes quite high. It can 
be mounted in a weatherproof box for out- 
door service. It has no moving parts and 
requires no maintenance, and will operate 
for long periods without any need for 
adjustment. Figure 12 shows one of the 
many thousands of such units in service. 
Figure 13 illustrates a fan-cooled Rectox 
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built for this type of work for outdoor 
service. 

A kindred application is the protection 
of water tanks and similar structures. 
Figure 14 shows a diagram of a typical 
installation. Electrodes placed in the 
water maintain a protective film of hy- 
drogen over the inner surface of the 
tank, preventing corrosion and eliminat- 
ing the need for painting. The units are 
of small capacity costing little to operate, 
andthe installation as a whole is easy to 
justify economically. The requirements 
are similar to those for cathodic-protection 
rectifiers. 

In the chemical and metallurgical field, 
electrostatic separators and Precipitrons 
are frequently used. These require a 
high-voltage source of small direct cur- 
rents. Figure 15 shows a power supply 
for a metal separator which delivers 
15,000 volts at a few milliamperes to the 
electrodes. The use of a copper-oxide 
rectifier is attractive in this field because 
of the elimination of tubes and tube re- 
placements. The higher first cost of the 


Oil-immersed -Rectox 
charger 
Rating one ampere, 12 cells 


Figure 9. 


Figure 10. Automatic charger for industrial- 
truck batteries 
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battery 


copper-oxide unit is felt to be justified 
by the freedom from later maintenance 
and the cost of tubes. 

In the field of anodizing and plating, 
rectifiers have reached great prominence 
during the war. This has resulted to 
quite an extent from the shortage in 
rotating equipment, so that many people 
had to use rectifiers for plating and 
anodizing who otherwise probably never 
would have tried them. Now that they 
have gained familiarity with rectifier 
operation and its advantages, it is be- 
lieved rectifiers will be preferred for many 
plating applications. 

In Figure 16 is shown a standard stock 
rectifier for plating work, rated six volts, 
500 amperes maximum. It is fan cooled, 
takes less than 4 square feet of floor space, 
stands 38 inches high, and weighs about 
600 pounds. It is designed so that one or 
two more units can be mounted on top, 
thus economizing on floor space for larger 
capacities. These units are connected in 


parallel or series, as desired, for larger 
outputs, and are controlled from a sepa- 
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Figure 11. Diagrammatic representation of 
cathodic-protection system for pipe lines 


Figure 12. 
Rectox for cathodic protection 


Installation of pole-mounted 
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rately mounted step-type regulator. The 
regulator unit then is mounted close to 
the operator, while the rectifier cubicles 
are located where they are not subject to 
corrosive fumes. The units being fun 
cooled are exposed to large amounts of 
room air during their operation and can- 
not be used safely in a corrosive atmos- 
phere. 

The unfortunate effect of corrosive 
atmospheres on copper-oxide plates (in 
which in fact they are no different from 
other types of electric apparatus) led to 
the design of a totally enclosed rectifier 
which could be installed right in the 
plating room adjacent to the plating 
tanks. This type of rectifier was supplied 
for two continuous strip-tinning lines. 
The rectifiers are mounted two high and 
are right next to the plating tanks, which 
are also on two levels. This resulted ina 


Figure 13. Outdoor fan-cooled plate-type 
Rectox for cathodic protection 
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Figure 14. Diagrammatic representation of 
protective system for water tanks 
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Figure 15. A 15,000-volt five-milliampere 
Rectox for metal separator 


tremendous saving in bus copper, esti- 
mated to have been 80,000 pounds. 
Figures 17 to 19 show the construction 
of one of these rectifier units, rated to 
deliver six volts, 5,000 amperes, or 12 volts 
2,500 amperes direct current. Ventilat- 
ing air is circulated through the unit in a 
closed system by a double blower. Heat 
is removed by a water-cooled heat ex- 
changer. The rectifier power trans- 
former is located between the two six- 
volt 2,500-ampere blocks of rectifier 
plates. In the top of the cubicle are three 
saturable reactors, used to control the 
output of the rectifier over a range of ten 
to one in both voltage and current. Con- 
tactors controlling the power to the recti- 
fier and to the blower motor, type AB dis- 
connecting breakers for the rectifier and 
for the control circuit, and temperature 
and fan-failure relays are all located at 
one end of the cubicle for accessibility. 
An automatic control system is used 
by which the output of all the 24 rectifiers 
in one line is varied in proportion to the 
speed of the strip through the mill. In 
addition, each rectifier has individual 
control so it can be varied independently 
of the others to take care of changing re- 
quirements resulting from wear of the 
particular anodes which this rectifier may 
feed. This tinning line has been in success- 
ful operation since the middle of 1943. 
The performance of one of these units is 
shown, in Figure 20. Over-all efficiency 
is shown for the condition of fixed load 
resistance in part B. This is the condi- 
tion existing when the line is slowed 
down and the rectifier output is varied 
to match the line speed. Efficiency at 
fixed current is shown in part D, this be- 
ing the case when the anode wears away, 
requiring a higher voltage, but the 
same current. Efficiency at constant volt- 
age is also shown in part A, although 
this is not a condition which occurs in 
the operation of the plating line. Power 
factor for the fixed resistance load is 
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Figure 16. Stock models of six-volt 500- 
ampere Rectox electroplating rectifier 


ve ae i hi as 7 


Figure 17. 12-volt 2500-ampere totally 
enclosed Rectox electroplating rectifier 


shown in part B, the power factor being 
determined mainly by the saturable re- 
actors in the primary circuit. Other 
curves show the variation in output in 
terms of the variation in the saturating 
current of the reactor, and the variation 
in reactor voltage and transformer sec- 
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Figure 18. Totally enclosed rectifier showing 
arrangement of blowers, air duct, and control 


¢ 


Figure 19. Totally enclosed rectifier showing 
heat exchanger, Rectox plate assemblies, 
power transformer, and saturable reactors 


ondary voltage for the range of output 
voltage. Saturable-reactor control has 
the advantage of lending itself well to 
automatic operation and also of giving 
the same smooth variation in output as is 
obtained by rheostatic control of a gener- 
ator, 
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Figure 20. Performance curves of totally 
enclosed 12-volt 2,500-ampere rectifier 


The circuits used in these applications 
are few in number and simple. Gener- 
ally the ones involved will be found 
among those shown in Figure 21. It is 
not intended to discuss these here in any 
detail. Generally the single-phase and 
three-phase bridge circuits are used for 
electrochemical applications. Occasion- 
ally the full wave and the three-phase 
double wye may be used, their purpose 
being to obtain points of maximum effi- 
ciency at voltages half way between the 
maximum efficiency points of the bridge. 
Thus, if the bridge circuit gives maximum 
efficiency at 6, 12, 18 volts, and so on, the 
full-wave or the double-wye circuits will 
give maximum efficiency points at 3, 6, 
9, 12, and so on. 

In electrochemical applications, in- 
volving often continuous operation or 
operation over long periods, efficiency of 
the rectifier is of prime importance. 
This is true not only for full rating but 
for voltages below full rating. It will be 
realized that many six-volt plating recti- 
fiers operate at only three or four volts. 
In cathodic-protection work a survey 
made several years ago of some 3,000 
units in service showed that 75 per cent 
were operating at less than one-half 
their voltage rating, while only 2 per cent 
were at or near full rating. It is peculiar 
to this application that full output may 
be required when operation begins, but 
that after a period the power-output re- 
quirements reduce greatly due to polari- 
zation of the pipe line. 

Hence the efficiency is important at 
partial voltages as well as at full voltage. 
In this respect, the copper-oxide rectifier 
is favored because of its low forward re- 
_ sistance, resulting in less reduction in 
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Circuits commonly used for 
metallic rectifiers 


Figure 21. 


efficiency for partial voltages than is the 
case with some other types of rectifiers. 
Figure 22 shows how efficiency varies 
with voltage output, load being constant. 

Long life is also a very desirable feature 
in electrochemical work. In this respect, 
the copper-oxide rectifier is supreme in 
its field, measuring its life in years rather 
than in hours. 

Figure 23 is given to show how little 
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actual effect aging has on performance. 
In November 1939 the first large electro- 
plating Rectox was installed in which the 
plates had the plated-nickel contact 
coating. In Figure 23 the performance of 
this rectifier when installed is shown as 
curve A, while the performance after 
41/, years of service is shown on curve B. 
Study of these two curves shows there 
has been no discernible effect due to for- 
ward aging. The slight reduction at 
light loads is due to what aging has oc- 
curred in the back direction. Full load is 
obtained on exactly the same trans- 
former tap now as when installed. Volt- 
age regulation consequently shows no 
apparent change over the period. Pre- 
vailing ambient temperature for this rec- 
tifier is about 25 degrees centigrade. 

This installation illustrates well the 
advantages of a plating rectifier. Here is 
a power.plant that has operated over a 
41/.-year period with the same full-load 
performance at all times, and with no 
expense to the user as yet for maintenance 
or repair of the rectifying units. 

In Figure 24 is a typical life curve of the 
disk-type Rectox units used in operating 
d-c elevator brakes and control. This 
curve was taken on a large number of 
units in the field and shows a practical 
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Figure 22. Variation of efficiency with load 
voltage at constant load for three-phase bridge 
Rectox 
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Fundamentals of Hearing-Aid Design 


W. D. PENN 


ASSOCIATE AIEE 


HEARING AID is a miniature 

sound-amplifying system which is 
worn on the person in ofder to help over- 
come the handicap of impaired hearing. 
To be effective a hearing aid must be 
capable of amplifying those frequencies 
necessary for intelligibility of speech and 
reproducing them at a _ high-intensity 
level so as to make normal conversation 
audible to the person with impaired 
hearing. Modern hearing-aid amplifiers 
are of the vacuum-tube type, using small 
tubes designed specifically for them. A 
complete hearing aid consists of a micro- 
phone, a vacuum-tube amplifier, a re- 
ceiver, and the necessary battery supply 
and connecting cords. Usually the micro- 
phone and amplifier unit are housed in a 
single case and the receiver and battery 
supply are connected to the amplifier by 
means of flexible cords. In order to de- 
termine the amount of amplification 
necessary, the type of frequency response 
needed, and the sound-pressure output 
required, it will be necessary to consider 
in some detail the different types of par- 
tial deafness and the characteristics of 
speech and hearing. 


The Nature and Extent of Partial 
Deafness 


Surveys of the population of the United 
States have shown that a considerable 
portion of the people have some form of 
defective hearing.! From the data col- 
lected it is possible to estimate the per- 
centage of the population having a hear- 
ing loss greater than any particular desig- 
nated value. Approximately four per 
cent have losses sufficient to require the 
use of a hearing aid. It is found that so- 
called normal hearing depends upon the 
age of the individual. In general with 


Paper 44-129, recommended by the AIEE com- 
mittee on communication for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 
10,1944; made available for printing May 17, 1944. 


W. D. Penn is vice-president and chief engineer of 
the Vacolite Company, Dallas, Tex., and assistant 
professor of electrical engineering, Southern Meth- 
odist University, Dallas. 


advancing age there is a decrease in acuity 
for high-frequency tones. 
Partial deafness may be classified as 


_ transmission deafness, nerve deafness, or 


central deafness. 

Transmission deafness is caused by fail- 
ure of the mechanism of the outer and 
middle ear properly to transmit acoustic 
vibrations to the hearing nerve cen- 
ters. This type of deafness may be due to 
a defective ear drum, an obstruction in 
the ear canal, failure of the small bones of 
the ear to function normally, or any one of 
a number of other reasons. ° 

Nerve deafness is caused by failure of 
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Figure 1, The auditory area 


the nerves of the inner ear to respond to 
acoustic stimuli after the latter have been 
transmitted to the inner ear. 

Central deafness is due to the failure of 
the brain to interpret and co-ordinate 
sound patterns that have been received 
properly by the hearing mechanism. 

A particular individual may suffer 
from a combination of any of the three 
types of partial deafness. 


The Measurement of Hearing Loss 


Many methods have been devised for 
measuring the acuity of hearing. Present- 
day practice is to use an audio-frequency 
oscillator in conjunction with a tele- 
phone receiver which has been calibrated 
in terms of its acoustical sound output. 


" 
Ww 


Such a device is called an audiometer.? // 


Audiometers are designed to provide 
definite sound-pressure otttputs over a 
range of frequencies from 128 cycles per 
second to 8,192 cycles per second. A 
calibrated attenuator is provided whereby 
the sound pressure can be adjusted in five 
decibel steps above the reference level. 
The reference level is taken as the mini- 
mum audible sound pressure for normal 
hearing for persons of 18 to 23 years of 
age. 

It is possible to transmit sound vibra- 
tions directly to the nerves of the inner ear 
by means of a mechanical vibrator placed 
in contact with the skull. Such a device 
is called a bone-conduction receiver (or 
oscillator). This method of transmis- 
sion circumvents the outer and middle ear. 
By using such a unit for output receiver of 
a properly calibrated audiometer, itis pos- 
sible to measure that portion of the total 
hearing loss due only to defective hearing 
nerves. The audiometer thus provides 
a means of measuring the minimum sound 
pressure required to evoke a sensation of 
hearing either by air conduction (tele- 
phone receiver) or by bone conduction. 
A curve showing the minimum audible 


re 


sound pressure at different frequencies is | 


called an audiogram. The audiometer 
measures the minimum sound pressure 
required for audibility and really is a 
measure of what is not heard rather than 
what is heard. 

In estimating an individual’s capacity 


for understanding speech from his audio- . 


gram, it is necessary to take into consid- 
eration the relative effects of different 
frequencies on the intelligibility of 
speech.§ 


The Auditory Area 


The frequency range for normal hear- 
ing has been established as being from 
20 to 20,000 cycles per second. The ear 
does not respond uniformly to sounds of 
different frequencies, so the minimum 
sound pressure required for audibility 
varies over the frequency range. The 
curve showing the minimum audible 
sound pressure is called the threshold of 
audibility curve. If at any frequency 


within the hearing range the sound pres- 


sure is increased progressively above 
the minimum audible pressure, an upper 
limit at which a sensation of pain occurs 
isreached. This upper limit is relatively 


stabilization of the output voltage with 
time. It is interesting to see that for the 
three-to-six-year period there seems to 


have been no change in output. These 
same units by now have an ad--. 
ditional seven years of life. Records, 


however, were not kept after the six- 
year point was reached. 

Laboratory units are still running 
which were started in 1926-28, so it is 
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correct to say that there appears to be no 
limit to the life of a copper-oxide rectifier. 


Conclusion 


Electrochemical applications character- 
istically require high operating efficiency 
at all voltages up to full rating, opera- 
tion free from maintenance, and long life. 
Some of these applications are among the 
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oldest in which the copper- -oxide rectifier 


has been used, and in which it has rk 


achieved great success. F amiliarity with 
the rectifier is daily increasing, due to the 
much enlarged use of the past few years. 


It is believed that this ground will not 


be lost, but that the advantages of the 
copper-oxide rectifier will result in further 
expanding its use as these advantages 
become more generally recognized. 
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constant with frequency. The curve 
showing the maximum sound pressures 
is called the threshold of feeling.‘ 

' The area enclosed by the threshold of 
audibility and threshold of feeling curves, 
between the upper and lower limits of 
frequency is known as the auditory area. 
For a sound to be heard by an indi- 
vidual it must fall within the auditory area 
of that person. Usually there will be 
some particular intensity level in the 
auditory area of the partially deafened 
person which provides the most comfort- 
able hearing. If a hearing aid is used, 
the intensity can be adjusted to the proper 
level by means of the volume control. 


Characteristics of Speech 


The prime purpose of a hearing aid is 
to amplify speech sounds so that maxi- 
mum intelligibility results for the user of 
the aid. i) 

The sounds of speech are composed of 
combinations of different tones spread 
throughout a range of frequencies from 
100 cycles per second to 8,000 cycles per 
second. The vowel sounds embrace a 
range from approximately 100 to 2,500 
cycles per second. Consonants consist 
mainly of high-frequency tones extending 
from 1,000 to 8,000 cycles per second. 
Each sound of speech is characterized by 
certain groups of frequencies and, unless 
these groups are present in the proper 
proportions, the speech will not be in- 
telligible no matter how loud it may be. 

Some frequency bands are more essen- 
tial to the understanding of speech than 
others. The low frequencies of speech 
furnish the greater part of the acoustic 
energy. The high frequencies contribute 
the greater part of the intelligibility. 
Thus eliminating all frequencies below 
500 cycles per second reduces the dis- 
tinetness by only four per cent while re- 
ducing the acoustic energy by 62 per 
cent. On the other hand, eliminating 
all frequencies above 500 cycles per second 
reduces the distinctness or intelligibility 
by 93 per cent and removes only 38 per 
cent of the energy. There is but little 
loss of intelligibility if the range from 200 
to 4,000 cycles per second is transmitted.° 

_ Studies of the intensities of the various 
frequencies present in normal conversa- 
tional speech show that they are dis- 
tributed throughout the auditory area 
approximately as indicated in Figure 1.° 
The left hand ordinate of Figure 1 gives 
the intensity in decibels above a reference 
intensity of 10-16 watts per square centt- 
meter. The reference pressure is thus 
0.0002 dyne per square centimeter or 
0.0002 bars. The right hand ordinate 
gives the pressure in bars. Examination 
of Figure 1 indicates that the princi- 
pal voice frequencies vary in sound pres- 
sure from a minimum of 0.006 bar to a 
maximum of 0.6 bar. Expressed in deci- 
bels this would correspond to a volume 
range of 40 decibels. There will be some 
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variation of volume range between indi- 
vidual speakers. For recognition of 
speech a volume range of 30 to 40 decibels 
is essential. If a hearing impairment 
causes the threshold of audibility to be 
so near the threshold of feeling that the 
auditory area does not encompass a range 
of 40 decibels, it will be impossible to 
understand speech even though it be am- 
plified sufficiently to place it above the 
threshold of hearing. 


Need for Selective Amplification 


It has been pointed out that partial 
loss of hearing occurs in various forms. 
No two people with the same type of par- 
tial deafness will suffer exactly the same 
hearing loss at each frequency. In gen- 
eral, those suffering from nerve deafness 
hear low frequencies better. They hear 
sounds but do not understand the words 
because the high-frequency sounds are 
essential for intelligibility. 

Unless the hearing loss is uniform 
throughout the frequency range it is nec- 
essary to utilize frequency selective am- 
plification. Even though the hearing 
loss is uniform, it is advantageous in 
many instances to use the proper type of 
frequency selective amplification. If 
selective amplification is not used, then 
the frequencies which the individual has 
no difficulty in hearing will be amplified 
equally as well as those with which he 
has difficulty. The relative proportions 
of the various frequencies comprising the 
sound then will not be correct and some 
of the frequencies will become so loud as 
to be annoying. They might reach even 
the upper threshold of feeling before the 
other frequencies are sufficiently loud to 
indicate the characteristics of the speech 
sounds. Examination of Figure 1 shows 
why this occurs. If the areas representing 
the speech sounds are moved uniformly 
upward, the vowel sounds strike the feel- 
ing curve long before the consonants. 
Thus the vowel sounds will tend to mask 
the weaker consonant sounds which are 
essential for intelligibility if uniform am- 
plification is used. 

It appears then that for good intelligi- 
bility some form of frequency selective 
amplification must be used. Previous 
considerations of the characteristics of 
speech and hearing have shown that for 
intelligibility the high speech frequencies 
are necessary and that the low frequencies 
are not so important. From the manner 
in which the speech sounds are dis- 
tributed in the auditory area, it is also 
apparent that when the hearing loss is 
severe it is necessary to attenuate the low 
frequencies in order to be able to bring 
the high-frequency sounds above thresh- 
old and still not have the low frequencies 
strike the threshold of feeling. 

Attenuation of the low frequencies 
usually results in some increase in intelligi- 
bility even when the hearing loss is uni- 
form. This is because in average room 
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Figure 4. Response characteristic of hearing- 
aid receiver 


noise the intensities are higher for the low 
frequencies which thus produce a masking 
effect which can be lessened by reducing 
the intensity of these components. 

From the above considerations it is 
reasonable to conclude that the type of 
selective amplification used should be 
such as to make possible attenuation of 
the low-frequency end of the spectrum. 
The control should be of the variable type 
since each case will be somewhat different - 


Output Requirements 


The maximum sound-pressure output 
which a hearing aid must be capable of 
producing can be determined from the 
chart of the auditory area. [If uniform 
amplification is used, the speech level can 
be raised until the frequencies in the re- 
gion from 500 to 1,500 cycles per second 
strike the upper threshold of 200 bars. 
The higher frequencies will then have 
pressures of from two to 20 bars. If the 
frequencies below 1,500 cycles per second 
are attenuated, it is possible to raise the 
output pressure at high frequencies with- 


TRANSACTIONS 745 


GAIN — DB 


345 


O.I 0.2 
FREQUENCY —KILOCYCLES PER SECOND 


O4NwO7 iS eS 
Figure 5. Combined response characteristic 
of microphone and receiver 


out having the low frequencies strike the 
threshold of feeling. 

The auditory area as shown in Figure 1 
is the average of many normal ears. A 
particular individual will exhibit certain 
variations from the average. In trans- 
mission deafness it is probable that the 
threshold of feeling also is raised. The 
above figures nevertheless serve as an 
approximate guide in determining the 
output requirements. 

The maximum hearing loss which can 
be overcome at any frequency is deter- 
mined by the sound-pressure output that 
can be obtained at that frequency. Thus, 
if an individual has a uniform hearing 
loss of 60 decibels the speech sounds must 
be raised in intensity so that all of them 
are above a 60-decibel intensity level. 
Since the range between the loudest 
sound and the weakest is 40 decibels the 
loudest sounds must have a level of 60+ 
40 = 100 decibels. For the high-fre- 
quency sounds above, for example, 2,000 
cycles per second an output level of 60 to 
80 decibels would be required. 

As a rough guide, it is seen that for the 
case of a uniform loss and uniform ampli- 
fication the required output level in deci- 
bels, L, must equal the hearing loss, HL, 
in decibels plus 40. That is 


L=HL+40 (1) 


From equation 1 it would appear that 
with uniform amplification and uniform 
loss, the greatest hearing loss which 
could be overcome would be 80 decibels 
and in order to overcome a loss of this 
magnitude the hearing aid would have to 
be capable of supplying a pressure of 200 
bars for frequencies less than 1,500 cycles 
per second and 20 bars for frequencies 
greater than 1,500 cycles per second. 

If, as is often the case, the hearing loss 
increases with frequency then in order 
to bring the high-frequency components 
necessary for intelligibility above the im- 
paired threshold and still not let the low 
frequencies reach the threshold of feeling, 
it is necessary to attenuate the low fre- 
quencies. 

If the loss is greater for low frequencies 
the requirements are not so severe be- 
cause this does not reduce greatly the in- 
telligibility. Also, as mentioned pre- 
viously, the type of hearing loss character- 
ized by decreased acuity for low tones is 
usually due to transmission deafness and 
the upper threshold is raised so that uni- 
form amplification can be employed with 
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less possibility of striking the upper 
threshold of feeling. A recent tabulation 
of audiograms indicates that only 13 per 
cent of those tested had characteristics 
which showed a loss greater for low fre- 
quencies than for high frequencies. 
Increasing loss with frequency was shown 
by 43 per cent and 44 per cent had a uni- 
form characteristic. Ten per cent of the 
total number showed a loss greater than 
80 decibels.” 


Nonlinear Distortion 


If the relation between output sound 
pressure and input sound pressure is not 
linear, nonlinear or amplitude distortion 
occurs. Vacuum-tube amplifiers can be 
made to operate as substantially linear 
devices if certain limits of operation are 
not exceeded. However, no amplifier has 
an unlimited output capacity and so as 
the input signal is increased progressively 
a point finally is reached beyond which 
the output is not directly proportional to 
the input. Since the amplitudes are larg- 
est in the output stage, most of the dis- 
tortion occurs there. As a result of the 
nonlinear relation between input and 
output, new frequencies are created in 
the output which are not present in the 
original signal. Under such conditions 
the output sound pressure is not a faithful 
replica of the input signal. The extrane- 
ous frequencies present mask the original 
sounds thus reducing the distinctness. of 
the speech. The maximum usable output 
obtainable from a given amplifier is 
limited by the amount of nonlinear dis- 
tortion which can be tolerated. 

Measurements of the amplitude dis- 
tortion necessary to produce a detectable 
change in speech quality show that the 
amount of distortion which can be toler- 
ated depends upon the band width of the 
amplifying system, the type of distortion 
(even or odd harmonics), and whether or 
not the distorted speech is compared di- 
rectly with the undistorted speech.? With 
an upper cutoff frequency of 5,000 cycles 
per second it is found that from 12 to 17 
per cent distortion can be introduced be- 
fore a noticeable change in speech quality 
occurs. With an upper cutoff of 8,000 
cycles per second the permissible distor- 
tion is reduced by approximately one 
half. For complex signals such as speech, 
the per cent distortion is defined as the 
amount of distortion produced by a pure 
tone having a peak value equal to the 
peak value of the complex wave. Satis- 
factory reproduction of speech will be 
obtained if the distortion is held below 
15 per cent. 


Gain Requirements 


It is necessary to distinguish between 
output and gain. To be of practical use 
an instrument must develop the required 
output pressure at the ear when the 
source of sound is some distance away. 
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Figure 6. Circuit for controlling frequency 
response 


The greater the amplification the less in- 
put signal the hearing aid will require to 
develop a given output pressure. At first 
thought it might appear that the maxi- 
mum obtainable gain would be limited 
only by the number of stages of amplifi- 
cation which could be used in an instru- 
ment of wearable size. In practice there 
are two other factors which determine the 
maximum usable gain. The first of these 
is the surrounding noise level. Numerous 
measurements have shown that the ex- 
traneous noise level in the average quiet 
residence has an intensity level of about 
thirty decibels. In commercial buildings 
the noise level will be higher.!° The ef- 
fect of this extraneous noise level is to 
raise the threshold of hearing. A normal 
ear immersed in a noise level of 30 decibels 
would be unable to understand conver- 
sational speech unless the speech inten- 
sity level was greater than 30 decibels. 
In normal speech (at conversational dis- 
tances) the loudest vowel sounds are 70 
decibels above threshold and the weakest 
consonant sounds 30 decibels above 
threshold and thus they would be heard 
in spite of a noise level of 30 decibels. A 
hearing loss of 30 decibels would have the 
effect of eradicating the surrounding 
noise level but ordinary conversation still 
would be audible. If the source of sound 
were farther away, the desired sound 
would have a level less than the surround- 
ing noise and no amount of amplification 
would help, since the noise and desired 
sound both would be amplified. The 
only solution is to have the desired signal 
louder than the background noise. Thus 
the auditor always must move close 
enough to the source of the desired sound 
to make its intensity level greater than 
that of the surrounding noise level. At 
conversational ‘distances the speech 
sounds are located as shown in Figure 1. 
It is seen that the pressure of the loudest 
vowel sounds at the hearing-aid: micro- 
phone will be 0.6 bar. To overcome the 
most severe case of deafness this pressure 
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must be raised to 200 bars. This requires — 


a pressure ratio or acoustical amplifica- 
tion of 200/0.6=333.3 which corre- 
sponds to approximately 50 decibels. The 
other weaker sounds, assuming uniform 
amplification, will be raised by 50 decibels 
also. Rs 

If the surrounding noise level is low- 
ered, the distance between speaker and 
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listener can be increased and the speech 
still will be above the noise level. The 
speech intensities arriving at the micro- 
phone will be less, and correspondingly 
greater gain will be required for the same 
sound-pressure output. On the other 
hand, if the noise level is increased, the 
distance between speaker and listener 
must be decreased in order to raise the 
speech sounds above the surrounding 
ngise. The speech pressure incident 
upon the microphone now will be greater 
and less gain will be required for a given 
sound-pressure output. Thus the maxi- 
mum usable gain is determined by the 
surrounding noise level. Under average 
conditions of 30 decibels noise level the 
speech intensities would be as shown in 
Figure 1 and the maximum usable gain 
would be 50 decibels. In order to hear in 
any given noise level either the speaker 
must raise his voice to an intensity above 
the noise level or the distance between the 
speaker and listener must be decreased. 
In any event, for a given noise level the 
speech must have a definite sound pres- 
sure if it is to be heard. Since the dis- 
tance between threshold and feeling is 
approximately 120 decibels, the maxi- 
mum usable gain in decibels is 


Maximum usable gain = 120— (noise 
level+40) =80—noise level (2) 


All quantities in the above expression are 
in decibels. Figure 2 is a graph of equa- 
tion 2. 


Acoustic Feedback 


It previously was stated that, in prac- 
tice, two factors limit the maximum us- 
able gain. One of these has been shown 
to be the surrounding noise level. The 
second limiting factor is acoustic feed- 
back. A hearing aid produces a sound- 
pressure output many times greater than 
the input pressure. If a portion of the 
output is fed back into the input in proper 
phase and magnitude, oscillation results. 
When acoustic feedback or ‘‘squealing”’ 
occurs, the instrument ceases to be of use 
to the user. Hearing-aid receivers are of 
the insert type. They are held in place at 
the ear by means of a plastic mold, the 
tip of which extends into the ear canal. 
With an ideal ear mold all of the sound 
pressure would be delivered to the ear 
drum. In practice, due to the imperfect 
fit of the ear mold a certain amount of 
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Figure 7. Frequency response of hearing- 
aid amplifier 
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acoustic energy may escape and find its 
way back to the microphone. If at any 
frequency the attenuation in the return 
path from receiver to microphone is less 
than the acoustical gain of the instrument, 
oscillation occurs. 

When individually molded ear tips are 
used a gain of 60 to 70 decibels is ordi- 
narily the maximum which can be had 
without feedback. 


Computation of Acoustical Gain 


The over-all acoustical amplification 
of a hearing aid will be affected by the 
characteristics of each of the component 
parts of the instrument. 

It is customary to specify the output 
level of a microphone in terms of its open- 
circuit output voltage in decibels above 
a reference level of one volt per bar. Fig- 
ure 3 shows the output of an uncased 
hearing-aid microphone of the crystal 
type as a function of frequency. When 
the microphone is enclosed in a case the 
response is altered somewhat by the acous- 
tical properties of the case and this effect 
often can be used to advantage. The 
acoustical properties of the case are not 
included in the following analysis. Re- 
ceiver output level can be expressed in 
decibels above a zero level of one bar per 
volt. The response characteristic of a 
crystal-type hearing-aid receiver is shown 
in Figure 4. 

The response characteristics of the mi- 
crophone and receiver may be combined 
into a single curve which then will show 
the ratio of output pressure to input 
pressure of the two units acting together. 
This ratio will be less than unity and, 
when expressed in decibels, is a negative 
number. The combined characteristic 
of the microphone of Figure 3 and re- 
ceiver of Figure 4 is shown in Figure 5. 

After the microphone and receiver 
have been selected, the electrical gain of 
the amplifier necessary for a specified 
acoustical gain.can be determined. 

In order to develop an expression for 
the over-all acoustical gain of micro- 
phone, amplifier, and receiver the follow- 
ing definitions are necessary. 


Let 
Ky =open-circuit output of microphone in 
volts per bar 
Kp=output of receiver in bars per volt 
Kur=KyKr=ratio of output pressure to 
input pressure of microphone and re- 
ceiver with no amplification between 
P,=output pressure of receiver in bars 
P;,=input pressure to microphone in bars 
VA=voltage amplification of amplifier 
unit 
G=P,/P;=over-all acoustical gain 


* N,=over-all acoustical gain in decibels 


Then 
= (Pi) (Ku) (Kr) (VA) (3) 
and 
G=P,/P,=(Km)(Kr)(VA) = aig 
4 
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In decibels the gain is 


N4=20 login G=20 logis (Kur) + 
20 logis (VA) (5) 


Letting 


Nysa=20 log VA and Nx=20 logo 
Kyr equation 5 becomes 


Na=Nya+Nx (6) 


Knowing the desired over-all gain Ny, and 
the combined characteristic Nx the nec- 
essary voltage amplification of the am- 
plifier expressed in decibels is obtained 
from equation 6 as 


Na=Nya—Nx (7) 


Nx is a negative quantity so the required 
electrical gain is greater than the desired 
acoustical gain by Nx decibels. The 
necessary electrical gain thus is established 
in terms of the desired acoustical gain and 
the characteristic of the microphone— 
receiver combination. For the micro- 
phone-receiver combination of Figure 5, 
Nx = —33 at 500 cycles per second. 
To achieve an acoustical gain of 50 deci- 
bels at 500 cycles per second would thus 
require a decibel voltage gain, Nya, of 83. 


Control of Frequency Response 


It has been shown that in many in- 
stances selective amplification is desirable 
in a hearing aid. There are numerous 
methods for controlling the frequency re- 
sponse of an amplifier. Most of these are 
not applicable to hearing-aid use because 
of the additional circuit components nec- 
essary. In the hearing-aid industry it is 
common practice to secure frequency 
selectivity by using a number of inter- 
changeable parts each having different 
response characteristics, or to manufac- 
ture a number of different models each 
with a different response. These methods 
have the disadvantage that a multiplicity 
of extra parts must be manufactured and 
stocked in order to meet the requirements 
of people with different types of deafness. 
A further disadvantage is that at the time 
of purchase it is often difficult to deter- 
mine which combination eventually will 
give the most satisfactory results. It 
might seem that the best of a number of 
available instruments could be selected 
by a listening test. Experience has 
shown, however, that methods of fitting 
a hearing aid which comprise selecting 
one of a group of available characteristics 
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by. listening test are not adequate. This 
is because the individual is accustomed 
to hearing sounds as they are rendered 
through his defective hearing mechanism. 
Thus, an instrument which makes sounds 
seem similar to those he is accustomed to 
hearing usually is chosen. Asa result his 
impairment actually is exaggerated. It 
often is found that, after the user has be- 
come accustomed to an instrument, re- 
adjustment of the frequency response re- 
sults in greater intelligibility. It is diffi- 
cult to make such adjustments if they in- 
volve the.exchange of an instrument or 
part of an instrument. 

A novel method of controlling the fre- 
quency response of a hearing aid whereby 
the low frequencies can be attenuated 
while the high frequencies actually are 
accentuated now will be described." 
This method is particularly suitable 
when used in conjunction with receivers 
which have a capacitative internal im- 
pedance, such as a crystal receiver. The 
method has the advantage that no in- 
terchangeable parts are necessary, and 
the variation in response is continuous 
throughout the range of operation. 

The output stage of a hearing-aid am- 
plifier usually is coupled to the receiver 
by means of a transformer or by means of 
a choke in order to obtain the largest 
possible output with a given “‘B”’ battery 
supply voltage. If a crystal receiver is 
used the internal capacity of the receiver 
and the inductance of the output choke 
form a parallel circuit with a resonant 
frequency determined by the LC product 
of the choke and receiver. The impedance 
of this parallel circuit is highest at reso- 
nance and maximum gain thus occurs at 
the resonant frequency. The frequency 
at which maximum gain occurs can be 
changed by varying the resonant fre- 
quency. The internal capacity of the re- 
ceiver is fixed so the frequency of reso- 
nance must be changed by a variation of 
inductance. This could be done by tap- 
ping the coil but the number of resonant 
frequencies obtainable in this manner is 
limited. 

Consider the circuit of Figure 6, in 
which the plate load of the output-tube V 
consists of the primary of transformer 7 
in parallel with a receiver of internal 
capacity Cr. The secondary winding of 
T is connected to a variable resistance Rs. 
Considering the transformer by itself, 
the complex impedance looking into the 
primary is 


Mw)?R 
Behe es 
Rg? + (Lew)? 
. fw) 2 Ln 
e rates (Mw)*Lo \ (8) 
\ Rgt+ (Low)? f 
=Rpt+JLiw (9) 
In equation 8, 
Rs =R.t+ Rk; (10) 


The apparent resistance of the primary 
is thus Ry. and apparent inductance is Ly». 
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Let 
je eed a (11) 
and 
N=M™,/M~VLi/Ls (12) 


Substitute equations 11 and 12 in 8 and 
obtain 
K?N?Rs 


2 = Ri +--——_—— 
De eRe Taa\k 


he) 1 Ss 


he > (13 
014 (Ra/taadt) 


In terms of the coefficient of coupling, A, 
and the turn ratio, V, the apparent re- 
sistance looking into the primary is 


MNS K?N*Rs Ad 
De Le (Rai ay® ; 
The apparent inductance is” 
<i | 
Ly=L ] = j ahd (15) 
1+(Rg/Low)? { 


Equation 15 is the basis of the selective 
circuit under discussion. If the secondary 
winding of J is short-circuited Rg= Ro. 
By suitable transformer design R:/Low 
can be made small compared to unity. 
Under these conditions equation 15 re- 
duces to 


Ly=Lhi(1—K*) =Lg (16) 


The quantity Ly is the leakage inductance 
of the transformer referred to the primary 
winding. The coefficient of coupling, K, 
depends upon the physical arrangement 
of the two coils L; and Ly and upon the 
magnetic circuit on which they are wound. 
For coils wound on ferromagnetic cores, 
K can be made close to unity. Lg, is then 
a few per cent of LZ). 

With the secondary of T open-circuited 
(R;= ©) equation 15 becomes 


Ly2=L,=self-inductance of primary winding 
(17) 


From equations 16 and 17 it is seen that 
any inductance value between Ly, the 
self-inductance of the primary winding, 
and Lys, the leakage inductance, can be 
obtained merely by varying the resistor 
R;. 

In the circuit of Figure 6 the primary 
of T is shunted by Cp, so the amplifier 
stage may be tuned to different resonant 
frequencies by means of a single variable 
resistor. Because of the resistance term, 
Ry, the resonance curves are very broad. 
The highest resonant frequency obtain- 
able is 

1 1 


fr= —— — = TO — 

IV LsCe 2e\/Li(1—K*)Cy 
The lowest resonant frequency obtainable 
is 


fi 


(18) 


1 


—7 ew abmeethele, 19 
\ n\/ LiCp (19) 
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The ratio of these two frequencies is ‘ 


7 
(20) 


Ri eV LiCr ne 
IW N/A K9 Cy W1-K? 
Thus any desired ratio of f,/f; can be 
obtained by providing the proper coeffi- 
cient of coupling. The frequency re- 
sponse of the amplifier then can be con- 
trolled by varying Ry. 


Performance of a Particular 
Hearing Aid 


The curves of Figure 7 show the elec- 
trical response of a three-tube hearing-aid 
amplifier. The last stage of the amplifier 
uses the method previously described for 
varying the frequency response. Curve 1 
is for Ry open-circuited and curve 2 is for 
R, short-circuited. Any response char- 
acteristic lying between the two curves 
can be obtained by varying control R;. 
Figure 8 shows the over-all acoustical 
amplification of a three-tube hearing aid 
having the electric gain shown in Figure 7. 
This instrument uses the microphone and 
receiver combination of Figure 5. Curve 
1 of Figure 8 is obtained with the fre- 
quency control resistor, R;, open-circuited. 
Curve 2 is obtained with the control 
resistor in the short-circuited position. 
The two curves indicate the maximum 
variation in response which is obtainable 
with this particular instrument. These 
curves were obtained using a 30-volt. 
“B’’-battery supply. At a frequency of 
1,000 cycles per second an output pres- 
sure of 350 bars can be obtained with less 
than five per cent distortion when using 
a 30-volt supply. 

Increasing the plate supply to 45 volts 
increases the gain by six decibels and pro- 
vides approximately twice as much out- 
put pressure. 

For methods of measuring the per- 
formance of hearing aids, reference 12 
should be consulted. 


Conclusion 


This paper correlates the fundamental 
characteristics of speech and hearing 
which are of importance in the develop- 
ment and design of hearing aids. It is 
shown that, often a particular type of se- 
lective amplification is beneficial, A 
novel method of obtaining this type of 
amplification is described. It is pointed 
out that certain factors external to the 
hearing aid determine the maximum per- 
formance obtainable. A method of com- 
puting the acoustical amplification of a 
hearing aid is given. Response curves of 
a three-tube hearing aid using a crystal-_ 
type microphone and receiver are shown. 

The numerous amplifier circuits which 
can be used have not been discussed. 


These will change with time and the de- — 


' 
f 


velopment ‘of new and improved circuit — 


components, 
Future possibilities for improvement lie 
in the establishment of more accurate 
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Surface Heating by Induction 
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Synopsis: Induction heating offers a 
méthod for heating of electrical conductors 
such as steel, brass, graphite, by exposing 
them to a varying magnetic field. 

The application of induction heating to 
melting, forging, surface hardening, and 
other uses is becoming increasingly common, 
resulting in a mounting interest for a 
physical concept of the heating effect 
itself. This effect has been previously 
analyzed by means of partial differential 
equations whose solutions are Bessel func- 
tions.! It is the object of this paper to 
analyze the induction-heating effect by 
using concepts commonly applied to a-c 
engineering without involving differential 
equations. It was found that ordinary 
vector diagrams lead to quantitative expres- 
sions for the penetration of the magnetic 
field into the charge, for the distribution 
of eddy currents and generated heat, as 
well as for the impedance of the loaded 
inductor. 

The analysis is limited to the heating of 
a body of cylindrical shape, surrounded by 
a uniform alternating magnetic field; this 
limitation is the same as commonly applied 
when partial differential equations are used 
for the analysis. 

Another limitation is introduced by the 
assumption that the depth of penetration is 
very small compared to the radius of the 
charge. This assumption greatly simplifies 
the mathematical treatment without sacri- 
fice to the physical concept. If the depth 
of penetration is five per cent of the radius 
of the charge, the expression for the gen- 


Paper 44-168, recommended by the AIEE com- 
mittee on electrochemistry and electrometallurgy 
for presentation at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944. Manu- 
script submitted April 24, 1944; made available 
for printing May 12, 1944. 


Hersert F. Storm is electrical engineer, Allis- 
Chalmers Manufacturing Co., Milwaukee, Wis. 


erated heat in the load will deviate only 3.6 
per cent from the evaluation by Bessel 
functions; for smaller depths of penetration 
the deviation approaches zero. 


HE generation of heat within the iron 

core of a power transformer is termed 
the core loss, which is one form of induc- 
tion heating. It is customary to divide 
the core loss into hysteresis and eddy- 
current loss. The hysteresis loss is a 
characteristic property of ferromagnetic 
materials, whereas the eddy-current loss 
is an J?R loss due to current circulation 
in the material, resulting from electro- 
motive forces induced by the varying 
induction. Replacing the iron of the core 
by a nonmagnetic metal will eliminate 
the hysteresis loss, but eddy currents will 
still be induced and heat generated. 
Hence, magnetic as well as nonmagnetic 
metals respond to induction heating. 

When the frequency of the alternating 
magnetic flux is increased, hysteresis and 
eddy-current losses increase. The eddy- 
current loss, however, increases at a 
much greater rate than the hysteresis 
loss. At frequencies of the order of 
10,000 cycles and more the eddy-current 
loss is predominant and the hysteresis 
loss is probably negligible.? 

Among fields of application for induc- 
tion heating are melting, forging, surface 
hardening, brazing, and soldering.*.+° 
Induction heating is characterized by 
high concentration of heat per unit 
volume and close control of the trans- 
mitted heat. It is particularly suitable 
for surface hardening because the heat- 
producing eddy currents have a tendency 


methods of fitting hearing aids to the in- 
dividual’s specific needs and in the use of 
two-channel or binaural hearing aids. 
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to flow next to the surface of the charge. 
If a shaft is heated to hardening tem- 
perature at its surface zone only and is 
subsequently quenched, then only the 
surface zone hardens while its core re- 
mains soft. This distribution of hard- 
ness is often desirable. It gives the shaft 
a hard wear-resistant surface, whereas 
the core remains soft and thus avoids 
brittleness attendant to hardness. 

The application of highly concentrated 
heat for surface hardening and forging 
shortens the heating time. This is im- 
portant not only because of the saving 
of time in itself, but also because a short 
heat interval prevents or minimizes scale 
formation. 

Although the heat is generated in the 
surface layer, the entire body of a charge 
can be heated if so desired. This is done 
simply hy continued application of power, 
the heat being conducted thermally to 
the interior. 


The Magnetic Field of the 
Air-Core Inductor 


In order to heat a charge, it is placed 
inside a helical coil,®.” the inductor, the 
latter being energized from a high-fre- 
quency generator (Figure 1). Various 
types of high-frequency generators are 
on the market, such as rotary motor 
generators, electronic-tube oscillators, and 
spark-gap _ oscillators.8°° The  fre- 
quencies for induction heating range from 
60 cycles up to several megacycles. The 
generator energizes the inductor, thus 
producing an alternating magnetic flux. 
The latter induces electromotive forces 
within the charge, comparable to the 
induction of the voltage in the secondary 
of a transformer. The electromotive 
forces cause currents, the so-called eddy 
currents, to flow through the charge. 
The heating effect is the result of /°*K 
losses due to the eddy currents in combi- 
nation with the electrical resistance of 
the charge. 

It is assumed that the charge will be 
exposed to a uniform alternating magnetic 
field. Such a field is produced by a 
solenoid of infinite length, part of which 
is shown in Figure 2. The magnetic field 
intensity outside of the solenoid is zero; 
this is plausible, remembering that the 
return flux outside of the solenoid spreads 
over an infinitely large area, thus reducing 
the flux density to zero,"! 

Positive directions were assigned to the 
magnetic field intensity and the current. 
They are shown by arrows parallel to the 
axis of the inductor and by the head and 
tail symbols, respectively, indicating a 
right-hand system. For alternating mag- 
netic intensities and currents the arrows 
show the direction of the instantaneous 
values, provided the latter appear positive 
in their respective vector diagrams. 

For an infinitely long inductor and 
charge, which will be assumed in all of 
the following considerations, the field 
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distribution is the same for any cross 
section perpendicular to its axis. It is, 
therefore, permissible to analyze only a 
limited height of inductor and charge. 
The magnetic-field and eddy-current 
distribution thus obtained will be rep- 
resentative for the entire height of 
inductor and charge. The height of the 
section under consideration will be 
limited arbitrarily to one centimeter. 

The magnetic-field intensity, hence- 
forth abbreviated magnetic intensity, 
follows from (see Appendix VII for 
symbols): 


H=0ArIn (1) 


If the current J is alternating, the 
magnetic intensity H is also alternating 


160-7 


(NDUCTOR Figure 1. General 
arrangement of in- 


ductor and charge 


) HIGH- 
FREQUENCY 
GENERATOR 


and in time phase with the current /. 
Equation 1 can be rewritten 


H=0.4rIn (2) 


The boldface letters H and J designate 
vector quantities. The letters H and I 
signify the absolute values of the vectors. 
The instantaneous values # and 7 are 
obtained by projecting the vectors 
H and J, which are standing still, on 
the time base T (see Figure 3) which 


rotates clockwise with an angular 
velocity: 
w=2rf (3) 


The location of the time axis T for the 
time ¢=0 is coinciding with vectors J 
and H. The angle a between J and T is 


a=wt in radians 


(4) 


where ¢ is the time lapse from coincidence 
of T with H until T reaches the position 
shown in Figure 3. The quantities are 
ae T T : 
positive for sca a<5> they are negative 
T Bus 
25 ax 9° 


for 


Screening Effect 


Suppose the inductor (Figure 4) is 
energized by a constant alternating 
current, an alternating field intensity 
Hy will result, which is constant over the 
whole cross section of the infinitely long 
inductor. A thin-walled tubular metallic 
charge A is now inserted coaxially. The 
variable magnetic flux surrounded by the 
charge induces voltages and currents in 
the charge in the same manner as in the 
secondary of a transformer, consisting 
of one turn which is short-circuited. 
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It is convenient to assume the positive 
directions of both inductor and charge 
current in the same right-hand-system 
direction, as indicated by the symbols 
in Figure 4. 

Similar to the current J in the inductor, 
the current J, circulating circumferen- 
tially in the infinitely long charge pro- 
duces a magnetic intensity AHpo which is 
constant throughout the space surrounded 
by the charge and which is zero for any 
point outside. The resulting field in- 
tensity at any instant can be regarded as 
a result of superposing the magnetic 
intensities caused by the currents in 
inductor and charge. The magnetic 
field intensity H; in the space surrounded 
by the charge is 
AM, = H+ AM (5) 


where Hy is the magnetic intensity pro- 
duced by the inductor current alone and 
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INDUCTOR- 


_ Figure 2. Magnetic intensities of infinitely 


long empty air-core inductor 


Figure 3. 


Vector diagrams in general 


AH, the magnetic intensity produced 


by the charge current alone. In analogy 
to equation 1 and for n = 1 
AHM)=04Arl, (6) 


The induction B; in the space surrounded 
by the charge is 
B=. (7) 


and the magnetic flux ®, surrounded by 
the charge is 
®, =Byar =p Har 


(8) 


@, and HM, are parallel’ vectors, The 
electromotive force E, generated in the 
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charge A by flux ®, is lagging 90 degrees, 


behind it (Figure 5). Overcoming the 
resistance of the current path, E4 causes 
the flow of current 4, which is in phase 
with Ey. AAp is parallel to Ty. HM 
follows from equation 5 as OP. The 
flux ®) between inductor and charge is 
in phase with Hp. 

An inspection of the vector diagram 
of Figure 5 reveals: 


1. The magnetic intensity Ho outside the 
charge is reduced in intensity to MH; as it 
penetrates the charge. This effect which 
is due to the circulation of eddy currents in 
the charge is often called screening effect. 


2. The currents in the charge cause a time 
lag between the magnetic intensities, re- 
sulting in a lag of the flux #, surrounded 
by the charge, with respect to the flux %) 
outside of the charge. 


Solid Cylindrical Charge 


GENERAL CONSIDERATIONS 


A solid charge can be considered made 
up by a large number of thin-walled 
tubular sleeves which are telescoped into 
each other; the eddy-current heating of a 
solid charge will be approached by con- 
sidering the current distribution in the 
individual thin-walled sleeves, reducing 
the thickness of the latter toward zero. 

Judging from the case of a single thin- 
walled sleeve, one is led to expect that the 
magnetic intensity Ho will be reduced a 
certain percentage while penetrating the 
sleeve Sr (Figure 6) and that it will 
emerge from sleeve Sr as the intensity 
H,; it can also be expected that the 
emerging field intensity Hj; will lag be- 
hind the entering intensity Ho. The 
vectors of the magnetic intensities are 
shown in larger scale in Figure 7. The 


Figure 4. Field distribution in 


inductor 
containing a tubular charge of small wall 
thickness 


7 


t 
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angle 01P between AH) and H, (Figure 


7), however, cannot be expected to 
remain 90 degrees as in the case of 
Figure 5, because the current J1 flowing 
in sleeve Si is no longer determined by 
the electromagnetic action of sleeve Str 
only, but also by the electromagnetic 
action of all the other sleeves Sn, Sur... 

. inside of Sr. The current J; in Sy is 
a fynction of the total flux surrounded 
by $1, which in turn is a function of the 
different currents in all the sleeves. All 
that can be expected is that the magnetic 
intensity Ho, by penetrating sleeve Sr of 
the thickness Ar, will emerge as the in- 
tensity Mi, lagging Aa behind Hp, and 
being reduced in magnitude by a definite 
percentage of its entering value. The 
magnetic intensity H, then enters sleeve 
Su. If the wall thickness is the same 
for S; and Sir, it can be assumed that 
the emerging magnetic intensity H» will 
lag by the same angle Aw behind AH; as 
H, was lagging behind HM) in sleeve Sr. 
The ratio of reduction of H, to H, can 
be assumed to be equal to Hy to A. 
These assumptions are justified by leading 
to interdependent systems of magnetic 
intensities and fluxes, electromotive 
forces, and currents, which fulfill all 
physical requirements. 


VECTOR DIAGRAM OF MAGNETIC 
INTENSITIES 


A vector diagram embodying the fore- 
going assumptions is shown in Figure 7. 
Let 


A, / Ho = H2/H, = Bs ie tac Ay,/Hm-1=4 
=constant (9) 


Seas P= OP B=... . = Aa=constant 


It follows that the triangles P01, P12, 
| EARS See are similar (two homologous 
sides and one included angle Aa). These 
geometric relations are mathematically 
expressed by 


Hy, = Hye "4% 89t8 = win radians (10) 


as shown in Appendix I. If the phase 
angle of H,, with respect to Ho is a, then 


a=mAa (11) 
and 
ype iie *°°8 ‘qin radians (12) 


indicating a logarithmic spiral as locus 
for the magnetic intensity. 
VECTOR DIAGRAM OF MAGNETIC FLUXES 


The flux ®; contained within the body 
of sleeve SS; is 


1 =B; area =p H1(( Ar/2)(a— Ar/2)r] (13a) 


_ u are] (13m) 


Subscripts I and M refer to the quantities 
existing in the middle of the body of the 


likewise 


Py =u Ht] (ar/2)(a- 
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first and mth sleeve, respectively, whereas 
subscripts 1 and m refer to the quantities 
at the lateral inner surface of the first 
and mth sleeve, respectively. 

It can be seen from Figure 7 that the 
magnetic intensities and thus the induc- 
tions decline very rapidly as the magnetic 
field penetrates into the charge. The 
variation of the areas over which the 
fluxes are spread can be neglected if the 
magnetic intensity rapidly decreases as 


it penetrates the charge. Thus 

$= Ay Ar2ar (14a) 
$i; = Ay Ar2ar (14b) 
@y, = AywAr2ar (14m) 


Adding the fluxes #:, Pu, Oi 
vectorially (by using equations 14a, 14b, 
and 14m in combination with Figure 7), 
the vector sum follows a logarithmic 
spiral which is similar to the locus for 
the magnetic intensity as proved in 
Appendix II. The spiral for the fluxes 
is shown in Figure 8. 

The total magnetic flux ® inside of the 
charge is the vector sum of all individual 
fluxes i, Pu, Pur..... For a sleeve of 
infinitesimal thickness the angle Aa=0 
and the phase angle between total flux 
® inside the entire charge and the mag- 
netic intensity Ho between inductor and 
charge is 


B=45 degrees (21) 


Since inductor current J and Ho are in 
phase, the angle between J and ® is 
also 45 degrees (Figure 9). 


P Ex 


Figure 5. Wector diagram for inductor with 
tubular charge of small wall thickness 


WD 


HoH HoH HoH 


Figure 6. Inductor 
containing a cylin- 
drical, solid charge 


Fheek 


AXIS OF CHARGE 
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POWER FACTOR OF CHARGE 


The total flux ® induces a voltage E 
in the inductor which is 90 degrees lagging 
behind ® and 465 additional degrees 
behind the inductor current J. Voltage 
E consists of two components Ep and 
Ex of equal magnitude. Ep, is in counter- 
phase with J and reflects the watt power 
consumed by the charge. Ey is lagging 
90 degrees behind the current and in- 
dicates that the charge consumes in- 


Figure 7. Vector 
diagram of magnetic 
intensities 


Figure 8. Vector 
_diagram of magnetic 
fluxes 
ductive power as well. Due to the 
equality in magnitude of Ep and Ey, 
the load consumes as much watt power 
as wattless inductive power. Therefore, 


Power factor of charge =cos 45 degrees 
=(.707 inductive (22) 
PENETRATION OF THE MAGNETIC FIELD 


The total magnetic flux ® within the 
boundaries of the charge is evaluated in 
Appendix IIT: 
& = By (2am) p (30) 
where By is the induction in the space 
between inductor and charge. If the 
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induction By would penetrate into the 
charge to a depth of p centimeters, with- 
out being attenuated, the magnitude of 
the flux thus obtained would be equal to 
the magnitude of the actual flux ®. For 
this reason the factor p is often called 
equivalent depth of the magnetic-field 
penetration, or shortly penetration. It 
follows from Appendix IIT: 


2 ba 
onW Quf 


The graph shown in Figure 10 serves for 
quick determination of the penetration p. 
Suppose the penetration should be found 
for soft iron (resistivity p=10~* ohm- 
centimeter, permeability w~=1,000) at 
a frequency of one kilocycle. Inter- 
section of the frequency and resistivity 


(31) 


Ho 

45° $ 
Figure 9. Vector 
diagram _ regarding 


current and voltage Eq 
of inductor 


co-ordinates occurs at point A. 


From 
A one follows the oblique line until it 
intersects with the permeability system 
at point B. Projecting point B on the 
penetration axis gives the penetration, 
which in this case is slightly over 10-? 


centimeter. The magnetic intensity Hy 
at a distance d centimeters from the 
surface is 


d 


Hy=He pv? (35) 


and the phase angle ag between Hy and 
£1 


aqg=d/(pr/2) in radians (36) 


FIELD PROPAGATION INSIDE THE CHARGE 


Returning to the vector diagram of 
Figure 7, the various vectors Ho, Ah, 
Hy represent the magnetic intensities at 
definite distances from the surface of the 
charge. These distances d follow from 
equation 36. In the vector diagram of 
Figure 7 the angle Aw was made 15 
degrees, which is identical with 2/12 
radians. The distance at which vector 
Hi, represents the magnetic intensity can 
be obtained from equation 36: : 


d=agp\/2=(r/12)pv/2._ in centimeters 
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Conversely, the magnitude and phase 
of the magnetic field for any given dis- 
tance d from the surface can be obtained 
by computing eq from equation 36, and 
subtending ag from Hp to intersect the 
logarithmic spiral. 

Using the vector diagram of Figure 7, 
a graph of the instantaneous distribution 
of magnetic intensities can be plotted 
(Figure 11). The plane of the graph 
can be considered as a partial lateral 
section through the cylindrical charge. 
The graph is limited on the left-hand 
side by the surface contour of the charge. 
The axis of the charge is parallel to the 
contour off to the right. The abscissa 
axis can be viewed as one radius of the 
charge. In order to generalize the graph, 
relative values d/(px/2) and h/Hpo were 
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Figure 10. Graph for quick determination 
of the penetration p 


chosen as scales for the axes. The dis- 
tance d is also marked for multiples of 
the penetration p. 

The instantaneous values / of the 
magnetic intensities are obtained by 
projecting the vectors H (which are 
standing still) on a common time axis T. 
The time axis rotates clockwise and makes 
one revolution during each cycle of the 
high-frequency current (equation 3). 
For ¢=0, the time axis coincides with 
Hy. After one eighth of a cycle the time 
axis includes an angle of 45 degrees with 
vector Hy and the instantaneous values 
h at this time instant are obtained by 
projecting all vectors H on the time axis, 
now 45 degrees behind Hy. Curve A 
was thus obtained (Figure 11). The 
remaining curves B, C, and D were 
obtained in the same manner, the time 
interval being always one eighth of a 
cycle. Each curve has crest points and 
zero points. Observing these points 
from curve to curve, it looks as though 
these points, and the parts of the curves 
in between, travel from the surface of the 
charge toward the interior, as time goes 
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onl. 


trates the charge. It is therefore possible 
to view the field distribution inside of 
the charge as the result of an electro- 
magnetic wave entering the charge at 
its tec and being attenuated as it 
proceeds. 


DENSITY OF Eppy CURRENTS 


The current density Ko in the surface 
layer follows from Appendix IV. 


K)=In/p amperes per square centimeter 


(37) 


In general, the current density depends 
on the flux with which the current fila- 
ment is interlinked and the resistance of 
the path; the latter is assumed con- 
stant. Hence the current densities can 
be expressed by the same exponential 
function as the interlinking fluxes and the 
magnetic intensities, respectively (equa- 
tions 12 and 21). The current density 
K,q at the distance d from the surface 


d d 
Kq=Kye ?v2=(In/p)e v2 
The generation of heat per unit volume 
at any depth d is: 


(37a) 


_av2 2 
we =1/2K 2p ='/2(n/p)*pe “watts. per 
cubic centimeter (37b) 


_ aye 
Plotting the function e ” in Figure 12 
discloses the rapid reduction of heat 
generation with increasing distance from 
the surface. The concentration of the 
eddy currents and hence the generation 
of heat next to the surface of the charge 
is called skin effect. The heat generated 
in a zone reaching to a depth of 3) is 
98.5 per cent of the total generated heat. 


-07 

O68 Figure 11. Instantaneous dis- 
tribution of magnetic-field in- 

-0.9 
tensities inside the charge 

-1.0 


for four different time instants 
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It will also be observed that the | 
height of the wave decreases as it pene-’ 


os 
vs 


Since the penetration p depends on the 
frequency of the inductor current (equa- 
tion 31) one can vary the thickness of 
the heated zone by controlling the fre- 
quency. The case thickness can be 
reduced by increasing the frequency, 
conversely lowering the frequency will 
increase the depth of the heated zone as 
it is desirable in forging and melting 
applications. 


\\ 
POWER TRANSFER AND IMPEDANCE OF 
LoapEpD INDUCTOR 


The power P delivered to the charge 
per centimeter axial length is shown in 
Appendix V. 


P =4r9a (Tetin)? V ufo 10° 10~-% watts per 
centimeter axial length of charge (38) 


All other conditions remaining the 
same, increasing the frequency increases 
the rate of heating. A material with 
greater resistivity will generate more 
heat, provided the depth of penetration 
is much smaller than the radius of the 
charge (see synopsis). Moreover, a 
material with a positive temperature- 
resistivity coefficient, will generate heat 
in increasing measure as it warms up. 

Due to permeability, ferromagnetic 
materials will heat more rapidly than 
nonferrous materials of the same re- 
sistivity. However, when the critical 
temperature is reached ferromagnetism 
disappears and the permeability drops to 
unity. Thus, the heating of ferromagnetic 
materials is greatly reduced when the 
critical temperature is obtained. 

As previously pointed out, the charge 
consumes watt power and a numerically 
equal amount of wattless inductive power. 
The inductor presents itself with a certain 
impedance, which is called the referred 
impedance Z, of the load (charge); in 
addition the inductor will have a self- 
impedance Z, consisting of the high- 
frequency impedance of its own winding 
and a reactance due to the magnetic 
field in the interspace between inductor 
and charge. 

The above considerations lead to the 
expression for the referred resistance 
R, of the load, as shown in Appendix VI. 


Ra=4n?anV/ upf 10° 10-9 ohms per 


centimeter axial length of charge (39) 
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Figure 12. Relative heat -generation as a 
function of the distance d from the surface 


‘OcTOBER 1944, VOLUME .63 


Since watt and wattless power are 
numerically equal, the referred reactance 


|Xq|=Ra 
and the referred impedance 
Za = RatjXa=Ra(lt+)) 


The high-frequency resistance R, of 
the inductor can be approximated by 
using equation 39. For a water-cooled 
copper inductor the resistance R, is 
according to Appendix VI: 


Ry=1.8 bWVf n2(c1/c2) 10~® ohms per 


centimeter axial length of charge (40) 


The losses in the induetor increase 
with its radius b. In order to obtain 
high efficiency of power transfer, the 
radius of the induetor should not be larger 
than necessary. Henee, the clearance 
between inductor and charge should be 
kept to a minimum. 

Since watt and wattless power are 
mumerically equal, the referred reactance 
of the inductor due to the field within the 
boundaries of the conductors is: 


|Xp|=Re 
Hence the impedance 
Zy = Ry +jXy=Ro(L+7) 


The reactance Xo due to the magnetic 
field in the interspace between inductor 
and charge is shown in Appendix VI. 


Xo =8r*f (b2—a?)n? 10-8 ohms per 


centimeter axial length of charge (41) 


The total impedance Z of the loaded 
inductor is therefore: 


Z=(Ra ty) +j(RatRo+Xo) ohms per 
centimeter axial length of charge (42) 


Appendix | 


The ratio of two consecutive magnetic 
intensities from equation 10 is 


Hy, = Hye wma cot B 


pias = Hye~ (m—1)Aa@ cot B 
Therefore: 
Hye 4 8 Armes (10a) 
which is constant for positive, integral m. 
q=H,/Hy= (sin B)/sin(B+ Aa) 
ee sin (8+ Aw) —sin 6 
sin (8+ Aa) 
2h 2 cos(B+ Aa/2) sin( Aa/2) 
sin(B+ Aa) 


For sleeves of infinitesimal wall thickness 


sin Aa/2 = Aa/2 (10b) 
and 
B+ Aa/2=6+ Aa=B (10c) 
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hence 


q=1-— Aa cot B (10d) 
The same result is obtained by using 
equations 10 and 10a: 


e— 4« cot 81 — Aq cot B for Aa cot BK1 
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Vector Ol representing $, (Figure 8) 
is parallel to Hy of Figure 7 and determined 
by equation 14a. Vector 12 is parallel to 
H,, and determined by equation 14b. 
Hence 
$1 /b; =A /My (15) 

H; connects midpoint F of 01 (Figure 7) 
to P; Hy; was obtained likewise. Triangles 
OPF and 1PG are similar (two homologous 
sides and one included angle 8) and hence: 


Ay /H, = /Hy (16) 
From equations 9, 15, and 16: 
@y = Ai / Ay = H,/Hy = f1q (17) 


Point Q (Figure 8) was obtained by sub- 
tending the angle 8 from # and ,,; 
(Figure 8). 


7y=180°— Aa—B 
+100 =180—6—y=180—8—180+ Aa+ 
B=Aa° (18) 


Triangles 01Q, 12Q, O1P, and 12P are 
similar. If another similar triangle 230 
is based on 2Q, it can be shown in the same 
manner that 23 represents vector 11. 
The sum of the first three individual fluxes 
&, Py, Pry, is G3. The remaining indi- 
vidual fluxes and their sum can be deter- 
mined by a repetition of the same procedure. 
The triangles become progressively smaller 
and finally degenerate in point Q. Line 
OQ therefore represents the vector sum of 
all fluxes, and is denoted . It is the total 
magnetic flux within the boundaries of the 
charge. Due to the similarity of all 
triangles involved, curve 01234...P (Figure 
7) is similar to 01234...Q (Figure 8). 

The electromotive force E; induced in 
sleeve S; is due to the action of all the 
fluxes Pyy, Pyyy..... , surrounded by sleeve 
St. The vector sum of these fluxesis 10 
(Figure 8). Ey is lagging 90 degrees behind 
10. Angle 6, between E; and $y is 


5, =B+ Aa+90° (19) 


Angle 6) between AH) and Ay (Figure 7) 
can be expressed ‘ 


52 =180°—B—Aa/2 (20) 


AH; is in phase with I; (equation 6) and 
H is in phase with ®,;, equation l4a, so 
that 6» is also the angle between @,; and 7. 
Remembering that J; and E; are in phase, 
angle 6. is the angle between ®, and E; as 


well. This angle has been previously de- 
noted with 6,. Therefore from equations 
19 and 20: 

Oy — be 

B+ Aa+90° =180—8— Aa/2 

B=45° —3 Aa/4 
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For infinitesimal thickness of the sleeve, 
Aa disappears and 


B=45 degrees (21) 


Appendix Ill 


The electromotive force Ep in the surface 
zone of the charge is a function of the total 
flux ®: 


d 
o= pea TOs 
dt 


hence the crest value 


Eo =27f1078 (23) 
The current J in the surface layer 
Ip =F/Ro (24) 


where Ry is the resistance of the surface 
layer per centimeter axial length of the 
charge 


2am 

Ry =————_ 25 

°” Ar-l om if @8) 
From equations 23, 24, and 25, 

A A 
hh=2nfa10e =F ai19-2 (26) 
2amp ap 

AH =0.4rly =42(f/p) (Ar/a) 2107 * (27) 


Because of the similarity of triangles OP1 
(Figure 7) and 0Q1 (Figure 8) 


For infinitesimal sleeve thickness Hyp= Hy, 
moreover, substituting for H; from equation 
14a and for AH, from equation 27, one 
obtains from equation 28 


co @ /p Ar2ar 1 1 pl0° 
&; 42(f/p)(Ar/a)®10-® Ar Ve. uf 


(29) 


Substituting for #1 from equation l4a and 
for By =e 


oe Ban( 2 y2 ) = By2arp (30) 
2a Y Quf 
where 
_ 1 4 [o10» (31) 
2r Y 2uf 


Figure 8 reveals that 

| /@=(sin Aa)/sin (8+ Aa) 

Considering equations 10b, 10c, and 21, 
$1/@= Aar/2 

which combined with equation 29, gives 
$1/6= Aar/2= Ar/p (32) 


The magnetic field by penetrating sleeve 
by sleeve accumulates for each sleeve thick- 
ness Ar a phase displacement of Aa. 
Penetrating m sleeves 


d=mAr (33) 
The phase angle @ follows from equation 11 


a=mLa 
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Using equations 11 and 33 in equation 32, 
Ar/Aa=d/a=pr/2 (34) 


Substituting equation 34 in equations 
12 and 21 and using the subscript d instead 
of m, indicating the magnetic intensity at 
the distance d from the surface, 

a 


Ha=Hye ?¥2 (35) 


and the phase angle ag between Hg and Ay 
from equation 34 


= in radians (36) 


Appendix IV 


The current density Ko in the surface 
layer 
Ko=I)/cross section of path 


Using equation 26 and substituting for 
@ from equations 30 and 7, 


_ (f/p)(Ar/a)pHo2arp 107§ 
ce Ar-lem 


10 2 
ae Hn 10-9 
4or p 


Ko 


Substituting from equation 31 for p, 


Ko=H)(10/4r) /p = (4m/10)In(10/4x)/p 


=In/p (37) 


Appendix V 


Assigning the same radius a to the various 
sleeves of infinitesimal thickness (which is 
permissible without undue error for 
p<a/20), the total heat W: 


W =2ar vf wad (d) = (In/p)?praX 
0 


—< 2 
W = (In/p)*pn(—ap//2) Q -1) 


a si=- 


—*y3 
For p<a/20 ¢€ ” 


W = (In/p)*prap//2 =4na(Ietn)? X 
V ufo 10° 10-* (38) 


~0 
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The referred resistance R, follows from 
equation 38: 


Tott?Rq = 40a (Ieten)?-V ufo 10° 10-9 


Ra=4n'an?V ufo 10° 10-8 ohms (39) 


For a copper inductor, using a rectangu- 
lar water-cooled conductor, m=1; the re- 
sistivity of the inductor at a temperature 
of 60 degrees centigrade p=2.04 10-6 ohm- 
centimeter, using these values in equation 
39: 


Ry=1.8b n2/f (c/c2) 10-8 (40) 
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The flux py in the interspace is: 


$y =0.4rIn(b?—a2)r 
d \ . di 
e= ao n10~§ = —0.44n?(b?—a?)x a Ags! 


E=8r'n?f(b?—a*)I 10-9 volts 
Xo = E/I =8r'n*f(b?—a*)10—-* ohms 


VII. Definitions of 


Symbols 


(41) 
Appendix 


a—radius of the charge, centimeters 

B—induction, peak value of sinusoid, 
gatisses 

b—radius of the inside of the inductor, 
centimeters 

¢:—winding pitch of the inductor, centi- 
meters 

Co—height of the conductor, centimeters 

d—distance of a point inside of charge to 
surface, centimeters 

E—electromotive force, 
sinusoid, volts 

e—electromotive force, instantaneous value, 
volts 

f—frequency of inductor current, cycles per 
second 

H—magnetic intensity, peak value of sinu- 
soid, oersteds 

h—magnetic intensity, instantaneous value, 
oersteds 

J—current, peak value of sinusoid, amperes 

T.¢;—-current, rms value, amperes 

z7—current, instantaneous value, amperes 

j=N 1 

K—current density, peak value of sinusoid, 
amperes per square centimeter 

n—number of turns of inductor per centi- 
meter axial length 

P—power, average value, watts 

p—penetration, centimeters 

Ar—thickness of sleeve, centimeters 

Rq—teferred resistance of charge, ohms 
per centimeter axial length 

Ry—high-frequency resistance of inductor, 
ohms per centimeter axial length of in- 
ductor 

t—time, seconds 

w—generated heat, average value, watts 
per cubic centimeter 

X,—reactance of inductor due to the mag- 
netic field in the interspace between 
inductor and charge, ohms per centimeter 
axial length of inductor 

Z—total impedance of loaded inductor, 
ohms per centimeter axial length of in- 
ductor and charge 

a, 8, y, d—angles, in degrees or radians, as 
noted 

é—base of natural logarithms, 2.71828 

w—permeability, unity 

am—3.14159 

@—magnetic flux, peak value of sinusoid, 
maxwells = 

¢g—magnetic flux, instantaneous value, 
maxwells 

p—tesistivity, ohm-centimeters 

w—angular velocity, radians per second 


peak value of 
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HE general definition of induction 

heating is the use of eddy currents to 
raise the temperature of a conducting 
mass. Thus induction heating is an 
application of the theory of the eddy- 
current phenomenon. 

This paper deals with the relation of 
frequency and kilovolt-ampere capacity 
as the basis for the selection of the fre- 
quency for a given heating service. 

Charges. 
lectively) to be heated is termed the 
charge. Charges in induction-heating 
practice are of three types, namely: 


1. Charges of nonmagnetic material. 


2. Charges of magnetic material. Maxi- 
mum temperature below the critical tem- 
perature. 


3.. Charges of magnetic material. Maxi- 
mum temperature above the critical tem- 
perature. 


The Solid Cylindrical Charge. The 
shape of the charge is taken into account 
in analyses of the heating effect of eddy 
currents. However, the shape of the 
charge is not a factor in the principle in- 
volved. Hence a simple shape, the solid 
cylinder, is selected as the basis of this 
discussion. 

The Transformer. The most effec- 
tive arrangement of parts for induction 
heating is the charge inside a coil. An 
assembly of this type, less supports, for 
heating a charge to a temperature below 
the melting point of the material is shown 
in Figure 1. 

This assembly is a form of transformer 
with these peculiar features: 


(a). A closed secondary circuit formed in 
the charge. 


(b). An open magnetic circuit. In some 
cases iron is added to the portion of the 
path of the magnetic flux that is outside of 


The body (or bodies col- - 


the charge. However, the general case is 
expressed by the term ‘‘coreless induction 
heating.” 

(c). The air gap between the primary and 
secondary circuits. 


Circuit Equations. The equations of 
the circuits of the transformers previously 
noted are given in the appendix. 

Basic Equations. The relation of the 
factors in the eddy-current phenomenon 
is given in the three equations which 
follow. 


Reference dimension, 

V'10° 
PITS ia ae ea | (1) 
_8,560°Vp 


—— centimeters 
V uf 


Index ratio, Ne ’ (2) 


(la) 


p=the radial dimension of the annular zone 
of the charge indicated in Figure 2 


SINGLE-LAYER COPPER-TUBE 
PRIMARY COIL 


METAL TO BE 
HEATED 


COOLING WATER 


Figure 1, 


A typical assembly, less supports, 
for heating solids 
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p =the resistivity, ohm-centimeters*, of the 
material of the charge 

=the permeability of the material of the 
charge 

f =frequency 

a =the radius of the charge, centimeters 


Rate of Heat Development. The rate 
at which heat is developed by eddy cur- 
rents in a solid cylindrical charge is ex- 
pressed by the equation: 


ee Ge s\n eee 


4/2 


[F,]<10-7 (3) 


Pom? =watts per cubic centimeter 
H =the intensity of the alternating mag- 
netic flux at the peripheral surface of 
the charge 


ber Aber’ A+bei A bei’ A 
l=| = | 


"ber? A+bei? A 


Values of [F,] for a range of values of 
the index ratio are given in Figure 3. 

Resistivity. The resistivities of metals 
have positive temperature coefficients. 
This characteristic is illustrated by 
Figure 4 for iron and carbon steel in 
the solid state. There is a marked 
increase of resistivity at the melting 
points of metals. The resistivities of 
steels in the molten state are within the 
range 150 to 200 microhm-centimeters 
cube. The value in each case depends on 
the analysis of the steel and its tempera- 
ture. 

The value of p to insert in equations 1, 
2, and 3 is the value that corresponds to 
the maximum temperature of the charge. 

Permeability. Values of 4 are based 
on uniform distribution of magnetic flux. 
A feature of induction heating is non- 
uniformity of flux distribution. This 
and the fact that with alternating current 
the permeability changes during every 
cycle make uncertain the effective value 
of » to insert in equations 1, 2, and 3 for 
type-2 charges. Generally it is assumed 
that the effective value of u is some frac- 
tion of the saturation value. In any case 
the value of uw for calculations must be 
either estimated or determined by meas- 
urements. 

The effect of the magnetic property in 
the batch heating of type-3 charges is an 
initial boosting of the rate of heat de- 
velopment. This effect lasts until the 
outer layer of the charge reaches the 
critical temperature. Important as this 
effect may be, it is not necessary to con- 
sider it in circuit calculations. Thus the 
value 4=1.0 is used in equations 1 and 
3. It is stated in a later paragraph that 
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the boosting effect previously noted may 
be given qualitative consideration with 
reference to the selection of frequency. 

With the continuous-heating method 
for type-3 charges the effect of permea- 
bility on the rate of heat development is 
continuous but less in degree than in the 
batch heating of this type of charge. As 
with type-2 charges, the effective value of 
# must be estimated or obtained by 
measurement. 

Operating Index Ratio. The valve 
of the index ratio which corresponds to 
the values of specific resistance and 
permeability noted in the preceding para- 
graphs, to the given dimension a and to 
the selected frequency is termed the 
operating index ratio. 

Current Values. Consider a charge 
of nonmagnetic material, and assume that 
the temperature of the charge is uniform 
throughout its mass. For that condition 
the value of the current in a core of the 
charge with radial thickness x measured 
from the vertical axis is given by the 
equation: 


pers(=) +50r*( 5) es 
x) eT \p Ae, 


Se SSS SS amperes 
ea (2) ber’? A+bdei’? A 
(4) 
Zi, = total current in the charge 
a=radius of charge, centimeters 
Volume Vp. The volume of the 


annular zone of the charge which is 
defined by the radial dimension p (the 
reference dimension), see Figure 2, per 
unit length is 


Z 1 
Vp Sik 2 Be ae centimeters (5) 
A A| 
Heat Development im Volume Vy. 


The value of the radial dimension x in 
equation 4 with reference to volume I’, is 


x =(a—p) (6) 
Hence, in equation 4, 

ee) 

a a A 

and 

x a—p 

- =| —— ]=(A-1 (8 

p ( 5) ee : 


Figure 2. Relationship of the a, b, and p 
dimensions 
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2 3 4 5 6 7 8 9 10 a? 
INDEX RATIO 


Figure 3. Values of the resistance function 
[F,| for solid cylindrical charges 
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Figure 4. Resistivity—temperature relations 
of iron and one per cent carbon steel 


If we substitute these values in equation 
4, 


; } 1 
Vaq—p) ~ig(1- x 


ber’#(A—1)+hei’#(A—1)]' 
= —<_ oe 4 re (4a) 
ber’? A+hei’? A 


For convenience write 


(4b) 


Uq—p) =f, 
The value of the current in the annular 
zone V, is 


hy = (1y — Big) =14(1—g) amperes 


(9) 


The rate of heat development by eddy 
currents in volume V, is thus 


typ = ig? — (in) *rg watts (10) 


=i42r,(1—g*) watts (10a) 


ry =the resistance of the path of the current 
in annular zone V, 

7, =the resistance of the path of the current 
in a core of the charge for any value of x 
up to and including «=a 


The quantity (1—g”) in equation 10a 


is the fraction of the total heat develop- 
ment that is developed in volume Vy. 
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Figure 5. The fraction of the total heat de- 


velopment that is developed in volume V, 
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Figure 6. Resistance characteristic of the 
secondary circuit 


Values of this fraction for a range of 
values of the index ratio are given in 
Figure 5. 

The graph of Figure 5 depicts only the 
comparative concentrations of heat in the 
charge for the assumed uniform-tempera- 
ture condition. The result of the tem- 
perature gradient in the mass of the 
charge during a heat cycle is to increase 
the concentration of heat development. 
With this in mind, the concept given by 
Figure 5 is useful in its indication of the 


‘ manner in which heat development by 


eddy currents occurs in a charge. 

The Electrical Problem. The factors 
p and p and the dimension a in the pre- 
ceding equations are given values for each 
application of induction heating. The 
electrical problem is the selection of fre- 
quency and the corresponding choice of 
the relation between volts and amperes. 
for: 


(a). The required rate of heat develop- 
ment. 
(b). The desired concentration of heat 


represented by the graph of Figure 5. 


This problem can be contrasted with 
the problem of minimizing the eddy- 
current loss in the magnetic structures of 
electrical machines. Here with given 
and constant values of frequency, permea- 
bility, and resistivity, the factor of selec- 


tion is the dimension a: for example, 


one-half the thickness of a sheet for the 
core of a transformer. ; 

Resistance. Characteristic. If resis- 
tivity is taken as a variable and the only 


variable, in equation 26 for the resistance — 


of the secondary circuit of the trans- 


former of Figure 1 the resistance charac- _ 


teristic of that circuit, Figure 6, is ob- 
tained. 
Electrical Efficiency. 


: 2) 
ELECTRICAL ENGINEERING 
‘ 


oh ; 
hae 


4) k 
The electrical 
losses of induction heating are the 77 loss _ 


ae | 
fee 


a 


' in the primary coil, see Figure 1, and 
some stray field loss. If iron is included 
in the outer portion of the magnetic cir- 
cuit, the consequent core loss is added to 
the previously noted losses. 

When the stray field loss and the core 
loss, if any, are neglected, the efficiency of 
the transformation is 


(11) 


7, =the resistance of the secondary circuit 
’» =the resistance of the primary circuit 


The resistance of the primary circuit, 
equation 23, is proportional to the square 
root of the frequency. The resistance of 
the secondary circuit, equation 26 is pro- 
portional to the product mvs FIFA). 
If we consider frequency as a variable and 
start with a low value of the index ratio, 
the value of 7, increases faster than that 
of 7, and the efficiency of the transforma- 
tion increase. This continues until with 
increasing frequency the product [[F;]- 
(Y)] becomes constant, see Figures 3.and 
16. Thereafter, the efficiency is unaffected 
by imcrease of frequency. This char- 
acteristic is shown by curve A of Figure 7. 

The one function of frequency in induc- 
tion heating is to increase the resistance 
of the secondary circuit to obtain high 
efficiency of transformation. As the 
increase of efficiency by increase of fre- 
quency ends after a certain value of fre- 
quency is reached, there is no object in a 
higher frequency unless it may give a 
more desirable relation of volts and am- 
peres or offer some economic advantage. 

Power Factor. The power factor 
measured at the terminals of the primary 
coil of the transformer of Figure 1 is 


- (12) 
cos g=— 
Paz 
R=the total resistance, equation 28 
_ Z=the corresponding impedance, equation 
30 


The power-factor characteristic corre- 
sponding to the efficiency characteristic of 
Figure 7 is shown by curve B, Figure 7. 

Base Frequency. The characteristic 
of Figure 6 and the characteristics, A and 
B of Figure 7 indicate that the frequency 
for a given assembly should be a value 
that gives an operating index ratio not 
less than 2.50. Hence, the frequency 
which corresponds to the index-ratio 
value 2.50 is designated as the base fre- 
quency of an assembly for induction 
heating. 

The equation for the base frequency is 
obtained by substituting A=2.50 in 
equation 2, thus: 


_79.0X10"Xp 


a (13) 


Example 1. a=3 centimeters, p= 
114 10~*° ohm-cubic centimeters, w= 1.0. 
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79X114 


B= 


=1,000 cycles 


Base Frequency and Index Ratio. 
Values of multiples of the base frequency 
and the corresponding values of the index 
ratio are given in Figure 8. 

Example 2. 


fz=1,000 
fe =4,000 
Ao= +/4X2.50=5.0 


The graphs of Figure 9 show the base 
frequencies, A=2.50, and the frequencies 
which correspond to A=3.50 for a range 
of diameters of carbon steel at around 
1,200 degrees centigrade. 

Frequency and Current. The watts 
developed in a charge with the base fre- 
quency are 


Py=ipap (14) 
and with some other frequency, fo, 
P2=i2ta, (15) 


For the same rate of heat development 
in each case, that is, P2=P,, the value of 
the current with frequency fy is 


lap M/s 
te =i p| — amperes 


a2 


(16) 


The symbol 7, with appropriate added 
subscript denotes the resistance of the 
circuit in the charge, equation 26 of the 
appendix. 

A graph of Equation 16 with reference 
to the index ratio is shown in Figure 10. 

Frequency and Voltage. The voltage 
measured at the terminals of the primary 
coil with a given watts input to the charge 
with the base frequency is 


@p =1gZ Rp Volts (17) 


PER GEN™ 


INDEX RATIO 
Figure 7 


Efticiency-frequency characteristic, curve A 
Power-factor-frequency characteristic, curve B 
Curve C, the product of curves A and B 
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and with some other frequency, fo, 


€2=%nZ2 Volts (18) 


For the same rate of heat development 
in the charge in each case, that is, P= Px, 
as before the voltage with frequency fo, is 


vaR V/2 Zo 

a 2 

&=ep = volts 
Tao Zp, 


The symbol Z with appropriate sub- 
script denotes the impedance of the cir- 
cuit, equation 30 of the appendix. 

Frequency and Kilovolt-Amperes. 
The product of equations 16 and 19 di- 
vided by 1,000 gives the relation, 


a Z> 
kva: = kva,| “| z. 
B 


(19) 


(20) 


Yas 


Example 3. Numerical values for 
the circuit equations are necessary to 


~ 


24fe 


22 


fe 

2s e04 Ss. Glare? 8) ocweeate 
INDEX RATIO 

Figure 8. Values of multiples of the base 


frequency and corresponding values of the 
index ratio 


FREQUENCY 


Ol 0.2 0.3 0405 06 07 08 09 LOA 
[er Sh A Sh 6 Tee eal OceIONES 
DIAMETER OF CHARGE — CM 
Figure 9. Values of frequencies for the index 
ratio values 2.50 and 3.50 for a range of 
diameters of carbon steel at 1,200 degrees 
centigrade 
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PER CENT 


INDEX RATIO 

Figure 10. Walues of current for a given 

watts input to a charge with frequencies above 
~ the base frequency 


Values are percentages of the current with the 
base frequency 


INDEX RATIO 


Figure 11. Voltages required fora given watts 
input to a charge with frequencies above the 
base frequency 


Values are percentages of the voltage with 
the base frequency 


b 
Curve A, air-gap ratio, -=1.20 
a 


b 
Curve B, air-gap ratio, -=1.05 
a 


PER CENT 


ANDEX RATIO 


Figure 12. Kilovolt-amperes required for a 
given watts input to a charge with frequencies 
above the base frequency 


Values are percentages of the kilovolt- 
amperes with the base frequency 
Curve A, air-gap ratio 1.20 

, Curve B, air-gap ratio 1.05 


illustrate the voltage relation of equation 
19 and the kilovolt-ampere relation of 
equation 20. Any convenient set of 
values will serve. The data selected are 


a=3 centimeters, ]/=8 centimeters, .=1.0, 
p=102X10~* ohm-cubic centimeters 
N=6 s=0.81 
Air-gap ratios, 1.20 and 1.05 


Voltage Relation, The voltages re- 
quired for a given watts input to a given 
charge with different frequencies, up to 
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ten times the base frequency, with the 
two air-gap ratios, are given in Figure 11 
as percentages of the voltages required for 
the given watts input with the base fre- 
quency. 

Kilovolt-Ampere Relation. The val- 
ues of kilovolt-amperes required for 
the given watts input to a charge under 
the conditions noted for the voltage rela- 
tion of the preceding paragraph are given 
in Figure 12. 

Example 3, continued, 


b 
—=1.20, curves A, Figures 11 and 12, 
a 


Base frequency, fg....... 900 cycles 

New frequency, fo........ 8,100 cycles 

New index ratio, Ae...... /9 < 2.60 =7.50 
New current, %.......... 0.467, 

New voltage, é2.......... 2.55ep 

INGWulcWaorniie coelnienieie ss 1.17 kvagz 


Frequency—Efficiency—Power Factor. 
The kilovolt-ampere relation of Figure 12 
can be considered from the viewpoint of 
the product of efficiency and power factor, 
equations 11 and 12, respectively. The 
characteristic thus obtained is shown by 
curve C of Figure 7. This characteristic 
corresponds to curve B of Figure 12. 

Optimum Frequency Range. The 
graphs of Figure 12 do not indicate a 
well-defined optimum frequency. There 
is an optimum range of frequency, and the 
smaller the air-gap ratio the wider is this 
range. 

Service. The two divisions of induc- 
tion-heating service are: 


(a). Heating solids to temperatures below 
the melting points. 


(b). Melting metals. 


Heating Solids. The conditions of 
this service vary widely, both as regards 
the character of the charge and the pur- 
pose of the heat application. A general 
rule is that the desirable frequency is a 
frequency within the optimum frequency 
range. 

Additional Factors. Two additional 
factors which affect the selection of fre- 
quency for heating a solid charge are: 


(a). The watts per unit area of the pe- 
ripheral surface of the charge. 
(b). The length of the heat cycle. 


The upper limit of “watts per unit 
area’’ is the value above which there is. 
risk of melting the surface layer of the 
charge. This limit must be gauged by 
the ratio of the peripheral surface area 
of the charge and its volume. This ratio 
for a solid cylinder is 


Se a (21) 


The limitations on the length of the 
heat cycle are: 


(a). Grain growth. 


(b). Surface oxidation. 
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The second limitation is a consequence’ 
of the ‘“‘open-air’’ method of inductiofi 
heating applied to solids. 

A third factor not hereinbefore-men- 
tioned is the depth of the hardened zone 
in the special application of heating steel 
for hardening. 

The desirable depth of hardened zone 
in heating steel for hardening depends 
mainly on the type of steel and the service 
for which the part is intended. “ 

These additional factors are matters of 
experience based on metallurgical con- 
siderations and cannot be embodied in 
general rules for practice. There is much 
useful information relating to these phases 
of induction heating in a paper by 
Vaughn, Farlow, and Meyer.® 

It is often necessary to consider a range 
of diameters (thicknesses) of charges of a 
given material in the selection of fre- 
quency. The latitude of the optimum 
frequency range (if the air-gap ratio is 
taken into account) together with the 
degrees of freedom in the choice of 
“watts per unit area’ and the length of 
heat cycle makes practicable the use of 
one frequency for a range of sizes of 
charges. Also, these conditions generally 
permit the use of a standard frequency in 
each case. 


Values of \ for values of the 
product r+/ f 


Figure 13. 


COIL LENGTH. 
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Figure 14. Values of a in equation 23 
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Figure 15. Values of K in equations 25 and 
27 
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Figure 16. Values of Y in equation 26 
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Figure 17. Values of the reactance function 
[F.,] for solid cylindrical charges 


Frequencies below the lower limit of 
the optimum frequency range are found in 
practice, particularly for type-3 charges. 
This practice gives qualitative considera- 
tion to the boosting effect of permeability 
"as an aid in the initial rate of heat de- 
velopment. Also, frequencies above the 
upper limit of the optimum frequency 
range are in use. There is no technical 
objection to such frequencies where the 
practice is considered advantageous. 

Melting Service. There are two 
special requirements which dictate the 
selection of frequency for metal-nelting 
service. These are: 


(a). The initial heating of a charge of 
scrap metal. 


(b). The stirring of the molten metal by 
electrodynamic action. 


Initially the index ratio is related to the 
nature of the charge and to the dimen- 
sions of the pieces of the charge. The 
frequency must be a value that gives a 
transformation efficiency high enough for 
effective initial heating, that is, to start 
the heat cycle. 
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After the charge has reached the liquid 
stage, the stirring of the metal by electro- 
dynamic action is proportional to the 
square of the ampere turns. For a given 
watts input to the charge, the required 
ampere turns decrease with increase of 
frequency. The stirring of the liquid 
metal must be moderate in degree and the 
frequency must be suited to that require- 
ment. 

These two requirements and the eco- 
nomics of the service early led to the 
adoption in the United States of 960 
cycles for steel-melting furnaces above 
100-kva rating. The standard frequency 
for smaller furnaces is 3,000 cycles. 
Various higher frequencies are used for 
laboratory furnaces. 


Appendix. Circuit Equations 

The equations given herein are modifica- 
tions of the theoretical equations of the 
circuits of the transformer of Figure 1. 
These equations were derived from experi- 
mental studies of circuits with frequencies 
up to 9,600 cycles and with charges with 
lengths not less than the diameters. 

Primary Resistance. A single-layer coil 
with a water-cooled copper-conductor at 50 
degrees centigrade is assumed. 

The radial thickness of the conductor of 
this coil for the minimum a-c resistance of 
the coil is approximately 


15 : 
7 =—— centimeters 


Vi 


The equation for the a-c resistance of the 
assumed coil is 


(22) 


Ty =[(re°—7s)a+rs] ohm (23) 


0.0018+/f N% 
ro = ———_-——_ (0) 
V/s 103 


f =frequency 
N=number of turns 
b =inside radius of coil, centimeters 
1=length of coil, centimeters 
s =space factor of the winding 
1p? 
x 
from Figure 13 
7 =the radial thickness of the conductor of 
the coil 
a from Figure 14 


(24) 


fi 


This method of calculating the a-c resist- 
ance of a coil is based on the work of Burch 
and Davis.! 

If the radial thickness of the conductor is 
less than the dimension given by equation 
22, the value of the a-c resistance of the coil 
approaches more and more closely the value 
given by equation 24. 

Primary Reactance. The reactance of 
the primary coil is calculated by the equa- 
tion, 


_ 83 ND? 


710° (Ky) ohm 


Xp (25) 
Ky=correction for the proportion of the 
coil, Table X of circular 74, National 
Bureau of Standards. Some of these 


values are given in Figure 15. 


Stansel—Induction Heating 


Effective Radius. As a rule with the 
frequencies used for induction heating the 
use of the inner radius of the coil in equa- 
tions 24 and 25 as the effective radius of the 
path of current in the primary conductor is 
of sufficient accuracy. 

Primary Capacitance. Generally, the 
capacitance of the primary coil can be 
neglected. It may be desirable to take it 
into account with very high frequencies. 

Secondary Resistance. The a-c resist- 
ance of the circuit formed in the charge is 
calculated by the equation, 


_ 2apN? 


T= 


A[F, ](Y) ohm (26) 

p =the resistivity, ohm-cubic centimeters, of 
the material of the charge at its maxi- 
mum temperature 

N=number of turns in the primary coil 

1=length of charge, centimeters 

A=the index ratio corresponding to the 
previously noted value of resistivity 

[F,] from Figure 3 

Y=a correction factor from Figure 16 


Secondary Reactance. The equation for 
the reactance of the secondary circuit is 


_ 8r¥f Na? 
ea F108 


(ar 28 
ul=(1-2 ), 


ber A bei’ A—bei A ber’ A 
a= a (27) 
ber? A+bei? A 


[Fr ](Ka’)(¥)%/2 ohm 


A graph of values of [F,] for a range of 
values of the index ratio is given in Figure 
We 


K,'=a correction from Figure 15 on the 
basis of the ratio, 


Combined circuit, primary and secondary: 


Resistance, R=(r,+7,) ohm (28) 
Reactance, X = (x»—%q) ohm (29) 
Impedance, Z =(R?+X?)? ohm (30) 
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Gaseous-Discharge Lamps for Airplane 


Lighting Service 


E. W. BEGGS 


NONMEMBER AIEE 


LUORESCENT lamps always have 

been considered desirable for general 
lighting within the airplane in order to 
reduce power consumption and utilize the 
long thin tubular-light sources that fit 
in so well in the interior of an airplane. 
Four-hundred-cycle operation has been 
found by Hays! to be excellent for 
fluorescent lamps, providing about 20 per 
cent greater efficiency than the 60-cycle 
alternating current for which these lamps 
were created originally and reducing the 
size and weight of the ballasts required. 
However, uncertainty as to lamp opera- 
tion at low temperatures and particularly 
at the extremes of low temperature that 
might be encountered at tremendous 
altitudes has prevented the general use of 
these lamps in this field. 

The fact that fluorescent lamps now are 
used for instrument lighting in military 
airplanes has indicated that the danger of 
starting and operating trouble is small, 
but, since these instrument lamps are en- 
closed within heat-conserving housings, 
it has been thought that the good per- 
formance they give may not be sufficient 
proof that larger fluorescent lamps will 
give equally good service in cabin lighting 
and other similar uses. 

Similarly, while glow lamps now are 
used successfully in certain special appli- 
cations in airplane lighting and for indi- 
cator service, very little has been re- 
corded regarding their performance on 
the 400-cycle alternating current com- 
monly used in airplanes. Consequently, 
a study was made of the effect of low- 
temperature and 400-cycle operation on 
these two types of lamps in order, if 
possible, to release them for general use 
in airplane service. 


Fluorescent Lamps 


The chief problem with the fluorescent 
lamp is to determine its performance 
throughout the normal anticipated range 
of ambient temperatures and also to 
carry this investigation down to the ex- 
tremes of low temperature that might be 
encountered at high altitudes. In this 
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low-temperature investigation the as- 
sumption was made that, in certain 
emergencies which might occur during the 
war, the interior of the airplane might 
reach the same temperature as the outside 
air. Such a condition probably would 
occur rarely if ever in civilian operation, 
but the information always would be of 
value in determining the practical as 
well as the theoretical range of usefulness 
for this type of lamp. : 

In this investigation standard 15-watt 
T-S bulb lamps were tested in three 
representative types of installations. 
One consisted of the bare lamp exposed to 
natural flow of the surrounding air. The 
second consisted of the lamp with a fairly 
close-fitting reflector designed to conserve 
some of the heat generated by the lamp. 
The third consisted of a lamp surrounded 
by a glass tube sealed at each end so as to 
minimize the heat loss from the lamp 
when operated at low temperatures. 
These lamps were operated at both 400 
and 60 cycles for comparison. 

The lamps were placed in the cold box 
and brought to full equilibrium at various 
temperature points. Where small tem- 
perature changes caused large changes in 
lamp performance the time required to 
reach a steady state ranged up to an hour. 
Readings were made of yoltage, amper- 
age, and relative light output. Starting 
characteristics were checked throughout 
the temperature range. All values re- 
ported represent the average of several 
lamp runs, so that the values indicate 
quite closely what would be obtained in 
service, 

The lamps were operated at normal 
wattage. At 400 cycles this required 
operation at a current of 0.400 ampere at 
which the lamps generate approximately 


Figure 1. Test lamps were 

mounted on open wooden 

rack to test effect of cold sur- 

rounding air on lamp perform- 
ance 


Front lamp bare; middle lamp 
protected by glass-tube jacket; 
rear lamp operated beneath 
close-fitting reflector, reflector 
turned back to show mounting 


Beggs—Gaseous-Discharge Lamps 


120 per cent of normal light output. 
This higher than normal current over- 
loads the electrodes soméwhat. Opera- 
tion at normal amperes corresponding to 
about 13 watts and normal lumens may be 
found preferable for civilian use after the 
war. 


LIGHT OUTPUT 


The tests revealed the important fact 
that this 15-watt T-8 lamp will stay 
lighted down to the extremely low tem” 
peratures encountered at high altitudes on 
either 60 or 400-cycle current. At the 
higher frequency they show a slightly 
better maintenance of light output at low 
temperatures and a larger factor of safety 
in operation. 

The use of a glass cover plate over a 
flush built-in fixture is similar in effect to 
the glass enclosing tube used in the tests. 
Such an arrangement will result in reason- 
ably well-maintained light output from 
fluorescent lamps operated for prolonged 
periods of time at ambient temperatures 
well below zero degrees Fahrenheit. 
Also, because it takes considerable time 
to cool the enclosed lamp, light will be 
maintained quite well for periods of a 
few minutes at the minimum tempera- 
tures used in the tests. It will maintain 
a level of illumination suitable for 
emergency use for prolonged periods of 
operation at temperatures below —50 
degrees Fahrenheit. ¢ 

Exposed lamps always will suffer a 
greater light loss at low ambient tempera- 
tures, depending of course on the degree 
of movement of the cold air at the surface 
of the lamp itself. A close-fitting reflec- 
tor improves the conditions somewhat as 
shown by the curves. In general, such 
an arrangement of the reflector to con- 
serve heat is well worth while and is 
recommended lighting practice to reduce 
glare. 


LAMP OPERATION 


Low-Temperature Starting. Fluo- 


rescent lamps are designed to be started by 
means of.a starting switch of some sort. 
This may be a simple manual switch or 
an automatic device such as the standard 
glow switch or the thermal switch, which 


ye 
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Figure 2. Lamp rack installed in cold box 


Door opened to show test setup. Equilib- 
rium reached for each reading, requiring in 
some cases a period of two hours 


is frequently used under adverse starting 
conditions such as at low temperatures. 
Various standard methods and modified 
schemes of starting were tested to deter- 
mine starting reliability over the test 
range of temperature. 

Lamp starting is critically affected by 
line surges, by capacitative effect of metal 
such as reflectors located adjacent to the 
lamp bulb, and by static effects in the air 
particularly as influenced by humidity. 
Not all possible combinations of circum- 
stances were explored, and so this report 
on starting is merely a record of experi- 
mentsrun.’ It is probable, however, that 
in ordinary operating conditions the re- 
sults will be about the same as found in 
these tests. 

Starting of fluorescent lamps with the 
standard glow switch on 118-volt 60-cycle 
lines generally becomes somewhat unde- 
pendable below 40 degrees Fahrenheit. 
Four-hundred-cycle operation is some- 
what more favorable for starting, but 
good practice is to recommend glow- 
switch starters for temperature ranges 
down to 50 degrees Fahrenheit. The cir- 
cuit is generally familiar and is shown in 
Figure 4. Below this: point other starters 
should be used on both 60 and 400 cycles. 

On 60-cycle circuits low-temperature 
conditions require the use of a thermal 
starter. This greatly improves starting 


and eliminates practically all danger of. 


recycling of the starter. With such 
starters on 60 cycles standard 15-watt 
lamps and equipment are dependable 
down to zero degrees Fahrenheit. On 
400 cycles, however, the thermal starter 
alone is not appreciably more effective 
than the glow switch, so other methods 
of starting are required for dependable 
starting at low temperatures. 

For low-temperature operating condi- 
tions on 400 cycles a small series capacitor 
provides dependable starting with either 
the manual or the automatic thermal 
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Figure 3. A\ll lamp character- 
istics measured by meters out- 
side cold box 


Photoelectric cell and thermo- 

couple inside chamber meas- 

ured relative light output and 

ambient’ temperature at the 
lamp 


starter. Such a device is shown in the 
diagram in Figure 5. For the 15-watt 
T-8 lamp tested, a capacitor of one micro- 
farad starts the lamp readily down to 
about —10 degrees Fahrenheit. A 
capacitor of 1'/) microfarad starts it 
down below —30 degrees Fahrenheit. 
The use of the series capacitor for start- 
ing is highly effective for 400-cycle opera- 


SWITCH 


SLOW eta 


STRIP 


‘BALLAST 
i 


LINE 
Figure 4. Conventional glow switch and 
choke circuit for fluorescent lamps suitable for 


60 or 400 cycles 


LAMP: 
TS 


THERMAL 
\STARTER 
iat 


CONDENSER 


ae 
BALLAST | 400V 110-l25V AC 


Figure 5. Special 400-cycle circuit to pro- 
vide dependable starting of fluorescent lamps 
at low temperatures 


tion, but if the lamps are turned on and off 
frequently it tends to shorten lamp life 
and so is recommended only if assurance 
of dependable lamp starting at low 
temperatures is more important than long 
lamp life. Normal life on standard cir- 
cuits at normal amperes (0.30 A) is 2,500 
hours with the lamp turned on and off 
once for each three hours of burning. 
Using the 11/:-microfarad capacitor de- 
scribed previously and operating the 
lamps at 0.40 ampere, it is probable that 
lamp life will be reduced to an average of 
approximately 1,000 burning hours. 
Where a longer lamp life is desired the 
lamps may be operated at lower wattage. 
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STEADINESS AND RECYCLING OF STARTERS 


No evidence of unsteady operation was 
noted during these tests. The light meter 
cell was inside the chamber and showed 
no minor fluctuations of light output. 
The voltmeter and ammeter also gave 
good indication of . steady operation 
throughout the entire temperature range. 
In addition the door often was opened for 
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Figure 6. An enclosed fluorescent lamp 
maintains its light output at low temperatures, 
particularly on 400-cycle circuits 


Tests run with clear glass cylinder around 
lamp as shown in Figure 1. Still air through- 
out all tests 


a moment to observe conditions, and in no 
instance did unsteady operation show up. 

Recycling of the standard glow-switch 
starter at low temperatures results when 
the cold raises the lamp arc voltage to a 
value equal to or above the breakdown 
voltage of the gas (neon or argon) in the 
glow switch itself. This causes the lamp 
to flash alternately on and off. The 15- 
watt 7-8 lamp has a normal 60-cycle 
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voltage of 56 volts, while at 400 cycles the 
voltage is only 43 volts. The minimum 
breakdown voltage of the neon filling gas 
with the electrodes used in the standard 
FS-2 starter switches is 80 volts at 60 
cycles and somewhat higher at 400 cycles. 
These breakdown volts are practically 
unchanged at any ambient temperatures 
that may be encountered. This provides 
a wide factor of safety with glow-switch 
starters in 400-cycle operation. 
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B. 60 cycles, 118 volts 


Figure 7. Close-fitting hood-type reflector 

above lamp tends to conserve lamp heat and 

maintain level of illumination somewhat better 
at low temperatures than with bare lamp 


The curves in Figures 6A through 8A 
show that in no case on 400 cycles did the 
lamp voltage approach the critical value 
of 80 volts. Actually none of the lamps 
tested at either 60 or 400 cycles caused re- 
cycling of the glow-switch starter even 
at the lowest temperature reached. It is 
evident from the voltages obtained that 
there will be no danger with this size lamp 
of recycling in service, and it may be that 
- on 400 cycles larger lamps, such as the 20- 
watt 7-12 size can be operated without 
recycling at lower temperatures than on 
60-cycle circuits. 


Glow Lamps 


Glow lamps are particularly well suited 
to 118-volt a-c airplane indicator service, 
because they consume very little power 
and are extremely rugged even in the 
small sizes generally used for indicator 
lights. Consequently, investigations 
were made to determine the effect of 400- 
cycle power on lamp operation and also 
the effect of low ambient temperatures on 
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‘that 


the lamp performance. Table I shows 
the starting volts above which dependable 
starting will be obtained for direct cur- 
rent, 60-cycle, and 400-cycle alternating 
current for several types of glow lamps 
suggested for airplane indicator service. 
These values reported in Table I were 
obtained from several samples of each of 
the lamp types shown. Because of the 
inherent variation of the glow lamp, many 
more samplings and readings at various 


Table | 
Approximate 
Starting Volts 
Catalog 60 400 
Lamp Type No. D-C Cycles Cycles 
1/, watt, T-41/2, 
candelabra, 
screw, neon...../ (B-45..,.90....., 65,..'.- 76 
1/2 watt, G-10, 
medium, screw, 
NEON 2.0. eee ee NE-27.. .—=, <2 105... 185 
1 watt, G-10, 
medium, screw, 
NEON. = oh eee HBO) se SOs OO, aamOo, 
2 watts, S-14, 
medium, screw, 
HEOM ,ichiaiece wo NE-34...85.... 60..... 73 


points throughout life must be made be- 
fore the survey can be considered com- 
plete. However, the values given here 
are indicative of performance to be ex- 
pected in service. 

The starting volts shown in Table I are 
those values above which all new glow 
lampsshouldstart. Individuals frequently 
start at lower voltages. On direct cur- 
rent only one electrode (negative) glows, 
producing approximately the same light 
output as the combined electrodes on 
alternating current. On 400-cycle cir- 
cuits the output is practically identical 
to that generated at 60 cycles. 

The effect of low ambient temperature 
on glow lamps was investigated on 400- 
cycle power. The experiments were run 
through a range of ambient temperatures 
from 70 degrees Fahrenheit down to —60 
degrees Fahrenheit. Throughout this 
range the change in the light output and 
the operating characteristics of these 
glow lamps was negligible, even though 
the lamps were not enclosed but were 
exposed to the air. 


Conclusions 


FLUORESCENT LAMPS 


It is evident from the experiments run 
satisfactory light output, high 
efficiency of light production, and de- 
pendable operation of fluorescent lamps 
are readily obtainable on 400-cycle air- 
plane circuits. Ordinary equipment with 
special lightweight efficient 400-cycle 
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chokes is adequate for ordinary ranges of’ 
temperature such as will be encountere' 
in areas which people will occupy in com- 
fort. Where ‘provisions are to be made 
for emergencies\or where military neces- 
sity involves operation at lower ambient 
temperatures, the lamp should be en- 
closed to maintain light output, and man- 
ual or thermal starter switches with a 
small series capacitor should be used to 
provide dependable starting. vr 
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B. 60 cycles, 118 volts 


Figure 8. Simple mounting of bare lamp is 

satisfactory for normal ambient temperatures, 

although shielding of light from view of passen- 
gers is desirable to eliminate glare 


Lower lamp volts on 400 cycles shown in 

curves eliminates all danger of recycling of 

glow switch at extremely low temperature 
ranges 


GLow Lamps 


Glow lamps are practically unaffected 
by low ambient temperatures, and their 
performance is excellent at 400 cycles. 
These small rugged low-wattage long- 
lived light sources are recommended par- 
ticularly as indicator lights on circuits of 
telatively high voltage such as on the 
118-volt a-c lighting systems of new 
large-sized airplanes. In that applica- 
tion they will provide a maximum of de- 
pendability with a minimum of power 
consumption. 
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Hot-Spot Temperatures in Dry-Type 


Transformer Windings 


H. C. STEWART 


MEMBER AIEE 
\\ 

Synopsis: With the increasing use of dry- 
type transformers, attention has been 
focused upon the fact that the difference be- 
tween the average temperature rise by 
resistance and the hottest-spot temperature 
rise is much greater than in liquid-immersed 
transformers. 

In this paper there are given the results of 
an extended series of thermal tests on a 
variety of dry-type transformer coils. Data 
are presented in regard to the effect of dif- 
ferent heights of coil stacks, different con- 
figurations, and, in addition, some essential 
precautions in making temperature meas- 
urements are pointed out. Hot-spot tem- 
peratures were investigated in coils cooled 
by natural draft and by forced-air circula- 
tion at different velocities for both directed 
flow and random flow. 

Sufficient data are given to determine the 
ratio between the average temperature rise 
of the windings and the hottest-spot tem- 
peraturerise. Based upon this relationship, 
the need is shown for review and modifica- 
tion of the conventional hot-spot allowances 
for dry-type transformers. 


N the last few years there have been 

major advances in the manufacture 
and availability of class B insulating ma- 
terials, together with improvements in 
the design of structures using these ma- 
terials. 

This has made possible & large increase 
in the upper limit of voltage and output 
ratings of dry-type transformers. A 
wider range of applications is now pos- 
sible and correspondingly, an increasingly 
great volume of these units is being built. 
These transformers are no longer special 
cases but should be regarded as an im- 
portant class of transformers meriting 
serious and careful attention to their spe- 
cial problems and limitations, as well as 
attention to their possible advantages. 

Previous to these developments, dry- 
type transformers were cooled by the con- 
duction of heat through solid insulation 
to the enclosing case or were for the most 
part sufficiently small so that adequate 
cooling was easily obtained. With the 
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L. C. WHITMAN 


ASSOCIATE AIEE 


advent of higher voltages and larger out- 
put ratings, satisfactery cooling becomes 
a major problem and unless such trans- 
formers are conservatively designed, 
winding hot-spot temperatures will ex- 
ceed established standards. Excessive 
hot-spot temperatures will, of course, 


‘hasten the deterioration of the insulation 


and shorten the life expectancy of the 
transformer. 


Present Hot-Spot-Temperature 
Standards 


At the present time, American Stand- 
ards for Transformers! specifies a 55- 
degree-centigrade average temperature 
rise by resistance and a 10-degree-centi- 
grade hot-spot allowance for transformers 
with class A insulation’ These same 
standards give a limit of 80 degrees centi- 
grade rise by resistance of transformer 
windings with class B insulation but no 
limit is given for either hot-spot incre- 
ment or for hot-spot temperature rise. 
Data in this paper will show that the hot- 
spot increment for average temperature 
rises of 55 degrees centigrade and 80 de- 
grees centigrade for dry-type air-cooled 
transformers using class A and class B in- 
sulations respectively will greatly exceed 
10 degrees centigrade for the commonly 
used arrangements of windings. 


rT 
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Figure 1. Typical arrangement of coils for 
tests, showing barrel coils with thermocouple 
locations 
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Temperature Measurement of 
Bodies in Air 


It is necessary to take many precau- 
tions in the measurement of hot spots in 
windings cooled by air. First, it is highly 
desirable to insert measuring means into 
the winding itself. Measurement of the 
surface of the winding leads to inaccu- 
racies since the radial gradient of these 
windings may be considerable, particu- 
larly when forced-draft cooling is used. 
Also, it is not clear whether it is the coil 
surface temperature or whether it is the 
temperature of the air film at the surface 
that is being measured. Coverings on 
the thermometer or thermocouple bulb 
reduce but do not eliminate this uncer- 
tainty. All measurements of winding hot 


Figure 2. Disk coil show- G 


ing thermocoupie locations 


spots as described in this paper were made 
by thermocouples buried in the winding 
and secured in place at the time of wind- 
ing. Only turn insulation plus a very thin 
layer of asbestos separated the thermo- 
couple from the copper of the winding in 
all cases. This totaled from 12 to 15 mils. 
When a thermocouple is in the maximum 
temperature level where there is no trans- 
fer of heat, the adjacent copper tempera- 
ture is, of course, reached. 

All windings used in these tests were 
wound noninductively. This reduced the 
voltages required to approximately the 
IR drop of the conductors, permitted the 
use of alternating currents, and allowed 
thermocouple measurements to be made 
continuously while power was on without 
the necessity of taking cooling curves to 
correct back to shutdown for determining 
hot spots. 
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Figure 3. Previously proposed but incorrect 
axial winding and air gradients 


A—W inding temperature rise by thermocouple 

B—A\ir-duct temperature rise by thermocouple 

C—Average winding temperature rise by re- 
sistance 
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Figure 4. Axial winding gradients with 
natural-draft cooling for 301/9-inch coils 


To guard against the thermocouple 
wires conducting heat to or from the 
thermocouple bead and hence indicating 
an erroneous reading, these wires were 
buried in the coil in an isothermal region 
for a distance of at least six inches before 
being brought to the coil surface. 

Average temperatures of the windings 
were determined by resistance measure- 
ments with cooling curves taken to correct 
temperature back to shutdown. 
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Figure 5. Axial winding gradients with fan 
cooling for 301/9-inch barrel coils 


In the case of air-temperature measure- 
ments, thermometer or thermocouple in 
an air stream will measure the tempera- 
ture of the air only if it is protected from 
receiving or giving up heat due to radia- 
tion to or from other bodfes. A silvered 
tube one inch long and three-eighths inch 
in diameter was used around the thermo- 
couple bead in these tests with the bead 
held in a central position by means of 
cross threads. This allowed the air 
stream to contact the thermocouple but 
shielded it from receiving or losing much 
heat by radiation. In the configurations 
tested, an unshielded thermocouple in- 
dicated air temperatures several degrees 
in error, 


Types of Windings 


Two general types of coils are used in 
air-cooled dry-type transformers. ' The 
first type is coils having vertical ducts 
only which are hereafter referred to as 
“barrel” coils. They may be wound with 
or without layer insulation. Without 
layer insulation, the strands are generally 
connected in parallel and as such are re- 
ferred to as “single-layer” coils even 
though they may be several strands high 
(see Figure 1, coils A and B). For coils 
of higher voltage, a barrel construction 
may still be used if layer insulation is in- 
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Figure 6. Axial winding gradients at various 
loads with natural-draft cooling for 301/9-inch 
barrel coils 


Such a coil is 
‘nultilayer” 


troduced between layers. 
hereafter referred to as a 
coil (see Figure 1, coil C). 

A second type of coil has an arrange- 
ment of horizontal ducts, as well as a ver- 
tical duct. These coils are hereafter re- 
ferred to as “‘disk’’ coils (see Figure 2). 
Such coils are generally used as outside 
coils only as they usually have poor cool- 
ing efficiency if used as inside coils in dry- 
type transformers. 


Types of Coils Tested 


Barrel coils were tested in heights of 
12/5, 30!/2, and 601/. inches, actual wind- 
ing lengths, and disk coils in 301/:inch 
stack height only. These coil heights are 
typical of dry-type transformers in rat- 
ings of 25 to 3,000 kva inclusive. 

Ducts were in general one-half inch 
wide for vertical ducts and three-eighths 
inch for horizontal. 


Arrangement of Coils 


Coils were arranged as in Figure 1 for 
these tests. This arrangement has an in- 
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+ Natural draft. * Disk-type winding similar to Figure 2, 


** External 12-inch fans. Velocity in inner ducts 450 feet per minute- 
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Figure 7. Axial winding gradients with 
natural-draft cooling for 121 /9-inch barrel coils 


ner coil A which provided the heat that 
would normally be supplied by a core or 
an adjacent winding. No core iron was 
used but a core and yokes of wood were 
built into each test setup which approxi- 
mated the air restrictions which would 
exist inan actualtransformer. Windings 
A and B were connected in series so that 
their average temperature rise was within 
about five per cent of each other. A tap 
was provided between windings A and B 
so that average temperature rise by re- 
sistance of each could be determined. 

Since the coils were wound noninduc- 
tively, the currents in windings A-B 
could be adjusted independently of that 
in winding C. In well-designed trans- 
formers, the temperature rises of all wind 
ings should be approximately equal; 
therefore, in these tests the currents in all 
windings were adjusted to give approxi- 
mately this result. 


Types of Cooling 


In the smaller sizes, dry-type trans- 
formers are usually cooled by natural- 
draft air circulation. In the larger sizes, 
fan cooling of some form can be efficiently 
used. Fan cooling can be generally di- 
vided into two types, the so-called di- 
rected flow and random flow. 

In the directed-flow type of cooling, a 
motor-driven fan builds up a static pres- 
sure in a compartment whose only outlets 
are through the cooling ducts of the coils 
and core. Hence, there is a definite and 
controllable pressure drop across these 
cooling ducts and consequently a definite 
and controllable velocity of air flow in all 
these ducts. If these cooling ducts are de- 
signed so as to have equal frictional en- 
trance and exit losses, the air velocities in 
these ducts will be equal. In practice it 
may be desirable to design these ducts to 
have somewhat different air velocities so 
as to cool some parts of the coils more 
than others due to differences in loss per 
unit area of the surfaces. It is thus evi- 


_ OcToBer 1944, VOLUME 63 


AVERAGE WINDING 
BY RESISTANCE 


TEMPERATURE RISE BY THERMOCOUPLE —C 


(e} 
(e} 20 40 60 80 100 
PER CENT DISTANCE FROM BOTTOM OF WINDING 


Figure 8. Axial winding gradients with 
natural-draft cooling for 601 /9-inch barrel coils 


dent that this method of fan cooling per- 
mits accurate design and prediction of 
winding temperatures. In the test setup 
an additional cylinder was placed around 
the outer coil to direct the air flow past 
this coil and so obtain directed flow. 

The random-flow type of cooling uti- 
lizes fans blowing air freely against the 
transformer core and coils. The air 
streams in this case are directed only by 
the location of the fans with relation to 
the windings. Considerable care and a 
trial-and-error method is necessary to 
give maximum efficiency to such an ar- 
rangement, 


Axial Gradients in Windings 


It might seem reasonable to assume 
that the axial gradient in these air-cooled 
coils would be a straight line whose maxi- 
mum value at the top of the winding 
would be the average rise by resistance of 
the winding plus one half of the tempera- 
ture rise of the air which flows past these 
windings. Such incorrectly assumed 
gradients and relations are shown in Fig- 
ure 3. 

Actual gradients were measured in 
these tests by a series of thermocouples 
embedded in the coils. Locations of 
thermocouples in the'barrel and disk coils 
are shown in Figures 1 and 2. Gradient 
curves from actual data are shown in 
Figures 4 and 5 for both natural-draft and 
fan-cooled units. A marked feature of the 
vertical coil gradients is the turnover of 
the curves at the upper end. The hot 
spot was found to be at some point from 
75 to 95 per cent of the winding height, 
being higher for taller coils. A series of 
curves taken at various loads is shown in 
Figure 6. 

This turnover at the upper end is due to 
cooling of the top few turns caused partly 
by radiation and convection at the end of 
the coil, but primarily by conduction of 
heat away by the foundation cylinders 
and the coil leads. 
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Figure 9. Axial winding gradients with 
natural-draft cooling showing effect of leads 
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Figure 10. Radial winding gradients for 
601/9-inch four-strand inner barrel winding, 
fan-cooled 
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Figure 11. Radial winding gradients for 
601/9-inch four-layer outer barrel winding, 
; fan-cooled 


is strikingly shown by inverting a coil so 
that leads are alternately at the top and 
the bottom. The change in the gradients 
in these two cases is shown in Figure 9. 
Table I gives some of the test data on 
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Figure 12. Radial winding gradients for 
121/9-inch four-strand inner barrel winding, 
natural-draft-cooled 
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Figure 13. Radial winding gradients for 
121'/g9-inch four-layer outer barrel winding, 
natural-draft-cooled 


hot spots, together with air rises for some 
typical. natural-draft and fan-cooled de- 
signs. 

For natural-draft inner-barrel coils, the 
hot spot can be closely approximated by 
adding 40 per cent of the temperature rise 
of the air flowing past these coils to the 
average temperature rise by resistance of 
the coil. This compares with the 50 per 
cent factor that would be expected if the 
vertical gradients were straight lines. 
This approach to hot-spot determination 
is not correct, however, in the case of 
outer windings where this factor varies 
considerably, nor in the case of fan-cooled 
windings where the factor increases to the 
order of 100 per cent or more. The fail- 
ure of this rule for outside windings cooled 
by natural draft occurs because all the 
cooling air is not in a duct and hence not 
under control, cooler air continually join- 
' ing the upward flow of the air currents on 


the outside face of the coil and so decreas- 
ing the measured air temperature. 


Radial Gradients in Windings 


Radial gradients in coils are a function 
of turn and layer insulation, loss per unit 
area, velocity of air by the coil, and num- 
ber of strands high radially. It is obvious 
that fan cooling increases the velocity of 
air by the coils by a factor of several times 
that due to natural draft and so produces 
a larger temperature gradient from the 
inside to the outside of a coil. Also, due to 
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Figure 14. Radial winding gradients for 
601 /9-inch four-strand inner barrel winding, 
natural-draft-cooled 


the over-all cooling effect, the loss per unit 
area of such coils can be raised by a con- 
siderable factor without exceeding guar- 
anteed rises. This totals to a considerable 
radial gradient in the case of fan-cooled 
units. Typical radial gradients for fan- 
cooled units are shown in Figures 10 and 
11. In all cases the radial gradients 
shown are taken at or near the height 
that the maximum axial temperature 
occurs, 

The radial gradients of inner coils are 
considerably greater in the case of fan 
cooling as compared with natural-draft 
cooling. The contrast in the case of 
outer coils is somewhat less since’ the ra- 
dial gradient is already quite large due to 
loss of heat by the coil through radiation 
and also its contact with cool ambient air. 

The radial gradients of inner coils 
cooled by natural draft are small and the 
effect of axial height on the radial gradient 


Table Il. Hot-Spot Increments in Degrees Centigrade for Dry-Type Transformers 
Natural-Draft-Cooled 
Average 
Winding Outer Barrel Coils; Inner Barrel Coils; 
power iare Coil Height, Inches Coil Height, Inches Outer Disk Coils; 
ise by 


Resistance, C 121/2 301/2 601/2 


121/2 


301/2 In. Height, 


30/2 601/2 1 In. Build 
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is correspondingly small. The effect of 
axial height on the radial gradient of 
outer coils is considerable, however, being 
more than two to one for the range of 
heights investigated. The effect of radia- 
tion is clearly shown when comparing the 
radial gradients of outer and inner coils, 
as for example Figures 10 and 11. 


Hot-Spot Allowance as a Function 
of Rise by Resistance “ 


For any given coil configuration, the 
data for natural-draft cooling and fan 
cooling can be plotted to give a straight 
line using average winding rise by re- 
sistance as abscissa and hot-spot rise 
minus average winding rise by resistance 
as ordinate. This latter may be termed 
the ‘“‘hot-spot increment’’; hence, from 
geometry, 


Y=mxX 
where 
Y =hot-spot increment 


X =average winding rise by resistance 
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Figure 15. Radial winding gradients for 


601 /9-inch four-layer outer barrel winding, 


natural-draft-cooled 
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Figure 16. Radial winding gradients for 
301 /9-inch ten-layer outer disk-type winding, 
natural-dralt-cooled 
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Table Ill. 


Hot-Spot Increments in Degrees Centigrade for Dry-Type Transformers 


Fan-Cooled 
Average Outer Barrel Coils; Inner Barrel Coils; Outer Disk 
Winding Coil Height, Inches Coil Height, Inches Coils; 30'/> In. 
Tempera- ——— Height, 1 In. 
ture 301/2 601/2 3601/2 60/2 Build 
Rise by 
Resistance, Air Velocity, 
Cc Ft Per Min 530 2,015 490 1,515 530 2,015 490 1,515 450 
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m=(.21 to 0.58 depending upon coil con- 
figuration (slope of the line) 


This same relation may also be ex- 
pressed as a ratio of hot-spot temperature 
tise by thermocouple to average rise by 
resistance as shown in columns 9 and 10 of 
Table I. 

The coil height is a considerable factor 
in the hot-spot increment. This is true 
for both inner and outer coils. 

These data can be further correlated in- 
to bands by noticing that outer coils 
cooled by natural draft fall into a lower 
band than inner coils cooled by natural 
draft (see Figure 20). While these bands 
are quite wide, it should be noted that 
test data cover coils of widely differing 
heights and layer insulation, as well as 
different types. Disk coils of rather small 
build and of medium height (approxi- 
mately one-inch build and 30'/.-inch 
stack height) were used and this un- 
doubtedly accounts for their being near 
the lower side of the band (lower curve in 
Figure 19). It is to be noted that there is 
aboutafive-degree-centigrade difference in 
the hot-spot increment between inner and 
outer coils in the ordinary range of tem- 
perature rises. This is explained by the 
loss of heat throughout the height of the 
coil by the radiation component. 

Fan-cooled coils were tested in heights 
of 301/. inches and 601/. inches only, 
since at the present time it is believed to 
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Figure 17. lHot-spot increments for multi- 
layer outer barrel coils, natural-draft-cooled 
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be economically feasible to build only the 
larger kilovolt-ampere sizes of dry-type 
transformers fan cooled. It is to be ex- 
pected that there is only a small difference 
in the hot spots of inner and outer coils 
cooled by forced draft since in both cases 
the cooling is mainly by convection, and 
the cooling by radiation of the outer coil 
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Figure 18. lHot-spot increments for four- 
strand single-layer inner barrel coils, natural- 
draft-cooled 
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Figure 19. Hot-spotincrements for disk coils, 
natural-draft and fan-cooled 
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Figure 20. Winding hot-spot increments for 
natural-draft cooling 
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Figure 21. Hot-spot increments for 301/9- 


inch inner and outer barrel coils, fan-cooled 
A—Cooling-air velocity 530 feet per minute 
B—Cooling-air velocity 2,015 feet per minute 


A\—Inner coil 
@—Outer coil 


©—Inner coil 
H—Outer coil 


is a small percentage of the total. The 
data substantiate this idea. Since the ra- 
dial gradients for fan-cooled coils are 
higher than for natural draft, the hot 
spots are slightly more, as might be ex- 
pected. 

There is some effect of change of air 
velocity, the lower velocities giving a 
higher hot-spot. Due to the fact that 
higher velocities can be somewhat more 
easily obtained in directed-flow design 
than in the random-flow design, there is 
some advantage in the use of this type of 
construction as a means of control for hot- 
spot rise. 

A correlation of natural-draft and fan- 
cooled hot-spot increments for 301/.- and 
60/.-inch coils, as shown in Figure 23, 
indicates that the fan-cooled designs may 
have slightly higher hot spots, especially 
if low-velocity cooling is used. 


Air-Duct Rise as a Function of 
Winding Rise by Resistance 


The air-duct temperature rise is a 


straight-line function of rise by resistance. 
It is interesting to rote that for medium- 
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height coils operated natural draft, the 
temperature rise in one-half-inch-wide air 
ducts is approximately equal to the aver- 
age temperature rise of the coil. The 
height of coil affects this air-duct tem- 
perature rise, the temperature rise being 
higher for longer coils. Duct width is also 
a factor, the change being roughly in- 
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_ Figure 22. Hot-spot increments for 601 /9- 


inch inner and outer barrel coils, fan-cooled 


A—Cooling-air velocity 490 feet per minute 
B—Cooling-air velocity 1,515 feet per minute 
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versely proportional to duct width within 
a limit of usual dimensions. 


Effect of Enclosing Case 


The data in this paper were taken 
mainly with the windings in the open air. 
This approximates the conditions when 
expanded metal cases are used. In order 
to check the effect of a metal-clad case, 
such as might be provided by a sheet- 
metal case or the modern-styled louv- 
ered case, some runs were made with 
an enclosing metal shell with openings at 
top and bottom. The hot-spot increment 
was not affected within the limits of meas- 
urement by the enclosing metal shell. 


Discrepancies Between Existing 
Standards and Test Data 


For 55 degrees centigrade rise (class A 
insulation), Tables II and III show hot- 
spot increments for dry-type transform- 
ers ranging from about 11 degrees centi- 
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grade for very short natural-draft coils to 
about 31 degrees centigrade for tall fan- 
cooled coils. This is contrasted with the 
flat 10-degree centigrade hot-spot tem- 
peratureallowance in American Standards 
for Transformers! with class A insulation. 

For 80 degrees centigrade rise (class B 
insulation), these same tables show hot- 
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Figure 23. Winding hot-spot increments for 


natural-draftand fan cooling for 301 /9-inch and 
601 /9-inch coils 


spot increments ranging from about 16 
degrees centigrade to about 46 degrees 
centigrade, depending upon coil length 
and method of cooling. There is no hot- 
spot temperature allowance given in 
American Standards for class B insula- 
tion. The only bench mark for “‘hottest- 
spot temperature’’ for class B insulation 
is given in introduction to AIEE Stand- 
ard 1 as 130 degrees centigrade. This, in 
conjunction with the previously used 40- 
degree-centigrade ambient, gives a 10- 
degree-centigrade hot-spot temperature 
allowance. If an average ambient tem- 
perature of 30 degrees centigrade is used 
as given in American Transformer Stand- 
ards,} this allowance becomes 20 degrees 
centigrade. In most cases, these allow- 
ances are considerably less than those 
shown by the test data in this paper. 

It is thus evident that the hottest-spot 
allowances in the Standards are not con- 
sistent with those actually existing in 
dry-type transformers. 


Conclusions 


1. It has been established by tests on the 
wide variety of sample coils described in this 
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paper that hot spots much greater than here~’ 
tofore supposed exist in modern dry-type 
transformers of normal design dimensions. 


2. There is no consistent relationship be- 
tween the temperature rise of the air in the 
coil duct and the hot-spot temperature in- 
crement. In general, this increment is less 
than one half the air rise for natural-draft 
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Figure 24. A\jir-duct temperature rises for 


barrel-type coils with natural-draft cooling 


cooling and more than one half the air rise 
for forced-draft cooling. 


3. For a given dry-type transformer-coil 
design, the ratio between the hot-spot tem- 
perature rise and the average temperature 
rise by resistance remains constant when 
the average temperature rise is varied by 
changing the load. 


4. This ratio increases with coil height. 


This ratio is greater for inner coils than for 
the outside coil. 


For a given coil design and air velocities 
normally used, this ratio is greater for forced- 
draft than for natural-draft cooling. 


This ratio varies somewhat with the type of 
coil design. 


5. No single hot-spot increment applies 
for all types and ratings of dry-type trans- 
formers because of the considerable number 
of variables affecting the hot spot. 


6. The high hot-spot increments found in 
these tests show the need of review and 
modification of the conventional allowances 
for dry-type transformers. 
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Synopsis: Fundamental characteristics of 
the three-phase induction motor are re- 
viewed with respect to their possible appli- 
cation to aircraft. A brief review of present 
motor specifications is presented, and test 
data are given on the operation of an induc- 
tion motor with one or two lines shot away. 
Common types of motor loading are dis- 
cussed with reference to the suitability of 
induction-motor drive for each. Curves 
are presented to illustrate the characteristics 
of motors and various types of loading. 


SE of electric power in aircraft has 

grown with each succeeding year. 
Aircraft have become larger, and with 
each succeeding increase in size new and 
greater demands have been made for 
electric power. To date these demands 
have been met magnificently by 12-volt 
and 24-volt d-c systems, and there seems 
every reason to suppose that these sys- 
tems will be in use for a long time to come. 
However, there is a transmission-weight 
penalty for a 24-volt system on large 
airplanes, particularly when the total load 
is high. Therefore, with an eye to the 
very large planes of the future, the air- 
craft industry has been fostering the de- 
velopment of two new electric systems, 
namely, a 115-volt d-c system, and a 
208-volt three-phase 400-cycle system. 
Either of these two proposed systems will 
reduce greatly the weight of the electric 
wiring, and each system has its own 
special merits. 

Motors constitute the principal electric 
load on military aircraft. A knowledge of 
motor characteristics is essential to a 
proper application of these motors to air- 
craft accessories and to the selection of the 
electric system itself. This paper pre- 
sents the fundamental characteristics of 
the three-phase induction motor and some 
of the problems involved in applying 
them to aircraft use. The simplicity of 
construction, reliability, and lack of 
commutators and brushes recommends 
this motor very highly. However, there 
are certain disadvantages which must 
be considered, such as, lack of a high ratio 
of starting to running torque and lack of 
speed control. In addition to these draw- 
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backs the conditions encountered in ap- 
plying any piece of apparatus to aircraft 
must be considered. These conditions 
are much more severe than those en- 
countered in industrial practice. This 
point can be understood easily when it is 
considered that an airplane may take off 
from a steaming jungle and within an 
hour be at an altitude of from 20,000 to 
40,000 feet, where the temperatures are 
anywhere from —30 degrees centigrade 
to —70 degrees centigrade; andin afew 
hours it may fly far enough, so that when 
the plane lands the temperature would 
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Typical d-c motor speed-torque 
curves 


A. Shunt motor 
B. Series motor 


still be from —50 degrees centigrade to 
—70 degrees centigrade. Of course, this 
cycle easily could be reversed. In indus- 
trial practice it is thought necessary to 
rerate the motor with changes in tem- 
perature and changes in altitude, but an 
aircraft motor must operate at its rating 
under all of these conditions. In addition 
these motors must be light in weight. 
Compared with their commercial coun- 
terparts, they are mere pygmies. This 
means that each part of these motors is 
worked to its utmost with a very small 
safety factor. Therefore, in applying a 
motor to a given job, care must be taken 
that additional material is incorporated 
in the design in those places which must 
take the extra wear and tear demanded 
by the application. 


Performance Specifications 


In order that the engineers who make 
the applications of the motors, and manu- 
facturers who build the motors, may have 
a common language and understand each 
other properly, the United States Army 
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Air Forces together, with the manufac- 
turers of motors have written a prelimi- 
nary performance specification. They 
first picked a foundation frequency. 
This frequency is 400 cycles per second, 
which is a compromise between the S00 
cycles per second that has been used for 
aircraft radio and the 240 cycles per 
second that was believed best for motors. 
Since this preliminary specification does 
tend to give a common language or pic- 
ture of the motors, and since it does give a 
basis on which they can be rated, a review 
of the more common points will be found 
in Table I. 


Speed-Torque Characteristics 


For years the aircraft industry has beer 
using small 12- and 24-volt d-c motors to 
perform the thousand and one odd jobs 
necessary to the successful flight of the 
modern airplane. Those who make the 
various applications of these motors to 
these jobs are familiar with the character- 
istics of them and will recognize easily the 
speed-torque curves given in Figure 1 as 
the characteristics which apply to the two 
types of d-c motors most used on aircraft 
namely, shunt and series motors. In 
order to apply an a-c motor successfully 
to these same jobs, the torque characteris- 
tics of the a-c motors must become famil- 
iar to those who are making the applica- 
tion, 

Figure 2 gives typical torque curves for 
the two classifications of polyphase induc- 
tion motors given in the table. These 
curves have been smoothed. Under or- 
dinary conditions the curves for these 
individual motors are not smooth, but 
they are filled with small ragged varia- 
tions caused by the distribution of flux 
in the motor and the winding distribution 
of the motor. Figure 3 shows one ex- 
ample of an actual curve of a motor with 
all the important variations. This curve 
was taken in the normal manner by tak- . 
ing readings at set points. Therefore, it 
does not show all of the minute individual 


pele 1. Motor Performance Specification 
Con- 
tinuous- 
Duty Intermittent- 
Motors Duty Motors 

Frequency... sh 2+ <s 400 . .400 
Line voltages was: 2 usiae ee00 .-200 
Duty Cycler mc acon Continuous. .1 minute in 20 
Allowable frequency 

Vaniations 5 tres sleet +5% - +5% 
Allowable voltage vari- 

AION GMs as eh ins =10% . 10% 
Combined variation of 

voltage and fre- 

GUCHOY Yat Pages otvbie a +10% . +10% 
Locked rotor torque / 

in per cent of full- 

load torque..........160% . 800% 
Breakdown torque in 

per cent of full-load 

CORGILE LP ite otra oatatelass 200 . .None specified 
Pull-up torque in per 

cent of  full-load 

LOTQHe AN ce an ats 140 . . None specified 
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Figure 2. Typical smoothed speed—torque 
curves for induction motors 


A. Continuous-duty motors 
B. _|ntermittent-duty motors 
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Figure 3. Test speed-torque curve showing 
irregularities 


variations which would be recorded by 
oscillographic means. In using curves of 
this type it must be remembered that they 
apply only at rated voltage unless other- 
wise specified. When the voltage and 
frequency variations that are expected 
are taken into account, these curves vary 
as shown in Figures 4 and 5. Figures 4 
and 5 give the maximum variation of the 
speed-torque curves for a variation of 
plus or minus ten per cent in voltage. 
This is the worst condition which can 
occur and still be within the limits speci- 
fied by the Army Air Forces. 

It should be emphasized that the curves 
included to illustrate general performance 
were obtained by assuming a certain set 
of constants for these motors. To make 
any application study a definite design 
curve should be obtained from the motor 
supplier. 


Motor Operating Speed 


The aforementioned curves have been 
plotted on the basis of percentratedtorque 
and per cent synchronous speed. For 
the 400-cycle system, the following motor 
synchronous speeds are possible: 24,000 
rpm, 12,000 rpm, 8,000 rpm, 6,000 rpm, 
4,800 rpm, 4,000 rpm, 3,428.50 rpm, and 
3,000 rpm. These speeds are the syn- 
chronous speeds for 2-, 4-, 6-, 8-, 10-, 12-, 
14-, and 16-pole motors, respectively. 
In general, a lighter power unit can be 
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obtained by using the higher-speed 
motors and gearing down to the speed de- 
sired rather than using a motor with a 
large number of poles. Some idea of the 
change in weight with the change in the 
number of poles can be obtained when it 
is considered that an eight-pole one-horse- 
power motor has about 13/, times as 
much active material as a four-pole one- 
horsepower motor. Nearly all three- 
phase induction motors run within a few 
per cent of their synchronous speed at 
full load. This can be seen easily by 
examining the curves in Figures 2, 3, 4, 
and 5. Further examination of these 
curves show that, even under conditions 
of high overload, the speed of the motor 
is still relatively close to the synchronous 
speed. For this reason an induction 
motor is known as a constant-speed type 
of power source. Where speed control 
is desired this constancy of speed in the 
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Figure 4. Speed-torque curves showing 
variation in torque due to voltage variation for 
continuous-duty motors 


A. Speed-torque curve at 90 per cent 
voltage 
B.- Speed-torque curve 
voltage 


at 110 per cent 


induction motor is one of its chief disad- 
vantages. Speed is set by frequency and 
by certain constants in the motor, and 
therefore cannot be varied for an indi- 
vidual motor. Compare this constancy 
of speed with the speed-torque curves as 
shown for the main types of d-c motors 
in Figure 1. The series motor has a very 
large change in speed from no load to full 
load, and with overload the change be- 
comes correspondingly greater. The 
shunt motor more closely resembles the 
induction motor. However, it has rela- 
tively large differences of speed between 
individual motors. This is not true of the 
induction motor, since its speed is regu- 
lated almost entirely by frequency. Ac- 
cording to National Electrical Manu- 
facturers Association Standards, the speed 
of a shunt motor at full load may vary 
plus or minus 7.5 per cent within a group 
of motors, whereas for the induction 
motor the speed variation among a group 
of motors is apt to be more nearly in the 
region of one half of one per cent. 
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In addition all d-c motors are subject 
to a speed variation with input voltage 
which may be nearly as great on a per- 
centage basis as the per cent variation of 
the input voltage. Induction motors’ 
speed varies very little with the input 
voltage. Figures 4 and 5 show the ap- 
proximate amount of variation that can 
be expected. However, the speed of an 
induction motor does vary with fre- 
quency, and, therefore, a variation “Of 
approximately plus or minus five per cent 
can be expected because of frequency 
change. 


Locked-Rotor Inputs 


Locked-rotor inputs affect the size of 
the feeders and protective devices and 
are, therefore, of interest to the aircraft- 
system engineer. It is impossible to give 
aircraft values applying to all cases, but 
the figures given in the Table II represent 
normal values that may be expected for 
three-phase 200-volt 400-cycle induction 
motors. 

If, as often happens, the voltage under 
locked-rotor conditions is less than rated, 
the inputs will be reduced; the torque, 
kilowatts, and kilovolt-amperes will vary 
as the square of the voltage, the amperes 
will vary directly as the voltage, and the 
power factor will remain constant. 
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Figure 5. Speed—torque curves showing varia- 
tion in torque due to voltage for intermittent- 
duty motors 


A. Speed-torque curve at 90 per cent 
voltage ’ 

B. Speed-torque curve at 110 per cent 
voltage 
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Figure 6. Test speed-torque curves of a three- 
phase four-wire induction motor showing the 
effect of having one and two lines shot away 
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_Motor Temperature and Altitude 


Most of the motors designed for use in 
aircraft are designed to be cooled by a 
self-driven fan. The amount of cooling 
depends upon the differential of tempera- 
ture between the cooling air and the 
motor and upon the density of the air. 
Motors normally are designed to operate 
at various altitudes with temperatures 
per \'the National Advisory .Committee 
for Aeronautics Standards charts. If the 
motor is subjected to ambient tempera- 
tures other than those given on these 
charts for the various altitudes, the 
motor must be more conservatively de- 
signed and therefore heavier in weight. 


Motor Operation With One and 
Two Wires Shot Away 


In the installation of d-c motors one 
wire and a ground is usually used. With 
this installation, if the one wire is shot 
away, the motor stops. The a-c motor 
has three line leads and the neutral 
grounded. If one or two line leads are 
shot away, the motor will still continue 
to run, in most cases, though it may not 
necessarily start if it is once stopped. 
Figure 6 shows’ the test speed-torque 
curves of a motor that was designed to 
drive a generator which was subjected to 
overloads of short time duration. This 
motor was designed, therefore, to have a 
rather high pullout torque point with 
respect to full-load torque. Tests were 
taken with one line open and two lines 
open. The results are shown in Figure 6. 
Note particularly the cusp that occurs at 
one-third synchronous speed with one 
line open. The size of this cusp varies 
with the winding of the motor. For some 
motors the torque actually may go nega- 
tive at this point. If this occurs in a 
particular motor it would never acceler- 
ate to its normal running speed. A motor 
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Figure 7. Polyphase induction motor driving 
a fan 


A. Fan speed-torque curve at sea level 

B. Fan speed-torque curve at 30,000-feet 
altitude 

C. Fan speed-torque curve at 40,000-feet 
altitude 
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having the torque characteristic with one 
line open such as shown in Figure 6 would 
accelerate to full running speed providing 
the torque loading was light. With two 
lines open, the motor would be running 
on single phase power and would act as a 
single phase motor with no auxiliary wind- 
ing for starting purposes. As long as it is 
running, it would continue to run pro- 
vided it was not too heavily loaded. 
Once it stopped, it would not automati- 
cally start itself when power was stp- 
plied. A motor operating with either of 


Table Il 
Con- Inter- 
tinuous mittent 
Duty Duty 
Torque, in per cent of fullload..... 160 .... 300 
Kilowatts per horsepower......... Art hes. Bao 
Power faGtoti:. 0. vesmucsquadess 0.50,... 0.60 
Kilovolt-amperes per horsepower... 4.8 .... 5.8 
Amperes per horsepower.......... V7 ee iene W 6 


the two conditions—one or two lines open 
—would not last long but would soon burn 
itself out or operate any thermal protec- 
tion device that might be applied. Con- 
sidering the multi-circuit wiring systems 
that have been laid out for the a-c sys- 
tems, however, the chance of a motor 
operating with either of these two condi- 
tions is extremely remote. 


Motor Loads 


Some of the other characteristics that 
affect the application of the motors can 
best be brought out by considering some 
of the different types of loads that occur 
in an airplane. Many of these loads do 
not occur singly but in combination. 
Because of the multiplicity of combina- 
tions, only the more common types of 
load will be illustrated here. 

Consider first the fan type of load. 
This load has a torque characteristic 
which varies as the square of the speed. 
Figure 7 shows a continuous-duty motor 
characteristic with a fan-torque character- 
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Fan load on a d-c series motor 
A. Atsea level 
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Figure 8. 
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istic superimposed. It will be noticed 
that this motor at sea level is loaded to 
full load. Quite obviously there is no 
starting problem for a strictly fan load. 
But note what happens to the load on the 
motor at 30,000 feet. Since the induction 
motor is practically a constant-speed 
motor, the torque loading goes down as 
the density decreases, Compare this with 
the fan operated by a series motor as 
shown by Figure 8. Here, as the torque 
loading decreases with density, the motor 
tends to speed up, thus partially com- 
pensating for the decrease in density. 
Thus with two motors of identical rating 
the series motor would drive the fan in 
such a way as to deliver more pounds of 
air at high altitude. With the induction 
motor the load at 30,000 feet has dropped 
to approximately 48 per cent of the sea- 
level value, while with a series motor it 
has decreased to only 66 per cent, With 
a series motor even less drop in load can 
be obtained by operating on a steeper 
portion of the torque curve, If such com- 
pensation is desired with the induction 
motor, other means of control must be 
used. 

Another type of load which is encoun. 
tered very commonly is the so-called 
friction-type load. ‘This type of loading 
is usually considered to have constant 
friction or torque over a large range of 
speed. If it is remembered that these 
friction loads generally are made up of 
bearings and gear losses, it can be seen 
that they are not constant but vary con- 
siderably with the consistency of the 
lubricant. Very few lubricants are not 
affected by extremes of temperature en- 
countered in aircraft. Even the friction 
between two rubbing surfaces changes 
with temperature and the condition of the 
surfaces. Thus, the assumption that a 
friction load is a constant-torque load is 
false. Only if all conditions of tempera- 
ture and surface are maintained constant 
can it be expected that the friction loads 
will be constant. In making any applica- 
tion of a motor to a friction load the maxi- 
mum torque required should be deter- 
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Figure 9. Polyphase induction motor driving 
a pure friction load 
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mined for the worst conditions of tem- 
perature and surface that can be ex- 
pected. Most friction loads are char- 
acterized by having a relatively high 
breakaway torque, that is, the coefficient 
of friction is higher under static than 
under running conditions. Because of the 
relatively low starting torque of continu- 
ous duty induction motors this may be- 
come the limiting factor. Figure 9 illus- 
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Figure 10. Motor torque in carrying out an 
intermittent-cycle operation having an over- 
hauling load 


trates a pure friction load with no allow- 
ance for variation due to temperature 
and surface conditions. 

Probably one of the most interesting 
types of application, not so much from a 
motor standpoint as from a control stand- 
point, is the operation of inertia-type 
loads. Gyroscopes driven by motors are 
used in many of our best weapons today. 
These units generally require very little 
running torque, since the only thing 
which tends to stop them is a slight 
amount of bearing friction and some wind- 
age about the outside surface of the gyro. 
Therefore, the tendency is to apply rela- 
tively very small motors to these units. 
Care must be taken, however, that ade- 
quate surface is provided to dissipate 
heat from the rotors of these motors. 
This can be understood easily if it is 
remembered that the amount of heat 
which must be dissipated in the rotor of a 
motor of this type is equaltothe amount of 
stored energy in the gyroscope. Just as 
an example, consider a wheel having an 
inertia of one pound-foot squared being 
accelerated to 11,500 rpm. The energy 
stored in this wheel would be equivalent 
to 500 watt-minutes. To accelerate a 
wheel of this size to this speed, the rotor 
of an induction motor must absorb an 
equivalent amount of heat energy. This 
500 watt-minutes is enough heat to raise 
the temperature of one pound of copper 
175degrees centigrade. The general tend- 
ency for applications of this sort is to use 
motors whose rotors weigh much less than 
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one pound. In order to provide the neces- 
sary cooling the accelerating time must 
be extended, or additional cooling area 
must be provided for the rotor. One of 
the best tricks for application of this 
kind is to turn the motor inside out, so 
that the rotor becomes part of the rotating 
wheel and therefore has a large mass and 
heat-storage capacity. 

Overhauling loads seldom are encoun- 
tered by themselves but are generally a 
part of acycle operation. Figure 10 illus- 
trates a cycle of operation of an actuator 
in which an overhauling load occurs. 
The a-c induction motor is ideal for this 
type of application, since, if the motor 
is accelerated to only a few per cent above 
the synchronous speed, it will absorb 
approximately as much mechanical power 
as it would put out if it were running 
that per cent below synchronous speed. 


AND REGULATOR 
CONTROLS OUTPUT 


pia | 
i eee 
Pea sb Mees 61 a 
PERS PES 
HERE a tee NE Ea 


te} 50 100 150 200 250 300 
PER CENT FULL-LOAD TORQUE 


PER CENT SYNCHRONOUS SPEED 
wo 
oO 


sn DeShee G2. 5S 
Oo OF Geo SG: 


Figure 11. Regulated generator feeding a con- 
stant load driven by a three-phase induction 
motor 


In other words, it becomes an asyn- 
chronous generator and feeds electric 
power back into the rest of the system. 
Motors handling loads of this type, of 
coutse, must be able to deliver sufficient 
torque to take care of the highest require- 
ments of the cycle. Generally speaking, 
however, these cycles are of relatively 
short duration, and the cycles occur so 
infrequently that an intermittent-type 
motor can be used satisfactorily. The 
cycle illustrated in Figure 10 takes about 
30 seconds, 

A load which is encountered quite fre- 
quently and has many variations is that 
which makes the motor a driving means 
for a motor generator set. One variation 
of this is a motor generator set feeding a 
constant resistance load. Under this 
condition, as the motor speeds up, the 
generator builds up until it reaches a 
point where saturation occurs or a regu- 
lator takes control of the output voltage. 
When this regulator takes control, the 
output of the generator from there on is 
practically a constant amount of power. 
Under this condition the torque varies 
inversely as the speed. An examination 
of Figure 11 will show that a condition 
very easily could be encountered in which 
the motor generator set would build up 
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to full voltage at a relatively low speed, 
and the motor would never accelerate 
beyond point A, as shown on the curve. 
If the generator built up to full voltage 
and the regulator took control at ap- 
proximately 46 per cent of the synchro- 
nous speed of the motor, as shown on 
Figure 11, the point A would coincide 
with A’ at 200 per cent of full-load torque. 
The motor would accelerate to about 50 
per cent of full-load speed and run there. 
Another variation of the motor-generatof- 
set application is one in which the motor 
generator set feeds a variable-type load, 
and the motor generator set is controlled 
in such a way that under starting condi- 
tions the maximum demand can be put 
on the generator. This type of motor 
generator set is often used in certain con- 
trol circuits for actuating devices. Then 
there is the third type of motor generator 
set in which the excitation is constant. 
This motor generator set has a rather 
definite torque characteristic and does 
not present the problems which may oc- 
cur with the others. 

The preceding applications illustrate 
but a few of the many that occur on air- 
craft. There are a myriad of combina- 
tions of the fundamental loads that can 
occur. Each combination should he 
broken down and studied with respect to 
all of the conditions that may be en- 
countered. Induction motors have been 
used in commercial practice for many 
years. Their simplicity, ruggedness, and 
lack of commutating or slip-ring brushes 
have given them an advantage which far 
outweighs the few disadvantages they 
may have. Similarly, in aircraft these 
same advantages will stand out more 
clearly with each succeeding application 
and their reliability and ease of main- 
tenance when compared with the d-c 
motor with its brushes and commutator 
will lead to an everspreading use of the 
induction motor to do the hundreds of 
odd jobs that are of vital necessity to the 
modern aircraft. p 
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ITH the present great interest in 

aircraft, not only because ofits war- 
time importance, but also because of the 
prominence it will have commercially 
after the war, as well as in postwar mili- 
tary needs, a careful scrutiny of the vital 
parts that make up the aircraft is in 
order. One of these parts is obviously 
the aircraft storage battery. It is used 
for engine starting, ignition, lighting, and 
radio. 

The paper points out wherein the air- 
craft battery requirements differ from 
battery requirements encountered hereto- 
fore. Then step by step each of the im- 
portant parts that goes to make the 
unit complete is described, and informa- 
tion is given as to what has been done in 
design to cause these parts to provide a 
performance of that part to meet aircraft 
usage. 

Attention is called to certain departures 
that have occurred from what may be 
considered sound practice, and reasons 
are given as to how this occurred. 

Suggestions are made as to methods of 
correcting these departures and of experi- 
mental work that is being carried on for 
further improvement. 

In summarizing the data and experi- 
ence accumulated, a suggested design is 
offered which should overcome the 
present deficiencies and meet present 
requirements. 


Requirements 


The design of aircraft storage batteries 
involves two major considerations which 
differentiate the problem from batteries 
for ground or marine uses. There is ob- 
viously first of all weight, and second a 
nonspill feature which will permit the 
battery to function at least for a limited 
time in any position. 

Storage batteries usually are associated 
in one’s mind with great weight, but since 
they are one of the best-known means for 
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the storage of energy, which immediately 
can be converted to electrical use, intense 
effort and attention have been directed to- 
ward reducing the weight consistent with 
required service. The resulting watts per 
pound of weight of the battery compares 
favorably with other units on the air- 
craft. 


Methods for Weight Reduction 


The most apparent and fertile field for 
work on weight reduction has been the 
reduction of life expectancy of the bat- 
tery down to a reasonable point for air- 
craft use. Like a shoe, the wear of which 
is proportional to the thickness of the 
sole, the wear in a battery is proportional 
to the thickness of the plates. 
expectancy had been considered in periods 
of from 5 to 15 years, to consider it in 
from months to a year allowed much lati- 
tude for weight reduction. 


Grids 


The supporting framework for the ac- 
tive material of a lead storage battery con- 
sists of grids of antimonial lead. The 
long-life heavy battery will have grids of 
heavy section, and the antimonial content 
usually will be eight per cent. By increas- 
ing this content to 12 per cent, the eutec- 
tic point for this alloy, and by allowing 
specific limited amounts of impurities, 
such as tin, copper, and arsenic to be 
present, good castings can be made in 
very light sections and thicknesses. The 
grid life will be reduced, but not below a 
period of reasonable service. Figure 1 


Where life © 


illustrates the difference in thickness and 
member sections of a battery grid de- 
signed to give 4!/. years of life and an 
aircraft battery grid. 

Advantage is taken of the fact that, 
while the lead peroxide of the positive 
plate tends to distort its supporting grid 
by buckling and expanding it, thus re- 
quiring a sturdy construction, the sponge 
lead of the negative does not. 'The nega- 
tive grid, since it need only support this 
sponge lead and act as a conductor, may 
be constructed of light members with 
horizontal bars far apart and verticals 
light in section. 

Because aircraft batteries may be 
charged on a stationary bench in contrast 
to the vibration they receive in a plane, 
the practice of including feet on the grids 
as is done in many other types of service 
is continued. This permits the two feet 
of each plate of a given polarity to rest 
on the same bridges as the rest of the 
plates of that polarity, while the two 
feet of the plates of opposite polarity rest 
on alternate bridges. The sediment 
that clings to the bridges will in this 
manner be unable to cause short circuits 
between plates (see Figure 2). 


Active Material 


The finished active material of the posi- 
tive plate is lead peroxide (PbO,). This 
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Figure 2. There are four ae a 

feet of the positive plates: (two each) rest 

on alternate bridges. The feet of the negative 
plates rest on their alternate bridges 


B 
Figure 1 
A. A\ typical positive-grid section designed 
to give 41/, years of life in reasonable heavy 
service 


B. An aircraft positive-grid section. The 
lighter section and thickness are obvious 
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B 
Figure 3 


A. The profile of a microporous separator 
B. The profile of a wood separator 


Since the former has greater mechanical 

strength, the ribs may be narrower allowing 

more open space between them and greater 
acid in contact with the plate 
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‘Figure 4. The cross section 


is constant, 
decreasing the material used. The ohmic 
resistance is low because there are no thick 


sections 


is produced by mixing with a solution of 
sulphuric acid and water an oxide of lead, 
usually red lead (Pb;04) or litharge 
(PbO) or both, and further oxidation 
occurs when this plate serves as an anode 
in an electrochemical bath using sulphuric 
acid as an electrolyte. The mixture of 
oxide and acid solution is made into a 
heavy paste and applied to the grids 
with a hand paddle or by a special ma- 
chine. A wide variation in porosity may 
be obtained by changing the proportions 
of red lead and litharge used, the weight 
of these oxides per unit of volume, and 
the specific gravity of mixing acid used. 
Since an aircraft battery is called upon 
to deliver high currents for short inter- 
vals, an open porous peroxide is needed. 
Therefore, a lightweight red lead usually 
is selected and mixed with a rather high 
specific-gravity acid. The resulting large 
and numerous pores give ready access of 
the cell electrolyte into the plate. The 
reaction of the active material with the 
electrolyte is immediate, and large cur- 
rents can be delivered. 

Obviously this highly expanded per- 
oxide is of less weight than denser ones, 
which assists in keeping the battery 
weight down. Active materials like this 
are of short life compared to dense ones, 
so the material must not be expanded to 
a point where it will shed out and fall 
uselessly into the sediment wells before 
a reasonable battery life has been ob- 
tained, 

The finished active material of the 
negative plate is sponge lead (Pb). 
Litharge, usually a rather heavy one, is 
mixed with sulphuric acid pasted into 
grids to make plates and electrochemi- 
cally reduced to spongelead. To “sponge 
out” the lead, so that the cell electrolyte 
will have ready access and to further 
aid in the output of the battery, a small 
percentage of lamp black and barium 
sulphate is added. The carbon serves 
mostly to increase the sponginess but 
also aids as an electric conductor; the 
barium sulphate changes the crystalline 
structure, keeping the crystals small and 
finely divided. Certain organic materials 
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in small quantities are added to increase 
the battery output at low temperatures. 
Among these are wood dust, lignin, hemp, 
cotton, cork, and humic acid. They are 
used in quantities of only a fraction of 
one per cent by weight. Seemingly, they 
take no part in the reaction, but on dis- 
charge will increase the battery output at 
—20 degrees Fahrenheit to five times 
that obtainable without them. 


Separators 


Separators used are microporous rubber 
or treated wood. Either may be used in 
conjunction with a glass mat. The mat 
does not act as a separator but as a re- 
tainer of the positive active material. It 
is applied between the grooved side of the 
separator and the surface of the positive 
active material, thus holding mechani- 


” doe, 
\7g"INCH_ MINIMUM CLEARANCE BETWEEN 
y) { EDGES OF BATTERY CASE AND ALL 
ey) \ CURRENT-CARRYING PARTS 


| 
45 IN. — 


nie 


ey eee ES eres 


Figure 5. Liberty-motor ignition battery 


The space above the electrolyte will hold 

all of the electrolyte when battery is on its 

side without submerging vent plug. When 

upside down, electrolyte will not submerge 
hole in end of vent tube 


cally in place material that otherwise 
would become dislodged and fall into the 
sediment well. Its use is recommended 
where long life is desired with but a mini- 
mum of sacrifice of high-ampere-rate per- 
formance. Since the mats are only 0.03 
inch thick and can contain electrolyte up 
to 90 per cent of their volume, the slight 
additional internal resistance which they 
offer is almost offset by the more im- 
mediate access they permit of the elec- 
trolyte to the positive active material. 
The use of glass mats may be expected to 
add 50 per cent to the life of the battery. 

Microporous-rubber separators are pref- 
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erable to wood. They more nearly bal- . 


ance out the life of the separator to the 

plates than do the wood separators. 

Their cost is higher than wood, but the 

increase represents only about five per 

cent of the cost of the complete battery. 
Additional advantages are: 


1. The lower ohmic resistance per unit of 
projected area results in lower internal 
resistance of the cell and consequently 
higher cell voltages on discharges. “+8 


2. Since they do not require treatment 


before use, they may be inserted into posi-: 


tion between the plates in a dry state. 


This permits the battery to be stored 
dry for an indefinite period without de- 
terioration. The battery can be filled 
with electrolyte and charged wherever 
needed with no loss in performance or 
life, regardless of the storage period. 


Batteries insulated with moist wood | 


separators and stored deteriorate seri- 
ously after six months of storage. 

The wood separator, so far as kind of 
wood, general profile, and shape, follows 
that conventionally found in automobile 
batteries, except that, because of weight 
and space limitations, it must be made in 
thinner sections. Preferred wood is. ce- 
dar, but fir, cypress, and redwood are 
used. It may be sawed, rotary-cut 


veneered, or sliced. 

To remove natural resins which are 
harmful to the plates, the wood, after 
being grooved, is treated in a three per 
This also serves 


cent solution of caustic. 


Figure 6: The present German construction 
is little different from Figure 5. The visual 
level indicator (rectangular glass plate) is 

unique 5 
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-to decrease the ohmic resistance, but after 

treatment the separator must be kept 
- moist or it will develop a high resistance 
and become weak mechanically exhibiting 
splits and cracks. 

The usual practice in either micro- 
porous rubber or wood is to allow an 
0.030-inch back web and a groove 0.040 
inch deep. The purpose is to make the 
separator resistance low and to allow as 
much electrolyte as possible to come 
between the plates for ready reaction with 
the active material. Conventional pro- 
file of the separators is shown in Figure 3. 

Recent experiments on a microporous 
separator of a profile as shown in Figure 
4 shows promise. Here the cross section 
through the separator has been kept 
constant. A 20 per cent decrease in 
ohmic resistance is achieved. The shape 
lends itself more readily to the manu- 
facture of synthetic rubber. The volume 
and weight of material used is lessened 
by one fifth. As far as tests have pro- 
gressed results have been good both as to 
life and discharge. The separator has 
been produced only on a laboratory basis. 


Electrolyte 


Sulphuric acid with a specific gravity 
when the battery is fully charged of 
1.285 is used. Permissible impurities in 
this specific gravity are: 


— amenend 


Impurity Per Cent Impurity Per Cent 
MOT svevelvietete’ars. 0s 0.006 Nitrates..... None 
WATSENIG. pecc.s > 0.00005 Ammonia....0.00600 
Antimony..... 0.00050 Chloride..... 0.01200 


Manganese... .0.00002 Copper...... 0.00500 


Mechanical Construction 


The first requirement for an especially 
designed lead-acid storage battery for 
aircraft occurred during World War I 
with the development of the Liberty 


Figure. 7 


A. The lead weight slides along the inside 
‘ conical surface of the plug body until it 
closes the hole in the plug top 


B. The lead ball rolls off the valve stem 
permitting the rubber “‘spring” at the bottom 
to close the rubber-seated poppet valve 
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motor, where it was desired to supple- 
ment the magneto with battery ignition. 
The battery designed and used was a 
small eight-volt one capable of delivering 
three amperes for three hours. Because 
many of the features found in it are still 
desirable, it is shown in section in Figure 5. 

It will be noted that the nonspill fea- 
ture was obtained by enlarging the. elec- 
trolyte expansion chamber sufficiently, 
so that when the battery was placed on 
its side the electrolyte that ran from the 
cell proper was insufficient to rise to the 
vent plug in the center of the cell. When 
the battery was inverted the electrolyte 
was insufficient to rise to the hole in the 
lower end of the vent tube. Thus at all 
times the vent remained open for the es- 
cape of gas, but the electrolyte could not 
at any time reach the opening and run 
out. Since the periods during which the 
battery was inverted were short, sufficient 
acid was retained in the plates and 


SPONGE RUBBER GASKET 
VALUMINUM COVER 


PLASTIC LINING 


Figure 8. Electrolyte spilled from the vent 
is confined in the space enclosed by the 
plastic-lined aluminum container and lid 


This space also contains the intercell con- 
nectors and terminals, which may become 
short-circuited if there is much acid 


PORCELAIN CUP 
INSULATING LEAD LINK 


Figure 9. Intercell connector fitted with 
porcelain cup which is filled with asphaltic 
compound 


separators, so that the reaction could con- 
tinue and the battery deliver current. 
The use|of glass mats even further aids 
under these inverted conditions. 

The only disadvantages of this type 
of construction are: 


1. The difficulty in obtaining a specific 
gravity reading, as the normal electrolyte 
level is well down below the vent plug 
opening in the cover. 

2. The nonspill space required increases 
the cubical dimensions per ampere-hour as 
compared with conventional types. 


It does not appreciably increase the 
weight per ampere-hour. : 
Specific-gravity readings may be taken 
by placing the battery on its side with vent 
plug removed, and by using a hydrometer 
syringe with a curved tube, so that the 
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Figure 10. The junction box containing 

the terminals must of necessity be small, 

making the application of the cable lugs to 
the battery terminal studs difficult 


syringe body is in a vertical position 
when the tube end is immersed in the 
electrolyte. 

It is considered that this construction 
is still the most effective nonspill one de- 
veloped. 

Figure 6 shows the present German 
construction. It is interesting to note 
that they have adhered to this old con- 
struction but have added an electrolyte 
level indicator. The indicator consists 
simply of a strip of glass extending 
through the cover down to the normal 
electrolyte level. In ordinary daylight 
or with average lighting, the lower end 
of the glass appears as a greenish-white 
rectangle upon peering down through its 
upper end, that is, if the electrolyte is 
below normal level (the end: of the glass 
strip). When water is added through 
the vent hole and as the level rises until 
it touches the lower end of the glass the 
greenish-white rectangle disappears leay- 
ing only darkness. The operator thus 
knows that the normal level has been 
reached. 

An improvement on the German 
method has been made by using a rod of 
methylmethacrylate. By tapering the 
lower end to a cone and by observing the 
ensuing dark circle that appears as com- 
pared in size with the rod circumference 
it is possible to judge how far up the cone 
the level has risen. In this way a level 
“range” is obtained instead of simply 
“below normal” or “normal or more.”’ 

In passing, comment is made that 
German lead-acid aircraft batteries com- 
pare unfavorably with United States 
batteries in ampere-hours per pound of 
weight. This is because of design and. 
not forced substitution of materials. Their 
principal loss is in their grid construction 
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For 15 years the desire of plane users 
has been away from the construction 
previously described to a battery having 
only the normal necessary expansion 
space and the use of vent plugs with 
check-valve arrangements which, upon 
rotating the battery, would close before 
the electrolyte reached them. This does 
result in a reduction of over-all height, 
but not a material one, asin incorporating 
the check-valve arrangement, whatever 
it may be, additional height must be 
given to the vent plug. 

Figure 7 shows two types that have 
been used widely. In one case the in- 
verted lead cone slides along the conical 
surface of the vent-plug body until it 
comes in contact with the vent top closing 
the vent hole. This should occur before 
the electrolyte reaches it. In the other 
the lead ball rolls off the hard-rubber 
valve stem allowing the rubber band at 
the bottom of the plug to force shut the 
poppet valve mounted on the stem. Even 
lead is subject to some corrosion by sul- 
phuric acid, making parts stick and be- 
come inoperative. Disassembling the 
plug and cleaning it or discarding it for 
a new one becomes necessary. 

A major objection to the check-valve 
vent plug is its failure to allow the vent- 
ing of gas when closed. Some gas is 
given off from the battery on discharge, 
and a great deal is given off on charge, the 
amount being dependent on the amper- 
age of the charging current and the state 
of charge of the battery. Present genera- 


This 


push-on terminal holds 


promise 


Figure 11. 
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tors have extremely high amperage out- 
put, and it is not expected that the com- 
paratively small batteries used can ab- 
sorb it. Voltage regulators are. used to 
control the input to the battery. Should 
these regulators become inoperative even 
for a short time, the gas evolved by the 
battery, even though it is in a partially 
charged condition, is enormous, and the 
vent plug has difficulty to relieve it when 
in an open position. If closed, a pressure 
is built up quickly which can force the 
cell cover out of the container, break the 
seal, and allow complete spillage of the 
acid, 

To collect electrolyte spillage from non- 
functioning vent plugs, the aluminum 
boxes and covers in which the batteries 
are encased to provide radio shielding 
are lined with soft rubber or an acid- 
proof plastic. A rubber gasket is applied 
between the aluminum case and cover, 
so that, when the hold-downs are drawn 
up, a seal is obtained which will hold any 
electrolyte spilled out of the battery 
proper in the open space above the 
battery. Figure 8 shows the general con- 
struction of aluminum box, cover, acid- 
proof lining, and space where the elec- 
trolyte collects. In many instances the 
accumulation of electrolyte in this space 
has been so great that drainage tubes 
have been provided in the aluminum con- 
tainer, so that the spillage can be col- 
lected in a separate container away from 
the battery. 

The accumulation of acid on top of the 
battery may cause the battery to dis- 
charge through it from terminal to ter- 
minal and cell to cell. All terminal con- 
nections inside the aluminum box are 
covered with rubber or plastic coatings 
and in some installations the intercell con- 
nectors are imbedded in an asphaltic 
compound held around the connector by 
means of a porcelain cup (see Figure 9). 
The objections to this arrangement are 


Figure 12. 


Instead of separate aluminum 
box, acidproof lining, and internal hard- 
rubber monobloc, the unit is in one poly- 
styrene piece 
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the difficulty of removing a connector to 
open up a cell for examination or repair 
and the undesirable heat insulation of the 
connector. Because of the need for light 
weight, the cross section of the lead 
connectors is kept small. : 


Outside Terminal Connections 


The present practice is to bring the 
battery terminals through the aluminum 
box by means of lead-coated brass studs 
encased in acid-proof nonconducting 
bushings drawn down with nuts. The ' 
cable ends of the plane harness to the 
power source and battery load are sup- 
plied with terminal lugs and are attached 
to the protruding studs and held with 
wing nuts. This outside assembly is en- 
cased in an aluminum junction box for 
radio shielding. The cables enter the 
box through knockout holes to which 
the cable shield is attached (see Figure 
10). 

While this is an effective connection, 
confined space often makes it awkward 
as the lid of the junction box must be 
removed to reach the wing nuts. Other 
interfering equipment on the plane may 
make these wing nuts difficult to reach. © 

Consideration is being given to quick- 
acting positive connections, such as is 
shown in Figure 11. It is believed that 
there will be no weight increase, and that 
a better and more effective connector will 
result. 


Cell or Battery Container _ 


Hard rubber of good quality having 
an elongation of six per cent and a tensile 
strength of 5,000 pounds per square 
inch has been used for aircraft containers 
since their inception. It is sufficiently 
nonacid absorbent to outlast the battery 
plates. It is reasonably light in weight, 


does not soften until aforementioned 
temperatures encountered in satisfactory 
battery use, and does not become too 
brittle at low temperatures. Its rigidity 


Figure 13. The polystyrene assembly plated 
with 0.001 inch of lead for radio shielding 
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. is high enough so as not to distort when 
subjected to hold-down pressures suffi- 
cient to hold the battery in place. Could 
hard rubber of the quality described con- 
tinue to be available, it is doubtful 
whether any serious search would be made 
for a substitute, but the scarcity of 
natural crude rubber has necessitated 
dropping the elongation to three per cent 
and the tensile strength to 4,000 pounds. 
This has brought about some weight in- 
crease. 

Much research has been done to find a 
substitute. Cellulose nitrate has the 
necessaty characteristics for a battery 
container and long has been used as such. 
It can be fabricated easily without large 
tool and mold costs and is plentiful, but 
it is highly inflammable and hazardous to 
work with during manufacture and use. 

Hydrolized wood has been given atten- 
tion and is still being investigated. 

The most promising material is the 
plastic polystyrene. It has all of the de- 
sirable features of hard rubber plus the 
fact that it may be used in thinner sec- 
tions, resulting in a sizable saving in 
weight. The present problem is not the 
material itself nor any lack of physical or 
chemical requirements, but rather the 
problem of molding. 

Polystyrene is a thermoplastic and in- 
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jection molding of battery cases in sizes 
smaller than are necessary in aircraft and 
has been quite successful. Many thou- 
sands are being built or are already in use. 
They are light in weight, transparent (so 
that the physical condition of the battery 
may be observed); covers are cemented 
to the container and become an integral 
part of it (making sealing leaks impos- 
sible), are cleaned easily, thus avoiding 
external short circuiting. 

Aircraft batteries of this material have 
been built wherein ‘the polystyrene re- 
placed the aluminum box, acid-proof 
lining, and hard-rubber cell container in 
one piece. The resultant weight saving 
was several pounds on a 12-volt 34- 
ampere-hour battery. All metal in the 
box construction that might be subject to 
acid corrosion was eliminated. 

The weakness in this polystyrene unit 
assembly came from the fact that, at the 
time the work was done, no press large 
enough to make the box with one injec- 
tion was available, and from four to six 
injections had to be made to fill the mold. 
Strains in the unit resulted, and fractures 
occurred at low temperatures during 
vibration. It is believed that, when 
sufficiently large presses are available to 
handle a unit of this size with one injec- 
tion, a conversion to this material and 
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Figure 14. This de- 
sign suggests plastic 
container, plating 
for radio shielding, 
tube-type vent for 
nonspill, | push-on 
terminals, and visual 
indicating device 
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construction may follow. This will be 
governed also by the supply of available 
natural rubber or development in the 
technique of handling synthetic rubbers. 
Figure 12 shows the unit polystyrene 
assembly. 

The main purpose of the aluminum box 
in present design is for radio shielding, 
although as has been pointed out, since 
it has been provided with an acid-proof 
lining, its upper portion together with its 
lid or cover acts as a container for spilled 
electrolyte. In the case of the poly- 
styrene unit assembly the radio shielding 
was accomplished by electroplating the 
outer surface of container and cover with 
a coating of cadmium. Later lead was 
used, being preferable as it is acid-re- 
sistant and painting of the box was un- 
necessary. Both of these metals adhered 
excellently, and rough treatment such as 
blows with a blunt instrument and 
scratching did not loosen them nor cause 
them to peel. The coatings used were 
from 0.001 to 0.0015 inch thick and added 
but 2.5 ounces to the container weight; 
whereas, for the same size battery the 
aluminum box weighs 3.25 pounds. 

Figure 13 shows the polystyrene unit 
assembly plated with 0.001 inch of lead. 


Suggested Design 


Many of the objections to present-day 
aircraft designs aré the result of rapidly 
changing conditions, causing the adop- 
tion of one expedient after another. To 
overcome one weakness some stopgap 
was used, which in turn had its own draw- 
backs, and additional adaptations had to 
be made to correct it. 

As a postwar design, or as a war design 
if materials and tools become available, 
the following is suggested: 


1. Revert to the old nonspill method using 
the large electrolyte expansion space and 
the tube vent plug. It will not spill, and 
gas is vented during inversion. 


2. Provide a rod-type visual acid-indicat- 
ing device. 

3. Useasimple positive quick-acting push- 
on terminal connection. 

4. Manufacture the container complete of 
hard rubber (if available) or polystyrene 
plastic. If the latter is used, since it is 
transparent, the visual indicating device 
may be eliminated, unless radio shielding 
is necessary. 


5. Definitely determine whether radio- 


battery shielding is necessary. There has 
been some doubt on this point. 


6. If necessary accomplish the shielding 
by electroplating. 

7. Also, if necessary, provide a simple 
hard-rubber or plastic lid electroplated and 
clamped to the battery top. 


A design such as this will be light in 
weight, actually nonspill, easy to install 
and remove, and readily connected to the 
plane wiring. Figure 14 is a suggested 
general design. 
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Rating of Electric Equipment Under 
Intermittent Load 


MYRON ZUCKER 


MEMBER AIEE 


Synopsis: Resistance welding furnishes a 
clear-cut case of intermittent load. The 
more elaborate and expensive equipment 
that marks the trend in welding away from a 
blacksmith’s art to a carefully controlled 
science warrants increased care in design. 
This paper explores one aspect of this de- 
sign: the thermal limits to the periodic 
load that can be carried. In this case the 
application is to resistance-welding prob- 
lems, and illustrative material is drawn from 
a type of interleaved flexible welding cable 
that has seen seven years’ service in indus- 
try. The principles, however, apply to all 
types of welding: in fact, they extend to 
many fields in which the problem is to find 
the reaction to an intermittent force—such 
as electrical or mechanical transients. 


Analysis of Ratings Under 
Intermittent Load 


SHORTCOMINGS OF Duty CYCLE 


HEN electric equipment is sub- 
jected to intermittent load, as in 
spot-, flash-, projection-, or gun-welding, 
it is customary to rate it according to the 
duty cycle!.? under which it is to be used. 
This is good practice as long as we take 
duty cycle for what it really is: the 
proportion of time that the equipment is 
heated—or current ‘‘on” time divided 
by total time. But we may get into 
trouble by extending this definition to say 
that temperature rise is proportional to 
duty cycle—as iscommonly done in rating 
welding equipment for intermittent load. 
In the past, uncertainty of design has 
called for such large safety factors in 
welding equipment that the errors in- 
herent in using duty cycle as a load 
multiplier were unimportant. The ad- 
vance in the art justifies a review of this 
situation. Such a review shows that for 
periodic loads there is a more accurate— 
and, in many cases, an easier-to-use— 
method for calculating maximum tem- 
perature of the machine. 
There are two indictments against 
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duty cycle and its associated averaging 
time: 


1. It does not properly account for the 
individual heating and cooling curves. 


2. It does not properly account for the 
grouping of impulses. 


These two errors work in opposite direc- 
tions. They frequently compensate each 
other to a great degree, giving a passable 
result—which may be the reason why 
duty cycle has worked as well as it has. 

Before undertaking the mathematical 
analysis of heating under intermittent 
load, let us get a graphical picture of the 
errors in duty cycle by studying the 
temperature reached when load is peri- 
odically applied and removed. 

Individual Hit Cycles. Figure 1 
shows two temperature-time curves for 
two single hit cycles of different durations 
but the same proportion of ‘‘on”’ time. 
Contrast the maximum temperatures. 
Both cases have 33.3 per cent duty cycle, 
and, according to conventional practice, 
are considered to impose the same service 
on the equipment—which they obviously 
donot. That is the first error. 

Groups of Hits. The second weak- 
ness concerns series of time patterns such 
as Figures 2, 8, and 4. For the simplest 
case (Figure 2, an on-off routine followed 
for an indefinite time), duty cycle may 
give nearly correct answers if used within 
proper limits. But Figures 3 and 4, 
which are more nearly typical of actual 
operation because of the rests between 
limited numbers of hits and groups of hits, 
is not so well adapted to duty-cycle 
calculation. 

The trouble in this case centers about 
maximum averaging time over which load 
is to be averaged when duty cycle is com- 
puted. The maximum averaging time 
assigned to each piece of equipment* is 
intended to reflect the lower temperature 
found under intermittent load in equip- 
ment having greater heat storage. This 
intention is correct in a general sort of 
way. 

But it is a chore to use, since it is 
necessary to draw a picture of the welding 


* There seems to have been no definite method of 
specifying averaging time. One of the few state- 
ments in this regard is made by Pike and Ulrey,? 
in discussing the portion of electronic-tube rating 
that depends on temperature: ‘The period over 
which current is averaged must be short enough 
that the highest temperatures reached will not be 
in excess of that obtained if steady current equal to 
the average current rating is kept on continuously.”’ 
This really requires a different averaging time with 
each load pattern. 


Zucker—Rating of Electric Equipment 


operation? and slide a maximum averag-" 


ing time along the time axis to find the 
part of the picture that includes the most 
“on” time within the maximum averaging 
time under consideration. 

This limitation on averaging time not 
only is cumbersome, but gives inconsistent 
results. It is natural to expect that, as 
averaging time increases, duty cycle 
should decrease continuously. But it 
does no such thing! 


Figure 5 illustrates how duty cycle” 


violates the preceding expectation for the 
pattern of Figure 3 averaged over a wide 
range of averaging times. The values of 
duty cycle reach a minimum at multiples 
of six seconds, stepping up erratically 
after each multiple, preparatory to a 
swoop down to the next. An interesting 
picture, but an absurd standard by 
which to rate expensive equipment. 

Summary. We _ have, therefore, 
grounds for questioning the whole duty- 
cycle procedure. In fact, we will see 
later that: 


1. Duty cycle may be inaccurate by large 
percentages even in the simplest cases, be- 
cause: 


(a). It does not account for thé characteristics of 
heating. 


TEMPERATURE 


Figure 1. Duration of hits affects peak tem- 
perature, even though duty cycle is the same 


Curves A and B show temperature rise on one 

piece of equipment for two cases where ‘‘on”’ 

time (indicated by black bars at the base) is 

one third of total time. Because of longer 

duration on B, its temperature rise is higher 
than A 


\\ 


sain 
I 15 SECONDS 


: | 

Figure’ 2 Timing of continuous hits 
The timing is described by ‘‘on’” time 0.25 

second, and either: : 
(a). Off time=0.5 second 
(b). Total time (duration of hit cycle) =0.75 

second 

(c). Rate of hits=80 per minute 
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. (0). Its basic mathematical assumptions are cor- 
rect only in certain cases. 

2» Duty cycle and its associated averaging 
time are meaningless, inasmuch as they do 
not properly account for grouping and 
series of groups of impulses. 


In addition, the duty cycle, even in 
cases where its poor assumptions are 
acceptable, can be justified only on the 
basis of maximum temperatures reached 
—rither than any weighted average such 
as has been found necessary in rating 
other equipment.‘ At the present state 
of knowledge, this point is only academic 
in welding problems. 

Besides these scientific objections, 
there are some practical ones: cumber- 
someness of application; conflict between 
this use of the term, ‘‘duty cycle,” and the 
AIEE definition as applied to circuit 
breakers; as well as confusion in termi- 
nology between duty cycle and heating 
cycles consisting of so many (60th-of-a- 
second) cycles on and off. In an effort to 
clarify the situation, terms such as ‘‘per 
cent duty”? have been used. A change 
in nomenclature, however, is not enough: 
the procedure requires complete over- 
hauling. 


Duty Factor: Its Use and Meaning 
Fortunately, there is a duty factor 


that is not only easy to use, but flexible, 
consistent, and correct within engineering 


Figure 3. Timing of groups of hits 


Hits of Figure 2, with three-second rest after 

each group of four hits: that is, one group 

each six seconds. “‘Active’’ time includes 

four complete hit cycles, that is, 40.75 =3.0 
seconds 


Figure 4. Timing of series of groups 


Four groups of Figure 3 repeated every 

‘minute. This pattern is duplicated, starting 

at t=0, like a clock. “‘Active’’ tine=4xX 
6.0=24 seconds 
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limits. This duty factor is the product of 
a hit factor. and a group factor. The 
partial factors are found from some simple 
charts, the use and derivation of which 
will be shown. 


WORKING CHARTS 


In computing duty factor, the first step 
is to find the hit duty factor F,, as though 
hits were being repeated continuously. 
This value may be found from either 
Figure 6 or Figure 7, depending on whether 
the problem is set up'in terms of rest time 
or of total time or welds per minute. Sup- 
pose, for instance, that hits have 0.25 
second ‘‘on’’ time and 0.75 second total 
time (that is, they are made at the rate of 
80 per minute). Figure 7A shows that 


to 


DUTY, CYCLE 
eet 


l2 


6 
SECONDS 


Figure 5. Duty cycle affected erratically by 
maximum averaging time 


For the load pattern of Figure 3, conventional 
duty cycle sometimes shows big changes (a to 
b) for small difference in averaging time used 
in computation; other cases (a to d) show no 
change for large difference in averaging time. 
Duty factor avoids this inconsistency 


the duty factor for this combination is 
0.33: the answer to the case of Figure 2. 
For Figure 3, a second step is taken. 

The second step is to find a group duty 
factor F, by taking the active time as 
equal to the number of hits per group 
times duration of hit cycle. For ex- 
ample, with four of the aforementioned 
hits in a group, the active time is 4X 
0.75=3.0 seconds. Using this value, 
together with total time=6.0 seconds; 
we find from Figure 7B that the group 
duty factor is 0.55. 

The complete duty factor that measures 
the temperature to which the equipment 
will rise under this load, compared to 
what it would reach under continuous 
load, is F= F,F,=0.33 X0.55 =0.182. 

A similar computation would be made 
if rest time were used instead of total 
time. That is, for the same pattern: 


1. For hits, we have ‘‘on” time=0.25 sec- 
ond, rest time=0.5 second. From Figure 
6A, we find F,=0.33. 


2. For groups, ‘‘active’”’ time =3.0 seconds, 
rest time=3.0 seconds. From Figure 6B, 
we find F, =0.55. 
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Figure 6. Rest time versus current “‘on’’ time 

versus duty factor, showing fraction of con- 

tinuous-load temperature rise reached when 
intermittent load is applied 


A. For short periods. In welding, this 
chart usually will be used for single hits, or 
for a group of hits in pulsation welding 
Time scales may be multiplied by any factor 
provided both scales are multiplied. Duty- 
cycle scale is not changed 
For the example given in the text, a straight- 
edge is placed between current ‘‘on’’=2.5 
(that is, 0.25 times a scale multiplier of 10) and 
rest time=5.0 (that is, 0.510). Straight- 
edge then intersects duty-cycle scale at 0.33, 
which equals Fh 
This chart may be used directly for equipment 
having other heating time constants, if periods 
do not exceed ten per cent of the heating time © 
constant of the equipment involved 
B. For long periods. This chart is adapted 
to groups of hits when there is a rest while 
changing from weld to weld; or to series of 
groups when there is a long rest while work 

is being changed ; 
This chart is designed specifically for inter- 
leaved kickless cable, heating time constant= 
10 seconds. For other equipment, multiply 
time scales on chart by 10, and use them as 
(seconds duration (/) time constant in seconds) 
scales 
The group duty factor for the example in the 
text is obtained by placing straightedge be- 
tween three seconds on the “active” time 
scale and three seconds on the rest time scale. 
The straightedge crosses duty-factor scale at 
0.55 


As before, complete duty factor is 0.33 
0.55 =0.182. 

These results are for a light-duty kick- 
less water-cooled welding cable, since the 
charts are designed for equipment having 
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A. For short periods. Like Figure 6A, this 

chart is designed for fast welding operation. 

“On’’ time may be measured as either cycles 

or fractions of seconds, since the two scales 
on the “‘total-time’’ axis are equivalent 


Time scales may be multiplied by any factor, 
provided both scales are multiplied by the 
same factor. Duty-factor scale is not changed. 
For the example in the text, place a straight- 
edge between 0.25 second on the left-hand 
scale, and 80 hits per minute on the right-hand 
scale. The “‘hit’’ duty factor is found to be 
0.33, where straightedge intersects the 
diagonal scale 


This chart, like Figure 6A, may be used for 

any heating time constant, if period does not 

exceed ten per cent of the time constant of 
the equipment involved 


a time constant of ten seconds which 
these cables normally have. For other 
equipment the same charts may be used 
by changing the time scales as instructed 
on the charts. 

This procedure would be carried one 
step further if there were series of groups, 
asin Figure 4. For instance, if after four 
groups there were an interval of 36 sec- 
onds, series multiplier F, would be ob- 
tained in a manner similar to the compu- 
tation for group factor. In this case, 
F,=0.84, making the over-all duty factor 
F= F,F,F,=0.182 X0.84=0.153. 

These answers may be compared with 
Figure 5. In this case the duty factor is 
near the lowest values of ‘“‘duty cycle’; 
but this is not a generality—for in many 
cases the correct duty factor will exceed 
the duty cycle by a wide margin. 


MEANING 


The components of duty factor are 
measures of the temperature that would 
be attained if the corresponding cycle 
were to continue indefinitely. The effect 
of different degrees of continuity is illus- 
trated in Figure 8. If a given load were 
supplied continuously, temperature rise 
eventually would be 0,; if divided into 
hits, the rise would be only F,6,.  (Illus- 
tration is for pattern of Figure 2 applied 
to equipment having such thermal rela- 
tionships that under continuous load it 
takes one second for the temperature rise 
to reach one-half the ultimate value; the 
rate of rise for this load on ten-second 
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B. For long periods. This chart serves the 
same purpose as Figure 6B. It is also designed 
for kickless cable and is adapted to other 
equipment by 
1. Multiplying time scales by 10 and using 
them as (duration per heating time constant) 
scales 
2. Dividing the hits per minute scale by 10 
and using it as a (hits per minute times heating 
time constant in seconds) scale 
The example in the text is solved by a line be- 
tween ‘active’ time=3 seconds, and total 
time =6 seconds, which indicates a group 
duty factor of 0.55 


Figure 7. Rate of welding versus current ‘‘on”’ 
time versus duty factor 


equipment is too slow to permit picturing 
in space available.) But if, instead of 
being repeated continuously, hits are 
broken into groups, the group duty factor 
tells that only F,F,6, would be attained. 
Further, if there is a rest period between 
series of groups (Figure 4), we find that 
the temperature rises only to the fraction 
F, of F;,F,8,. With this clue many com- 
binations of periodic on-off patterns can 
be calculated. 


Duty Factor: Derivation 


Basic EQUATIONS 


Finding duty factor for any combina- 
tion of on-off cycles, really means to 
derive the maximum temperature under 
those circumstances. 

To do this, we start with the basic ex- 
ponential equation for temperature 
change in a single transient. The diver- 
gence of this equation from actual heating 
and cooling curves has been aired thor- 
oughly in AIEE meetings’ and else- 
where,®7.§ but still it.is the only practical 
starting point. _In fact, so many kinds of 
equipment do follow nearly exponential 
rules that perfectly satisfactory calcula- 
tions can be made in many cases, 

The expressions that have been used in 
studying the heating of power transform- 
ers and other apparatus under heavy 
load? are: 


For heating, starting from zero temperature 
rise, 0=0,(1—e ™) (1) 
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Table |. Dynamic-Equilibrium Temperature \ 
Rises 


21,000 Amperes on Light-Duty Cable for 
One-Sixth Second 


ns 


Maximum Temperature Rise 
(Degrees Centigrade) 


Hits Per Calculated by Calculated by 
Minute By Test Duty Factor Duty Cycle 
7 on 
Bos. sees LOSOU.. S.c.08: LOT 2 tenets 6.3 
6 MT Lawes. 2s LOs Oa eee 12 Y, 
For cooling 0 =0,e ** (2) 
where 


6;=final temperature expected from the 
constant heat input 

0, =initial temperature at t=(0 
@=temperature at any time ¢ 

k=0.6938T 


T=time required to produce half the 
ultimate temperature rise when load is 
applied continuously. It is called the 
“binary heating time constant.”® The. 
0.693 is simply inserted to make equations 
1 and 2 have the right values at the right 
times. 

For the present analysis, since heating 
curves seldom start at zero rise, we will 
use a more general expression* that 
covers both heating and cooling from any 
temperature (see Figure 9): 


6=0/,(1—e ™)+6,e (3) 


With this equation, we can find the 
maximum temperature rise in a given 
duty cycle, by expressing the end tem- 
perature of each successive curve in terms 


_ of its initial temperature. 


CONTINUOUSLY REPEATED CYCLES 


When a heating curve follows a cooling 
curve and vice versa (Figure 10), the 
initial value of each curve equals the final 
value of the other—that is, 0, for a heat- 
ing curve\is 0,, and 0, for cooling is Oy. 
Therefore, to find the temperatures at the 
end of the heating and cooling curves, 
we use these values for 6, in equation 8, 
inserting a for the ‘‘on’”’ time and 0 for the 
“off” time. This gives 


After heating, 0g =0,(1—e"™) +0,e ** (4) 


After cooling, 0; =6,e *° (5) 


* These equations assume that heat generated in 
the equipment is constant over the heating regime. 
This is a commonly accepted approximation for 
electric heating, close enough for most cases. When 
change of resistance with temperature causes ma- 
terial change in heat loss, or where electrical tran- 
sients cause appreciable change in heat with time, a 
more refined analysis: might be advisable. A 
partial solution, utilizing a variable time constant 
for the variable-resistance case, is made by Cooney® 
and Kennelly,5 for 60=0. \ ; 

Another assumption—common to all applications _ 
of the simple exponential equation—is that heat 
dissipated “from the equipment is proportional to 
temperature rise and that the body is isothermal. 
Otherwise, the analysis is too complicated - for 
engineering use.1! 3 

Equation 3 has been developed in many forms. — 
See, for example, reference 10. 


‘ * 
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To simplify the mathematical develop- 
ment and get usable working charts, we 
will express temperature rises as fractions 


of 6. Let 6,,/6,=H, and 6,/0;=L. 
Then equations 4 and 5 become 

Neen hen = 1 ye te) (6) 
L=He® (7) 


Ve are now ready to consider the rise 
and fall of temperature as load is applied 
and removed periodically. If we keep 
the identity of each cycle (Figure 11), the 
initial temperature for the nth repetition 
of the heating curve is the final tempera- 
ture for the previous cooling curve, Ly_1; 
the initial value for that (7—1)st cooling 
curve is the high point on the (n—1)st 


heating curve, H, 1. Thus, 
Piped tenes Te eh? (8) 
Ly3=H,1e *” (9) 


Then by combining equations 8 and 9, 


we find H,, the peak of one cycle, in 


terms of H,,_;, the peak of the preceding 
cycle: 


H,= | CRIES & GR atioe? id (10) 


Equilibrium—f that is the proper word 
to use when there is a constant variation 
over a repeated pattern—is reached when 
successive values of H and L are equal: 
that is, when we can drop the subscripts. 
Then, solving equation 10 for H, 


yen 
posers” e 
and 

_ oka 

ie (12) 


NS ae 
(ah aye ka 


e 

H is thus the duty factor F), for con- 
tinuously repeated hits, in terms of on 
and off time. To express this in terms of 
on and total times, we make the common 
(though debatable) assumption that k is 
the same for cooling and heating. Then 


7 hag— hb — pk (a+) ems 


and equation 11 becomes 
he e ka 


1 —e ke 


Rive (12a)* 


Group or Hits 


Let us now solve for the high tempera- 
tures, H, within a single group. (We 
omit low temperatures, because the high 
temperatures are generally used as a 
measure of the capacity of equipment. 


* If instead of on-off cycle, there is a high-low load 
cycle, 
1—¢-ka+ Pe -ka(] —¢~kb) 
1—e-kag—kb 

1—Pe-te—(1—P)e~ka 

SS 
1—e tke 

1—e7ka+ P(e ka —e~ke) 

s 1—e-ke 


H= 


where P is the ultimate temperature rise if the light 
load were applied continuously, divided by 6. 
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TEMPERATURE RISE 


Figure 8. Cutting welds into groups has 
important effect on temperature rise 


eThe difference is measured by the duty factors 
derived in the text 


The effect actually is more marked than this 
drawing indicates, since to get the illustration 
within limited space, the “‘on’’ and “‘rest”’ 
times were made very long in relation to the 
heating time constant of the hypothetical 
equipment involved. This makes the tempera- 
ture reach its maximum after a few hits, whereas 
in the numerical example given in the text 
the rise is so much slower that it takes six 
groups to reach 90 per cent of the final 
temperature 


If at any time it becomes advisable to 
specify an effective temperature involving 
maximum and minimum values and their 
relative durations, the treatment should 
be extended to include this effect.) We 
will find H, (Figure 11) by solving for 
each cycle in succession, starting with 
equation 8 to get the first cycle in terms 
of an arbitrary L,, then using the relation 
of equation 10, with ke substituted for 
k(a+b). 

For the first hit, 


Hy=1-—e +e z, (13) 
For hit 2, from equation 10 and 13, 
He=1—e + e712 +e L,) 

= (1 See per MOL, | (14) 


For hit 3, from equations 10 and 14, 


Hy=1—e +e ™[(1—e*) (ite) + 
ern.) 


= (1—e7*) (1te7*(1+e>) J+ 


emo) Te 


aa (—e..*4) dere) 
e K+?) (15) 
By continuing this process and compar- 
ing equations 13-15 and their successors, 
we can write the general expression 


n—1 
H, = el =u) > Cp A pg ACE (n~-1)¢) (16) 
m=0 
This can be reduced to a more usable 
form by letting a+ (n—1)c=d (see Figure 
11), and by taking advantage of the fact 
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that summation term is a geometric 
series starting with unity. The sum of 
such a series is (1—r%)/(1—7). In this 
case the ratio between successive terms, is 
e *; and N, the number of terms to be 
summed, ism. Equation 16 becomes 


H, = (1—e **)(1—e"*) /(1—e#) + 


Tce mila) 


CONTINUOUSLY REPEATED GROUPS 


The relation that has been derived for 
temperature at the end of a group and 
that at its beginning permits us to link 
groups. Consider a time interval f be- 
tween groups (Figure 12), and use sub- 
scripts d and d+1 to denote the ends of 
the last hit in respective groups, with g 
and g+ 1 marking the end of rests between 
groups. 

Then at the end of the gth cooling 


interval,the low temperature is 
Ly=Hae ™ (18) 


whereas during the active period of the 
next group, from equation 17, 
Ha+;=(1—e *)(1—e ™) /(1-e ) + 
Le (19) 
If we substitute equation 18 into equation 
19, 
Hemel er) eee 
Hye *e-** (20) 
Dynamic equilibrium comes between 


groups when Hyg=Hg+;. Since this 
value is the ratio of maximum temperature 
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Figure 9. Exponential heating or cooling 
curve 
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Figure 10. Hit cycle 
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Figure 11. Successive high temperatures in 


groups of hits 
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Figure 12. High and low temperatures in 
successive groups 


rise under intermittent load to tempera- 
ture rise under continuous load, we may 
call it F, the duty factor. We find this 
by solving equation 20, and noting from 
Figure 11 that d+f=g: 


(1 ene) @l em) 
ape SUPE FF, (21) 

Thus we have the complete duty factor. 
In computation, it may be thought of as 
having either two factors or four. If we 
use two, as was done in preparing the 
charts of Figures 6 and 7, the first terms 
in numerator and denominator combine 
to give F, the hit duty factor; the second 
terms give F, the group duty factor. Or 
the four values in parentheses may be 
taken from Figure 18 (or, for greater 
accuracy, from a modern table of ex- 
ponential functions) and combined to find 
F. 

This duty factor takes the place of duty 
cycle in the formulas for determining the 
periodic load that will heat equipment to 
its thermal limit. Thus, for example: 


F- Permissible watts loss under periodic 
load = permissible continuous loss 
4/F: Rated current under intermittent 
load = rated continuous current 


Tests on Kickless Welding Cable 


The duty-factor theory has been sub- 
stantiated by tests that checked: 


(a). The reasonableness of the exponen- 
tial-rate-of-change assumption in the case of 
kickless resistance-welding cable. 


(6). The temperature at each peak during 
intermittent operation. 


(c). Dynamic equilibrium temperatures 
during periodic operation. 


The tests were run on water-cooled 
welding cables, which are convenient for 
this* purpose because they are large 
enough to permit insertion of thermo- 
couples, and still they heat fast enough to 
give rapid tests. Kickless cables of the 
interleaved type (Figure 14) were tested 
in a public-utility laboratory, where 
facilities were available for intermittent 
loading at 21,000 amperes. The primary 
purpose was to find heat balance and 
local temperatures under various com- 
binations of current, cable shape and con- 
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Figure 13. Heating 
factor versus time 
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Values may be taken from this alignment chart, for solving equations 


For values of x lower than 0.1, 1—e~* =0.693x 


20 or 21 


re 


That is the range in which “‘duty cycle’ is accurate for continuous 


strictions, total water flow, and ratio of 
water between inner and outer passages. 
Transient and steady-state temperatures 
were read for a comprehensive selection of 
these variables. Then intermittent load 
was applied, several cases having long 
enough period to permit temperatures to 
be read after each hit (probably within 
two degrees centigrade). From these 
runs data were obtained for the checks 
previously listed. 


TESTS FOR EXPONENTIAL RATE OF 
CHANGE 


Figure 15 shows temperature-time 
curves for continuous load tests, with 
three different rates of water flow 
through light-duty cables. (Similar 
curves were obtained for heavy-duty 
cables, but are not needed for this dis- 
cussion.) The ordinate is really loga- 
rithm of (100 per cent temperature 
change), but is graduated directly in 
terms of per cent change. 

The fact that the tests produced these 
straight lines gives a sound basis for the 


Figure 14. Light-duty Rees kickless cable 
upon which tests were run 


The six component cables may be seen at the 
cut end. The three within the rubber sepa- 
rator are paralleled at the terminal cap, 
whereas the three outside the separator are 
paralleled in the base of the terminal 


A stream of water is directed down each 


cable, in such volume as to equalize the tem- 

perature between inner and outer cables. 

Temperature difference between wire and 

water is minimized by small sections of copper. 

Continual spiraling of cables assures water 

cooling near all points of contact between 
wire and rubber 


Thermocouples were placed in cables and at 

several points in terminals at water-outlet end 

of test cable. Temperatures given in other 
illustrations are hot-spot values 
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hits 


use of the exponential expression in the 
section, ‘‘Duty Factor: Its Use and 
Meaning.” 

The binary heating time constant is 
read from each curve: it is the time at 
which the line crosses the 50 per cent 
temperature value. Although further 
tests may refine the time constants, it 
should be remembered that they do not 
radically affect temperatures under peri- 
odic load. That is, a ten per cent differ- 
ence in time constant means at most a 
two or three per cent change in duty fac- 
tor. 

The data for Figure 15 were chosen 
because of their connection with the inter- 
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Figure 15. Heating curves for light-duty 
kickless cable 


Each line represents a different rate of water 
flow through the cable 


PER CENT TEMPERATURE CHANGE 
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10 20 30 | 40 
SECONDS 

Figure 16. Heating and cooling curves for 

same water flow 


For very accurate computations of duty factor, 
the difference between heating and cooling 
time constants may be recognized. In such a 
case, Figure 6 is more readily used than is 
Figure 7 " 
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mittent load tests, but they are repre- 
sentative of most results. Certain other 
data were not so accommodating, how- 
ever, and there is some indication of 
curvature in the early parts of many tests. 
More work needs to be done on this mat- 
ter, if only to determine accurate time 
constants for various conditions. 

A point that may be important is the 

i erence between heating time con- 
stants for heating and for cooling. In 
Figure 16, companion heating and cooling 
curves are shown. There is a noticeable 
difference, which seems to be consistent 
in all tests: cooling time constant is 
some 20-40 per cent less than heating 
This may be caused by a combination of 


1. Variable losses in the cable due to in- 
creasing resistance as the wires heat. 


2. The effect of difference between water 
temperature and copper temperature. 


3. The transfer of heat along the cable as 
the water travels through it. 


Strictly, this means that the cooling 
curves in Figures 8-12 should drop 20-40 
per cent faster than they do. 

For the present, however, this may be 
neglected, and the heating time constant 
may be used for both heating and cooling. 
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Figure 17. Test versus calculated hot-spot 

temperatures on light-duty Rees 267,000- 

circular-mil cable carrying 21,000 amperes 

for one-sixth second, at rates indicated on 
chart 


Then ratings obtained for a given duty 
cycle will be conservative, since the 
calculation will not take account of the 
faster rate of cooling. 


PEAK TEMPERATURES AT START OF 
PERIODIC HEATING 


In one set of tests on a light-duty 
cable, hits of 21,000 amperes 4/,-second 
duration were applied at the rate of 3, 6, 
and 12 per minute. In each case the 
temperature rose and fell according to the 
general pattern of Figure 11: and the 
high temperatures after each hit should 
follow equation 17. Test and calculated 
temperatures are compared in Figure 17, 

Similar results were obtained when the 
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THREE HITS PER MINUTE SIX_HITS PER MINUTE 


TES CALCULATED TEST CALCULATED 
MAX By Duty By Duty By Duty By Duty 
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Figure 18. Comparison of test and calculated 

temperatures onkickless cable carrying 21,000 

amperes, current ‘‘on'’ time one-sixth second, 
at welding rates noted 


rate of hits was changed without inter- 
mission, from three to six hits per minute. 


DyNAMIC-EQUILIBRIUM TEMPERATURES 


Of the three tests discussed, two were 
continued until successive peaks had 
equal values. In Table I these tests are 
compared with temperature rises calcu- 
lated by both duty-factor and duty-cycle 
methods. (The theoretical temperature 
rise for 21,000 amperes, found by methods 
beyond the scope of this paper, is 760 
degrees centigrade.) 

Since maximum averaging time for the 
cable is not known, duty-cycle computa- 
tions were made for one hit cycle. If the 
averaging time were one-sixth second 
longer, the temperatures in the last 
column would be practically doubled, 
emphasizing the arbitrary nature of duty 
cycle and averaging time. 

Figure 18 shows the tabulated results 
graphically. The agreement between 
test and duty-factor results is in marked 
contrast to the discrepancy found in 
“duty cycle.” 


» 


Conclusion 


By means of the simple charts derived 
from the duty-factor method of rating 
under periodic load, savings can be made: 


(a). In designing new equipment. 


(b). In applying new loads to existing 
equipment. 


This is in line with engineering trends to 
load everything to full capacity, but not 
beyond. £ 

The accuracy and easy application of 
duty-factor method recommend it for 
adoption, in conjunction with the heating 
time constant, as a standard method of 
rating equipment subject to intermittent 
loads. 


Appendix 


To use this duty-factor principle on other 
equipment, it is necessary to know the heat- 
ing constants. Little has been published on 
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this subject. The following have been 
taken principally from the papers listed in 
reference 4: 


Power Transformers” 


Megavolt- Time Constant 
Kilovolts Amperes (Binary) (Hours) 

Se sitters TES OIea atoterats aces ol chete re diay 

BE wsieieres S=ZOM erates cre ltaterate= 1.9 
Gein adoo as PIE omodace acne 3.0 

(lO Map eatOos DOS iste foiste tere (ovsincs 2.1 

MT itera olakesetsre yl soabaccucoage 2.6 

GOnee pocteys aromrteleae trad 2.2 

DS Bish siyavs larry BOO= ZO ssiiaerersie eae 3.0 

SNe CABIN OCHO R 2.5 

Motors 


One horsepower—23 minutes‘® 


One-half- to five-horsepower general-purpose in- 
duction—for heating 7 minutes—for cooling 35 
minutes.4¢ 


Thirty horsepower, three-phase six-pole induction, 
500 rpm, 440 volts, 25 cycles—30 minutes.5 


Fifty horsépower, direct current, four pole, 1,075 
rpm, 230 volts—21 minutes.5 


Ignitron 


Small water-cooled ignitron!9—16 seconds. 
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Tests of 230-Kv High-Speed Reclosing 
Oil Circuit Breaker 


A. C. SCHWAGER 


MEMBER AIEE 


Synopsis: The advantages of high-speed 
reclosing of transmission lines in 20 cycles 
or less are well established for voltages up 
to 1388 kv. Up to this date little information 
is available however on reclosing 230 kv 
lines in 20 cycles or less, because breakers 
have not been available for such fast opera- 
tion. This paper describes a 230-kv oil 
circuit breaker which is suitable for three- 
pole or single-pole reclosing with a reclosing 
time of less than 20 cycles. The performance 
of the breaker is established by field tests 
for high-speed-reclosing operation as well 
as for interruption of charging currents. 


N the late 1920's, the increasing demand 

for fast-clearing circuit breakers 
brought forth the development of various 
types of modern arc-rupturing devices. 
Among others, there was developed the 
expulsion-chamber arc-rupturing device! 
which now is in satisfactory opera- 
tion in thousands of breakers. The 
theory of expulsion action and the per- 
formance of the expulsion-chamber break- 
ers have been reported on frequently. 
Test on a 115-kv system showed arcing 
times of approximately 11/2 cycles at 
short-circuit capacities ranging up to 
1,650,000 kva.! Tests on a 230-kv sys- 
tem showed arcing times of approxi- 
mately 2.5 cycles at ratings up to 1,125,000 
kva.? In the middle 1930’s the prac- 
tice of high-speed reclosing was intro- 
duced and is now widely accepted. In- 
terrupting capacity tests performed on a 
69-ky system showed that the expulsion- 
chamber arc-rupturing devices gave ex- 
cellent performance in conjunction with 
high-speed-reclosing operation.* Follow- 
ing the demand for still shorter opening 
time, more recently five-cycle breakers 
have come into wide use. On highest 
voltages, particularly in conjunction 
with switching of long lines, the use of 
three-cycle breakers frequently is indi- 
cated. 

Finally the method of single-pole re- 
closing on highest voltages in recent 
years has attracted considerable atten- 


Paper 44-192, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 1, 1944; made available for printing 
July 11, 1944. 


A. C. ScHWAGER is vice-president of the Pacific 
Electric Manufacturing Corporation, San Francisco, 


Calif. 


The author acknowledges the assistance of the engi- 
neering and operations departments of the Bonne- 
ville Power Administration in the performance of 
the tests described in this paper. 
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tion. Because of the wide distribution of 
230-kv systems, it was therefore decided 
to subject a modern five-cycle high-speed- 
reclosing 230-kv circuit breaker to field 
tests, to analyze its performance generally 
and in particular with regard to the 
possibilities of developing a three-cycle 
breaker. Furthermore, it was hoped that 
the data would enable the drawing of 
conclusions as to a decrease in tank di- 
ameter, oil volume, and resulting reduc- 
tion in cost. Through the courtesy of the 
Bonneville Power Administration, the 
North Bonneville Substation and four 
generators of the Bonneville power house 
were made available for these tests. 


Description of Breaker, Operating 
Mechanism, and Test 
Connections 


BREAKER 


The breaker tested consisted of a single- 
pole unit of a 196/230-kv circuit breaker 
with its high-speed-reclosing mechanism. 
Figure 1 shows a cross section through the 
breaker, which consists of six expulsion 
chambers arranged in series supported 


Figure 1. Cross-sectional view of the expul- 


sion oil circuit breaker 
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B. Gas accumulating. 


+ 
ree eB 


by the bushings. The movable blades’ 
are fastened to a vertically rotating 
bakelite tube. These blades move at 
speeds up to 28 feet per second, and there- 
fore rapidly introduce a large break dis- 
tance. The expulsion chamber resembles 
an explosion chamber; however, it radi- 
cally differs in its action in that only 
moderate pressures are developed because 
of the provision of an expulsion port to 
the rear of the chamber. As previously 
explained,’ the gases are accumulated to 
produce a more effective gas blast during 
the period of interruption. The oil vol- 
ume within the chamber is kept small in 
order to prevent interference of large 
bodies of oil with the free escape of gases. 
However, an amount sufficient for mul- 
tiple interruptions is provided. Figure 2 
shows an expulsion chamber during the 
various stages of breaker opening. 


OPPRATING MECHANISM 


The operating mechanism is of the 
motor-wound spring-actuated trip-free 
type; its operating linkage corresponds 
to that of a solenoid control in which the 
closing coil and plunger are replaced by 
a prewound closing spring. When the 


No gas-blast action 


C. Oil in expulsion port practically re- 
moved. No gas-blast action 


D.. Expulsion port cleared. ~High-velocity 
gas blast through the arc 


Figure 2. Operation of expulsion chamber 
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breaker is in the closed position, the 
closing spring also is wound and in case 
of opening of the breaker is available 
immediately to initiate the reclosing 


operation. Figure 3 shows the control 
applying to the breaker under test, the 
largest one of a line ranging from 7.5 
to 230 ky. Figure 4 is a schematic dia- 
gram of the sequence of operation. The 
mechanism power is transmitted through 
a horizontal rotating shaft to the indi- 
vidual breaker poles and in each is trans- 
formed into the vertical breaker-shaft 
motion by means of a bevel link, which 
provides a toggle in the closed position, 
assuring perfect contact at all times. 
During the opening or closing opera- 
tion each blade provides a break of 24%/, 
inches, the total with six breaks amount- 
ing to 1481/,inches. During the reclosing 
operation the blades open to the full dis- 
tance of 243/, inches each, insuring re- 
liable and unimpaired performance dur- 


Figure 3. Operating 
mechanism 


ing the first opening of the series. This 
feature is made possible by the high speed 
of blade travel. In order to obtain data 
concerning the required blade speeds for 
five-cycle and possibly three-cycle break- 
ers, the test-breaker operating mecha- 
nism was provided with various spring 
combinations, giving operiing velocities 
of from 18 to 28 feet per second. When 
connected to a three-pole breaker, the 
opening time (trip coil energized to arcing 
tips separate) amounts to 2.5 cycles or 
less; however, becatise only one pole was 
tested, a reduction in initial spring 
pressure was made, increasing the open- 
ing time to approximately three cycles. 
The reason for this is that the accelerating 
forces upon the trip levers also are re- 
duced, increasing the time for the blades 
to proceed to the stationary-contact 
arcing tips. This deviation from three- 
pole oil-circuit-breaker conditions was 
of no consequence since the primary pur- 


pose of the test was to obtain arcing-time 
data. Opening times are determined 
readily by factory tests. 


Test SETUP 
System connections and power sources 


1. Single-phase short - circuit - to - ground 
opening and reclosing tests: two or four 
60,000-kva generators feeding through trans- 
formers of corresponding kilovolt-amperes 
over one mile of 230-kv line. Voltage-re- 
covery rates regulated by switching on or 
off 1383 miles of 230-kv idle line. 


2. Interruptions of line-charging-current 
tests: The 230-kv system charging 133 
miles of 230-kv line. Tests were single pole, 
the other two phases being opened a few 
cycles before, simultaneously, or a few 
cycles after the test oil circuit breaker. 


Equipment 


A seven-element magnetic oscillograph 
was used to record all 60-cycle data, and 
the oil-circuit-breaker arc-tip position 
and opening travel. The arc-tip indicat- 
ing contact was mounted directly on the 
oil-circuit-breaker rotating unit, eliminat- 
ing any backlash and having entirely 
negligible deflection due to inertia effects. 
Switching voltages were measured by two 
methods. A sphere gap connected 
through a capacitance divider to the bush- 
ing capacitance tap, or a cathode-ray 
oscillograph similarly connected and fed 
through a concentric line. The latter 
was calibrated by over-all tests between 
one megacycle and 60 cycles and showed 
negligible distortion and attenuation in 
this range. 


Breaker Tests 


Tests were conducted during December 
1943 and January 1944. Table I gives 
data on open and high-speed open-close— 
open shots. 

Tests 1, 2, and 3 establish an arcing 
time of 1.8 cycles maximum for current 
values of around 870 amperes. Since the 
breaker rating of 2,500,000 kva corre- 
sponds to a rated interrupting current of 
6,300 amperes, it can be seen that the 
breaker is capable of interrupting short- 
circuit currents considerably below 25 
per cent maximum rating with an aver- 
age arcing time of but 1.2 cycles. 

Tests 13, 14, and 26 establish a maxi- 
mum arcing time of 1.4 cycles for cur- 


Table I. Short-Circuit Open and High-Speed Open—Close—Open Tests 
Kv to Opening Total De- Kva 
Test Number Ground Number of 133 Miles Speed, Rms Time ener- Interrupted, Cold Gas, 
December 19, Before Test; 60,000-Kva of 230-Ky Ft Per Amperes to Arcing ~ gized Equivalent Generated 
20, 1943 Duty Cycle Phase C Generators Line Sec Interrupted Clear Time Time 3 Phase Gallons 
LA 
1A. aan COT Benen Arto nce LA Sie aatenesccriave TATA Oe Onin Sia wists che SOOkr wes B59 mice UO atta cttsie hater ctetors 364,000 ....No record 
Deir sir, chive se Oper Kaneko ee ered Teas elec ae PAA Rented Ce) ee eee IRS Aor TAOS Sia an CO Ce AE) Aieigsiere bom Shaavs Acie tis 375,000 ....0 
BMS Tien icc CEI er ier rats AA ene eiiate wre Di hie, sre eh ier On iss ut DRT ad arcs SMO mls « Os Okaie- 8 OR Tierehore phen tere ere 375,000 ....0 
3G Se ORI ee OUR Pacarte ese ioare TRY SAR oom Rte bit CAT Be fin os OES hie ameara ra DS Nos elec LOU Osis BED ae sore eA toraitteti etait mitt 766,000 ...:11/s 
Ree Se eg CO a Meats L8See Mais tine AO oi SOAS ot OSE reir et DENTS Me Sy 1,860. Pet Ans liate gate ate Lier eysuncate Mbmeehs cernleeoye se 742,000 .... 1/2 
Ist opening ...... ISG trusses errs 2 St cache RAS Baas Oia eeere aie Daher ress 1,900. ete Dre Lae see gh ee cte ot stig ats 775,000 1 
OE ses Ee) tod RS Fie pre eMtam erty. fa os co ne! era ae Ohi eee ost. ROTO GME kate 0.5 (enn A acl proces 
O—Open. OCO—Open-—close—open. 


_ All times are in cycles at 60 per second. 
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Table Il. 


Single-Phase Line-Charging-Current Interruption Tests 


Line Kilovolts to Ground 127 to 130 Rms Amperes from 70 to 105 


Backup OCB Phase 


Ratio of Phase C 


Maximum Voltage to 


Normal Crest— 
Does Not Exceed 


Test Resistors A and B Open 
Number Opening Across Before or After Cycles Number By By 
and Speed, Expulsion Phase C of Test of of Cathode-Ray Spark 
Date Ft Per Sec Chambers OCB, Cycles Arc Restrikes Oscillograph Gap 
December 
19, 1943 
TS eE cites 2S AEE ete NOLey: da.c 2 see Ob2  DOIOrGa sass as VO tke sevcteyete 1 
PGi. eet Dey Sees NO\cncnd is S. Siafters week. ORE eres Roc 1 
Bey ietas he OTS aR ae = INO ietaone eat 10.1 before.:..... eo Focvageie oi 1 
Nook tare ccis PA ee a UNO naratrcias foraee 11 .3before.. 5... OFT rasta « 0 
NOS. else LO ae leiieinte sare NO. aGw aes ee LSS before... 5 j Leal ERG 5 Serco 1 
20.. 2d mies Not soe esis 0.7 before....... Be SeT ponta eta relic 2 
Pe A OEY ee RCO cee INGO Ae eeaiaisiese 1.3 before....... DAZ) Arcs taranate 1 
UX omy ton 242 eee INO! Sieh a care os 3.4 before....... i Ue Des Utne 1 
OS ae ere DAT eae INO Rie Sirs 1.7 before... .... MRD evan re oie 1 
BAS SOIR Ee 5 ee TOD INO) F's Sreuam els 0.7 before...... UA SS occ 1 
January Line 
9, 1944 Bus Side Side 
{aor VAS SCR oo VOSS okt Sai sterels 0.0 before.:..... LOE vee tetee Osan ne nee eZ Ae warcremets 1.36 
ee ee ieie Sao ve avert ctehacs WES sare ates 4.4 before....... VIER ed senor Dial ares tgsorrd Wi. 2, Fate catatciele 1.36 
pearance mavens 28 yagi Wied Se actarereiata 0.8 before....... PINs oats Oc Peiatereanteyees J Ao mie atate en 1.36 
A eee peels On tnieloiare MeSae anette 0.5 before....... SIU ors cae IOmictevelewintete DZ peiceysrecntere 1.36 
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All times are in cycles at 60 per second. 


rents above 25 per cent of full breaker 
rating for operating speeds as low as 23 
feet per second. Since no lines were con- 
nected during these tests, the rates of rise 
of recovery voltage were high, and the 
tests represent a condition more severe 
than can be expected during normal 
operating conditions. The maximum cur- 
rent interrupted is considerably below the 
rated interrupting current; however, pre- 
vious published tests on a 115-kv system 
up to 10,000 amperes have established the 
fact that the arcing time decreases with 
increasing current. This decrease in arc- 
ing time is due to the fact that higher 
currents generate gases at an increased 
rate, producing a more effective gas-blast 
action. Important loads precluded the 
possibility of tests including the entire 
system. However, since the performance 
of the expulsion chambers at higher cur- 
rents is so well established, it may be 
assumed that such tests could not but 
conform, 

Test 26 represented by oscillogram, 
Figure 5, gives performance under high- 
speed-reclosing conditions. The reclosing 
time amounted to 17 cycles, the de- 
energized time to 13 cycles. The first 
interruption occurred with an arcing 
time of 1.4 cycles, the second one with an 
arcing time of only one-half cycle. 

Much effort has been spent in recent 


- years to produce rupturing devices for 


high-speed-reclosing oil circuit breakers 
with the purpose of reducing the arcing 
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* Arc tips part to final clearing. 


OCB—Oil circuit breaker. 


time of the second interruption to that of 
the first one. In considering the expulsion 
chambers, it could be assumed that a 
definite amount of time is required for the 
chamber to recover its interrupting abil- 
ity. However, since these chambers are 
operating on the gas-blast principle and 
require but a small amount of oil for each 
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interruption, and since a liberal amount 
of oil is present in the expulsion chamber, 
it can be anticipated that the chamber 
requires no recovery time at all. This 
assumption is verified by the short arcing 
time of only one-half cycle during the 
second opening. 

During all the aforementioned tests, 
the vent pipe was completely closed off by 
a deflated paper bag. The amount of 


inflation of this bag represents a simplé | 


means of approximating the volume of 
gases produced during each interruption. 


Figure 4. Operating-mechanism linkage 


A. Breaker closed 

Closing spring and opening spring charged, 

ready for trip, immediate reclose, and second 
trip cycle 

B. First opening 

Trip-coil plunger trips trip toggle which starts 

resetting as soon as pin A of main linkage has 

cleared prop. Opening spring opens breaker 

and brings pin A into vicinity of closing lever 

which is released by means of closing-coil 
plunger 

C. Closing 

Upon release of closing lever (Figure 4B), 

breaker is closed and prop engages pin A. 

Trip coil is again energized and plunger breaks 

opening link which resets as soon as pin A 

has cleared prop and paw! on closing lever 


D. Second opening 

Breaker opens as in Figure 4B, and motor limit 

switch energized turning crank one revolution, 

resetting closing lever on closing latch and 
charging spring 


When breaker is closed and remains closed, 
motor again turns crank one revolution, 
bringing control to original position, Figure 
4A, ready for immediate-reclosing cycle 
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INST. VALUES. 


Figure 6. Magnetic oscillogram of charging- 
current interruption, test 15, December 19, 
1943 


As can be seen from the last column 
of Table I, the maximum amount 
was 1!/, gallons. The inflation of this 
paper bag was the only visible evidence of 
the interruption; no disturbance was 
noticeable during any of these tests. 


Charging-Current-Interruption 
Tests 


During these tests, one phase of a 
three-phase line charged by the sub- 
station bus was opened by the test 
breaker; the other two phases were 
opened a few cycles before, simultane- 
ously, or a few cycles after by a station 
breaker. . 

It has been recognized for a long time 
that the interruption of charging currents 
of long transmission lines represents the 
severest duty that can be imposed upon 
a circuit breaker.t The theory of re- 
strikes and the subsequent building up of 
high overvoltages has been reported upon 
in detail® and requires no further dis- 
cussion here. Recent investigations show 
that breakers equipped with most modern 
arc-rupturing devices can produce over- 
voltages in excess of 41/2 times normal 
voltage, because of multiple restrikes, 
and that these voltages can be reduced 
to harmless values of twice normal voltage 
by the provision of resistances across the 
interrupting devices.® 

Accordingly, parallel resistances of 500 
ohms were built for installation across 
each of the sixexpulsion chambers. Tests 
were performed with and without resist- 
ances; in addition, the opening speed was 
varied. Table II gives the results of 
the charging-current-interruption tests. 

Of interest is the very short arcing time 
without use of resistances and its in- 
crease with decrease in opening speed, 
At 28 feet per second speed, without re- 
sistances ‘the number of restrikes was 
limited to one, at 24 feet per second two 
restrikes occur in one case out of 5, and at 
18 feet per second the maximum number of 
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restrikesamountsto3. Resistanceselimi- 
nate the restrikes except for small 
suppressed restrikes, but result in an 
increase in effective arcing time to values 
as high as 3.3 cycles against a maximum 
time without resistances of two cycles. 
Voltage measurements by cathode-ray 
oscillograph and spark gap show a maxi- 
mum possible value of 1.36 times normal 
voltage. No voltage records were taken 


during the December 19 test; however, - 


since the highest voltages .are likely to 
occur at the lowest operating speeds and 
corresponding maximum number of re- 
strikes, it is felt that the omission is not 
important. The behavior of the expul- 
sion chamber in interrupting charging 
currents in such short times without the 
use of resistances or other auxiliary de- 
vices seems to justify a detailed study of 
the causes of this unusual performance. 

Considering the mechanism of genera- 
tion of overvoltages by the restrikes,. it 
may be proved that to prevent such over- 
voltages the reignition voltage should be 
less than the normal line-to-ground volt- 
age. Since the voltage builds up to the 
normal value within one-quarter cycle, 
the current-zero period should be one- 
quarter cycle or less. Only those restrikes 
in which the current-zero interval exceeds 
one-quarter cycle will cause overvoltages. 
Numerous successive delayed restrikes 
with current-zero intervals of less than 
one-quarter cycle are therefore harmless, 
as is evidenced by operating experience 
on numerous plain-break breakers known 
not to produce harmful overvoltages. 

An arc-rupturing device therefore 
should have a very ‘low dielectric-re- 
covery rate, permitting restrikes within 
less than one-quarter cycle after current 
interruption until such time that the 
device is capable of withstanding full 
voltage. Since in the gas accumulation 
period, the expulsion chamber constitutes 
a plain-break switch and since in the 
low-current range this period amounts to 
approximately one cycle, an early and 
harmless restrike can be expected. After 
this period the gas-blast action starts and 
causes final interruption of the arc at the 
next current zero. 

Figure 6 shows an oscillogram of the 
interruption corresponding to test 15, 
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December 19, at a speed of 28 feet per 
second. A restrike occurs in less than 
one-quarter cycle after the first current 
zero to be followed by final interruption. 
Similar performance with not more than 
one restrike was obtained on all inter- 
ruptions with a speed of 28 feet per sec- 
ond. Opening speeds of 24 feet per second 
as shown from test 20, December 19, 
can produce two restrikes of which the 
second one can be preceded by a zero- 
current interval in excess of one-quarter 
cycle. However, even if the delay 
amounts to the critical one-half cycle 
period, the theoretical voltage cannot 
exceed three times normal line voltage. 
Actual voltage measurements during 
operations with opening speeds as low as 
18 feet per second and a maximum of 
three restrikes did not indicate any ap- 
preciable overvoltage. 

The expulsion-chamber breaker, when 
operated with speeds above 24 feet per 
second, interrupts charging currents with- 
out producing overvoltages. Operation 
at lower speeds, although theoretically 
capable of producing overvoltages of 
three times normal, does not produce 
harmful values. 


Conclusions 


1. The expulsion-chamber rupturing de- 
vices are capable of interrupting short cir- 
cuits on a 230-kv system in less than 1.5 
cycles, making expulsion oil circuit breakers 
having an interrupting time of considerably 
less than five cycles a possibility. 


2. Successive interruptions during high- 
speed-reclosing operations with only 13 
cycles de-energized time are handled without 
difficulty by the expulsion chamber. 


3. The expulsion chambers are suited 
ideally for the interruption of charging cur- 
rents. The arcing times are small, and no 
harmful overvoltages are produced. Paral- 
lel resistances can be applied to expulsion 
chambers; however, they produce no im- 
provement in performance. 


4. The motor-wound spring-actuated oper- 
ating mechanism produces reclosing speeds 
not heretofore reached and permits full 
opening of the breaker during all reclosing 
operations. 
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Operation of Low-Pressure i 


Gas-Filled Cable 


C. T. HATCHER 


MEMBER AIEE 


INCE 1938 low-pressure gas-filled 

cable has been the source of con- 
siderable discussion before meetings of 
the Institute and other technical asso- 
ciations. Papers presented by Shanklin 
in 1939! and 1942? and an unpublished 
paper by Del Mar and Gambitta in 1943 
discussed the theoretical aspects of a 
cable utilizing gas as pressure medium 
and presented extensive laboratory test 
data on the expected life of this type of 
cable. From these data it was indicated 
that if low-pressure gas-filled cable is 
operated at an average stress of less 
than 75 volts per mil and at a minimum 
gas pressure of ten pounds per square 
inch satisfactory operation may be ex- 
pected. 

Theories and laboratory test data are 
not always sufficient to establish a fact 
and they should be substantiated by 
actual field data whenever possible to 
prove the theory. It is intended in this 
paper to present factual data on the 
actual operation of low-pressure gas-filled 
cable of various types on the system of the 
Consolidated Edison Company of New 
York, Inc. Operating experience data 
in the report are divided into (1) sheath 
experience and (2) electrical quality of 
the insulation of cable removed from 
service. 


History of Installation 


In view of the satisfactory operation of 
oil-filled feeders installed in 1927 and 
1929 where for the first time complete 
sheath supervision was obtained, it 
seemed apparent that if supervision could 
be maintained over the lead sheaths of 
solid-type cables a large percentage of 
electrical failures could be eliminated. 
The low-pressure gas-filled cable de- 
scribed by Shanklin in his 1939! paper 
appeared to offer a satisfactory solution 


Paper 44-134, recommended by the AIEE com- 
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to this problem of sheath supervision, for 
feeders operating at medium voltages, 
such as 15,000 volts and 27,000 volts and 
in addition appeared to provide greater 
stability against ionization. With this 
type of cable, positive pressure could be 
maintained within the cable thereby re- 
ducing the possibility of water entering 
the cable in the event of sheath or joint 
defects and providing a means of indi- 
cating when sheath or joint defects oc- 
curred. 

In order to obtain information on actual 
field operating conditions there was in- 
stalled on the Consolidated Edison sys- 
tem during the year 1938 approximately 
20,000 feet of three-conductor 800,000- 
circular-mil 15,000-volt low-pressure gas- 
filled cable. The operation of the initial 
1938 installation was followed closely in 
the field and the results obtained ap- 
peared to check factory laboratory re- 
sults. To obtain additional information 
on this low-pressure gas-filled cable at 
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Figure 1.. Typical installation of gas-filled 
cable at generating stations 
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Figure 2. Typical installationof gas-filled — 


cable at generating stations 


Connection of gas-filled to solid-type cable 
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Figure 3. Connection of solid-wall tubing to 
joints and terminal 


higher operating voltages, there was in- 
stalled during 1939 approximately 8,000 
feet of three-conductor 500,000 circular- 
mil 27,000-volt cable. 

The construction program for the year 
1940 involved extensive feeder rearrange- 
ments around several generating stations 
and the installation of additional 27,000- 
volt feeders between generating stations. 
The information which had been ob- 
tained from the 15,000-volt cable in- 
stalled during 1938 and the 27,000-volt 
cable installed during 1939 indicated 
that the low-pressure gas-filled cable 
would be a desirable type of cable for 
the new cables required at he generating 
stations as it was desired to obtain cables 
where supervision could be maintained 
over the lead sheaths. The cables re- 
quired for station lengths at the generat- 
ing stations were of the single-conductor 
type so as to obtain phase isolation in 
accordance with our standard practice 
in generating stations. The cable manu- 
facturers were approached at this time 
as to the possibility of obtaining single- 
conductor low-pressure gas-filled cables as 
all of the past experience had been ob- 
tained on three-conductor gas-filled cable. 
Agreement was reached on the type of 
single-conductor cable to be used for 
low-pressure gas-filled cables and our 
requirements for the feeder rearrange- 
ments at the generating stations were 
purchased as low-pressure gas-filled cable. 

All of the low-pressure gas-filled cable 
installed on the system between 1938 
and 1940 was in relatively short runs, the 


t 


Figure 4. Provision of gas space in single- 
conductor cable by use of fluted lead sheath 
or button-embossed spacer tape 
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Table |. Cable Operating Under Nitrogen 
Pressure (13 Pounds Per Square Inch) on 
System of Consolidated Edison Company of 
New York, Inc., and Affiliated Companies 


Cable Feet as of June 1, 1944 


Size, 
Number Thousands 
of of Rated Voltage 
Con- Circular wo 

ductors Mils 27 Ky 15 Kv Total 
TAOOs ap 1,200 
..80,000.... 39,650 
. 7,400... .. 8,900 
rant esr 38,625 
49,800 49,800 


49,775. .88,300,...138,075 


maximum length being approximately 
two miles. Runs of this length pre- 
sented no serious difficulty in maintaining 
proper gas pressure along the entire run 
of cable with one point of supply. In 
1941 it was decided to install a feeder 
from one of our generating stations toa 
substation approximately six miles away. 
Three-conductor 800,000-circular-mil 15,- 
000-volt gas-filled cable was purchased 
and installed for this feeder and a single 
point of supply was provided for main- 
tenance of gas pressure. 


Types of Cable and Cable 
Arrangements 


As of June 1, 1944, the total amount of 
low-pressure gas-filled cable installed on 
the system is as shown in Table I. 

As indicated in Table I several sizes 
and types of cables have been used. In 
general it has been necessary to use 
several different sizes of single-conductor 
cable at generating stations in order to 
make optimum use of existing ducts, to 
obtain space for terminations, and to 


4134-5 ~ 


SOLID-WALL 
TUBING 


SEMISTOP —_»| 
BUSHING 


TO GAS SUPPLY 


Figure 5. Three-conductor compound-filled 
terminal for use on gas-filled cable 
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utilize existing solid-type cables. No 
difficulty has been experienced in using 
gas-filled cable for paralleling lengths 
of cable, connecting a large single-con- 
ductor cable to several smaller cables, or 
connecting to solid cables. Typical in- 
stallations of gas-filled cable at generating 
stations and connections to solid cable are 
shown on Figures 1 and 2. 


Method of Installation 


The three-conductor cable which was 
installed during 1938 was manufactured 
with three spiral tubes in the interstices. 
Due to oil drainage from the paper in- 
sulation, oil slugs were formed in the 
spiral tubes causing partial blockage of 
the channel spaces and preventing free 
flow of the nitrogen gas along the entire 
length of the feeder from the one point 
source of supply. On all subsequent 
three-conductor cable which has been pur- 
chased, a solid-wall copper tube for one 
of the three gas channels has been speci- 
fied. This solid-wall tube is connected 
into each joint in a manner which pre- 
vents the entrance of cable compound 
into the tube and supplies a point of 
feed to the cable as shown by Figure 3. 
This method provides a gas supply mani- 
fold along the entire route of a feeder 
since the source of gas supply, namely, a 
cylinder of nitrogen, is connected to a 
terminal or joint where the solid-wall tube 
ends. This type of construction provides 
continuous supply of gas to every indi- 
vidual joint and tends to maintain uni- 
form pressure along the line. 

In single-conductor gas-filled cable, 
channels for the flow of gas were ob- 
tained by two methods: (1) the applica- 
tion of a button-embossed copper tape 
between the cable core and the lead 
sheath, and (2) by the use of fluted lead 
sheath. Figure 4 shows the two types of 
construction of single-conductor cable. 

At the time of the installation of the 
original gas-filled cables at the generating 
stations, gas-filled terminals were not 
available. Development work had not 
progressed to the point where manu- 
facturers were willing to guarantee clear- 
ances within the terminals with only 
nitrogen gas as a filling medium. In 
order to carry the gas-filled cable into 
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Figure 6 (left). Single-conductor compound- 
filled terminal for use on gas-filled cable 


Figure 7 (right). Single-conductor gas-filled 
solder-seal terminal for use on gas-filled cable 


terminals a standard-type terminal was 
used with a semistop feature incorpo- 
rated in the wiping sleeve of the terminal. 
The semistop feature was installed to 
prevent the fillmg compound within the 
terminal from flowing into the gas-filled 
cable. This semistop feature did not in 
all cases prevent the gas from entering 
the terminal after it had been completely 
installed. All of the original terminals 
which were used were of the normal 
gasketed type. Figures 5 and 6 show the 
terminals used for three-conductor and 
single-conductor cable with the semistop 
features which were incorporated in the 
wiping sleeves. Considerable difficulty 
was experienced with leaks at the gas- 
kets in these terminals. Terminals which 
were initially tight developed leaks after 
the gaskets had been subjected to work- 
ing when the cables were loaded. In 
order to eliminate this source of trouble 
development work was continued by 
the manufacturers on gas-filled terminals 
with the final result that there became 
available gas-filled solder-seal-type ter- 
minals which eliminated all gaskets. On 
recent installations of single-conductor 
gas-filled cable at stations, this type of 


Table Ill. 


terminal has been used. Figure 7 shows 
such a gas-filled terminal. 


Types of Installations 


There are now in service on the Con- 
solidated Edison system 21 feeders which 
are composed in part-of gas-filled cable. 
The feeder which includes the longest 
continuous run of gas-filled cable is one 
which operates at 13.2 kv and is com- 
posed of three-conductor 800,000-circu- 
lar-mil cable extending a distance of ap- 
proximately 33,000 feet from a point near 
the Sherman Creek generating station to 
the Columbus Avenue substation of 
The Yonkers Electric Light and Power 
Company in Yonkers, N. Y. 

Another feeder 7,500 feet in route 
length is composed of three legs of 27-kv 
cable from the East River generating 
station to a submarine crossing across 
the East River. There are also two three- 
conductor 27-kv feeders approximately 
5,600 feet in length which extend from 
the Hell Gate generating station to the 
Queens district. These two feeders are 
installed through a tunnel underneath 
the East River and have vertical riser 
lengths of approximately 250 feet at each 
end. Most of the remaining 17 feeders 
have relatively short sections of gas- 
filled cable adjacent to the stations which 
is predominantly single-conductor cable. 
Because of this use as station legs there is 
a considerable number of terminals in 
proportion to the length of cable involved. 
Figure 8 shows a typical profile of one of 
the feeders and Figure 9 shows the pro- 
file of a feeder through a tunnel. 


Operation 
MECHANICAL TROUBLE 


Gas leaks have developed from time to 
time in the cable joints and terminals. 
In general, with one outstanding excep- 
tion, it can be said that leaks have de- 
veloped shortly after the cable has been 
placed in operation, as defective wipes, 
tubing connections, and terminal gaskets 
or seals are most apt to begin leaking as 
soon as cable movement occurs due to 
loading. 

Very fast leaks due to bull-pointing the 
sheaths, and very minute leaks have been 
experienced. In all cases it has been 
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Cable 
Failures Removals Failures 
2 Rate Per Rate Per Rate Per 
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Figure 8. Portion of profile of three-conduc- 
tor 800,000-circular-mil 13.2-kv gas-filled 
feeder 
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Figure 9. Profile of three-conductor 500,000- 
circular-mil 27-kv gas-filled feeder installed in 
tunnel under East River 


possible to maintain gas pressure until 
the leak has been found and repaired. 

The approximate location of leaks is 
normally determined by the pressure- 
drop method; that is, a fixed pressure is 
maintained at both ends of a known run 
of cable and pressure is measured at the 
intervening joints. The point of lowest 
pressure is the approximate location of 
the leak. The application of liquid 
soap to all exposed parts of the system at 
this location will then reveal the actual 
point of leakage if it is outside of the 
conduit run. In order to reduce the time 
required to locate a leak on a long run of 
three-conductor cable, gas-flow direction 
indicators are permanently installed at 
specified intervals so that the direction of 
gas flow past these points can be deter- 
mined. ; 

The indicator consists of two glass jars, 
each filled half-way with a light cable oil 
and sealed gas tight with a metal cover 


ft. 
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Figure 10. Installation of gas-flow directio 
indicators on three-conductor cable for loca- 
tion of gas leaks 
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Table IV. Operating Record of Solid-Type and Gas-Filled Cable Combined 
Three-Conductor and Single-Conductor, 15-Kv to 33-Kv, Two Years Old in Year Shown 


(Assuming Failures Had Resulted From One-Half the Gas Leaks) 


Cable Joints 
Failures Removals Failures 
Rate Per Rate Per Rate Per 

Mile- Num- 100 Mile- Num- 100 Mile- Joint- Num- 1,000 Joint- 
Year i Years ber Years ber Years Years ber Years 
1941..... GIO Ps) tenses Jeanie cic (ORE ihe utoee Oi are Seat otgage QO. One iorcate 4,454...... Des revoui chesi outer 2.5 
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and gasket. The two jars are con- can be determined by operation of the 


nected in series and are inserted in the 
solid wall gas tube of the cable at a joint 
location. Under normal conditions when 
there is no flow of gas in the cable the oil 
in the two glass jars remains at the same 
level. When there is a flow of gas due to 
a leak gas will flow from the supply tank 
into the indicator forcing all of the oil into 
the glass in the direction of the leak. 
The direction of gas flow is also indicated 
by bubbles rising to the surface of the 
oil in the jar in the direction of the leak. 
The indicator and a typical installation 
are shown in Figure 10. With this 
method a-leak can very readily be located 
between two indicator locations and the 
pressure-drop and liquid-soap method 
used for definite location within the 
section. 

On the installations of parallel lengths 
of single-conductor cable at generating 
stations the gas supply from a common 
tank to individual cables has been carried 
through valves. When a leak is indi- 
cated by loss of gas from the tank the 
particular length of cable which is leaking 
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Figure 11. Power factor and dielectric loss at 

27 kv of three-conductor 500,000-circular-mil 

_ gas-filled cable before being placed in service 

and after one year of operation as generating- 
station tie feeder 


Ten pounds per square inch nitrogen pressure, 
995-mil insulation 


Solid curves—Before placing in service 


Dashed curves—After one year in service 
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valves. 

In very serious cases of sheath rupture 
it has been possible to maintain gas pres- 
sure and continue operation of a feeder. 
The 13.2-kv Sherman Creek feeder pre- 
viously referred to as being the longest 
run of gas-filled cable was placed in 
service in October 1941. Prior to 1943 due 
to system operating conditions it carried 
little or no load. During 1948 it became 
necessary to load the cable to its normal 
load for approximately 20 hours each day 
with very light loads for the remaining 4 
hours. With this load cycle, movement 
of cable in the manhole occurred and due 
to cable arrangement in the manhole the 
sheath was buckled and cracked. 

Subsequent to finding the first sheath 
breaks a survey was made of the man- 
holes and it was found that in 74 per cent 
of the manholes inspected the cable 
sheath was buckled adjacent to the joint 
wipe. Breaks have occurred in these 
buckles in approximately one-fourth of 
the manholes. The same sheath failures 
would have occurred in solid cable of the 
same conductor size installed under the 
same conditions and would without doubt 
have been responsible for a number of 
electrical failures. 

The leaks have been found by the 
methods previously described and repairs 
have been made by patching the sheath 
before any known water was admitted. 

A summary of all leaks which have 
occurred on all of the gas-filled cable 
installed on the system is shown in Table 
II. The types of leaks which have de- 
veloped do not indicate that any particu- 
lar type) of cable is more or less sus- 
‘ceptible to trouble than any other type. 

Of the four leaks noted in the table 
as being in cable sections, one was cattsed 
by bull-pointing and was repaired in place 
without removing the cable; another 
necessitated cutting the cable at the 
point of leakage and replacing a short 
section of cable, while the remaining two 
leaks which were caused by foreign mat- 
ter in the ducts required the replacement 
of the sections, 


ELECTRICAL TROUBLE 


Only one electrical trouble has oc- 
curred on the gas-filled cable. This fault 
was a test failure on a single-conductor 
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15,000-volt cable which had been severely 
damaged during installation. Examina- 
tion of the fault indicated that approxi- 
mately half of the paper tapes had been 
broken and torn by a severe twist and 
failure occurred at the point of broken 
tapes when a proof test was applied prior 
to placing in service. 

No service failures have occurred in 
any of the 138,000 feet of gas-filled cable 
installed on the system. 

That electrical failures could have been 
expected on this amount of cable, had it 
been of the solid type instead of gas 
filled, is indicated by the data contained 
in Table III. This table gives the failure 
rates in 1940, 1941, and 1942 of solid- 
type cable of comparable voltage rating 
which was two years old in those years. 

For purposes of comparison Table IV 
shows for 1941 and 1942 the estimated 
failure rates which would have obtained 
if gas-filled cable had not been used and 
one half of the gas leaks found in cable 
sections and joints had resulted in failures 
during this two-year period of operation. 
That none of the gas leaks did cause fail- 
ures may be attributed to the advantage 
of sheath supervision whereby sheath 
breaks are quickly discovered. 


Electrical Characteristics 


Manufacturers’ laboratory test data 
have indicated that ionization will not 
take place in gas-filled cable if it is oper- 
ated below an average stress of 75 volts 
per mil and with a minimum gas pressure 
of 10 pounds per square inch. All gas- 
filled cable operating on the Consolidated 
Edison Company system is supplied 
normally with gas at 13 pounds per square 
inch pressure and in case of a leak the 
pressure may drop to a minimum of 8 
pounds per square inch for a short period 
of time. 

The average stress for the cables ranges 
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Figure 12. lonization at room temperature 

of three-conductor 500,000-circular-mil 27-kv 

gas-filled cable after one year of operation as 
generating-station tie feeder 


Ten pounds per square inch nitrogen pressure, 
995-mil insulation 
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Figure 13. Power factor at 15 kv of three- 

conductor 800,000-circular-mil gas-filled cable 

before being placed in service and after 
approximately five years on the system 


16 pounds per square inch nitrogen pressure, 
150-mil insulation 
A—Before placing in service 
B—After 15 months loaded, 17 months dead, 
and 27 months loaded 


between 39 volts per mil as a minimum 
and 68 volts per mil as a maximum. In 
order to determine if any ionization is 
taking place two sections of cable have 
been withdrawn for measurement of 
power factor and losses and for a visual 
examination of the papers. 


0.8 $/34-14 


IELECTRIC LOSS — WATTS PER FOOT 
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Figure 14. Dielectric loss at 15 ky of three- 

conductor 800,000-circular-mil gas-filled cable 

before being placed in service and after 
approximately five years on the system 


16 pounds per square inch nitrogen pressure, 
150-mil insulation 
A—Before placing in service 
B—After 15 months loaded, 17 months dead, 
and 27 months loaded 


792 TRANSACTIONS 


FPO os 


= 
AFTER 15 MONTHS LOADED 


17 MONTHS DEAD, AND 
27 MONTHS LOADED 


POWER FACTOR AT ROOM TEMPERATURE — PER CENT 


) 20 40 60 80 100 
AVERAGE STRESS — VOLTS PER MIL 
Figure 15. lonization at room temperature of 


three-conductor 800,000-circular-mil 15-kv 
gas-filled cable after approximately five years 
on the system > 


After 15 months loaded, 17 months dead, and 
97 months loaded 


A 320-foot length of three-conductor 
500,000-circular-mil 27,000-volt cable 
having 225 mils of paper insulation was 
removed from service after one year of 
operation at 27,000 volts. This cable had 
been operated as part of a tie feeder be- 
tween generating stations. 

Power-factor and dielectric-loss meas- 
urements were made on the section of 
cable and are shown in Figure 11 with 
the original factory measurements for 
comparison. 

The power factor measured at room 
temperature at various volts-per-mil 
stress is shown in Figure 12. The ioni- 
zation at 85 volts per mil after one year 
of operation is in agreement with data 
obtained from approximately 200 days 
of laboratory load cycle tests. 

Visual examination and power-factor 
measurements of the paper tapes from 
the cable did not reveal any indication 
of deterioration. The five paper tapes 
nearest the conductor contained a few 
streaks, about the original color of the 
paper, which were more pronounced in 
the paper nearest the conductor. It 
was generally agreed that the streaks 
were not wax but possibly some form of 
oxidation products. 

A 275-foot length of three-conductor 
800,000-circular-mil 15,000-volt cable 
having 150 mils of paper insulation was 
removed from service after having been 
on the system for approximately five 
years. During this period the cable 
was operated for 15 months at an average 
stress of 44 volts per mil; was out of 
service for 17 months; and then was 
operated again for 27 months at an aver- 
age stress of 53 volts per mil. 

Power-factor and dielectric-loss meas- 
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urements were made on the section of!” 
cable and are shown in Figures 13 and 14, 
respectively. 

The power factor measured at room 
temperature at various volts per mil 
stress is shown in Figure 15. 

Visual examination and ‘power-factor 
measurements of the paper tapes from. 
the cable did not reveal any indications 
of deterioration. 

Examination of the dielectric-power-“ 
factor values shown in Figures 11 and 
13 shows a greater increase in power fac- . 
tor for the 15,000-volt cable which had 
been on the system for approximately 
five years. With the exception of a 
longer period of operation the only differ- 
ent operating condition between the 
15,000-volt cable and the 27,000-volt 
cable was in the amount of nitrogen 
which was injected into the cable after 
installation. Some leaks occurred on 
the 15,000-volt line necessitating feeding 
nitrogen into the line to maintain proper 
gas pressure thereby subjecting the in- 
sulation to exposure to a greater volume 
of nitrogen containing some traces of 
oxygen. It is possible that the insula- 
tion may absorb the oxygen from the 
nitrogen and an oxidation action take 
place resulting in an increase in power 
factor. This action may be the cause 
of the higher power-factor values for the 
15,000-volt cable. 


Conclusions 


1. Operating experience to date has shown 
that electrical failures commonly experi- 
enced on new installations of solid-type 
cable have been eliminated by the use of 
gas-filled cable. 


2. Breaks in cable sheaths and joint wipes 
and defects in terminals are ascertained 
immediately and remedial measures can 
be taken before moisture is admitted which 
would result in eventual electrical failure. 


3. Limited data on cable in operation indi- 
cate that gas-filled. cable is stable and con- 
firms laboratory test data. ; 


4. No serious operating difficulties due to 
migration of compound have been experi- 
enced with the use of gas-filled cable where 
there are marked differences in elevation. 
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ELECTRICAL ENGINEERING 


Radio-Noise Elimination in Military 
Aircraft 


G. WEINSTEIN 


NONMEMBER AIEE ASSOCIATE AIEE 


ADIO noise may be defined as radio- 

frequency ‘energy which interferes 
with the reception of desired signals. 
This interference can be the result of: 


1. Atmospheric electrical discharges which 


- result in radiated radio frequency energy. 


: 


2. Periodic corona discharges from the 
airplane which cause intense electric induc- 
tion fields close to the receiving antennas. 
3, Receiver internal noise due to thermal 
agitation in the receiver input resistance 
and shot'effect in the low-level radio-fre- 
quency stages. 

4, Electrical transients which result from 
the operation of electrical equipment. 


Methods of reducing the first two types 
of disturbances are still in the experi- 
mental stage and are not within the scope 
of this paper. The third type of noise is 
inherent in the receiver, being dependent 
upon receiver sensitivity, band width, and 
general design. This, of course, is de- 
termined by the functions which the re- 
ceiver must perform. 

The fourth type of noise is due to elec- 
trical transients in commutating ma- 
chines, ignition systems, and other cur- 
rent-interrupting devices, which contain 
harmonic components extending into the 
radio-frequency spectrum. Satisfactory 
receiver operation dictates that this latter 
type of noise be suppressed or reduced to a 
point where the operation of electric 
equipment will have a minimum effect 
on radio communication. However, fil- 
ter and shielding weight must be kept to 
a minimum. Therefore, radio design 
must be a compromise between desired 
radio performance and the limitations 
imposed by the requirements of installa- 
tion, maintenance, and weight prevalent 
on present aircraft. 

The recommendations and design pro- 
cedures outlined in this paper are specifi- 
cally for the frequency range of 0.16 
megacycle to 20.0 megacycles. However, 
experience indicates that similar pro- 
cedures, methods, and precautions may 

‘be applied to the ultrahigh-frequency 
spectrum. 

In the following discussion, all wiring 


_ is considered unshielded except ignition 


circuits or those circuits where conduit is 
required for mechanical protection. The 
airplane is assumed to be of all-metal 
construction. 


- Radio-Noise Coupling to the 


Receiver 


The radio-frequency energy compo- 
nents, coming from the various electrical 
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transients, are induced into the receivers 
by various methods. 


1. Radio-noise voltages generated by cur- 
rent-interrupting devices may be conducted 
into the receiver by means of the common 
power supply. This conducted noise is 
then coupled to the radio-frequency stages 
and results in noise in the receiver output. 


2. The power wiring in the fuselage of the 
airplane conducts radio-frequency currents 
and voltages generated by the electric 
equipment. This results in radio-frequency 
induction fields which may be of large 
enough magnitude to induce, by magnetic or 
capacitive coupling, radio-frequency noise 
energy into the receiver-antenna leadin. 
Solution to this type of radio-noise problem 
is to reduce the mutual coupling by rerout- 
ing wiring and, if necessary, by electromag- 
netic shielding. 


3. The ignition system of the airplane peri- 
odically (depending upon the engine speed 
and number of spark plugs) sets up steep- 
wave-front voltage discharges each time a 
spark plug is fired. This voltage discharge 
contains measurable components up to 450 
megacycles.2, The wave front of the dis- 
charge and subsequent oscillation is de- 
pendent upon the distributed circuit parame- 
ters in the high-voltage side of the ignition 
system. 


The radio-frequency fields associated with 
the steep-wave-front discharges are shielded 
from the antennas by enclosing the magneto, 
distributors, and high-voltage leads with 
metal shielding. Efficiency of this harness 
shielding is dependent upon high conduc- 
tivity of the entire metal enclosure. High- 
impedance joints between harness assem- 
blies result in a decrease in effective shield- 
ing. Also, unless the harness is securely 
bonded to the airplane structure, the entire 
ignition harness will tend to radiate and 
produce resulting radio-frequency fields at 
the receiving antennas. 


Designing for Radio-Noise 
Elimination 


The performance of the radio equip- 
ment in the airplane is the final test of a 
satisfactory electrical and radio installa- 
tion. Carefully tested electrical equip- 
ment which has been limited to a specified 


over-all radio noise voltage in the labora- - 


tory may, upon installation in the air- 
plane, acquire a different radio-noise 


Paper 44-213, recommended by the AIEE com- 
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AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted July 5, 1944; made available for printing 
July 19, 1944. 
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B. J. WiInTER are in the engineering division of 
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frequency distribution and unpredicted 
peaks. 

It would then appear that laboratory 
testing is of limited value and that the 
prototype airplane must be tested and 
altered as required for satisfactory radio 
performance. The results of the tests 
could then be incorporated into the pro- 
duction airplanes. Although this method 
of design is good engineering, in actual 
practice there*are many drawbacks to 
this method. Where production is of 
prime importance it is very difficult to 
effect changes after an airplane is in pro- 
duction. This is especially true in the 
case of electrical accessories. Installa- 
tion of filtering on motors usually re- 
quires a redesign of the motor frame. 
Therefore, a compromise must be evolved 
whereby a maximum amount of radio 
design is accomplished prior to the com- 
pletion of an airplane. This necessitates 
close co-operation between the radio 
engineer and the project electrical en- 
gineer. 


Basic RapIo-INSTALLATION DBSIGN 


The following principles of design 
should be incorporated on the engineering 
drawings at the time when the electrical 
and radio systems are being developed: 


(a). Antenna lead-ins must be kept as 
short and direct as possible. A compromise 
should be effected between structure shield- 
ing and a low capacitance lead-in.* 


(b). The designer should strive for a maxi- 
mum spacing between the antenna lead-in 
and electrical wiring. 


(c). Great care must be exercised in bond- 
ing the receiver chassis to the airplane 
structure. The bonding straps must be as 
short as possible and the bonding must be 
made to basic structure. Too often radio- 
noise coupling to the antenna input circuit 
is a result of poor receiver bonding.’ 


(d). Sources of radio noise such as commu- 
tating motors and pulsing relays should not 
be installed close to radio equipment. 


(e). All radio and interphone wiring should 
be in bundles separate from power wiring. A 
minimum separation of 12 inches should be 
maintained if possible between communica- 
tions and power wire bundles. 


(f). Antenna location on military aircraft 
is usually a compromise dictated by desired 
radiation characteristics,, the need for a 
short antenna lead-in, and locations avail- 
able in areas which are removed from the 
cones of fire of the guns., Consideration 
should also be given to locating antennas a 
maximum distance from the airplane 
engines, 


THRESHOLD OF CONDUCTED RADIO NOISE 


It is desirable to reduce conducted radio 
noise to ‘a level not greater than the in- 
ternal noise of the receiver at maximum 
sensitivity. 

The allowable conducted radio-noise 
level that will fulfill this condition must 
be known to permit proper filter design. 
This can be determined by the setup 
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shown in Figure 1. Curves of power-line 
noise in microvolts versus receiver out- 
put in decibels can be obtained at various 
frequencies for each receiver. One such 
curve at 340 kilocycles is illustrated in 
Figure 2. From curves similar to Figure 
2, a new curve can be derived of threshold 
of conducted radio noise versus receiver 
frequency. Threshold of conducted radio 
noise is defined in this paper as that value 
of noise voltage which increases the re- 
ceiver output one half decibel above the 
internal noise with no signal applied. A 
curve of this type is shown in Figure 3. 
In this manner, the allowable conducted 
radio-noise level at the receiver can be 
determined in advance of the completion 
of the airplane. 


METHODS OF FILTERING CONDUCTED 
Rapio NOISE 


The choice of an airplane radio-noise- 
filter system should be governed by the 
following general considerations: 


(a). The conducted radio-noise voltage 
level at the power input to the receiver must 
be within the applicable threshold levels. 


(b). The coupling between the antenna 
leadin and the induction fields set up by the 
conducted radio noise must be kept to a 
minimum. Filtering exceeding the require- 
ments of the threshold of conducted radio- 
noise curve specified in Figure 3, may be 
necessary to achieve a reduction in the radio- 
frequency noise induced into the antenna 
leadin. 


(c). Filter weight must be kept to a mini- 
mum. 


(d). Many changes in electrical and radio 
equipment are made on an airplane after it 
has been delivered to the customer. This 
problem should be recognized by the radio 
engineer and a safety factor allowed in his 
design. 


There are a variety of approaches to 
the problem of achieving suppression of 
radio noise from electric equipment. 
General classifications are discussed as 
follows: 


(a). Receiver Filtering. Filters may be in- 
serted in the d-c power input to the receiver. 
The attenuation of the filter must be suffi- 
cient to reduce the radio-noise level below 
the threshold of conducted radio noise. 
However, this method has the following 
disadvantages: 


1. Changes in electric equip:nent after the 


RADIO-FREQUENCY 
NOISE INSTRUMENT 


LEVEL 


RECEIVER CONTROL 
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AUDIO NOISE 


INSTRUMENT MOTOR-NOISE 


SOURCE 


Figure 1. Laboratory setup for determining 
threshold of conducted radio noise for a 
receiver 
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airplane has been delivered may result in a 


high radio noise level. 


2. The requirement of low coupling of 
radio noise fields to antenna lead-ins is 
difficult to achieve without additional filter- 
ing on the power line. 


(b). Source Filtering. Sources of radio 
noise have been limited by service specifica- 
tion to the equipment manufacturer to a 
value not exceeding 50 microvolts. This 
usually results in low radio-noise levels on 
the power lines. However, additional fil- 
tering may be necessary to eliminate reso- 
nant peaks. The objection to this method 
of filtering is the large amount of filter 
weight required. A source-filter installa- 
tion on a large military airplane could sub- 
tract approximately 100 pounds from the 
pay load of the airplane. 


(c). Compromise Filtering. This method 
is a compromise between the two methods 
discussed above. A limit of 500 or 1,000 
microvolts can be specified for each noise 
source on the airplane. In the case of 
motors, this level can usually be achieved 
by the installation of a 0.1- or 0.2-micro- 
farad capacitor across the brushes. The 
additional filtering is secured by the natural 
attenuation of the wiring and by capacitors 
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Figure 2. Typical curve of conducted radio 
noise on the receiver power supply versus 
receiver noise output for one frequency 


340 kilocycles 


located in appropriate junction boxes. A 
comparison between source and compromise 
filtering is shown by the curves on Figure 4. 
This test was conducted on a simulated- 
airplane-wiring network consisting of four 
motors, a receiver, and a power supply. 
Curve A represents the noise level at the 
receiver with each motor individually 
source filtered to a level not exceeding 50 
microvolts at the motor. Curve B repre- 
sents the over-all noise level at the receiver 
with each motor individually source filtered 
to a level not exceeding 1,000 microvolts at 
the motor. 

Figure 4 indicates that very little advan- 
tage is derived from the use of heavy source 
filters. The 1,000 microvolt limit is not the 
final recommended value for this type of 
filtering. A value of 500 microvolts would 
probably be a more satisfactory com- 
promise. In any event it would be desir- 
able to use a level that could be attained 
by incorporating a small capacitor into pres- 
ent motor frames without necessitating a 
redesign of the motor. In designing for this 
particular type of filtering, space provisions 
should be allowed in junction boxes for in- 
stallation of by-pass capacitors. Installa- 
tions of these capacitors are determined 
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Figure 3. Curve of threshold of conducted 
radio noise for a receiver 


The dash and solid lines indicate successive 
receiver bands 


at the time when the completed systems are 
tested. 


IGNITION Rap1o NOISE 


The ignition system of the airplane sets 
up high-intensity radio-frequency induc- 
tion fields in the vicinity of the airplane 
antennas. These interfering fields can be 
decreased by proper shielding of the igni- 
tion system. Shielding metal must be of 
sufficient thickness and high conductivity 
and each component part of the ignition 
shielding must be tied by means of low-im- 
pedance bonds to each adjacent member 
and to the airplane structure. Failure to 
have clean tight mating surfaces between 
component parts will result in ineffective 
shielding. On many airplane designs 
much engine testing is done on test stands 
prior to the completion of the airplane. 
If such is the case, an excellent opportu- 
nity avails itself to determine the suita- 
bility of the engine installation as re- 
gards radio noise. 

Field-strengthnoise-instrument measur- 
ments can be made approximately ten feet 
forward of the propeller plane to indicate 
the severity of the ignition noise and to de- 
termine noise peaks. The ignition inter- 
ference will usually resonate at approxi- 
mately 9-10 megacycles. Upon deter- 
mining the resonant frequency of the 
ignition system, the engine can then be 
probed to determine the efficiency of the 
bonding and shielding. 

A Ferris model 32A noise instrument, 
or its equivalent, can be used with a 
probe to obtain a relative measure of the 
effectiveness of the bonding. A coaxial 
line of sufficient length and terminated 
with a sharp steel probe is attached to the 
Ferris noise instrument antenna input. 
The sharp point on the probe allows the 
test engineer to break through protective 
finishes on the metal in the probing opera- 
tion. A ten-to-one radio-frequency yolt- 
age ratio from the magneto case to the 
high-voltage conduit would indicate a 
high-impedance bond between the two 
units. A high radio-frequency difference 
of potential between the engine and the 
airplane nacelle would indicate poor en- 
gine bonding. 

After the incorporation of necessary ~ 
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Figure 4. Comparison of source filtering and 
' compromise filtering 


A—Source-filtered installation 


B—Source-, line-, and receiver-filtered in- 
stallation 


bonding and shielding changes, the field- 
strength measurements are repeated to 
determine whether additional work is 
necessary. Experience has not yet de- 
termined a satisfactory allowable field- 
strength level. 

By following a procedure as outlined 
above, necessary changes in the bonding 
and shielding of the ignition system can 
be determined prior to the airplane’s 
completion. 


TESTING THE COMPLETED INSTALLATION 
IN THE AIRPLANE 


With knowledge of the allowable con- 
ducted radio noise in microvolts for each 
receiver, compliance with these values 
can be determined by measurement at 
the receiver power inputs. This test 
should be conducted with various com- 
binations of equipment on the airplane 
operating. The combinations should ap- 
proximate as closely as possible service 
conditions. This is extremely important 
since various combinations of equipment 
may produce different levels of radio- 
noise voltage. 

Antenna leadins must be carefully 
checked for radio-noise pickup from the 
power wiring in the airplane. An indi- 
cation of the magnitude of this pickup 
can be determined by listening to the 
output of the receiver with the antenna 
leadin disconnected from the feed-through 
insulator. As a result of this test, re- 
routing of wiring and further reduction 
in radio-noise voltage by filtering may be 
necessary. However, in filtering, care 
should be exercised against increasing 
the magnetic-induction radio-noise field 
by increasing the flow..of radio-noise 
currents. Field-strength measurements 
should be repeated ten feet forward of 
each engine and the results compared 
with the values obtained on the engine 
test stand. If necessary, further probing 
on the engine should be accomplished. 

Over-all performance of the radio 
equipment, or the true measure of the 
effectiveness of the radio-noise design, is 
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Figure 5. Variation of receiver internal noise 
with changes in receiver supply voltage 


determined by the calibrated-receiver 
method. A receiver of the type to be 
used in the installation is calibrated in 
terms of a signal modulated 30 per cent 
at 400 cycles. Receiver output is meas- 
ured with a quasi-peak-reading noise in- 
strument of weighting circuit 10 milli- 
seconds charge and 600 milliseconds dis- 
charge. Thus each receiver becomes an 
equivalent radio-frequency noise instru- 
ment. This arrangement combines the 
advantage of a noise instrument with the 
advantage of testing the actual receiver 
installation, 

Accuracy of the calibrated-receiver 
method of radio-performance testing is 
dependent upon the following precautions 
and calibration technique: 


(a). The power-supply voltage, both in the 
laboratory and airplane, must agree within 
plus or minus one half volt. Figure 5 
shows how voltage variations affect the 
internal noise of a receiver. 


(6). Circuit constants of the dummy 
antenna used in the receiver calibration 


should agree to within 20 per cent with the - 


characteristics of the applicable airplane 
antenna, 


(c). A minimum warm-up period of 30 
minutes, should be allowed the receiver be- 
fore any testing or calibration is undertaken. 


(d). Calibration in the laboratory should 
be accomplished in a shielded room witha 
self-contained battery power supply. 


By observing these precautions experience 
shows that results can be duplicated to 
within one decibel. 

Readings of receiver decibel output in 
the airplane can be converted into equiva- 
lent microvolts from the receiver calibra- 
tion curves. Maximum radio noise at 
the receiver input has been set by the 
services at 2.5 microvolts. Experience 
may permit a reduction in this value at a 
later date. Figure 6 shows comparative 
curves of an antenna measurement by the 
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Figure 6. Comparison of the calibrated- 
receiver and noise-instrument method of 
measuring noise on an antenna 


A—Noise-instrument measurement 
B—Calibrated-receiver measurement 


calibrated-receiver method and by a 
Ferris model 32A radio-noise instrument. 
The readings were taken as nearly simul- 
taneously as possible. The curve of Fig- 
ure 3 is for the calibrated receiver used 
in this test. It is interesting to note that 
the calibrated receiver minimum thresh- 
old values of conducted radio noise occurs 
in the range of 13-15 megacycles. This 
may explain the peak at 13 megacycles 
shown by the calibrated receiver in Fig- 
ure 6. The Ferris instrument readings 
do not contain the effect of conducted 
radio noise. 


Conclusions 


1. It is possible, with knowledge of values 
of conducted radio noise that can be toler- 
ated at the receiver and from tests conducted 
on test engines to complete a great deal 
of preliminary recommendations and de- 
signs which will decrease the delay in accom- 
plishing a satisfactory receiver installation 
on production airplanes. The design, how- 
ever, must be fluid to permit necessary 
changes during the tests on the prototype 
airplane. 


2. A compromise system of filtering at 
source, junction box, and receiver is the 
most practicable and economical means of 
accomplishing radio-noise suppression with- 
in the fuselage of the airplane. 


3. <A calibrated-receiver method of evalu- 
ating the equivalent microvolts of noise 
should be the final test of the receiver in- 
stallation. 


4. Studies indicate that noise levels of 500- 
1,000 microvolts, if specified for electrical 
equipment installed in the airplane, would 
permit satisfactory levels of radio noise 
with a minimum filter weight. 
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The Development of Ajircraft Position 
Lights 


JACK VITOL 


NONMEMBER AIEE 


ONSIDERABLE interest has been 
shown in the development of flash- 
ing position lights as displayed on air- 
carrier aircraft at night and this paper is 
devoted to an explanation of changing 
trends in aircraft position lighting and the 
developmental work which finally re- 
sulted in the use of these flashing lights. 

The need for a uniform system for the 
display and color of position lights on air- 
craft was soon demonstrated in the early 
history of aviation, particularly in 
Europe, where the proximity of many 
countries proved the need for uniformity. 
In October 1919 a convention met in 
Paris to discuss from an international 
point of view matters pertaining to avia- 
tion, and aircraft position lighting was 
one of the items which game up for con- 
sideration. Without going into any de- 
tail, it will suffice to say that it was de- 
cided that a red light be displayed on the 
left wing tip, a green one on the right, and 
a white light in the tail. The forward 
lights were to be visible through an angle 
of 110 degrees measured from dead ahead 
to the left and right, respectively, for the 
left and right lights, thus leaving an angle 
of 140 degrees for the tail light. 

In 1926, the Civil Aeronautics Act was 
passed and when the Aeronautics Branch 
of the Department of Commerce was 
subsequently established, the require- 
ments for position lights were drawn up 
which conformed with the principles as 
set forth at the Paris convention. For- 
ward and rear lights were required to have 
a minimum intensity of eight candles and 
these requirements were in existence for 
years until the speed and number of air- 
craft operating at night had increased to 
the point where additional forward light 
was desirable, particularly for air-carrier 
aircraft. Accordingly, Aeronautics Bul- 
letin number 7H as amended in October 
1934 required that air-carrier aircraft dis- 
play at least one stronger light to warn 
other aircraft of its presence. It was un- 
fortunate that the requirement was so 
indefinite as it failed to specify the color, 
location, and the minimum intensity of 
the light. The result was that some one 
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of the air-carrier operators inserted a 32- 
candlepower red lamp in one of the land- 
ing light units and this practice spread 
until it was used by all operators. The 
location of this light was not uniform be- 
cause of the variation in the location of 
the landing lights, some being in the nose 
of the airplane and others in the leading 
edge of the wing. It was intended that 
this warning light be burned in conjunc- 
tion with the forward lights but many of 
the pilots turned these lights on only when 
they knew that they were soor to pass an 
oncoming plane on the airway. The 
light thus was referred to as the ‘‘pass- 
ing’’ or ‘“‘courtesy”’ light. 

The shortcomings of the warning light 
were soon apparent and in November 
1937 the Civil Air Regulations provided 
for the display of a light on air-carrier air- 
craft having a minimum beam intensity 
of 35 candles directly forward. Diffi- 
culties in designing a light to meet the 
cutoff requirements resulted in a revision 
to the regulations in November 1939 
which increased the minimum forward 
intensity to 40 candles while relaxing 
somewhat on the cutoff and stray-light 
requirements. By mid-January 1940, 
two manufacturers had obtained approval 
of air-carrier forward position lights and 
they were being shipped to purchasers. 
These lights were helpful, of course, but 
they did not solve the aircraft-lighting 
problem entirely. Congestion of air- 
craft over all of the larger airports where 
air-carrier traffic was predominant, dis- 
closed the need for certain further im- 
provements in aircraft position lighting. 
Pilots reported that they had some 
difficulty in locating and identifying air- 
craft as such which were ahead and below 
them. In many cases these were small 
slow aircraft engaged in night training 
flights. The pilots in overtaking ships 
claimed that the single white steady tail 
light on the aircraft ahead became one of 
thousands of city and airport lights which 
served as its background. In cases where 
the red or green wing tip lights were 
visible rather than the tail light, the 
lights were not easily picked up because 
of the number of colored neon lights in 
the background. 

With the feeling that airplane con- 
spicuity should be improved, at least 
from the rear, the Civil Aeronautics Ad- 
ministration was able to interest a Balti- 
more inventor in developing a device 
for flashing the tail light, the theory being 
that by so doing, it would be more readily 
discernible. The flasher was ready late in 
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1940 and was tested subsequently on a 
CAA airplane at Indianapolis by the 
technical development division of the 
CAA. The report of the tests contained 
many conflicting reactions but in general 
it was agreed that it was easier to locate 
the airplane by means of its flashing 
white: tail light. Adverse criticism was 
mainly to the effect that many ground 
lights appeared as blinking lights to the 
airman because of obstructions which 
passed between the pilot’s eyes and the 
source of the ground lights. 

To gather additional information per- 
taining to the suitability of aircraft posi- 
tion lights, a questionnaire was prepared 
in July 1941 and sent to air-carrier 
operators and pilots, operating and 
engineering managers, and all interested 


parties. Replies were received from the 
following, as indicated: 

PAilots .55/45.5)39).«'ijornsdy eon chy, oleae 217 
Engineering managers: :.\. .ae jonni 5 
Operating managers... ., 2. “eee ihe 
Otherss. oo pyc dines se 5 


Some of the questions and answers were 
as follows: 


1. Do you think the foreward lights (red 
and green) should be visible from a greater 
angle to the rear? Yes... (114) No... (106) 


2. In your opinion, are the following cur- 
rently used position lights adequate? 


Air-carrier aircraft 


Forward lights (40 cp) Yes...(172) No..:( 50) 
Tail light ( 8cp) Yes... (60) No... (154) 
Nonair-carrier aircraft ) 
Forward lights (8cp) Yes...(27) No...(168) 
Tail light (8 cp) Yes...(46) No...(145) 


3. If considered inadequate, please de- 
scribe in what respects. 


As may be expected, there was a great 
variation in the answers but in general they 
indicated that greater-intensity lights were 
desired; that the tail light particularly 
should be brighter; that there should be no 
difference between light intensities on air- 
carrier and nonair-carrier aircraft; that all 
forward lights should have a minimum in- 
tensity of 40 candles; and that the tail light 
should be made more distinctive by the use 
of a blinker and a different-color light. 


The next question is particularly inter- 
esting as it indicates to what extent pilots 
rely on their position lights to aid them 
while flying at night. 


4. Topilots. (1) Do you make much use 


of the color arrangement on another air- . 


plane to determine its directional path or 


(2) are you interested only in knowing of its 


presence? 


There were 176 who stated that they made 
use of the color arrangement to determine 
an airplane’s directional path and there 
were 70 who were interested only in knowing 
of its presence. It will be noted that the 
total number of opinions exceeds the number 
of replies., This was due to the fact that 
some of those who replied stated that they 
were interested in both. They were pri- 
marily interested in knowing of the air- 
plane’s presence and then they determined. 
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its path by means of the arrangement of the 


colored lights. ' 


5. After giving due consideration to the 
possible need for larger sources of electrical 
energy, to the resultant increase in weight, 
and the possible effect on the aerodynamic 
performance of the airplane, do you have 
any suggestions as to how to improve the 
position light or lighting system on aircraft? 
The suggestions for improvements were 
interésting and extremely varied. Many of 
the pilots mentioned neon, ‘‘lumiline,’”’ and 
fluorescent lighting. They suggested that 
such lighting be used in the wing tips, the 
trailing edges of both wings, and control 
surfaces. Some suggested that these lights 
be of the yellow sodium-vapor type, while 
others suggested that they be of the blink- 
ing type. In general, there was a demand 
for more light—either higher intensity or 
more lights—or both. Others wanted two 
additional lights in the nose of all aircraft. 
Several frankly stated that the airplane 
should be ‘‘lit up like a Christmas tree’”’ 
and one felt that it ‘“‘should stand out like a 
ferry boat on a river.” 


By interpretation of the results of the 
questionnaire, it was obvious that the 
pilots were generally dissatisfied with the 
effectiveness of the position lights. They 
wanted the lights to have a longer range 
which meant greater intensity and since 
so many mentioned distinctive lights 
and the inability to discern the aircraft 
against a background of city lights, it 
appeared that an increase in conspicuity 
was necessary, particularly for the tail 
light, as well as a more definite means of 
identifying the light as belonging to an 
airplane. 

How the inability of a pilot to ascertain 
that a light belonged to a plane was 
contributary to an accident was forcefully 
illustrated about this time. A pilot mis- 
took the steady white tail light of another 
air-carrier plane on the ground as being a 
boundary light some distance away and 
he started his take-off run towards the 
light. After considerable speed had been 
attained, the pilot became aware that he 
was about to crash into a plane. He im- 
mediately throttled his engines, swerved 
the airplane, and put his control wheel 
hard over, thus attempting to lift his 
wing over the other plane. In this 
maneuver he was partially successful al- 


_ though he did strike the outer portion of 


the airplane’s wing. 

This accident gave additional impetus 
to the problem of improving the safety 
of night flying and it was decided: 


(1) That some research be undertaken im- 
mediately towards giving the tail light greater 
conspicuity, 

(2) That some work be done towards devel- 
oping a light which would make air-carrier 
aircraft more discernible from the front. 


The need for the latter was particularly 
acute because of the danger of collison 
with Army and Navy aircraft, which for 
military reasons displayed little and some- 
times no light. That this hazard was 
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serious can be illustrated by quoting an 
operator who stated that within a rela- 
tively short time he had 178 military air- 
craft using the airways ordinarily flown 
by his pilots. 

The problem of building some test 
units which would permit two lights to be 
flashed at different cycles and eclipse 
periods was left to the National Bureau 
of Standards which was ready for tests 
during the latter half of August 1941. 
Approximately 20 observers were present 
and they represented the Air Transport 
Association of America, a few air-carrier 
operators, manufacturers of flashing de- 
vices, the National Bureau of Standards, 
the CAA, and the Civil Aeronautics 
Board. Constant telephonic contact 
was maintained between the observers 
and the personnel in control of the lights 
on the roof of the East Laboratory on the 
Bureau of Standards grounds. With the 
equipment as set up, it was possible to 
vary the frequency from 30 to 40 to 50 
cycles per minute and to change the 
length of the eclipse periods. The ob- 
servers were approximately six-tenths of a 
mile away and all were equipped with 
pad and pencil to record their reactions 
to the various light flashes. 

Using red and white lights which had 
been determined in some preliminary ob- 
servations a few nights earlier as having 
the greatest penetrating power, the result 
of the evening’s work indicated that 
alternately flashing red and white lights 
were best when flashed at a frequency of 
40 cycles per minute with the following 
characteristics: 150 degrees white—10 
degrees dark; 150 degrees red—50 de- 
grees dark. The longer dark period was 
found to be necessary in order to make 
the following white flash appear as such 
rather than with a pinkish tint. The eye 
seemed to retain the red image longer 
than the white with the result that the 
dark period had to be lengthened until 
the point was reached when the follow- 
ing white flash no longer had any pink- 
ish cast to it. It was found that even 
with 21-candlepower lamps in the units, 
the red flash lacked intensity and it was 
necessary to use a 32-candlepower lamp. 
Subsequently, in order to eliminate the 
need for stocking two tail lamps of 
different ratings, a 32-candlepower lamp 
was used)in each unit. 

With this much accomplished, the 
manufacturers of flashing devices had 
some definite requirements on which to 
base the design of their flashers. While 
they were engaged in this work, Ameri- 
can Airlines played an important part in 
the development which led to the present 
scheme of flashing lights. During the 
last few months of 1941 and the first in 
1942, this operator worked closely with 
the National Bureau of Standards and 
the CAA in a number of tests trying out 
various arrangements of steady and 
flashing lights. One of these tests was 
conducted at Washington in January 
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1942 and was witnessed by approximately 
the same representatives as participated 
in the earlier preliminary tests at the 
National Bureau of Standards. Penn- 
sylvania-Central, Airlines, which had 
been following this lighting project with 
interest by participating in the various 
preliminary discussions and tests, fur- 
nished a DC-3 airplane in which the ob- 
servers rode to observe the relative con- 
spieuity of the American Airlines air- 
plane with and without the various 
flashing-light combinations. Additional 
tests were conducted in February while 
two American Airlines airplanes flew be- 
tween New York, N. Y. and Hartford, 
Conn. During a test on February 25, 
1942, a flasher was installed which gave 
the correct number of cycles and eclipse 
periods. The results convinced the ma- 
jority of observers that flashing the red 
and green«wing-tip lights simultaneously 
with the white tail light and the top and 
bottom white fuselage lights with the red 
tail light, gave the best results. The tests 
also led to the final approval by the CAA 
of a flasher which had been tested for the 
flashing schedule, satisfactory operation 
during three hours of vibration, high- 
and low-temperature effects in the range 
from plus 55 degrees centigrade to minus 
35 degrees centigrade, radio interference, 
and operation with variation in input 
voltage. The motor-driven mechanism 
required about 300 watt-hours of energy 
per year for its operation and units are 
now available which can be used on 12- 
to 16-volt or 24- to 28-volt systems, al- 
though the first unit was designed for use 
on a DC-3 which had a 12- to 16-volt 
system. In appearance the flasher ‘is a 
cylinder having a maximum diameter of 
41/, inches and a height of 61/4 inches. 
Its weight is two pounds. 

With the approval of this flasher, 
American Airlines proceeded to install 
this system of six flashing lights in May 
1942. The co-operation of the Air Trans- 
port Association was obtained in solicit- 
ing its members to notify their pilots to 
observe this system of lights in order to 
determine their effectiveness. The pilots 
apparently were impressed because in 
November 1942 the operations committee 
of the Air Transport Association voted 
unanimously to request the CAA that all 
air-carrier operators be permitted to in- 
stall the system of six flashing lights. 
Naturally this reception was gratifying 
and permission was given with the proviso 
that it be uniformly adopted by all of the 
operators. It should be borne in mind 
that the Civil Air Regulations which had 
been revised in February 1942 required 
only that a flashing red and white tail 
light be displayed and, therefore, the 
understanding with the operators was 
strictly on a ‘“‘gentlemen’s agreement”’ 
basis. 
of this requirement had to be postponed 
several times because of a number of 
difficulties, progress in completing the 
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Although the date of effectuation — 


installations was satisfactory considering 
the circumstances. With the approval of 
another flasher in August 1942, an addi- 
tional source was available which ex- 
pedited the completion of the flasher in- 
stallations. 

By the end of 1942, practically all air- 
carrier aircraft were flashing three lights 
on each of the two flasher circuits with 
each carrying about 51!/, amperes. One 
circuit operated the standard color 
scheme, namely, the red and green wing- 
tip lights and the white tail light, while 
the other operated the top and bottom 
white fuselage lights and the red tail 
light. Not only was aircraft conspicuity 
greatly improved from the rear but from 
the front and sides as well and all pilots 
were impressed with the added sense of 
security. Apparently the Air Transport 
Command thought well of the system also 
because in December 1942 the CAA was 
informed by one of the flasher manu- 
facturers that his units were being in- 
stalled in a number of transport and cargo 
airplanes operated domestically by the 
Air Transport Command. These aircraft 
were flying the airways at night and the 
desire to maintain the high safety stand- 
ard then in existence dictated that 
flashing lights should be installed. The 
value of flashing lights was accorded addi- 
tional recognition nine months later 
when a military requirements policy 
issued by Headquarters, Army Air 
Forces, authorized the installation of a 
flasher on six certain types of mi itary 
aircraft permanently assigned to activi- 
ties within the continental United States. 
However, the authorization did not per- 
mit the aircraft to be altered to the extent 
of adding the white tail light and the top 
and bottom white fuselage lights. Pre- 
sumably, the aircraft were badly needed 
and could not be withdrawn from serv- 
ice to enable the additional lights to be in- 
stalled. At present the Navy is adopting 
the standard air-carrier system of six 
flashing lights for use on its domestically 
operated transport aircraft and it is our 
understanding that some aircraft are al- 
ready so equipped. ; 

This entire development has been 
aimed at maintaining the high standard 
of safety while flying at night on air- 
carrier aircraft. However, sight was not 
lost of the fact that nonair-carrier air- 
craft engaged in night dying were 
potentially just as dangerous to each 
other and to other air-carrier aircraft. 
From its very inception, the plan con- 
templated that something be done 
eventually to add greater conspicuity to 


798 TRANSACTIONS 


privately owned aircraft of all sizes but 
it was decided that this program would 
be subordinate to the other. Now that 
the air-carrier aircraft are provided with 
adequate position lighting, steps have 
been taken to initiate something similar 
for other aircraft. One of the first things 
required is a simple, cheap, flashing de- 
vice. The present devices are somewhat 
in the nature of precision instruments and 
cost about $95. A material reduction in 
price will be necessary before the aver- 
age private flyer can afford a device of 
this‘kind. The need for a simple cheap 
flasher to cost about $15 was brought to 
the attention of several manufacturers 
who are now engaged in working on this 
problem. The unequal dark periods, 
namely, 10 degrees and 50 degrees, have 
added some complication and have been 
responsible, in part, for discarding certain 
mechanisms which otherwise might have 
been suitable as considerably cheaper 
flashing devices. With the thought in 
mind of simplifying the design problem, 
it is our intention to experiment with a 
flasher having both dark periods equal. 
The important dark period is the one 
after the red flash, so it is planned to have 
both eclipses equal to 50 degrees and to 
decrease the ‘‘on’”’ periods from 150 de- 
grees to 130 degrees. The cycle would 
thus be 130 degrees white—50 degrees 
dark; 130 degrees red—50 degrees dark. 
It is not believed a reduction in the ‘‘on’’ 
periods would be noticeable. 


In addition to a cheap, reliable flasher, 
a single unit housing both the red and 
white tail lights is necessary before flash- 
ing lights will be commonly used on non- 
air-carrier aircraft. Lack of space on the 
rudder, the tail post, or tail cone of small 
airplanes will make it impossible to in- 
stall two tail lights of the type currently 
used adjacent to each other. At least 
one company is known to be working on 
this project. Eventually it is hoped that 
nonair-carrier aircraft operating at night 
will flash as a minimum their wing-tip 
lights with each flash of the red and 
white tail lights. 

The Civil Air Regulations have been 
revised recently to permit the flashing of 
the red and white tail light on nonair- 
carrier aircraft. Further revisions ap- 
pear in order to cover similarly the flash- 
ing of the wing-tip lights and the top and 
bottom white fuselage lights. Before this 
step is taken and because the use of 
flashing lights appears destined to spread, 
a number of questions arise which are 


- in need of further study. For instance, 


the point has been raised that since the 
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red and green wing-tip lights are used to’ 
designate the forward left and right 

quarters, respectively, the introduction 

of a red light in the tail is unorthodox 

and may under certain conditions cause 

confusion. It has also been pointed out 

by those interested in international agree- 

ments that the use of flashing lights and 

the introduction of red in the tail is con- 

trary to such agreements. Although 

this has been handled satisfactorily by., 
the operators whose craft engage in 

foreign operation, by the use of a switch 

converting the wing tip and white tail 

lights to steady lights, the subject may 

warrant some further consideration inas- 

much as a long-range policy for aircraft 

lighting should be considered. 

A short questionnaire has been pre- 
pared soliciting some information from 
the air-carrier operators relative to the 
reaction of their pilots to the flashing 
lights now that they have been in use for 
about two years and it is hoped that the 
information received will indicate if any 
major changes in aircraft position lighting 
are necessary. 

Since the presentation of this paper, the 
replies to the above mentioned question- 
naire have been received. Fourteen of 
the 17 domestic air carrier operators have 
replied, as indicated, to the following four 
questions which are the most important 
ones of the questionnaire: 


1. Are you satisfied with the present 
scheme of flashing the two wing tip lights 
and the tail light on one side of the flasher 
circuit and the top and bottom white fuse- 
lage lights with the red tail light on the 
other? Yes 14; no 0. : 

2. The aircraft’s progress with such lights 
flashing has been described by a few as 
being ‘‘jumpy.’”’ Is this a serious objection 
to your pilot personnel? Yes 0; no 14. 

8. Does the red light in the tail of an air- 
craft confuse your pilots as to its direction 
to an objectionable extent? Yes 2; no 12. 
4. Do your pilots think the forward red 


and green lights should have more intensity? 
Yes 3; noll. 


On the basis of the replies, it is obvious 
that the operators as a whole are well 
satisfied with the present scheme of 
flashing lights. No changes are thus con- 
templated, although it is felt that the 
volume of air traffic in the not too far dis- 
tant future will force a revision in aircraft 
position lighting. Such a revision will 
call for a pattern of flashing lights enab- 
ling a pilot to distinguish more readily 
the quarter from which he is approaching 
another aircraft. 
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Electric Gun Turrets for Aircraft 


J. D. THOMPSON 
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HIS war has seen an unprecedented 
B development of armament, both offen- 
sive and defensive, for military aircraft. 
One of the most widely used and, there- 
fore, perhaps one of the most important 
of these has been the power-driven gun 
turret, three or four of which are used on 
all our heavy bombers, and one or more 
on most smaller bombers and equivalent 
planes. This paper briefly surveys the 
field of electric-drive equipment for tur- 
rets to give a picture of the types and 
variety of equipment now in use and the 
requirements made of it, together with a 
description of how it works. 


General Description of Turrets 


Basically a turret is a power-driven 
flexible gun mount. In most turrets now 
in use the gunner is located within the 
turret, and by suitable controlling means 
drives it at any desired speed in rotation 
about horizontal and vertical axes so as 
to point the guns continually at his mov- 
ing target. The gunner actually rides 
around with the guns and aims by peering 
through a sight attached to them. 

In this connection it would be well to 
mention the two most prevalent basic 
types of turret arrangement. These are, 
first, the cylindrical turret wherein the 
complete turret with operator, ammuni- 
tion, and so forth revolves only about a 
vertical axis, the guns alone being pivoted 
about a horizontal axis in the turret for 
elevation and depression. The gunner 
has to moye his head up and down to fol- 
low the sight in elevation. The other type 
is the spherical turret where the gunner 
is at all times in a fixed position with re- 
spect to the guns, and rides up and down 
with them in elevation as well as around 
in azimuth. In both cases transparent 
Plexiglas enclosures through which the 
guns protrude are used to shield the gun- 
ner from the slipstream. Turrets of both 
types have been applied variously in 
nose and tail installations, as upper deck 
turrets, forward and rear, and as lower 
turrets projecting from the bottom of the 
airplane fuselage. 

Much of the basic turret development 
was done prior to or in the early days of 
the war, being pioneered to a considerable 
extent by the British who concentrated 
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on the caliber-0.30 automatic machine 
guns and used them in multiple gun in- 
stallations, usually numbering four guns. 
American turrets from the first have used 
the caliber-0.50 machine gun in arrays 
of from one to four. By far the greatest 
majority, however, have had two guns, 
one on either side of the gunner. Larger 
caliber armament including 20-milli- 
meter and 37-millimeter cannon has been 
used, but mostly experimentally to date. 


Power-Drive Requirements 


The necessity for power drives in aerial 
gunnery is immediately apparent from the 
desire for high fire power which demands 
more, larger, and heavier guns, and from 
the forces imposed on the guns by the 
wind velocities encountered with modern 
high-speed airplanes. Wind loadings 
on a twin caliber-0.50 turret for a modern 
bomber have been checked at between 300 
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Figure 1. Basic Amplidyne control circuit 


and 400 foot-pounds of torque, varying 
roughly sinusoidally as the turret is ro- 
tated through 360 degrees. In addition, 
such a turret with full complement of 
ammunition, armor plate, and accessories 
may weigh in the neighborhood of 700 to 
1,000 pounds, which must be accelerated 
quickly to meet the requirements of aerial 
combat. The top speed generally re- 
quired of aircraft turrets is about 10 rpm, 
which represents a figure somewhat over 
0.5 horsepower. Larger guns take up to 
lor 1.5 horsepower. Obviously, a human 
gunner could not maneuver the guns to 
any reasonable degree without the aid of a 
power drive. 

The requirements for a turret drive are 
quite stringent. The guns must be under 


‘perfect control at all times if accurate 


shooting is to be accomplished, and no 
looseness in the response to the controls 
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is to be tolerated. Perfectly smooth 
steady operation must be obtained over 
the entire speed range from zero to the 
top speed of the turret, and the turret 
speed should be as insensitive as possible 
to the changes in wind loading when it 
revolves. High accelerations and quick 
reversals must be obtainable, and the 
equipment must be light, simple, trouble- 
free, and easy to maintain. In addition, 
it must perform equally as well at alti- 
tudes of 40,000 feet and ambient tempera- 
tures of —65 degrees Fahrenheit as it 
does under normal conditions or under 
conditions of desert heat. Of course it 
must withstand the shocks and vibra- 
tions incident to use on military aircraft. 


Types of Drive Equipment 


Both hydraulic and _ electric-power- 
drive systems have been used successfully 
for turrets. The hydraulic drive was long 
favored because of the smoothness and 
slow speeds which were obtainable, and 
in more powerful designs because of its 
light weight. However, control difficul- 
ties, problems of leakage, cold weather 
troubles, and vulnerability have militated 
against it to an appreciable extent. At 
the present time, in this country at least, 
hydraulic turrets are in the minority. 

The wide range of load and speed re- 
quired makes an unusual control problem 
for aircraft electrical equipment. To date 
the most successful solution to it has been 
use of the Amplidyne type of generator, 
and by far the greatest majority of elec- 
tric turrets are now Amplidyne con- 
trolled. The Amplidyne is especially 
suited for turret control because of its 
quick response and high power amplifica- 
tion. These features permit accurate 
control and the use of a very small 
amount of control power, which means 
the utmost in small and simple control 
devices. 


Amplidyne Control Circuit 


Figure 1 illustrates the circuit in gen- 
eral use with Amplidyne turret drives for 
controlling the speed of the turret-drive 
motor. It is fundamentally a variable- 
voltage system with negative-voltage 
feedback for regulation and _ stability. 
The controlling means is a center-tapped 
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Figure 2. Typical speed-response curve for a 
turret 
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potentiometer fed from the airplane’s 
27-volt d-c supply, and exciting the low- 
wattage control field of the Amplidyne. 
Turret motor speed is controlled by vary- 
ing the magnitude and polarity of the 
Amplidyne field excitation. The turret 
motor is a separately excited shunt ma- 
chine, so it is necessary to compensate the 
Amplidyne (by means of a series field) 
somewhat over 100 per cent to overcome 
IR drop and inherent speed regulation of 
the motor, and thereby maintain good 
turret speed regulation under high loads. 
Such a system would be unstable by it- 
self at lower speeds and loads, and so a 
portion of the Amplidyne output voltage 
is fed back into the control field circuit 
for stabilization. This is obtained from a 
resistor which constitutes a voltage di- 
vider across the Amplidyne output. The 
field excitation is the difference between 
the potentiometer output and the voltage 
from this divider. The position of the 
divider tap determines the Amplidyne 
output voltage for any control potenti- 
ometer setting, making this in effect a 
speed regulator circuit. With a linear 
control potentiometer the turret speed 
characteristic, with respect to control 
handle displacement, is a straight line. 
This is quite positive and gives both 
high acceleration of the turret in response 
to the control handles and a dynamic 
braking effect for holding the turret 
steady against the wind, even when the 
control potentiometers are not energized. 

With the machines commonly in use 
this circuit has a time constant of re- 
sponse of about 0.04 second and can ac- 
celerate a turret up to 500 degrees per 
second per second. Because of the high 
inertias involved at such accelerations, 
it is necessary to antihunt the system. 
To accomplish this an additional field is 
connected across the Amplidyne output 
through a capacitor and is of such polar- 
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Typical turret-drive elementary 
diagram 


Figure 3. 
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ity as to buck down any voltage produced 
by the control field. This arrangement 
merely prevents an oversensitive Ampli- 
dyne from accelerating the turret too 
fast. 


Sluing Circuits for Amplidyne 
Control 


The basic circuit described previously 
is readily adaptable to modification by 
several types of additional control and 
safeguard circuits useful in turrets. One 
of the most important of these is a sluing 
circuit, which amounts to a gear shift 
for tracking speeds. When tracking a 
target the gunner seldom needs to 
operate the turret at a high rate of 
speed, and it is not desirable to have too 
great a change in rate for a given motion 
of the control handles, as this makes 
control more difficult. For tracking, a 
voltage divider tap is used which gives a 
maximum turret speed of 20 or 30 de- 


Amplidyne for turret drive and 
speed control 


Figure 4. 


grees per second. But the gunner also 
wants to be able to shift rapidly from one 
target to another, that is, slue the turret. 
This can be accomplished by changing 
the voltage divider tap so as to obtain 
full Amplidyne output. If desired, the 
tap can be changed gradually by means of 
another potentiometer geared to the 
contro] handles so as to change the slope 
of the response curve gradually, as shown 
in Figure 2. 


Limit Circuits for Amplidyne Control 


In addition, a limit circuit is often de- 
sirable to prevent the gunner from run- 
ning the guns down full speed into the 
side of the airplane. Such a circuit must 
have an automatic backout feature, and 
it must be simple. It is accomplished 
easily by having a limit switch short 
circuit that side of the control potenti- 
ometer which drives the guns toward the 
limit. 


Miscellaneous Circuit Modifications 


Generally an “action switch” or ‘‘dead- 


man’’ isincorporated in the control handle - 


to cut off power from the control potentio- 
meters when the handle is released. This 
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Sectional view of typical turret 

re 
motor showing brake coil and mechanism near 
pulley end 


Figure 5. 


is a safety feature to prevent the turret 
from swinging around in the event that 
the controls should be knocked acciden- 
tally when power is connected to the tur- 
Leu. 

It often is considered desirable to have 
brakes on the turret to prevent its swing- 
ing around in the wind when power is off. 
A nonreversible worm drive would ac- 
complish the same thing but is rather in- 
efficient. For this purpose some turret 
motors have brakes built into them, which 
release magnetically when power is ap- 
plied to the field. 

Figure 3 shows a typical turret control 
circuit elementary for the elevation mo- 
tion. The Amplidyne is driven by a com- 
pound-wound motor directly off the ship’s 
27-volt d-c supply. It is started by a re- 
lay, has thermal overload protection, and 
there is generally a radio-noise filter in 
the line. The turret motor field and 
brake are energized at the same time the 
Amplidyne is started, so as to prevent 
circulating currents flowing around the 
loop circuit between generator and motor 
armatures. The control potentiometer is — 
energized by a separate ‘‘action switch,” 
and sluing is obtained by means of a re- 
lay. Upper and lower limit switches with 
current-limiting resistors are included. 
Miscellaneous accessories are not shown. 


Turret Amplidynes 


The Amplidynes now in general use 
are two-bearing motor generator sets 12 
inches long and 29 pounds in weight (see 
Figure 4). The ‘motor is compound- 
wound with eight poles, rated at 27 volts 
and 44 amperes direct current. It runs in 
ball bearings at 8,300 rpm. The genera- 
tor is rated at 60 volts, 8.8 amperes (530 
watts) for ten minutes, and at this output” 
requires about 60 milliamperes in the 25- 
ohm control field (0.1 watt). These ma- 
chines also have a 11/, minute rating of 
750 watts, corresponding to the maximum 
wind load torques on the turret, and will 
put out over 1,000 watts for short times, 
necessary for breaking away a frozen or 
iced-up turret. Because it is expected 
that they will not have long life in such an 
application, the temperature rise gener- 
ally is considered to be limited by what 
the commutators will stand before throw- 
ing solder. All connections are made 
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ay 


Figure 6. Turret motor and gearbox showing 
pinion to mesh with turret-ring gear and lever 
to declutch motor 


Gear reduction: 10 to 1 


through a single AN connector, and two 
trheostats are mounted on the side for 


shunt adjustment of the compensating . 


field. A fan is located on the motor end 
of the machine, and all rotating parts are 
balanced dynamically. Vibration is quite 
important insofar as it affects generator 
commutation, which is extremely critical 
for smooth turret operation and correct 
compensation. Special brushes are used 
for satisfactory life at high altitudes, con- 
| sistent with reasonable commutator and 
brush life at sea level. 


Turret Drive Motors 


The drive motors for the turrets are 
rated at 60 volts armature and 27 volts 
field, and generally are rated at 4,000 
tpm. Good performance is required, 
however, over the entire speed range and 
particularly at very low speeds. Sticky 
bearings or any tendency for slot-locking 
will give ragged turret performance at 
the lowest speeds where accurate aim is 
usually most important. The motors 
must be able to take whatever the Am- 
plidynes can put out, and this often may 
mean almost instantaneous reversal of 
maximum applied armature voltage. Of 
course they must run equally well in both 
directions, and the maximum speeds in 
opposite directions should be essentially 
equal. When space permits they are sup- 
plied with a fan for cooling, but its value 


is questionable, as the motors must run 


at low speeds and full torque for much of 
the time. A typical turret motor is shown 
in Figure 5. It is seven inches long and 
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weighs about ten pounds. Its ten-minute 
rating is 0.5 horsepower at rated voltage 
and 8.3 amperes. Figure 6 shows a simi- 
lar motor mounted to a gear reduction 
box for driving a turret. Note that a 
lever is provided to declutch the worm- 
drive gearing to make the turret easier 
to rotate manually in the event of power 
failure. The over-all efficiency of a drive 
system using such motors and Ampli- 
dynes is in the neighborhood of 40 per 
cent (not including turret gear efficien- 
cies). 


Control Units for Turrets 


Satisfactory control equipment for 


easy, efficient, and accurate manipulation . 


of the guns requires a carefully designed 
control unit. The controls above all must 
be simple and “natural;” that is, their ar- 
rangement must be such that their cor- 
rect operation is virtually instinctive, 
with as little as possible for the operator 
tolearn. They must be operable with the 
minimum expenditure of thought and 
energy on the part of the gunner, and they 
must be comfortable and easy to use. 
When it is considered that the gunner 
may have to operate the turret for many 


’ 


be 


Joy-stick-type control unit for 
spherical turret 


Figure 7. 


Typical turret control unit with 


Figure 8. 
standardized grip arrangement 
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hours on end, often under conditions of 
extreme temperature and altitude, it is 
understandable that much consideration 
must be given to the ease and comfort of 
his work if his efficiency is to be main- 
tained. 

Many types of control handle arrange- 
ments have been tried. Steering wheels, 
single or double joy-sticks, rotating grips 
as on a motorcycle, and various types of 
handle-bar arrangements all have been 
used. There is no doubt that operation 
of most any arrangement can be learned, 
and also that different turret arrange- 
ments may require different control ar- 
rangements. Figures 7 and 8 illustrate 
two typical control units, one a joy- 
stick type with pistol grip, and the 
other a double-grip arrangement. The 
former has been quite satisfactory in a 
spherical-type turret. For cylindrical 
turrets the double-grip arrangement of 
Figure 8 has been found most satisfac- 
tory, and it has been standardized wher- 
ever possible. In this arrangement both 
grips move together and rotate on a hori- 
zontal shaft for elevation control and 
about a vertical axis midway between 
them for control of azimuth rotation. 
The two grips customarily are placed 
close together so as to be operated pri- 
marily by wrist motion, so as to mini- 
mize fatigue. Likewise, friction and 
inertia should be low, and any spring 
centering kept very light. However, 
there still must be enough friction and 
inertia to give the operator something 
substantial to hold onto, when the air- 
plane bounces or maneuvers, without up- 
setting his degree of control. The inertia 
of the operator’s arms and body is impor- 
tant here in creating a control system 
which is not subject to jerking during ac- 
celeration. 

In this typical control unit the grips 
are of plastic material. Each grip has a 


‘lever on the side which, when depressed 


by the weight of the gunner’s hand, ener- 
gizes the control circuit. There is also a 
gun-firing trigger switch on each grip, 
operated by the forefinger, and a push 
button accessible to the thumb for sluing, 
or for an interphone if desired. The grips 
can rotate 221/. degrees either side of 
the center position for both elevation and 
azimuth control and are geared directly 
to the control potentiometers. The lat- 
ter are of sufficient diameter and close- 
wound with fine enough wire to give 
smooth control without noticeable steps 
in the change of speed. The upper por- 
tion of the unit is devoted to a control 
panel with switches, rheostats, and over- 
load resets to control the sight, firing cir- 
cuits, and miscellaneous accessory equip- 
ment. Connections are made through 
standard AW connectors and fittings. 


Electrical Accessory Equipment 


The electrical gun-firing and accessory 
equipment being used on turrets nowa- 
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Influence of Electricity on Aircraft 


Instrumentation 


C.F. SAVAGE 


MEMBER AIEE 


- 


Synopsis: Many factors have operated to 
set up conditions which have been very 
favorable to the electrification of aircraft 
instrumentation. Two tabulations are pre- 
sented to indicate the extent to which elec- 
trical principles have been applied to com- 
mon aircraft instruments. The effects of 
increased size in aircraft, larger power 
plants, longer flight time, association with 
other: equipment, and other factors upon 
instruments are discussed. The advantages 
of electric instruments are presented, and 
some possible future developments are 
noted. 


URRENT bibliographies on aircraft 

instruments list a reference to an 
early article dated 1904—40 years ago. 
This paper, describing an altimeter, has 
been followed by thousands more indicat- 
ing the interest and technical advance- 
ments in aircraft instruments. The 
needs of the aircraft industry have been 
met by the instrument manufacturers. 
Developments in instruments have paral- 
leled the rapid developments in aircraft 
due to the close co-operation of measure- 


‘ment and aeronautical engineers. A 


typical aircraft instrument panel is shown 
in Figure 1. 

Since few manufacturers make a com- 
plete line of aircraft instruments, an over- 
all listing of the devices included in this 
field is difficult to find. Textbooks, bul- 
letins, and trade catalogues list instru- 
ments under various classifications. 
devices covered and the typing are seem- 
ingly influenced by popular terminology 
and the author’s particular interest. An- 
otherclassificationis not, then, out of order. 


The 


Aircraft instruments can be identified 
by the function which they perform. A 
tabulation made on this basis should be 
of interest in cross-checking the needs of 
the aircraft with the instruments avail- 
able. Aircraft instruments can be 
grouped by the type of instrument and 
by the basic principle of operation. 

Because many factors have operated 
to set up conditions which have been very 
favorable to the electrification of aircraft 
instrumentation, particular emphasis can 
be placed on this effect by segregating 
the electric instruments from other types. 

The increase in use of electric instru- 
ments is traceable to the following factors: 


Increase in size of aircraft. 
Increase in size of power plants. 


Longer flight time. 


A seta 


Desirability to fly under adverse condi- 
tions. 


5. Nonelectrical methods not feasible. 
6. Association with other equipment. 


7. Adaptability to available power source. 


Since electric devices, other than in- 
struments, are being used in increasing 
numbers on aircraft, it is anticipated that 
electric instrumentation will progress. 


Scope 

An instrument is normally considered 
a measuring device. Inthe control of any 
process, regardless of its nature, a measur- 
ing device may function in two ways:! 


1. It may give visual indication of events 
or conditions which may govern the manual 


adjustment of apparatus controlling these 
events or conditions. 4 


2. It may initiate actions which auto- 
matically adjust equipment controlling 
events or conditions. 


Only instruments in the first group are 
considered, since control devices such as 
voltage regulators, fuses, and speed-con- 
trol apparatus are included in the second 
group. The aircraft industry operates in 
general within this definition. Two ex- 
ceptions are warning lights, which are 
not considered to be instruments, and 
automatic pilots, which are classed as 
instruments. Interlocking operation, so 
easily accomplished by electrical means, 
makes the distinction between an instru- 
ment and a control device increasingly 
difficult. 


Classification 


Table I shows aircraft instruments 
by basic type of measurement. This 
table may not be comprehensive, that is, 
it may not include all instruments, but it 
does show all instruments used in any 
quantity. Automatic pilots are not tabu- 
lated, since their function other than 
control is duplicated by other gyro in- 
struments. 

Table II shows the aircraft instruments 
segregated into their classes: flight, 
navigational, engine, and miscellaneous 
with the basic principle of operation 
listed. Further classification is made by 
dividing the instruments into groups in- 
dicating that the instruments operate as 
self-contained units or consist of two 
units, a transmitter and a receiver, to 
give remote indication. The means by 
which the basic principle of operation is 
effected is also shown. 


Paper 44-193, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 23, 1944; made available for print- 
ing July 11, 1944. 


C. F. SavaGe is aircraft instrument engineer, Gen- 
eral Electric Company, West Lynn, Mass. 


days has reached considerable propor- 
tions. Guns are fired almost without 
exception by electric solenoid devices 
mounted on the guns, and dsawing from 
four to eight amperes. Usually both guns 
are fired simultaneously, although some- 
times provision is made for separate firing 
of the guns when desired. Cam-operated 
fire interrupter switches are used in these 
circuits to cut out the gun fire in inter- 
ference regions, so that gunners will not 
inadvertently shoot away the tail or wings 
of their own airplane. 

Because of the large amounts of am- 
munition carried, the feeds to the guns are 
long and tortuous, so that ammunition 
boosters are required. These are ratch- 
eted sprockets powered by small inter- 
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mittently rated ‘electric motors which 
operate when tension in the ammunition 
belt reaches a predetermined value. 
They generally take considerable current; 
20 amperes is not unusual. 

Automatic electrically driven movie 
cameras aimed along the line of fire are 
often used to record the effect of the gun- 
fire. They are energized whenever the 
firing trigger switches are closed. 

Additional electrical accessory equip- 
ment often used includes the interphone, 
a rheostat-controlled power outlet for 
electrically heated clothing, defrosting 
heaters and fan for the Plexiglas dome, 
and usually a ‘“‘trouble light’’ on the end 
of a flexible cord for general illumination. 

The total power drain of a 27-volt 
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turret with everything running at once, 
and going at full speed against the wind 
may be well in the neighborhood of 175 
amperes. 


Conclusion 


Amplidyne turret drive and control 
equipment is now in use on thousands of 
turrets of several different types and 
manufacture all over the world. It lends 
itself readily to many control-circuit varia- 
tions and mechanical arrangements and 
is eminently simple and easy to service 
and maintain. All reports have indicated 
that it is thoroughly reliable and performs 
its proper functions satisfactorily. 
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Figure 1. Typical aircraft instrument panel 


There are some measurements, such as 
exhaust-gas analysis, which are made 
only by electrical means. Some measure- 
ments, such as time, are made only by 
mechanical devices. 

It is indicated that many measurements 
can be made by devices utilizing both 
mechanical and electrical principles in 
their operation. While certain instru- 
ments, fuel-quantity gauges, for example, 
can be obtained operating on more than 
one principle, general usage is in favor of 
those utilizing electrical means. Figure 
2 shows the relative guantity of instru- 
ments available in the various classifica- 
tions. 


Factors Favoring Electric 
Instrumentation 


AIRPLANE SIZE 


The size of aircraft has increased tre- 
mendously. Wing spreads over 200 feet 
are not uncommon. Engines are placed 
out on the wings with the obvious result 
that engine instruments are principally 
electrical in operation or utilize electric 
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transmission. Electric tachometers elimi- 
nate the impossible task of using flexible 
cable drive through a distance of as much 
as 60 feet between the engine and the in- 
strument panel. The saving in weight 
by eliminating the use of cable is many 


pounds. Synchronization of multiple en- 
gines is indicated easily by electric syn- 
chroscopes operating from tachometer 
generators. 

Many pressure indicating devices uti- 
lize electrical transmission to eliminate 
long heavy pipe lines, thus reducing in- 
stallation costs, maintenance difficulties, 
and operational hazards by avoiding the 
danger of leaks and by decreasing vul- 
nerability to gunfire. ; 

Other parts of the airplane are often 
so far from instrument or control panels 
that the electrical method is the only 
practical means of measurement. Gaso- 
line tanks are multiple in number and 
placed in all parts of the airplane. Land- 
ing gear, flaps, and so forth cannot be 
seen by the pilot, and position indication 
must be provided. 

Remote-indicating electrical com- 
passes*:’ are a necessity because of the im- 
possibility of maintaining a uniform mag- 
netic field in the cockpit. The pickup ele- 
ment must be located in a remote posi- 
tion, such as the tail or wing, to secure 
accurate readings. 

Much has been written on the subject 
of power systems in aircraft. Increased 
power loads and the use of 400-cycle 
supply dictates the use of ammeters, 
voltmeters, wattmeters, and so forth; 
to assure proper control. 


Table |. Classification of Aircraft Instruments 
Specific Measurements Instruments 
1. Measurement of Quantity 
(EWE GQ aNtity/.i. ace a sie via Flowmeter 
Solids, liquids, gases........ } Airplane heiet ss sarate-cicrs Radio altimeter 
Absolute.... Ice accumulation........ Rate-of-ice-accumulation indicator 
PRICRERICIEY ee ictevesayaral et &. ital) PAC CELICMOAG so crceleietare »..Ammeter 
: : Mechanical.. Engine horsepower...... Horsepower indicator 
th t to time. . Power. { 5 bes P P 
MANS Seo Electrical.... Generator load.......... Wattmeter 
2. Measurement of Quality 
Composition analysis............:. Sasateiers FUGh SHITEULE. |. a larete stele «nie Exhaust-gas analyzer 
3. Measurement of Condition 
Outside air 
Oil 
Coolant .... Thermometer 
TEMP CrAPUNe strats tate Whale erent iajesaiele ticke se) © ri Carburetor mixture 
Inside air 
Engine cylinder \ 
mace B 1 
Wet exaust hermocouple 
Oi) 
Fuel 
Pressure... port teeter tees e eee eee e eee Manifold ....Pressure gauge 
/ Suction 
_Deicing equipment ; 
. FON giNE- FPN, «|e )s ksi, se iece Tachometer 
Engine synchronism. .... Synchroscope 
need Airplane rotation........ Rate of turn indicator 
Segre eens aCe ite oo eae Airplane acceleration. . . . Accelerometer 
Electrical frequency..... Frequency meter 
Airplane forward speed. . Air-speed indicator 
POtetitial sy wien savanphemer eas Tatsectey Uae Weta le hone ehice se Electric potential........ Voltmeter 
Oil quantity } Seta MOO ERE Liquid-level gauge 
Fuel quantity 
Wheel position 
Hlap esto oe . Position indicator 
Oil-cooler flap position 
Cowl flap position 
Inspace. .... =. is A Sita 
= aa { Level flight...... aietaieiewis Gyro-flight indicator 
Direction ¥3/siesrsicte's ..... Directional gyro, compass 
Wieight.:.nistesaisrerere ..... Altimeter 
Displacements 2.5 .)..1.-. Change in height....... Rate-of-climb indicator 
Pitchiane leg winsrscieleieeie Inclinometer 
(Stall conditions), ./<../.c10 os Stall indicator 
: Drift. ; Driftmeter 
Thies { rift... esses eee aot ee 
mahgaad OU EINE se iveteier. ch a. me vie Clock: 
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POWER PLANTS 


As the size of aircraft engines has in- 
creased, the necessity for improved con- 
trol has been noted. Carburetor air tem 
perature requires a sensitive measuring 
device capable of following quickly any 
change in temperature. The resistance 
bulb and ratio-type temperature indicator 
fills this need. Improved cylinder-head 
temperature indicators are being de- 
veloped to permit engines to be operated 
at higher efficiency. The position of cowl 
flaps and oil-cooler flaps is indicated by 
electric instruments. 

The very high temperatures encoun- 


measured by thermocouples which con- 
stitute the only practical means. 

Longer flights dictate rigid maintenance 
to flight schedules and the attainment of 
high efficiency in operation. Fuel flow- 
meters, utilizing electrical transmission, 
are standard equipment. New and im- 
proved horsepower indicators‘ aid in ob- 
taining efficient engine performance. 


FLIGHT CONDITIONS 


Airplane performance has been im- 
proved, so that flights are made under ex- 
treme conditions of weather, altitude, and 
temperature. Electric instruments aid 


in general under these conditions, but als6 
provide some specialized indications. 
Rate-of-ice-accumulation instruments are 
electronically operated. Pressurized cab- 


ins for high-altitude flight present diffi- 


cult problems in that the tubing and 
other connections for mechanically oper- 
ated instruments must be sealed at the 
point of cabin entry. Airtight electric 
connections are made easily by gasketed 
lead-in studs. bd 


LimiITED METHODS 


Certain measurements are made by 


one type of instrument because no other . 


tered in jet-propulsion engines are being by providing not only good performance method appears practical. Clocks will 
Table Il. Operating Principles of Aircraft Instruments 
—— 
Self-Contained 
Remote Indicating 
Me- 
chan- Me- - Me- 
ical-  chanical- chanical— 
Elec- Pneu- Mechanical- Mechanical- Pneu- 
Class—Instrument Electrical Mechanical trical matic Electrical Mechanical Electrical Hydraulic matic 
Flight Instruments 
Altimeter Aneroid 
Rate of climb Manometer 
Air speed Manometer 
Free-air tempera- Resistance meas- Pressure gauge 
ture urement 
Accelerometer Mass measure- , 
ment 
Inclinometer Pendulum 
Flight indicator Gyroscope Gyroscope 
Rate of turn indi- Gyroscope Gyroscope 
cator 
Stall indicator Pressure 
switch 
Navigational Instruments 
Directional gyroscope Gyroscope Gyroscope 
Compass Compass Magnetic satu- Compass-magnetic 
ration saturation 
Clock Escapement 
Driftmeter Telescope 
Engine Instruments 
Pressure indicators Pressure gauge— Pressure gauge— 
| electric transmis- hydraulic 
wy sion transmission 
Temperature indi- Bimetal Resistance meas- Pressure gauge 
cators urement and 
thermocouples 
Tachometer Magnetic-drag Magnetic-drag 
electric trans- machine 
mission coupling 
Synchroscope Frequency com- 
: parison 
Fuel and oil-quan- Sight-gauge and Float level—electric Float level—hy- 
tity gauge float type transmission draulic trans- 
mission 
Flowmeter Volumetric Volumetric 
pump pump 
Pressure Electric 
measure- | trans- 
ment mis- 
Velocity sion 
measure- 
H ee! ment — 
orsepower imdica- Combined torque 
tor and speed indi- 
cator 


Exhaust—gas ana- 
lyzer 


Miscellaneous Instruments 
Position indicators 
Ammeter Direct current— 
permanent- 
magnet mov- 
ing coil 
Alternating cur- 
rent—moving- 
iron vane 
Electrodynamic 
Series resonance 


Volt meters 


Wattmeters 
Frequency meters 
Ice accumulation 


Thermal conduc- 
tivity—tresist- 
ance measure- 
ment 


Resistance meas- 
urement 


Capacitance 
measurement 
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a ? 
ELECTRICAL ENGINEERING 


Components of an_ electric— 
hydraulic automatic pilot 


Figure 3. 


continue to be mechanical until better 
regulated electric power sources are avail- 
able. Exhaust-gas analyzers and distant 
reading compasses have been mentioned 
previously. Radio altimeters are the only 
instruments available for obtaining ab- 
solute height above ground. It is ex- 
pected that instruments operating en- 
tirely on electrical principles will assist in 
obtaining better fuel quantity measure- 
ments. 


ASSOCIATED EQUIPMENT 


Electric instrumentation is easily 
adapted to meet requirements calling for 
the combination of two or more measure- 
ments or of measurement and control 
functions. The horsepower indicator 
combines engine torque and speed. The 
electric tachometer and synchroscope 
work as a team. Electric compasses are 
used to control the precession of direc- 
tional gyroscopes. Moreover, the remote 
totalization of several measurements can 


RUDDER 


TORPEDO 
DIRECTOR 


Figure 4. Possible airplane functions con- 
trolled by electric automatic pilots 


NOVEMBER 1944, VoLUME 63 


be effected easily to determine, for ex- 
ample, the total quantity of fuel in a num- 
ber of separate tanks.°® 

Electric gyroscopes, as used in auto- 
matic pilots, are outstanding examples 
of combined instrumentation and con- 
trol. - Figure 3 illustrates the components 
of an electric-hydraulic automatic pilot. 
The electrically operated gyro instru- 
ments® incorporate electric pickoffs which 
give the required signal for automatic 
pilot control. The operation of the flight 
indicator and the directional gyroscope 
as indicating instruments is not impaired, 
since the signal power required is negli- 
gible. Electronic amplifiers provide 
means for obtaining any power step-up 


—- ROTATABLE 
CONTACT ARM 


A 
args 
UNLIMITED 
ROTATION - EQUALS SEED 
TRANSMITTER 
B 


aa 


TRANSMITTER 


INDICATOR 
Figure 5. Typical circuit 


A. D-c remote indication 

B. A-cremote indication 

C. A-c remote indication—induced second- 
harmonic system 
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required. Figure 4 identifies the func- 
tions which can be controlled by electric 
pilot instruments. 

Other examples of associated instru- 
mentation and control are overspeed 
control of turbosuperchargers which uti- 
lizes the tachometer generator, combining 
positioning motors. and position trans- 
mitters, and automatic propeller syn- 
chronization. 


ADAPTABILITY TO POWER SOURCE 


Many instruments are available in 
forms to operate from d-c or a-c power 
sources. In addition, inverters, con- 
verters, and rectifiers can be used so that 
electrical instruments are applicable re- 
gardless of the electric system of the air- 
plane.’ Figure 5 illustrates circuits com- 
monly used for remote transmission of 
aircraft measurements. 


Conclusion 


A review of the common aircraft in- 
struments indicates that many operate 
only on electrical principles and that 
electric transmission for remote indica- 
tion has been applied extensively to 
others. A few instruments cannot be 
improved by the use of electricity because 
of their inherent principles of operation 
or method of application, and these, no 
doubt, will continue to be mechanical. 

Many factors have influenced the 
electrification of aircraft instruments. 
Because of the work done, the instru- 
ment needs of the aircraft manufacturer 
have been met, and many new instru- 
ments having superior characteristics 
have been developed. It is anticipated 
that technical improvement in aircraft 
instrumentation will continue, and that 
the benefits obtained from the use of 
electricity in this field will increase. 


References 


1. INSTRUMENTS AND MEASUREMENTS. Power 


Plant Engineering, January 1935, pages 8-11. 


2. MAaAGNESYN REMOTE READING Compass, D. W. 
Smith. Aeronautical Engineering Review, volume 2, 
May 1943, pages 31-5. 


3. Evectric Crrcuits AND THE Macnetic Com- 
pass, R. C. Burt, H. R. Beck. AIEE TRANSAC- 
TIONS, volume 63, 1944, January section, pages 
24-6. 


4. Horsepower Inpricator. Instruments, volume 
17, April 1944, page 246. 


5. TorariziIncG CONTENTS OF AIRCRAFT FUEL 
Tanks, J. R. Macintyre. AIEE TRANSACTIONS, 
volume 63, 1944, September section, pages 663-5. 


6. ELECTRICALLY DriIvEN Gyroscoprs, H. M. 
Witherow, A. Hansen, Jr. Acronautical Engineer- 
ing Review, volume 3, March 1944, pages 61-5 
and 147, 


7. ALTERNATING CURRENT VERSUS Direct CurR- 
RENT IN H1GH-ALTITUDE AIRCRAFT, R. W. Gemmel, 
J. C. Cunningham, Aviation, volume 43, March 
1944, pages 138-41 and 344-8, 


TRANSACTIONS 805 


s&s &¢ *8 sta F 


Brief Survey of Power-Supply 


Developments on British Aircraft 


P. W. CARTER 


NONMEMBER AIEE 


HIS paper covers the development 

in broad outline of electric generating 
equipment and systems on British air- 
craft from the 1920’s up to the present 
time. The coverage, of necessity, must 
be very sketchy, but it is hoped that out- 
lining British development in its approxi- 
mate chronological order may be helpful 
in comparison with American develop- 
ment over the same period. No attempt 
will be made to go into great detail, and 
so pictures and curves have been omitted. 


D-C Power Supplies 


Early airplanes, which were mostly of 
the biplane type, used exclusively the so- 
called 12-volt d-c system. Power was 
supplied by a ‘“‘windmill’’-driven genera- 
tor of 14 volts 500 watts capacity. 
“Windmill” is the British word for the 
wooden or metal propeller which was ac- 
tuated by the slip stream of the aircraft, 
thus rotating the generator armature at 
its rated speed of approximately 5,000 
rpm at the normal cruising speed of the 
airplane. Various “windmills’’ of differ- 
ing pitch were available to take care of 
the various aircraft which had naturally 
differing cruising speeds. The generator 
was built in streamlined form and was 
mounted usually on the wing. Connec- 
tion was made at the rear end by a plug 
and socket, and the weight of the com- 
plete assembly was about 20 pounds. 
Cooling was, of course, by the slip stream 
and care had to be exercised not to load 
up the generator to its maximum ca- 
pacity when running up on the ground 
for test purposes; 40 per cent full load 
was the specified safe limit under these 
conditions unless an air blast was avail- 
able. 

Voltage control of these generators was 
achieved by a vibrating reed or Tirrill 
regulator, and also in the same box was 
located the reverse-current relay. It is 
worthy of note that these early regulators 
were screened in a metal box to minimize 
radio interference and the connecting 
cable was screened for the same purpose. 
Round about 1935, research and develop- 
ment were accelerated for obvious rea- 
sons which need not be discussed here, 
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and about that time the airplanes which 
were destined to be our mainstays during 
the early part of the war were in various 
stages of development or production. 
These were the Spitfire and Hurricane 
fighters and the Whitley, Wellington, 
Hampden, and Blenheim bombers. All 
of these were fitted with a new type of 
engine-driven generator with self-regu- 
lating characteristics, which had been 
developed. The adoption of this genera- 
tor, by rendering an external voltage 
regulator unnecessary, solved troubles 
which had been experienced with Tirrill 
regulators, the most bothersome of which 
had been radio interference. 

It may be of interest to describe this 
generator in some detail. Three field 
windings were provided, a shunt winding 
for the primary excitation, a series wind- 
ing to compensate for voltage drop in the 
generator due to load and thirdly, a con- 
trol winding. This latter winding was 
arranged to carry battery-charge current 
only, and the resultant field was in such a 
direction as to check rising voltage with 
increasing engine speed, by the tendency 
to increase charge current. The prin- 
ciple worked out reasonably well in prac- 
tice, but, like all excursions into new 
regions, it created its own peculiar prob- 
lems which will be noted later. Cooling 
of these units was by air blast, the whole 
of the generator yoke being surrounded 
by an airspace. Power requirements 
also had increased, so that these genera- 
tors were made available in 500 and 
1,000 watt sizes at both 14 and 28 volts 
and weighing 22 pounds and 36 pounds, 
respectively. The speed range for rated 
full load was 3,000 to 5,500 rpm. It was 
during this period that the 24-volt system 
was tending to oust the 12-volt. 

Experience with these generators under 
combat conditions during the early 
phases of the war revealed the limitations 
governing their performance. The bat- 
tery-charge current varied between zero 
and approximately ten amperes for volt- 
age control and, in general, bore no rela- 
tion to the state of charge of the battery 
itself. Thus, if a battery were discharged 
by ground tests and repeated engine 
starting, the battery could not accept a 
heavy recharging current during flight, 
and undercharged batteries, useless in a 
crisis, resulted. Further a fixed resist- 
ance, switched into the field circuit by 
the engineer when the voltage reached 
14.5 volts, had been found necessary, 
but this needed vigilance and was there- 
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fore undesirable. Another undesirable 
feature was that a resistance had to be 
substituted for the battery when the 
latter was removed from the airplane; 
otherwise the generator was uncontrolled 
if the engine was run up. Lastly the 
voltage characteristics were not stable 
enough to allow paralleling, and this last 
problem rapidly was becoming im- 
portant. 

The power-supply policy therefore 
swung back to shunt-wound generators 
with external voltage control, and the 
movement was accelerated by the de- 
velopment of carbon-pile voltage regula- 
tors. The generators were built primarily 
for 24-volt systems but 14-volt units 
were made available in the 500-watt size 
for incorporation in later Spitfire and 
Hurricane aircraft. The speed range re- 
mained the same, and it is worth noting 
here that differing speed range, mounting 
pads, and drive shafts are the chief stum- 
bling blocks to standardization between 
American and British units. A new unit 
of 1,500-watt capacity was added to the 
range, this being entirely due to improve- 
ments to the existing 1,000-watt model. 

A brief history of British development 
of the carbon-pile voltage regulator for 
aircraft use may be of interest here. 
The principle is, of course, not new. The 
first model to go into production differed 
widely from the type now in general use, 
and in some aspects this early regulator 
possessed definite advantages over the 
now standard model. The pile was ex- 
posed and not enclosed in a ceramic tube, 
and the compression on the carbon stack 
was effected through a link system giving 
longer travels which were more easily 
controllable. The magnet system con- 
sisted of a specially shaped armature 
rotating on ball bearings between the 
magnet pole shoes, and a dashpot with a 
graphite piston was provided for damping 
to prevent hunting. Temperature com- 
pensation was provided by an Invar rod. 
It should be noted that on all British regu- 
lators current control is incorporated to 
provide a voltage characteristic falling 
from 28.5 volts to 26 volts with increase- 
of load. These early regulators were 
comparatively expensive to produce, and, 
a simpler type having shown promise, the 
former was gradually superseded by the 
latter. This is the Newton type, and it is 
substantially the same as the regulators 
which are being produced in quantity 
here in America, and so it is not proposed 
to describe this in detail here. 

The equipment described in the last 
two paragraphs is that with which most 
of the current British aircraft are 
equipped, and it is proposed now to 
sketch briefly present developments in 
the d-c field; the position regarding a-c 
development will be treated separately 
and discussed later. Two. generators 
will soon be in production, one of 3,000 
watts capacity and the second of 6,000 
watts. By a curious coincidence they 
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are types O and P, and thus they corre- 
spond inegoutput to American units of 
similar nomenclature. The weights are 
50 pounds and 55 pounds respectively, but 
it is believed that an improved 3,000-watt 
model is under development weighing 35 
pounds. These figures compare unfavor- 
ably with the American designs, but it 
must be remembered that the speed 
range remains 3,000 to 5,500 rpm, and 
also that the rated output is given con- 
tinuously. 

Voltage regulators have been im- 
proved in detail, and the most important 
change has been to provide two carbon 
stacks in series in the one regulator, one 
for voltage control and the other to act 
as a current limiter instead of the voltage 
coiland current coil operating on onestack. 
On single-generator installations the volt- 
age control keeps the voltage constant up 
to the rated output of the machine, and 
then the current limiter comes into opera- 
tion to drop the voltage sharply. In multi- 
engine aircraft where generators are 
paralleled, each regulator gives a falling 
voltage characteristic with load until 
full load on each generator is reached, 
after which the current limiters act as 
before. In addition the load current is 
taken through a small coil acting on the 
voltage pile to reduce the voltage of the 
generator if it tends to take more than 
its share of the combined load. 

Experiment and research are going 
forward with the paralleling of four of 
these larger 6,000-watt units in order to 
get stable installations. The scheme 
showing most promise incorporates a 
fifth master regulator which is actuated 
by the bus-bar voltage to keep this sub- 
stantially constant, irrespective of the 
voltage tendencies of the individual gen- 
erators feeding the system. As already 
explained, each generator is controlled 
by its regulator to give a falling voltage 
characteristic with load, and also com- 
pensation is provided for equal load di- 
vision. In addition a tapping is taken 
from the swamping resistance in series 
with the voltage coil of each regulator, 
a few volts up from the negative bus-bar 
end. These four tappings are strapped 
together, and the carbon stack of the 
master regulator is placed between this 
common point and negative, that is, in 
parallel with the sections of the swamping 
resistances. The pile is actuated by a 
coil across the positive and negative bus 
bars, and is arranged to open with falling 
and close with rising voltage. The com- 
bination thus gives substantially con- 
stant bus-bar voltage, even though the 
voltages of the generators individually 
‘are tending to fall with load. 


Radio and Radar Power Supplies 
At about the same time that d-c sup- 


plies were being obtained from a ‘‘wind- 
mill”-driven generator, radio power was 
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also derived from a similarly actuated 
source. This streamlined machine was 
built to give 0.1 ampere at 1,200 volts 
and four amperes at ten volts, weighed 20 
pounds, and was designed to run at a 
constant speed of 3,500 rpm. To give 
this last characteristic a slipping clutch, 
or a variable pitch ‘‘windmill,”’ was used. 

Following this, a range of motor gen- 
erators was built which ran off the air- 
craft electric system. The outputs were 
in all cases 80 watts either at 1,200 volts 
or 600 volts, and the inputs were 12 volts 
or 24 volts to suit the aircraft main power 
supplies. These units weighed about 12 
pounds and were approximately 4.5 
inches in diameter by llincheslong. An 
interesting point here is that a limit of 80 
watts was placed on radio requirements 
from the aircraft battery, until the sum- 
mer of 1939, when the demand suddenly 
was jumped to 750 watts. 

Then came the war, and the urgent 
need for more and more power for radio 
and radar arose, and thus was born the 
engine-driven alternator, which to this 
day is the method most favored by the 
British for obtaining this power. The 
first model to go into production was a 
single-phase alternator rated 500 watts 
at 80 volts rms, and when fitted to British 
engines its speed range was 3,000 to 5,500 
tpm. The frequency was 1,300 cycles 
per second at 3,000 rpm. Incidentally, 
it is not known by the writer what reasons 
governed the adoption by the British of 
80 volts and the frequency range 1,200 
to 2,400 cycles per second as the stand- 
ards for these supplies. 

The design of these alternators permits 
of a very robust mechanical unit. The 
field is energized by direct current from 
the aircraft’s main d-e power supply, 
and no windings’are placed on the rotat- 
ing mass, the field coils being positioned 
on a conical-shaped projection of the end 
plate, which is bored to receive a cylindri- 
cal part of the rotor. The stator with the 
a-c windings is fixed to the yoke, and 
there are 24 teeth on the inside periphery. 
Aligned with the stator teeth are the rotor 
teeth, 26 in number, so that a pair of 
teeth coincide 26 times per revolution. 
The flux; path is thus from the conical 
projection across the constant air gap to 
the cylindrical part of the rotor along 
the rotor to the teeth and across the air 
gap to the stator teeth. The magnetic 
circuit then is completed through the 
yoke. The flux is unidirectional but 
varies in magnitude because of the varia- 
tion in reluctance of the magnetic path 
between rotor and stator teeth and the 
coincidence of these together with the 
speed determined the frequency. 

Round about this time we were receiv- 
ing Hudson aircraft built by the Lock- 
heed Aircraft Corporation, and, of course, 
the aforementioned units were not suit- 
able for the American engines powering 
those airplanes. A new unit of similar 
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output therefore was produced with the 
necessary American standard flange and 
drive shaft. This gave full output at 
2,000 rpm and upwards, the frequency at 
2,000 rpm being 866 cycles per second. 

However, not all aircraft are multi- 
engined and on single-engined airplanes 
no pads are available for the alternator 
if a d-c generator is fitted. To meet this 
situation, a range of dual machines was 
produced in which the d-c armature is 
on an extension of the rotor, and the one 
body carries the alternator stator and 
the d-c generator poles. Outputs were 
500 watts alternating current plus 500 
or 1,000 watts direct current, the varia- 
tions being on the d-c side, the latter 
could be a plain shunt machine or one of 
the self-regulating type. 

Recently two more alternators have 
made thejr appearance similar in con- 
struction to those already described but 
with increased outputs of 1,200 watts. 
One is suitable for British engines whereas 
the other is designed for American drives. 

The latest design of dual machine is a 
combination of this 1,200-watt alternator 
and the 3,000-watt d-c generator. This 
unit incorporates all the improvements 
resulting from experience on previous 
generators. The d-c portion is a normal 
six-pole shunt machine with compen- 
sating windings, and the alternator half 
has already been described. Full output 
is obtained at a minimum speed of 3,000 
rpm with air-blast cooling of 100 cubic 


feet per minute, the frequency at that 


speed being 1,200 cycles per second. The 
weight is 51 pounds, 

Also under development are engine- 
driven alternators of 3,500 watts and 
6,000 watts capacity, the weight of the 
former being about 35 pounds while that 
of the latter is unknown. 

In the field of alternating current for 
aircraft power supplies, the only installa- 
tion at the moment does not derive the 
power from an engine-driven alternator 
through a constant-speed device, but 
rather from auxiliary generating plants. 
The system is 110 volts, three phase, 250 
cycles, but it is believed that this voltage 
and frequency have not been definitely 
frozen for future projects, and it is hoped 
that standardization with American prac- 
tice may be achieved.'!’ Two units are 
installed in the aircraft, independent of 
one another, one being used while the 
other is a standby. The weight of each 
is 450 pounds complete. Each alternator 
is rated 20 kw at 3,750 rpm, and a d-c gen- 
erator of three kilowatts at 28 volts and 
an exciter of 750 watts are included in 
each unit. Some development is going 
forward with constant-speed devices, an 
eddy-current coupling being one ap- 
proach, but the weight of this device is 
excessive. Another approach is a slip- 
ping device with tapered rollers, but no 
information is available on the progress 
of this project. 
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Requirements for Low-Voltage 


Aircraft Cable 


R. E. HEDGES 


ASSOCIATE AIEE 


Synopsis: This paper presents the basic 
requirements to be expected of any electric 
cable which is considered for use in aircraft. 
A few of the problems encountered in form- 
ing a cable specification are presented, along 
with factors to be considered in establishing 
valid test procedures. The author has 
not attempted to give solutions to the prob- 
lems presented, but rather to acquaint the 
reader with the fact that a major problem 
does exist in designing an electric cable 
suitable for use in aircraft, and that many 
factors which are extremely variable must 
be considered before an adequate solution 
can be found. 


LECTRIC wiring designed for air- 
craft probably is required to withstand 
a wider range of operating conditions 
than most other types of électric wiring. 
This is not surprising since present air- 
planes, both combat and commercial 
types, are expected to be able to fly any- 
where in the world under all kinds of 
weather conditions. Repair of a damaged 
airplane in remote parts of the world must 
be accomplished with a minimum of re- 
placement parts, and probably only basic 
tools, such as screw driver, pliers, ham- 
mer, and wrench. In many cases repairs 
can be made only by salvaging parts from 
other airplanes. If the original electric 
wiring of an airplane is properly designed, 
installed, and protected against damage 
due to overloads, short circuits, insulation 
failure, abrasion, fluids, and fungus 
growth, and so forth, a great deal of wire 
replacement and maintenance will have 
been eliminated in both combat and com- 
mercial types of aircraft, although in com- 
bat airplanes the larger percentage of wire 
replacement is caused by gunfire damage. 
The following basic requirements are to 
be expected of any electric wiring con- 
sidered for use in aircraft: 


1.’ Minimum Weight. Unnecessary 
weight is expensive in an airplane because it 
results in a reduction of the performance 
characteristics and the range. A one-pound 
increase in the weight of an airplane when 
empty easily may result in three pounds 
increase in the gross weight because of the 
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weight of additional structure and fuel 
needed to carry it. This shows that a con- 
siderable reduction of ‘‘pay load’’ results 
when additional structure and fuel are uti- 
lized to carry unnecessary equipment weight. 


2. Minimum Diameter. Excessive wire 
diameter reflects itself in extra weight. 
Bundles of wire with excessive diameter will 
necessitate larger clips to hold them in place. 
Routing enlarged bundles through the 
structure may mean an increase in the size 
of openings through stressed portions of the 
airplane and result in weakening the struc- 
ture unless an additional thickness of metal 
is used around the openings which have been 
enlarged. The additional strengthening 
material means added weight. If the di- 
ameter of the bare stranded conductor is 
larger than necessary, the diameter of the 
shank of the terminal lugs will have to be 
increased to accommodate the enlarged 
wire. An oversize in conductor diameter 
means that more insulation material and 
braid will be necessary to cover the wire. 
The size of the “‘insulation-grip”’ type of ter- 
minal, sometimes used on smaller-gauge 
wires, also will be increased. With the 
realization that most airplanes carry several 
thousand feet of electric wiring, and some 
of the larger transport airplanes carry sev- 
eral miles of electric wiring, it is easy to see 
that a small increase in size in the individual 
conductor can result in an appreciable in- 
crease in the weight of the finished airplane. 


3. Noninflammability. The insulation 
on electric cable can be ignited by either a 
sustained short circuit or a flame external to 
the wire. If the insulation is not self- 
extinguishing, the burning wire becomes ex- 
tremely hazardous, since it may propagate 
the flame from one point in the airplane to 
another, and it can ignite other inflammable 
materials and be the cause of a major fire. 
This dangerous situation has been intensified 
in the present-day combat and cargo 
types of airplane, because of the use of open 
wiring throughout the airplane. The insu- 
lation on wiring should be self-extinguishing, 


4. Wide Temperature Limits. Wire and 
its insulation should show no signs of failure 
when used in ambient temperatures between 
+125 and —70 degrees centigrade. A 
military airplane used in Arctic regions to- 
day may be transferred to equatorial regions 
next week. For maintenance the wire must 
be capable of being bent and flexed at all 
temperatures without damage to the pri- 
mary insulation. For operation the wire 
must be capable of standing the ovenlike 
heat in the engine section of an airplane 
which has just returned from a flight and is 
allowed to stand in a blazing tropical sun- 
light while the engine “‘cools off.’’ 


5. Abrasion Resistance. The braid cov- 
ering of an aircraft wire must be capable of 
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withstanding a great deal of abuse in int 
stallation and service. During installation 
and assembly, wiring is subjecteé to being 
pulled through small openings and across 
sharp metal edges, and to general rough 
shop treatment.» In service-vibration and 
airplane motion may cause the loosely 
bundled open wiring to beat itself against a 
piece of structure or chafe against the sides 
of an opening through which the wire passes. 


6. Fluid Resistance. _Engine oil, hy- 
draulic fluid, high-octane gasoline, salt 
water, alcohol, ethylene glycol, and any 
other fluid likely to be encountered should 
have no effect upon the outer protective 
coating of the wire. Open wiring in the 
engine nacelles, wheel wells, and other ex- 
posed sections is subject to all of the afore- 
mentioned fluids during operation and main- 
tenance and therefore should not be mate- 
rially damaged by exposure to any or all of 
them. 


7. Fungus Resistance. This property is 
most important for airplanes used in tropical 
areas where high heat can be accompanied 
by high humidity. Wiring inside equip- 
ment and in confined parts of the fuselage 
may be attacked by fungus which will cause 
destruction of wire insulation and require 
early replacement. 


8. Maximum Current Capacity. In a 
28.5-volt d-c electric system the maximum 
current-carrying capacity is limited in al- 
most all cases by the maximum allowable 
line-voltage drop rather than the rating of 
the wire. The allowable line-voltage drop 
has been set by specification and is depend- 
ent upon the operating requirements of the 
equipment. In the larger airplanes almost 
every circuit is carrying only a fraction of 
the current it is capable of handling because 
of the voltage-drop limit. A few circuits do 
carry their rated current, but in these iso- 
lated cases the length of wire between the 
main bus and the apparatus is very short, 
and the wire capacity can be utilized without 
exceeding the voltage-drop limit. 


9. High Dielectric Strength. Within the 
range of operation of present-day aircraft, 
pressure altitude and relative humidity 
changes have no measurable effect upon the 
dielectric strength of wiring insulation. 
Pressure altitudes varying from sea level to 
50,000 feet, and relative humidity from 0 to 
100 per cent are encountered. The test 
voltage of from 2,000 to 5,000 volts which 
the finished cable is required to withstand 
when passing through a chain-electrode 
spark-test machine is for the purpose of dis- 
covering flaws in the insulation material, 
such as a thin-walled section of insulation, a — 
small chip of metal in the material, an air 
bubble, or any other flaw which might cause 
mechanical or electrical insulation failure 
during installation and service. Low test 
voltages of a magnitude approximating those 
maximums that actually may be encoun- 
tered would not be sufficient for revealing 
hazardous insulation flaws. 


Establishment of a Specification for 
Aircraft Cable F 
In order that the wire manufacturers 

might have a requirement basis upon 

which the design and construction of an 
acceptable aircraft cable could be based, 


, 
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attempts have been made to formulate a 


" specification for low-voltage aircraft elec- 


tric cable. To aid in the determination of 


‘a specification suitable to the Army and 


Navy, the aircraft industry, and the wire 
manufacturers, the Technical Advisory 


_ Committee on Aircraft Cable (TACAC) 


has been established, whose membership 
includes representatives of these organiza- 
tions. A specification acceptable to all 
concerned has been difficult to achieve, 
since each group has different problems 
and ideas concerning the same subject. 
The present specification resulting from 
extensive investigation is an Army—Navy 
Aeronautical Specification A N-J-C-48. 


1. Performance Specification. This type 
of specification presents the performance 
requirements to be met by a manufacturer’s 
product. Specific test procedures are pre- 
sented which are considered valid tests for 
determining whether or not a product is 
acceptable. Within certain limits, deter- 
mined by production limitations, design re- 
quirements, and specific uses, the manufac- 
turer has considerable freedom in the design 
and construction of electric cable. Any 
suitable material may be used, provided the 
performance requirements are met. This is 
the most desirable type of specification if the 
minimum requirements are set high enough, 
since it encourages the manufacturer to de- 
velop new materials and methods of manu- 
facture. 

2. Manufacturing Specification. This 
type of specification is the most rigid of all, 
since it specifies how a product is to be de- 
signed, what materials are to be used, and 
what manufacturing process is to be used. 
Very little deviation by the manufacturer is 
tolerated. This type of specification should 
be avoided unless absolutely necessary, since 
it does not encourage design development on 
the part of the manufacturer. 


Very few specifications can be classified 
entirely as one of the preceding types, 
since most of them are a combination of 
both types. Wire specifications are 
mainly of the performance type. In some 
instances, however, desired wire char- 
acteristics can be attained only by use of 
one known material or manufacturing 
process, and therefore use of that material 
or process must be made mandatory. In 
other instances, several materials ca- 
pable of yielding the desired characteris- 
ties, if properly used, may be known, but 
it may not be feasible to set up a test pro- 
cedure which will validly compare the 
relative merits of the several known ma- 
terials. In this case, the use of a par- 
ticular material may be made mandatory 
until a test procedure is established which 
will weigh the relative merits of the sev- 
eral materials. 


Establishment of Valid Test 
Procedures 


In writing a specification for low-volt- 
age aircraft wire, stating the qualities 


that a wire should have in order to meet 


the specification is a relatively easy mat- 
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ter. The most difficult part is the estab- 
lishment of test procedures which will give 
a valid measure of whether or not a par- 
ticular type of wire will have the desired 
qualities and will be satisfactory for use in 
aircraft. For every type of qualification 
test, a large number of variable factors 
must be considered. Controlled labora- 
tory tests and procedures should be de- 
signed to reproduce conditions to which 
the wires will be subjected during installa- 
tion and service. 


1. To establish a valid test procedure for 
determination of the flammability of wire 
the following factors are important: 


(a). Wiring position is an uncontrolled 
variable, but is an important variable inso- 
far as fire and flame rate of travel is con- 
cerned. Wire insulation will burn more 
rapidly, and flame will travel more quickly 
when the wire is held in a vertical position, 
or at some angle of slope than it will when 
held in a horizontal position, because the fire 
will tend to preheat the insulation above 
the point which is actually burning, and 
therefore aid in propagating the flame. A 
large portion of aircraft open wiring is in 
some position other than horizontal. Be- 
cause wiring offers a means for carrying 
flame from one point to another, the flame 
rate of travel for the worst condition of wire 
position should be very small. The insula- 
tion should be self-extinguishing. 

(b). Wire size is important in establishing a 
flammability test. A small wire will burn 
more readily than willa large wire. The in- 
sulation on an A N-0 wire will be more diffi- 
cult to ignite than will the insulation on an 
AN-18 wire, because of the larger mass of 
copper which will dissipate the heat more 
rapidly. An AN-O wire may not continue 
burning, because of heat dissipation by 
conduction through the copper, but an 
AN-18 wire may sustain or propagate com- 
bustion for quite some time. 


(c). Small wires are loosely bundled to- 
gether in open wiring systems. If one wire 
burns, it may ignite others and cause more 
rapid spread of the fire. 


2. In establishing an abrasion test for wire, 
it becomes difficult to establish limits for the 
variables, since each organization will have 
its own requirements regarding the type and 
amount of abrasion the wire will have to 
withstand during installation and service. 
Installation problems and procedures differ 
so much that an abrasion-resistant wire 
acceptable to one concern may not be ac- 
ceptable to another. Different types of 
abrasion are encountered in installation and 
service, namely: 

(a). A cutting type of abrasion, due pos- 
sibly to a wire resting on the edge of a piece 
of metal and allowed to move in a direction 
which would cut the insulation and braid. 
(b). A scraping type of abrasion, encoun- 
tered during installation and maintenance 
when wiring is pulled through the airplane 
structure, 

(c). A pounding type of abrasion, caused 


» by airplane vibration which makes the wire 


beat itself against structure. 

All types will be subjected to varying 
degrees of intensity. The speed of the 
scraping action, the sharpness of the cutting 
edge, the weight of the wire or wire bundle, 
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the frequency of impact, among other 
variables all will vary between wide limits. 
The difficulty in setting up a procedure to 
test for all of these variables can be appreci- 
ated. The problem is complicated further 
by the use of different materials in wire 
manufacture. Comparing abrasion resist- 
ances of cotton-braided, glass-braided, and 
rayon-braided wires is complicated by the 
use of different impregnating materials and 
protective coatings. A rayon or glass 
braid, in general, is inferior to a cotton 
braid on the conventional scrape-type 
abrasion-test machine if the same type of 
protective coating is used. However, by 
use of the proper impregnating material or 
coating, a rayon- or glass-braided wire can 
be made to appear superior to cotton- 
braided wire on the same abrasion test 
machine, and yet inferior on another test 
apparatus which utilizes a different means 
for abrading the wire. A definite need is 
indicated for an abrasion test, and suitable 
apparatus which will compare truthfully the 
different types of wire on a basis which will 
account for variables encountered in usage 
and will give consistent results regardless of 
material used. 


To enumerate the factors affecting all 
types of specification tests would take 
considerable more space and time than 
has been allotted for thecoverageof sovast 
a subject. It is sufficient to say that the 
problems peculiar to aircraft are many 
and varied, but are of the utmost impor- 
tance in assuring a safe, dependable air- 
plane, capable of operation in any part of 
the world with a minimum of mainte- 
nance. 


Conclusions 


By means of this paper, the author has 
attempted to show that a major problem 
of design has been given to the wire manu- 
facturers by asking for an electric cable 
which will not fail in operation under con- 
ditions of: 


1. Ambient temperatures from —70 to 


+125 degrees centigrade. 


2. Relative humidities from 0 to 100 per | 
cent. 


3. Pressure altitudes from sea level’ to 
50,000 feet. 


In addition, the cable is required to be 
noninflammable, abrasion-resistant, fluid- 
resistant, and fungus-resistant, and yet 
still possess minimum weight, minimum 
diameter, maximum current-carrying ca- 
pacity, and good dielectric qualities. A 
similar problem also has been given to the 
committees and boards which determine 
the specification test procedures for giv- 
ing a valid measurement of the previously 
stated requirements. 

The wire manufacturers, the armed 
services, the working committees, the air- 
craft manufacturers, and all others con- 
cerned with the problem of design, manu- 
facturer, and use of electric cable have 
done an excellent job in establishing and 
maintaining the quality of wire that is 
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Requirements for Aircraft Electric Motors 


E. R. SIEFKIN 


MEMBER AIEE 


ESIGN requirements for electric mo- 

tors intended for use on aircraft may 
be classified roughly into performance 
and construction. These two classifica- 
tions are not completely independent of 
one another, as some of the construction 
requirements will have pronounced ef- 
fect on the performance characteristics. 
Performance characteristics may be sub- 
divided into the following headings: 


(a). Operating voltages. 

(b). Torque requirements. 

(c). Rpm limits. 

(d). Duty cycle. 

(e). Efficiency. 

(f). Ambient-temperature conditions. 
(g). Protection against overheating. 
(h). Radio-noise output. 


Construction requirements may be 
subdivided into the following headings: 


(a). Resistance to vibration and accelera- 
tions. 
(6). Corrosion protection, sand and dust 


resistance. 

(c). Gearboxes, clutches, and brakes. 

(d). Types of bearings and lubrication. 

(e). Limit switches. 

(f). Provision for emergency hand opera- 

tion. 

(g). 

leads. 

(h). 

(i). 

(j). 
The manner in which the preceding re- 

quirements are established and the spe- 

cific reasons for some of the requirements 

will be outlined briefly in the following 

paragraphs with particular reference to 

24-volt d-c motor applications. 


Method of mounting and bringing out 


Maximum over-all dimensions. 
Maximum allowable weight. 
Maintenance considerations. 


Operating Voltages 


Normal operating voltage at the motor 
is considered to be 27 volts for continuous- 
duty motors and 26 volts for intermittent- 
duty motors. In case of failure of the 
main generators, the voltage under any 
appreciable load may fall as low as 20 
volts, and satisfactory eme-gency opera- 
tion’ of some motors may be specified at 
this low voltage. Improper setting or 
malfunctioning of the voltage regulators 
may permit the line voltage to rise as high 
as 30 volts occasionally, and the over- 
speeding thus created must not impair 


operation nor running balance of the 
motor. All parts of the motor must be 
designed to absorb the torque and mo- 
mentum loads imposed by sudden stop- 
page of the armature due to jamming of 
the driven load at the highest service 
voltage without damage or loosening of 
parts. 


Torque Requirements 


For unlimited rotation applications the 
starting torque required is usually deter- 
mined by the type of load to which the 
motor is connected. Motors driving hy- 
draulic pumps and similar "accessories 
are usually required to supply full-load 
torque at starting, Motors driving fans, 
blowers, generators, and similar accesso- 
ries normally require only afraction of full- 
load torque for starting. To provide a 
margin of safety for the higher frictions 
encountered at low temperatures, shunt- 
and compound-wound motors should 
have a minimum starting torque of 175 
per cent normal running torque, and se- 
ries-wound motors should have a mini- 
mum starting torque of 300 per cent 
normal running torque.1 Normal run- 
ning torque is defined as the torque corre- 
sponding to the horsepower and the rpm 
appearing on the nameplate. 

Many aircraft motors have a load 
which is not constant, so that continuous 
torque ratings are meaningless. This is 
particularly true for linkages employing 
toggles where the force required increases 
rapidly at the overcenter position and 
then decreases. The first step in appli- 
cations of this type is a thorough study 
of the load to be operated, by plotting 
the torque required versus either time or 
the percentage of operating cycle. Total 
torque which the motor will be required to 
deliver at any time consists of the weight 
loads for ground operation plus maxi- 
mum air loads due to flight plus any addi- 
tional loading due to ice accumulations 
on exposed surfaces, and increased fric- 
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being used in present-day aircraft. Their 
efforts are rewarded by the thousands of 
airplanes which fly daily with a minimum 
of failure in the electric systems due to 
causes other than gunfire. Many im- 
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portant problems, howeyer, are yet to be 
solved, and their ultimate solution will de- 
pend mainly on the continued and co- 
ordinated effort of all organizations con- 
cerned. 
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tion due to cold grease, dust, and differ- 
ential contraction of metallic members. 

With the loading curve in Figure 1 the, 
values of maximum torque required and 
the points at.which they occur may be 
determined. By introducing the maxi- 
mum time permissible for completion of - 
the cycle and the number of cycles re- 
quired per hour, the duty cycle and the 
intermittent horsepower rating required 
can be established. If a fixed percentage 
of the cycle need not be completed per_ 
unit of time, the varying speed character- 
istics of a series-wound motor may be 
used to obtain a reduction in motor weight 
and to simplify the control required. 


Rpm Limits 


In the interest of weight reduction, the 
motor speed must be as high as possible. 
The upper limit of continuous speed at 
present is about 12,000 rpm, this limit 
being imposed by satisfactory ball-bearing 
operating and life. On larger sizes of d-c 
motors, the upper limit of speed may be 
established by the danger of the armature 
windings and commutator bars being 
thrown out of position by centrifugal 
force. 


Duty Cycle 


Duty cycle is usually specified as so 
many minutes ‘‘on’’ followed by a certain 
number. of minutes “‘off.’”’ Given the 
number of complete operating cycles re- 
quired per hour and using Figure 1 as a 
basis, the duty cycle of the motor can be 
established, enabling selection of the light- 
est motor which will power the applica- 


tion without dangerous overheating. In . 


calculating the duty cycle, allowarice 
must be made for those applications 
where a large number of short runs, that 
is, ‘inching’ toward the desired setting, 
are common, as in wing-flap or trim-tab 
positioning service. Applications of this 
kind impose a much more severe duty 
cycle on the motor than running continu- 
ously from start to finish of the operating 
cycle. Open-type self-ventilated motors 
save weight for continuous-duty applica- 
tions, but provide little or no weight 
savings on highly intermittent-duty ap- 
plications. In general, an intermittent- 
duty motor is lighter than a continuous- 
duty motor of the same rating, 


Efficiency 


Minimum allowable efficiencies for 24- 
volt d-c motors from 0.02 horsepower to 
4.0 horsepower are specified in Army— 
Navy specification AN-M-10.! While 
these values are intended for military 


. aircraft and may, at first analysis, ap- 


pear to be unnecessarily low, they repre- . 
sent a sacrifice of efficiency to obtain a 
lower motor weight. Higher efficiency 
could be obtained by increasing the 
amount of copper and iron in the motor 
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but usually cannot be justified, because 
in addition to the weight of the motor, 
the weight of the extra gasoline required 
to carry the heavier motor also must be 
charged against the more efficient design. 
High efficiency is of much more impor- 
tance in continously operated motors than 
in intermittently operated motors. 


Ambient Conditions 


Operating temperatures for motors 
mounted in exposed locations on the air- 
plane range from —65 degrees centigrade 
to +70 degrees centigrade,! and this com- 
plete range may be encountered within 
an hour. Location in cabins or other 
semiprotected locations does not neces- 
sarily mean more favorable ambient tem- 
peratures, since airplanes are frequently 
stationed at operating bases where hang- 
ers are not available. 

Ambient atmospheric pressures vary 
from 14.7 pounds per square inch at sea 
level to 2.72 pounds per square inch at 
40,000-feet altitude. This reduction in 
pressure, although slightly offset by the 
reduction in temperature as the altitude 
increases, results in decreased weight of 
air per cubic foot and forced cooling based 
on a definite number of cubic feet of air 
per minute will be inadequate unless the 
necessary allowance is made in calculat- 
ing cooling air available. Motors located 
in supercharged compartments ordinarily 
will not be subject to ambient pres- 
sures lower than 9.5 pounds per square 
inch. Creepage distances satisfactory at 
sea level must be increased 300 per cent 
for satisfactory uber at 40,000 
feet. 

Ambient humidities will vary from 0 
to.100 per cent. Service reports from 
the South Pacific areas disclose that 
the humid warm climate is particularly 
conducive to the creation and rapid de- 
velopment of fungus growth on textiles 
and all other organic materials, includ- 
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Torque versus per cent stroke for 
typical aircraft application 


Figure 1. 


A shows torque required for weight of door 
Bshows torque required to overcome air loads 
on door 
C shows total torque required from the motor 
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ing those used for electrical insulation, 
unless prevented by a fungi retardant 
included in the insulating varnish or 
applied over the varnish. Under ideal 
conditions for growth, enough fungi will 
develop in one week to fill completely 
the air gap between armature and pole 
shoes and prevent the armature from 
turning. 

Motors located in wings or other com- 
partments where explosive mixture of 
gasoline vapor and air may accumulate 
must be provided with suitable explosion- 
proof housings and have excellent electri- 
cal bonding between all parts of the mo- 
tor enclosure and the supporting struc- 
ture to eliminate any possibility of ig- 
niting such mixtures by an electrical dis- 
charge between the motor and structure. 
The resistance between any two metallic 
components of the motor and between the 
motor base and the airplane structure 
must not exceed 0.002 ohm. 


Protection Against Overheating 


The question of whether or not thermal 
protective devices should be required on 
all motors is very controversial at the 
present time. For critical circuits, such 
as propeller feathering, it is obviously 
unwise to include a ‘‘protective”’ device 
which will prevent operation of the motor 
just because it is five degrees above the 
established safe temperature of the motor 
windings when unrestricted operation of 
the feathering pump motor, even though 
it be severely damaged in the process, 
would eliminate a dangerous flight condi- 
tion. On other motors not supplying 
“time-critical” functions, such as trans- 
fer pumps and cabin superchargers, built- 
in thermal switches protect the motor 
against unintentional or unsuspected 
overloads by cutting the motor off the line 
until it has cooled to a safe temperature. 
The cycling of the motor due to automatic 
reclosing of the protective device gives 
warning to the crew that something is 
wrong with either the motor or its load, 
and they may then either clear the trouble 
in flight or cut the circuit off the line for 
repair at the next ground stop. 


Radio-Noise Output 


Greatly increased amount of radio 
equipment now being used on military 
airplanes, together with the greater re- 
ceiver sensitivity and nonshielded wiring 
installations, have made minimizing of 
radio-noise voltages imperative. Radio- 
noise voltages may be generated by d-c 
motors because of poor commutation, poor 
combination of stator and rotor slots, 
and straight slot rotors. The high-fre- 
quency voltage ripples may travel either 
by direct radiation or by conduction 
along the primary power lines to emerge 
eventually as an unbearable noise in the 
radio-receiver headphones. In addition 
to poor commutation due to improper 
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design, poor seating of the brushes on the 
commutator has proved a prolific source 
of radio noise. On a one-eighth-horse- 
power 1,750-rpm 24-volt-d-c pump mo- 
tor, for example, the radio-noise voltages 
measured as shown in Table I. 

On disassembly the brushes were found 
to have only 25 per cent area of contact 
with the commutator. After seating the 
brushes properly and cleaning the smut 
from the commutator surface, the radio- 
noise voltage dropped to 50 microvolts 
at 200 kilocycles per second and corre- 
spondingly less at all the higher frequen- 
cies. The radiated-noise field disappeared 
completely after this treatment. 

From a weight standpoint, it is not effi- 
cient to apply noise filters to all rotating 
electric equipment, and, therefore, it be- 
comes necessary to minimize the noise 
each item of equipment produces and to 
supply a power-line filter just ahead of the 
radio receivers. 


Resistance to Vibration and 
Acceleration 


Although the terms are often used in- 
terchangeably, acceleration and vibration 
are not the same. Vibration always gives 
rise to acceleration, but acceleration can 
exist without vibration. The general 
formula for acceleration is: . 


a _(2nf)*r 
g 386 
where: 


=number of! g’s acceleration in feet per 


second per second 

f =frequency in cycles per second 

vy =peak amplitude in inches (one-half the 
total excursion) 


Values of acceleration and vibration 
vary widely from one type of airplane to 
another, and even in different sections 
of the same airplane. The problem is 
further aggravated by motor mountings 
which may be flexible enough to permit 
resonant vibration, in which case the ac- 
celeration may increase as much as 20 
times. If resonance is not present, 
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ability to withstand accelerations of 12g 
applied at the center of gravity in any 
direction generally will be satisfactory 
for aircraft applications, including the 
acceleration value obtained by landing 
impact. 

Table II indicates the range of vibra- 
tion and acceleration encountered on a 
typical twin-engine medium bomber. 


Corrosion Protection, Sand and 
Dust Resistance 


Use of light metals, such as aluminum 
and magnesium, to reduce weight has 
aggravated the corrosion problem, since 
steel, copper and other metals lower in the 
galvanic series in sea water also must be 
used in the motor, often in intimate con- 
tact. Effective and durable protective 
finishes must be provided between dis- 
similar metals; otherwise any condensa- 
tion or salt spray will form an electrolyte, 
and the aluminum and magnesium will 
be destroyed rapidly by galvanic action. 
Severe condensation occurs when a de- 
scent is made from the cold air of high 
altitudes into the warmer air near the 
ground. 

Global operation subjects motors to 
fine sand and dirt. Given sufficient time, 
this sand eventually will penetrate any 
seal except the hermetic type. These 
abrasive particles rapidly grind away 
bearings, brushes, commutators, switches, 
and gears once they have gained entrance. 
The nearest approach to a solution at 
present is to design as effective a seal as 
possible and to keep the seal effective by 
periodic cleaning or replacement. 


Gearboxes, Clutches, and Brakes 


Gears for aircraft motor applications 
present a difficult design problem because 
of the small weight and space allowed for 
them and the difficulty of providing 
satisfactory lubrication over the wide 
range of temperatures encountered. Sin- 
tered iron gears impregnated with oil 
have given satisfactory service on frac- 
tional horsepower motors. Hardened 
steel gears with low-temperature grease 
have been fairly satisfactory for larger 
geated motors, but no low-temperature 
grease yet available is entirely satisfactory 
at high temperatures. Gears must be 
capable of absorbing the shock caused by 
the jamming of the driven mecha- 
nism at maximum motor voltage with- 
out damage or breakage. 


Clutches are specified when the mo- 
mentum of the armature must be removed 
from the load to prevent overshooting of 
the output shaft when the brake is ap- 


' plied, or when the frictional load of the 


armature and its associated gearing is to 
be removed from the system to facilitate 
hand-crank operation. 


Bearings and Lubrication 


Bearing sizes used on commercial mo- 
tors are too small to withstand the loads 
and vibrations encountered in aircraft 
applications. 

In general, ball bearings have proved 
more satisfactory in service than sleeve 
bearings, and sealed-type ball bearings 
are preferred, particularly for the higher 
speeds. Bearings must be designed to 
take thrust from both directions. How- 
ever, because of procurement difficulties, 
sleeve bearings must be substituted for 
ball bearings when adequate supplies of 
the latter are not available. Oil-impreg- 
nated bearings have not proved too satis- 
factory. Excessive lubricant must be 
avoided. The type of lubricant must be 
such that it will provide lubrication at the 
extreme high and low temperatures en- 
countered. The lubricant should not be- 
come watery at the high temperatures or 
go solid at the low temperatures. At 
present, lubricant in accordance with 
Army-Navy specification A N-G-3? is the 
most suitable for meeting these condi- 
tions. Enough lubricant should be pro- 
vided for 500 hours of operation without 
attention, with the motor operating in 
any position, 


Limit Switches 


To provide the utmost reliability of 
operation, limit switches should be 
mounted on the mechanism being oper- 
ated. In order to simplify wiring, how- 
ever, limit switches are usually incor- 
porated in the driving motor. Switches 
used for this purpose must be extremely 
resistant to vibration and must have 
adequate current and voltage-breaking 
capacity both at sea level and at high 
altitudes. Snap-action contacts are nec- 
essary and compactness is important. 
Means of adjusting the setting of the 
limit switches from outside the motor 
must be provided and the setting adjust- 
ment locked against changes due to vi- 
bration or continued operation of the 
motor. 
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Provision for Emergency Hand =, 
Operations /) 


Some applications, such as landing- 
gear actuators, require that means for 
hand operation be provided in case of 
failure of the electric system for any 
reason. The hand-crank extension should 
not turn when the motor is driving the 
mechanism, nor should it be necessary to 
turn the motor armature when operating 
the mechanism with the hand crank. 
The torque required to turn the hand 
crank should be low enough so that one 
man can turn the crank continuously 
without requiring the advantage of his 
full weight. Each application of this kind 
requires individual consideration to es- 
tablish the most suitable design. 


Method of Mounting and Bringing 
Out Leads 


Type of mounting is determined by the 
individual application. Flange mount- 
ings are lighter than base mountings, but 
are subject to high stresses due to bend- 
ing moments, particularly if resonant 
vibration is encountered. Flange mount- 
ings must provide sufficient space to per- 
mit insertion and removal of bolts or nuts 
and adequate wrench clearance for tight- 
ening them. Tapped holes directly in 
aluminum are not satisfactory, and such 
applications should employ plated-steel 
inserts. 

Leads for small motors not subject to 
severe vibration should consist of mul- 
tiple pin receptacle in accordance with 
Army-Navy specification AN-W-C-591.8 
Leads for large motors where suitable AV 
connectors are not available, and for all 
motors on which severe vibration makes 
AN connectors unsatisfactory, terminal 
studs should be provided. Terminal 
studs must be anchored securely against 
turning. Leads inside motors must be 
anchored firmly and protected against 
abrasion. 


Maximum Over-All Dimensions 


Over-all dimensions must be as small as 
possible, since space is at a premium, and 
all space possible must be left around 
each unit to provide for inspection, ad- 
justment, ventilation, and removal as 
necessary. 


Maximum Allowable Weight 


Every pound saved on the weight of a 
motor permits more than one-pound 
additional pay load to be carried by the 
airplane. The value of one-pound weight 
saving is variously estimated by com- 
mercial airlines at from $100 to $1,000 
per year. In military airplanes no mo- 


mentary value can be placed on the abil- 


ity to carry a few more rounds of am- 

munition or extra gasoline, but the ob- 

jective is obviously very important. 

Motor designs must not penalize reli- 
Si 
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N their order of importance the factors 
which influence the design of an elec- 
tric actuator for use on aircraft are: 


A. Dependability under extreme operating 
conditions of: 


1. Vibration. 

2. Acceleration. 
3. Temperature. 
4, Altitude. 

5. Humidity. 


B. Performance of intended function with 
regard to: 
Speed of operation. 


Accuracy of movement. 
Duty cycle. 


Safety of operation is provided by: 


Emergency operation provisions. 
Avoidance of inadvertent operation. 
Avoidance of fire hazard. 


Weight influenced by: ' 


General schematic arrangement, 
Choice of materials. 

Treatment of materials. 

Detail design of parts. 
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E, Availability of component parts in- 
fluenced by: 


1. Importance of application. 
2. Production schedule. 


F. Cost as a function of: 


1. First cost in money influenced by: 

(a). Simplicity of design. 

(0). Availability of materials, parts, and facilities. 
(c). Quantity of units to be produced and produc- 
tion schedule. 

2. Cost of maintaining the equipment: 

(a). Money spent throughout life of the actuator. 
(b). Flight time lost because of maintenance, 

3. Cost in loss of performance due to weight. 

4. Cost in loss of pay load due to weight. 


The purpose of this paper is not to give 
detailed instructions, but only to point 
out to the designer of aircraft electric 


actuating equipment ‘the points which 
must be considered in formulating such a 
design and to indicate the methods of ob- 
taining solutions to the many problems 
involved. The design of equipment of 
this nature will be found to be about one- 
fourth electrical and three-fourth me- 
chanical engineering and should only be 
attempted by an engineer or group of 
engineers with broad training and experi- 
ence in both fields. 

Electric actuators on aircraft are used 
to perform functions such as retracting 
and extending the landing gear, extending 
and retracting landing and maneuvering 
flaps, controlling engine cooling air flow, 
adjusting control surface trim tabs, han- 
dling cargo and bombs, and for many other 
services. From a study of these applica- 
tions it is seen that the actuator must be 
dependable and give satisfactory opera- 
tion under the conditions encountered in 
aircraft operation. The actuator will be 
subjected to vibrations at fundamental 
and harmonic frequencies to 200 cycles 
per second at amplitudes that produce 
accelerations to 20 gravity. Most actu- 
ators must be installed without shock 
insulating mounts and therefore of 
necessity will be rugged in construction 
with the electrical control balanced to 
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avoid inadvertent operation of mecha- 
nism elements or electrical contacts. The 
actuator and its control should be suit- 
ably designed to operate in ambient tem- 
peratures of —65 to +160 degrees 
Fahrenheit at any altitude to the service 
ceiling of the aircraft and under all condi- 
tions of relative humidity to 100 per cent 
saturation. This will mean that particular 
attention must be paid to the selection 
of lubricants, oil seals, breathing provi- 
sions, and corrosion preventing treat- 
ments. At altitudes above 25,000 feet 
the brush life of d-c machines will be 
materially decreased, and it will be neces- 
sary to use especially treated brushes in 
units that are required to operate for 
any appreciable percentage of the time 
at these altitudes. Another point to be 
considered in high-altitude operations is 
that the breakdown voltage for a given 
air gap or creepage is very considerably 
lower than at sea level.1 Some investi- 
gators have attempted to show that at 
extreme altitudes the cosmic rays or 
other radiations have an effect on the 
electrical performance of contacts and air 
gaps. 

In order to design an electric actuator 
that will perform satisfactorily it will be 
necessary to have accurate data concern- 
ing the direction and magnitude of the 
forces required of the unit at all portions 
of its movement, the speeds required at 
all points, and the frequency in time at 
which this movement will be required. 
With this information and with some 
knowledge of the actuator mechanism, it 
will be possible tentatively to select a 
motor with the proper speed—torque char- 
acteristics and to design a suitable electric 
control system. The accuracy with 
which the actuator is required to position 
its mechanical output will be dictated 
by the type of application and by the 
mechanical means used to connect the 
actuator to its load. The most widely 
used device is the limit switch which is 
used in conjunction with an electric brake 


ability of operation to save weight, but 
if considerable weight can be saved by 
shortening the useful life without affect- 
ing the reliability during the shorter life, 
the saving in weight will justify a higher 
cost for the lighter motor. 


Maintenance Considerations 


Every airplane which is not in flight 
nor immediately available for flight is a 
liability instead of an asset. Ninety per 
cent of ‘‘the airplane not available” time 
on the ground is required for maintenance 
work, with poor weather accounting for 
the remaining time. Designs which fa- 
cilitate inspection and maintenance ob- 
viously will increase airplane availability. 

Of necessity, military maintenance and 

‘repairs often are performed at poorly 
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equipped temporary bases by inexperi- 
enced personnel outfitted with only the 
simplest of tools. Consequently, air- 
craft electtic motors must be as simple, 
rugged, atid easy to assemble or disas- 
semble as the designer’s ingenuity can 
make it. 

Design features which permit rapid and 
efficient maintenance of electric motors 
include the following: 


(a). Lubrication points clearly marked. 
(b). Brushes readily removable for inspec- 
tion and replacement. 

(c). Spare parts exactly interchangeable 
without requiring reworking. 

(d). Army/Navy standard bolts, nuts, and 
screw threads throughout. 

(e). Complete identification on a perma- 
nent nameplate. 

(f). Readily removable inspection covers. 
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(g). External adjustments for limit 


switches, slip clutches, and so forth. 


In addition, a complete set of service 
instructions should be supplied to the 
aircraft manufacturer, showing sectional 
views of the motor, detailed disassembly 
and reassembly procedure, servicing data, 
spare-parts catalogue, and. so forth, so 
that all these data may be included in the 
Erection and Maintenance Manual sup- 
plied with each airplane. 
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on the motor. This device gives fairly 
accurate positioning which may be fur- 
ther improved by adding dynamic brak- 
ing or plugging provisions to the control 
system. If extreme accuracy that will 
not vary with load, voltage, or tempera- 
‘ture is required, it will be necessary to 
build into the mechanical part of the 
actuator provisions for mechanically 
limiting the motion and to absorb the 
kinetic energy of the moving system. 
In some applications of electric actuators, 
it may be necessary to stop the motion or 
cause reversal when the load increases or 
decreases beyond specified limits. This 
effect may be conveniently accom- 
plished by measuring the reaction on a 
stationary ring gear of a planetary sys- 
tem of gearing and thereby obtaining a 
force that is proportional to the amount 
of torque being applied to the system. 
_ This force may be opposed by springs 
and the movement thus obtained may 
be used to operate control-circuit 
switches. 

There are applications of electric actu- 
ators on aircraft such as landing gear, 
wing flaps, engine-cooling control, bomb 
release, fuel valve, and so forth, where it 
thay be tiecessary because of safety re- 
quirements to provide for emergency 
operation in case of gun-fire damage or 
other failure of the mechanical or elec- 
trical parts of the actuator system. In 
the case of landing gear it is common prac- 
tice to provide either cable control that 
will release the gear from its actuator and 
allow it to extend by gravity or to provide 
for hand cranking of the actuator. In 
some applications such as wing flaps and 
engine-cooling-air control it will not be 
necessary to provide an actual mechanical 
override on the actuator but it will be 
sufficient only to install an emergency 
switch that will by-pass the normal con- 
trol system and feed power directly to the 
motors. In the case of electrically con- 
trolled bomb racks and fuel valves, it is 
often required that a direct mechanical 
override be provided by means of cables. 

In nearly all applications of electric 
actuators it will be necessary to provide 
against inadvertent operation. Control 
and power relays should be either of the 
balanced type or mounted in such a posi- 
tion that a severe acceleration in any 
direction likely to be encountered will not 
cause the relay to change the position of 
its contacts. It will also be necessary to 
avoid the use of relays that have their 
natural vibration period within the range 
of frequencies to be encountered in use. 
The use of sensitive relays in aircraft 
control should be avoided if possible, 


but in cases where they must be used the 


designer should provide shock-insulating 
mounts and water- and dust-tight covers. 

In cases where the consequences of 
inadvertent operation of some piece of 
electric equipment would be very serious, 
the switches at the control station should 
be protected with plainly labeled and 
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distinctively colored switch guards. In 
extreme cases it may be desirable to in- 
stall two or more control switches in 
series. 

In applications that require, by auto- 
matic control, the actuation of several 
different but related parts of the airplane 
in a certain definite sequence, it will be 
necessary for the designer to consider 
the possibility that the actuator may be 
stopped or reversed at some point other 
than the end of a cycle. The control 
must be designed so that under these 
conditions the proper sequence of opera- 
tion is maintained. 

There are locations in aircraft where 
explosive concentrations of gasoline vapor 
may be present under either normal or 
damaged conditions and it is very im- 
portant that this point be considered 
when designing an actuator system. 
Motors and control equipment should be 
located where there is adequate ventila- 
tion and where these vapors cannot ac- 
cumulate, but if this is not possible a 
weight penalty must be accepted because 
of the necessary explosion-proof construc- 
tion. 

Weight considerations are of para- 
mount importance in the design of equip- 
ment of this nature and must be con- 
sidered when the electrical and the me- 
chanical schematic diagrams are being 
made. These schematics should be very 
complete and at this stage it is advisable 
to determine all gear ratios, screw leads, 
speeds of all elements, and all loads. 
There is an opportunity in a design of this 
nature to do a great deal of original think- 
ing and the making of the schematic dia- 
grams is the point at which most of the 
nonroutine work is done. 

It should not be attempted in a paper 
of this length to give detail gear-design 
procedure but there are several basic 
considerations that may be covered. In 
the design of aircraft electric actuators the 
gearing most likely to be required will be 
straight spur, internal, bevel, helical, and 
worm. In work of this class the usual 
standard gear-design practice is not ade- 
quate because of the extreme conditions 
imposed by weight limitations, space re- 
quirements, high speed, extreme ambient 
temperatures, duty cycles, and life re- 
quirements. 
necessary to call on experience and testing 
to a very large extent. Gear blanks may 
be forged from many of the SAE steels 
but, because of wartime shortages and 
restrictions, it may not always be possible 
to obtain those which are most suitable. 
In the more highly stressed high-speed 
applications probably the most satis- 
factory steel will be a high nickel such as 
2515 because of its ductility, toughness, 
and resistance to fatigue. This is a car- 
burizing type of steel and the gear teeth 
should be finish ground after heat treat- 
ment. Other very satisfactory gear ma- 
terials will be found to be some of the 
chrome-molybdenum and the chrome- 
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In these designs it will be” 


nickel-molybdenum steels which may be. 
hardened without carburizing. Heat- 
treated blanks of these materials may be 
completely machined and then have the 
wearing surfaces hardened by the high- 
frequency induction process. As this 
method of surface hardening will result 
in almost no distortion it is only neces- 
sary that the gears be lapped to obtain 
extreme accuracy. : 

In the design of gears for this class of 
service considerable weight may be saved 
if forged blanks are used because the con- 
trolled grain flow and the small chance of 
having cracks or inclusions at critical 
sections will allow much higher stresses to 
be used. 

In the design of these lightweight high- 
speed gears the designer must call on 
experience and testing to a very large 
extent and not follow too closely the 
accepted practices used in general ma- 
chinery or automotive design. The best 
tooth form for the comparatively small 
highly stressed high-speed gears used in an 
airplane electric actuator differs from all 
of the accepted standards in that the 
pinion has a long addendum tooth which 
mates with a gear having a correspond- 
ingly short addendum. 

This is an involute system using a 20- 
degree pressure angle with a full-depth 
tooth and has a number of advantages 
over the American Standard 20 degrees 
stub-tooth system. By having unequal 
addendums on the mating gears it is 
possible to have a pinion with a smaller 
number of teeth without the necessity 
of undercutting for mating tooth clear- 
ance. Asa result the tooth will be thick 
at the root and will have a greatly in- 
creased beam strength. Another ad- 
vantage of this system of gearing is that 
being full depth, the arc of action will be 
greater than that of the 20-degree stub- 
tooth involute system with the result that 
smoother action and lower tooth impact 
loads will be obtained at high speeds. 
This unequal addendum system of gearing 
is being considered at present for adop- 
tion by. the American Gear Manufac- 
turers’ Association and has received much 
favorable comment. : 

In mounting gears the accuracy of 
alignment and the rigidity of shafting are 
of the utmost importance. It is neces- 
sary to place very close tolerances on the 
pitch cylinder tangency of straight spur 
and of helical gearing and on the pitch- 
cone tangency of bevel gearing because 
any inaccuracies in this respect will re- 
duce the effective widths of the gears and 
reduce the power-transmitting capacity. 
The problem of obtaining accurate gear 
position is further complicated by the 
fact that the bearings on each end of a 
gear shaft are usually mounted in differ- 
ent pieces of the gear-housing assembly. 
Another, factor that affects the accuracy 
of tooth engagement is the gear-shaft 
deflection due to the separating forces 
set up by the tooth pressure acting at 
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the 20-degrees pressure angle. It is 
necessary that this force be calculated 
for each engagement in the actuator 
gear train so that the lightest satisfactory 
shaft may be designed and also so that 
proper bearings may be selected and pro- 
vided with suitable supports. 

It‘is not considered practical in this 
class of work to provide for adjustment 
for straight spur or helical gearing be- 
cause of the direction in which these ad- 
justments would necessarily have to be 
made. When using straight or spiral 
bevel gearing it is usually advisable to 
back up the thrust bearings with an ad- 
justment. 

The practical limit on the face width 
for straight spur gearing will be found to 
be about four times the circular pitch 
and for bevel gearing about one third the 
slant height of the pitch cone. The 
reason for this limitation in face width is 
the difficulty in obtaining accurate full- 
width contact at the tooth engagement. 
However, if it is desirable because of 
space or other limitations to increase the 
power-transmitting capacity these face 
width limitations may be exceeded by 
using very accurately finished gears and 
by providing very accurate and rigid 
mountings. 

Planetary systems of gearing are often 
used in aircraft actuator design because 
of the high reduction ratios and power- 
transmitting capacities which may be 
obtained in a small space and also because 
the gearing is symmetrical about the cen- 
ter line of the system. In gearing of this 
type it is common practice to use two or 
more planet gears in order to get the maxi- 
mum power transmitting capacity for the 
minimum weight of gearing and gear 
case. When multiple planets are used, 
the gearing and mountings must be very 
accurate in order to distribute equally the 
load between these planets. One point 
that must be borne in mind by the de- 
signer of planetary gearing systems is that 
when two or more planet gears are used 
the sum of the number of teeth in the 
ring gear and in the sun gear must be 
divisible by the number of planet gears 
in the system. If this rule is not ob- 
served the various elements of the system 
will not mesh properly with each other. 

Very good efficiencies may be obtained 
using either simple or compound systems 
of planetary gearing, but the high reduc- 
tion differential planetary is to be 
avoided if any considerable amount of 
power is to be transmitted. Because of 
the high circulating power within the 
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differential system, the over-all efli- 
ciency is likely to be too low to be prac- 
tical. This circulating power may be 
calculated by analyzing the system to 
obtain the pressures and velocities at 
each engagement and will be found to be 
many times the amount of power being 
transmitted through the system. As the 
power lost at each engagement is nearly 
one per cent of that entering the engage- 
ment, the efficiency of the system may 
easily be determined. 

In calculating the strength of gear 
teeth for use in aircraft electric actuators, 
the conventional method using the Lewis 
formula is not found to be suitable for 
gearing of the quality described here be- 
cause the weight would be excessive. 
This empirical formula is very conserva- 
tive and will result in calculated stresses 


that are approximately eight times as ° 


great as those which are actually obtained 
in these high-precision gears. 

Careful design and testing will show 
that most of the gears in an actuator 
of this type may be made with a rather 
thin web between the hub and rim and 
that this section may have lightening 
holes. Another weight-saving measure 
that is often overlooked is the use of 
hollow gear shafting. 

It will be found in most cases that anti- 
friction types of bearings should be 
selected for moderate to heavy thrust 
loads and for pure radial loads above 500 
rpm. The higher-speed elements of gear- 
ing will most likely have relatively high 
values of diametral pitch requiring a 
high degree of mounting accuracy which 
can only be obtained through the use of 
ball, roller, or needle bearings. Another 
point in favor of the antifriction type of 
bearing is that less trouble due to lowered 
efficiency will be experienced at extremely 
low temperatures. The bearings for 
intermediate stages of straight spur gear- 
ing may be of the needle or roller type 
with the shaft ends held against thrust 
only by brass disks. When using needle 
bearings it is necessary that the loads en- 
countered cause only extremely low values 
of shaft deflection in order to properly 
apply these loads to the needles and pre- 
vent their becoming jammed. When us- 
ing an aluminum or magnesium gear 
case with highly loaded ball or roller 
bearings, it is good practice to press a steel 
bushing into the recess and use this bush- 
ing to support the outer race of the bear- 
ing. ! 

It is important in actuators for this 
class of service to use lubricants that will 
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operate satisfactorily in ambient tempera- 
tures from —65 to +160 degrees Fahren- 
heit. This problem of lubrication is at 
present receiving a great deal of attention 
by various research organizations and it 
is expected that an entirely satisfactory 
answer will be found in the near future. 
Seals must be used that will prevent 
lubricant from being lost from the unit 
and that will keep dust and water from 
entering while at the same time permit- 
ting breathing with changes in alti- 
tude. 

In designing an electric actuator for 
aircraft the availability of all component 
parts must be considered. If the project 
is of sufficient importance and time will 
permit, it will be feasible to develop new 
materials and processes for use in manu- 
facturing the unit. In alloting time for 
design, research, and testing, the designer 
must consider the production schedule 
that must be followed and the manu- 
facturing facilities that can be made 
available. 

The actual design of the actuator unit 
will very largely determine the cost of 
the units in production because of the 
effect on tooling, procurement of ma- 
terials, and manufacturing facilities re- 
quired. If the quantity of units to be 
produced is large it may be advisable to 
adopt designs that will involve large 
expenditures in special dies, molds, and 
other tooling which would result in a 
lower over-all cost. 

In the total cost of a piece of equipment 
of this nature the designer should consider 
the cost in maintaining the unit in air- 
worthy condition throughout its expected 
life which, of course, will include the loss 
in revenue incurred by having the air- 
plane out of service for repairs. 

As shown by this paper a very great 
effort must be made by the designer of an 
aircraft electric actuator to cut the 
weight to an absolute minimum consist- 
ent with the stated requirements. It 
is also shown that this is accomplished 
by ingenious design by the proper selec- 
tion of materials, by the rigid control of 
processes, and by the insistence of a high 
standard of workmanship. Every ounce 
of weight that can be saved shows an 
increase in aircraft performance in terms 
of speed, range, and pay load. 
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Synopsis: A-c auxiliary-power systems for 
aircraft date back to World War I. Re- 
cently numerous technical articles have indi- 
cated an intense revival of interest in this 
subject. Heart of any electric system is the 
generator which supplies electric power to 
all parts of the system. An alternator, 
especially designed and built for 208-volt 
three-phase systems is described in this 
paper. Light weight and reliability domi- 
nate the design, which involved a large num- 
ber of new and unusual problems. 


LTERNATING current has re- 

placed direct current in large com- 
mercial power systems because large 
amounts of power can be transmitted long 
distances more economically; alternating 
voltages can be stepped up or down at 
will by a transformer; and the polyphase 
squirrel-cage induction motor, which em- 
ploys no brushes, is so simple and reli- 
able. These advantages, which also ap- 
ply in aircraft use, have caused a long- 
continued interest in a-c systems.}.® 
While this interest is particularly strong 
now, it is to be remembered that the use 
of a-c systems in aircraft dates back to 
World War I when wind-driven alternators 
with built-in spark gap were used to sup- 
ply power for radio transmitters. More 
than ten years ago 600-watt alternators 
driven by a main engine through a con- 
stant-speed drive, were used by the Navy. 
Prior to the present war two different a-c 
systems were tried experimentally in 
different planes: one of these was a 
single-phase 800-cycle system, the other, 
a three-phase 120-volt 400-cycle system. 
Rectified a-c systems with 30-volt d-c 
outputs of 200-800 amperes have also 
been proposed.* 

Vernon Grant and Melville Peters 
showed in 1939 that the optimum volt- 
age for the electric system of airplanes 
of 20,000 pounds gross weight or larger 
exceeds the present universal standard of 
28 volts. Because higher system volt- 
ages are desirable for large airplanes, al- 
ternating current appears preferable to 
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direct current for high-altitude operation. 
Alternating current is easier to interrupt; 
moreover, the motors have no brushes 
and are generally lighter and more re- 
liable. A-c power can supply 85 per 
cent of the total load and, in addition, it 
has many advantages as a power supply 
for aircraft radio.® 

Weight, of course, is always a primary 
consideration in aircraft equipment. At 
a meeting of the AIEE Dayton Section 
in May 1944 an interesting tabulation of 
comparative weights of different electric 
systems was presented. The weight com- 
parison was made for a hypothetical 
bomber of assumed dimensions, and an 
assumed gross weight of 150,000 pounds. 
This comparison is given in Table I. 

Viewed in any light, the advantages of 
alternating current are so great that the 
development of the alternator described 
in this paper was initiated. 


Alternator Rating and Requirements 


Alternators of any desired rating can 
be built for aircraft service. This paper 
however, is limited specifically to the 
description of an alternator having a 
continuous rating of 40 kva, 208 volts, 
three-phase, 400 cycles, 75 per cent power 
factor. Overload ratings for this alter- 
nator are as follows: 


60 kva at 100 per cent of rated voltage for 
five minutes. 


80 kva at 90 per cent of rated voltage for 
five seconds. 


From a heating standpoint, 150 per 
cent load for five minutes is a more severe 
requirement than full load continuously, 
but overload capacity, of course, is neces- 
sary to meet emergency conditions. The 
80-kva rating was set up as a requirement 
for two reasons: to provide capacity 
for starting a number of motors simul- 
taneously, and to ensure greater stability 


Front view of 40-kva alternator 
showing air connector and mounting band 


Figure 1. 
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when carrying a load of 60 kva. These 
load ratings are based upon 250 cubic feet 
per minute of cooling air being supplied 
from a blast tube at not less than six 
inches water total pressure, An internal 
fan has been built into this alternator to 
provide cooling sufficient for a small 
amount of output—about 25 per cent of 
rated load—while operating on the ground 
without the benefit of blast cooling. _The 
alternator is designed to supply a three- 
phase system with, grounded neutral. 
Six leads are brought out to permit the 
use of differential protection, which dis- 
connects the alternator from the system 
in the event of a short circuit, either at its 
terminals or inside the alternator. 

Leads are tagged according to American 
Standards. 71, 72, T3 are line leads, 
whereas 74, 75, 76 are neutral leads. 
Alternator and exciter connections are 
shown in Figure 10. The terminal block 
is stepped to facilitate wiring connections 
and to avoid interference of leads. With- 
out the stepped arrangement, the leads 
easily could be short-circuited at the 
block. A cover is provided for the ter- 
minal block to protect the leads and ter- 
minals. 

Damper or amortisseur windings are 
incorporated to provide stability when 
synchronizing and when operating in 
parallel with other machines. 

Careful consideration was given to 
selection of the operating speed, and 
6,000 rpm finally was selected as the 
highest speed feasible for a machine of 
40 kva. But the machine is designed to 
withstand an overspeed requirement of © 
successful mechanical operation at 9,000 
rpm, to correspond with the maximum 
speed of the drive shaft. 


Alternator Size and Mounting 
Arrangement 


All important outline dimensions of 
this 40-kva alternator are shown in Figure 
3. It will be noted that the length is 19 
inches and the diameter of the body is 
nine itches. The 19-inch diménsion in- 
cludes the air connector shown on the 
right, but does not include the shaft 
extension and pilot fit on the left. These 


Figure 2. Rear view of 40-kva aircraft alter- 
nator showing bracket and shaft extension 
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outline dimensions as a whole conform 
‘to specifications of the United States 
Army Air Forces. The alternator is de- 
signed to bolt to the constant-speed drive 
to make, in effect, a single unit. Pilot 
fit and splined shaft of the alternator en- 
gage corresponding parts of the drive. 

Figure 3 also shows an adjustable two- 
piece mounting ring. This ring with its 
four projecting ears serves to support the 
alternator end of the combined unit in 
the airplane framework. Adjustability of 
the ring over a range of four inches axially 
facilitates installation. The body of the 
alternator, over which the ring is adjust- 
able, is machined to a smooth, accurate, 
cylindrical contour, so that the ring may 
be secured firmly in any position within 
the limits of adjustment. 

Coupling to the constant-speed drive 
is through a replaceable 24-tooth driving 
spline. Some radial freedom, to allow 
for a small amount of misalignment be- 
tween the alternator and constant-speed 
unit, is provided by use of a stub shaft, 
the opposite end of which is spline-fitted 
to the inside of the main shaft of the 
alternator. A shear section is provided 
in the stub shaft for protection of the 
constant-speed drive in case of combat 
damage or mechanical failure of the al- 
ternator. Removal and replacement of 
the stub shaft does not require dismant- 
ling the alternator. If broken, the stub 
shaft can be driven out easily by inserting 
a rod in the hollow shaft at the air-con- 
nector end of the machine. 


Method of Excitation 


Excitation is furnished by an integral 
d-e exciter of conventional aircraft- 
generator construction, an arrangement 
chosen after a careful study of all possible 
methods of excitation. This arrange- 
ment is lightest in weight, is less compli- 
cated, requires the smallest regulator, and 
is more stable than any other method con- 
sidered. On the XB-19 airplane, excita- 
tion power was obtained from the a-c 
output, which was rectified and controlled 
electronically.2 The latter arrangement 


406 DIA, 12 HOLES 
EQUALLY SPACED 


10.750 OIA 


,406 DIA, 4 HOLES 
~ EQUALLY SPACED 


Figure 3. Outline dimensions, 40-kva alternator 
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Figure 4. Wound stator before impregnation 


Figure 5. Magnesium-alloy frame of alter- 


nator showing internal ribs 


inherently means loss of excitation in the 
event of a fault, and the alternator will 
not provide enough current to burn clear 
many types of faults which might occur. 
This arrangement had the further disad- 
vantages of added weight, and also of 
appreciable warm-up time for the elec- 
tronic tubes. Use of an inductor alter- 
nator to supply excitation power was con- 
sidered because of the advantage of elimi- 
nating brushes, However, an  in- 
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NOT De BLOCKED 
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Figure 6. A-c stator coils 


ductor alternator is heavier than a d-c 
machine and requires the use of a recti- 
fier, which would need to be mounted in 
or on the alternator in order to make 
the latter interchangeable with another 
unit which might use a d-c exciter. Such 
an arrangement would be awkward and 
heavy. 

Excitation might have been furnished 
from batteries or from the d-c power 


- 
e 


Table 1. Comparative Weights of Electric 
Systems 
System 
s 
+ a s 
ro) 2am 
Lo) ee i ei osg 
Ags 25 788 
sae sag 804 
Bus gu8 233 
Components Sano Sno Sn 
1. Generator weight, 
One Unit, sia ane 1501b.. 1201b 80 Ib 
2. Voltage regulator, 
QHE UNIt5) 2). Salsa 6 lb 6 1b 9 1b 
3. Main generator 
breaker, or 
SWISH is or eyereistel <=) 6 1b 6 lb. 5 1b 
4. Drive shaft from 
engine........... lL5lb. 15 lb 15 lb 
5. Constant - speed 
GLEVO Ue ss mini evube al Foleo! oisfarela ta) cccysratate vate 90 Ib 
6. Total, items 1to5.., 1771b 147 1b.. 199 Ib 
7. Total weight of 
FOUN/UNLES 40) is, ieee 708 lb., 5881b.. 796 1b 
8. Batteries, total 
Weighti ssc eee 551b.. 557by. . 55 1b 
9. Two 28-volt 6-kw 
d-c sources of 
DOWEL sic as, versie eflels Olb.. 1251b,. 100tb 
10. Two 12-kva 
sources of single- 
phase 400-cycle 
POWEL ae clei eehevey 300 lb.. 280 1b Olb 
11. Four sets of auto- 
matic synchro- 
nizing CONtTOl. 0 ..ccesesereetvecse 40 lb 
12. Weight of main 
power wiring...... 420 lb 55 1b 65 Ib 


13. Total weight ex- 
cluding utiliza- 
tion equipment... .1483 Ib. .1103 Ib. .1056 Ib 


Airplane isa long-range bomber, weighing 150,000 
pounds; continuous electric load of 60 kw. Wing 
spread, 170 feet; length of fuselage, 110 feet; 45 
feet to outboard engine; 28 feet to inboard engine, 
Generator specification: t 


30 kw continuous, 45 kw for five minutes 

Speed range, 3,000—9,000 rpm 

Not engine-mounted 

Blast-cooled 

Altitude, 0 to 50,000 feet 
This table was developed at a round-table confer- 
ence conducted by Major W. A. Barden, United 
States Army Air Forces, equipment laboratory, 
Wright Field. Members of conference were: 
George W. Sherman, Wright Field; L. G. Levoy, 
R. H. Kaufmann, General Electric Company; J. C. 
Cunningham, D. E. Fritz, C. G. Veinott, Westing- 
house Electric and Manufacturing Company. 
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Figure 7. Complete pole and field coil of 
alternator 


_— 


system of the airplane. Such an arrange- 
ment has three principle disadvantages: 


1. A fault in the d-c system weuld cause 
failure of the a-c system. 


2. A larger and heavier voltage regulator 
would be required, involving a major devel- 
opment, as such a regulator is not now 
available. 


83. There would be an excessive waste of 
power in the regulator. 


Brush life at high altitude—the prin- 
cipal objection to the use of the d-c ex- 
citer—was no longer considered the 
problem that it once might have been, 
since a successful altitude treatment for 
brushes is now available. Based on 
flight experience with d-c generators and 
altitude-chamber tests on the alternator, 
che expected brush life at 35,000 feet is 
approximately 500 hours. 


Electrical Design Considerations 


Fundamental principles employed in 
the design of aircraft alternators and d-c 
generators are the same as those used in 
the design of standard industrial ma- 
chines. The elements of an aircraft electric 
machine resemble those of an industrial 
machine of far greater physical size. 
However, in the design of aircraft electric 
machines, extreme effort is put forth to 
obtain a given rating at the lowest pos- 
sible weight; thus, many refinements are 
required in the electrical and mechanical 
design which are unwarranted in standard 
machines. 

Electric conductors of aircraft alterna- 
tors, as well as those of engine-mounted 
d-c generators, are operated at current 
densities far in excess of standard ma- 
chines; 10,000 amperes per square inch 
is not uncommon‘—a figure four times as 
high as used in continuous-rated indus- 
trial machines. Magnetic circuits of this 
400-cycle aircraft alternator are worked 
at about the same densities as conven- 
tional 60-cycle machines. Because of the 
much higher frequency, however, the 
watts loss per pound of magnetic ma- 
terial is from 15 to 20 times as high as in 
a standard 60-cycle machine. Although 
the copper and iron are worked harder in 
aircraft than in industrial machines, the 
efficiencies of the former are as high or 
higher for comparable ratings. This is 
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possible because of greater refinements in 
design, higher operating speeds, and 
better ventilation of aircraft machines. 

Insulation of the windings of aircraft 
alternators must be suitable for the 
temperatures encountered. Because in- 
definite life is not expected and could not 
be obtained without a great increase in 
weight, class A and class B insulating 
materials usually are operated at higher 
temperatures in aircraft than for indus- 
trial service. Thus, for the life expected 
of an aircraft alternator, class-A insula- 
tion can be operated at 130 degrees 
centigrade and class-B insulation can be 
operated at 150 degrees centigrade.‘ 
Each type of insulation has been used in 
this alternator only where its maximum 
permissible temperature will not be ex- 
ceeded. 

D-c generators for aircraft use are 
rated at 28.5 to 30 volts, whereas the 208- 
volt alternator described in this paper 
is operated at 120 volts to ground. Be- 
cause of the higher dielectric stresses, the 
a-c winding is given a potential test to 
ground of 1,500 volts (rms), and a poten- 


Complete rotor showing alternator 


Figure 8. 
field, slip rings, exciter armature, and com- 
mutator 


tial test between phases of 500 volts; 
alternator field and exciter armature are 
tested at 500 volts to ground. 

Asin the d-c system, greatest reliability 
is obtained with parallel operation,” and 
the alternators are designed accordingly. 
As mentioned before, a damper winding 
is placed in the pole faces to provide more 
stable operation of the alternators under 
any operating condition which might 
cause hunting. This winding, made of 
copper, is similar to that used in a large 
synchronous machine. 


Stator Construction 


Figure 4 shows the alternator stator 
with laminations and winding in place, 
and Figure 5 illustrates the lightweight 
frame. Internal ribs support the lamina- 
tions and allow axial passage of ventilat- 
ing air over the stator core. 


Circular laminations without studs or . 


rivets are used, permitting skewing 
which improves the wave form. To en- 
sure exact alignment, laminations are 
stacked on an accurately ground man- 
drel, which has guide bars for aligning 
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the punchings and obtaining the correct’ 
skew. While still on the mandrel, thé 

punchings are compressed axially, and a 

slot is machined in the outer periphery 

parallel to the axis of the stator. A cor- 

responding slot is machined in one of the 

ribs of the magnesium-alloy frame, and a 

rectangular key fits into both slots, 

thereby locking the punchings. 

Stator laminations are held in com- 
pression between a shoulder in the frame» 


, and a spacer ring held in place by means 


of six axial through bolts. Openings are 
provided in the ring and shoulder so that 
ventilating air can enter the axial ducts 
between laminations and frame. 

A-c stator coils are formed of double- 
glass-covered rectangular copper wire. 
Two of these coils are shown in Figure 6. 
Accurate forming assures that the coils 
will not touch each other at the ends and 
that they will have the strength neces- 
sary to withstand short-circuit stresses. 
Class-B insulation is utilized in the a-c 
winding. Paper-and-mica slot cells are 
used, the paper backing merely providing 
strength during assembly. Glass sleev- 
ing is slipped over the exposed portion of 
each stator coil. Coils are anchored in 
slots by means of trapezoidal wedges. 
After winding, the a-c stator is impreg- 
nated with an alkyd resin varnish to re- 
sist the moisture, dirt, and fungus growths 
which an aircraft alternator may encoun- 
Ler. 


Rotor Construction 


Two obvious methods for constructing 
the rotating field of alternators such as 
described in this paper are one-piece lami- - 
nations and separable poles. With 
one-piece laminations, the poles and pole 
faces are integral with the yoke; this type 
of construction has been used with suc- 
cess in many small machines and in a 
few large four-pole industrial machines. 
Since the yoke and poles are continuous, 
a good magnetic circuit is obtained 
through the rotating field. However, the 
one-piece rotor punching has the disad- 
vantage of requiring a random field wind- 
ing, which is satisfactory in small low- 
speed machines, but seldom if ever, is used 
in large high-speed machines. This con- 


Figure 9. Alternator with air connector re- 
moved, showing front bracket and rocker ring 
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- struction was not adopted in the machine 
described in this paper because of low 
mechanical strength and poor space factor 
inherent in a random winding. 

Figure 7 illustrates the separable-pole 
construction used in this machine. Pole 
laminations have a rectangular hole in 
the body, by means of which they are 
assembled onto a snug-fitting rectangular 
bar of iron having good magnetic proper- 
ties! These laminations are clamped to- 
gether by means of the damper bars, a 
steel through rivet, and aluminum- 
alloy pieces which also serve to support 
the coil ends. Holes are now drilled and 
tapped through the punchings into the 
rectangular bar previously described. 
This construction permits the field coils 
to be wound directly on the poles. 

A heavy layer of fish paper, glass, and. 
mica insulates each coil from the body of 
the pole. Each coil is wound in two 
sections of thin copper strap insulated 
between turns with glass tape. Micarta 
washers insulate the upper section of the 
coil from the pole and the coil sections 
from each other. 

After the coils have been wound, they 
are bolted to a cylindrical yoke and then 
connected between poles at this time in 
order to avoid disturbing them later. 
Wedges are now inserted between adja- 
cent coils in both upper and lower sec- 
tions. After connecting the coils and 
inserting wedges, the rotor is thoroughly 
vacuum-impregnated with an alkyd resin 
varnish and then baked. Thus, a solid 
rotor winding is obtained, free of air 
pockets and impervious to moisture. 

Alternator field, exciter armature, com- 
mutator, and slip rings form an integral 
unit. The exciter armature is pressed 
onto the long shaft, flanged at one end 
and bolted to the yoke of the alternator 


Figure 10. Internal wiring diagram and termi- 
nal arrangement of 40-kva alternator, including 
exciter 


When rotation is clockwise (at commutator 
end), phase sequence is 11, T2, T3 
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field. A shorter flanged shaft is bolted 
in a similar position to the opposite end 
of the yoke. Thus, the complete rotor 
utilizes only two bearings. This con- 
struction greatly simplifies assembly of 
the alternator and prevents any possible 
internal misalignment. 


Exciter Construction 


The front bracket of the alternator 
supports the stator of the exciter, as well 
as the rotor, bearing, and brush assem- 
blies. This construction is illustrated in 


Figure 9, a view of the alternator with 
the air connector removed, showing the 
arrangement of the exciter in the bracket. 
‘ Exciter brushes and slip-ring brushes are 
all carried on the rocker ring, which is 
By refer- 


mounted in the front bracket. 


Figure 11. Terminal board and studs, showing 
stepped arrangement 


ence to the schematic wiring diagram, 
Figure 10, it can be seen that the slip- 
ring brushes are connected directly to the 
output of the exciter, thus requiring mini- 
mum wiring between the exciter and al- 
ternator field. To provide maximum ex- 
citation for the alternator when re- 
quired, a compensated exciter with inter- 
poles is used. Two collector rings are 
mounted at the front end of the rotor, 
adjacent to the exciter commutator. 
The rings are shrunk over an insulated 


EXCITER 
FIELO 


TERMINAL BOARD 
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PER UNIT VOLTS 
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PER UNIT FIELD AMPERES 


Figure 12. Saturation curves and short-circuit 
characteristic of 40-kva alternator at 6,000 rpm 


steel bushing, which later is pressed onto 
the exciter shaft. 


Mechanical Design Considerations 


Aircraft generators must operate with 
minimum attention and trouble. No part 
of a generator is more important to re- 
liable operation than the bearings, and 
careful consideration must be given to 
their selection. Sealed or shielded anti- 
friction bearings offer excellent possi- 
bilities for aircraft generators, because 
they require no attention. Bearings are 
lubricated at the factory with grease of ‘ 
proper grade and quality to assure long 
life. When the lubrication is properly 
applied, a bearing life of several hundred 
hours may be expected. Because it is in 
the path of the incoming air, the front 
bearing is unlikely to become overheated. 
However, special precautions have been 
taken to make certain that the rear bear- 
ing is adequately cooled. The exciter 
shaft is hollow, and the front end is open 
to the incoming air, while at the rear end 
four holes are provided in the shaft 
flange. Cooling air passes through the 
rotor, and then over the rear bearing, 
thereby preventing excessive temperature 
rise. This ventilating path serves a sec- 
ond purpose, that of helping to cool the 
rotor yoke. 

To obtain minimum weight, both the 
front and rear brackets are cast of mag- 
nesium alloy. The rear bracket has six 
arms, channel-shaped for increased 
strength. The cone-shaped front bracket 
has four ribs which serve to support the 
the exciter stator and rocker ring, as well 
as the front bearing. 

Engine-mounted d-c generators are 
subjected to more severe linear and 
torsional vibrations than encountered in 
any other type of service. History of the 
engine-mounted d-c aircraft generator 
records a great amount of progress in the 
solution of the problems involved. Be- 
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Figure 13. Efficiency, torque, and output 
curves of 40-kva alternator at 6,000 rpm, from 
dynamometer tests 


cause the alternator of this paper is not 
engine-mounted, the problem of linear 
vibrations and accelerations is less severe; 
however, the machine is subjected to all 
the vibrations and accelerations occurring 
in the nacelle structure. Torsional vibra- 
tion presents a severe problem of unde- 
termined magnitude, because torsional 
impulses may be transmitted through as 
well as developed in the constant-speed 
drive. If the generator is mounted on an 
auxiliary engine, severe vibrations, both 
linear and torsional, may be encountered. 


Ventilation and Cooling 


Ventilation is unquestionably one of 
the principal factors influencing the 
weight of any aircraft generator. With- 
out blast-tube cooling,® the extremely 
high outputs per pound of modern air- 
craft generators would not have been 
possible.  Aircraft-generator builders 


have been hampered by lack of accurate 
information on the pressure-volume char- 
acteristics of practicable aircraft blast- 
Shall the generator de- 


tube systems. 
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signer use restricted ducts in his machine, 
or shall he make them as wide open as 
possible? Few problems are more diffi- 
cult to solve than the precise answering 
of this question. In general, the gen- 
erator designer knows that, with blast- 
tube cooling, the less air his machine uses, 
the more total pressure head is available 
at the generator; and, conversely, that a 
wide-open generator which uses more air 
results in less available total head across 
the generator. Total available head and 
volume of air could be determined by the 
generator designer, as pointed out in a 


,recent AIEE paper, from a pressure- 


volume curve of the blast-tube installa- 
tion, if the latter were available. 


Some general considerations on the ¢ 


qualitative differences in the cooling 
problem of wide-open and restricted 
generators will assist in an understand- 
ing of the ventilation problem. The sig- 
nificant factor is total temperature rise of 
the winding hot spot above ambient, 
which is the sum of two temperature rises: 


1. Rise of cooling air passing through the 
machine. 


2. Rise of hot spot above the cooling air. 


A wide-open generator passes more air; 
hence, rise of cooling air is invariably less. 
But, in the wide-open generator, the dis- 
sipating area of the cooling ducts is less, 
and air velocities in the ducts tend to be 
lower; the net effect is fo cause a higher 
rise of hot spot above the cooling air. 
Since ‘total temperature rise is the im- 
portant factor, it can be seen that the 
minimum sum of the two factors occurs 
when the generator is neither too wide 
open nor too restricted. A complete 
answer to the ventilation problem requires 
an analytical or empirical evaluation of 
the hot-spot rise for different degrees of 
restriction, taking into account the pres- 
sure-volume characteristic of the blast 
tube. 

For the 40-kva alternator discussed in 
this paper, a total head of at least six 
inches must be maintained between the 
inlet and outlet. If the alternator is in- 
stalled in a large duct which supplies air 


Figure 14. Com- 
Parison of 40-kva 
alternator and 300- 
ampere type R-1 dec 
generator 
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be 


to the main engine, an exhaust shroud,’ 
around the outlet ducts of the alternator 

has to be provided, because the entire 

alternator is surrounded by air at a rela- 

tively high pressure;. this shroud must 

discharge to a region of lower ambient air 

pressure. 

Air ducts have been provided between 
the outside diameter of the stator punch- 
ings and the frame. Air which passes 
through these ducts also passes directly,, 
over the end windings, picking up heat 
from them as well as from the stator 
laminations, and from the frame which is 
a good conductor of heat. Cooling air 
also flows axially between the field coils 
of the rotor. The front bearing is cooled 
by the main blast of air as it enters the 
alternator, whereas the rear bearing is 
cooled by air which flows through the 
hollow shaft, as explained previously. 

No effort has been spared to provide 
the best cooling obtainable with the 
specified total head of six inches, and the 
temperature rise has been held down to 
permissible limits. But it must not be 
overlooked that, however effective’ the 
ventilating system may be, for any given 
pressure, better results will be obtained 
from the alternator if higher pressure or 
more cooling air is made available. By 
better results are meant lower tempera- 
tures of the alternator, with consequent 
longer life of insulation and bearings, and 
ability to carry higher overloads of short- 
time duration. 


Performance 


Saturation curves of the alternator are 
given in Figure 12. These curves include: 
a no-load saturation, a zero-power-factor 
saturation, and a three-phase short-cir- 
cuit saturation. -Dynamometer tests are 
recorded in Figure 13, which shows 
efficiency, torque, kilowatts output, and 
amperes output, plotted against kilovolt- 
ampere output. Efficiencies reported 
here include losses in the exciter, voltage 
regulator, and alternator itself; they 
were computed from direct measure- 
ments of input and output. 


Conclusions 


A number of experimental 40-kva 400- 
cycle aircraft alternators has now been 
built, and extensive tests, in addition to 
those reported in the paper, have demon- 


strated that such machines are ready for © 


use in aircraft as soon as a constant-speed 
drive or other suitable driving means is 
made available. (Some of the tests not ~ 
reported in the paper include: short-cir- 
cuit tests, three-phase, line-to-line, and 
line-to-ground; altitude-chamber tests 
of heating and brush wear; parallel- 
operation tests; overspeed tests; starting 
a heavy load, such as a motor generator 
set.) A weight of 85 pounds for this 40- 
kva alternator, compared with a weight of 
47 pounds for a nine-kilowatt d-e air- 
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Aircraft Electrical Horizons 
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N ENGINEER needs a goal. In 
this respect he is no different from 
thé follower of any other profession, art, 
or trade. Having a goal, every effort and 
project becomes a step in the final 
achievement. It is the purpose of this 
paper to suggest some goals which are on 
the horizon today. When these goals are 
reached, it is quite likely that new hori- 
zons can be seen. However, let tomorrow 
take care of itself. 

A goal is not only an incentive, it is a 
pathway. Seeing the need for a device is 
more than half the act of inventing that 
device. It can well be that presentation 
of some of aviation’s needs will stir the 
inventive genius of some engineer who 
will then create a solution. It is by such 
steps that we will extend the horizon. 

The importance of the electric system 
looms large today. In former installa- 
tions the hydraulic and electric systems 
were not essential to flight. Soon this 
will no longer be true. Already designers 
of automatic control apparatus are plac- 
ing faith in the aircraft electric system. 
If an inverter delivering a-c power to a 
turbo supercharger regulator should fail, 
engine manifold pressure would no longer 
be controlled; it happens that the 
engine air-induction system is unstable 
and a dangerous operating condition can 
be created in a few seconds. The source 


Paper 44-218, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 17, 1944; made available for print- 
ing July 18, 1944. 


FRANK W. Gopsry, Jr., is staff assistant, new 
products division, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa.; 
Wiiuram L. Berry is equipment staff engineer, 
Hughes Aircraft Company, Culver City, Calif.; 
and T. B. Hou.ipay is lieutenant colonel, matériel 
command, United States Army Air Forces, Wright 
Field, Dayton, Ohio. 


WILLIAM L. BERRY 


MEMBER AIEE 


T. B. HOLLIDAY 


MEMBER AIEE 


of a-c power must not fail. This is typi- 
cal of situations that emphasize relia- 
bility of the electric system. 


Electric-System Protection 


Hand in hand with proper reliability 
of separate electrical components is the 
necessity for automatic protection of the 
system from the power sources through 
feeders and circuits to the individual 
items of equipment. The state of the 
latter art is not at all satisfactory; almost 
without exception protective devices have 
one or more of the following faults: 


1. They do not duplicate the thermal 
ability of the apparatus being protected, 


2. They are too heavy- 


3. They have serious errors due to ambient 
temperature, 


For example, circuit breakers are used to 
protect the cable (not the equipment) of a 
circuit. A given rating of circuit breaker 
should permit the cable to carry every 
ampere that it can safely carry. In fact, 


‘if the perfect circuit breaker were de- 


veloped, it would be designated by an 
American wire gauge number. 


Generators and Motors 


The electrical industry can be proud 
of the progress that has been made in 
aviation accessories during the last few 
years. The output from a cubic inch of 
space and material has been doubled, 
quadrupled, and doubled again. The 
engine-driven generator is the best ex- 
ample of this progress. Almost since the 
beginning of modern aviation the gen- 
erator designer has been confined to a 
space of 6 inches diameter and 14 inches 


length, a volume of 400 cubic inches. Un- 
til 1939 this space produced 750 watts, 
less than 2 watts per cubic inch. Today, 
nearly 30 watts per cubic inch are de- 
veloped in that space. The output con- 
stant for this type of machine is ap- 
proaching 20,000, approximately three 
times the conventional value for the 
equivalent rating. This constant is de- 
rived from the relation 


D?LN 
kw 


where D and L are dimensions of the 
active material in the armature, N is 
speed in revolutions per minute, and kw 
is output in kilowatts. 

At the same time good efficiency has 
been maintained. At first glance this is 
surprising since the power loss per pound 
of material is much higher than in in- 
dustrial practice. But the number of 
pounds is reduced until efficiencies are 
tolerable. This factor is important to 
aviation; low efficiency means a higher 
power consumption and this in turn re- 
quires the use of fuel at a greater rate. 
Gasoline weighs six pounds per gallon and 
an engine requires nearly 0.5 pound per 
horsepower hour. A generator having an 
efficiency of 70 per cent will require one 
pound of fuel per kilowatt-hour. 

However, industry has been too prone 
to modify an existing article to meet a 
given aviation need. This may be justi- 
fied in cases of extreme haste or where 
cost of development must be avoided. 
But it must be remembered at all times 
that in aviation a pound saved may be 
worth its weight in gold. 

Similar progress has been made in d-c 
motors. Just as the specific weight of 
generators has been reduced to four 
pounds per kilowatt, so has the weight 
of motors been reduced to four pounds 
per horsepower at comparable speeds. 
Still lower weights are on the horizon 
and one of the steps to obtain them is 
higher speed. This will require further 
development in bearings, lubrication, 
and commutator design. 


craft generator, indicates that electrical 
outputs of generators still can be ex- 
pected to increase faster than the weights. 
Experience gained in the building and 
testing of this alternator can be used to 
develop better and lighter machines, or 
machines of still higher rating; the limit 
of ratings of aircraft generators is not 
even in sight! ‘ 

Perhaps, in the future, direct-con- 
nected alternators can be used to main- 
tain aircraft engines in synchronism. 
For test purposes, these 40-kva alter- 
nators were direct-connected to 450- 
horsepower aircraft engines; after the 
alternators were synchronized manually, 
it was found that they would hold the 
450-horsepower engines in exact syn- 
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'vors, C. G, Veinott. 


chronism over a wide range of throttle 
settings; even while carrying electric 
loads at the same time. 


References 


1. Way Tomorrow’s PLANES Witt Have A-C 
Systems, T. B. Holliday. Electrical Manufacturing, 
volume 32, July 1948, page 88. 


2. PARALLEL OPERATION OF AIRPLANE ALTERNA- 
Tors, D. W. Exner. AIEE TRANSACTIONS, volume 
62, 1943, December section, pages 755-60. 


3. AIRCRAFT ELECTRIC POwrR-SUPPLY SYSTEM, 
J. E. Yarmack. AIEE TRANSACTIONS, volume 62, 
1943, October section, pages 655-8. 


4. TESTING AIRCRAFT GENERATORS, 
Keneipp. AIEE Transactions, volume 63, 1944, 
March section, pages 105-09. 


5. Bviast-TuBE CooLinc ror AIRCRAFT GENERA- 
AIEE TRANSACTIONS, volume 
63, 1944, July section, pages 520-5. 


Godsey, Berry, Holliday—Aircraft Horizons 


6. Baste CONSIDERATIONS IN SELECTION OF ELEC- 
TRIC SYSTEMS FOR LARGE AIRCRAFT, W. K. Boice, 
L. G. Levoy, Jr. AIEE Transactions, volume 63, 
1944, June section, pages 279-87. 


7. A-C anp D-C Snort-Circuir TEsts on ArR- 
CRAFT CABLE, J. C. Cunningham, W. M. Davidson. 
AIEE TRANSACTIONS, volume 63, 1944. 


8. Errect or ALTITUDE ON ELECTRIC BREAK-~- 
DOWN AND FLASHOVER OF AIRCRAFT INSULATION, 
L. J. Berberich, A. M. Stiles, G. L. Moses, C. G. 
Veinott. AIEE Transactions, volume 63, 1944, 
pages 345-54. 


9. ALTERNATING VERSUS DirRECT CURRENT FOR 
AIRCRAFT-RADIO POWER Suppty, D. E, Fritz, C. K. 
Hooper. AIEE TRANSACTIONS, volume 63, 1944. 


10. Optimum VOLTAGES FOR AIRLPANES, Vernon 
H. Grant, Melville F. Peters. EvectrricaL ENcr- 
NEERING, volume 58, October 1939, pages 428-31. 


11, DeEsIGN CONSIDERATIONS FOR D-C AIRCRAFT 


GrEneraToRS, J. D. Miner, Jr. AIEE TRANSsAC- 
TIONS, volume 63, 1944, 


TRANSACTIONS 821] 


Communication Equipment 


Much that has been accomplished in 
the field of radio cannot be unveiled at 
this time. The importance of these de- 
velopments can be realized, however, 
when it is noted that there are as many 
as 12 complete radio equipments in a 
large bomber. Each of these is designed 
for a special task and only a few of them 
are for radio communication as we know 
it. These new devices extend the horizons 
again for each of them presents an in- 
teresting peacetime application. And 
again, the aviation engineer is hoping that 
the radio engineer has a weight horizon. 
Much of this new apparatus is unneces- 
sarily large and heavy. This handicap 
has been overlooked in the necessary 
haste to obtain useful devices for the war 
effort. But thoughtful study will elimi- 
nate many pounds of equipment weight 
and much aerodynamic drag from ex- 
ternal antennas. Antennas appear to 
weigh only ounces, but drag increases the 
horsepower required from the engine and 
this in turn causes the consumption of 
many extra pounds of fuel. 


Aircraft Lighting 


The lighting of aircraft has never been 
perfect. While much has been done, far 
more remains undone. The position 
lights are adequate only in fair weather. 
A good landing light for fast fighter types 
is needed. Really satisfactory lighting 
for the instrument board and the pilot’s 
compartment are yet to be produced. 
It is unlikely that any passenger is happy 
with the reading lamps in the modern 
transport. Failure of a landing-light 
lamp during testing prior to take-off 
is cause for a delay since the pilot is com- 
pelled to return to the hangar for a lamp 
replacement. A reserve is needed. 


The problem of lighting instruments’ 


and the pilot’s compartment is the most 
severe. Many minutes are required for 
the human eye to accommodate itself to 
darkness. Yet this dark adaptation can 
be lost in a second if a bright light is 
turned on in the cockpit either by design 
or accident. The lighting of instruments 
and important controls must be such that 
they are easily visible without impairing 
night vision. 


Inverter Power Supplies 


The development of inverters, direct 
current to alternating current, has made 
it possible to utilize alternating current 
for many small devices, particularly con- 
trols and instruments. Both of these 
uses are worthy of comment. 

‘The inverter has usually been made asa 
motor generator and the resultant weight 
and low efficiency are a severe penalty. 
The penalty is the more noticeable when 
it is remembered that electric energy is 
put into the machine and electric energy 
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is taken out. Perhaps, over the horizon is 
a way of avoiding the change to and from 
mechanical energy. The vibrator type of 
inverter has been successfully used at very 
low power and at frequencies ranging 
from 60 to 400 cycles per second. At the 
higher frequency this type will deliver 
very little power, although this frequency 
is most suitable for aircraft. 

A-c power is well suited to many posi- 
tioning and control devices since the con- 
trolling voltage can be amplified readily. 
The principle of the self-synchronous mo- 
tor has been used to advantage in instru- 
ments which deliver a remote indication. 


Relays and Switching Devices 


Other items which receive too little 
attention are switching devices, and yet 
all the reliability of the system depends 
on them. Electric apparatus in air- 
craft all too often is the cause of an un- 
satisfactory report, because a relay failed 
to close, switch contacts welded, moving 
parts corroded, or any one of several 
other faults. Practically all of these can 
be traced to dirt, moisture, or salt air. 
And all of these can be avoided by 
hermetically sealing the switch, relay, or 
magnetic contactor. At the same time 
this change in design will remove all 
restrictions on altitude ratings, will make 
the device explosion proof, may permit an 
increase in rating, will increase reliability, 
and it is believed that this can be done at 
no increase in weight. In fact, weight 
should decrease if the rating can increase. 
This type of construction may be a basic 
requirement for switching devices in the 
near future. 


Load and Equipment Considerations 


As many as 150 electric devices have 
been used in several types of aircraft. 
This indicates the reason why the elec- 
trical load and the installed generator 
capacity per airplane have increased and 
are still increasing at a phenomenal rate. 
As an approximate rule it can be said 
that the generating capacity in kilowatts 
should equal the gross weight of the air- 
plane in tons. And in terms of engine 
power, two per cent of the rated power or 
three per cent of the cruising power should 
be reserved for the generator. 

In producing these devices the elec- 
trical engineer has gone far toward 
limiting conditions in his use of materials. 
For example, only the best of magnetic 
materials are used and these are worked 
to the limit; the best of materials are 
fully justified because they save weight. 
Weight saved is invaluable and the cost 
of materials is small. An airplane in the 
transport or bomber class costs $5.00 to 


.$7.00 per pound. Manufacturing costs 


should be judged by that standard. The 
aviation engineer hopes that a good mag- 
netic material having the specific gravity 
of magnesium is just over the horizon. 
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The current density in conductors has’ 
been pushed to new values. Tet 
thousand amperes per square inch and 
125 circular mils per ampere are often used 
in continuous-duty apparatus. This re- 
quires careful engineering to provide ade- 
quate cooling, but the net gain is a con- 
siderable reduction in weight. For inter- 
mittent-duty applications theoretical cur- 
rent densities of 40,000 amperes per square 
inch have been used. Better conductors, 
will permit higher densities, or still better 
cooling will do the same. At one time the 
use of silver instead of copper was pro- 
posed, but this was done not as a matter 
of conductivity but one of supply. 

The current density in carbon brushes 
is limited only by temperature. Where 
densities of 40-60 amperes per square 
inch are conventional, values of 200 am- 
peres per square inch at rated output are 
common in aircraft generators. With 
adequate cooling, densities of 600 amperes 
per square inch are on the horizon. 


Power-Distribution Systems 


As airplanes increase in size and elec- 
trical load, a decision about higher volt- 
ages is forced on the aviation industry. 
The standard for military aircraft is the 
24-30-volt d-c system. This standard is 
likely to include the postwar transport 
and to supersede the present 12-15-volt 
d-c system. However, the 24-30-volt 
system is inadequate when 25-100 kilo- 
watts are being considered and when air- 
planes with wing spans of 150 feet and 
more are discussed. A conductor to 
carry 100 amperes a distance of 100 feet 
with a voltage loss of 0.9 volt (three per 
cent of 30) is altogether too heavy. 

Since it is a miniature model of a public 
utility, the electric system of a multi- 
engine airplane presents many similar 
problems. An increase in system voltage 
has the same advantages to the aircraft as 
to the utility company. It is advanta- 
geous because it reduces the weight of wir- 
ing faster than voltage increases. Theo- 
retically, the wiring weight should be 
inversely proportional to the square of 
the operating voltage. This reduction 
cannot be realized because the insulation 
becomes a, greater proportion of the total 
conductor weight as size is decreased and 
because it is not practical to use a wire 
size of less than number 20 American 
wire gauge. The latter limitation is due 
to the structural strength of the con- 
ductor. i 

Two higher-voltage systems are al- 
ready on this side of the horizon. One is 
direct current and one is alternating cur- 
rent. The d-c system has much to rec- 
ommend it; it is similar to the 24-80-volt 
system already in use. Problems of com- 
mutation and switching which were fore- 
cast as trouble makers have not. been | 
difficult on actual encounter. The 
progress already made in reducing 
weight of 24-30-volt equipment applies 
‘ 
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. equally well to similar items of higher 
voltage. One of the largest users of 
electric power is radio, and by a judi- 
cious choice of voltages and care in the 
design of the radio equipment the need 
for inverters, dynamotors, and power 
packs can be avoided. 

A big advantage of the d-c system is 
that it is possible to use a battery as a 
reservoir of energy and as a means of ab- 
sotlbing surges. The ampere-hour ca- 
pacity of the cells should equal about half 
the current rating of the generator and 
there should be as many batteries as there 
are generators if the battery is to fill its 
place as a power reservoir properly. The 
proposed battery would consist of two 48- 
cell units if the lead-acid type were used. 
Unfortunately, battery weight for con- 
stant watt-hour capacity increases with 
increasing rated voltage. 

The choice of system voltage is a most 
important problem. At least a portion of 
the power should be available at the 
familiar 110—120-volt level to use or adapt 
apparatus already developed for in- 
dustrial use. At the same time higher- 
power loads such as large motors can ad- 
vantageously use a still higher voltage. 
This suggests the familiar three-wire 
system at 230/115 volts. In metal air- 
craft the neutral wire can be omitted by 
using a structural ground. 


A-C, D+C, and Hydraulic 
Comparisons 


The a-c system has had little practical 
experience to support claims advanced for 
it in aviation engineering, although the 
potential advantages are similar to those 
which caused its adoption for industrial 
power. It has several disadvantages to 
overcome. Paralleling of generators is 
essential and power usually must be 
taken from the main engines. Since the 
latter will seldom operate in synchro- 
nism, a speed- and torque-conversion drive 
is necessary. The drive and generator 
will undoubtedly weigh more than a d-c 
generator of equal rating. 

Power factor increases the current and 
therefore the conductor weight. Using a 
three-phase system, the operating volt- 
age must be at least 40 per cent higher 
than that of the equivalent d-c system to 
- result in the same’ weight of conductor. 
The equivalent of the d-c system de- 
scribed above would be the 208-120-volt 
four-wire three-phase system and the 
weight of conductors for equal power 
would be higher. 

Offsetting these disadvantages are the 
lower weights of a-c apparatus, simpler 
construction, reduced arcing hazard, im- 
proved efficiency, reduced maintenance, 
flexibility of voltage, and possibly greater 
reliability and longer life. 

Electric apparatus has many ad- 
vantages over hydraulic and pneumatic 
equivalents that almost force use of the 
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former for many of the aitcraft accessory 
tasks. Some of these advantages are: 


1. Higher efficiency. 

2. Lower cost. 

3. Ease of installation. 
4. Simpler maintenance. 


All of these are debatable with a propo- 
nent of any other method, but they are the 
advantages which the electrical engineer 
must exploit. 

‘On the debit side, the electrical engineer 
has not delivered enough 


1. Reliability. 
2. Life. 
3. Reduction in weight. 


To provide adequate reliability the de- 
vice must never fail in service and should 
require no attention for 1,000 hours of air- 
plane operation as a minimum. With 
simple overhaul, the useful life should be 
at least five of these 1,000-hour periods. 
As for weight, a part is always too heavy. 
In addition, the electrical engineer must 
fit his device into the needs and require- 
ments of the aviation industry and the 
operations of both airline and military air- 
craft. 

In 1930 the operating cost for airline 
transports was approximately 60 cents 
per ton mile. In 1940 it was 30 cents. 
Perhaps in 1950 it will be 15 cents. Any- 
thing which makes that cost a reality will 
be welcome. By 1950 it may be possible 
to operate engines at a fuel consumption 
rate of 0.37 pound per horsepower-hour 
instead of the present rate of 0.45-0.46. 
This economy of operation will require 
automatic controls, and electric devices 
are ideal for such applications. 

An airplane earns dividends only when 
it flies. The airlines will want a utiliza- 
tion factor of 60 per cent. This means 
that the airplane will be in service six 
hours out of ten. This leaves no time for 
needless maintenance of awkward elec- 
trical accessories. 


Other Tasks for Electric Devices 


The foregoing remarks have presented 
attainable goals and requirements. Some 
other big problems are also on the hori- 
zon. For example, one accessory which 
the electrical industry has never pro- 
duced is the aircraft wheel brake. For 
the most part this task is performed hy- 
draulically; it has also been done with 
pneumatic power. To present the re- 
quirements of this problem the assist- 
ance of the Goodyear Tire and Rubber 
Company was sought; R. J. Lammertse 
and C. E. Ricker, engineers of the wheel 
and brake division, kindly furnished in- 
formation on which the following is based. 
Emphasis has been placed on the particu- 
lar phases of the problems which are most 
likely to be difficult to overcome in an 
electrically actuated brake. The require- 
ments set forth below are divided into 
two groups, the first dealing with force 
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and torque, and the second dealing with 
operating characteristics. 


1. Forcé and torque requirements. The 
brake must produce enough tangential force 
at the mean friction radius to give a torque 
of 0.55 WR where W is the weight of the 
airplane divided by the number of brakes 
per airplane, and R is the loaded radius of 
the tire. Usually, the mean friction radius 
is between 0.3 and 0.5 of the loaded radius 
of the tire. The normal force required be- 
tween the friction surfaces will vary inversely 
with the coefficients of friction of the pairs 
of material used. For the bimetallic friction 
pairs used in multiple disk brakes, the coef-. 
ficient ranges from 0.1 to 0.2, and for molded 
lining material against chrome plated steel 
or cast iron as used in drum and single disk 
brakes, the coefficient ranges from 0.2 to 
0.3. These coefficient ranges are deter- 
mined through experience to be found in 
the friction material pairs most satisfactory 
from a wear and durability standpoint. Of 
course, the force required will also vary in- 
versely with the number of friction surfaces 
engaging under the same force. 

2. One of the major difficulties of an elec- 
tric control system is to obtain proper load 
feel comparable to manual operation. This 
would include all of the following points: 
(a). Brake torque should be proportional to pedal 


pressure. This should be true regardless of whether 
the brake operation is going on or off. 


(b). Brake operation should go from full- on to full- 
off position or vice versa with no appreciable time 
lag. 


(c). Brake operation must be capable of small 
changes of torque in either direction without time 
lag and without returning to brake-off position. 


(d).. The brake must be capable of being held at 
constant torque during the period of stop. 


(e). Some means of parking the brake for long 
periods’of time must be provided. 


In the design of an electric brake-operat- 
ing system, it must be remembered that 
the weight and the space used should be 
reasonably close to the weight and space 
requirements of an equivalent hydraulic 
system. This, of course, applies to the 
entire system, from the pilot’s control 
down to the brake itself. 

Another big problem which is rolling 
up over the horizon is the prerotation of 
wheels prior to landing. This is desired 
to avoid unusual wear of tires upon im- 
pact with hard-surfaced runways. It 
will not require much power, as ample 
time can be allowed to bring the wheel up 
to speed. If the electrical engineer can 
solve the brake problem in less space and 
weight than is now required for the hy- 
draulic system, there may be space 
enough for a small electric motor to de- 
liver prerotation of the wheels. 

The problems of controlling an airplane, 
its engines, and some of its accessories in- 
crease with aircraft size and again with 
altitude. For example, it is possible now 
to build airplanes so large that human 
effort cannot control them. Power boost 
is needed. It can be hydraulic or it can 
be electrical. 

At high altitudes pressurized cabins 
will be a necessity. To operate cables or 
push rods through the walls of a pressur- 
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ized cabin requires meticulous care in de- 
sign, installation, and maintenance. Ro- 
tational couplings at the cabin walls are 
only slightly better. Electric equip- 
ment is ideally suited for the solution of 
this problem. 

Automatic controls for flight, engines, 
engine accessories, heating systems, venti- 
lating systems, and other aircraft lux- 
uries will be a big advantage to the air- 
plane crew. Again electric apparatus 
is ideally suited for these applications. 


Electric Propulsion of Aircraft 


The biggest task that is just peeping 
over the horizon is an electric drive for the 
airplane. In other words, this means an 
electric coupling of generator and motor 
between the power plant and propellers. 

Assuming that weight can be kept 
within reasonable limits, there are a num- 
ber of advantages favorable to the use of 
electric-propulsion equipment on multi- 
engine airplanes. 

One of the largest single elements of 
drag to be overcome in propelling the con- 
ventional airplane through the air is due 
to nacelle and cooling losses, with engines 
in the leading edges of the wings or in the 
fuselage nose; this element of drag may 
amount to from 20 per cent to 40 per cent 
of the total horsepower requirement of 
the engines. Because of the relatively 
small size of an electric motor compared 
with engines, propellers may be placed 
where the designer wishes, submerging 
the motors entirely within the wing or 
other structural element without recourse 
to drag-inducing nacelles. In some in- 
stances, the weight saving due to the re- 
duced fuel load when nacelles are elimi- 
nated may be sufficient to offset the in- 
crease in power-plant weight due to the 
addition of the electric transmission. 

With electric drive, the prime movers 
and generators are located in the fuselage 
instead of in the wings. In land planes, 
it may sometimes be necessary to employ 
a somewhat larger fuselage than normal 
to accommodate the engines; in the case 
of sea planes; there is always sufficient 
space in the hull near or below the water 
line, a preferred location. With the en- 
gines in locations readily accessible to the 
crew, flight operations may be carried out 
with standby engines disconnected and 
all propeller motors running in parallel 
from a common power bus; and when 
necessary, simple repairs may be effected 
on standby units in flight. 

Parallel operation of motors will 
eliminate the entire synchronization prob- 
lem; and the removal of heavy-over- 
hung engine mounts from wings should 
permit desirable structural redesign with 
over-all improvements in structure 
weights. The concentration of the major 
mass of the prime mover in the fuselage 
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near the center of gravity of the airplane 
increases maneuverability and decreases 
the required control-surface areas; it 
further provides a convenient recoil- 
absorbing mass to take the recoil from 
heavy machine guns and cannon in 
military aircraft, without the Hepes any of 
shooting through a propeller. 

Separation of engines from wing struc- 
tures and the possibility of employing 
effective shock-absorbing engine mounts 
may also lead to structural weight sav- 
ings. Breaking up the motor drives into 
a large number of lower-power units will 
also be advantageous in this case, and will 
permit using small lightweight two- and 
three-blade propellers with the higher 
efficiencies inherent in such propellers 
when over-all design permits, instead of 
using lower-efficiency three- and four- 
blade propellers of large power ratings. 

A further advantage is the possibility 
of employing pusher-type propellers in- 
stead of tractors, since motors may be 
sunk in the wings. The increased lift and 
reduced drag over wing sections in the 
vicinity of propellers are pronounced at 
high speeds when propellers are placed 
behind the wing rather than in front of 
the wing, thereby reducing turbulence 
due to the propeller slip stream over the 
wing. 

On the other hand, an electric drive 
will result in increased power-plant 
weight, lower efficiency between fuel 
tank and propeller shaft, increased cost of 
power plant, and with gasoline-engine 
prime movers, probably no reduction in 
maintenance. Further, the installation 
of engines and alternators in the fuselage 
of a bomber or cargo airplane may result in 
disadvantageous bomb or cargo location. 

With the above features established, it 
appears that the most advantageous 
system would require the use of high- 
speed high-frequency induction motors 
and corresponding synchronous gener- 
ators. Estimates have been made based 
upon three-phase induction motors to 
operate in the 400-500-cycle range at a 
transmission voltage of the order of 1,000 
volts, and with turbo-type alternators to 
furnish power for the motors. 

Preliminary analyses have been made 
and it is believed to be practical to pro- 
duce an electric coupling, alternator, 


motor, and controls at the following 
weights: 
Pounds Per 

Horse- Horse- 
power Pounds power 
O00; eons 760— (800;ec. deste oe 0.85 
ZOOO, aera e 1,200-1;300; Vpn teas oeee 0.65 
5,000 Av aaa 2200-25700 spite sisted tie the 0,54 


At each of these ratings the alternator and 
motor weights will be divided about in 
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the ratio of 60 and 40 if both can operate! 
at approximately the same speed, Hi 

The probable advent of high-speed in- - 
ternal-combustion turbines will greatly 
improve the case for electric drives. The 
weight and the efficiency loss of the coupl- 
ing are handicaps and there must be two 
gains to compensate for them: 


1. Compensating reductions in fixed weight 
must be made in the power plant, propellers, 
structure, and accessories. “a 
2. The over-all efficiency of the airplane 
must be improved by eliminating acro- 
dynamic drag to compensate for the lowered 
efficiency of the coupling. 


Storage of Electric Energy 


The storage battery is another problem. 
Perhaps there is no answer, but even with 
aircraft designs of lead-acid storage bat- 
teries, the storage of a kilowatt-hour of 
energy costs approximately 100 pounds, 
The same available energy is stored in 
0.25 pound of gasoline. Both represent 
chemical storage of energy. 

The electric motor which converts 
electric energy to mechanical energy 
weighs less at equal ratings than does the 
internal-combustion engine which con- 
verts gasoline to mechanical energy. The 
possibilities inherent in the storage of 
electric energy at 0.25 pound per kilo- 
watt-hour are beyond the horizon and be- 
yond the imagination. 

Harnessing of atomic fuel is the most 
distant goal and it is quite likely that the 
clue to storage of electric ’energy at less 
than 0.25 pound per kilowatt-hour lies at 
that goal. 


The Final Problem 


A less tangible horizon is that of public 
confidence. The performance of struc- 
tural materials can be predicted, dupli- 
cated, and set up in tables. This is not 
always true of electric apparatus in air- 
craft. Most people employed in avia- 
tion are mechanically minded. They do 
not understand electricity. To them it is 
a mysterious phenomenon. They are 
afraid of it. The news of a failure of an 
electrical item spreads through the in- 
dustry, military services, and airline 
operators at an unbelievable rate. Once 
spread, all efforts to educate personnel will _ 
not eradicate the rumor. Further it is dif- 
ficult to revise the incorrect operating pro- . 
cedure that may have gone with the 
failure. 

In short, we in the pleeici industry 
must live together. We cannot ignore the 
troubles of others. The fault of one piece 
of electric equipment is a discredit to — 
the whole system. D’Artagnan’s motto 
for the three musketeers can well be a 
slogan for every aviation electrical engi- 
neer, " a 
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Hich-Alttude Brush Problem 
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HE rapid development of military air- 

craft during the past three years has 
been accompanied by an equally vigorous 
development and use of electric motors 
and generators necessary for their opera- 
tion and control. This dynamoelectric 
equipment covers not only the d-c and 
a-c applications but also a wide range of 
power output, voltage, current, and 
speed. Some of the d-c machines are 
compensated fully for best commutation, 
while others are partially compensated, 
and still others are without compensation 
and depend on the brush shift and brush 
grade for satisfactory operation. 

The development of carbon and metal- 
graphite brushes likewise had to keep pace 
with the development of the electric 
equipment. At first it seemed that the 
demand could be met easily, and many 
standard grades of brushes were used with 
satisfactory results as long as the planes 
were flying at low altitudes. However, 
when the airplanes began to fly at alti- 
tudes of 20,000 to 40,000 feet the brushes 
in many instances were worn out in one to 
three hours. It became necessary first to 
determine the causes of the rapid brush 
wear, and then either to develop treat- 
ments for the protection of the existing 
brush grades, or to make a series of en- 
tirely new brush grades capable of with- 
standing the severe conditions imposed 
upon them by high-altitude flying, as well 
as being capable of performing satisfac- 
torily at sea level. 


Rapid Brush Wear on Pursuit Planes 


In December 1940 a testing program 
was started in the National Carbon Com- 
pany laboratory to determine the cause of 
rapid brush wear encountered in actual 
flights. The brushes in question are in the 
motor circuit used for controlling the pitch 


of the Curtiss variable-pitch propeller. 


The controlling motor is mounted in the 
nose or hub of the propeller, which in turn 
operates the planetary-gear mechanism 
connected to the blades. The d-c motor 
is energized through four slip rings which 
are mounted on the propeller shaft and 
insulated from it. A stationary brush 
holder, which is mounted on top of the 
protective housing, completes the electric 


circuit to the rings through four rows of 


Paper 44-208, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted April 3, 1944; made available for print- 
ing July 13, 1944. 


D. Ramapanorr and §S. W. Guass are both in the 
research laboratory, Edgewater works of the 
National Carbon Company, Inc., Cleveland, Ohio. 
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small brushes. These are the brushes 
which were showing rapid wear during 
flights. 

For the first approach of the problem 
the testing was conducted with equipment 
made from an actual propeller brush 
housing and holder (Figure 1), By these 
means it soon was established that brush 
temperature and current density had but 
small effect on brush wear. However, 
when air with a moisture content of less 
than 0.15 grain per cubic foot was intro- 
duced into the brush housing, rapid brush 
wear invariably took place after 5 to 30 
minutes. Under these conditions the 
operation of the brushes was accom- 
panied by a loud grinding noise, and a 
cloud of brush dust could be seen rising 
from the top of the brush holder. The 
brushes actually were ground to dust, and 
in 30 to 60 minutes all of the available 
brush length was gone. 

To meet this problem, two organic 
lubricants, ‘‘A’’ and ‘‘12,”’ were developed 
to be used in conjunction with grade 
840-K (a copper-graphite material) which 
was then standard on this equipment. 
The brushes so treated were designated as 
A-840K and 840K-12. These two organic 
treatments provided boundary lubrication 
on the propeller rings and protected the 
brushes from rapid wear throughout their 
life in dry-air atmosphere. 

The laboratory findings were checked in 
actual airplane flights.* For this purpose 
15 pursuit ships were used, some of which 
were equipped with grade 840K and the 
remainder with A-840K and 840K-12. 
Seventeen sets of 840K brushes were worn 
out, some of them within two hours of 
flying time; whereas grades A-840K and 
840K-12 operated satisfactorily. In one 
instance grade A-840K was tested for 112 
hours of flying time, and the brushes were 
not worn out. 

This was our first experience with rapid 


* The results of these test flights were given to us 
through |the courtesy of M. E,. Cushman, engineer- 
ing department, Curtiss Wright Corporation, 
Newark, N. J. 


Figure 1. Brush-testing unit for Curtiss vari- 
able-pitch propeller 
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brush wear encountered on military 
planes. The quick solution provided by 
the introduction of grades A-840K and 
840K-12 was only the beginning of the 
intensive research which was to follow in 
the study of the high-altitude perform- 
atice of carbon and _ wmetal-graphite 
brushes. In the remainder of this paper 
is given the description of the test equip- 
ment used, the results obtained, the 
theoretical evaluation of the high-altitude 
problem, and finally its present solution, 


The Atmosphere at High Altitudes 


The composition of pure dry air by 
volume is 78 per cent nitrogen, 21 per cent 
oxygen, and 1 per cent of ten other gases. 
These proportions have been found to be 
essentially the same irrespective of loca- 
tion and for altitudes up to 20 miles. As 
the altitude is increased there is rapid 
drop it air pressure, temperature, and 
moisture content. This is clearly illus- 
trated in Figure 2 in which curve A shows 
the change in air pressure with altitude 
and curve B the change in air temperature 
and dew point for 100 per cent relative 
humidity with altitude. The dotted 
curves C; and C2 indicate respectively the 
highest and lowest dew-point tempera- 
tures for altitudes between 30,000 and 
34,000 feet. The data for these two 
curves were obtained by actual dew-point 
measurements made in flights at Patter- 
son Field by the United States Air Corps. 

In Figure 3 curves A, B, and C show 
respectively the partial pressure of nitro- 
gen, oxygen, and saturated water vapor 
with altitude. Curve D represents the 
variation of moisture content of saturated 
air with altitude. The data for this curve: 
were based on the temperature—altitude 
curve B of Figure 2. At 34,000-feet eleva- 
tion the air pressure is one fourth of the 
sea-level pressure, and for this reason the 


partial pressure of oxygen is reduced by 


the same factor. The moisture content of 
saturated air from curve D corresponding 
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A. Avr pressure versus altitude 
B. A\ir temperature versus altitude 


Curves A and B are based on National Ad- 
visory Committee for Aeronautics data. 
Curves C; and Cy are highest and lowest dew- 
point temperatures measured at Patterson Field | 
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Figure 3 


A, B, and C represent respectively the partial 

pressures with altitude of nitrogen, oxygen, 

and saturated aqueous vapor. D is the weight 

in grains of a cubic foot of saturated aqueous 

vapor versus altitude. All curves are based 

on National Advisory Committee for Aero- 
nautics data 


to 34,000 feet is 0.015 grain per cubic foot. 
To complete our picture of the atmos- 
phere at high altitudes, that is, 30,000 to 
50,000 feet, it may not be out of place to 
mention that the ultraviolet rays are 
strong enough to cause the formation of 
small amounts of ozone andnitrousoxides. 


Experimental 


VacuUM CHAMBERS 


For the study of the operating proper- 
ties of carbon brushes at reduced pressures 
and in various atmospheres, two vacuum 
chambers were used. Both chambers and 
the auxiliary equipment are shown in 
Figure 4. Since the two chambers are 
practically identical in construction it will 
be sufficient to describe the one on the left 
which is visible in greater detail. 

The vacuum chamber consists of a glass 
cylinder which is sealed with rubber 
gaskets between two steel plates. Inside 
the chamber on a shaft protruding 
through the supporting back steel plate is 
mounted a slotted copper ring. This ring, 
which is insulated from the shaft, is often 
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referred to as a “dummy commutator.” 
There are four radial brush holders sym- 
metrically spaced around the ring. The 
brush size is two by three-fourths by 
three-eighths inches. The brush-spring 
tension is adjustable and can be varied 
from 0 to 15 pounds per square inch. 
The ring is 6.125 inches in diameter and is 
driven by a variable-speed d-c motor, 

The outside air is kept from entering 
the chamber by a special seal on the shait. 
A low-voltage d-c source provides the 
electric current which flows between the 
brushes and the dummy commutator. 
The chamber can be closed and pumped 
to a pressure of 0.5 millimeter of mercury 
in five to ten minutes. The pressure then 
can be regulated by a needle valve which 
controls the flow of dry air into the 
chamber. The dew point of the dry air 
used is below —70 degrees centigrade. 
If desired other gases than air may be 
allowed to enter the chamber. . 

The brush temperature is measured by 
a potentiometer connected to thermo- 
couples inserted in the brushes close to 
the rubbing surface. 


BRUSH WEAR IN VARIOUS GASES 
AT ATMOSPHERIC PRESSURE 


It was already mentioned that carbon 
or metal-graphite brushes can be made to 
wear rapidly or dust at atmospheric pres- 
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A. Coefficient of friction versus oxygen pres- 
sure for graphitized carbon brushes 
B. Coefficient of friction versus oxygen 
pressure for carbon-copper brushes 
Brush-spring pressure—11.0 pounds 
square inch 
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Figure 4. Vacuum chambers 
used to study the operating 
characteristics of carbon and 
metal-graphite brushes at re- 
duced pressures and in various 
atmospheres 
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sure if the surrounding air does not'con- 
tain over 0.15 grain of water per cubic 
foot of air. Such rapid wear in dry air 
can be stopped either by increasing its 
moisture content or by increasing its 
oxygen content over the amount normally 
contained in the atmosphere. 

Brushes wear rapidly also if the sur- 
rounding atmosphere is made up of any 
of the following gases in dry form: 
nitrogen, hydrogen, carbon dioxide, and 
argon. Rapid brush wear or dusting does 
not take place in ordinary room air mixed 
either with ozone gas or carbon tetra- 
chloride vapor, although the latter does 
double the brush friction. In general, 
contaminants present in the atmosphere 
in the form of fumes and vapors will tend 
to prevent rather than bring about rapid 
brush wear. 


EFFECT OF OXYGEN, WATER VAPOR, AND 
TEMPERATURE ON THE COEFFICIENT OF 
FRICTION AND WEAR OF BRUSHES 


For the experiments with oxygen and 
water-vapor atmospheres a uniform tech- 
nique was used. Before each experiment 
the brushes were heated to a temperature 
of 300 to 350 degrees centigrade to free 
them from absorbed moisture. The com- 
mutator was heated to 135 degrees centi- 
grade and then quickly resurfaced with a 
fine-grained commutator stone. The dust 
was blown away, the brushes were in- 
stalled, and the chamber was closed. In 
about ten minutes the chamber was 
evacuated to a pressure of one millimeter 
of mercury. 

In the experiments with oxygen 4 
steady flow of dry oxygen with a dew 
point below —40 degrees centigrade was 
maintained. The rate of flow was limited 
only by the capacity of the pump at the 
pressure desired. When water vapor was 
used the chamber first was evacuated and 
then water vapor admitted from an 
evacuated flask. One straight and one 
inclined mercury gauge were used to 
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Figure 6. Brush wear versus coefficient of 
friction for graphitized carbon brushes in dry 
~ oxygen atmosphere» 


Brush-spring pressure—11.0 pounds per 
square inch 
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measure the presstire in the chamber. 

For the brush-wear measurements a 
gauge accurate to one-ten-thousandth of 
an inch was used. Brush-wear measure- 
ments were found to be consistent and 
easy toreproduce. All of the data plotted 
in Figures 5 to 9 were obtained with a 
brush-spring pressure of 11 pounds per 
square inch. 

The speed of the dummy commutator 
pulirposely was kept low and constant at 
1,000 rpm, giving a rubbing speed of 
1,600 feet per minute. The driving d-c 
shunt motor was connected to a constant 
voltage supply. This made it possible to 
maintain constant field excitation and use 
the armature current for measurement of 
friction. 

For the experiments in oxygen and 
water-vapor atmospheres, two kinds of 
brushes were used. One was a graphitized 
carbon grade and the other a carbon 
grade containing 50 per cent copper. The 
data for all curves were obtained without 
the flow of current through the brushes. 
Brush wear and frictional measurements 
im an oxygen atmosphere present explo- 
sion hazards if electric current is per- 
mitted to flow from brushes to com- 
mutator. 

Testsin Dry Oxygen Atmosphere. The 
relation between coefficient of friction and 
oxygen pressure for graphitized carbon 
and carbon—copper brushes is shown in 
Figure 5. The differences in coefficient of 
friction for a given oxygen pressure be- 
tween curves A and B are small. The 
final value of the coefficient of friction for 
the carbon—copper brushes, curve B, is 
lower than that of the graphitized carbon 
brushes. 

- The curves A and B in Figure 5 would 
be only of academic value if the relation- 
ship between the coefficient of friction 
and brush wear were not known. This 
relationship is shown in Figure 6 which is 
for graphitized carbon brushes. A similar 
relationship exists for the carbon—copper 
brushes. The data for this curve were 
obtained by measuring brush wear and 
coefficient of friction for different oxygen 
pressures in the chamber and at as nearly 
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Figure 7. Oxygen pressure at which dusting 
or rapid wear begins versus brush temperature 
for graphitized carbon brushes 


pressure—11.0 pounds 
square inch 


Brush-spring per 
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constant brush temperatures as it was 
possible to obtain. For values of the 
coefficient of friction between 0.3 and 0.6 
brush wear is directly proportional to it. 
When the coefficient of friction is less than 
0.3 brush wear decreases at a faster rate 
and becomes normal with a coefficient of 
0.17. This curve shows further that 
brush-wear values are large, particularly 
if one bears in mind that the available 
brush length for wear in actual practice is 
one-fourth to three-eighths inch. 

Of interest in the experiments with 
oxygen atmosphere is the relationship 
between the brush temperature and the 
oxygen pressure at which rapid brush wear 
begins. u 

The curve in Figure 7 shows that at an 
oxygen pressure greater than 1.1 centi- 
meters of mercury rapid brush wear will 
not begin with a brush temperature of 
40 degrees centigrade. When the brush 
temperature reaches 130 degrees centi- 
grade an oxygen pressure greater than 
9.7 centimeters of mercury is necessary 
to prevent rapid brush wear. A brush 
temperature of 130 degrees centigrade 
corresponds to a commutator tempera- 
ture of about 100 degrees centigrade. 
The apparent discrepancy in the amount 
of oxygen pressure necessary to stop rapid 
brush wear at the two widely different 
brush temperatures is undoubtedly due 
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Figure 8. Coefficient of friction versus vapor 
pressure of water 


A. Average brush temperature—60 degrees 


centigrade 

B. Average brush temperature—135 degrees 
centigrade 

C. Average brush temperature—115 degrees 
| centigrade 


A and B are for graphitized carbon; C is for 
carbon-copper. Brush-spring pressure—11.0 
pounds per square inch 


to the different amounts of condensed 
water vapor on’ the commutator surface. 
When the brush temperature increases 
beyond 130 degrees centigrade any con- 
densed water vapor is quickly removed 
from the commutator surface, and the 
oxygen pressure necessary to prevent 
rapid brush wear or dusting approaches a 
constant value. 

The data for this curve were obtained 
in the following manner: With the 
brushes and commutator at room tem- 


Ramadanoff, Glass—High-Altitude Brush Problem 


COEFFICIENT OF FRICTION 


a =a, 
Oren 4's 36 B10 i2 2142 16: 
WATER VAPOR PRESSURE -MM OF MERCURY 


18 20 


Figure 9. Coefficient of friction versus water- 
vapor pressure 
A. Average brush temperature of 80 degrees 
centigrade 
B. Average brush temperature of 110 degrees 
centigrade 
C. Average brush temperature of 140 de- 
grees centigrade 
D. Average brush temperature of 170 de- 
grees centigrade 
A, B, C, and D are for carbon—copper brushes 


perature, the vacuum chamber was 
pumped to a pressure of one millimeter of 
mercury and the commutator brought up 
to 1,000 rpm. Immediately the brushes 
began to wear rapidly or dust. Since the 
brush friction under these conditions was 
large, the brushes and commutator began 
to heat up quickly. The commutator 
temperature was lagging behind the brush 
temperature about 25 to 30 degrees centi- 
grade. 

As soon as the brushes began to dust 
enough oxygen was allowed in the cham- 
ber to stop the rapid wear. At this point 
the oxygen flow was interrupted while 
the pump was gradually reducing the 
oxygen pressure in the chamber. When 
rapid brush wear or dusting began once 
more the oxygen pressure and brush 
temperature were recorded. Again enough 
oxygen was admitted into the chamber to 
stop the rapid brush wear, and the cycle 
was repeated. With each succeeding 
cycle the brush and commutator tem- 
perature increased, and thus it was 
possible to obtain the data of brush 
temperature and oxygen pressure at 
which rapid brush wear began. 

Testin Water-Vapor Atmosphere. In 
water vapor the differences in coefficient 
of friction for carbon'and carbon—copper 
brushes are more pronounced than in 
oxygen atmosphere. In Figure 8, curves 
A and B show the relationship of coeffi- 
cient of friction versus vapor pressure of 
water for graphitized carbon brushes. 
Curve C is for carbon—copper brushes. 

Curve A was obtained with a brush 
temperature of 60 degrees centigrade. In 
this case a pressure of water vapor of 
2.9 millimeters of mercury is sufficient to 
lower the coefficient of friction and brush 
wear to normal. Curve B was obtained 
with a brush temperature of 135 degrees 
centigrade and requires 19 millimeters of 
mercury of water vapor to bring the 
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coefficient of friction and brush wear to 
normal. Curve C was obtained with an 
average brush temperature of 115 degrees 
centigrade which is lower than the tem- 
perature for curve B. Nevertheless, for 
the range of water-vapor pressures of 2 
to 17 millimeters of mercury, the coeffi- 
cient of friction of curve Cis greater than 
that of curve B. The reason for that 
difference is undoubtedly due to the 
copper contained in the brush which 
penetrates through the water film more 
readily. 

The effect of brush temperature on the 
coefficient of friction of carbon-copper 
brushes in water vapor is perhaps better 
illustrated in Figure 9. Curves A, B, C, 
and D were obtained with the respective 
brush temperatures of 80, 110, 140, and 
170 degrees centigrade. With a brush 
temperature of 170 degrees centigrade, 
18 millimeters of mercury of water vapor 
had but little effect on the coefficient of 
friction and rapid wear of the brushes. 

Discussion of Results. The effect of 
oxygen on the coefficient of friction of 
nickel sliding on tungsten has been re- 
ported by Bowden and Hughes.? They 
found that oxygen at a pressure of 107% 
millimeters of mercury was sufficient to 
lower the coefficient of friction for nickel 
sliding on tungsten from 6.0 to 1.6. In 
this instance an attempt was made to 
obtain photoelectrically clean surfaces. 

Experiments with photoelectrically 
clean carbon sliding on copper will be 
very difficult to perform. Carbon is 
heavily loaded with gas. Furthermore, 
some provision will have to be made to 
bake completely the chamber, copper 
commutator, and brushes under good 
vacuum at a temperature of 500 to 600 
degrees centigrade to drive out the ad- 
sorbed moisture. The problem, however, 
is very much simplified by the rapid wear 
of the brushes. After the brushes have 
been heated to a temperature of 300 to 
350 degrees centigrade and the commu- 
tator to a temperature of 150 degrees 
centigrade or higher, which is sufficient 
to drive off absorbed moisture, the ad- 
sorbed moisture and gases easily can be 
removed in vacuum as soon as the brushes 
begin to wear rapidly. Under such con- 
ditions films of contamination which 


might be on the commutator surface are . 


removed in a few setonds. The flow of 
oxygen which is always maintained in the 
chamber helps to sweep away contami- 
nants which otherwise may be present. 
There is some evidence to show that the 
oxygen gas protects the sliding surfaces of 
brushes and commutator from rapid wear, 
not only by adsorption but also by oxida- 
tion. é 
Water vapor is known to be a good 
boundary lubricant. On stationary sur- 
faces adsorbed water films are difficult to 
drive off. On a sliding surface such as a 
commutator surface, particularly when its 
temperature is above 100 degrees centi- 
grade, the adsorbed water films can be 
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Figure 10. High-altitude chambers used for 

testing of Amplidynes, motor alternators, in- 

ductor alternators, inverters, dynamotors, and 

other dynamoelectric machines of the motor 
generator type 


removed by the brushes in a few seconds. 

Water is ten times as effective as oxygen 
in reducing the coefficient of friction and 
preventing rapid brush wear. In general, 
oxygen pressure of 180 millimeters of mer- 
cury is sufficient to prevent rapid brush 
wear, while water vapor at 18 millimeters 
of mercury will be equally effective. 

Water vapor is most effective on a cold 
commutator. With graphitized carbon 
brushes and brush temperature of 60 
degrees centigrade water vapor at a 
pressure of 3 millimeters of mercury is 
equally effective as water vapor at a 
pressure of 19 millimeters of mercury 
when the brush temperature is 135 de- 
grees centigrade. The commutator tem- 
peratures are lower than the respective 
brush temperatures, 

As stated before, the data for the curves 
in Figures 5, 6, 7, 8, and 9 were obtained 
with two kinds of brushes: one a graphi- 
tized carbon grade, and the other a carbon 
grade containing 50 per cent copper. 
While the coefficient of friction and rate 
of wear will be different for brushes of 
different composition and processing, all 
brush grades which are not high-altitude 
type have one thing in common; namely, 
they wear rapidly, and the coefficient of 
friction is high under the test conditions 
previously described. 


THE COMMUTATOR FILM 


From the description which has been 
given of the experiments, it is evident 
that carbon or carbon—copper brushes will 
operate on a copper commutator with 
small brush and commutator wear only if 
there is a film of separation between the 
rubbing surfaces. This film consists of 
copper oxide, carbon, adsorbed oxygen, 
adsorbed water, and contaminants from 
the air. The contaminants often can be 
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of organic nature such as oil vapors. 
Once this film is removed the rubbing // 


surfaces of brushes and commutator 
seize, and quick abrasion of both takes 
place. 

From the fundamental studies of W. B. 
Hardy* we know that when two clean 
surfaces are brought together within a 
very close range actual seizure or welding 
takes place at the points of contact. This 
seizure is caused by the powerful attrac- 
tive forces due to the surface atoms. It is 
further known that these attractive forces 
are effective only within a very short 
range, and therefore a boundary film of 
separation is sufficient to reduce their 
value to the point where actual welding 
at the points of contact will not take 
place. Thus, the whole problem of satis- 
factory brush operation is reduced to 
that of boundary lubrication. 

At sea level with normal humidity a 
boundary lubricating film of adsorbed 
moisture and oxygen is constantly cover- 
ing the commutator surface. In ex- 
tremely dry weather, at either sea level 
or high altitudes,this is no longer possible, 
and rapid brush wear may follow. 

The boundary film on the commutator 
surface can be organic or inorganic. This 
film willhave tobe deposited by somemeans 
on the commutator surface through- 
out the life of the brushes. In our solu- 
tion of the problem it was found best to 
let the brushes deposit the film. This 
means that the brushes for high-altitude 
applications must be processed specially. 

In the use of organic films the treat- 
ments or processes known as “‘A’”’ and 
“12” were already mentioned. These 
two treatments were developed for use 
on rings. For brushes used on commu- 
tators a complex organic lubricant was 
developed which was designated as “21.” 
This lubricant has low vapor pressure at 
temperatures as high as 200 degrees centi- 
grade; it is resistant to oxidation; and, 
what is most important, it provides a 


. film which gives satisfactory brush life, 


contact drop, and coefficient of friction 
under high-altitude conditions. This 
film also does not introduce periodic con- 
tact drop fluctuations frequently referred 
to as cycling. The “21” lubricant oper- 
ates best with metal-graphite and resin- 
bonded natural-graphite brushes. 

For the deposition of inorganic protec- 
tive films a whole series of new grades has 
been developed ranging from electro- 
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graphitic brushes to metal-graphite 
brushes containing more than 70 per cent 
copper. Some of the brush grades de- 
veloped for high-altitude applications are 
given in Table I. The operating tem- 
peratures which these grades will with- 
stand are limited not by the brushes but 
by the machines themselves. 


PERFORMANCE OF GRADE AJT 
IN THE VACUUM CHAMBER 


¥4 

Grade AJT is a copper-graphite grade 
containing 45 per cent copper. It was 
selected as an example because it is 
typical of all grades with the fine protec- 
tion it has against rapid wear at reduced 
pressures. Table II gives brush life and 
the coefficient of friction in room air at 
about 50 per cent humidity, room air at 
100 per cent humidity, dry air at atmos- 
pheric pressure, dry air at 18.2 centi- 
meters of mercury, and vacuum at 0.1 
centimeter of mercury. 

The amount of copper used in the 
various grades listed in Table I has a 
direct effect on the contact drop with 
which they will operate at a given current 
density. Excellent brush life, however, 
has been obtained with all grades under 
similar test conditions as in Table IT. 


THE HicH-ALTITUDE CHAMBER 


So far this paper has presented the 
operation of brushes on copper rings. 
The final test had to be made on actual 
electric machines at air pressure, tem- 
perature, and dew-point conditions simu- 
lating those at high altitudes. 

The general appearance of the two 
high-altitude chambers, which were con- 
structed for tests of dynamoelectric 
equipment, is shown in Figure 10. The 
chamber on the left has its front insula- 
ting cover removed in order to show the 
bolted head which closes the chamber. 
These two chambers which are alike have 
worked so well from the time of their 
construction that a brief description may 
not be out of place for the sake of those 
who might be interested. 

The chamber was constructed from 
steel pipe 16 inches in diameter and 18 
inches long. One end of the pipe is 
’ closed by a welded steel plate, and the 
‘other end is welded to a flange to which 
the front cover is bolted. To increase the 
cooling surface of the chamber on the 
inside, longitudinal radial steel fins have 


Table Il 
Grade AJT 
Hours 
Per Coefficient 
Inch of Friction Atmosphere 


6,000. . onziber: Room air, 50 per cent humidity 
88,000....0.25..... Room air, 100 per cent humidity 


R200). 5.5). OS sac, Dry air, sea level 


MEDODs -<-. O19). .t7, Dry air, 18,2 centimeters 
mercury 
25,000... .0.12...)... . Vacuum, Ont centimeter 


mercury 
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been welded around the periphery. The 
chamber is jacketed with a cylindrical 
steel case forming an annular space for 
holding a mixture of dry ice and high- 
boiling-point naphtha. The steel cham- 
ber is housed in a wooden box with four 
inches of heat-insulating material be- 
tween the steel jacket and the box walls. 


“It is important that the chambers be 


well constructed to prevent any leakage 
of room air which would cause frost 
deposition in the chamber and lead to 
erratic results. 

Under all conditions of operation the 
chambers are constantly flushed with 
filtered dry air, the dew point of which is 
—70 degrees centigrade. This air is 
never recirculated. The amount of dry 
air admitted is limited by the capacity of 
the pump at the pressure at which the 
chambers are operated. At an air pres- 
sure of 19 centimeters of mercury which 
corresponds to an altitude of 34,000 feet, 
the air in the chamber is changed 10 to 
20 times per hour. At no time is there 
any frost visible on the inside walls of 
the chambers. The importance of taking 
this precaution hardly can be over- 
stressed. This is undoubtedly one of the 
reasons why test results obtained have 
always been in close agreement with 
actual airplane tests made at Patterson 
Field. 

The walls of the chambers are main- 
tained at a temperature of —70 degrees 
centigrade, although the inside air tem- 
perature may rise up to —50 or —40 de- 
grees centigrade, depending on the 


amount of heat dissipated by the unit’ 


under test. The surrounding cold walls 
help to freeze the impurities which might 
be given off by the windings of the ma- 
chines under test. Most of these impuri- 
ties naturally are swept out by the dry 
air which flushes the chambers. The low 
wall temperature also provides a continu- 
ous check of the dew point of the air 
entering the chamber. As long as there 
is no frost deposited on the chamber 
walls it is certain that the dew point of 
the air is lower than —70 degrees centi- 
grade. 


Tests IN HIGH-ALTITUDE CHAMBERS 


The machines tested in the high-alti- 
tude chambers cover a wide variety of 
types and makes. These included Ampli- 
dynes, motor alternators, inverters, dyna- 
motors, inductor alternators, and various 
other types of small machines. The pro- 
cedure generally used was to operate the 
machines in room air with the brushes 
with which they were received and check 
their input and output ratings. The 
length of the room air test varied from 
24 hours to several days. After this they 
were tested in the chambers under the 
high-altitude conditions as described in 
the preceding section. The load condi- 
tions were varied for the different ma- 
chines. To simulate the actual working 
load, the Amplidynes were operated under 
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a cyclic load schedule of 10 minutes full 
load and 50 minutes no load each hour, 
while the dynamotors carried a full load 
continuously. On the other hand, it was 
necessary to operate the inverters and 
alternators at 50 to 75 per cent of their 
sea-level rating to prevent excessive 
heating under the high-altitude condi- 
tions. In many instances when the ma- 
chines were supplied with brushes which 
had little or no high-altitude protection 
the brushes wore out in one to five hours. 
After this the commutators were resur- 
faced, high-altitude brushes installed, and 
the tests repeated. Table III gives the 
life obtained with ordinary and with high- 
altitude brushes on these machines in the 
high-altitude chambers. 

With some small machines, the output 
current of which is only a few milli- 
amperes, the commutators and brushes 
operate, at temperatures considerably 
lower than 100 degrees centigrade. The 
brushes of such machines even if they do 
not have high altitude protection may 
not wear rapidly for several hours or even 
days because of the effect of condensed 
moisture on the commutator and quite 
often because of the condensation of con- 
taminants given off by the windings of 
the machine. 


EFFECT OF SPARKING ON BRUSH LIFE 


In the introduction it was mentioned 
that the machines used today on military 
airplanes can be divided from the point 
of view of compensation into three general 
groups: completely compensated, par- 
tially compensated, and without compen- 
sation. This has made it necessary to 
consider carefully the selection of proper 
brush grades for satisfactory commuta- 
tion at sea level. Machines without com- 
pensation usually use carbon brushes with 
or without a small amount of copper. 


Table Ill 
High-Altitude Ordinary 
Brushes Brushes 
Brush Brush 
Life in Life in 
Hours for Hours for 
Brush '/,-Inch !/4-Inch 
Grade Wear Wear 
Amplidyne 
Input iacces os Phe ATT tates ZOUK witiniers 4 
Outputs sct.eeo- wees ATE 300...... 4 
Dynamotor 
Tpit eos dey tte es AST) i sc0t OOo toe 12 
Low-voltage output ..ALP.... 960...... 19 
Medium-voltage out- 

DUCT eer eae ATS siete ay LOU s mate 162 
High-voltage output..AJS ....5,500...... 119 
Inverter 
DUBE. AUG -aits-s wor AM Laide Vi200Y iss 0.9 
Inverter 
NO go yee ee ALB Nagi kan zkls 0.5 
QOUEDYUEH So as sretels svete nice AJT B46. ose 130 
Alternator 
ANDPUE «oe d et te ose FED A 240. Mes 0.3 
PR bm esi 2 rg Rin et ct ale AME Sah LbS0 cence: 440 
Inductor Alternator 
I TATp Ua ty seis etek ache’ pis wie!p AJZ B20 crete 6 
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Instrumentation of 400-Cycle Aircraft 


Electric Systems 


A. J. CORSON 


MEMBER AIEE 


HE use of 400-cycle alternating cur- 
rent! as a power source on large air- 
craft originates the problem of adequate 
instrumentation at the distribution panel. 
Load conditions on a d-c system are de- 
termined by the simple parameters of 
voltage and current, whereas those of the 
a-c system include frequency and active 
and reactive power, in addition to voltage 
and current. Specifically, the flight en- 
gineer will require the following informa- 
tion for intelligent operation of the sys- 
. tem: 


1. Voltage indication, to show whether or 
not a machine is operating, and as a guide 
in the adjustment of the voltage regulator. 


2. Current indication, to determine whether 
or not a machine is overloaded. (Over- 
load also can be detected from voltmeter and 
watt-varmeter indications, but this requires 
considerable mental effort on the part of the 
flight engineer.) 


8. Active- and reactive-power indication 
(where two or more generators are operated 
in parallel), to guide the adjustment of 
governors for active load division and ad- 
justment of regulators for reactive load 
division. 

4, Frequency indication, to guide the re- 
mote adjustment of governors for frequency 
level where provision for such adjustment 
has been made. 


To summarize, a group of four instru- 
ments, namely, ammeter, voltmeter, 
watt—varmeter, and frequency indicator, 
together with their associated resistors 
and current transformer, is desired for use 
in a-c systems where parallel operation of 


The partially or fully compensated ma- 
chines often use copper-graphite brushes 
with a copper content of 50 per cent or 
more. 

Electric machines which onerate satis- 
factorily without sparking or with minute 
sparking at sea level may not necessarily 
perform the same way under high-altitude 
conditions. The reason for this is that 
the contact drop of the brushes decreases 
with a reduction of air pressure and may 
not be sufficient to prevent the flow of 
large circulating currents and intensive 
sparking, Since high-altitude brushes 
depend on their satisfactory performance 
on the boundary film deposited on the 
commutator, any injury caused to this 
film by intensive sparking naturally will 
reflect on brush wear and general brush 
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several alternators is required. Where 
nonparallel operation is used, either the 
watt—-varmeter or ammeter can be elimi- 
nated. For installations using several al- 
ternators, duplication of certain instru- 
ments such as voltmeters and frequency 
instruments can be avoided by use of 
transfer switches. Normally it is expected 
that it will be necessary to read only one 
phase voltage, current, and power in each 
machine. This group of instruments will 
give the flight engineer reasonably com- 
plete knowledge of circuit conditions. In 
addition to their specific uses, they aid in 
the location and correction of minor faults 
and thus prevent major ones. They serve 
the flight engineer in much the same man- 
ner as the flight instruments serve the 
pilot. 


General Requirements—What Size 
and Weight? 


To be specific, we will consider the dis- 
tribution system of a three-phase 208- 
wye/120-volt 30-kw 40-kva 400-cycle al- 
ternator and determine the minimum size 


Paper 44-240, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 23, 1944; made available for print- 
ing July 19, 1944. 


A. J. Corson and A. G. Srrmson are development 
engineers, instrument engineering division, and 
W. A. Sovey is design engineer, instrument trans- 
former engineering division, all with General Elec- 
tric Company, West Lynn, Mass. 


The authors acknowledge the assistance of L. G. 
Levoy, Jr., who supplied information on the func- 
tional use of the instruments. 


performance. For this reason any com- 
pensation or machine adjustment which 
designers of electric machines can make 
to reduce or eliminate sparking will in- 
crease the likelihood of successful brush 
performance under high-altitude condi- 
tions. 
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THE TEMPERA- . 


and weight which will characterize a satis-, 
factory group of instruments. All iny 
struments will have a body diameter of 
21/, inches, standard aircraft flange- 
mounting facilities, with depths behind 
the panel to suit the individual elements. 
All instruments will have scale lengths of 
approximately 90 angular degrees and a 
general accuracy rating of two per cent of 
full-scale value. They must be designed 
to withstand satisfactorily the vibration, | 
changes in temperature, air density, and 
humidity which may be encountered in 
service. Reasonable independence from 
load conditions, excepting the particular 
condition under measurement, is ‘also 
essential. This may be described as the 
self-isolating property of an instrument 
by which wattmeter indications are un- 
affected by frequency change, frequency- 
meter indications are unaffected by 
vibration or voltage change, and so forth. _ 
These, in brief, are the general require- 
ments on which the designs were based. 


Measurement of Current and 
Voltages 


Small-panel a-c mioving-iron? volt- 
meters and ammeters have been available 
from American manufacturers for some 
years. The investigational work thus 
was limited to the selection of a mecha- 
nism of suitable size, as shown in Figure 
1, its enclosure in the standard 2!/,ineh 
case, and determination of its character- 
istics in relation to the requirements. The 
instrument constants and conditional er- 
rors, as shown in Table I, are believed to 
be consistent with an accuracy rating of 
two per cent of the full-scale reading. 


Instrument Current Transformer 


The continuous current rating of the 
40-kva alternators is 111 amperes, and an © 
ammeter-scale capacity of 250 amperes 
was chosen to provide liberally for over- 
load conditions, which are of prime 
importance to the flight engineer. 


Figure 1. Small-panel 21/4-inch moving-iron 
ammeter, cover removed 


/ 
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GORRECTION FACTOR 


\ 


PRIMARY CURRENT (AMPERES) 


Figure 2. Curves showing correction factors 
for 400-cycle 125:1 current transformer for 
line power factor of 0.75, with burden of 
ammeter, watt-varmeter, and voltage regulator 


Ratio correction factor (RCF) applies to am- 

meter reading. Transformer correction factor 

(TCF) applies to wattmeter reading. Var- 

meter correction factor (VCF) applies to var 

indication when the external resistor furnished 
with the watt-varmeter is used 


To avoid the necessity of running power 
leads to the instruments and voltage regu- 
lator, and to make possible lightweight 
instrument designs, a special 125:1 cur- 
rent transformer of minimum weight was 
designed for this application. For sim- 
plicity of construction and economy of 
material, the window type was chosen. 
This type, with the current magnitudes 
involved, gave a low number of ampere 
turns which at 60 cycles would have re- 
quired arather heavy core. At 400 cycles, 
however, the flux required was low enough 
to permit use of asmall core. Further ad- 
vantage was obtained by using a high- 
permeability nickel-alloy core material 
wound in a continuous spiral so as to 
avoid joints. The secondary coil was 
wound toroidally on this core, thus practi- 
cally eliminating any effect of leakage flux. 

In order to achieve the minimum 
weight in this aircraft current trans- 
former, it was designed and compensated 
for the particular burden with which it 
was to be used. Furthermore, the ratio 
and phase-angle errors were made largely 
to offset each other, thus giving a small 


Figure 3. Window-type 400-cycle current 
transformer for aircraft, 21/9-inch diameter 
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CURRENT TRANSFORMER 


EXTERNAL 
RESISTOR 


f 

BACK VIEWOF = / \ 

INSTRUMENT | i 

PHASE SEQUENCE \ 
3 


External-connection diagram for 
watt-varmeter 


Figure 4. 


wattmeter error, even though the phase 
angle was larger than generally allowed in 
instrument transformers. These design 
principles permit the core to be of much 
smaller cross section than is the case when 
one transformer must be capable of sup- 
plying a range of burdens. Curves of 
ratio correction factor (RCF), trans- 
former correction factor (TCF), and var 
correction factor (VCF) are shown in 
Figure 2. Of course, a transformer de- 
signed for a specific burden would be less 
accurate if used for other burdens, but 
that does not matter when the burden is 
definitely known in advance. Similar 
transformers for other burdenscan be made 
readily by minor modifications of design. 

The weight of the 400-cycle trans- 
former, illustrated in Figure 3, is 0.43 


Table I. Constants and Performance Data of 
21/4-Inch O-2.0-Ampere Ammeters and 
0-250-Volt Voltmeters 


Average of 16 Samples. Normal Accuracy— 


Two Per Cent of Full-Scale Value. Weight— 
0.37 Pound Each 

Scale Constants 

Ue erie thi (niches) Gin sete ta ele secede a 1.52 

2. Angle.of deflection (degrees)............ 85.1 


Moving Element 
1. Full-scale torque (T) (millimeter grams). .0.24 


2. Mechanical factor of merit (T/W)....... 0.52 
3. Response time (seconds).............4.: 1.30 
Volt-Ampere Burden 

1. Voltmeter at 250 volts (va)............. 0.27 
2. Ammeter at 250/2 amperes (va)......... 0.20 


Rerformasce Data 
All errors are expressed as a percentage of the full- 


scale vajue, 
| Ammeter Voltmeter 
1, Full-scale self-heating er- 


19.8) HEREC RCD tO Oe a <+0.3... +0.6 
2. Frequency error 
(a). 400-450 cycles......... <=] +023... << +£0.38 
(b). 400-350 cycles......... <+0.3.... +0.5 
8. Ambient-temperature er- 

ror 
(a). +25Cto +68C........ +0.9.. -1.2 
(v). +25 Cto —38C,....... —1.3... $1.8 
(c), Permanent change...... +0,.3.. +0.4 


4. Error due to 10 instan- 

taneous applications of 

1,000 per cent load to 

ammeter...... Gye aet.aed +0.6 
5, Effect of 95 per cent rela- 

tive humidity at 65 C 

for @HOUTE. 7). wees te. « SOO esse areOMe 
6. Effect of vibration at 

500-3,000 cycles per 

minute 0.020-inch am- 


eve abs | eet AI ea ea aay SHON ee OS 


Corson, Stimson, Soley—Aircraft Electric Systems 


U i ] 


Figure 5. Ferromagnetic field structure of 
watt-varmeter with field-coil winding 


pound. This weight advantage results 
not only from the measures just described 
but alsofrom the method of support, con- 
sisting of a punched aluminum frame over 
which the winding is placed as shown in 
the illustration. A transformer of the 
same type and material for use on 60- 
cycle circuits would weigh about three or 
four pounds. The smallest usual 60- 
cycle current transformer of equivalent 
current rating weighs about 13 pounds. 


Measurement of Active and 
Reactive Power 


Since major loads are balanced and the 
system nentral is grounded, considerable 
saving in weight was achieved by the 
adoption of a single-phase element with 
the cross-phase connection for the meas- 
urement of vars as shown in Figure 4. In 
selecting the basic element, the following 
types were considered: 


(a). Electrodynamic—iron core. 
(b), Electrodynamic—air core. 
(c). Induction-disk type. 


no , aa 

— SP a 
60 HOST ar 
40 a a 
1 ZZ se BTA 


WATTS PER POUND 


ENTE NONTRISAN TTT TTT 


UTS 
NININTN 


aoe 
SR 

Rae ae 
30 40 50 60 70 

KILO-LINES PER SQUARE INCH 


Figure 6. Curves showing typical core loss 
versus frequency for Nicaloi 


rad 
aa 


60 90 


MNT 


TRANSACTIONS 831 


Table II. Constants and Performance Data of 
21 /4-Inch Single-Phase Watt-Varmeter Rated 
120 Volts, 1.11 Amperes, 133.3 Calibrating 
Watts With O-50-Kw Scale for Three-Phase 
Four-Wire 208/120-Volt System and 125:1 
Current-Transformer Ratio 


Average of Seven Samples. Normal Accu- 

racy—Two Per Cent of Full-Scale Value. 

Weight—0.58 Pound Each Including External 
Varmeter Resistor 


Scale Constants 


te: Lenigth (inches) oo oa< ty oo ee aslo t 1.56 
2. Angle of deflection (degrees)......... 90 
Moving System 
1. Full-scale torque (7) (millimeter- 
REAUIG) | axe mbt alas s celts eters 0.35 
2. Mechanical factor of merit (T/W)....1.06 
SM AMIDHIS LACEOL. ib cs sro bs eis uraserape a, se 2.0 
4, Response time (seconds)............ ast 


Potential Circuit 


1. Totalterminal resistance (ohms)..... 12,000 
eV ERCERLOSS 3S ois cisiie nial a ar ee EAN leks eee 1.20 
3. Armature resistance (ohms)......... 46 
4, Armature, reactance 400 cycles 

Koln s) Sis oe .c arate ance echo LP cietoen 3.2 
5. Maximum temperature rise of re- 


sistor spools (degrees centigrade) .37.5 


Current Circuit (Field) 

13 Resistance (olimis) :i.5..).\-4 0 ties os. 0.10 
PEM EAELS LOSS 2 Sets.) 2a pee injal «tase oete 0.12 
3. Volt-ampere burden at rated current. .2.5 
4, Temperature rise (degrees centi- 


EPAAON: Agito risicinie pie oie es ese ye 3a. 18 
Per Cent 
Full-Scale 
Performance Value 
ae Gelf-heating error. .i5..-.\iic o1s3)'0-crae ts ve —0.5 
(120 volts, 1.11 amperes, 400 cycles) 

2. Frequency error, unity power factor 
TON AO 250) CYCIES aA ons 0 <b cee ate <-—0.3 
(6). 400-350 cycles. 2.05.0... cen e eee <-—0.3 
3. Ambient-temperature error 
Gaver tte LO OS: Ck os oe vclwiawe wale we is yal ht 
KG) Seep Se) GS EO T= SOIC ind teers o eaie —2,1 
(2). ‘Permanent change. .......0.0.23.':. —0.5 
4. Low-power-factor error at rated volt- 

amperes 
(@).\). 0-8 power factors ni vida cuuneastes ne —0.5 
Oy OS epower factors nit h..iurce coon tee —0.7 
5, Varmeter operation 
(a). Zero power factor at instrument, 

rated volt-amperes..........0.00. +0.9 


6. Voltage error 
KG) ae 120-130 solted eo aaertecte a vars ctevetie +0.3 
(b). 120-108 volts 
7. Sustained overload 
(a). Six hours at 100 per cent voltage, 

120 per cent current.............. +0.3 
8. Error due to 10 instantaneous appli- 

cations of 1,000 per cent load to 


CATON CILCUUE mss ae we ie eee < +0.3 
9. Effect of 95 per cent relative humid- 
ity at'65'C fot Gihours: 3. 3..%... 555 «5 +0.5 


10. Effect of vibration for 2 hours at 
500-3,000 cycles per minute at 
0.020-inch amplitude 


The electrodynamic iron-core con- 
struction was chosen for the following 
reasons: 


(a). For a given torque size and weight 
were minimum. 


(b). The same mechanism can be used for 
other measurements, such as frequency. 


(c). 
produceable, making possible a predeter- 
mined scale distribution. 


(d). Inherent performance errors are small 
and can be compensated by known and sim- 
ple means. 


The magnetic structure of the watt- 
meter, Figure 5, comprises two stacks of 
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The scale is linear and consistently re- 


laminations which overlap within the 
field coil and which are held in position 
by screws. The laminations are made of 
Nicaloi, 0.004 inch thick, a material which 
combines moderately high permeability 
with low core losses. The 400-cycle core 
losses at 50 kilolines per square inch, as 
shown by the curves of Figure 6, are more 
than 18 times the 60-cycle value. The 
magnetic material within the coil was 
operated at maximum density compatible 
with linear saturation characteristics and 
acceptable volt-ampere burden. 

The electric circuit of the wattmeter, 
Figure 7, is composed of the field or cur- 
rent circuit and the armature or potential 
circuit. Each circuit is insulated from the 
other and from ground. The armature 
circuit includes two adjustable resistors 
and a reactance unit. These internal re- 
sistors provide an adjustment range of 
+ 8 per cent of the instrument reading and 
are used for calibration adjustment dur- 
ing manufacture. The reactance com- 
pensates for the low-power-factor error 
originating from the phase-angle differ- 


QURRENT 
ADJUSTABLE TRANSFORMER 
RESISTANCES 
FIELD WINDING 
COMPENSATING ARMA 
RE AC TANCE WINDING 


Figure 7. Electric circuit of 400-cycle watt- 
varmeter 


Series reactance is used in the potential circuit 
to compensate for the phase angle between 
field flux and field current when measuring vars 


ence between field flux and field current 
due to core loss in the magnetic material. 
It introduces a corresponding phase-angle 
lag between potential-circuit voltage and 
armature current. The compensation is 
very good in the operating frequency 
range, and the maximum recorded in- 
strument error at any load, zero power 
factor, did not exceed 1.5 per cent of the 
full-scale reading. The low-power-factor 
error is of importance when the instru- 
ment is used as a varmeter. 

Since the reactance of coils at 400 cycles 
is 6.7 times as great as at 60 cycles, it was 


" necessary to use minimum ampere turns 


on the field to minimize the volt-ampere 
burden on the transformer. For this 
reason, the potential-circuit resistance 
was designed for 100 ohms per volt. At 
power frequencies, this resistance could 
be increased to 1,000 ohms per volt. 

The constants and performance of the 
watt—varmeter, Table II, show reason- 
able conformity with the objectives of the 
design. The magnetic damping system, 
illustrated in Figure 8, consists of a small 
U-shaped Alnico II magnet and 0.008- 
inch aluminum disk. This system pro- 
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duces satisfactory dynamic character- 
istics which are independent of air den-// 
sity and altitude. 


Measurement of Frequency 


The design of the 120-volt 350-450- 
cycle frequency meter is based on the 
principle of series resonance at normal 
frequency. Of the several methods of ap- 
plication of this principle, the circuit ,, 
which appeared to yield the minimum 
weight and size is that illustrated in Fig- 
ure 9. This circuit consists of the field 
coil, further shown in Figure 10, and a 
moving coil connected through capacitor, 
reactor, and resistor to a secondary wind- 
ing on the field coil. 

The operation of the instrument is ex- 
plained best by reference to the vector 
diagram. The field current, J, produces 
a field flux, ¢7, which induces the arma- 
ture-circuit voltage, E,. The flux @ in 
the air gap at the armature is a portion 
of ¢;. The reaction between ¢ and the 
armature current, J;, produces the de- 
flecting torque. At resonance, approxi- 
mately 400 cycles, the armature curr- 
ent, J,, is in quadrature with the field 
flux, and no torque is produced. At 350 
cycles the armature current, J,, leads the 
armature voltage, /,, and produces a 
down-scale deflecting torque proportional 
to Ig sin a. At 450 cycles the armature 
current lags the voltage and produces an 
up-scale deflecting torque also propor- 
tional to I, sin a. These deflecting 
torques vary with frequency, and true 
frequency indication is obtained by the 
addition of a restoring torque which is a 
function of the line voltage and armature 
displacement from the center scale posi-. 
tion. This restoring torque is produced 
by a small Mu-metal vane’ fixed to the 


Figure 8. Small-panel 21/4-inch electro- i 
dynamic 400-cycle watt-varmeter with cover 
removed ie 


The internal adjustable resistors are mounted _ 
on the insulating base 
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armature shaft which tends to align itself 
‘with the parallel field flux. This con- 
struction minimizes the influence of volt- 
age on frequency indication because both 
the deflecting torque and restoring torque 
vary with the second power of the voltage. 

The transformer shown in the circuit 
diagram, which consists of two windings 
on the same spool, is used to energize the 
armature circuit because the phase angle 
between EH, and ¢ will not change with in- 
crease in field resistance due to self-heat- 
ing. Since no deflecting torque is pro- 
duced at resonant frequency, changes in 
armature resistance do not appreciably 


Table Ill. Constants and Performance Data of 
21/4-Inch 120-Volt 350-450-Cycle Self- 
Contained Frequency Meters 


Average of Four Samples. Weight—0.83 
Pound Each. Conditional Errors Are Ex- 
pressed in Cycles 


— = 


Scale Constants 


NLS ETIDE RICIELCHES) \31c55,5 ates aievae o1e/8,0\eh8 0a. iad 1.53 
2. Angle of deflection (degrees)........... 87.5 
Moving System 
1. Equivalent* full-scale torque (T) 
(millimeter grams)...........0000' 0.43 
2. Equivalent mechanical factor of merit 
MUU ALVID LE Phat cath so steno se saceravaley ele etala! acute’ 0.53 
3. Response time# (seconds)............. 1.80 
Volt-Ampere Burden at 120 Volts 400 Cycles 
i ecurrent (atiperes) ... 66... ee ewes ees 0.113 
pe MVMOLECATNPELES. ww isla oe ec cle cw duces 13.6 
PPPS URLEES GE oo cay! sie’ «: 301,500 a opie ove adie Sreleleiore 1.9 
350 400 450 
Performance Cycles Cycles Cycles 
1. Self-heating error 
at 120 volts...... +3.8.. +2.8..+1.4 
2, Voltage error 
(a). 120-132 volts.... +38.3.. +0.5..—4.6 
(6). 120-108 voits.... —8.5.. —0.8..+3.6 
3. Ambient-tempera- 
ture error 
(a). +25Cto+68C;. +1.3.. +0.9..+1.8 
(6). +25Cto—388C.. -—5.0.. -3.9..—0.7 
(c). Permanent 
Changes... is eo. =079,.) =i 0. 5 059. 
4, Effect of 95 per 
cent relative 
humidity and 
4 65 C for 6 hours.. < £0.3.. << +0.3.. 1.1 


5. Effect of vibration 
for 2 hours at 
500-3,000  cy- 
cles at 0.020- 
inch amplitude. . 


+0.4..<+0.3,.+40.5 


* This is the product of the torque gradient at 400 
’ cycles and the scale angle. 


# The interval required for the pointer to indicate 
true frequency when instrument is energized at 400 
cycles 120 volts. 


Table IV. Weights of Typical Sample 21 /4- 


Inch Aircraft-Power Panel Instruments 


— 


Weight in Pounds 


400-Cycle 
D-C A-C 

Instrument System System 
Ammeter (instrument only)..... ONAO siete 0.37 
PTIMET OI as suave a alesbinieapene ON Arlivateteyes 0.37 
Meigen ALDACCET aici ei ais slurs sis vase: njeteys sie iste 0.58 
PAMELITIORGYSTLGLET fui sis | exarctb is: aie le ocoveceel eis. 0.83 
‘Eransformet.. 7. oe RUM isaataye ee: oy ere ae 0.43 

LORE ag aid GOBER C ae COROT 1.80 

BUOE SNe ase taal tyines. avec oe 0\ fe 2A a 2.58 
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affect accuracy at mid-scale frequencies. 

The scale distribution, as analyzed in 
Appendix I, is open and readable through- 
out the frequency range, although not 
quite symmetrical with respect to the 400- 
cycle reference point. 

Connections to the armature winding 
are made through  low-torque spirals 
which are positioned to pull the pointer off 
scale to the left when the instrument is de- 
energized. This extraneous torque in- 
troduces a small voltage error and slightly 
changes the resonant-frequency adjust- 
ment. 

In calibrating the frequency 
three adjustments are required: 


meter 


1. The restoring torque is determined by 
the factory setting of the angular position of 
the armature vane. 


2. The deflecting torque is adjusted to give 
the proper scale length by variation of the 
series rheostat, the effect of which is shown 
in Figure 11. 

3. The pointer position is set by adjust- 
metit of the reactance. 


To facilitate calibration, both coarse and 
fine adjustments are provided. The 
parallel lines, Figure 12, show that the 
pointer position can be controlled by this 
change in reactance without altering the 
scale length. These adjustments are used 


in the initial setting of the calibration at 


the factory. 

Magnetic shielding of the frequency 
meter was necessary to eliminate stray 
fields which otherwise would produce a 
phase-angle change between the field flux 
in the transformer and that acting on the 
armature. 

The characteristics and performance 
are tabulated in Table III. The minimum 
torque of the frequency meters is 33 per 
cent more than that of the wattmeters 
because of the heavier armature. The 
ratio of torque to armature weight varies 
from 0.5 to 1.0, depending on scale posi- 


Figure 9. Electric circuit and approximate 
vector diagram of 400-cycle self-contained 
21 /4-inch frequency meter 


Operation depends on the unique variation 
with frequency of the phase angle between 
the armature current, |, and the field flux, ¢ 


FIELD WINDING 
AND TRANSFORME! 


FERROMAGNETIG 
FIELD STRUCTURE ‘ 
ig ADJUSTABLE 
FIELD FLUX IN GAP_4 INDUCTANGE 
MU-METAL CAPACITOR 
ARMATURE VANE 
ARMATURE 
WINDING \ 
ADJUSTABLE 
RESISTANCE 
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Figure 10. Ferromagnetic field structure of 
frequency meter with field-coil winding and 
internal transformer 


tion. Ambient-temperature errors are 
due principally to changes in resistance 
of the armature circuits, the ohmic re- 
sistance of which is approximately 25 per 
cent copper. Changes in core loss with 
temperature introduce phase-angle errors. 
Both sources of error originate from the 
space limitations of the device. The per- 
formance is best in the operating range 
around 400 cycles. 


Conclusion 


The weight summary of Table IV com- 
pares the instrumentation of the 400- 
cycle a-c system with that of a 27-volt d-c 
system of equivalent capacity. The ma- 
jor component of the d-c system is the 
1,200-ampere 50-millivolt shunt, while the 
weight of the a-cinstrument group is more 
uniformly distributed with no single value 
exceeding one pound. The totals are sub- 
stantially equal, and thus it is shown that 
the a-c instrumentation, including the 
measurement of watts, vars, and fre- 
quency, by careful design, can be accom- 
plished without weight penalty. The 
function of instrumentation is the pres- 
entation of information in a manner suit- 
able for quick and adequate perception. 
This factor has been fully recognized by 
designing instruments of uniform size, 
method of indication, and scale length, as 
shown in Figure 13. Uniform dynamic 
characteristics are obtained by magnetic 
damping of the moving systems. Per- 
formance data, while preliminary in char- 
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Figure 11. Curve showing scale arc length 
versus armature-circuit resistance for frequency 
meter 


acter and including neither field nor flight 
tests, show no serious limitations in either 
accuracy or durability. 


Appendix Calculation of the 
Scale Distribution of the 
Frequency Meter 


The scale distribution of the frequency 
meter may be predetermined mathe- 
matically from the circuit constants and 
physical arrangement of the instrument 
parts shown in Figure9. The three torques 
acting on the armature are evaluated and the 
equation of the scale distribution derived by 
equating their sum to zero. Numerical 
solution is obtained by applying the bound- 
ary conditions defined by the scale length 
and frequency range. Comparison of calcu- 
lated with actual values is shown by the 
curves of Figure 14. 


Assumptions 


To simplify the solution the following 
assumptions are made: 
1. The flux, ¢, in the air gap is uniform, parallel, 
and normal to the pole faces. 
2. The flux, ¢, in the air gap is in phase with the 
flux, #7, in the field-coil transformer. 


3. The flux, ¢, in the air gap leads the armature 
voltage, Ea, by 90 electrical degrees. 
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REACTOR ADJUSTMENT 


APPLIED FREQUENCY 


Figure 12. Curves showing range of adjust- 

ment for calibrating the frequency meter 

by changing armature-circuit inductance by 
means of the adjustable reactor 


POINTER DEFLECTION—DEGREES 
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Figure 14. Curves showing actual scale dis- 
tribution of one sample frequency meter 
and the theoretical distribution calculated 
from the known circuit constants and physical 
arrangement of the instrument parts 


Figure 13. Small- 
panel 21 /4-inch 400- 
cycle instruments for 
aircraft mounted on 
metal panel 
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4, The moving system is perfectly balanced, and 
friction is negligible. 


i] 
Nomenclature 


Ez =line voltage (volts) 
E,=armature-circuit voltage (volts) 
I, = field current (amperes) 
or =field flux induced by Ip (maxwells) 
@=field flux effective on armature in gap 
(maxwells) 
N =number of turns on field coils 
K-=spring constant of spirals (millimeter “ 
grams per radian) 
Ky, Ke, Ks, Ky, and so forth =constants 
J, =current in armature circuit (amperes) 
Zq,=impedance of armature circuit (ohms) 
Xz =inductive reactance of armature circuit 
(ohms) 
Xc=capacitive reactance of armature cir- 
cuit (ohms) 
L=inductance of armature circuit (henrys) 
C=capacitance in armature circuit (farads) 
R,=armature-circuit resistance (ohms) 
S=initial deflection of spiral springs from 
center scale (radians) 
6=armature deflection (radians) (+ is 
clockwise). When 6=0, 


(a). 
(0). 


(c). Armature vane is in line with flux ¢. 


Pointer is at center scale. 


Spiral deflection is +S. 
(d). Armature winding axis is at 90 degrees to flux 
od. 


4y =moment arm of armature conductors 
f=frequency, cycles per second ' 
Tp =electrodynamic deflecting torque (milli- 
meter grams) (+ is clockwise) 
Ty=torque due to armature iron vane 
(millimeter grams) (+ is clockwise) 
Ts =torque due to spirals (millimeter grams) 
(+ is clockwise) 
a@=phase angle between armature voltage 
and current 
a=tan~1((X~—X¢)/Ral 


Analysis 


The electrodynamic deflecting torque, Tp, 
acting on the armature of the frequency in- 
strument is : 


e)) 
The flux, ¢, in the air gap of the instru- 


Tp=Kidylg sin a 


? 


° 


ment due to the field current, Jy, which re- © 


acts with the armature current, J,, may be 
expressed as 


(2) 


The component of the armature current, 
I,, which is in phase with the field flux, ¢, is 


E, 
Ig sin a=— sin a (3) 
a 


The moment arm of the armature conduc- 
tor may be written 


y=K, cos 6 (4) 
Equations 2, 3, and 4 may be substituted 
in equation 1: ce 
ExE 
To=Ki ae sin a cos 6 (5) 


s 
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A Distance Relay With Adjustable 
Phase-Angle Discrimination 
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ISTANCE-TYPE  transmission-line 
relays have been used very success- 
fully for a number of years. Several dif- 
ferent distance-type characteristics have 
been available. Among these character- 
istics are the impedance relay which 
measures impedance substantially inde- 
pendent of the phase angle, the reactance 
relay which responds only to the reactive 
component of the impedance, and a third 
characteristic which responds to a com- 
promise between pure impedance and re- 
actance. Another type of relay character- 
istic which combines impedance measure- 
ment with a directional indication has 
been used for a number of years as a fault- 
detector element to supervise another 

distance-measuring element. 

These distance-type relays have been 
able to cope with most of the conditions 
encountered on the majority of transmis- 
sion lines and systems. However, at 
present, the conditions which the relays 
must handle are becoming more and more 
difficult. This is because of increased 
loading especially on the longer transmis- 
sion lines. Because of this it is becoming 
increasingly difficult for distance relays to 


distinguish between fault conditions and 
load conditions. It is the purpose of this 
paper to describe a new relay whose dis- 
tance-response characteristic can be 
shifted or moded to fit different conditions. 
Distance elements which have capacity to 
discriminate between load currents and 
fault currents have been available but 
have been used mostly as fault-detector 
elements rather than distance-measuring 
elements to provide primary protection. 

The relay to be described has direc- 
tional discrimination as well as distance- 
measuring capacity and furthermore its 
directional discrimination can be regulated 
from zero to the maximum by the manipu- 
lation of suitable taps. 

In applying relays to a transmission sys- 
tem it is necessary to state the relay char- 
acteristics in the same terms that the 
system conditions are stated. This is 
especially true of distance-type relays. If 
the relay characteristics are thought of in 
terms of volts and amperes, then the sys- 
tem conditions should be stated in the 
same terms. With the distance relays, 
however, it is difficult to think in terms of 
volts and amperes, because these values 


The restoring torque acting on the arma- 
ture due to its iron vane tending to align it- 
self with the field flux, ¢, is 


E 2 
Ty = —K; (=) sin 26 (6) 
_ The extraneous torque due to the lead-in 
spiral springs is 
Ts=—K(6+S) (7) 


Since the summation of torques acting on 
the armature must be zero, for steady-state 
indication, 


Tp+Ty+Ts=0 (8) 


If equations 5, 6, and 7 are substituted in 
equation 8: 


EE, Ex \? 
Kuz, sin a cos 0— K, (2) sin 26— 


K(@+S)=0 (9) 


This is the equation for the scale distribu- 
tion. For the purpose of determining the 
values of K,and K;, the following boundary 
conditions are assumed which correspond 
to the scale length of one of the sample 
instruments: 


1. At f=350 cycles the pointer deflection is 0= 
—44 degrees. ; 


2. At f=450 cycles the pointer deflection is 0= 
+43 degrees. 
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By substituting these values and the 
known constants, equation 9 is reduced to 
the following functions of frequency and 
deflection: 


sin a cos 6 


SZ 


in 20 
(2.4) 108 = (56) 198 — 


0.038(@+1)=0 (10) 


Equation 10 defines the theoretical scale 
distribution in terms of pointer deflection, 0; 
frequency, f; and known constants. The 
solution to equation 10 is shown by the 
calculated curve of Figure 14 and is com- 
pared to the distribution of one of the 
sample instruments by the ‘‘actual’”’ curve. 
Deviation between the curves is due mostly 
to the nonuniform distribution of flux in the 
air gap. 
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vary widely for the same relay response. 
This relay response is some function of 
the ratio between volts and amperes and, 
for any given value of the ratio, there may 
exist an infinite number of values of the 
volts and amperes. It therefore simpli- 
fies matters greatly to think of the dis- 
tance-relay response in terms of the ratio 
of volts to amperes or in other words to 
think of the impedance, reactance, resist- 
ance, or combination thereof to which the 
relay responds. In applying these relays 
to a power system it is necessary to think 
of the system in the same terms. How- 
ever, in designing distance relays it is 
necessary to think in terms of‘the volts, 
amperes, and phase angle to which it 
must respond because these are the quan- 
tities which actually operate the contact- 
actuating parts. 

When distance relays are applied to 
transmission lines it is most convenient 
to plot both the relay characteristics and 
the transmission line conditions on an 
impedance diagram, that is, on rectangu- 
lar co-ordinates of resistance and react- 
ance. This gives a picture of the imped- 
ance values for which relay operation is 
desired, as well as a picture of the im- 
pedance values seen by the relay during 
load and synchronizing surge conditions, 
for which operation is not desired. 

It is interesting to see what the various 
relay characteristics look like on a current- — 
phase angle basis and what occurs when 
transfer is made to the Rand jX diagram. 
When the current response against a given 
voltage is plotted against phase angles, 
the loci of all distance-type relays whether 
impedance, reactance, resistance, or any 
combination thereof are circles if we con- 
sider the straight line as the special case 
of a circle with infinite radius. No at- 
tempt here is made to provide rigorous 
proof of this statement as this has been 
covered in various publications. It is 
instructive to examine the various dis- 
tance-relay characteristics on the current- 
angle diagram and then transfer them to 
the resistance and reactance co-ordinates. 

With reference to Figure 1, the im- 
pedance relay has the response circle 
shown with its center at the origin. It is 
obvious that the current locus must be a 
circle since a pure-impedance relay will 
operate against a given voltage restraint 
at the same current valtie regardless of the 
phase angle between the current and volt- 
age. To transfer this circular character- 
istic to the resistance-reactance co-ordi- 
nates in Figure 2, it is necessary only to 
divide the constant-voltage restraint by 
the current pickup values at different 
angles and plot the resultant impedance 
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o° 2216-7 


90° 


180° 


Figure 1. Current-phase-angle diagram of 
impedance, reactance, and composite charac- 
teristics 


values at the corresponding angles on the 
R-X diagram. Obviously the current 
eircle of Figure 1 with its center at the 
origin is also an impedance circle in Figure 
2 with its center at the origin. If the cur- 
rent circle, Figure 1, were to be moved 
to the right along the 90—-270-degree axis 
until it is tangent to the 0—-180-degree axis 
it then becomes a pure reactance charac- 
teristic. Plotting the reciprocal of the 
current-pickup values given by this circle 
at different angles on the R—X diagram 
at corresponding angles gives the straight- 
line reactance characteristic in Figure 2. 
Placing the circle at a position between the 
impedance and reactance circles in Figure 
1 gives a composite characteristic depicted 
by the large circle in Figure 2. Pushing 
the circle in Figure 1 beyond the reactance 
circle such as at X-+ bends the reactance 
characteristic in Figure 2 upward into the 
circle shown. 

While in the foregoing discussion the 
characteristic circle was shifted along the 
X axis, it is to be understood that this 
shifting process can be performed along 
any angular axis. 

In Figure 1 the current-locus circle 


SPs 


Figure 2. Resistance-reactance diagram of 
current loci of Figure 1 
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was shifted to the right by bodily moving 
the circle over. The circle can be shifted 
in another manner, that is, by holding a 
point on the circle stationary and then 
expanding its diameter to minus infinity 
after which its diameter is reduced from 
positive infinity. Figure 3 shows this 
transformation where the circles are all 
passed through the point J=5. Trans- 
ferring these circles to the R-X diagram 
yields the interesting set of circles in 
Figure 4. Note that the impedance 
circle decreases in diameter and moves 
upward. The movement of the center of 
the circle away from the origin means 
that the impedance characteristic acquires 
a sense of direction. In other words, it 
means that response to impedance values 
in some directions is greater than its re- 
sponse in other: directions. When the 
circle becomes tangent to the R axis, it 


o° 


4ahet 


/ NOLTAGE 
/ REFERENCE 


CENTER 
Z4 CIRCLE 


CENTER 
Z2 CIRCLE 


180° 


Figure 3. Current-phase-angle diagram of 
various impedance characteristics 


means that the impedance characteristic 
has become completely directional. 

In applying distance relays to trans- 
mission lines it is convenient to plot the 
conditions for which tripping is desired 
as well as the nontripping conditions on 
resistance and reactance co-ordinates. It 
is easy to plot the fault ohms on this dia- 
gram as the resistance and reactance ohms 
of the transmission line are readily avail- 
able. Thus in Figure 5 the line L,y-Lp’ 
represents the line on which the impedance 
ohms of the line fall, and the point B 
represents the ohms for a solid fault at 
the far bus. The vector Lyp represents 
the apparent impedance value when fault 
arc resistance is included. On short lines 
the line ohm vector is the only one to be 
considered. However, on the longer 
heavily loaded lines it is usually necessary 
to consider the impedance values seen by 
the relays during normal load conditions 
and during surge conditions when syn- 
chronizing current is flowing over the 
line to keep the generating sources in step. 
While it is easy to plot the normal-load- 
impedance vector it is generally much 
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more difficult to plot the values represent. 
ing momentary load swings and synchro; 

nizing surges. The exact location of the 
impedance vectors for the latter conditions 
involves considerable calculation but 
methods for doing this have been covered 
previously. An approximate idea of the 
manner in which the synchronizing-surge- 
impedance vector shifts can be gained by 
locating the point along the line Ly which 
represents the number of ohms the elec- 


trical center is away from the relay loca-" 


tion. The load or surge-impedance vector 
will terminate in a straight line which 
intersects the line Ly at the electrical 
center. The more severe the swing con- 
dition the closer this vector will approach 
the line Ly. Some particular maximum 
approach to the line Ly will represent the 
dividing line between ability of the system 
to stay in step or to develop into a definite 
out-of-step condition. Generally it is de- 
sirable to permit tripping for all surge con- 
ditions from which the system cannot re- 
cover but to prevent tripping for all load 
conditions and surges up to this nonre- 
covering point. The object in applying 
distance relays to transmission lines is to 
utilize a relay characteristic that will 
trip definitely for faults on the line but 
not trip for swing conditions from which 
the system can recover. This means that 
the relay-response characteristic, when 
plotted on the R—X diagram, must en- 
circle properly the line ohms including 
fault resistance but must not encircle the 
swing ohms. Realizing that the minimum 
synchronizing surge ohms for which it is 
not desired to trip may fall quite close to 
the fault-ohm line it becomes evident that 
a characteristic similar to Figure 5 is 
necessary. Sucha characteristic could en- 
close the line ohms but exclude the syn- 
chronizing-surge ohms if the diameter of 
the circle, the position of the circle on an 


axis, and the angular position of the axis 


were all adjustable. 


jx eee 


-jx im 
Circles of Figure 3 plotted on R 
and X co-ordinates 


Figure 4. 
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Such a characteristic has been imparted 
to the beam-type impedance relay by 
making the restraint proportional not to 
voltage alone but proportional to the vec- 
tor sum of the fault voltage and the fault 
current while the operating force is made 
proportional to the fault current. Figure 
6 shows the schematic connections. The 
delta current Z,-I, is applied to the pri- 
mary winding of a current transformer 
and ‘to the operating coil on the beam ele- 
ment. The secondary of the current 
transformer being shunted by the reactor 
X, causes a voltage drdp across the resistor 
R; which leads the current by 60 degrees. 
A portion of the voltage R; is introduced 
into the circuit supplying voltage to the 
standard split-phase potential-restraint 
coils of the beam element. The voltage 
Exz is fed through the phase shifter as 
shown. .As a result of this arrangement 
the energy fed into the potential-restraint 
coils of the impedance element is propor- 
tional to the vector sum of E,,; and 
I,-T3. 

The action which takes place to cause 
the element to have a circular character- 
istic can be seen from the vector diagram 
in Figure 7. This is drawn for the case 
where the center of the circle is to be 
placed on the X axis and the circle is to 
pass through zero. Assume that the 
fault current I4-Ig=Jp lags the fault 
voltage E,, by 90 degrees and that under 
this condition the current in the potential- 
restraint coils due to the fault current Ip 
is 180 degrees out of phase with the cur- 
rent due to the restraint voltage E,4p. 

The operating energy on the front end 
of the beam is represented by the vector 
hh, although this is the same current as 
that operating on the rear end of the beam, 
while the current on the front end is 
shown as a vector, no vector relationship 
exists between the pull on the front end 
and the pull on the back end of the beam, 
since the beam has substantially no re- 
sponse to the phase angle between the 
forces on the two ends. It is arranged 
that the current I) produces a mechanical 
force on the front end of the beam equal 
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Figure 5. Line and relay characteristics 
plotted on R and X co-ordinates 
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to the force produced by the current on 
the back end of the beam when no voltage 
is present. For fault currents lagging 
90 degrees it is easy to establish the con- 
ditions for a balance point. For instance, 
if the voltage Eis assumed to be 12 units, 
then it is evident that the current Jp 
directly opposite must be 6 units in order 
for the net restraint of 6 units just to 
balance an operating force of 6 units. If 
the current lags the voltage less than 90 
degrees (say Ip’), it must be increased to 
a value such that the vector sum of Ip 
and E, (or J,) still equals Iz because the 
operating current J) has increased at the 
same rate, in order to maintain a balance 
point. It can be seen from an inspection 
of Figure 7 that the current Jp and Ih 
for any angle must terminate on the 
straight line MM in order to make the 
scalar value of the vector sum £,+J,;= 
I,=Ip=J. In other words, the line MM 
represents the locus of balance currents 
for a given voltage E;. Division of the 
voltage E, by the balance currents gives 


126% 


CURRENT OPERATING COIL 


PU. ENTIAL- 


SFCONDARY Zr SETTING 


Figure 6. Schematic connections of imped- 
ance relay with adjustable characteristics 


impedance values, which plotted on R 
and X co-ordinates gives a circle with its 
center on the X axis and passing through 
zero. The pull of the current on the re- 
straint end of the beam must be equal to 
the pull of the current on the other end 
in order for the current locus to become a 
straight line. If the current pulls do not 
balance the characteristic becomes a 
circle above or below the straight line 
depending upon which way the beam is 
unbalanced so that on current alone one 
unit of Jp is required to balance two units 
of Ip (or In =2I,p), and the characteristic 
becomes a circle as shown. Under this 
condition! one balance point with Voltage 
applied will be when 12—Ip=Ip=2I, or 
Ip=4 units. The other balance point is 
given by Ip—12=Ih=2Ip or Ip=—12. 
On the R and X diagram this is a circle 
with its center on the X axis and the origin 
is within the circle. If J>=J,p/2, that is, 
the current on the restraint end of the 
beam is predominant, then we obtain the 
circle shown which on the R and X dia- 
gram does not contain the origin. 

It is clear from the foregoing that the 
introduction of current into the voltage- 
restraint circuit has performed the circle 
inversion depicted in Figures 3 and 4. 
However, in these figures the current circle 
was inverted by holding a point on its 
periphery fixed. This caused the im- 
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Figure 7. Wector diagram of current and 
voltage forces acting on the beam 


pedance circle, Figure 4, to diminish in 
diameter asit was shifted. Itis, of course, 
desirable that the impedance-circle diame- 
ter remain constant while the center is 
shifted. The arrangement shown in 
Figure 6 accomplishes this purpose. The 
location of the circle on the Rand X 
diagram is dependent upon the ratio of 
Iy to Ip while the radius is dependent only 
upon Jy. Figure 8 has been drawn for 
different ratios of Jy) to Iz and is similar 
to Figure 3 except that the circles do not 
go through a common point. Figure 9 
shows these coils transferred to the R and 
X diagram. The displacement of the R 
and X circle with constant diameter to 
infinity corresponds to the disappearance 
of the current circle at the origin when Jp 
is made infinitely large compared to Jo. 
The circuit shown schematically in 
Figure 6 provides independent adjust- 
ment of the diameter of the impedance 
circle, its location on an axis, and the 
angle of the axis. The following consider- 
ations will bring out the method of ac- 
complishing these adjustments. Consider 
for the moment that the reactor X, and 
the secondary of the reactor X, are open- 


7216-3 
Ip=0.9Ig 


REFERENCE 
VOLTAGE 


Io=07 Ie 


Io=l5Ip 


pelohe 
Figure 8. Another way of shifting the cur- 
rent-phase-angle circles to keep ‘impedance 
circle radius constant 
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circuited. The current in the potential- 
restraint coils Rp contributed by the volt- 
age drop R, across the resistor fed by the 
current [,-I, is determined by the im- 
pedance of the reactor primary Z,, the 
potential coil Rz, and the resistance Rj. 
The voltage source E4, is considered to 
be effectively short-circuited. The cur- 
rent flowing in the restraint circuit be- 
cause of the current J,-J, alone will, 
therefore, lag behind the voltage (I4-Jz)R 
by an angle B. Now consider the current 
in the restraint coils because of the volt- 
age Ey, alone. The parallel impedance 
of the current-transformer secondary can 
be considered infinitely large. The cur- 
rent in the relay due to E,, then is deter- 
mined by the impedances Z,, Rp, and R, 
and it will lag the voltage Ey, by the 
same angle B. Therefore, the current in 
the restraint coils due to the voltage Eup 
and the current J,-I will be in phase or 
180 degrees out of phase when J4-J, is in 
phase with E,;. Now consider what is 
necessary to place the characteristic circle 
on the Rand X diagram so that its center 
is on an axis 60 degrees lagging the R 
axis and so that the circle passes through 
the origin. From Figure 7 it is seen that 
an R and X circle passing through the 
origin requires a straight-line current locus 
as shown. Also note that the straight- 
line locus always occurs perpendicular to 
the current in the restraint coils contrib- 
uted by the fault current J4-I, when this 
current is directly opposite to the current 
in the restraint coils produced by the 
voltage E,z. These two currents are 
directly opposite when J4-I is in phase 
with E,, as was just shown. Therefore, 
if the voltage across the resistor R; is 
caused to lead I,-J, by 60 degrees the 
direct opposition of voltage and current 
ampere turns in the restraint coils will 
occur when the fault current J,-I, lags 
Eap by 60 degrees thus placing the R 
and X circle on the 60-degree axis. The 
circle, of course, is made to pass through 


Figure 9. The impedance circles on R and X 
co-ordinates resulting from Figure 8 
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the origin by making the pull of the cur- 
rent Jp on the operating side of the beam 
just balance that of the current J; on the 
restraint side. This is done merely by 
regulating the number of turns and core- 
screw setting on the impedance element 
and the turns on the transformer primary 
and the tap on the resistance R;. For 
complete flexibility it is desirable to be 
able to shift the axis along which the char- 
acteristic is to be moved to a maximum of 
120 degrees. This means that when the 
fault current I4-I, lags the fault voltage 
E4, by 120 degrees the current and volt- 
age energizations in the restraint coils 
must be in direct opposition. Since the 
current in the resistor R, was advanced in 
phase a fixed amount of 60 degrees by 
adding the shunt reactor the only way to 
obtain 120 degrees is to lag the current 
in the restraint coils due to the voltage 
E4z by 60 degrees. This is done by pass- 
ing a current through the secondary wind- 
ing of the reactor X, in phase with Hy, 
because of the resistor R. This adds a 
component of current almost at 90 de- 
grees to the current already in the primary 
and, therefore, the phase angle of the cur- 
rent with respect to E,4, can be varied 
over a range of 60 degrees by regulating 
the amount of the resistance R. 

By using a circuit similar to Figure 6 to 
provide the vector sum of the current and 
voltage to the contact end of the beam 
with a restraint proportional to voltage 
it is possible, by the proper selection of 
constants and phase shifts, to produce the 
type of characteristic depicted in Figures 
land 2. This was covered in a paper be- 
fore the Institute several years ago. 

Course adjustment of the center of the 
circle is provided by the primary taps on 
the current transformer while continuous 
adjustment between taps is provided by a 
slider on the resistor R;. The diameter 
of the circle is controlled by the standard 
tap and core-screw (TS) adjustment on 
the impedance-element current coil. The 
axis of the circle is rotated by adjustment 
of the resistor Ry. All of these adjustments 
are entirely independent and anyone can 
be changed without affecting the others. 

It becomes evident that a relay with 
such a flexible characteristic materially 
aids in the problem of avoiding tripping 
on load currents and synchronizing cur- 
rents without jeopardizing the ability to 
trip faults. With reference to Figure 5, 
the circle Z2 is an example showing 
how the characteristic can be placed 
so that the fault ohms Lyg can be in- 
cluded in the circle and still have the 
much shorter synchronizing-surge vector 
fall outside the tripping zone. 

Figure 10 shows the range over which 
the new relay characteristic can be ad- 
justed. The current-transformer primary 
and resistor setting R; are calibrated in 
ohms (Zp) and when Z,=0, the center 
of the characteristic circle is at the origin 
or in other words the characteristic is 
pure impedance without directional dis- 
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Figure 10. Range of adjustment of imped- 
ance characteristic of new relay 


crimination. The radius of the circle is 
determined by the tap and core-screw 
setting on the beam-current coil. For any 
value of the radius the center of the circle 
can be shifted up the axis by the setting 
Zr without changing the radius of the 
circle. The circle can be shifted in the 
opposite direction \merely by reversing 
the polarity of the current or voltage. 
In addition to this the axis on which the 
circles are shifted can be rotated between 
60 degrees and 120 degrees lagging in 
steps of 12 degrees by adjusting R¢. 

The adjusting network is housed in an 
external case there being three networks 
in each case so that’‘each distance element 
of the standard three-zone impedance re- 
lay can be adjusted. Furthermore, the 
relay (type HZM) and the external ad- 
justing case are arranged so that the 
characteristic of either one, two, or three 
distance elements of the relay can be — 
supplied with the modified characteristic. 


Conclusions 


1. The utilization of the vector sum of the 
current and voltage on the operating or re- 
straint side of a beam-type distance relay 
makes it possible to impart any type of 
circular characteristic whatsoever to the 
distance element. 


2. The ability to introduce an adjustable — 
amount of phase-angle discrimination into 

an impedance characteristic means that, 

once the transmission-line ohm conditions 

are known, the relay characteristic can be 

readily molded to fit the conditions best. 
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Carbon-Pile Voltage Resulaters for 
Aircraft 


W. G. NEILD 


NONMEMBER AIEE 


ITH the increase in size of modern 
military aircraft and the complexi- 


ties of its equipment, it has been necessary 


to enlarge greatly its electric system. Up 
to the time of the beginning of the 
second World War in Europe, the Tirrell 
and step-type regulators were used uni- 
versally to regulate the voltage of air- 
craft generators, alternators, and motor 
generator sets. With the coming of light- 
weight 30-volt 100- and 200-ampere gen- 
erators, the field current required began to 
exceed the limitations of the Tirrell regu- 
lator. It became apparent that a high- 
field-current voltage regulator would have 
to be developed since the appreciable 
weight saving gained by designing genera- 
tors with high field currents is so vital to 
modern aircraft. 

This requirement was met by adapting 
the well-known art of carbon-pile regula- 
tion, long-used in railroad lighting equip- 
ment, to aircraft. It is the purpose of 
this paper not to dwell too deeply on the 
actual design features of the regulator 
itself, but to acquaint the reader with a 
general knowledge of its principle of 
operation, and to discuss its advantages 
and disadvantages and its numerous ap- 
plications. 


General Construction 


Figure 1* shows a sectional view of a 
conventional present-day carbon-pile 
regulator, and Figure 2 shows the same 
regulator not sectionalized. Close exami- 
nation of Figure 1 discloses that the regu- 
lator consists primarily of 


(a). An ironclad magnetic circuit enclosing 
a controlling solenoid and an adjustable 
core. 


(b). An armature assembly which is 
mounted on radial leaf springs with a center 
contact plug insulated from the armature 
assembly which is the electric connection 
to the movable end of the carbon pile. 


(c). The carbon pile consisting of pre- 
cision-made carbon disks surrounded by 
and held in place by an insulating tube 
which in turn is enclosed by a finned housing 
for dissipating the heat from the carbon pile, 


(d). An adjustable screw insulated from 


the rest of the regulator and containing a 
earbon button. This screw and button 


* The regulator, as shown in Figures 1, 2, and 4, 
is of the type disclosed in Newton United States 
patent 2,268,718 under which the United States 
Government holds a nonexclusive license for the 
duration of the war. 
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acts as the contact for the stationary end 
of the carbon pile. 


Other details of Figure 1 show the regu- 
lator proper mounted on a quickly de- 
tachable mounting base on which is 
mounted a fixed resistor and a variable 
rheostat for raising or lowering ,the 
regulated voltage. 


Principle of Operation 


When the solenoid is unenergized, the 
armature is pushed against the carbon 
stack by the springs, thus compressing 
the carbon pile so that its resistance is at 
its very minimum. Energizing the sole- 
noid causes the armature to be magneti- 
cally attracted to the ironclad magnet 
case. Magnetic force acts in the oppo- 
site direction to the spring force. The 
compression force exerted on the carbon 
pile is the difference between the spring 
force and the magnetic force. It is this 
varying magnetic force, created by the 
solenoid, that tends to overcome the 
spring force and thus vary the pressure 
on the carbon pile, and hence its resist- 
ance. Any change in the resistance of 
the carbon pile directly effects the output 
of the machine whose voltage is being 
regulated, which in turn tends to raise 
or lower the voltage across the solenoid. 
Since the regulator is extremely sensitive 
to any change of NJ in the solenoid, a 
balance of magnetic and physical forces 
takes place in the regulator, and regula- 
tion becomes automatic. 

Temperature compensation is obtained 
by the proper selection of the resistance 
ratio in the coil circuit and by matching 
a bimetallic spring support to the ex- 
pansion characteristic of the regulator. 
Total resistance of the coil circuit con- 
sists of copper resistance and an external 
near-zero-temperature-coefficient  resist- 
ance connected in series. The bimetal 
has a slight angle on which the armature 
springs rest. With an increase in tem- 
perature, the bimetallic washer tends to 
flatten out or the angle decreases. In 
this way the pressure exerted by the 
springs lessens. This in turn compensates 


Paper 44-184, recommended by the AIEE com- 
mittee on air transportation for presentation at 
the AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 1944. 
Manuscript submitted April 10, Mies fade avail- 
able for printing July 6, 1944. 


W. G. NEILD is with the Eclipse- Pioneer division of 
Bendix Aviation Corporation, Teterboro, N. J. 
All republication privileges are reserved by the 
author’s company. 
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for the decrease in the magnetic pull re- 
sulting from the heating of the copper 
solenoid coil and other parts affected by 
temperature. Present-day regulators are 
temperature-compensated to give satis- 
factory voltage regulation at ambient 
temperatures ranging from —50 to +71 
degrees centigrade. 


ADJUSTMENT OF THE REGULATOR 


Three separate adjustments are pro- 
vided in the regulator: 


1. Coil-circuit resistance or coil-current. 
2. Core or air-gap. 


3. Carbon-pile compression-screw or 
spring-tension adjustment. 


ADJUSTMENT OF CorL-CIRCUIT 
RESISTANCE 


Coil-circuit resistance is set by means 
of the adjustable resistor or rheostat to 
a value predetermined by the manufac- 
turer. In cases where adjustable rheo- 
stats are used, the resistances are so 
chosen that the contact slider arm will be 
set in the middle of the rheostat resistance 
range. This will permit a raising or 
lowering of the regulated voltage after 
the regulators have been adjusted prop- 
erly and put into service. Once the 
coil-circuit resistance has been set, it 
should not be changed throughout the 
remainder of the adjustment procedure 
since the proper JV/ in the solenoid in this 
way has been fixed for a given regulated 
voltage. Also, a proper resistance ratio 
is established to give good temperature 
compensation. 


PREADJUSTMENT OF THE CORE 


When the regulator is first assembled 
at the factory, the core is screwed in 
until its face is just flush with the face 
of the magnet case next to the armature 
assembly. At this point the core is 
center-punch-marked at the adjustment 
end, and a corresponding center-punch 
mark is put on the end plate. In this 
way, it is possible to line up the two cen- 


Sectional view of modern carbon- 
pile regulator 


Figure 1. 


This unit regulates d-c generator output for 
both single- and parallel-generator systems 
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Figure 2. Same unit as shown in Figure 1, 
except not sectionalized 


This carbon-pile voltage regulator is for use 
in conjunction with single-voltage generators 
rated from 1.5 to 12 kw 


ter-purich marks after the entire regula- 
tot has been assembled and thus set the 
core flush with the magnet case. Correct 
set position of the core should be stich 
that the core air gap is slightly greater 
than when set in the flush position. 


ADJUSTMENT OF PILE COMPRESSION 
SCREWS 


With the regulator adjusted as already 
indicated, the carbon pile should be con- 
nected in series with the control circuit 
of the unit whose voltage is to be regu- 
lated and the coil circuit connected 
across the output. Run the unit so that 
it would normally produce its rated output 
if the regulator were properly set. For 
the purpose of illustration, assume that 
the carbon-pile compression screw is just 
turned in to the point at which the con- 
tact plug makes contact with the carbon 
pile. As the pile compression screw is 
turned in, the entire armature assembly 
will be moved toward magnet case, in- 
creasing the spring tension and decreasing 
the air gap between the armature and 
core, Increasing the spring tension will 
catise the carbon pile to be correspond- 
ingly compressed, and its resistance will 
decrease. Continued inward motion of 
the pile compression screw will cause the 
regilated voltage to rise to a maximum 
point B, (Figure 3), decrease to a mini- 
mum point D, and then increase very 
rapidly from D to HE. From A to B and 
from EH to F (igure 8) the unit fails to 
function as a regulator, but acts as a 
manual carbon-pile rheostat. In the 
region of the curve from B to E the unit 
acts as an automatic carbon-pile rheostat 
ot tegulator. However, between B 
and C on the curve, the regulator will 

ass through an instability or hunting 
stage, becoming less and less violent and 
finally disappearing as point C is ap- 
proached, It is obvious that no insta- 
bility in the regulator can be tolerated 
at any time, as this causes the carbon 
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pile actually to open the circuit, and a 
destructive are results which burns the 
carbon disks, greatly shortening their 
life and, hence, the useful life of the 
regulator. Instability in the carbon pile 
can be detected readily by connecting a 
sénsitive undampened voltmeter, an os- 
cillograph or a set of earphones with at 
least 1,500 ohms impedance, across the 
carbon pile, the oscillograph and ear- 
phones being the most sensitive. Fluc- 
tuation of the carbon-pile voltage will 
cause the voltmeter needle to fluctuate 
and will cause the earphones to become 
very noisy. In the case of the earphones, 
violent instability will cause an unbear- 
able noise as compared to a quiet hum 
when stable operation of the regulator is 
obtained. Best regulating position of 


the pile screw occurs between C and £. 
In general, a setting of the pile compres- 
sion screw to the left of the minimum 
point D will give a flat or rising voltage 
characteristic with load as the point set 
Likewise, a 


nears the instability region. 


REGULATED OUTPUT VOLTAGE 


° ROTATION OF PILE SCREW 
INWARD OUTWARD 


Figure 3. Effect of pile-screw rotation on 
regulated output voltage 


If regulator becomes unstable, voltmeter needle 
will fluctuate rapidly, and that portion of 
voltage characteristic will be as shown by 
dotted lines in diagram. Best regulating 
position of pile screw is shown at C 


Figure 4, Four different-wattage-size regu- 
lators 


Left to right, 20, 35, 50, and 75 watts con- 
tinuous dissipation in the carbon pile. Ratings 
of all can be safely raised by forced ventilation 


Neild— Voltage Regulators for Aircraft 


_ing between the carbon disks. 


setting to the right of the minimum point 
D will give a drooping voltage character 
istic with load and will be a more stable 
setting of the regulator. When the ap- 
proximate correct setting is obtained 
by the pile compression screw, the regu- 
lator voltage probably will be too low. 
If this is the case, the regulated voltage 
can be raised by turning the core plug 
out very slowly, thus increasing the air 
gap. Regulated voltage is lowered by,, 
turning the core plug in, but under no 
circumstances should the face of the core 
plug be turned in beyond the flush posi- 
tion. After the core plug is adjusted, 
the compression-screw adjustment should 
be rechecked. This procedure should be 
repeated as many times as necessary until 
no further adjustment of either the core 
plug or carbon-pile compression screw is 
required. All locking screws should be 
tight. Final setting must be such that 
the regulator is stable under all possible 
operating conditions of speed, load, or 
input voltage, or the useful life of the 
carbon pile will be short. Much can be 
written on the regulator adjustment in 
specific cases, but the aforementioned 
procedure, in general, applies to all car- 
bon-pile regulators. In actual cases where 
units are set at the factory, the violent 
instability region of the curve is smoothed 
out by lowering the input voltage or by 
reducing the speed, in the case of genera- 
tors, to values far below that at which 
they normally operate. In this way it is 
possible to adjust the carbon-pile com- 
pression screw and follow through the 
curve to point C or D without any in- 
stability whatever. After the pile com- 
pression screw has been adjusted: to this 
point, the speed or voltage may be raised 
and finer adjustments made without 
damage to the carbon pile caused by arc- 
All ad- 
justments should be made only by trained 
personnel and with the proper equipment, 
as wrong adjustments result in high 
voltage which is disastrous to most loads. 


Practical Application 
At the present time, there are four 


different-sized regulators in production _ 
based upon the maximum continuous 


- 
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' wattage dissipation in the carbon pile; 
namely, 20, 35, 50, and 75 watts (see 
Figure 4). 

All of the preceding can have their 
ratings increased greatly by forced ven- 
tilation. Although all four sizes use the 
same-diameter carbon disks, the lengths 
of the carbon piles are different. The 
smallest or 20-watt regulator weighs 
91/4 ounces and uses a one-half-inch 
stack of carbon disks; the 35-watt size 
weighs two pounds, three ounces, and 
uses 1!/y-inch carbon pile; the 50-watt 
size weighs 21/, pounds (with base 
shown) and has 1!/)-inch carbon pile; 
and the 75-watt size weighs two pounds, 
three ounces, and has a two-inch carbon 
pile. Carbon piles are available in vari- 
ous different carbon-disk thicknesses and 
grades. By varying the length, grade, 
and disk thickness, many different re- 
sistance ranges can be obtained. Any 
of the aforementioned regulators can be 
made to regulate different given voltages 
by the selection of the proper solenoid coil. 

Carbon-pile regulators have been used 
in many different applications. For the 
most part, these applications can be 
divided into three different classifications, 
namely: 


(a). Those regulating the output of engine- 
driven d-c generators. 


(b). Those regulating the output of high- 
and low-frequency engine-driven alternators 
and motor-alternator sets. 


(e). Line voltage regulators. 


When used to regulate the output of 
engine-driven d-c generators, the gener- 
ator is usually a shunt type for use on 12- 
or 24-volt systems, although there are 
cases Where 115 volts d-c systems are 
employed as well. In all of the preceding 
systems, the carbon pile is connected in 
series with the shunt field of the genera- 
tor, and the solenoid coil circuit is con- 
nected across the output of the generator, 


PARALLEL OPERATION 


Where generators are operated in paral- 
lel as in multiengine airplanes, cach 


Internal wiring diagram 


Figure 5. 


75-watt carbon-pile regulator with detachable 
base shown in Figures 1 and 2 
1 —Carbon pile 
2—Regulator assembly 


‘ 3 —Resistor—tubular 
4 —Resistor—1,500 ohms 
5 —Rheostat 
6 —Coil—shunt 


7 —Coil—equalizer 
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CARBON-PILE REGULATOR | 


GENERATOR 
| 


generator is made to deliver its share of 
the load by the use of a load-compensat- 
ing coil wound as a separate winding on 
top of the main regulating coil in the 
regulator. This compensating winding 
is used in conjunction with a calibrated 
drop connected between generator nega- 
tive and ground. In some cases the drop 
through the series winding is utilized. 
With the aid of an equalizer bus, if one 
generator carries more than its share of 
the load, the voltage drop will be greater 
in its circuit than the others. 

A current will flow through its equalizer 
coil which will lower its voltage and 
hence its load and, at the same time, boost 
the voltage and the load in the other gen- 
erators. In that way it equalizes the 
loads. Very little change in voltage is 
necessary to make the generators parallel 
properly, and practically no change in the 
bus voltage will be noted. 


OTHER APPLICATIONS 


Other applications of carbon-pile regu- 
lators in conjunction with generators 
consist of current limiters and wattage 
limiters. Current limiters limit the out- 
put current of the generator to a pre 
determined value, usually full load plus 
ten per cent. Its carbon pile is con- 


nected in series with voltage-regulator 
carbon pile, and its coil consists of a few 
turns of heavy conductor connected in 
When the current 


series with the line, 


s—| 
aD 


SHUNT FIELD 


VARIABLE 
(INPUT 

DIRECT 

VOLTAGE 


Figure 8. Line-voltage-regulator application 
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EQUALIZER BUS 


POSITIVE BUS 


teed 


CARBON=PILE 
REGULATOR 2 


Figure 6. Typical schematic wiring diagram 
showing installation of M-2, O-4, and P-2 
generators with carbon-pile voltage regulator 


For parallel generating systems, any number 
of generators may be connected in the manner 
depicted in these diagrams, whereas for 
single systems generator 2 and its associated 
equipment and connections are omitted from 
the systems shown. Also to be omitted are 
the equalizer bus and connections to the D 
and K carbon-pile regulator terminals, with 
use of a single-pole single-throw line switch 
Caution: Ground (E, receptacle) connection 
of each generator in parallel system shown 
must provide 0.5 volt drop at full-rated 
generator current 
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reaches the predetermined value, the 
carbon pile begins to increase its resist- 
ance, decreasing terminal voltage and 
limiting the output current. For the 


‘most part current limiters are not used, 


because modern aircraft generators are 
designed to carry heavy overloads without 
damage for the short duration of landings 
or take-offs. 

Wattage limiters are much the same as 
current limiters and work the same way, 
except that they have an extra potential 
winding on the same coil as the current 
winding and are used where generators 
are driven by auxiliary gasoline engines. 
The purpose of this type of regulator is 
to limit output of generator to safe value 
so that excessive overloads will not stall 


TRANSACTIONS 841 


the engine but will allow the engine to 
operate up to its safe maximum output. 
The same results can be obtained by de- 
signing the generator so that its maxi- 
mum output is slightly lower than that 
of the engine. 

Motor-alternator sets are widely em- 
ployed as power suppliers for some 
special application, usually radio. Here 
the exciter field is separately excited by 
the input voltage to the motor and is 
connected in series with the carbon pile. 
Output alternating voltage is regulated 
by connecting the regulator coil across 
the output of a full-wave rectifier. Some 
methods employ a step-down trans- 
former, whereas others merely consist of 
resistance connected in series with the rec- 
tifier. Weight saving in the latter case 
is a large factor. Carbon-piler regulators 
have been used as frequency regulators 
in motor—alternator applications where 
frequency must be closely regulated. 
Constant frequency is obtained by regu- 
lating the speed of motor. 

Line-voltage regulators are used in 
applications where the line voltage varies 
with loads, and so forth, as in the case 
of the electric system of an airplane, and 
it is desirable to maintain some value 
of voltage (below the minimum input 
variation) at a constant value. Such a 
load, requiring a constant input voltage, 
might be a filament load of radio tubes 
or other instruments whose accuracy de- 
pends upon its input voltage held con- 
stant. In these systems, the carbon pile 
is connected in series with the load, and 
the regulating coil circuit is connected 
across the load. 

From what has been said, it is obvious 
that before selecting a regulator for a 
particular application, it is necessary to 
know 
(a). The regulated voltage plus or minus 
allowable limits. 


(6). Maximum contifiuious carbon-pile wat- 
tage dissipation. 


(c). ~Maximum and minimum resistance. 


Figure 9. Position of armature assembly and 
connector lead in magnet case 


View shows armature assembly assembled in 

‘Magnet case. Center portion is carbon 

button which connects to the moving end 
of the carbon pile 
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\ 
The last two can be determined readily 
by employing a manual rheostat in place 
of the carbon pile in the control circuit 
making a complete test on the unit and 
calculating the requirements of the rheo- 
stat. Final carbon pile will have to have 
the same requirements as the rheostat 
It should be kept in mind that a high 
maximum pile resistance necessarily 
means a high minimum pile resistance, 
the practical limit of the maximum-to- 
minimum resistance ratio in most cases 
being about 30 to 1. In every instance, 
the test of the final selection of a regulator 
should be the successful operation on the 
equipment with which it is to be used. 
Many other considerations must be 
taken into account, such as matching 
time constants of a particular regulator 
with the time constant of the unit with 
which it is to be regulated. The fact 
that a regulator will operate satisfactorily 
with one unit does not necessarily mean 
that it will operate properly with a unit 
of a different design but having the same 
regulating resistance requirements. Re- 


actance voltage, commutation, and time 
constants all enter into the picture and 
must be considered. Their effect can 


A. Slide a thin rod into the hold in the 


carbon pile and then.... 


B.. Invert the regulator to allow the disks 
of the carbon pile to fall out on the rod 


Figure 10. Removal of carbon disks from 
carbon-pile regulator 
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A. With regulator horizontal, insert end 
of rod carrying disks of carbon pile into the 
, ceramic tube then.... 


258, 
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B. Turn regulator up to a vertical position 

and allow the disks of the carbon pile to fall 

into the tube. Do not touch the disks with 
the fingers 


Figure 11. Assembly of carbon-pile disks 
into ceramic tube of regulator 


t 


be determined only by actual tests. 

Although the regulator is rugged in its © 
construction and can stand much abuse, 
it must be remembered that it is primarily — 
an instrument. The armature assembly 
has mass and is not counterbalanced 
(as all attempts to do so have resulted in 
a sluggish regulator) and is, therefore, 
sensitive to shocks and violent vibration. 
Proper consideration given to its mount- 
ing and location with respect to violent 
shocks and vibration will pay large divi- 
dends in its useful life, and trouble-free 
operation. Shock mounting in areas away 
from center of vibration should be the 
rule. ‘ 


Advantages and Disadvantages 


Certain disadvantages or shortcomings _ 


_are experienced with the present carbon-— 


pile regulator, as follows: ane 


1. The regulator has three adjustments; 
this number will be reduced in future de- 
signs for simplification purposes. yee A 
2. Repairs and adjustments should be 
made by trained personnel at bases where 
reliable test equipment and accurate in- 
struments are on hand. 
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Synopsis: Many of the advantages of 115- 
volt d-c aircraft electric power are presented 
with frequent comparisons to 24-volt direct 
current and 208/120-volt 400-cycle three- 
phase alternating current. System reli- 
ability is emphasized. Weight comparisons 
favorable to 115-volt direct current are 
shown for power generation, distribution, 
and load components. Problems concerning 
the use of the two high-voltage systems are 
discussed and compared. The popular be- 
lief that 115-volt d-c switching and com- 
mutation is unsatisfactory at high altitudes 
is refuted. It is concluded that 115-volt 
direct current is the lightest and most prac- 
tical of the proposed electric systems for 
both medium and large airplanes. 


"URRENT discussion of large air- 
eraft electric systems has been car- 
ried on mainly in terms of commercial 
power distribution experience. There 
has been a tendency in such discussions 
to make blanket statements concerning 
the superiority of a-c systems without due 
consideration of direct current or aircraft- 
design requirements. Extrapolation of 
commercial practice and experience out 
of the field of its origin into aircraft 
design remains to be proved. The‘air- 
plane presents a very special electrical 
design problem. Only when a-c systems 
are applied to actual aircraft designs, and 
after a careful competitive check made 
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mittee on air transportation for presentation at the 


_ ATEE Los Angeles technical meeting, Los Angeles, 
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submitted June 30, 1944; made available for print- 
ing July 21, 1944. 


W. L. Berry is equipment staff engineer, and J. P. 
DALLAS is equipment test engineer, both with the 
Hughes Aircraft Company, Culver City, Calif. 


8. A minimum resistance is ever present 
and varies with the maximum resistance 
with the obvious dfsadvantage that it 
never can reach zero. 


Advantages of the carbon-pile regu- 
lator are as follows: 


1. The carbon-pile regulator is capable of 
regulating high currents. 


2. The carbon-pile regulator does not 
contain any movable contacts to get out 
of order. These were always a source of 
trouble due to short life, causing radio 
interference, susceptibility to high altitudes, 
and a constant maintenance problem, 
When properly adjusted, the carbon pile 
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C Aircraft Electric 


Systems 
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of both a-c and d-c results, are valid con- 
clusions possible. A few facts learned 
from one such study on an actual airplane 
will be presented in this paper. 


Weight and Safety 


Reliability and weight are the principal 
determinants of aircraft electrical design. 
These factors are far more important in 
aircraft than in other fields of electrical 
engineering. One of the large air-trans- 
port companies has estimated the value 
of weight saved over a five-year operating 
period at $600 per pound per airplane. 
In today’s larger airplanes electricity has 
acquired many new responsibilities, such 
as engine controls, flight-surface controls, 
landing flaps, and landing gear, many of 
which are essential to flight. Thus, the 
design of the electric system may be liter- 
ally a life or death matter. 

The reliability of an aircraft electric 
system is a function of weight and engi- 
neering experience. Currently proposed 
higher-voltage a-c and d-c systems for 
largeaircraft may be made equally reliable. 
However, the weight and accumulated 
experience necessary to achieve this re- 
sult will be greater for the a-c than for the 
d-c system. Some of the proposed a-c 
systems have secured a favorable weight 
by sacrificing present standards of reli- 
ability. Any higher-voltage system which 
‘does not provide at least the same degree 
of safety as present low-voltage d-c sys- 
tems employing main-engine-driven par- 
allel-operated generators is not compar- 
able and is not really suitable for air- 
craft application. The 115-volt d-c sys- 
tem herein discussed is intended to ex- 
ceed considerably existing standards of 


: / : : 
gives a smooth change in resistance. 


8. There are practically no moving parts 
to wear out or get out of order. The only 
parts requiring replacement are the carbon 
pile and contact plugs. With the proper 
replacement of these parts and readjust- 
ment, the regulator is as good as new. 


Few people can realize what an im- 
portant part in our war effort this amaz- 
ing instrument performs. Its true value 
probably will not be fully known until 
after the war, when many of its present- 
day applications will be converted to 
peacetime use to make commercial avia- 
tion safer. 
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reliability in order to assume the new elec- 
trical responsibilities. Basic requisites 
of any aircraft electric system includes 
such factors as: 


1. Maximum system stability under high 
fault loads. 

2. Optimum fault burn-clear character- 
istics. 

3. Uninterrupted full-load capacity during 
momentary fault conditions. 

4. Continuous uninterrupted full-load ca- 
pacity in the event of failure of one main 
power source. 


System Types 


Three principal electric systems are at 
present receiving extensive design con- 
sideration: 


1. The established standard 24-volt d-c 
system. ~ 

2. The 115-volt d-c system, which is the 
subject of this discussion. 

3. The 208/120-volt 400-cycle three-phase 
a-c system which recently has received con- 
siderable attention. 


If as much study, research, and develop- . 
ment had been directed toward higher- 
voltage d-c aircraft power as has been 
applied in the past two years to a-c air- 
craft power, it is believed that the future 
standard would be the higher-voltage 
direct current. 

On any given airplane a small amount 
of 400-cycle alternating current or 24-volt 
direct current may be required, but this 
does not constitute a significant factor 
in the design of the main power genera- 
tion and distribution system. 


Functional Breakdown of the 
Electric System 


For the purposes of this discussion the 
aircraft electric system is functionally 
separated into three general divisions: 
(1) distribution, (2) generation, and (8) 
the load component parts. 

The weight of the load component 
parts of an aircraft electric system is the 
least effected by the voltage or type of 
system employed. Thus for a given air- 
plane the total weight of the motors, 
lights, switches, and miscellaneous equip- 
ment may be substantially unchanged for 
24-volt direct current, 115-volt direct 
current, or 208/120-volt 400-cycle a-c de- 
signs. While small differences in the 
weight efficiencies of certain items on the 
different systems will be apparent, the 
over-all total weight differences are not 
likely to be decisive. 

The weight of the generative portions 
of the aircraft electric system will be 
lighter for 115-volt than for 24-volt direct 
current, but, both will be substantially 
lighter than comparable 400-cycle a-c 
designs. 

The most important weight differences 
appear in the distribution system. Large 
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CABLE WEIGHT (POUNDS) 


ie) 
50 100 150 -~ 200 
CIRCUIT LENGTH (FEET) 
Figure 1. A\ircraft cable weight for transmit- 


ting one-fourth horsepower 


savings in weight with respect to low- 
voltage direct current are effected by 
both of the high-voltage systems; how- 
ever, the 115-volt d-c distribution system 
is by far the lightest. 


Degree of Electrification 


Weight analyses for the three electric 
systems is difficult because of the large 
variation possible in the degree of electri- 
fication in airplanes of the same general 
type and size. The weight differences 
between the three systems vary greatly 
depending on whether or not heavy load 
items, such as landing gear, landing flaps, 
flight-control boosters, engine and ven- 
tilation controls are electrically operated. 
Electric-system designs for the same air- 


CABLE WEIGHT (POUNDS) 


100 
CIRCUIT LENGTH (FEET) 


150 


Figure 2. Avircraft cable weight for transmitting 
one horsepower 
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plane may have a three-to-one variation 
in weight due to the degree of electrifica- 
tion. ; 

In present 24-volt airplanes the large 
variation in degree of electrification is be- 
catise, in many designs, there is no de- 
cisive weight advantage for either elec- 
tricity or hydraulics. However, with 
higher voltage the weight advantage of 
electric operation may be large because 
of the saving in wiring weight, particu- 
larly on the large airplanes. On such air- 
planes the wire weight to an item at 24 
volts frequently exceeds the weight of 
the item itself. 


Power Distribution 


WEIGHT SAVINGS OF 88 PER CENT 


The weight for transmitting one horse- 
power 100 feet over a_ single-wire- 
grounded aircraft system with a five per 
cent allowable voltage drop, or 50 feet 
over a two-wire circuit, amounts to ten 
pounds with 24-volt direct current but 
amounts to less than one pound with 115- 
volt direct current. Figures 1, 2, and 3 
show the relation between weight, dis- 
tance, and horsepower for the various 
systems. On large airplanes much of the 
heaviest wiring, that from main engine- 
driven generators located in the wings, 
propeller feathering pumps, empennage 
turret guns, rudder and elevator boosters, 
landing flaps, and landing gear can be re- 
duced to 12 per cent or less of its present 
weight by changing from 24 to 115 volts. 


CONDUCTOR WEIGHT 


Voltage is the principal factor deter- 
mining the weight of the distribution sys- 
tem. Metallic conductor weight in a d-c 
system varies with respect to voltage: 


1. ‘Inversely as the square of the voltage 
for those conductors determined by voltage 
drop. 

2. Inversely as the voltage for conductors 
determined by current carrying capacity. 


Reduction in cable weight can be car- 
ried only as far as the minimum conduc- 
tor gauge (at present number 22). Thus, 
a change from 24 to 115 volts can result 
in a weight reduction inversely propor- 
tional to the square of the voltage for 
wires originally number 10 gauge or 
larger. Smaller wires, determined by 
voltage drop, will be reduced to the 
minimumsize beforea 16 to 1 weight reduc- 
tion can occur. Similarly, a reduction to 
one fourth of the 24-volt-system weight, 
for conductors-determined by current 
carrying capacity, will be limited to num- 
ber 16 gauge and larger. 


CABLE INSULATION WRIGHT 


The insulation of some aircraft cables 
appears to be adequate for any of the 
higher-voltage systems now under con- 
sideration. In terms of voltage change 
the conductor insulation weight varies: 
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1. Inversely as the voltage for wires deter+’ 
mined by voltage drop. 4 
2. Inversely as the square root of the volt- 
age for wires determined by current carry- 
ing capacity. Cable insulation weight varies 
with wire size from ten per cent of the total 
cable weight for number 00 to 50 per cent 
for number 22, 


ConpuIT WEIGHT 


Voltage, as it affects cable size, is also a, 
major factor in determining the weight 
of many other accessories, such as, cable 
terminals, splices, connectors, junction 
boxes, and conduit. In terms of voltage, 
conduit weight will: 


1. Vary inversely as the voltage for cables, 
the sizes of which are determined by voltage 
drop. 

2. Vary inversely as the square root of 
voltage change for cables determined by 
current carrying capacity. 

8. Not vary for instrument and other 
cables already containing minimum-size 
conductors. 


EXAMPLES OF 24-VOLT WEIGHT 
INEFFICIENCY 


A weight analysis of the 24-volt elec- 
tric system of a 50,000-pound gross- 
weight four-engine transport indicated 
that: 


1. Seventy-five per cent of the total con- 
ductor weight was determined by the five 
per cent voltage-drop limitation. 


2. Five per cent of the total conductor 
weight was determined by current capacity 
limitations. 

3. Twenty per cent of the total conductor 
weight was not affected by voltage change. 


4, Seventy per cent of the total cable 
weight was estimated to be metallic con- 
ductor, and 30 per cent to be insulation. 


Thus the weight efficiency of the 24-volt 
d-c system is poor even on present air- 
planes. In the example just cited only 
seven per cent of the conductor weight of 
cables larger than minimum size was 
operating at maximum current carrying 
capacity. Even two-engine airplanes in 
the 20,000-pound gross-weight class will 
have less than 50 per cent of the conduc- 
tor weight of cables above minimum size 
operating at maximum capacity. For 
good weight efficiency it is desirable that 
aircraft electric-system voltage be high 
enough, so that substantially all of the 
wiring is either operating at maximum 
current carrying capacity or is reduced 
to the minimum allowable size. 

In designing 24-volt electric systems for 
some of the really large airplanes now 
under construction with gross weights of 
several hundred thousand pounds, it is 
found that less than one per cent of the 
conductor weight of cables above mini- 
mum size would be operating-at maximum 
current carrying capacity. It is believed 
that the magnitude of the weight penalty 
paid for use of present 24-volt aircraft 
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electric systems is not generally appre- 
ciated. On the four-engine transport air- 
plane previously mentioned it was esti- 
mated that more than 100 pounds of wir- 
ing alone could have been saved by de- 
signing for 115-volt direct current. 

The wiring-system weight of one large 
eight-engine airplane was calculated for 
two different designs. With a maximum 
degree of electrification the electric cable 
and bus weight totaled 2,190 pounds for 
24-volt and 906 pounds for 115-volt di- 
rect current, a saving of 1,284 pounds. 
With a minimum degree of electrification 
the electric conductors had a total weight 
of 1,100 pounds for 24 volts and 600 
pounds for 115 volts, a saving of 500 
pounds. 


COMPARISON OF A-C AND D-C CABLE 
WEIGHT 


Actual design figures indicate that 
three-phase a-c power-distribution sys- 
tems will weigh considerably more than 
comparable d-c systems for the following 
reasons: 


1. Currently proposed a-c systems require 
three conductors for each three-phase cir- 
cuit. Only a single conductor is needed in 
commonly used grounded return d-c sys- 
tems. Application of three-phase a-c 
power to circuits already reduced to mini- 
mum size in 115-volt d-c designs will result 
in a three-fold increase in weight for the 
wiring of these circuits. Increasing the 
present electric system voltage approxi- 
mately four times, from 24 volts to 115 volts, 
will reduce to minimum size more than 50 
per cent of the total cable weight of even 
our largest airplanes of several hundred 
thousand pounds gross weight. While a 
considerable portion of this minimum-size 
wiring will be for single-phase lighting and 
instrument loads, an increase in total cable 
weight of 40 per cent or more can be ex- 
pected from this cause when three-phase 
four-wire grounded-neutral a-c systems are 
compared with equivalent grounded-return 
d-c systems. 


2. Power factors from 40 to 70 per cent 
are expected for 400-cycle motors and other 
inductive items. It is estimated that addi- 
tional weight for power-factor correction or 
increased cable size will raise the total cable 
weight from 5 to 10 per cent. 


3. Connectors, terminals, conduit, and 
other devices incidental to the power-dis- 
tribution system, of course, will be lighter 
for a single-wire grounded-return d-c sys- 
tem than for a three-wire three-phase 
grounded-neutral a-c system. Roughly, the 
total estimated weight of these sundries for 
one specific design was 20 per cent more for 
alternating current than for 115-volt direct 
current. 


On airplanes over a hundred thousand 
pounds gross weight, the weight of three- 
phase grounded-neutral a-c power dis- 
tribution probably will exceed by 50 per 
cent the total weight of a single-wire 
grounded-return d-c system, voltages be- 
ing the same. At present even the 208+ 
120-volt three-phase wiring weight is con- 
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siderably heavier than that for the 115- 
d-c equivalent. 

In the future, when airplane designs re- 
quire several hundred kilowatts of electric 
power, it may prove desirable to use 230- 
volt d-c or perhaps 230/115-volt d-c 
systems. While potentials higher than 
115 volts have only a small weight ad- 
vantage at the present time, they do in- 
troduce insulation and switching prob- 
lems. ‘ 

This study indicates that 115-vol 
direct current offers weight savings even 
for small airplanes of 25,000 pounds or less 
gross weight. This is not true of three- 
phase alternating current, since the rela- 
tive weight disadvantage of three-phase 
a-c power distribution increases rapidly 
with decrease of airplane size. 


Comparison oF A-C AnD D-C 
DISTRIBUTION-SYSTEM RELIABILITY 


Safety of any system or device is 
largely a function of its simplicity. The 
single-wire d-c aircraft distribution system 
certainly achieves the optimum of sim- 
plicity. Statistically, it can be shown that 
protective devices, fuses, circuit breakers, 
and relay systems can be carried beyond 
the point of optimum reliability. Every 
protective device added to a circuit or 
system carries with it the failure liabilities 
inherent in that device. 


On main distribution lines and feeders” 


it is desirable to provide multiple fault 
protection within the lines. This prac- 
tice has for more than a decade been used 
in industrial and municipal power- 
distribution systems. Figure 4 illustrates 
a simplified three-wire multiple fault-pro- 
tected feeder system of familiar design. 
It will be noted that a fault at point X 
would be fed by parallel fuses A, B, C, and 
D in series with the faulted line’s single 
fuses H and F. It is obvious that fuses 
and F, each fed by two units in parallel, 
would blow, clearing the line of this fault. 
This type of circuit protection is of doubt- 
ful value in low-voltage systems, since 
contact-resistance and _ slight-resistance 
inequalities of the feeder branches will 
cause unequal current distribution in the 
feeder lines sufficient to upset the effec- 
tive fault discrimination of the circuit. 
At higher voltages these same factors 
have a negligible effect on the protective 
action and fault discrimination of the cir- 
cuit. Not only does this provide in- 
creased safety and reliability for all main 
feeders, busses, and essential circuits, but 
also, with a single-wire 115-volt d-c de- 
sign little of the essential protection of 
this system is lost by the added com- 
plexity. The case is very different when 
the same type of three-wire multiple 
fault protection is attempted in a three- 
phase four-wire a-c distribution system. 
In such circuits the number of protective 
devices would be multiplied by three over 
those required for direct current. It is 
doubtful whether a three times increase in 
complication and circuit-protector in- 
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herent liability would result in an over- 
all safety gain. Many essential circuits 
having minimum-sized wire can be pro- 
tected justifiably in a single-wire d-c 
system. 

Both safety and cost of airplane opera- 
tion are affected favorably by the sim- 
plicity of the single-wire d-c distribution 
system. Present service and design and 
manufacturing personnel would have to 
be trained especially for the safe operation 
of a-c aircraft systems. The application 
of 115-volt d-c aircraft power would in- 
volve no essentially new techniques nor 
operational hazards. 


Circuit-Interrupting Equipment 
DESIGN FUNDAMENTALS 


Interrupting equipment for 115-volt 
direct current can be lighter than exist- 
ing 24-Volt direct current or 208-volt 
three-phase alternating current. 

The design parameters of 24-volt 
direct current, 115-volt direct current, 
and 208-volt alternating current for air- 
craft switches differ radically. The 
widespread belief that switching of 115- 
volt direct current is difficult results from 
unsatisfactory performance of certain 
available 24-volt equipment when tested 
at 115 volts. Assertions that adequate 
115-volt d-c switches will compare in size 
and weight with the conventional in- 
dustrial counterparts are incorrect. It 
is also improper to expect a-c equipment 
to perform satisfactorily on direct current. 

A low-travel snap-action-type switch, 
having a 0.070-inch contact gap and rated 
ten amperes at 24 volts direct current, 
interrupts less than one ampere at 115 
volts direct current. Also, an AN-3023 
aircraft toggle switch rated ten amperes 
at 24 volts interrupts less than one ampere 
at 115 volts. Actually, three amperes in 
a 115-volt d-c inductive circuit will sup- 
port an arc across a one-eighth-inch gap. 
Such performance has discouraged the 
adoption of 115-volt d-c aircraft power. 
This attitude is not justified, since well- 
known design principles can and have 
been applied to solve this problem. These 
switch-design principles include: 

Multiple break. 
Deion grid. 


Magnetic are suppression. 
Solid insulation arc barrier. 
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Liquid arc barrier. 
6. Hermetical sealing. 
(a). 
(0). 
Sufficient empirical data have been com- 
piled which definitely disprove many 
statements made concerning switch in- 
adequacy for the higher-voltage direct 
current. 


Pressurized gases. 
Vacuum, 


115-Vo.tt D-C Swircues ARE AVAILABLE 


For immediate application the Cutler 
Hammer Company offers a line of 110- 
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220 d-c ‘‘tool-handle’’ switches, which 
have 5-, 10-, and 20-ampere industrial 
ratings. Actual tests have indicated that 
these switches may be used at approxi- 
mately half of their commercial rating for 
altitudes up to 40,000 feet when connected 
as single-pole double-break units. These 
’ switches are designed to interpose a solid 
insulation barrier between the contacts, 
which effectively suppresses the arc, For 
equivalent power interruption these 
switches are lighter than the conventional 
24-volt line. 

A double-pole toggle-switch type A N- 
3023 has six times the single-pole ca- 
pacity when the two poles are connected 
in series for a double break. 

Low-travel snap-action-type switches 
are available with magnetic-arc-suppres- 
sion provisions and are rated ten amperes 
at 115 volts direct current for operation 
up to 40,000 feet. One such switch was 
tested with and without the magnet from 
sea level to 50,000 feet with various con- 
tact spacings. The capacity of the switch 
was increased by 400 per cent with the 
proper use of the arc suppressing magnet. 
It is possible to use a small magnet for 
arc-extinguishing purposes for as little as 
one tenth of an ounce additional weight 
per switch. Within the aircraft industry 
it has been stated that a magnetic field is 
ineffective as an arc suppressing agent at 
low pressures, and that arc reversal occurs 
at certain altitudes. A careful check was 
made under altitude simulated conditions 
up to 50,000 feet. All of the mentioned 
altitude irregularities of devices incor- 
porating magnetic arc suppression were 
experienced, but on investigation proved 
to be due to inadequate insulation and 
spacing. The tests performed indicate 
that accepted theories of are behavior in 
magnetic fields are correct. 

The 24-volt type AN-3022 aircraft 
toggle switch may be used safely for 
three-fourths of an ampere at 115-volts 
direct current for altitudes up to 50,000 
feet. At 115 volts this is 90 watts, and 
the switch should satisfy more than 40 
per cent of the total switch requirements. 

A study of airplane switching require- 
ments indicates that 90 per cent of the 
loads on a large airplane will require a 
three-ampere switch for 115 volts and a 
15-ampere switch for 24 volts, 


THREE-PHASE A-C SWITCHING 


The three-pole switch for three-phase 
alternating current is inherently heavier 
and more complicated than the single- 
pole switch commonly used in d-c circuits. 


Switch DEVELOPMENTS 


The preceding discussion concerns con- 
ventional switch design. An important 
electric function, such as aircraft switch- 
ing, demands equipment designed specifi- 
cally for the purpose. A great deal of 
effort has been expended in the last two 
years in the attempt to interest aircraft- 
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accessory mariufacturers in the design 


and production of hermetically sealed 
switch gear. Obviously, a switch with 
contacts sealed in an enclosure with 
hydrogen or some other suitable gas under 
pressure would not be deleteriously 
affected by altitude variation, humidity, 
moisture, ice, dust, foreign matter, con- 
tact oxidation, and ionization. A small 
hermetically sealed switch manufactured 
by the Western Electric Company for use 
in submarine cables was tested with en- 
couraging results. This switch, measur- 
ing one quarter of an inch in diameter and 
two inches in length, had magnetic leaf- 
type contacts enclosed in a hydrogen at- 
mosphere. The switch was actuated by 
an external magnet and _ satisfactorily 
interrupted more than one ampere at 115- 
volts direct current in a circuit having an 
L to R ratio of 0.020. This same switch 
is adaptable to electromagnetic operation 
as arelay. At the present time higher- 
capacity 15-ampere sealed switches and 
relays with double-throw contact arrange- 
ments are being developed by several 
companies. 


RELAYS 


In general the remarks concerning 
switches apply as well to relays. A line of 
relays originally designed for three-phase 
208-volt alternating current recently has 
been given 115-volt d-c ratings. They 
are available in three sizes up to 5-kw 
continuous duty and 20-kw rupturing 
capacity. For d-c use the ratings are 
based on series connection of the three 
poles, thus constituting a single-pole re- 
lay having a six-break mechanism. 

Another relay originally designed for 
24-volt direct current has been adapted to 
115-volt d-c service by the addition of an 
0.05-ounce Alnico magnet for each pair 
of contacts. Tests indicated that this 
relay would interrupt safely ten amperes 
at 30,000 feet and six amperes at 50,000 
feet. 

It is interesting to note that an in- 
dustrial-type relay rated 100 amperes at 
115 volts direct current weighed, 25 
pounds, while a comparable aircraft relay 
designed for the same voltage weighed 
only 1.75 pounds. Assertions that higher 
voltage will result in extremely heavy 
switch gear probably are founded on the 
consideration of such commercial equip- 
ment. It should be noted that the air- 
craft units were designed to much more 
severe requirements for an ambient-tem- 
perature range of +158 to —85 degrees 
Fahrenheit, and for vibration and ac- 
celeration loads in excess of ten grams. 
In fact, this 115-volt relay weighs less 
than a 24-volt relay having a comparable 
power rating. The weight of a high-cur- 
rent 24-volt contact mechanism is in- 
herently heavier than that for the lower- 
current 115-volt power equivalent. Spe- 
cifically, the weight of current carrying 
components is substantially greater than 
that of arc ‘suppression mechanisms. 


, 
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Crrcurr-PRoTection DEVICES 4 


Circuit breakers incorporating electr- 
magnetic are extinction have proved 
satisfactory for 115-volt aircraft circuit 
protection. Design investigations are 
being conducted to adapt these circuit 
breakers to overload protection and cir- 
cuit-switching service. The General 
Electric Company has a series of 208- 
volt a-c 115-volt d-c fuses which may be 
preferred to circuit breakers. 


Lighting 


FILAMENT CHARACTERISTICS 


In the design of aircraft 24-volt lamps 
for low-wattage sizes, the filament has 
been drawn to minimum diameter and in 
some cases has been etched to reduce 
further the cross-section area. When it is 
suggested that lamps be designed for 115- 
volt service, it is argued that filaments are 
already too fragile. In many instances 
these low-wattage lamps give insufficient 
light and would be better replaced with 
brighter lamps. To get this higher output 
the filament tieed only be increased in 
length, the diameter being the same, In 
increasing the length it is assumed that 
the filament support will be of a stirdy 
vibration-resistant character. The fila- 
ment-diameter worry exists only with 
the low-wattage low-lumen output lamps. 
The filament of a 50-watt 115-volt lamp 
could be the same diameter as the widely 
used 15 candle power 24-volt aircraft 


lamp. The increased efficiency of the 


electric generating system plus the re- 
duced power loss in high-voltage distri- 
bution systems, since much of the cable 
already will be of minimum gauge, per- 
mits the use of higher-wattage lamps. 
The problem with 115-volt landing lamps 
is with the filament support rather than 
with the filament diameter. Several 115- 
volt lamps with different-type filament 
supports have been tested under simu- 
lated aircraft-vibration conditions. Cer- 
tain lamps which have espe¢ially de- 
signed vibration-resistant filament sup- 
ports operated for at least 250 hours when 
vibrated over a range of 100 to 3,600 
cycles per minute with a total excursion 
of 0.031 inch. Therefore, it is concluded 
that satisfactory lamps are available in 
20-, 40-, and 50-watt sizes. 


Lamp Lire ArrecreD BY MOUNTING 
Where lamp life is important the lamp- 


assembly mounting should be designed 


carefully. An actual lamp installation 
was mounted on a platform and vibrated 
with a 0.031-inch total excursion. The 
filament movement was measured to be 
from 0.062 to 0.25, depending on the 
resonant characteristics of the mounting. 
This is mentioned because lamp failure is 
frequently the result of faulty installation 
rather than lamp design. Shock mount- 


_ing of lamp assemblies may be desirable — 
to increase the life of certain essential 


lamps such as landing lights. 
| 
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about a four-horsepower a-c motor. 


A-C Lamps 


Filament resonance, sometimes en- 
countered with a-c lighting and especially 
with 400-cycle power, does not exist with 
direct current. In order that phase 
balance may be maintained during lamp 
on and off conditions it is necessary that 
high-wattage lamps for alternating cur- 
rent have special three-phase filament 
structures. For smaller lamps it is 
general practice to distribute lamp loads 
among the three phases with resultant 
wiring and phase-balance complication. 


PRESENT SUPPLY PROBLEMS TEMPORARY 


The aircraft electrical designer is hav- 
ing difficulty in obtaining a wide variety 
of adequate 115-volt lamps. This is 
probably due to the high production de- 
mands on lamp manufacturers because of 
war necessity. 


Radio 


It is frequently stated that alternating 
current is ideal for radio power, while 
direct current, because of voltage-con- 
version difficulties, is not. This is a 
fallacy, because fundamentally radio 
equipment requires direct current which 
is normally obtained from alternating 
current by rectification and filtering. The 
aircraft radio designer seldom chooses 
tubes for desired d-c potentials but in- 
stead resorts to dynamotors, inverters, 
and transformers. This procedure is 
neither desirable nor necessary. At 
present 24-volt direct current is being 
used successfully as the only operating 
potential in some aircraft radio receivers 
and in at least one transmitter, except for 


the power stage. Equipment so designed’ 


has proved the equal of previous designs 
in all respects and superior as regards to 
voltage breakdown of capacitors and in- 
sulation, A d-c potential of 115 volts can 
be used with greater facility and even 
better results. Beam-power amplifiers 
represent a step in the direction of low- 
voltage transmitting tubes. 


Motors 


GENERAL CONSIDERATIONS 


On large airplanes having a gross weight 
of over 100,000 pounds, 150 or more 
motors may be installed. On one well- 
known airplane at least 125 motors are 
used for armament alone. Although 


* motors represent as little as 20 per cent of 


the airplane electrical equipment, they 
may constitute as much as 75 per cent of 
the entire electric load. 

Motor weight is a function of the per- 
formance required. In general the weight 
of d-c motors for high-starting and peak- 
torque service will be less than for alter- 
nating current. For example, a peak out- 
put of eight horsepower will require a 
two- or three-horsepower. d-c motor or 
On 
the eight-engine airplane previously re- 
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ferred to, about 70 per cent of the motors 
were estimated to be of the high-torque 
intermittent-duty type. 


Moror EFrricrency 


Efficiency of intermittent-duty equip- 
ment is not important, since power loss 
due to inefficiency of such equipment is 
negligible. The weight of intermittent- 
duty equipment can be reduced by de- 
signing for lower efficiency, and such 
weight saving usually will more than 
justify such design. Only where the peak 
horsepower requirements of a motor ap- 
proach the peak generation output of the 
aircraft electric. system is efficiency of 
intermittent-duty motors a critical factor. 

The efficiency of a 115-volt d-c motor 
will be higher than that of a comparable 
24-volt motor due to lower brush losses. 
For a given power output a 115-volt d-c 
motor will be lighter than an equivalent 
low-voltage motor by virtue of smaller 
commutator and brushes. 


BRUSHES 


A great deal has been said recently con- 
cerning brush wear. Many conflicting 
theories have been expounded for the 
erratic performance of brushes at high 
altitude. It is not within the scope of 
this discussion to review or conjecture on 
the suppositions now prevalent. Ex- 
cessive brush wear at high altitudes 
usually has been evident where current 
densities have approached 200 amperes 
per square inch. 

As a result of current military need 
for improved 24-volt brush life, research 
and development have progressed to the 
point where 1,000 hours’ service has been 
assured for motors and generators from 
sea level to 40,000 feet. The same tech- 
niques will be applied to 115-volt d-c 
rotating equipment with even longer 
brush life. In the near future brush 
maintenance on d-c motors may be almost 
negligible in view of the development of 
new brush materials. 


EXPLOSION-RESISTANT MOTOR 
REQUIREMENTS 


Identical explosion-resistant require- 
ments exist for both a-c and d-c, high or 
low voltage motors. The assumption that 
brushless motors are explosion proof is 
unjustified since they are equally sus- 
ceptible to: 

1. Faulty workmanship. 
2. Insulation breakdown. 
3. Stalled rotor overheat. 


Any of these faults may result in ignition 
of explosive fuel mixtures. 


Power Generation 


ALTITUDE Errects 


Military demands have increased the 
altitude ceiling of airplanes to 40,000 feet 
or more, This does not mean that such 
high-altitude flight will prevail after the 
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Figure 3. Avircraft cable weight for transmitting 
three horsepower 


war. Airplanes may fly as high as.25,000 
feet in order to avoid storm conditions, 
but it is probable that commercial trans- 
port and cargo planes seldom will be 
flown above 20,000 feet. Direct current 
is generally conceded as being satisfactory 
for electric power up to 25,000 feet, but it 
is claimed that alternating current is the 
only answer for very high altitudes. 
Lengthy technical papers have been 
published in which higher-voltage d-c 
system considerations were dismissed 
with a few perfunctory remarks to the 
effect that higher-voltage d-c power is not 
suitable for high-altitude service. Ex- 
perience and test results indicate that 
direct current is not only adequate, but 
may be the best type of very high-alti- 
tude aircraft power. Satisfactory per- 
formance of d-c inverters, radio dyna- 
motors operating at 1,000 volts or more, 
and electric fuel pumps on airplanes being 
flown at extremely high altitudes sub- 
stantiate this statement. The a-c sys- 
tems now under consideration employ a 
d-c generator for alternator excitation. 
This practice seems inconsistent if d-c 
generation is not considered entirely re- 
liable at high altitudes., Objection to the 
use of direct current at high altitudes has 
come from the improper use of equipment 
of doubtful low-altitude design at 30,000 
to 40,000 feet. The failure of marginally 
designed equipment, such as generators 
having brush current densities of over 200 
amperes per square inch, does not con- 
stitute valid reason for objection to the 


Figure 4. Three-wire feeder 
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use of direct current for high-altitude 
airplanes. Conservative design which in- 
corporates maximum compensation, nor- 
mal brush current densities, and other 
standard commutation practices will re- 
sult in good high-altitude performance. 


HicH- aNnD Low-VoLtTaGE D-C 
WEIGHT COMPARISON 


The weight of 115-volt generation 
equipment will be less than that for 24- 
volt design. Smaller brushes and com- 
mutator area make the 115-volt generator 
lighter than comparable low-voltage ma- 
chines. High-current low-voltage com- 
mutation is heavier and less reliable than 
the low-current 115-volt equivalent. 

On very large airplanes it would be im- 
practical to parallel ten 24-volt 6-kw 
generators for a required power of 60 kw. 
Neither is it practical to design larger 
generators having an output of 1,000 am- 
peres or more at 30 volts because of the 
commutation difficulties and umnwar- 
tanted commutator weight. Present 115- 
volt generators are at least 15 per cent 
lighter than equivalent 24-volt units. 
Appreciable weight savings are obtained 
for the 115-volt d-c voltage-regulation 
equipment. On the same eight-engine air- 
plane it was estimated that the high- 
voltage generation system was lighter 
than the low-voltage generation system by 
appreximately 150 pounds. 


A-C anp D-C WEIGHT COMPARISON 


There should be little difference in 
weight between comparable a-c and d-c 
generators when the necessary alternator 
field excitation is included. Comparison 
of constant-speed alternators with vari- 
able-speed d-c generators is confusing 
and wrong. The important weight 
difference between a-c and d-c machines 
comes from generator drive requirements. 
A variable-speed d-c generator is very 
much lighter than the combination of an 
alternator and its associated constant- 
speed drive mechanism. The speed of air- 
plane propulsion engines is varied from 
approximately 1,000 to 3,000 revolutions 
per minute. To maintain constant fre- 
quency within practical limits it is neces- 
sary to interpose an automatic constant- 
speed transmission to drive the alternator 
from a main engine. The weight of a 
variable-speed d-c generator is somewhat 
more than that of a constent-speed gen- 
erator, but this weight difference is small 
compared with the weight of a constant- 
speed drive mechanism required for con- 
stant-frequency alternating current. This 
constant-speed transmission device is 
proving to be a serious design problem. 
Itis expected that the weight of these con- 
stant-speed drives can be reduced approxi- 
mately to two pounds per horsepower 
for the 60-kw alternator. In addition 
to an estimated 150-pound weight 
penalty the constant-speed drive creates 
unknown hazards and complication. 

The difficulty with a-c design does not 
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end with securing relatively constant fre- 
quency. There is the additional problem 
of providing means for paralleling the 
alternators. The relative position of 
paralleled 400-cycle alternator rotors must 
be the same with only a very small angu- 
lar displacement permissible. Equip- 
ment to accomplish such synchronization 
is usually complex. 

A method of avoiding parallel opera- 
tion of alternators is to divide the air- 
plane loads between two independent 
alternators with automatic means for 
transferring the loads from an alternator, 
which may fail, to the remaining one. 
The divided load system will require more 
elaborate distribution wiring and bus in- 
stallations, more extensive load protec- 
tive measures, and complicated transfer 
equipment. The load transfer system to 
be practical must be automatic and 
sufficiently rapid, so that there is no 
appreciable interruption of,, service, 
There should be no danger of stalling 
motors, of de-energizing relays, nor of 
interrupting solenoid-operated equip- 
ment. A load transfer system is usually 
troublesome, and its design is technically 
difficult. The reliability of such a system 
is questionable and cannot be compared 
with the inherent safety and simplicity of 
parallel-operated d-c generators. 

For alternating current, a divided load 
system on large aircraft, will require two 
alternators driven at a constant speed, 
each of which must have sufficient ca- 
pacity to carry the entire load. The size 
and weight of the alternator and constant- 
speed-drive combination does not permit 
direct mounting on a main engine. A 
remote accessory drive shaft and gear 
box would be required, and it is to be re- 
membered that space aft of the engine is 
at a premium. A proposed remote drive 
for each 30-kva alternator was estimated 
at 50 pounds, a weight penalty which a-c 
systems can ill afford. If it is assumed 
that a large airplane will require 60 kva, 
the generation system will have 120 kva 
available in two alternators. For the 
same requirements six main engine-driven 
15-kw d-c generators can be used with 
much greater reliability. The six d-c 
generators having 90-kw output will be 
considerably lighter than the 120-kva 
alternator installation. 


AUXILIARY ENGINE POWER 


Auxiliary engine-driven aircraft alter- 
nators have been operated successfully in 
parallel, and this system constitutes a 
standby until the proposed systems are 
proved satisfactory. The reason for 
present consideration of other a-c power 


_ systems is the weight inefficiency of con- 


stant-speed auxiliary electric drives 
which will be explained. 

Auxiliary power may be the answer to 
many electrical design problems, but the 
efficient use of such power cannot be ob- 
tained where constant speed operation of 


the auxiliary engine is required. This is 
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because the average electric load for long , 
flights may be less than 30 per cent of the; 
peakdemand. The fuel consumption may 
be reduced only 36 per cent for a 70 per 
cent reduction of load. Another cause of 
high auxiliary engine fuel consumption is 
the fact that, to compensate for the loss 
of power at altitude and to supply cus- 
tomary short-time overload capacity, 
the auxiliary engine size must be increased 
considerably over the nominal require- 
ments. For a required 50-kw peak load 
at 20,000 feet, a 175-horsepower auxiliary 
engine is needed. Of this 175 horsepower 
an average of only 15 kw will be used in 
flight, yet 64 per cent of the full-load 
gasoline consumption will be required. | 
An estimate of fuel required by two 50-kw 
auxiliary engines operated at constant 
speed throughout a 25-hour flight was 600 
pounds more than for main engine-driven 
generators. 

Fuel consumption of auxiliary engines 
can be reduced materially by governing 
engine speed in conformity with load re- 
quirements. This may be accomplished 
by providing a load-sensitive speed 
governor for the auxiliary engine, driving 
a variable-speed d-c generator. A two-to- 
one speed regulation of the auxiliary from 
peak load to average load is required to 
show favorable weight comparison with 
present main engine-driven designs. 
Load governing of the auxiliary between 
wider limits would result in additional 
weight savings. It is obvious that thead- 
vantages of variable-speed load governed 
auxiliary power-plant design are practical 
only with the use of direct current. 

Where auxiliary power plants are in- 
stalled for engine starting and for on-the- 
water operation, it is desirable that they 
also be used in flight. Because of vibra- 
tion complications, service troubles, and 
crowded accessory compartments, it is 
desirable to remove the generators from 
the engine. By centralizing the power 
supply a material saving can be made in 
wiring and bus weight. 


BATTERY POWER 


In the electric-system design there may 
be some need for limited amounts of stored 
energy which can be supplied by storage 
batteries. Depending on the capacity re- 
quired, it may prove lighter to install a 
small auxiliary power plant in place of 
the storage battery. In either case the 
stored energy can be conveniently a part 
of ad-c system. The battery constitutes 
an extremely inefficient source of electric 
power, and its use will be avoided 
wherever possible. 


Conclusion. | 


For large aircraft, regardless of alti- 
tude service, 115-volt direct current is 
more practical than either 24-volt direct 
current or 208/120-volt 400-cycle three- 
phase alternating current. The 115-volt 
system is considerably lighter than either 
the 24-volt d-c or the a-c system. 


ELECTRICAL ENGINEERING 


Application of Electronics to Ajircraft 
Flight Control 


W.H. GILLE 
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pps oPanyy no other control problem 
offers so many opportunities for the 
advantageous application of electronics 
as the design of equipment for automatic 
flight control. The type C-1 Autopilot 
used in the Army’s heavy bombardment 
aircraft is a typical example of equipment 
in which the use of electronic devices has 
produced a flexible well-co-ordinated 
control system from what was formerly 
an unwieldy electromechanical machine. 


Inherent Design Problems 


To appreciate fully the problems in the 
design of an automatic pilot it is first 
necessary to understand the fundamental 
principles of flight control. 

The control of an airplane can be re- 
solved about three perpendicular axes, 
as illustrated in Figure 1. When the 
position of the airplane is such that its 
roll and pitch axes are horizontal and its 
turn axis is vertical, it will fly “‘straight 
and level’; but, whenever the airplane 
is made to rotate about one or more of 
these three axes by movement of its 
ailerons, elevators, or rudder, its flight 
pathischanged. The ailerons, elevators, 


Paper 44-239, recommended by the AIEE com- 
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AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
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and rudder therefore are called the control 
surfaces of the airplane. It is important 
to remember that the position of these 
control surfaces does not determine the 
airplane’s position, but rather the rate 
of the airplane’s rotation about its cor- 
responding axes. This characteristic of 
airplane flight control makes it necessary 
for the pilot to perform double operations 
in executing simple maneuvers. 

As an example, consider the operation 
of the ailerons in making a left turn. 
First the airplane is made to roll to the 
left by displacing the ailerons—the left 
aileron upward, the right aileron down- 
ward. As the airplane reaches the de- 
sired angle of bank, the ailerons again are 
streamlined to stop further rotation, and 
the airplane remains in the bank until 
the désired turn has been made. The 
ailerons are then displaced in the opposite 
direction for the time required to return 
the airplane to level flight. Rudder and 
elevator controls are operated in a similar 
manner, except that the elevator and, 
to a lesser degree, the rudder are not com- 
pletely streamlined during the ma- 
neuver. 

Another complication in aircraft flight 
control arises from the fact that, in most 
turning maneuvers, the ailerons, rudder, 
and elevator all must be operated simul- 
taneously to produce a proper turn. Too 
much rudder will cause a skid; too much 
aileron, a slip; and too little up-elevator 
will permit the plane to lose altitude in 
the turn. Therefore, any automatic 
pilot must accurately proportion the 


- Although a few problems exist with the 
use of either high-voltage system, those 
for direct current are not difficult, while a 
satisfactory solution for the many a-c 
problems is questionable. 
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_ movement of each control to fit a complex 
~pattern and, at the same time, co-ordinate 


the movement of all controls to maintain 
them in proper relationship with one an- 
other. 

In addition, it is highly desirable for 
an automatic pilot to be so universally 
adaptable that identical units from the 
production line will operate effectively 
when installed in different types of air- 
planes.- Since different types of aircraft 
have widely different flight character- 
istics, and since these same characteristics 
are influenced materially by speed, load- 
ing, altitude, and weather conditions, an 
automatic pilot, to be universally adapt- 
able, must have provisions for easily 
adjusting its operating characteristics to 
match those of the airplane. 

The use of vacuum-tube circuits not 
only simplifies the solution of these prob- 
lems but also makes possible a degree of 
sensitivity and accuracy not obtainable 
by any othermeans. These features are of 
basic importance in an automatic pilot de- 
signed for high-altitude precision bombing. 


Description of Autopilot Equipment 


The primary function of an automatic 
pilot is to fly the airplane straight and 
level. It must operate the controls 
quickly and smoothly in response to any 
deviations from an established attitude 
and heading. 

In the C-1 Autopilot the vertical flight 
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Figure 1. Flight-control axes of an airplane 


Figure 2. Vertical-flight gyroscope 
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Directional stabilizer 


Figure 3. 


gyroscope is employed as a reference for 
roll-axis and pitch-axis deviations (see 
Figure 2). Its outer case is mounted 
firmly to the structure of the airplane, 
but its rotor is universally mounted 
within the case so that the gyroscope’s 
automatic erection system can maintain 
the rotor axis vertical, regardless of the 
position of the airplane. Any tilting of the 
gyroscope case with respect to the rotor is 
measured electrically by four potentiome- 
ters within the unit. These potentiome- 
ters have their windings fastened to 
the case and their sliders held in position 
by the gyro rotor. The resulting elec- 
trical signals activate the system to re- 
store the aircraft to level flight. Since 
pitch-axis deviations are corrected by ele- 
vator control alone, only one potentiome- 
ter is located on the pitch axes. How- 
ever, three potentiometers are located 
on the roll axis of the unit, as all three con- 
trols (aileron, rudder, and elevator) are 
employed to correct roll-axis deviations. 

Directional or turn-axis control is de- 
rived from the directional stabilizer 


Figure 4. Schematic diagram of the Autopilot 
system 


(Figure 3), which contains a horizontal 
gyroscope. The rotor of the horizontal 
gyroscope tends to remain fixed in space, 
unaffected by turning movements of the 
airplane. Here again, potentiometers 
with their windings fastened to the outer 
case and their sliders held in position by 
the gyro-rotor assembly are used to 
measure electrically any course deviation 
of the airplane. Two potentiometers 
are used, one for rudder control, the other 
for aileron control. 

Thus, in the two gyro-controlled units 
a total of six potentiometers are employed 
as the sensing elements of the system. 
The individual units are identified in 
Figure 4 by the numbers 1 and 10, and 
the potentiometers by the numbers 5, 6, 
11,12,13,and14. A seventh potentiome- 


Figure 5. One of the three servo units 


ter (number 2 in the illustration) is 
an auxiliary part of the Autopilot, used 
to energize a direction indicator (7) on the 
pilot’s instrument panel. 

No less important in the operation of 
the Autopilot are the motorized servo 
units which do the actual work of moving 
the control surfaces (see Figure 5). Three 
such units are required, one each for ai- 
lerons, rudder, and elevator. (In Figure 
4 these units are located at 15, 18, and 
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19.) Each servo unit contains an electric 
motor which drives a cable drum through’ 
a differential gear train. Two solenoid- 
operated clutches control the direction 
of cable-drum rotation; one clutch turns 
the drum in one direction, the other in the 
opposite direction. An automatic brake 
mechanism effectively holds the cable 
drum stationary when neither of the two 
clutch solenoids is energized. Cables 
wound on the servo-cable drum are at- » 
tached to the main control cables which 
move the control surfaces. ; 

Each servo unit also contains a balanc- 
ing potentiometer with its winding fas- 
tened to the servo-unit frame and its 
slider attached to the cable drum. The 
purpose of these balancing potentiometers 
will be revealed later in the explanations 
of the controlling bridge circuits. 

The seven-tube amplifier (Figure 6) is 
the electronic brain of the Autopilot. 
It contains three distinct channels, one 
for each of the three flight-control axes 
(item 16 of Figure 4). Each channel con- 
tains two tubes—a 7F7 double-amplifier 
stage, a 7N7 discriminator stage, and two 
relays which operate the clutch solenoids. 
of the related servo unit. For the mo- 
ment, each channel of the amplifier may 
be thought of as a motor controller which 
analyzes the amount and direction of 
control-surface movement called for by 
the sensing potentiometers in the bridge 
circuit and which then operates the cor- 
responding servo unit accordingly. 

Manual control and adjustment of the 
system are provided by the Autopilot 
control panel (Figure 7). This unit 
centralizes at the pilot’s fingertips the 
various switches and control knobs by 
which he engages the system, aligns the 
Autopilot with.a selected attitude and 
heading, adjusts the sensitivity of the 
Autopilot, regulates the amount of con- 
trol surface applied to correct a given 
deviation, and co-ordinates interrelated 
control functions. A “turn control’ is 
included by which the human pilot can 
execute turns and evasive tactics without ~ 
disengaging the Autopilot. 

Power for the d-c components of’ the 
system is supplied by the airplane’s bat- 
teries. A rotary inverter provides the 


Figure 6. Autopilot amplifier 
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19-volt, 105-cycle a-c power required. 
The entire Autopilot equipment, with all 
seven motors, 14 solenoids, and seven- 
tube amplifiers energized and operating, 
draws only 7.6 amperes from the 26-volt 
d-c batteries. Normal voltage and fre- 
quency variations have relatively little 
effect on the performance of this Auto- 
pilot system. 


The Bridge Circuits 


If the gyroscopes are thought of as the 
eyes of the Autopilot, the servo units as 
the muscles, and the amplifier as the 
brain, then the bridge circuits might be 
likened to the nervous system by which 
all these components are interconnected. 

There are three distinct bridge circuits 
of the resistance type in the system—one 
each for aileron, rudder, and elevator 
control. Each bridge circuit provides 
the input to a specific amplifier channel 
which, in turn, operates one of the servo 
units. 

Figure 8 is a schematic diagram of the 
aileron bridge circuit, which has been 
simplified for the purpose of explanation. 
The aileron-control potentiometer, shown 
at the top of the diagram, is located in the 
vertical-flight gyroscope and is sensitive 
to roll-axis deviations of the airplane. 
The balancing potentiometer at the 
bottom of the diagram is actuated by the 
eable drum on the aileron servo unit. 
Both potentiometers are energized by a 
common transformer in the amplifier. 

If we apply Kirchhoff's law to this cir- 
cuit, 


4—e@=E (1) 


As long as e; and eé; are equal, E is zero 
and no signal is applied to the amplifier, 
and the servo unit remains stationary; 
but, when the control potentiometer is 
displaced, e; and é: are no longer equal 
and a signal # is impressed on the ampli- 
fier. Depending on the phase character- 
istic of H, the amplifier then causes the 
servo unit to drive the balancing po- 
tentiometer in the proper direction to 
make e, equal to e; and thereby reduce E 
to zero. In effect, the potentiometers, 


amplifier, and servo unit comprise a self- 


Figure 7. Autopilot control panel 
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balancing bridge circuit in which the 
balancing potentiometer produces a cor- 
responding movement of the cable drum 
to drive the control surfaces of the air- 
plane. This is the fundamental operat- 
ing principle of the C-1 Autopilot. 

Actually, of course, the circuit is com- 
plicated. somewhat by the necessary in- 
clusion of additional control potentiom- 
eters, as shown in the diagram of the 
aileron bridge circuit (Figure 9). The 
principle of operation, however, is the 
same; and the same type of equation 
applies: 


E=e ee Bt enema) (2) 
In this equation, E is the voltage output 
of the entire bridge circuit, and e; is the 
voltage applied by the balancing 
potentiometer. 

When E£ is zero, the circuit is balanced 


SIGNAL ON TUBE 
ENERGIZES RELAY 


CABLE DRUM 


SERVO 
MOTOR 


Figure 8. Simplified bridge circuit 


and the system is at rest; but, whenever 
any potentiometer in the system is moved, 
the voltage (£) is effective on the am- 
plifier and causes the servo unit to drive 
in the proper direction to adjust es to 
such a value that £ again will be zero. 

In normal flight, e; and e2 are zero, be- 
cause the potentiometer wipers are at 
their center taps, as indicated by the 
dotted lines on the diagram. The other 
values are such that £ is zero and the cir- 
cuit is in balance. When the airplane is 
blown off course, the banking potentiome- 
ter on the directional gyroscope is dis- 
placed. This produces a signal, 2, which 
causes operation of the servo unit and a 
corresponding increase in the value of és 
to rebalance the circuit. Movement of 
the ailerons immediately causes a bank 
and consequently a reduction of és as the 
vertical-flight gyroscope is tilted. This 
reduction of és offsets the effect of e. and 
results in reversal of the servo unit to 
streamline the ailerons when the degree 
of bank becomes proportional to the 
directional deviation. 
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Figure 9. Complete bridge circuit 


Meanwhile the airplane is turning back 
toward its original heading, reducing the 
value of é2. Since é is now less than the 
change of e;, the circuit is again unbal- 
anced, and the servo unit applies opposite 
aileron to reduce the degree of bank. As 
the airplane levels off, the value of e3 in- 
creases toward its original level-flight 
value. Because both e. and é3; now are 
approaching their normal values, the 
servo unit again reverses to restore é; to 
its normal value. Thus, the ailerons 
reach their trim position in level flight as 
the original heading of the airplane is 
restored. 

Note that the turn-control trimmer and 
the bank trimmer are provided to regulate 
the effect of the turn-control and banking 
potentiometers by applying the fractional 
factors 7:/Ry and r2/ Re. : 

Among the advantages of using poten- 
tiometers in a-c bridges are: 


1. Simple isolation of voltage sources. 


2. Controllable amplification of small sig- 
nals. 


8. Linearity of control characteristics. 
4. Nondistortion of wave forms. 


5. Full 180-degree phase change at balance 
point. , 


A linear relationship exists between 
the deviation in attitude of the airplane, 
as measured by the potentiometers on the 
gyroscope and the displacement of the 
control surfaces. The voltage output 
of a bridge potentiometer can be con- 
sidered as practically proportional to the 
displacement of the sliders, because of the 
high impedance of the amplifier input 
circuit when compared to that of the 
bridge circuit. The one exception to 
this linearity is the banking potentiometer 
on the directional gyroscope, which is 
represented by a single potentiometer 
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with linear characteristics in Figure 9, but 
which is actually a combination of two 
potentiometers. These two potentiom- 
eters are so arranged that their sliders 
are displaced in unison (see Figure 10), 
and the resulting voltage (e) is a para- 
bolic function of the turn angle (6). The 
voltage magnitude of this ‘“‘dual-pot”’ 
slider displacement is given approxi- 
mately by the formula 


é2=a6?+b0 (3) 


in which a and b are constants dependent 
on the fixed resistances (rs) and (rs) in 
the bridge network. Equation 3 de- 
termines the magnitude of e only for 
positive values of 6 (deviation of airplane 
to the right). For determining the mag- 
nitude of e2 when @ is negative (deviation 
to the left), the equation is 


é2=a0?— bd 


See Figure 15. Then if we substitute in 
equation 2, 


Ena z +(a6?+00) > +(e a1 4) (4) 


Employment of the resistance bridge 
with electronic motor eontrol permits 
the substitution of simple and easily 
accessible electrical adjustments in place 
of more difficult mechanical adjustments. 
As an analogy, imagine how much easier 
it would be to adjust the carburetor, 
tappets, and distributor of your auto- 
mobile if it could be done by turning 
knobs as you do in selecting a station on 
your radio. In the electronic Autopilot 
this ease of adjustment is attained simply 
by connecting rheostats (located on the 
control panel) to the bridge circuit as 
shown in Figure 9. The two centering 
theostats are mounted on a common shaft 
connected in series with the balancing 
potentiometer, as shown. When the 
resistance of one is increased, the resist- 
ance of the other is decreased. This ar- 
rangement permits the pilot to shift the 
electrical center of the 
potentiometer in either direction to align 
the circuit with the mechanical trim 
position of the control surfaces. These 
centering potentiometers thus can be 
likened to “electrical trim tabs.” 
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Figure 10. Partial circuit showing dual poten- 
tiometer arrangement 
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Figure 11. Schematic diagram of ore amplifier 
channel 


Another rheostat connected in parallel 
with the balancing potentiometer regu- 
lates the voltage drop across the poten- 
tiometer winding. This ‘‘ratio control’ 
governs the amount of control-surface 
movement produced by a given displace- 
ment of the control potentiometer. This 
adjustment might be considered an 
electrical “‘gear shift,’’ as it varies the 
airplane’s ‘‘speed of response”’ for a given 
deviation. 

With slight variations, the rudder and 
elevator bridge circuits are similar to the 
aileron circuit just described. 


Amplifier Operation 


So far, the amplifier has been de- 
scribed merely as a phase-sensitive motor 
controller which responds to any un- 
balance of the bridge circuits by closing 
the proper relay, thereby producing the 
required servo-unit operation. How the 
amplifier works and how it introduces 
special control characteristics are re- 
vealed by the schematic diagram of one 
of its three channels (see Figure 11). 

Note that only two tubes are used in 
each channel, one 7F7 and one 7N7. 
The first section of the 7F7 tube is used 
strictly as an amplifier, with no d-c bias 
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PLATE CURRENT 


* 1 A= HIGH SENSITIVITY BIAS 
B=LOW SENSITIVITY BIAS. 
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Figure 12. Characteristic curve of the control 
tube, illustrating the effect of changing sensi- 
tivity bias 
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applied to the grid. The second section, 
however, is employed in a unique way as 
a control tube, with three separate con- 
trolling voltages applied to its grid. 
Attention is called, first, to the resist- 
ance R which is connected in series with 
the grid of the second section. It is ap- 
parent that any voltage impressed on 
the left-hand end of this resistor is propor- 
tioned between the resistor and the in- 
ternal grid resistance. When the applied 
voltage is negative, no current will flow 
between cathode and grid, as the grid 
resistance becomes practically infinite. 
Therefore, the entire applied voltage is 
impressed on the grid. However, when 
the applied voltage is positive, current 
flows between cathode and grid, because 
the grid resistance becomes very low in 
comparison with the resistance of R, and 
hence only a small fraction of the applied 
voltage actually is impressed on the grid. 
Thus, negative signal voltages applied to 
the resistor produce sharp plate-current 
fluctuations, whereas positive voltages 
do not cause any appreciable change in 
plate current (see Figure 12). In effect, 
this resistor lowers the saturation point 
of the tube’s characteristic curve and pro- 
duces a very flat curve beyond that point. 
It is apparent from the resulting char- 
acteristic curve (Figure 12) that the 
sensitivity of the tube can be controlled by 
applying a variable positive bias. Thus, 
when the tube is biased at point A (high 
sensitivity) a small signal will produce 
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Figure 13. Characteristic curve of the control — 
tube, illustrating the effect of throttling bias - 
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plate-current variations. But when the 
tube is biased at point B (low sensitivity), 
the same signal is ineffective, and a larger 
signal is required to produce plate-current 
fluctuations. This sensitivity bias is 
knob-controlled by a potentiometer (Fig- 
ure 11) located on the Autopilot control 
panel. 

The sensitivity bias is applied con- 
tinuously, but, under certain conditions 
ofoperation, two additional bias voltages 
are applied to this same tube section. 
One is a negative feed-back voltage which 
has the effect of increasing the tube’s 
sensitivity whenever either half of the 
7N7 discriminator tube is passing cur- 
rent. The other is a throttle voltage, of 
higher positive value than the sensitivity 
bias, which is applied to the tube when- 
ever the throttle contact on either of the 
two relays is closed. The effect of this 
throttle voltage is to inerease the bias on 
the grid to point C (Figure 13), thus block- 
ing any signals which are not sufficiently 
large to overcome this increased bias. 
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Figure 14. Characteristic curve of the dis- 
criminator tube 


(Referring to Figure 13, note that a signal 
which produces plate-current fluctua- 
tions when the tube is biased at B is in- 
effective when the bias is changed to C.) 
A resistance-capacitance time-delay cir- 
cuit serves to maintain the throttle bias 
on the tube for a short time after the re- 
lay contacts reopen. 

The purpose of the feed-back circuit 
is to insure that the weakest signal ca- 
pable of overriding the bias of the control 
tube will be amplified sufficiently to drive 
the discriminator tube, and thus produce 
positive nonchattering operation of the 
relay. 

The discriminator tube, which em- 
ploys alternating voltage on the plates, 


is biased negatively to the cutoff point. . 


This bias is sufficiently large to prevent 
any current flow through either half of 
the tube when no signal is applied to the 
grid (see Figure 14). 
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Figure 15. Ovtput voltage of dual banking 
potentiometers versus directional deviation of 
airplane 


It is apparent from the diagram (Fig- 
ure 11) that since the two plates of the 
discriminator tube are connected to op- 
posite ends of similar transformer wind- 
ings, the voltage of one plate is always 
180 degrees out of phase with the voltage 
of the other plate. When the signal ap- 
plied to the interconnected grids is posi- 
tive, the electrons will flow from the cath- 
ode to whichever plate is positive at the 
same instant. Since each plate circuit 
contains a relay coil, the corresponding 
relay is energized. Thus the discrimi- 
nator tube operates onerelay or the other, 
depending on the phase relationship be- 
tween the input signal and the alternating 
plate voltage supply. In effect, this 
discriminator is a grid-controlled rectifier 
similar to a thyratron. 

As illustrated by the diagram, indi- 
vidual relays control the operation of sepa- 
tate clutches in the servo unit and thus 
control the direction and amount of 
servo-unit rotation or control-surface 
movement. 

Now, let us follow a signal from the 
bridge circuit all the way through the 
amplifier circuit. This signal will be one 
which calls for counterclockwise rota- 
tion of the servo unit, as would be pro- 
duced by energizing the left-hand clutch 
solenoid. That is, the signal is in phase 
with the voltage at plate A of the dis- 
criminator tube. The signal is first am- 
plified and reversed in phase by the first 
section of the 7F7; then it is applied to 
the grid of the second section where it 
produces plate-current pulsations during 
the negative half of the cycle. Since the 
signal phase again is reversed in the 
second section, these plate-current pulsa- 
tions apply a positive half-wave signal to 
the discriminator tube which is in phase 
with plate A of that tube. The resulting 
current flow energizes relay A, which in 
turn energizes the left-hand clutch sole- 
noid of the servo unit. 

At first the signal on the control-stage 
grid of the 7/7 is sufficiently large to over- 
ride the additional positive bias intro- 
duced by the closure of the throttle con- 
tacts on the relay. However, as the 
servo unit drives the balancing potenti- 
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ometer toward the balance point, the 
signal gradually is reduced until its nega- 
tive peaks no longer exceed the throttle 
bias. When this occurs, the signal to 
the discriminator tube is interrupted, 
causing the relay to drop out for about 
one-eighth second while the time-delay 
capacitor discharges. 

When the capacitor is discharged, the 
throttle bias is lost and the signal to the 
discriminator is restored. The relay 
closes again, but only momentarily, be- 
cause the throttle bias is thereby re- 
applied. The result is that, as the servo 
unit approaches the balance point, it 
operates intermittently with a “‘pecking”’ 
action which prevents overshooting or 
“overcontrol’”’ of the airplane. The rate 
of correction, which is fast for large devia- 
tions, will diminish gradually as the air- 
plane approaches a stabilized-flight at- 
titude. . 


Summary 


In automatic flight control, as in other 
control problems, the limit of flight ac- 
curacy through mechanical and electrical 
controlling methods seems to have been 
reached. Only by the application of elec- 
tronic-control principles has it been pos- 
sible to set new standards and to achieve 
full flexibility of control with com- 
pletely automatic operation of all con- 
trol functions. Furthermore, these ad- 
vantages have been obtained with actual 
reductions in the total weight of equip- 
ment. 

Since the use of an automatic pilot for 
precision bombing imposes complex and 
rigid requirements which are not en- 
countered in commercial aeronautics, 
it can be confidently stated that the con- 
tinued ,development of electronic con- 
trols will produce a small lightweight, 
foolproof automatic pilot for peacetime 
use. Because of the precision bombard- 
ment Autopilot, the control industry is 
certainly richer in knowledge and ex- 
perience, and will be better able to cope 
with the new problems of peacetime in- 
dustry. 

Although the connection now seems 
obscure, some of the applications in the 
development of the type C-1 Autopilot 
were taken from a cabin-temperature- 
control system. In a similar way, the 
principles employed in both systems have 
been found useful in the automatic regula- 
tion of engine power. And so, in a seem- 
ingly endless chain, each new develop- 
ment brings to light the solution of an- 
other problem. Who knows what ap- 
plication these same developments will 
find in enlarging the prosperity, health, 
and happiness of a peaceful world? 
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Synopsis: This paper presents the findings 
of a rather extensive program of testing 
electric systems in aircraft. Only the system 
which is presently being used in most 
United States Army Air Forces multiengine 
aircraft and a proposed system, which has 
been designed as the result of the tests, are 
described. All intermediate steps are not 
discussed since it is felt that the effects of 
these steps have been reflected in the pro- 
posed system. The proposed system differs 
from the present system primarily in that it 
employs separate networks for power feed 
and distribution instead of a common bus. 
Several desirable features of such a system 
are pointed out. Equipment is discussed in 
a general manner since the aircraft designer 
is concerned with the design of equipment 
only insofar as it affects the operation of the 
system. However, quite often the aircraft 
designer is in a position to make suggestions 
for improvement of the equipment. 


OST large United States Army Air 

Forces aircraft of the present day 
employ the type of electric system that is 
outlined by the Army Air Forces speci- 
fication 32300, ‘Installation of Elec- 
trical Equipment, General Specification 
for.” This is a 24-28-volt d-c single-wire 
grounded negative system in which the 
nominal rating of the batteries is 24 volts 
and the engine-driven generators deliver 
power at 28 volts. All power is fed into 
and taken from a common bus which 
interconnects all wiring of the airplane 
as shown in Figure 1. 


Four main-engine-driven generators 
and one or more batteries supply power to 
the airplane. An auxiliary power plant, 
gasoline-engine driven, is available for 
ground operation, take-off, and landing. 
A bus exists across the airplane from 
number 1 to number 4 nacelles and from 
the nose of the airplane to the tail. Each 
generator feeds into the bus at its respec- 
tive nacelle through a reverse-current 
relay... The batteries feed into the bus 
through a relay which is operated by the 
pilot. External power may be supplied 
to the airplane while on the ground 
through an external power plug. It can 
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be seen from this that normally there are 
five sources of power feeding into the bus: 
the four generators and the batteries. It 
is evident that electrical resistance must 
exist between each and every feeder point. 
With current flowing the voltage drop, or 
differential voltage, between inboard and 
outboard nacelles may be as much as one- 
quarter volt. To overcome this differ- 
ential, the outboard generators must 
generate a higher voltage than the in- 
boards if equal load distribution is to be 
expected. 


Generator Relay 


The generator is:connected to the bus 
by a relay (see Figure 2) which closes 
only when the generator is delivering 
voltage higher than a predetermined value 
(approximately 26 volts). A small 
“pilot” relay V which determines the 
“cut-in’” voltage operates a set of con- 
tacts T in the main winding. The gener- 
ator switch which is controlled by the 
pilot completes the circuit. In addition, 
the relay opens in the event that generator 
voltage drops below bus voltage and 
causes reverse current to flow through the 
generator. Permanent magnets are used 
to polarize the pilot relay so that current 
passing through coil R in the normal direc- 
tion strengthens the field but reverse cur- 
rent induces magnetomotive force in 
opposition. As the induced magnetomo- 
tive force approaches the strength of the 
permanent field the attraction on the 
relay armature is nullified and the con- 
tacts open. It is this function that gives 


the relay its: common desiereang as 5 
reverse-current relay. : 

A new relay has recently been a 
veloped to replace the reverse-current re- 
lay. It is referred to as a differential- 
voltage relay and gets its name from its 
operating characteristic. Provided the 
generator is delivering voltage higher 
than the bus voltage by a minimum value 
(between 0.25 and 0.50 volt) the relay 
will close and put the generator in service. 
In this case, the ‘“‘pilot’”’ relay operates’ 
on the differential in voltage between the 
generator and bus. There is a series cur- 
rent coil, similar to that in the reverse- 
current relay, which performs the same 
functions. These are: 


1. To keep the pilot contacts closed after 
the main relay closes, at which time the dif- 
ferential between generated and bus voltage 
no longer exists. 

2. To open the relay when a reverse cur- 
rent of sufficient magnitude flows into the 
generator. ' 


Voltage Regulation 


Circuit details for one generator are 
shown in Figure 3. System voltage is 
regulated by individual voltage regula- 
tors (Figure 2) for each generator. Regu- 
lation is accomplished by varying the 
resistance of the generator shunt-field 
circuit so that a constant voltage is main- 
tained within the range of operating 
speeds regardless of load conditions. 
This variation of field resistance is ac- 
complished in the regulator, by the in- 
fluence of the voltage winding N upon 
the variable resistor ZL. The generator 
field current is taken through the re- — 
sistor; variation in resistance causes varia- 


Schematic wiring diagram, typical 
four-engine airplane 


Figure 1. 


1—Engine-driven generator 
2—Reverse-current relay 
3—Voltage regulator 
9—Auxiliary power plant 
l—tLoad center 
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Figure 2. Schematic wiring diagrams, typical 
; equipment 


A—Generator field terminal 
\, B—Generator positive terminal 
‘D—Equalizing-coil terminal 
E—Generator negative terminal 
G—Ground (negative) terminal — 
K—Equalizing-coil termindl 
l—Veariable resistor (field) 
M—Equalizing winding 
N—Voltage winding 
O—Variable resistor (adjusting) 
P—Fixed resistor (current-limiting) 
Q—Rectifier 
R—Series current coil 
S—Main relay winding 
T—FPilot relay contacts 
U—WMain relay contacts 
V—Pilot relay winding 
W—Generator field windings 
X—Generator armature 
BAT—Bus connecting terminal 
5 W—Switch terminal 
NEG—Negative terminal 
GEN—Generator positive connecting terminal 


tion in generator field current, thus 
maintaining a.constant voltage under all 
conditions of speed and load within 
rated limits. 

The variable resistance O is connected 
in series with the solenoid regulating coil 
so that a greater or lesser portion of the 
line voltage is imposed on the regulating 
coil, thus increasing or lowering the regu- 
lating voltage. Normally, this is the 
only adjustment made on the regulator. 

The regulator is connected to the indi- 
vidual system at the generator side of the 
reverse-current relay, and is centrally 
located in the fuselage of the airplane for 
accessibility in flight. This results in 
another voltage differential in the sys- 
tem, in addition to the voltage drops in 


_ the busses Because the connection be- 


tween the reverse-current relay and the 
regulator is a different length for each 
generator. In considering the functions 
of this connection it is necessary to 
analyze the currents which it must carry. 
They are: 


1. The current necessary to energize the 
regulator. | 


2. Field current for the generator. 
3. Operating current for the voltmeter. 


4, Operating current for main winding of 
the reverse-current relay. 


It follows that a connector intended to 
energize the regulator is performing three 
additional functions. All of these cur- 
rents are reasonably constant except 
the generator field current which may 
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- regulator. 


vary from approximately three to ten 
amperes. As a basis for comparison it 
may be assumed that the length of this 
connector is approximately 30 feet from 
the outboard nacelle to the regulator and 
20 feet from the inboard nacelle to the 
A simple calculation will 
show that under identical conditions the 
voltage drop across this connector would 
be 50 per cent higher for the outboard 
nacelle than for the inboard. The effect 
of this condition upon the generator, as 
shown in Figure 4, is that the generated 
voltage exceeds the regulator setting by 
a value equal to the drop across the line. 
In some cases this value may be as high 
as one volt. This analysis shows that 
under all conditions the outboard genera- 
tors will be delivering a different voltage 
than the inboards, if all regulators are 
adjusted to the same value. Hence, a 
natural tendency for poor load division is 
introduced. 


Load Division 


Voltage regulators are provided with 
an equalizing circuit, which tends to make 
all generators deliver equal current. The 
equalizing circuit provides for equal dis- 
tribution through the influence of wind- 
ing M on winding N and the resultant 
effect on resistor L, as shown in Figure 2, 
by lowering the voltage of the generators 
which are tending to deliver high current 
and conversely raising the voltage of those 
generators which are delivering compara- 
tively low current. In this respect, if 
one generator is out of service and the 
equalizing circuit is left intact, it will 
endeavor to lower the voltage of the 
others. At the same time the regulator 
will tend to raise the voltage of the ‘‘off” 
generator so that it will take more load. 
Since the one generator is inoperative, as 


' far as the system is concerned, its voltage 


is zero. It is impossible to lower the 
voltage of the other machines to such a 
value. However, the equalizing circuit 
will exert its full energy to accomplish 
this. The result is a drop in voltage of 
the generators in service. The magni- 
tude of this voltage drop is dependent 
upon the number of generators in the 
system, the generators out of the service, 
and the total load on the system. At any 
time a generator is out of service the re- 
spective reverse-current relay is open 
whether the pilot’s control switch indi- 
cates ‘‘on”’ or “‘off.’”’ For instance, if the 
switch is ‘‘on’’ but the generator speed 
drops to a point where it can not carry the 
load its reverse-current relay will open 
and remain open until the speed rises 
again. Thus, it becomes desirable to de- 
vise some method whereby the equalizing 
circuit will be opened automatically. 
The simplest method for accomplishing 
this is to*add auxiliary contacts to the 
reverse-current relay. This would re- 
quire practically no change in the air- 
plane wiring since the equalizing con- 


TO OTHER 
REGULATORS 


Figure 3. Schematic wiring diagram, one 
generator circuit 


1—Generator 
2—Reverse-current relay 
3—Voltage regulator 
4—Ammeter 

5—Voltmeter 

6—Generator switch (control) 
7—Ammeter shunt 

8—Positive bus 


nection from the generator to the regu 
lator usually passes close to the relay. 

Another solution to the problem em- 
ploys a double-pole single-throw toggle 
switch rather than a single-pole single- 
throw as the generator switch. The extra 
pole is used to open the equalizing circuit 
at the same time the generator switch is 
opened. This accomplishes the desired 
results provided the generator is inten- 
tionally put out of service or the operator 
knows the generator is inoperative, and 
opens the switch. The objections to this 
solution are that it is not automatic and 
additional resistance is introduced by the 
additional wiring which is required to 
extend the circuit to the point at which 
the switch is located. 

Energy for the equalizing circuit is 
obtained from a voltage drop across a 
portion of the generator circuit, which is 
specifically the connection between air- 
plane structure (ground) and the E (nega- 
tive) terminal of the generater, as shown 
in Figure 3. In accordance with Air 
Corps Specification 32,300 the resistance 
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Figure 4. Differential in generated voltage 
and regulator setting due to resistance of con- 
nections between the generator and voltage » 
regulator for a typical four-engine aircraft 


Solid curves—Generator on outboard engine 
Dashed curves—Generator on inboard engine 
A—Generator operating at rated minimum 


speed 

B—Generator operating at rated maximum 
speed 

C—Generator delivering rated full-load cur- 
rent 


D—Géenerator operating at no load 
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of this portion of the circuit is to be main- 
tained at a value which will give a drop 
of one-half volt +5 per cent with rated 
current flowing. However, for any given 
airplane a deviation between generators 
of more than two per cent should not be 
exceeded. On some airplanes this drop 
is accomplished through the use of a 
given length of copper conductor, the 
resistance of which may vary widely with 
temperature. Consequently, the voltage 
drop may vary with ambient temperature 
and load conditions. In some airplanes 
this condition is accentuated by the 
ground circuit for the inboard generators 
being located in the wheel well. The con- 
ductors which comprise the circuit are 
exposed to outside air temperatures, 
which may differ by as much as 200 de- 
grees Fahrenheit from the ambient tem- 
perature in the outboard nacelles. The 
ammeter shunt is usually located in this 
circuit and with the necessary connec- 
tors contributes to the required resist- 
ance. A loose connection anywhere in 
the circuit may cause erratic results as to 
the voltage drop under given conditions, 
since contact resistance varies widely 
when passing current. In this type of 
installation, all such connections must be 
controlled. Furthermore, it is impor- 
tant that the ground connection be made 
to basic structure. In some cases this 
connection is made to- anodized parts. 
The resistance of an anodized connection 
is as unpredictable as a loose connection. 
The equalizing circuit has a low resist- 
ance and operates on low voltages. 
Since the total voltage is one-half volt 
across the ground circuit at full load and 
the equalizing circuit is to operate not 
on this entire value but on differences 
existing between generators, if a two per 
cent tolerance is to be maintained in 
load distribution, the equalizing circuit 
must be capable of operating on voltage 
differentials down to 0.01 volt, the drop 
resulting from a flow of two per cent 
rated current. The resistance of the 
winding in the regulator itself is approxi- 
mately 0.4 ohm. For this reason it is 
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important that the connection between 
the generator ground circuit and equalizer 
circuit of-the regulator have a low resist- 
ance. Assuming that the lead resistance 
is no more than 0.1 ohm, the total resist- 
ance of the circuit for one generator is 
0.6 ohm, With 0.01 volt across this 
value of resistance the current flow would 
be in the order of 20 milliamperes. 

To minimize the effect of resistance 
changes of the generator ground circuit 
due to temperature it is desirable to use 
a material having a lower thermal coefh- 
cient of resistivity and a higher resistivity 
than copper. Such a material would re- 
sult in a more constant resistance under 
all temperature conditions and a probable 
reduction in weight. Manganin, which 
is widely used in instrument shunts, is the 
most logical choice for this purpose. 
Manganin is at present a critical material. 
However, even during normal conditions 
its cost would probably prohibit its use. 
Nichrome was found to be a suitable 
substitute. Based on the use of 200- 
ampere generators, a resistor necessary to 
provide a one-half volt drop weighs only 
10 ounces compared to approximately 
3.5 pounds of wire used for the same re- 
sistance. Another advantage of having 
such a unit rather than a length of wire 
is that it can be calibrated before installa- 
tion to a close tolerance. When a re- 
sistor of this type is used it is advisable 
to make the equalizer-circuit connection 
at the resistor rather than at the genera- 
tor. This makes the connection across 
only a calibrated unit and eliminates the 
effect of the necessary connections in 
the circuit. The importance of this can 
not be stressed too highly since success- 


Figure 5. Schematic wiring diagram, pro- 
posed system 


1—Engine-driven generator 
9—Reverse-current relay 

3—Voltage regulator 

9—Auxiliary power plant 

l—Load center 

©—Location for suitable circuit protector 


ful parallel operation depends primarily,, 
on the equality of the ground-circuit rey 
sistance. 

From the standpoint of weight saving 
and wiring simplification, it is desirable 
to incorporate the ammeter shunt with 
the resistance unit. It is a simple matter 
to tap off a portion of the resistor which 
will give the same voltage drop as the 
ammeter shunt now being used. This 
value is usually 50 millivolts at 300 am-_ 
peres. The addition of such a tap in- 
creases the weight of the resistor unit by 
a negligible amount, whereas the am- 
meter shunt weighs approximately 12 
ounces. This eliminates an extra part 
as well as several connections. 

Study of the foregoing shows that 
there are four major points to consider 
which affect load distribution between 
generators. They are: 


1. The location of the reverse-current relay 
with respect to the system. 


2. The length and size of connection be- 
tween the reverse-current relay and the 
regulator. 


3. The resistance value and equality of the 
generator ground circuits. 


4. The total resistance and equality of the 
regulator equalizing circuits. 


The power in such a system is drawn from 
the bus at various points; that is, at each 
nacelle and several points within the 
body of the airplane. There is no central 
power distribution point. 


Proposed System 


A desirable aircraft electric system 
would utilize all of the previously de- 
scribed equipment and eliminate the un- 
desirable characteristics of the present 
system. As the result of tests conducted 
on the component parts and the system as 
a whole in the laboratory and on air- 
planes, a revised system,* shown in 
Figure 5, was proposed. The proposed 
system consists primarily of two net- 
works, one a feeder network and the 
other a distribution network. All power 
is fed into and taken from a single point 
which is common to the two. The out- 
put of each generator is fed directly into 
the body: of the airplane to a central 
point, where its reverse-current relay 
and voltage regulator are located, 
mounted adjacent on a panel. There is 
an individual panel for each generator. 
The output sides of the relays are con- 
nected by bus to the central power point. 
This constitutes the feeder network. 
A radial network distributes power to. 
various load centers in the airplane. | 

Analysis of this system shows that 
regulator connectors of excessive and 
unequal lengths are eliminated. Line re- 


* Navy Department Bureau of Aeronautics out- 
lines a similar system for large aircraft in specifica- 
tion SR-8. Therefore, the proposed system is not 
entirely new except in its application to large Army 
Air Forces aircraft, t 
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The Gyrosyn Compass 


O. E. ESVAL 


ASSOCIATE AIEE 


N all military and commercial air- 

craft, the gyroscope is depended on 
for attitude and direction references. 
The vertical spinning gyroscope provides 
attitude indication in the form of the 
artificial horizon. At present, other at- 
titude representations based on the 
vertical gyroscope are available. The 
use of the vertical gyroscope has been 
accepted for 15 years or more, and will 
be further improved for indication of roll 
and pitch but probably never superseded. 
The indication of azimuth, or heading of 
the airplane, which is actually the attitude 
around the vertical axis called direction, 
up to the present has had no standard 
meats of presentation. In the past, mag- 
netic compasses have been used for this 
purpose. These instruments for air- 
craft use are imperfect, and it has been 
found necessary to supplement this type 
of indication with a secondary reference 
in the form of a directional gyroscope. 
With the addition of the directional gyro- 
scope, the inherent defects of the com- 
pass are greatly minimized. These de- 
fects are well known and can be stated as 


1. Lack of stability. 


2. Northerly turning error. 


The directional gyroscope is essentially a 
gyroscope with the spin axis horizontal 
and mounted in gimbals with freedom 
about the vertical such that it tends to 
stay fixed in space around this vertical 
axis. A card fixed or geared to the 
vertical-axis gimbal will show changes in 


sistance between relays is eliminated. All 
equalizing circuits have equal resistance. 
In such a system the disadvantages of the 
present system are overcome. In addi- 
tion, a reduction in the weight of the 
electric system seems possible. 

In any electrical service circuit protec- 
tion against fault damage is usually em- 
' ployed. Circuit protection is particularly 
desirable in military aircraft because of 
possible damage from enemy gunfire. 
Parallel wiring has been advanced as a 
possible method of protection against 
failure of electric equipment due to 
damage of wiring from gunfire. Com- 
bat experience has indicated that such 
damage is not frequent. However, if the 
added precaution is desired parallel wir- 
ing can be applied to any system. Par- 
allel wiring is a modification of any given 
system and should not be considered an 
additional system. 

Locations for suitable circuit protectors 
are shown on Figure 5. The term “‘suit- 


able protector’ is used because no one 
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heading and for appreciable periods of 
time will provide a reference for main- 
taining a straight course. It is, however, 
subject to slow wander, and therefore 
must be corrected once in a while by 
manual resetting. This is done holding 
flight on a straight and level course. 
Then the conventional magnetic com- 
pass gives fairly reliable information and 
the directional gyroscope can be set to 
agree with its average reading. It is 
obvious that this system of periodically 
resetting the directional gyroscope to 
compensate for its random drift isa seri- 
ous handicap to instrument flying. 
Also, in military aircraft, the usefulness 
of the magnetic compass in the cockpit is 
diminished because of the disturbances 
on the magnetic field due to the proximity 
of electrical components and armor plate. 


Statement of Problem 


The purpose of this paper is to de- 
scribe, in a general manner, the develop- 
ment and characteristics of a system 
which largely eliminates these serious 
shortcomings. The first approach to a 
problem of this kind is to establish the 
basic requirements of a satisfactory direc- 
tion-indicating system. The require- 
ments are as follows: | 


1. The indication shall be stable in all con- 
ditions of air turbulence. 


2. No manual resetting or attention on the 
part of the pilot shall be required. 


type of protector is capable of performing 
the desired functions in every location. 
Various sizes and types will be required. 
Comparison of Figures 1 and 5 will show 
the difficulty in attempting comparable 
protection with the present system. 

A comparison of the two systems shows 
that the desirable features of the proposed 
system are as follows: 


1. There is a central distribution point 
from which all power is taken. 


2. All power is fed into and regulated at 
this point. 


8. Better load distribution between the 
generators is obtained because all generators 
are electrically symmetrical about the load 
center and do not have inherent circuit 
inequalities which the regulator must over- 
come. The only function the equalizing 
circuit of the voltage regulator is required 
to perform is that of compensating for ir- 
regularities in the voltage regulation. 


4, Relays and regulators are accessible in 
flight for adjustment and replacement, if 
necessary. 
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3. The readings must be free from devia- 
tion and deviation changes. 

4. Several repeaters of the indication must 
be provided for, each giving a stable or dead- 
beat indication. 

5. The equipment must be simple, both 
mechanically and electrically, and all parts 
requiring periodic service must be easily 
accessible. 

6. The accuracy must be commensurate 
with the limitations of the earth’s magnetic 
field. 

7. Turn errors must be negligible. 


8. The entire system shall have minimum 
weight and volume. 


In attacking this problem, several 
points stand out. It becomes apparent 
that it is necessary to operate from the 
earth’s magnetic field at some part of the 
aircraft remote from magnetic disturb- 
ances and to transmit the indication 
to various points convenient to the flight 
personnel. The location for the magnetic 
sensitive unit should be in a part of the 
airplane where deviation and deviation 
changes are zero, or a minimum. There- 
fore, it must be away from guns, turrets, 
cargo, motors, and so forth. Such a 
location may, for example, be the very 
tip of a wing, the top of the vertical fin, or 
some part of the stabilizer. To enable 
mounting in such confined spaces, the 
unit itself should have the smallest pos- 
sible physical dimensions. It also should 
be simple and rugged, to withstand the 
vibration and buffeting that is often 
severe in remote parts of the airplane. 
In addition, since such locations prob- 
Paper 44-181, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29—September 1, 1944. Manuscript 
submitted April 27, 1944; made available for print- 
ing June 22, 1944. 

O. E. Esvat is director of aircraft instrument re- 


search, Sperry Gyroscope Company, Inc., Garden 
CityN. V; 


5. Since each individual circuit on the air- 
plane carries primarily its own load current, 
it is possible to provide adequate circuit 
protection for a given circuit without undue 
influence on other circuits. 


6. Wire sizes of the power distribution 
lines can be reduced to take advantage of 
the central supply point to the extent that 
the effective resistance between the power 
supply and the load is decreased. This al- 
lows a smaller wire to be used in many cases 
where wire sizes are controlled by resistance. 
In many cases it is possible to rate the wire 
thermally allowing a reduction in wire 
weight. A comparison of the two systems as 
used on a typical four-engine aircraft shows 
that a weight reduction of approximately 38 
pounds is effected by replacing connec- 
tors with smaller wire sizes wherever pos- 
sible. 

Observations on test airplanes employ- 
ing the proposed system have shown that 
voltage regulation and power distribu- 
tion are improved. Also, maintenance 
time required for the electric system has 
been decreased. 
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ably are somewhat inaccessible, the de- 
vice must be particularly durable to elimi- 
tiate frequent servicing of that part. 
All other parts subject to periodic serv- 
icing must be in the cockpit or other 
easily accessible location. 


Gyrosyn Compass 


The Gyrosyn compass provides one 
method of meeting the indicated require- 
ments. This system consists essentially 
in automatically and continuously cor- 
recting the directional gyroscope for its 
random drift by indications derived from 
a direction-sensitive device located in a 
magnetically undisturbed region of the 
airplane. The need for manually re- 
setting the directional gyroscope is elimi- 
nated, and it thereby serves also as a 
space-stabilized compass. The direction- 
sensitive device is termed a flux valve. 
It may be located in practically any part 
of the airplane because it is small, In 
this system, the directional gyroscope is 
synchronized by the flux valve to mag- 
netic meridian. This explains why the 
name ‘‘Gyrosyn”’ was selected. 


Vertical Gyroscope Analogy 


It is interesting to note that this treat- 
ment of the directional gyroscope for 
direction indication is an exact analogy 
to the conventional use of the vertical 
gyroscope in which oscillations of short- 
period pendulums are integrated to 
establish accurate attitude indications 
without recourse to manual resetting. 
Why the directional gyroscope remained 
a ‘‘free-gyro’’ device for so many years 
after the vertical gyroscope was made to 
be controlled deserves explanation. First, 
simple devices such as the flux valve were 
unobtainable at the time the first gyro 
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vertical was constrained to seek the ver- 
tical of its own accord, and also old-style 
magnetic compasses were fairly ade- 
quate until flying conditions became too 
exacting. Actually, controlled direc- 
tional gyroscopes have been in use for a 
number of years, mainly in Europe. 
These, however, do not provide the sim- 
plicity of a short-period pendulum, are 
expensive to build, and while providing 
stable indications, fail to meet other re- 
quirements set forth above. 


Description 


A representative installation of the 
Gyrosyn compass is shown in Figure 1. 
It is noted that an alternate position of a 
flux valve is indicated. The system com- 
prises two main units shown in Figure 2, 
Gyrosyn indicator (with amplifier), 
flux valve with connecting cable and op- 
tional repeater unit; Figure 3 shows the 
flux valve (close-up). The primary in- 


Figure 1. Airplane with Gyrosyn compass 


Gyrosyn-compass system 
C—1—Turn-indicator adaptation 
Total weight with one flux valve and two re- 
peaters 111/, pounds estimated 
A—Flux valve and mounting bracket—weight 
1 pound actual 
B—Gyrosyn-compass indicator—weight 8 
pounds estimated 
C—Gyrosyn-compass repeater—weight 11/4 
pounds actual 
1—Gyrosyn-compass indicator 
2—Repeater 
3—Flux valve 
4—3 phase, 400 cycles; 115 volts, 27 volts 
direct current 
5—Indicating pointer 
6—Course setter 
7—Cover 


Esval—The Gyrosyn Compass 


dication in this system is the directional /, 
gyroscope, and it is shown in the cockpit// 
for use by the pilot as a flight indicator. . 
This is the normal application. There 
are cases, however, in which \the primary 
indicator may be allotted to some other 
member of the crew, such as the navi- 
gator. The sensitive pickup device em- 
bodying the flux-valve elements is shown 
in Figure4. Itis essentially a permeable- 
core device having an exciting winding ,, 
and three phases spaced 120 degrees with 
signal pickup coils on each. A voltage is 
generated in the respective coils, depend- 
ing on the relative position in the earth’s 
field. By virtue of the fact that the out- 
put voltage changes sinusoidally with the 
position of each phase in the earth’s field, 
it is possible to indicate the direction of 
the earth’s magnetic field relative to the 
flux-valve element at a distant point. 
This is done by connecting the coils to 
respective phases of a self-synchronous 
unit located at primary indication loca- 
tion. Without going deeply into the 
theory of operation, it suffices to say that 
the induced voltage of the rotatable 
secondary winding of the self-synchronous 
unit has a magnitude and polarity deter- 
mined by its angular displacement rela- 
tive to the angular displacement between 
flux-valve element and the earth’s mag- 
netic field. By properly positioning the 
secondary winding, or rotor of the self- 
synchronous unit, angularly, a null signal 
may be obtained. This is the norma} 
self-synchronous position. The rotor of 
the self-synchronous unit is linked me- 
chanically to the vertical ring of the 
directional gyroscope. The electrical and 
mechanical schematic diagram of this 
system is shown in Figure 5. Shown also 
on this diagram is a precessing device 
which applies torque around the hori- 
zontal axis normal to the spin axis of the 
gyroscope. The precessional torque is 
controlled in magnitude and direction by 
the polarity and strength of the signal 
from the rotor of the self-synchronous 
unit, after amplification and rectification. 
The torque applied about the horizontal 
axis of the gyroscope simply produces — 
rotation around its vertical axis, thereby 
driving the self-synchronous-unit rotor to 
a position where the signal becomes zero. 
In other words, the gyroscope is con- 
strained to the position that maintains 
null self-synchronous-unit output. This 
means that the spin axis of the gyroscope 
will remain oriented in a fixed position 
relative to the earth’s magnetic field, or — 
magnetic meridian. The directional gy- 
roscope, therefore, seeks the magnetic 
meridian in a manner very similar to the 


way in which a vertical gyroscope seeks _ 


the vertical. The only conditions under 
which the output of the self-synchronous ~ 
unit is not null occurs when the gyroscope’ 
in its normal manner slowly drifts away 
from its correct azimuth position, or when 
the system is ‘‘turned on,” preparatory to 
making a flight, that is, the period of 
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Figure 2. Gyrosyn-compass indicator (with 
amplifier), flux valve with connecting cable, 
and optional repeater unit 


initial synchronizing. Heading changes 
are made without precessing the gyro- 
scope and without losing synchroniza- 
tion. This is due to the fact that the 
magnetic meridian with respect to the 
flux valve and the directional gyroscope 
and self-synchronous unit with respect to 
the aircraft move through exactly equal 
angles, and therefore the null is not dis- 
turbed. The acceleration experienced in 
turn will temporarily disturb the null, 
but this will not produce a serious error, 
as described later. It is shown in Figure 
5 that the flux valve in itself is a pendu- 
lum with two degrees of freedom. It is 
suspended on a universal joint in a man- 
ner normally to keep the plane of the 
flux valve horizontal. This must be 
done so that the indication obtained from 
this element represents the direction of 
only the horizontal component of the 
earth’s magnetic field. Thus, a change in 
attitude of the airplane in roll or pitch 
cannot tilt the flux valve. It will remain 
in the horizontal plane. Certain dis- 
turbances, however, momentarily may 
swing it out of the horizontal. Such dis- 
turbances will make the signal fluctuate 
and give momentary erroneous data. In 
rough air, the signal may almost con- 
tinually fluctuate. This brings us to the 
important function of the directional 
gyroscope as a primary indicator. It 
serves effectively to integrate all short- 
period disturbances and oscillations. The 
maximum precession rate as called for 
by the flux valve through the self-syn- 
chronous unit is limited. The period of 
pendulum, on the other hand, is so short 
that a single oscillation of the pendulum 
cannot be detected by observation of the 
gyroscope. Theresult in the Gyrosyn is 
that this system provides deadbeat ac- 
curate indications that are unchanged by 
any weather conditions. 


Turning Error 


So far, it has been shown that most of 
the requirements stated in the beginning 
- can be met by. a simple addition to the 
directional gyroscope, and by two extra 
elements, the flux valve and the amplifier. 
A deadbeat remote-indicating magnetic 
compass is obtained. Another of the re- 
quirements stated is the reduction of the 
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northerly turning error. This error does 
exist in the Gyrosyn compass as in any 
magnetic-compass system that directly 
or indirectly is controlled by gravity. 
If the craft is turning, the resulting ac- 
celeration acts on the pendulum to dis- 
place it from a horizontal position. This 
results in an erroneous signal, the amount 
and direction of which depends on the 
instantaneous heading of the aircraft 
during the turn. The gyroscope, there- 
fore, commences to move away from the 
magnetic meridian, but it does not do so 
rapidly. Asa matter of fact, for a normal 


Flux valve (close-up) 


Figure 3. 


turn the duration is not sufficiently long 
to cause the gyroscope to be in error more 
than a few degrees, usually not more than 
five degrees. If the turn continues in- 
definitely, or, in other words, the air- 
plane continues to circle, the error signal 
reverses on itself and does not cause ac- 
cumulation of gyro errors. Rather, the 
gyro indication will slowly move back 
and forth about its correct position. It 
should be noted that definite limits are 
placed) on the gyro precession rate. The 
precession characteristics against angle 
of error is nonlinear. This being the case, 
sustained oscillation of the pendulum 
resulting from air turbulence or poor 
manual flying, may cause desensitization 
of the coupling between flux valve and 
gyroscope. To overcome the oscillation, 
a small amount of damping is introduced 
on the flux-valve pendulum. It is ac- 
complished by enclosing the element in a 
sealed chamber and filling with damping 
fluid. The damping coefficient may vary 
through wide limits without impairing the 
accuracy of the Gyrosyn compass, and 
therefore wide variations in temperature 
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encountered do not, by changing the 
damping-fluid viscosity, affect the system 
operation. 


Alternate Turn-Error Corrections 


In applications where the gyroscope is 
used as an automatic-pilot reference for 
rudder control, another means of limiting 
turn errors is usually available. Turns 
with an automatic pilot are initiated by 
a co-ordinated control of some sort. 
This control can be used to suspend the 
flux-valve signal for the duration of the 
turn. The gyroscope therefore becomes a 
free directional gyroscope with no con- 
straint and will accumulate for the dura- 
tion of the turn only a very negligible 
error because of its random wandering. 
At the resumption of straight and level 
flight, flux-valve control is automatically 
applied, and the gyroscope is again under 
the gentle influence of the flux valve. The 
same effect may be accomplished in a 
Gyrosyn system, independent of the auto- 
matic pilot by having the flux-valve signal 
interrupted by a rate-of-turn relay, such 
as a rate gyroscope. For most practical 
cases, however, the small temporary error 
induced with flux-valve control function- 
ing during the turn is of no importance. 


Accuracy 


In stating the accuracy of the Gyrosyn 
compass as in any other type of remote- 
indicating magnetic compass, the condi- 
tions first must be fully defined. With 
variation of plus or minus 40 cycles in 
supply frequency and a corresponding 
change in voltage, both alternating and 
direct, and field strength change from 
0.04 to 0.40 oersted, and the maximum 
error of definition is plus or minus 11/, 


Figure 4. Flux-valve element 


degrees from the magnetic meridian to 

the gyro indicator. Higher accuracy 

could be obtained but is hardly. justified 

in view of the limitations of the earth’s 

magnetic field. However, when electric 

generators and power supplies are im- 
proved to be more constant in voltage, 

frequency, wave form, and so forth, 

these performance figures will automati- 

cally be further: improved. 
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Figure 5. Schematic diagram of flux valve, 
self-synchronous units, gyroscope, amplifier, 
and precessor 


A—Pendulously mounted flux valve 
B—Signal transformer 
C—Gyroscope 


D—Anplifier 
1—400 cycles 
29—Excitation 


3—Mounted to wing structure 
4—Signal pickup coils 
5—Rotor coupled to gyroscope 
6—Hporizontal axis 
7—Gyro rotation 
8—Connecting cable 
9—Precessing coil 
10—Vertical axis 
11—Input: 800 cycles 
12—Output: reversing-polarity direct current 


Compensation 


Primarily the size of the flux valve 
lends itself to mounting in very small re- 
cesses anywhere in the skin of the air- 
plane. Therefore, in a number of types of 
airplanes, a location sufficiently remote 
from magnetic disturbances is available 
such that compensation is not required. 
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This has been the experience with several 
standard types of airplanes, in which ex- 
perimental Gyrosyn compass installations 
had been made. However, there may be 
some applications in which local deviations 
are obtained in every possible location of 
the flux valve. In these cases compensa- 
tion must be resorted to. Conventional 
permanent-magnet compensators are 
available and add only a fraction of aninch 
to the over-all dimensions of the flux valve. 
Because the flux valve naturally will be 
located in a fairly inaccessible part of the 
craft, compensation by manual adjust- 
ment at that point may be impractical. 


It is possible to make available means. 


for overcoming this difficulty. This is a 
method of applying compensation to the 
magnetic field by remote adjustment. 
A compensator consists of electromagnets 
distributed properly around the flux 
valve. -The current in these coils is con- 
trolled by rheostats located conveniently 
in the cockpit or cabin. The compass 
may be swung either on the ground or in 
the air and compensated in a straight- 
forward manner by adjustment of the 
potentiometers. This system is shown 
schematically in Figure 6. In cases where 
electric circuits are in close proximity 
to the valve, these circuits may be linked 
with the compensation circuit in such a 
way that full correction is obtained 
either “‘on’’ or “‘off.”’ 
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Esval—The Gyrosyn Compass 


Figure 6. Compen- 
schematic 


Polar Navigation cs 
“ 
; t i 
The Gyrosyn compass obtains reliable 
operation in .horizontal-field strengths 
greater than 0.04 oersted. However, in 
regions near magnetic poles, this field 
strength fades to the vanishing point. 
In the same region, directional indications 
obtained from the earth’s field are un- 
reliable and difficult to interpret, because 
of rapid changes in variation. These 
rapid changes make it necessary to obtain 
impossibly accurate position data to de- 
termine the correct local variations. 
This loss in magnetic directional infor- 
mation is not particularly serious to the 
Gyrosyn compass, since the flux-valve 
control may be turned off, leaving the 
directional gyroscope as a free gyroscope. 
Therefore, headings can be substantially 
maintained for hours or more of flight 
until reliable magnetic information again 
can be obtained through the earth’s mag- 
netic field. The flux-valve control of the 
gyroscope will be turned on and naviga- 
tion resumed in a normal manner. In 
summing up the characteristics of the 
Gyrosyn compass in operation over 
widely varying field strengths, it is indi- 
cated that operation without adjustment 
is obtainable down to the region where 
magnetic indications become totally un- 
reliable." Then, the precessing control of 
the gyroscope is suspended and a free navi- 
gational directional gyroscope remains. 


? 
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Conclusions 


The directional gyroscope has served 
many years usefully as an aircraft in- 
strument. It has well-known short- 
comings, but it fills a tremendously im- 
portant place in the field of navigation. 
Its days of functioning as a free gyro- 
scope subject to random wandering, how- 
ever, are numbered. From now on, the 
directional gyroscope is going to be con- 
tinuously controlled, and the direction- 
indicating instrument will require no 
more attention and manipulation from 
the pilot than the attitude-indication in- 
strument, namely, the artificial horizon, 
has for a number of years. It is believed 
that the system described herein con- 
tributes a’ fair share in bringing about 
this change. No development of this 
sort can be said to be successful until it 
is received with approval by the armed 
services, airplane builders, and com- 
mercial operators, and most important, 
by the pilots themselves. The require- 
ments for remote-indicating compasses 
that have been stated are an interpreta- 
tion of the composite demand from all of . 
these groups. It is believed, therefore, 
that in adhering to this set of require- 
ments a satisfactory directional indicator 
is produced. 


-* 
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Electric Automatic Pilots for Aircraft 
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UTOMATIC pilots have been in use 

a for many years in both commercial 
and military aircraft and are well suited 
to normal airplane control. Their great- 
est usefulness is in maintaining heading 
and attitude over long periods of time, 
with consequent reduction in strain on 
the human pilot. 

Recently, however, with the develop- 
ment of bombardment tactics, the need 
for precise control has become more im- 
portant. The functions of an auto- 
matic pilot for these applications are such 
that the maintenance of course, attitude, 
altitude, and trim are at times of para- 
mount importance. It is necessary that 
the airplane, through the medium of the 
automatic pilot, respond quickly to turns 
as called for by the bombardier. Further- 
more, it is desirable that the performance 
deteriorate as little as possible when the 
airplane is subjected to the disturbing 
action of turbulent air. This paper dis- 
cusses the problems associated with such 
control and describes some of the fea- 
tures of a recent design. 


Attitude Control 


The minimum requirement of any au- 
tomatic pilot is the angular stabilization 
of the airplane about three mutually per- 
pendicular axes passing through the air- 
plane’s center of gravity and angularly 
fixed with respect to the surface of the 
earth. Motions about these axes are de- 
scribed as roll, pitch, and yaw. Rolling 
is rotation about the fore and aft, or lon- 
gitudinal axis; pitching is rotation about 
the transverse, or lateral axis; yawing is 
rotation about the vertical, or directional 
axis. These motions are illustrated in 
Figure 1. Under certain conditions, the 
problem of simultaneous control about 
an airplane’s three rotational axes can 
be reduced to three independent control 
systems. Each control system is then 
similar, and discussion will in general be 
confined to one axis. ; 

Control of an airplane, manual or au- 
tomatic, is accomplished through the de- 
flection, or angular rotation of the air- 
plane’s control surfaces about the surface 
hinge line. Rotation of a control surface 
is, in effect, a change in angle of attack 


Paper 44-179, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted April 27, 1944; made available for print- 
ing June 21, 1944. 
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of the surface and gives rise to an aero- 
dynamic force normal to the surface. 
The control surface forces, in turn, cre- 
ate control moments about axes through 
the center of gravity of the airplane. 
The angular acceleration caused by a 
control moment continues until the re- 
sulting damping and stability moments 
are equal to the control moment. The 
angular rotation tends to cease when the 
control moment is equal to the static 
stability moment. A given control 
moment therefore is opposed by an inertia 
moment, a damping moment, and a 
static stability or spring moment. The 
magnitude of these moments varies con- 
siderably between axes and for different 
flight conditions. If control moment is 
maintained until appreciable changes in 
flight path occur other moments are 


wb YAW 


VERTICAL 


Figure 1. Schematic drawing of airplane show- 
ing its three translational axes and the three 
angular degrees of freedom 


generated which, however, may be dis- 
regarded here. 

For short-period motion, the applica- 
tion of pitching-control moment and the 
resulting rotation about the transverse 
axis may be expressed as 


M,=16+C6+ Ko (1) 


where | 


M, Banhicd control moment about the 
transverse axis 
I=moment of inertia of the airplane 
about the transverse axis 
C=damping coefficient, or damping mo- 
ment per unit rate of pitch 
K=stability coefficient, or restoring mo- 
ment per unit angle of pitch 
6=angular displacement in pitch 


The foregoing equation is subject to 
several restrictions. It is approximately 
correct for small angles of pitch and de- 
scribes the angular motion only for a short 
time after control moment is applied. 
The static longitudinal stability, actually 
a function of change in angle of attack, is 
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assumed to depend on the angle of pitch. 
It is further assumed that the coefficients 
C and K are constant for a particular 
condition of flight. 

For automatic stabilization, the con- 
trol moment becomes a restoring mo- 
ment, M,, and is made a function of the 
angular error, 9, between the airplane at- 
titude and a gyroscopic reference axis. 
The restoring moment applied by the au- 
tomatic pilot then acts to reduce the error 
to zero in a manner determined by the 
combined characteristics of airplane and 
automatic pilot. Assume that the air- 
plane is coerced from its equilibrium po- 
sition and then released. It is then acted 
upon by the restoring and the static sta- 
bility moments such that 


M, =f(0) 
and 
—f(0)— Ko =16+-C6 (2) 


If the restoring moment is proportional 
to the error alone, as in many automatic 
controls, 


M, =f(6)=K’e ‘ 
and 
—(K+K’')@=I6+ C6 (3) 


The static restoring moment, K’0, sup- 
plied by the automatic pilot, acts to in- 


Figure 2. Pictorial representation of the A-5 
automatic pilot controlling the airplane in roll 


A—Roll angle 
Airplane deviates in roll 
B—Vertical gyroscope—horizontal - gimbal 
ring and roll pick-off measure roll angle 

C—Amplifier rack—roll signal is amplified 

and derivatives are taken 
D—Servo unit deflects ailerons 
E—Airplane returns to level flight 
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Figure 3. Schematic diagram of signal pick-off 
and its voltage—angle characteristic 


crease the static longitudinal stability, 
K@. Where ‘tight’ control is necessary, 
the stability furnished by the automatic 
pilot must be several times larger than 
the inherent stability of the airplane. 
Control which is proportional to the dis- 
placement error alone is known as error 
control. 
When K’ is sufficiently large, and 


C<2°0/ (K+K)I 


the angular motion is a damped oscilla- 
tion and undamped natural frequency is 


(K+K"') 


Reasonably large values of static re- 
storing moment are desirable for several 
reasons. The roll and yaw axes of an 
airplane are mutually dependent; that is, 
there exists appreciable rolling moment 
due to yaw and rate of yaw, and yaw- 
ing moment due to raté of roll and side- 
slip. The two axes may be considered in- 
dependent, both from the standpoint of 
analysis and in the actual case, only if 
each is under tight static and dynamic 
control. In other words, if tight rudder 
control is provided, there can ‘be little 
rolling moment due to yaw, since there 
can be very little yaw, and there can be 
little yawing moment due to sideslip if 
rolling motion is suppressed. Large val- 
ues of static restoring moment are neces- 


C.. First- and second-derivative network 


Figure 4. Derivative-taking networks 
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Figure 5. Phase curves of the network of 
Figure AC for different values of r; 


The broken curves are measured phase and 
gain for the rate channel of the amplifier 


sary too, when any sustained disturbance 
is encountered, such as an engine failure 
in multiengine ships; a sudden sustained 
change in trim, as when a large bomb is 
released; or a long-period air disturb- 
ance. 

Additional damping moment is ob- 
tained by making the restoring moment 
proportional to the time derivative of 
the angular error as well as the error it- 
self, so that 


M,=f(0, 6) =K'0+C'6 


and, for the condition of an airplane dis- 
turbed from its equilibrium position by 
external forces and then released, 


—(K+K’')@=I6+(C+C')6 


The return of the airplane to its equilib- 
rium position is critically damped if 
sufficient moment proportional to the 
first time derivative of the angular error 
is available, or 


(C40) <2 (K+K1 


This type of damping is often called 
error-rate damping. 

The return of the airplane to level at- 
titude after it has been subjected to a 
disturbance must be at least critically 
damped because of the nature of the dis- 
turbances encountered in rough air. 
Disturbing moments, having frequency 
components varying over the range from 
nearly zero to that well beyond the natu- 
ral frequency of the control, may be 
encountered. If the system is not criti- 
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Figure 6. Over-all amplifier phase and gain 
curves 
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cally damped, air gusts having frequency ,, 
components near the natural frequency, 
of airplane and its automatic control may 


force abnormal deviations, and what ap- 


pears to be continuous oscillation results. - 

The requirement of large static re- 
storing moments imposes the necessity 
for rate control. The damping provided 
by rate control limits the angular devia- 
tions due to air gusts, and makes possible 
close automatic control in rough air, If, 
the airplane is subjected to a sinusoidal 
gust or disturbing moment, 


Mag=M sin wi 


the resulting maximum deviation is given 
by 


M . 
 V/(CHC)%0?-+ [lu — (KK) 


A properly proportioned static and rate 
control together with the airplane’s 
inertia will go far to suppress the devia- 
tions throughout the entire range of dis- 
turbing frequencies. 

For very slow disturbances where @ 
approaches zero, 


Ma 
Onto 2 hc 
and, for the condition of critical damping, 
On 1 
PPaE se f ry 
ti 
Jn 


where f, is the undamped natural fre- 
quency. Since the ratio can never ex- 
ceed unity, the deviations are greatest 
for disturbances that approach zero fre- 
quency. The deviations are mainly 
limited by the static restoring moment at 
very low frequencies, by the damping at 
frequencies near the natural frequency, 
and by inertia at high frequencies. 

The foregoing discussion assumes that 
control moments proportional to the 
angular deviation and rate of deviation 
are applied to the airplane with no time 
lag between their occutrence and the 
correcting moments. The measurement 
of error electrically from a free gyroscope 
is accurate and instantaneous. The 
derivation of rate of error from the origi- 
nal displacement error can be obtained 
electronically with any desired response, 
depending upon the permissible amplifier 
gain. However, some time delay is 
usually present in the process of power 
amplification and movement of the con- 
trol surface; principally because of power 
limitations on the servo unit. Time de- 
lay in the application of control moment 
is important only in relation to the time 
of response required of the airplane. 
Where tight control is essential, time de- 
lay is usually the limiting factor. Error 
control, if applied through a system in- 
volving appreciable time delay, may 
cause continuous oscillation, depending 
upon the damping provided, since the 
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Figure 7. 


restoring moment then has a component 
in quadrature (instead of exactly 180 de- 
grees out of phase) with the airplane’s 
angular position, and there is some net 
energy per cycle supplied to the system. 
When rate control is applied through 
time delay, the control moment actually 
applied to the airplane has a component 
out of phase with the airplane’s angular 
position. The rate control degenerates 
partially to error control and the natu- 
ral frequency may increase considerably, 
making the need for rate even greater. 

If most of the time lag from gyroscope 
to control-surface hinge moment is con- 
centrated in a single energy-storing sys- 
tem, represented electrically by a series 
resistance-capacitance network, or me- 
chanically by a viscous friction-spring 
system, it. can be shown that the effect 
of such lag can be compensated almost 
completely by the addition of an ac- 
celeration or second-derivative signal. 
The voltage at the input to the servo 
unit therefore is made proportional to the 
sum of displacement error and the first 
and second derivatives of the error. 


Error Measurement 


Measurement of pitch and roll error 
is accomplished through the use of in- 
ductive ‘“‘pick-offs’” as shown schemati- 
cally in Figure 3. The primary winding, 
or center leg, is excited with a 400-cycle 
voltage. The secondary windings, or 
outer legs, are connected in series oppos- 
ing. Angular motion of the airplane with 
respect to the gyroscope varies the cou- 
pling between primary and opposing sec- 
ondary windings, so that the voltage in- 
duced in one secondary winding increases 
while the voltage in the other decreases. 
The output voltage is linear with angular 
rotation and has the phase of the second- 
ary winding with the larger voltage. A 
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The amplifier rack with removable flight amplifiers 


curve of pick-off voltage against angular 
rotation is shown in Figure 3. 

This phase-reversing signal pick-off 
may be described alternatively as a car- 
rier-suppressed or balanced modulator, 
where the 400-cycle voltage is the carrier 
and the airplane angular motion is the 
signal. The carrier is resupplied at the 
amplifier in the form of a 400-cycle plate 
voltage to effect “phase detection” or 
demodulation. 


Derivation of Rate and Acceleration 
Signals 


The input signal to the amplifier is a 
measurement of airplane angular dis- 
placement only, This signal is separated 
into two channels. One channel pro- 
vides a displacement component, and the 


Figure 8. A-5 automatic-pilot control panel 


other is phase-detected and applied to 
the differentiating network of Figure 4C. 
The voltage ¢,,, appearing across resist- 
ance 7, is a measure of the time deriva- 
tive of the demodulated signal voltage e. 
When the single-mesh resistance—capaci- 
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Figure 9. Cutaway view of the servo unit 


tance circuit of Figure 4A is considered in 
more detail, 


€o(t) = +ér 
Tf @ >> é,, then 
€o(t) =ecy 
and 
1=¢ bad 
eh aE 


therefore 


dé, 


er = hie 
dt 


Tf the airplane were hunting at its natural 
frequency when under automatic control, 


€o(t) =E, sin wpt 


and 
déy E : 
> =a. COS o. 
Ape . 
Also, 
ne, 

er = ae sin (wpt+¢) 

r+ 

\ i! p21? 

where 
tan ¢= 

Wnt 161 


When 7 is small compared to 1/a,c, @ 
approaches 90 degrees and 
4 eo 
dt 
Therefore, when the capacitative react- 
ance, x.., at the natural frequency of the 


control system is large compared to 7, 
the phase of e, is advanced nearly 90 


ey = N1C1W» Fg cos @yl =1 C1 
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A-5 Automatic-Pilot Sensitivities 
in the B-24E 
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degrees ahead of e,. A similar phase 
lead is possible with a series resistance 
and shunt inductance, but at these fre- 
quencies the large reactance required for 
effective vacuum-tube operation makes 
the physical size of the inductance pro- 
hibitive, 

If we refer to Figure 4B, by the same 
reasoning é,,, the voltage across 7, is a 
measure of the second derivative of e,, 
provided the impedance V ry? x9? at 
the natural frequency is large compared 
to, Any desired combination of de,/dt 
and de,*/d? is obtained by shunting Cy. 
with the resistance vs as in Figure 4C, 
Phase curves for the network of Figure 
4C and measured phase and gain curves 
for the rate channel of the amplifier are 
shown as a function of frequeney in Pig- 
ure 5, With 74 short-cireuited, the phase 
lead approaches 90 degrees at zero fre- 
queney, and with 7, open-eireuited the 
phase lead approached 180 degrees at zero 
frequency, Phase and gain curves for the 
entire amplifier are shown in Iigure 6, 


Servo Unit 


The amplified displacement and first- 
and second-derivative voltages are im- 
pressed across the input terminals of the 
servo unit, or power unit, The servo unit 
is a self-contained electrohydraulic sys- 
lem which applies cable force propor- 
tional to amplifier-output voltage. A 
hydraulie-pressure repeat-back is incor- 
porated in the servo unit whereby the 
hydraulic pressure developed in the 
cylinders, acting across a small valve- 
stem area, is matched against the force 


Figure 10. The constant-altitude control 
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developed by an electromagnetic torque 
motor. For a given voltage applied to 
the torque motor, the servo unit tends to 
maintain constant pressure in the cylin- 
ders, regardless of drum position. The 
servo drum operates at maximum speed 
until the force balance is attained. Since 
for a given amplifier output the servo 
unit tends to maintain a proportional 
force output, when no signal voltage is 
applied, it tends to maintain zero force 
output, and the servo drum moves freely 
when subjected to external forces. While 
the servo unit is capable of providing the 
large forces and speeds required, the aver- 
age power drawn from the airplane’s 
power supply is kept at a minimum, be- 
cause pressure is developed only when 
called for by the signal. 


Force Repeat-Back 


The force repeat-back principle of air- 
craft control, as provided by the servo 
unit, merits some discussion as to the rea- 
sons for its use, The aerodynamic force 
acting on a control surface depends upon 
the angular deflection of the surface 
from its neutral or weather-vane position, 
Neglecting the small positive and nega- 
tive damping forces acting on the surface 
because of its rotation and rotation of 
the airplane, this force is proportional to 
the surface deflection for small angles. 
If the airplane’s cable-system friction is 
neglected, therefore, the surface force, 
hinge moment, and cable force are pro- 
portional to their respective deflections. 

The control-system frictional forces 
normally are kept small in order that the 
human pilot may retain the “feel” of 
the airplane. Satisfactory manual con- 
trol is obtained when the ratio of aerody- 
namic force to friction force is high. 
The principal load on the control cable 
therefore may be considered that of a 
spring. The zero point of the spring, 
however, shifts over a wide range, depend- 
ing upon power, loading, and any unsym- 
metrical conditions which may arise. The 
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spring stiffness is not constant but in, 
creases as the square of the air speed. A’ 
given force applied to the control cable will 
result in different deflections of the surface 
depending upon the air speed, but will re- 
sult in a fixed control moment independ- 
ent of air speed. When the servo mem- 
ber of the automatic pilot is made to ex- 
ert a force on the control cable propor- 
tional to error signals, tight control may 
be retained throughout a large speedrange. 


Automatic Trim 


When the center of gravity of an air- 
plane shifts longitudinally, or when the 
propeller thrust or the air speed is 
changed, moments are created about the 
transverse axis which require a steady 
elevator-control-cable force for their com- 
pensation, Constant biasing moments 
such as these are normally furnished by 
the elevator “trim tab,”’ By means of 
the tab the elevator is shifted to a new 
angular position, reducing the elevator- 
cable force to zero. Since the control- 
surface position at which zero resultant 
control moment occurs is variable, it is 
convenient that the servo force be inde- 
pendent of servo position. 

Automatic operation of the trim tab 
in a manner to maintain the average 
servo-force zero is provided only in the 
elevator system, where frequent changes 
in trim occur. The trim-tab control re- 
sponds to the average elevator servo 
force, and hence to the average pitch 
error, 0. The restoring moment provided 
by the trim-tab control is approximately 
proportional to the time integral of the 
pitch error. The total restoring moment 
about the transverse axis is then 


M,= JS 0dt+K'0+C'6 
Control of Altitude and Course 


When constant altitude is required, 
the pitch attitude, and hence approxi- 
mately the rate of climb or descent of the 
airplane, is varied according to the alti- 


Cutaway view of the azimuth gyroscope 
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Figure 12. Cutaway view of the vertical gyro- 
scope 
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Figure 14. Recordings of transient flight con- 
ditions in the B-24E 


Altitude 6,500 feet; indicated air speed 175 
miles per hour 


tude error. Since the natural frequency 
of the airplane position about an altitude 
reference is low compared to the natural 
frequency of the pitch control, very close 
control of altitude is possible by using 
only altitude error signals. Normal sen- 
sitivity of the altitude control is one de- 
gree of pitch change per 20 feet of alti- 
tude error. The altitude reference is a 
barometric element, and changes in static 
pressure are caused to modulate an al- 
-ternating voltage in a way similar to that 
already described. This altitude-error 
signal voltage biases the pitch signal to 
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Figure 13 (right). 
The turn control 


provide the required changes in pitch at- 
titude. Figure 10 shows a cutaway draw- 
ing of the altitude control. 

The airplane is maintained on course 
by setting in heading changes according 
to departures from some reference on the 
ground. Heading changes may be very 
small or may consist of turns of more than 
360 degrees. For this reason, heading 
errors are measured by a synchronous 
signal transformer, the stator of which is 
driven from the vertical ring of the azi- 
muth gyroscope. The stator windings of 
this signal transformer are connected to 
the stator of an identical unit in the turn 
control, the rotor winding of which pro- 
vides the heading-error signal. Either 
rotor may be rotated to shift the azimuth 
index, thereby effecting a change in head- 
ing. The airplane is automatically 


banked by shifting the roll index an 


amount corresponding to the rate of 
change of heading or rate of turn. The 
airplane responds quickly to a change in 
azimuth index, for the control moment 
provided by the rudder is proportional 
both to the amount of index change and to 
the rate of index change. 
| 


| 
Performance 


The performance of the automatic 


"pilot is best indicated by giving static 


sensitivities in cable pull per degree of 
airplane deviation, and reproducing rec~ 
ords of transient flight conditions. A 
table of sensitivities for a typical installa- 
tion in a B-24H “Liberator” is given in 
Table I. 

The flight records are measurements of 
attitude error and control-surface posi- 
tion in their correct time relationship. 
The ‘flight recorder,” in measuring at- 
titude, has a dynamic error of less than 
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one tenth of one degree under these con- 
ditions of operation. Surface position is 
recorded by direct mechanical connection 
to the cable system, 

A transient is put into the system by 
manually overpowering the automatic 
pilot, holding this condition until con- 
siderable attitude error is established, 
and suddenly removing the manual effort. 
Typical transients are shown in Figure 14. 
In each case there is a relatively long pe- 
riod of approximately constant control- 
surface deflection while the error is in- 
creasing. At’the end of this period, the 
system is freed and the error becomes 
zero in a relatively short time. In each 
case the airplane returns to its original 
attitude in an approximately critically 
damped fashion. The records show that 
the damping supplied by the automatic 
pilot is greatest in yaw, a fact which 
should be expected since the airplane has 
its greatest inertia and least damping 
around its vertical axis. . 


Conclusions 


An airplane may be stabilized accu- 
rately about its three rotational axes, pro- 
vided proper error and error-derivative 
measurements are utilized. High static 
restoring moments are applied by the au- 
tomatic pilot with sufficient derivative 
control to provide approximately critical 
damping. The static resorting and damp- 
ing moments supplied by the automatic 
pilot, together with the airplane’s inertia, 
effectively suppress the deviations over 
the full range of disturbing frequencies 
due to rough air. The force repeat-back 
system permits tight control over a wide 
range of air speeds and provides a con- 
venient method of automatically main- 
taining elevator trim. 
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Solenoid-Operated Hydraulic Valves 
for Aircraft Applications 


GEORGE A. GOEPFRICH 


NONMEMBER AIEE 


URING the past several years there 

has been a definite trend by some 
aircraft manufacturers to eliminate hy- 
draulic Controls from combat airplanes. 
The vulnerability of hydraulic systems 
used on airplanes manufactured during 
this period and to a certain extent today 
are big factors in promoting this trend. 
Space requirements in the cockpit of an 
airplane to mount control valves and 
accommodate necessary piping to these 
valves, difficulty with packings at ex- 
tremely cold temperatures, and the lack 
of flexibility of the control system are 
other factors that contributed to the 
aforementioned trend. 

The changeover, however, has been 
slow because hydraulically operated con- 
trols have a number of advantages over 
other types in applications where con- 
siderable work must be done during a 
short period of time. 

As soon as the shortcomings of the 
standard hydraulic systems relative to 
combat airplanes became apparent, con- 
siderable effort was applied to overcome 
them. Improved packings for low-tem- 
perature operation, hydraulic fuses that 
isolate any portion of a hydraulic system 
that has a ruptured hydraulic line, and 
lightweight solenoid-operated control 
valves, the advantages and description 
of operation of which will be’given in de- 
tail later, are all recent developments 
that should bring about further considera- 
tion of hydraulic controls in applications 


Paper 44-182, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted May 5, 1944; made available for printing 
June 22, 1944. 


GEORGE A. Gorprricu is in the Bendix products 
division, Bendix Aviation Corporation, South 
Bend, Ind. 


in which considerable power is required. 
Some of the major advantages of 
solenoid-operated valves are as follows: 


1. Manually operated valves require either 
a rotary or reciprocating shaft for plunger 
or poppet actuation; therefore, seals are 
required at the point at which the shaft 
protrudes from the valve proper. Forces to 
move poppets or plungers in most solenoid- 
operated valve designs are transmitted 
into the valve without any miechanical 
linkage from outside the valve proper; 
therefore, all except static sedls are elimi- 
nated. Although considerable work has 
been done on hydraulic seals in recent years 
they still present a troublesome service 
problem because of deterioration and wear. 


2. Manually controlled valves must be 
accessible; therefore, they are mounted at 
the control point, such as the cockpit of an 
airplane. A visual inspection of the control 
panel of an airplane will show a maze of 
dials, buttons, and levers on the front side of 
the panel, and an even greater maze of wires 
and hydraulic piping at the rear. A sole- 
noid-operated valve may be actuated by a 
simple switch on the control panel and may 
be placed in a position that permits short 
hydraulic line lengths. The total weight 
and vulnerability of the system consequently 
are greatly reduced. 


3. Since solenoid-operated valves are elec- 
trically controlled, they lend themselves to 
semiautomatic and automatic operation, 
This feature is of particular importance in 
combat airplanes where automatic opera- 
tions will relieve the pilot of at least some 
mental and physical effort. Automatic 
operations in which solenoid-operated valves 


are used are now under test by the Army 


Air Forces. 


Although solenoid-operated valves have 
been used rather extensively in manu- 
facturing processes and machinery, they 
are comparatively new in aircraft applica- 
tions. The application of solenoid-oper- 


When a satisfactory method of angular 
control is established, the control of al- 
titude and course according to any de- 
sired reference is readily attained. 
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ated valves to aircraft presented many 
new problems that were not present jn 
previous applications. Some of these 
problems and means used to overcome 
them are as follows: 


1. Plungers on plunger-type valves may be 
pressure balanced, so that they can be 
moved relatively easy, but these valves are 
difficult to make with leakage rates low 
enough to be acceptable to the aircraft 
industry. The leakage rate of a plunger- 
type valve also increases with usage as the 
plunger and valve body wear, even if it is 
hand fitted or lapped to give a low rate of 
leakage initially. Poppet valves eliminate 
the leakage objection; however, if the 
poppets are large enough to permit satis-' 
factory flow at permitted pressure drops, 
the forces required to unseat the poppets at 
pressures now used in aircraft are so high 
that a solenoid designed for this purpose 
would be too large to be practical for air- 
craft usage. 


2. To bring the forces required to operate 
poppet valves within reasonable limits, 
pilot valves are used. Pilot valves are also 
poppet valves, but port areas of these valves 
are comparatively small, so that hydraulic 
forces tending to hold them closed can be 
overcome readily by a solenoid of reasonable 
size. Opening of the pilot valve initiates 
movement of the main poppet by causing a 
pressure differential on its opposite ends. 


_ A detailed description of this action will be 


given later. 
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Solenoid-operated normally gloted 
two-way hydraulic valve | 


Figure 1. 


A valve of this type weighing approximately 

one pound will function continuously at pres- 

sures as high as 2,000 pounds per square inch. 

The solenoid will draw one ampere at 24° 

volts. Ata flow of five gallons of AN-VV- 

©-366b fluid per minute the pressure drop 
will be 20 pounds per square inch 
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3. The development of hydraulic oils with 
comparatively flat viscosity curves also has 
promoted the use of pilot-operated valves. 
Pilot operation of valves depends on pres- 
sure differentials brought about by opening 
at least one orifice to permit escape of fluid in 
sufficient quantities to cause a pressure drop. 
The chamber from which escape of fluid is 
permitted is also supplied fluid through a 
small fixed orifice and clearance around 
the poppet. As temperatures decrease the 
oils eegine more viscous, thereby affecting 
the flow of fluids through the orifices and 
clearances, which in turn affects the differ- 
ential in pressure used to move the main 
poppet. However, if the viscosity can be 
kept within reasonable limits the tempera- 
ture range in which the valve will function 
satisfactorily is adequate. 


A solenoid-operated hydraulic valve 
design that has proved quite satisfactory 
is shown in Figure 1. This design is a 
pilot-operated poppet type. With refer- 
ence to Figure 1, this valve functions as 
follows: 

We will assume that the valve is closed 
with fluid under pressure in fluid chamber 
A. Fluid in the space above the main 
poppet, pilot poppet, and armature also 

_ will be under pressure, since this space is 
open to chamber A through the orifice 
in the main poppet and clearance around 
the pilot poppet and armature. In the 
valve shown, the main poppet requires a 
tractive effort of approximately 120 
pounds to unseat it at 1,500 pounds per 
square inch pressure, whereas, the pilot 
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Figure 2. Solenoid-operated normally open 
two-way hydraulic valve 


The size, weight, and functional character- 

istics of this valve are the same as those de- 

scribed for the valve shown in Figure 1, except 

that the maximum opening pressure is 1,700 
pounds per square inch 
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SWITCH 
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Figure 3. Control circuit for a normally open 
solenoid-operated valve used as a pressure 
regulator 


A. Solenoid-operated valve in normal posi- 
tion. Pump by-passing fluid at no pressure 
in energized 
Pump-filling accumulator 


B. Solenoid-operated valve 
position. 


poppet requires a tractive effort of only 
three pounds to unseat it at this same 
pressure, 

When the coil is energized the arma- 
ture will move along the brass stem 
away from the brass washer at the bot- 
tom toward the core. During movement 
of the armature, spring B is compressed. 
At a point where the air gap between the 
armature and the core is slight, the arma- 
ture strikes an annular shoulder on the 
brass stem attached to the pilot poppet 
and unseats it. Unseating of the pilot 
poppet permits escape of fluid from. the 
space above the main poppet. Although 
a small amount of fluid flows into the 
space above the main poppet through the 
orifice shown, the pressure drop in this 
space will be sufficient, so that the high 
pressure on the area below the main 
poppet will move it upward. The arma- 
ture then will be in direct contact with 
the solenoid core. Spring B which was 
compressed during initial movement of 
the armature, then will move the brass 
stem attached to the pilot poppet up- 
ward. The pilot poppet which is at- 
tached to the main poppet by means of a 
pin that permits approximately 0.040 
movement between them picks up the 
main poppet and opens it wide. Spring 
C is comparatively light, and spring B 
must be stronger than spring D so as to 
permit full opening of the main poppet. 
The total time required for opening this 
valve is less than one-tenth second at 
normal temperatures. 

When the coil is de-energized spring D 
will seat the large poppet and spring C 
will seat the pilot poppet. 

Figure 2 shows a valve of similar de- 
sign except that it is open in the un- 
energized position. When the coil is 
energized the armature moves downward, 
compressing spring F. As the armature 
moves downward it seats both the pilot 
poppet and main poppet. When both 
poppets are seated there is a gap between 
the armature and the head of the brass 
stem on which the armature slides. When 
the coil circuit is opened spring F moves 
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the armature upward. The force of spring 
F and the impact force of the armature 
then will open the pilot valve. The maxi- 
mum opening pressure of this valve is 
dependent on spring F. Sequence of 
operations to open the valve fully from 
this point are the same as those described 
for the normally closed unit. 

The impact feature built into these 
valves adds approximately 30 per cent 
to the maximum pressures at which these 
valves open. 

Various combinations of two-, three- 
and four-way valves with ports normally 
open, normally closed, or a combination 
of normally open and normally closed can 
be manufactured to fit any particular 
application. 

Some typical circuits that may be used 
to control the operation of these valves are 
shown in Figures 3 and 4. 

Figure 3 shows a normally open sole- 
noid-operated valve, same as that shown 
in Figure 2, used in conjunction with a 
pressure switch to regulate the flow of 
fluid to a hydraulic accumulator. A snap- 
action switch with a slight range of travel 
between the ‘‘off’’ and ‘‘on’’ position, for 
instance, might keep the accumulator 
charged to a pressure of from 800 to 
1,000 pounds per square inch. Pressure 
switches of this type are now available. 


Figure 4 is a schematic drawing show- 
ing a three-way valve with a normally 
closed pressure poppet and a normally 
open exhaust poppet used to charge auto- 
matically a gun of the 0.50-caliber M-2 
Browning type. This system will auto- 
matically charge a gun, when it fails to 
fire, if the trigger switch is depressed. It 
also provides means to “‘safety” the gun, 
that is, hold the bolt in the retracted 
position so that it cannot be fired. 

The hydraulic system, with the ex- 
ception of the three-way valve, is common 
to all airplanes that have hydraulic 
systems. The trigger switch, firing sole- 
noid, and firing relay are common to all 
airplanes having an electrical firing con- 
trol. ; 

Three relays and an electrolytic con- 
denser are required in the control box. 
One control box is required per gun. A 
normally open switch, that is, actuated 
by the gun bolt, is mounted on a hydraulic 
actuating cylinder mounted on the gun. 

Any number of guns may be con- 
trolled from one common switch in the 
cockpit; however, a control box, hy- 
draulic actuating cylinder, gun switch, 
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Figure 4. Control circuit for a fully automatic 
gun-charging system plus means to “safety” 
guns 


and three-way valve are required for 
each gun. 

When the control switch is placed in 
the ‘“‘combat”’ position the time-delay re- 
lay is energized by a closed circuit through 
the control switch and the normally closed 
contacts of the compound relay. The 
normally open set of contacts that con- 
trols the locking relay coil therefore is 
closed, the locking relay coil energized, 
and its normally open sets of contacts 
closed. The only purpose of the locking 
relay is to prevent a partial charging cycle 
when the combat switch is closed initially. 
From this point on the locking relay will 
be energized until the setting of the con- 
trol switch is changed. The two sets of 
normally closed contacts of the time- 
delay relay that control the coil circuits 
of the valve are then open. The system 
will stay in this condition until the firing 
switch is closed. 

When the trigger switch is closed, coil 
number 2 of the compound relay is en- 
ergized, thereby opening its contacts and 
breaking the circuit to the time-delay re- 
lay coil. The normally closed contacts of 
the time-delay relay will not close im- 
mediately because of the condenser across 
its coil. Ifthe gun then fires, the charger 
stud will actuate the gun switch once per 
round fired, thereby maintaining the time- 
delay relay in the energized state with 
current impulses. If the gun fails to fire 
after a predetermined time interval, the 
two pairs of normally closed contacts of 
the time-delay relay will be closed and 
both coils of the valve energized. The 
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exhaust port of the valve then will be 
closed and the pressure port open. Fluid 
under pressure is then free to flow into 
the actuating cylinder which retracts the 
bolt to its fully recoiled position. In the 
latter position the gun switch will be made, 
thereby closing the circuit to the time- 
delay relay which opens the circuits to the 
solenoid coils of the valve, which again 


Figure 5. Solenoid-operated four-way hy- 
draulic valve commonly used to control a 
double-acting cylinder 


Weight—41/, pounds. Will handle flows 
up to six gallons per minute at a maximum 
pressure drop of 35 pounds per square inch 


assumes its normal position and permits 
the fluid in the actuating cylinder to re- 
turn to the supply tank. A quick release 
mechanism on the charging cylinder holds 
the gun bolt in the recoiled position and 
keeps the gun-switch circuit closed until 
fluid in the actyating cylinder is very 
nearly exhausted. If the gun does not 
fire again in the predetermined time after 
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completion of a charging cycle, the opera- ~ 


tion will be repeated if the firing circuit is 
still closed. 4 

Relay-coil number 1 of the compound 
relay assures completion of any charging 
cycle that is initiated, irrespective of the 
condition of the firing trigger. This coil 
is hooked into the coil circuit that con- 
trols the high-pressure poppet and can 
be opened only when the gun switch is 
made at the end of the actuating-cylinder 
travel. " 

When the control switch is placed in 
the “‘safe’’ position, the locking relay is 
immediately energized, and, since the 
contacts at the time-delay relay are 
closed, the coil that controls the high- 
pressure poppet will be energized to un- 
seat it and permit fluid under pressure to 
flow into the actuating cylinder. The 
circuit to the coil that controls the ex- 
haust poppet is closed directly as the con- 
trol switch is put into the ‘‘safe’’ position 
and, therefore, will remain seated as long 
as the switch is in this condition. As the 
actuating cylinder retracts the gun bolt, 
it will make the gun switch at very near 
the end of its travel. Closing of the gun 
switch will energize the time-delay relay 
coil, the contacts of which will open and 
break the circuit to the coil that controls 
the high-pressure poppet which will then 
seat. 

Since the coil that controls the exhaust 
poppet remains closed as long as the con- 
trol switch is in the safe position, the gun 
bolt will be held retracted during this 
same period. When the switch is put into 
the neutral or “‘off”’ position, the exhaust 
poppet will be unseated and permit fluid 
trapped in the cylinder to return to the 
supply tank. : 

The aforementioned control circuits 
have been cited to show the flexibility of 
controls in which hydraulic power is 
electrically controlled by means of sole- 
noid valves. Other types of control cir- 
cuits that permit positioning of an 
actuating cylinder in an infinite number 
of positions without hydraulic lines lead- 
ing to the control point also have been 
developed. 

In conclusion, a combination hydraulic 
and electrical control may offer better 


possibilities than either one used alone. — 


For instance, the automatic gun charging 
unit shown in Figure 4 would be a prac- 
tical impossibility with a wholly hydraulic 
control, and a wholly electrical control 
would probably be heavier and more com- 
plex to attain the same functional char- 
acteristics obtained by the combination. 
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The Scientific Basis for the New British 
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System of Cockpit Lighting 


EDWARD S. CALVERT 
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Synopsis: The new British system uses 
ultraviolet for the illumination of the instru- 
ment markings and red floodlighting for the 
general illumination of the cockpit. The 
scientific basis for this system, which is 
Known as the dual system of cockpit light- 
ing, is discussed, and some details of the 
fittings are given. Particular emphasis is 
laid on the layout of the cockpit, correct 
layout being regarded as the most important 
single factor for the success of the whole 
system. 


In order to operate an aircraft at night, 
and particularly a military aircraft, with 
the maximum comfort, safety, and 
efficiency, the pilot must be able to read 
his instruments at a glance, but the 
method used to render the instrument 
markings legible must not be such as to 
reduce appreciably his ability to see ob- 
jects outside the aircraft. Anyone who 
has tried to look out of a lighted room at 
night knows that the brightness level 
inside the room must be low if anything 
much is to be seen outside. This was 
realized from the beginning of cockpit 
lighting, and the markings on the instru- 
ments until recently have been self-lumi- 
nous and could be read, although with 
some difficulty, without any lighting at 
all. However, as controls, switches, radio 
equipment, messages, maps, and so forth 
also must be observed or read at times, 
it has in the past been the custom to in- 
stall a system of general lighting, usually 
white, for use when required, these lights 
being controlled by means of dimmers. 

Had the right color been chosen for the 
self-luminous paint and for the lighting, 


.and had cockpits been laid out so as to 


make it possible to put the lights in rea- 
sonable positions for good illumination, 
then, operationally this system would 
have been satisfactory. It is, however, 
the fact that the wrong color, that is, 
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green, was chosen for the self-luminous 
paint, and that the right color, that is, 
red, was not always chosen for the light- 
ing. Also, until night fighting forced 
attention to the problem the lighting was 
not considered to be important enough 
to be taken into account in the initial 
layout of the cockpit, with the result that 
some types of aircraft were built with 
cockpits which, without extensive struc- 
tural alterations, could not be illumi- 
nated adequately by any method what- 
soever. 

It is the object of this paper to show 
from the properties of the dark-adapted 
eye what the colors of the markings and 
of the cockpit illuminant should be, and 
also to indicate the few simple precautions 
which have to be taken in the layout of 
the cockpit and the positioning of the 
lamps to insure good results. The layout 
of the cockpit is considered to be by far 
the most important single factor in cock- 
pit lighting, but for convenience the color 
of the markings will be considered first. 


Color of Markings 


It is common knowledge that the ordi- 
nary green self-luminous markings can- 
not be focussed sharply by the normal 
dark-adapted eye at the distances at 
which these markings are observed, that 
is, about 18 inches or more. If the color 
is changed to orange without altering the 
brightness of either the markings or their 
background, it will be found that the 
markings stand out with a distinctness 
most surprising to those who for years 
have put up with the ordinary “fuzzy” 
green markings. Unfortunately orange 
self-luminous compounds of sufficient 
brightness have not been available until 
quite recently, and little is known as yet 
of their durability in service. Red self- 
luminous compounds of sufficient bright- 
ness are not available at the present time, 
and there are reasons for believing that 
they never will be. 

Important as distinctness of markings 
undoubtedly is, there is still a stronger 
reason for changing from green to.red or 
orange. In the dark-adapted eye the 
ratio of parafoveal to foveal sensitivity 
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decreases from about 500 in the blue and 
200 in the green, to about 10 in the 
yellow-orange and 0.8 inthe red. When 
the pilot is looking out of the cockpit, the 
images of the markings are thrown on 
the parafovea, that is, are seen in the tail 
of the eye, and it is this parafoveal sensi- 
tivity ratio which determines the dis- 
tracting effect of the cockpit lighting. 
In other words, what is wanted are mark- 
ings of such a color that they appear to 
come up bright when the observer looks 
directly at them, but fade out as soon as 
the observer looks away from them. 
Deep red meets this requirement very 
closely, but even orange-red is a very 
great improvement on blue-green. 

The reduction in the distracting effect 
of the markings is the fundamental reason 
for changing the color from green to 
orange, and for selecting red as the color 
of the general lighting, but there are 
other important reasons: 


(a). As the specular reflectivity of the side- 
screens is of the order of ten per cent, it 
follows that reflections of objects inside the 
cockpit cannot be seen in the sidescreens 
either foveally or parafoveally if the general 
illumination of the cockpit is such that the 
brightness of these objects is less than about 
ten times threshold. If white were used, 
these reflections seen parafoveally would ap- 
pear to have a brightness about the same 
as the actual objects seen foveally. 


(b). Because of the relative insensitivity 
of the parafovea to:red, there is little or no 
danger of scattered light from the cockpit 
giving away the position of the aircraft to 
an enemy. 


(c). The time taken for the eye to pass 
from the light to the dark-adapted state is 
very considerably shortened if adaptation 
takes place in the presence of weak red light 
instead of in complete darkness. If dark 
adaptation is lost due to the aircraft being 
caught in searchlights or through the use of 
a hand torch in the cockpit, then recovery 
of dark adaptation is hastened. 

(d). Recent research indicates that in the 
presence of weak red light the final state of 
dark adaptation is not impaired to an ap- 
preciable degree, and, indeed, may be 
slightly better than in complete darkness. 


As the last of the afore-mentioned rea- 
sons may be questioned, it is worthy of 
note that a similar result was obtained 
quite independently in tests using a typi- 
cal single-seat cockpit fitted with instru- 
ments having yellow painted markings 
and illuminated with weak red light. It 
was found that after observing these 
markings, representative targets outside 
the cockpit could be picked up in times 
which were about ten per cent shorter 
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than were obtained in complete darkness. 
This result seems to be explainable only 
on the assumption that the eyes are 
slightly more sensitive in weak red light. 


Layout of Cockpit 


All modern operational aircraft have 
totally enclosed cockpits. The enclosing 
surfaces must be polished in order to be 
transparent, and there is no practicable 
method of preventing these polished sur- 
faces from reflecting whatever objects 
happen to bear the correct geometrical 
relationship with the observer’s eye. It 
follows that reflections can be eliminated 
only by adopting the principle of the re- 
flectionless shop window, that is, by 
arranging that the important surfaces, 
namely, the windscreen and those parts 
of the sidescreens immediately adjacent 
to it, shall reflect some surface of low 
brightness, that is, which is painted mat 
black. This black surface obviously must 
take the form of a coaming underneath 
the windscreen, as shown in Figure 1. 
In new designs such a coaming can be 
incorporated without detriment to the 
general layout, and even in existing types 
of British aircraft no case yet has been 
found in which a substantial coaming 
could not be fitted. 

As regards the positioning of the lamps, 
the chief trouble is to avoid reflections of 
the light source itself in the cover glasses 
of the instruments on the panel. It fol- 
lows from the geometry of the layout 
shown in Figure 1 that the pilot will not 
see images of the light source if the lamps 
are mounted as high or higher than the 
top of the upper row of instruments, and 
that the correct place to mount the lamps 
is underneath the coaming. The coam- 
ing therefore serves to prevent reflections 
both in the windscreen and in the cover 
glasses of the instruments. Where ultra- 
violet radiation is used the coaming has a 
further purpose. 

It is obvious that the whole inside of the 
cockpit should be mat black and that the 
pilot’s clothing, and particularly his 
gloves, also should be black. Instru- 
ments should not have protruding bezels 
or knobs which would cut off the light 
from other instruments. Markings 
should be bold, all of one standard size, 
and should be shaped and proportioned 
to give maximum legibility. Instruments 
with markings smaller that. standard, if 
possible, should be grouped nearer the 
lamps than those with the larger mark- 
ings. The instruments at the sides and 
bottom of the panel should be tilted so 
that neither the pilot’s view of them nor 
the illumination incident on them is un- 
duly oblique. 


Methods of Cockpit Lighting 
If it is assumed that the cockpit will 


be laid out and the lamps mounted as 
described previously, then the simplest 
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solution would be to have the markings 
in orange self-luminous paint and to use 
red general cockpit lighting capable of 
being dimmed to extinction. It easily 
can be shown that markings which are 
just bright enough to be seen in complete 
darkness are bright enough to be seen on 
moonlit nights and in twilight. In any 
case, the general lighting system, if 
properly installed, can be used to boost 
the brightness of the markings if abnor- 
mal conditions arise, as for instance, when 
the aircraft is caught in searchlights. 
This paint is already used in a few 
British instruments, notably the lubber 
lines on the magnetic compass. 

However, even if a satisfactory orange 
self-luminous paint should be forthcom- 
ing, there are objections to it on produc- 
tion and maintenance grounds, and there- 
fore it was decided not to use it in the 
new British system of cockpit lighting. 
Red light on plain white painted markings 
was tried, but it was found that the 
markings appeared flat, owing partly to 
the deep-red color and partly to the fact 
that the contrast between the markings 
and their background in practice seldom 
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Figure |. A\ntireflection coaming 


Reflected rays and image of coaming in wind- 
screen shown dotted 


exceeds 20 to 1. Also, most existing cock- 
pits contain small miscellaneous objects 
which are light colored or give small 
specular reflections. For these reasons it 
was decided to use orange fluorescent 
markings and to supplement the red light- 
ing with ultraviolet radiation, thereby ob- 
taining the desired distinctness. This 
combination also permits both red and 
ultraviolet to be used at low intensities, 
thereby reducing troubles from specular 
reflections due to the red, or from eyeball 
fluorescence due to the ultraviolet. Also, 
either system acts as a standby for the 
other in case of lamp failures. This 
whole system is known as the dual system 
and has been adopted as the standard 
method of cockpit lighting for all opera- 
tional types of British aircraft. 

Another method of rendering the in- 
strument markings legible is to build 
lamps into each instrument, or light them 
from behind the panel as in automobiles. 
Unfortunately aircraft instruments, be- 
ing of all shapes, sizes, and types, do not 
lend themselves well to being lighted in 
this way, and great difficulty is experi- 
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enced in securing uniform dimming and 
uniform dial brightness, and in prevent- 
ing light from leaking out round the edges 
of the bezels. These leakages can be 
overcome by the use of ultraviolet in 
some form, but the great disadvantages 
of the method as regards production and 
maintenance still remain, these disad- 
vantages being even more marked in the 
case of British aircraft which have not 
hitherto had earth return. In any case, 
this method has to be used in conjunction 
with a floodlighting system in order to 
illuminate the large amount of gear which, 
in modern aircraft, lines the sides of the 
cockpit. 


Fittings 


The chief requirement for the fittings 
is to keep the size down. The red lamps 
used in the dual system are 2.4 inches 
long by 0.75 inch in diameter and ac- 
commodate a lamp of three watts. Two 
of these under the coaming usually can 
be arranged to flood the whole cockpit, 
that is, the instrument panel and the two — 
sides. A local light is always required 
over the magnetic compass, but, since the 
needle, grid wires, and lubber line are 
orange self-luminous, this light is only 
used when setting a new course, ‘ 

Ultraviolet radiation, if allowed to 
enter the eye, produces the effect of a 
blue mist, but in the dual system this is 
prevented partly by the coaming and 
partly by screening the lamps. As only 
a small amount of ultraviolet can be used 
without detriment to vision, the radia- 
tion should be obtained from tungsten 
filament lamps so as to obviate the diffi- 
culties associated with gaseous-discharge. 
tubes, that is, dimming and radio inter- 
ference. In the dual system two seven- 
watt fittings have been found sufficient 
for single-seat cockpits and four for two- 
seat cockpits. 

Since, in the dual system all lights 
would go out if the aircraft electric supply 
failed, one additional orange lamp is 
fitted over the flying instrument panel, 
and is supplied from a separate alkaline 
accumulator. The members of the air 
crew also are issued with hand torches 
which may be fitted with red bulbs. 


Concluding Remarks 


The dual system now has been fitted 
to many types of aircraft and tested by 
many pilots, and in no case has any 
report adverse in principle been made. 

So many conflicting requirements have 
to be met in the layout of a cockpit that 
an entirely happy solution to the light- 
ing problem is not always possible, but 
there is no doubt that the aforementioned 
principles, if borne in mind in the early 
stages of the design and applied with 
ordinary ingenuity, will lead to reason- 
ably satisfactory installations. zi 
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Considerations in Servomechanism Design 


S. W. HERRWALD 
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Synopsis: A servomechanism is in general 
any closed-cycle regulated system that is 
controlled by a difference of quantities. In 
this; paper, methods are outlined by means 
of which the steady-state and transient 
performance of servomechanisms can be cal- 
culated. A general solution in operational 
form is given, and specific solutions are 
derived for a number of different types of 
angular-position servomechanisms. Among 
these is the solution for the Ward-Leonard 
type of control with RC antihunt feedback. 
This is probably the most common type of 
angular-position control. 


ERVOMECHANISMS include many 

familiar regulator systems. The 
simple float valve controlling water level 
in a tank and the voltage regulator in 
reality are servomechanisms. The war 
has brought about many important new 
applications including: holding airplanes 
and ships*on predetermined courses; 
stabilizing and rotating guns; producing 
exact duplicates of intricate patterns 
and dies; indicating flap or landing-gear 
position; and a multitude of others. 
Probably the most common servomecha- 
nism system is that which matches the 
position of a high-torque shaft to that of 
a low-torque shaft. This will be re- 
ferred to as an angular-position servo- 
mechanism. By means of this servo- 
mechanism the high power required to 
operate a gun turret can be controlled so 
that the gun accurately matches the posi- 
tion of a low-power hand-operated sight. 
Whether the operating power is electric, 
hydraulic, or a combination of these or 
other types of power, the analysis to fol- 
low provides a basis for obtaining servo- 
mechanism performance in terms of basic 
design parameters, 


Definition of a Servomechanism 


In Figure 1, the nature of the com- 
ponent parts involved in a servomecha- 
nism and the meaning of the term closed- 
cycle are clearly illustrated. The three 
fundamental parts are the error measurer, 
the controller, and the output-quantity 
control member. As shown by the inter- 
connecting arrows each of these basic 
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parts is dependent for its operation upon 
one of the others and in turn influences the 
operation of the remaining part, hence the 
use of the term closed-cycle as shown by 
the closed counterclockwise system. 

As previously defined, a servomecha- 
nism is in general any closed-cycle regu- 
lated system that is controlled by a differ- 
ence of quantities. The wide scope of 
this definition can be realized best when 
it is noted that no limitation is placed on 
either the input or output quantities. 
Thus we may have regulation of speed, 
voltage, position, flow, and so forth. If 
the error measurer contains an element for 
converting quantities, the input and out- 
put quantities need not be the same. 
Many servomechanism problems have 
been solved commercially by Rototrol!! or 
Amplidyne control or regulating systems. 
The basic component of each of these sys- 
tems is rotating d-c equipment to which 
suitable control, either of the electronic 
or some other type, has been added. 


The General Servomechanism 


Figure 1 illustrates the basic elements 
of a general servomechanism and their 
interrelation. A theoretically perfect 
servomechanism would be one in which 
the output quantity varied with time ex- 
actly astheinput. Referring to Figure 1 
it is seen that this is not possible, since 
no error would be developed by which the 
output member could be controlled. The 
design of servomechanisms deals with 


INPUT 
QUANTITY 


EXTERNAL DISTURBANCE 
ON CONTROL MEMBER 


DIFFERENCE OUTPUT 


OR QUANTITY 
ERROR OUTPUT CONTROL 
MEASURER QUANTITY MEMBER 


CONTROLLER| DISTURBANCE. 
ON CONTROL| MEMBER 


CONTROLLER 


Figure 1. General servomechanism block dia- 
gram 
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Figure 2. Angular-position servomechanism 
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methods of keeping both the magnitude 
and transient duration of the error be- 
tween input and output small enough 
to meet the desired operating conditions. 

The various elements in Figure 1, may 
be represented mathematically as time 
functions as follows: 


i(t)=input measurement as a function of 


time 

O(t) =output measurement as a function of 
time 

E(t) =error measurement as a function of 
time 


C(£) =control of output member as a func- 
tion of time 

C,(f) =external disturbance of output con- 
trol member as a function of time 


Also: 
F(t) =2(t) — O(t) (1) 


The Laplacian operator form of any time 
function is given by 


(bp) =P ne e ”'p(t)dt (2) 
0 


If o(f), (6), 6”(4), and so on = 0 at 
t=o, p may be thought of as equivalent 


to o When equation 2 is used, equation 
1 becomes 

E(p) =1(b) — O(8) (3) 
Also: 

C(b) =fc(b) E(b) (4) 
O(b) =fo(b) [C(p) + Ca () ] (5) 
where 


fc(p) is the response function of the con- 
troller. 

fo(p) is the response function of the output 
control member. 


Both of the above quantities are similar 
to the response function of an electric 
network. In the familiar response of an 


LR series circuit, corresponds to 


R+LP 
fc(p) of equation 4, and C(p) and E(p) are 
analogous to the current and impressed 
voltage, respectively. 

By substituting equations 3 and 4 
into equation 5 and solving for E(p), one 
obtains 


U(p) —fo(b) Co(P) 

OTF Feel) io 

This is the basic servomechanism equa- 
tion and is of the type attributed to an 
unpublished memorandum of J. Taplin 
in 1937.1 Taplin recognized the simi- 
larity of the automatic-control problem 
and the amplifier-design problem as 
given by Black? and Nyquist. Inte- 
grating E(p) in the Bromwich Wagner 
integral yields E(t). 

Over a period of years a number of 
solutions of equation 6 have been made. 
Certain assumptions and approximations 
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were used to obtain these solutions. — If 
these same assumptions and approxima- 
tions can be justified by the designer, the 
established equations may be used, and 
the need for obtaining a new solution of 
equation 6 will have been eliminated. 
Once the characteristic equations of any 
given type of servomechanism have been 
obtained, they may be applied to any 
servomechanism of that type regardless 
of what the controlled parameter is. 
These equations permit analysis from 
which it is possible to design equipment 
to meet certain specifications. Stability 
as well as transient and steady-state 
errors can be predicted. 


A good method to follow in the design 
of a servomechanism is to separate the 
mechanism into its component parts as 
shown by Figure 1, then to calculate the 
response functions of these components, 
and finally either to use an established 
solution of equation 6 such as those 
following or to obtain a new solution. 


Angular-Position Servomechanism © 


The procedure to be followed in making 
an analysis of a servomechanism can be 
illustrated by consideration of the rela- 
tively common angular-position servo- 
mechanism. Such a system is schemati- 
cally illustrated in Figure 2. 

Where 


6,(t) =input angle as a function of time 
6,(t) =output angle as a function of time 
6(t) = 6,(t) — 6,(t) =error angle as a function 
of time 
c=viscous damping coefficient of output 
member 
Z=lumped inertia of output member 
F(t) =coulomb friction as a function of time 
T,(t) =external load torque as a function of 
time 
T(t) =controller torque as a function of time 
w;(t) =input velocity as a function of time 


The response of the output member 
can best be obtained by writing its differ- 
ential equation: 


i 
xk 68+ T+ Fell) = Tell) (7) 
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6 
At t=0 with - and o=0, the Lapla- 


cian form of the foregoing solved for 8,(p) is 


(Te(b) — Fi(p)) (8) 


mee cp 


Comparing equation 8 and equation 5 one 
finds 


O.(P) = To(P) he? 


1 
fold) ~Tp?-+cp 
C(p) =T.(P) 


Co(p) = — TOF) 


By substituting into equation 6, one 
obtains 
(Ip? + cp) 6i(p) + To(b) + Fo(b) 
A(p) = (9) 
?) Tp*-+cp-+helb) 
Since p6;(p) =w;(p), equation 9 can be 
written as 


(Ip+c)wi(p) + To(b) + Fo(P) 
Ip?+cp+fe(b) 


Thus once a control operator, f,(p), is 
determined, we have an error equation for 
either an angular-displacement or an 
angular-velocity input disturbance. Sev- 
eral solutions of equation 10 with different 
control operators, f,(p), are given. 


A(p) = (10) 


Simple-Error Controller 


The simplest form f,(p) can assume is a 
constant. 
With f,(p) = K equation 4 becomes 


T(p) = Ko(p) (11) 


This gives a controller whose torque is 


proportional to the error angle, and K_ 
is known as the stiffness constant. If 
feb) =K, To(p)=Fo(p)=0, and w,(p) is 
made w, at ‘=0, equation 10 becomes 
(Ip+c)w 

Ip?+cp+K 

The effects of T,(p) and F,(p) ~ 0 can be 
obtained by superposition. 


Setting p=0 in equation 12 gives the 
steady-state error 


O(p) = (12) 


re 


(13) 


With the effects of T,(t) and F,(t) con- . 
sidered 


cwy+ Tot F, 


Bevis K (14) 


Similarly in equation 9 with 6;(p) = 


O55 = stot (15) 
K 

In determining stability and transient 
response of a servomechanism, it is con- 
venient to use some standard input func- 
tion and then to compare the errors ob- 
tained using different controller parame- 
ters. A very useful and practical 
input function of that type is constant 
velocity, w, applied to the input at t=0 
and held at that value thereafter. This 
is the case described by equation 12 for 
the simple-error type of controller. Re- 


Aas : : c 
writing equation 12 in terms of fea 
c 
c 


ae the ratio of actual to critical 


damping, and w,= \" the undamped 


natural frequency of the system yields a 


more general solution. Then 
(pH2rw,)wi 
6(p) = ——— Pee 0 
(p) p Ebbw (16) 


The solutions for equation 16 obtained 
by operational methods are 


cil 
CAC; 
Oa(1-6 ra (cos t—r? Wyt+ 


Asse 
2] 
£ sin-V/1= real) (17) 


aVi—-r 


Figure 4. Response 
curves of error-plus- 
error-rates servo- 
mechanism with no 
viscous damping and 
(I-a) held constant 
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r=1 2 

a(t) Ay Wy 

00) 5 _ gst (14%) (as) 
Pes¢ 2 

r>1 

CG Patls ai 

a(t) = (1 en (coshy/72— lw,t+ 

Asse 


2r71 


o/h a) (19) 


\Psse is the steady-state error with criti- 
cal damping and is equal to 2w/wp. 
Ossc¥ = 270/Wy and checks 6,, in equation 
13. Figure 3 gives 0(¢)/0,,, as the ordi- 
nate and w,¢ as the abscissa, for different 
values of 7. Since both 6(t)/6,;, and wy 
are dimensionless and neither contains 7, 
the curves shown in Figure 3 give both 
the relative magnitude and duration of 
the transient errors. Figure 3 is similar 
to the curves given by Hazen,‘ with 
the exception that different dimension- 
less parameters which give a truer picture 
of transient duration were used. As ex- 
pected Figure 3 shows that when the 
damping ratio, 7, is increased, the os- 
cillation about the steady-state position 
is reduced, although the time initially to 
approach the steady-state error is in- 
creased. Ifa fairly large initial overshoot 
can be tolerated, small damping ratios 
may give satisfactory performance be- 
cause of their correspondingly lower 
steady-state errors. 

The prime difficulty with a regulator 
of this type occurs because the damping 
torque is proportional to speed. Con- 
sequently, at high operating speeds, there 
is a large amount of power being dis- 
sipated in the damper. This loss can be 
tolerated in low-power systems; how- 
ever, high-power systems require other 
means of obtaining stable operation. As 
is usual in design, compromise is neces- 
sary. High values of r are desired to 
prevent large transient overshoot, yet 
these same values bring about an increase 
in the steady-state error and damping 
power loss. 


Error-Plus-Error-Rates Controller 


Examination of equation 10 shows that 
to overcome the disadvantages of the 


‘simple-error controller a positive term in 


p and a negative term in p? are desired in 
the denominator. The positive term will 
provide damping to the system without 
increasing the steady-state error or damp- 
ing loss for a constant-velocity input, 


OUTPUT @o(t) 
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Figure 5. Schematic representation of error- 
plus-RC-output-feedback servomechanism 
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since both are dependent only on c. The 
negative term in p? will minimize inertia 
effects. Such a controller would give 
f(p) in equation 10 the form, 


f(b) = —ap?+bp+K (20) 
and 

a6 
T.()=— a 6 + Ko (21) 


dt? 


If equation 1 and equation 7 are used, 
the differential torque equation can be 
written as 


oe 
aes A1+To(l)+ Fold) 
=. (7: —-+(b a Ké (22) 
= (I—a) a+ 3 A a ( 


Rewritten in operational form 


(mp?+2frwnp)O.(p) + (1—m) pwit 
To (b) + Fo(b) 
P*+2rwnpt+wy? (23) 


6(b) = 


with the initial boundary values, (1—m) 
pw, showing up as an external torque and 
where 


Bae cant be 
I—a’ b+e 20/ (I—a)K 
nme) 

I-a 
With £0;,(p) =wi and T,(p) = F,(p) =0 equa- 


tion 23 becomes 


(p+ 2frwy)w1 
QS 
Oe aateg Beas (24) 
Solutions by operational methods give 
r<l 
6(t TT iat 
9(2) = Coca (cos V/1—r Wat + 
Asse 
Sant eg 
2frr/ 1-r? Ns =F) i, 
=] 
a(t) £ ( W. ‘) 
NEL eae ra) We Pe ea 26 
Bass Sere) ii 
r>1 
Ot Bie: 
9(2) 2 (: —e Tn! (cosh Vn lw,t+ 
Psse 
| 2fr?— 
am 5 sink V8 — iwat)) (27) 
Where 
_ 2fwr 
SSC = 
w, 


n 


Most designers strive to make ¢ as 
small as possible so that steady-state 
error for constant velocity input is mini- 
mized. The solutions of equation 24 
with c=f=0 are 


r<l 
O(t)wn _€ itn! 


Oe Ao 


= sin =f Wal 


(28) 
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Figure 6. Schematic representation of error- 
plus-negative-RC-feedback servomechanism 
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The foregoing equations are particu- 
larly useful because they result in 
simple transient solutions to which the 
steady-state error for f—>0 can be added 
without any appreciable inaccuracy. 


Pre 


Figure 4 is a plot of against w,yt 


for different values of r a (I—a) held 
constant. It should be noted carefully 
that for stability a<J, since the first 
criterion of stability is that all coeffi- 
cients be positive. Again as in Figure 3, 
the abscissa, w,t, does not contain 7 so 
that it truly represents transient dura- 
tions for variations of r. Figure 4 illus- 
trates quite clearly the compromise in- 
volved in derivative damping: 


(a). Transient duration may be decreased 
at the expense of peak error. 


(b). Transient peaks may be decreased by 
providing a controller capable of delivering 
high values of derivative damping. This 
usually involves a more elaborate controller. 


As difficult as it is to obtain high value 
of first derivative damping reliably, the 
problem is extremely more difficult in 
obtaining a component proportional to 
p?. Usually one takes the values of a 
that can be obtained and has little control 
over its magnitude. 


Error Controller With RC-Output 
Feedback 


The difficulty of obtaining economi- 
cally quantities accurately proportional 
to error change has led to a wide practice 
of using a resistor-capacitor network 
across a voltage proportional to the out- 
put speed, d0,/di, to obtain antihunt. A 
common system is to use a d-c tachometer 
generator directly connected to the out- 
put drive. A schematic diagram of a 
system of this type is shown in Figure 5. 
Neglecting load and friction torque, 
torques may be equated as follows: 


(31) | 
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Figure 7. Schematic representation of error- 
plus-LRC-output-feedback servomechanism 


Two sets of initial conditions have to be 
assumed, because different transient re- 
sponses are obtained when the output 
velocity function p0;(p) is taken as an 
acceleration or deceleration. This is 
caused by the charge on the capacitor, 
C, for a steady-state velocity The two 
sets of conditions assumed are: 


(32) 


1 
(5 fm), -e (33) 

The solutions for 0(p) using boundary 
conditions (equations 32 and 33) are 
identical with the exception that the 
initial values given by equation 33 show 
up as an external torque. (o(p) in equa- 
tion 6. Thus as derived in equations 
56 and 60. 


O(p) = (Pp) 
i 
Fo(b) 7 
KiRCgp? 
2 SETS SE Le 
Ip*+cp+ 1+RCp 
C(p) =K0(p) (34) 
E(p) =9(p) 
Fc(P) =K 
C,(p) =0 using equation 32 
K2RC 
Cy(p) -(14 Tan Yo using equation 33 


The solution for 0(p), using equation 32, 
is given by equation 57 as 


K»RCgp? 
Tipe panne ee 
( b ea t 
K2RCgp? 
T ane 
p+cp+ 1+RCp 1K 


Letting p0,(p) =w,att=0 

Cc 
Gaara he 
ee a + Fo 


0(p) = (p) (35) 


9(p) = 
ROR TV RCI 
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where 


g=generator constant, volts per radian 
per second 
K,=controller constant, foot-pound per volt 


A Keg sc 


The corresponding solution for 6(p) 
using equation 33 is given by equation 


61 as 
ee F 
2 SSO | Ws = 
(re+e0+4 RCp i\P) 


I(p) = R 
2 a 
Ip*+cp+ 1+RCp 
If at t=0, p0,(p) is instantaneously 
madezero,0;(p) remains at the value cw,/K 


and 

1(p) = ‘ 

(Canes 2 —(p+n—<)on 
RETR NE OF 


FOI RCI 

The steady-state error for constant 
velocity input, #), is still cw,/K as it was for 
the simple-error case. To reduce this 
error, c is made as small as possible. The 
case with c=0 is of importance and re- 
duces both equations 36 and 38 to the 
same value with the exception of sign. 
With the positive sign 


( +o) 
0(p) = eRe (39) 
i We ike K K 
3 7 Bel 2 =< pa se 
om (got : )p +50+ea 


For 6(t) to be damped the product of 
the second and third denominator term 
coefficients must exceed the first and 
fourth term coefficient product. This 


0 0.25 , 
CYCLES PER SECOND 


0,50 


Figure 8. Absolute voltage comparison of 
RC and LRC antihunt circuits 


R=9200,000 Rr =100,000 
C=3 microtarads L =20,000 henrys 


requires K2RCg>0 which is a result that 
easily could have been anticipated. 
Solutions for 0(¢) from equations 36, 38 and 
39 may be obtained by general methods, 
However, in many cases, it is easier to 
assign specific values to the constants, 
find the roots of the equation by a 
method with which one is most familiar, 
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and obtain several particular solutions’ 
by operational methods, rather than /a 
general solution. If c arbitrarily is made 
zero only in the denominator of equations 
36 and 38, equations result which con- 
tain a steady-state velocity error yet do 
not derive any damping from that energy 
loss. This represents the case of a d-c 
motor with thyratron armature control. 
Here we have a velocity error, because a 
definite armature voltage must be main-. 
tained for constant velocity, and yet no 
decelerating damping because of the recti- 
fier characteristic of the thyratrons.°.® 

The big disadvantage of using RC out- 
put damping is that it retards accelera- 
tion response. 


6(~) for Error Controller With 
Negative RC Feedback 


Typical of the system outlined in 
Figure 6, is a Ward-Leonard control 
system with the generator included in 
the controller. 
responds to the variable voltage of the 
Ward-Leonard system. The well-known 
equation for armature current in a d-c 
motor with constant excitation is 


With load torque neglected the accelerat- 
ing torque is proportional to 7, or ; 
EC eCe 
eee _ Wibe 
Ra dt 


(40) 


Cita = 


By following the procedure outlined in 
the Appendix, and using conditions in 
equations 32 and 33 again, one finds 


fold) = Iptep 

a 
See 

C,(p) =0 using equation 32 

Co(P) -(1 + eenten pu, using 


equation 33 


Use of conditions in equation 32, sub- 
stitution in equation 6 yields 


(Ip?-+cp)0i(p) 
K(1+RC) 
1+RC(1+Ka2)p 


Letting p0;(p) =w, at t=0 
; 
(s+ (n+S)or Ye 
; c RCK “AC Kh 
p+ (int or+( T +2) T 


I 
(42) 


6(b) = 
Ip?-+ep+ 


9(p) = 
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E of Figure 6 then cor-~ | 


where 


1 


= ROK» 


Use of conditions in equation 33 and 
substitution in equation 6 yield 


6(p) = 


(cK2RC) 
‘ % ee NCEE 
(Ip?+ cp) 6:(p) (2 +5 a eee 
ri K(1+RCp) 
; _AOUTACH) ~ 
Ip Tet T RCa+Kp (43) 


If at t=0, p0:(p) is instantaneously 


made zero, 9,(p) remains at the value = 


h 
| (e+(it§ =) ‘ee ea 


(etm aye | 
0(p) = i 
(nts Jo+(AE 4s yao 


(44) 


and 


As was the case with output damping, 
6(t) can be found by operational methods. 
This system of obtaining stability also 
is detrimental to acceleration response 
because it depends for its operation on 
slowing up the appearance of the volt- 
age, E. 


Error Controller With 
LRC Output Feedback 


With a feedback circuit such as used in 
Figure 7, rather than one as used in Figure 
5, the advantage of a faster acceleration 
response without sacrifice of antihunt is 
obtained. The simplest way to show 
what results is to plot the absolute value 
of the voltage appearing across R against 
frequency for both the RC and LRC cases. 
Figure 8 gives such a comparison. In 
the lower-frequency range the LRC cir- 
cuit gives less negative feedback, con- 
sequently, acceleration rates are higher. 
However, in the higher-frequency ranges 
the negative feedback of both the LRC 
and RC circuits are about the same. By 
selecting the value of L, R, and C the fre- 
quency at which the feedback voltage 
first reaches its peak can be made the 
natural hunting frequency of the system. 
If this be done, the system is damped 
because of high negative feedback at 
hunting frequency, and yet acceleration 
response is not too badly affected be- 
cause the amount of negative feedback 
falls off rapidly at frequencies below the 
hunting frequency. Using an inductance 
in this manner is quite similar to the 
method used to increase the gain of a ca- 
pacitor-coupled amplifier at high frequen- 
cies. Figure 7 shows only one section of 
this type of high-pass filter. More than 
one section gives even a sharper change 
from low to high negative-feedback 
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values than that shown in Figure 8. 
The. solution of the LRC problem in 
operational form is obtained by follow- 
ing the same procedure outlined in the 
appendix. Then 


(Bb) = 
1 
K2RCg(Rr+Lp)p* (45) 
Tp? 
TOT RER, +Lp+RCP(RL+LP) 
C(p) = K6(p) 
Sip) =K 
C,(p) =0 (using equation 32) 


C(p) = 
K2RCgR,+Lp ) 
NG 4 
( TRER,FLp+RCH(Rr+Lp) 


When equations 32 and 45 are sub- 
stituted into equation 6 and one lets 
pO) =W at t=0 


A(p) = 
(te+e+ 


K»RCg(Rr+Lp)p we 
R+Ry+Lp+RCp(Rr+Lp)) ’ 
i, KoRCg(Rr+Lp)p? 
Tp? : K 
Ore Re Rpt Lp-ERCHRLALP). 
(46) 


When equations 33 and 45 are used 
similarly and substituted into equation 6, 
then if at ¢=0 w,; instantaneously is 
made zero, 6(p) remains at cw,/K and 


6(p) = 
Ip tep+ 
K2RCg(Rr+Lp)p? 2 Wis 
Ry+R+Lp+RCp(Rr+Lp)/ K 
(1+ K2RCg(Rr+Lp) ) pw 
R+Rp+Lp+RCp(Rr+Lp))* 
K2RCg(Rr+Lp)p? 
Ip? K 
PPT RT RELp+RCH(RztLp) 
(47) 
Time Delays 


All the equations given so far have 
neglected time delays. In systems in 
which this delay time is small compared 
to the natural period, the equations can 
be used as given. However, when long 
relative delay times are involved, they 
must be introduced. In the familiar case 
of current response of a series LR circuit, 

| 


iene 
Fe ms ‘R 
Rr? 


and L/R occurring in the denominator can 
be thought of as a time delay, t. The 
steady-state value, E/R, has already 
been included in the constants K and K, 
used in the response equations. There- 
fore, in order to introduce time delay the 
affected term merely should be multi- 


1 
plied by ihe If more than one time 
delay is to be included, by a similar line 
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of reasoning the affected term is multi- 
plied by 


1 
(1+hp)A+hp)...U+tp) 


Thus for the Ward-Leonard system 
which contains both field and armature 
time delays, equation 35 becomes 


0(p) = 
(so+e0+ 


(48) 


KoRCgp? 
(+i,p) ee We 
KeRCgp? iz 
(1 +p) (1+ tab) 1 RCP) 
her eee 
(1+ ip) (AF tap) 


Ipttep+ 


Similarly equations including time 
delay could be written for all the response 
equations given. Rationalizing an equa- 
tion of the type given in equation 49 
results th a denominator containing a fifth 
degree equation in p. Finding the roots 
of that equation and then using opera- 
tional methods gives the solution for 
O(¢). The increasing complexity of the 
solution for 6(f), when several time de- 
lays are included, has resulted in a prac- 
tice of finding the roots of the denomina- 
tor equation and evaluating the stability 
by the damping factors of the roots.78 


Types of Input Functions 


All the response equations given have 
used a unit function as the input. This 
is a simple function by which the response 
for the different systems of control can 
be directly compared. However, it is 
not the only one that can be used. If the 
response to a sine, constant acceleration, 
or any other input is desired, it is neces- 
sary merely to substitute the correct 
operational form of the sine or constant 
acceleration input for 6;(p) and proceed 
with the solution exactly as if wm had 
been substituted for p0;(p). This pro- 
vides a method for finding the exact re- 
sponse to a known input function. Most 
problems, however, involve random in- 
puts, consequently a good method of com- 
parison such as is provided by the unit 
function is adequate. 


Summary 


The previous example of a remotely 
located gun turret continuously following 
a hand-operated sight serves well to illus- 
trate the method and equations given. In 
the design of such a system it is desired 
that the gun stay in line with the sight 
within close limits. It is also desired 
that the gun deviate as little as possible, 
and realign itself as quickly as possible 
after some disturbance has moved the 
sight. Thus, the sight position corre- 
sponds to 6,(#) and the difference in their 
respective positions at any time to O(é). 
Finding 6(¢) helps enormously in design- 
ing a control system, for not only is it 
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the error equation but also it shows what 
values such fundamental parameters as 
the stiffness of the system, K, the vis- 
cous damping, c, the inertia, 7, and the 
antihunt feedback constant, K», must 
have in order to keep errors within de- 
sired limits. The error equation in 
operational form 6(p), has been given for 
a number of different systems of control, 
any of which will do the job. Each sys- 
tem accomplishes the basic purpose of 
keeping the gun turret aligned with the 
sight. However, the transient and 
steady-state errors may be quite different 
for similar values of stiffness, damping, 
inertia, and so forth. It is the problem 
of the designer to evaluate the complex- 
ity of any system against its merit and 
then select the simplest system that will 
perform within desired limits. Setting 
p equal to zero in any of the derived equa- 
tions for 6(p) gives steady-state errors 
for angular displacement and velocity. 
From these can be selected values of 
viscous damping and stiffness which will 
give a small enough steady-state error to 
meet a given specification, Integrating 
0(p) operationally gives O(¢), the transient 
error response. From the resulting equa- 
tion values of antihunt, Ko, or error rate of 
change, 5, can be selected which will 
limit the peak error to the desired 
value. 


The method shown for obtaining these 
criterion equations for @(p), consists 
of breaking the servomechanism up into 
its component parts, obtaining the con- 
troller and output response functions, 
and then obtaining 6(p) by using the 
general servomechanism equation 6. This 
is a systematic procedure for handling 
an unwieldy problem. Further refine- 
ment can be made by introducing time 
delays and varied input functions. Al- 
though all particular solutions obtained 
by use of equation 6 were for angular 
position regulators, equation 6 is entirely 
general. Therefore servomechanisms to 
control such quantities as voltage, speed, 
pressure, and so forth are represented 
by equation 6. ‘Particular solutions ob- 
tained for the angular position servo- 
mechanism can be applied to servo- 
mechanisms controlling other quantities 
by using unit analogy. 


Appendix. 6(t) for Error Controller 
With RC Output Feedback 


In order to calculate the feedback com- 
ponent of torque, it is first necessary to 
find the voltage appearing across R of 
* Figure 5, as a function’ of time. The series 
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voltage summation is 


1 do 
iR+— dt = g— 
Rtg f ime, 


By standard operational methods this can 
be rewritten as 


i(p) +(Z ia) 3 
Cp t=0 
8P9o(P) — gP(9)1=0 
When conditions from equation 32 are 
used, the voltage appearing across R, is 
RCgp?6(p) 
1+RCp 


(49) 


Ri(p)+——— 


(50) 


Rit) = 


which, when fed back into the controller 
negatively, gives an output torque com- 
ponent 


K2RCgp0o(b) 


(51) 


where K2 is the controller constant with 
units of foot-pounds per volt. Then for a 
controller which also has a simple error 
component, the controller torque is 


K2RCgp?6(p) 

Tc(b) = te et SRA aS 
c(p) = K4(p) 1+ RCD (52) 
With load, 7,(¢), and friction, F,(t), 


neglected, the differential torque equation is 


ie eh d0, 


Sie ee c(t) (53) 


When operational methods and boundary 
conditions from equation 32 are used 


Tp*0o(b) + cp8o(p) = Tc(p) = Ke(p) — 


K2RCgp?6(p) 
1+RCp Se 
This can be rewritten in the form, 
00(b) = ERG KO) 8) 
2 
LYS UNS oa 1+RCp 


When equations 4 and 5 are used, the 
following comparisons can be made: 


O(p) = 00(p) 
1 
fo(b) = (56) 
pop ee : 
C(p) = K6(p) 
E(p) =0(p) 
fc(b) =K 


By using equations 6 and 56 and rational- 
izing, one obtains 


a Rep Me? ) 
“KaR Cap? 
1ERCp 


(re¥+< cpp 
9(p) = (57) 


TO cp te 
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If the same procedure previously out- 
lined is followed and conditions from equa- 
tion 33 are used, 


K:RCg(p76o(b) — pwr) 


14+-RCp Ce 


T.(b) = K0(p) — 


Use equation 56, boundary conditions of 
equation 33 and solve for @(p): 


1 
8o(P) ah KaRCgp? x 
TPO CD: eee 14+RCp ve 


K2RC 
Eo + (14 EE Vp | (59) 


Comparison with equation 5 gives 


Col) ~(14 Se a :) 


in addition to the previous relations, which 
were established in equation 56. Thus the 
initial boundary conditions occur as external 
torques in the general equation. By using 
equations 6, 56, and 60 and rationalizing, 


(60) 


we obtain 
(10+e0+% ; oe Ee ae) 
K2RCg 
0(p) = (sie) 
Tt ett ee 
(61) 
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Design Considerations of 400-Cycle 
Aircraft Motors 


M. B. SAWYER, SR. 


NONMEMBER AIJEE 


EVERAL papers have been presented 

describing the reason for the selection 
of 400-cycle three-phase service for mo- 
tors aboard aircraft. In view of the fact 
that the decision has been made to use 400 
cycles, the purpose of this paper is to pre- 
sent some of the motor-design problems 
to the men who must write the specifica- 
tions for these motors. A better general 
understanding of the performance to be 
expected from 400-cycle induction motors 
will help both the aircraft electrical en- 
gineer and the motor designer. 

An electric system such as used on an 
airplane must be designed as a unit. The 
generating system is never sufficiently 
large to permit the assumption of uniform 
voltage and frequency under all condi- 
tions. The need for dependability re- 
quires the use of some reliable overload- 
protection device which must be consid- 
ered as part of the motor. The type of 
load, which may involve a large variation 


in torque during the duty cycle, must be 


completely understood by the motor de- 
signer. Also, the motor control must be 
such as to insure reliable motor operation. 
The need for co-operation between the 
engineers working on these varied but in- 
timately related problems cannot be too 
highly emphasized. 

Only those characteristics of 400-cycle 
motors which differ radically from char- 
acteristics of the 24-volt d-c motors used 
in the past will be discussed. Mechanical 
problems will not be discussed, although 
new mechanical problems have appeared 
due to the possibility of speeds up to 
24,000 rpm. 

First we will list the requirements of 
the airplane designer and then point out 
some of the problems faced by the motor 
designer to meet these requirements. 


1. The first requirement of the airplane 
designer, so obvious that it is frequently 
overlooked or subordinated to other require- 
ments, is dependability. The motor must 
do the job assigned to it unfalteringly on 
each occasion when it is needed during the 
period between servicing. In this respect 
the induction motor has definite obvious 
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advantages over the 24-volt d-c motor. 
These include simpler windings, freedom 
from commutation, and fewer parts. 


2. The weight must be minimum consistent 
with dependability. 

3. The motor must be capable of doing its 
job when the maximum voltage is ten per 
cent above or ten per cent below rating, and 
when the frequency is five per cent above or 
below rating. 


4. The requirements for starting torque in 
proportion to full-load torque will vary 
considerably, but should ordinarily not be 
below 120 per cent of full-load torque. 


5. The maximum torque permissible is 
determined by the airplane structure and is 
sometimes as low as 120 per cent of the full- 
load torque. 


6. If the motor is to run continuously, its 
efficiency may be as important as its weight 
because of the added weight of fuel which 
must be carried to run a less efficient motor. 
7. It is desirable to have a high power fac- 
tor to reduce line losses and generating ca- 
pacity required. 

8. The same ambient temperature, humid- 
ity, altitude, and vibration specifications 
apply to 400-cycle motors as were used with 
the d-c motors. 


These, then, are the primary require- 
ments of the airplane designer which af- 
fect the motor designer. The generaliza- 
tion that high speed means less weight per 
horsepower will now be investigated by 
considering the results of running a fa- 
miliar one-horsepower 60-cycle four-pole 
induction motor from a 400-cycle power 
supply. 

The motor selected is one having quite 
common performance characteristics. 
The starting torque is 200 per cent of full- 
load torque, and the maximum or break- 
down torque is 300 per cent of full-load 
torque. The efficiency is 80 per cent and 
the slip at full load is four per cent. The 
motor being considered differs from an or- 
dinary industrial motor in that better ma- 
terials are used and precautions are taken 
to prevent interlamination losses. The 
motor is totally enclosed so that the analy- 
sis will not be confused too much by in- 
creased friction and windage. Otherwise, 
the motor is a conventional one with a 
well proportioned lamination and normal 
performance. 

The full-load torque of any motor is the 
maximum torque which can be developed 
by the motor for the rated time of opera- 
tion without exceeding a safe operating 
temperature. This is the case in all mo- 
tors, although the interpretation of ‘‘safe 
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operating temperature’ will be revised 
drastically when the motor is used aboard 
an airplane. For purposes of comparison 
let us assume that the same cooling is used 
on 400 cycles as on 60 cycles, that the 
same temperature rise is permitted, and 
therefore the same total losses in the mo- 
tor are permissible. 

Let us now consider how this motor will 
operate on 400-cycle service. In order to 
keep the flux the same, the motor must be 
operated on a voltage 6.7 times higher 
than the 60-cycle voltage. That is, the 
voltage must be increased in proportion 
to frequency. The synchronous speed, of 
course, increases from 1,800 rpm to 12,000 
rpm. The magnetizing current increases 
only slightly. The motor resistance is not 
changed at all by operating the motor on 
400 cycles; however, the leakage react- 
ance increases in proportion to the fre- 
quency, that is 6.7 times. 

The rated torque is determined by the 
losses, and is practically the same as on 60 
cycles. Therefore, the horsepower rating 
is increased by 6.7 times. The breakdown 
torque has increased by 70 per cent to 
over 500 per cent of full-load torque. 
This follows from the increase of voltage 
proportional to frequency, together with 
a much smaller increase in circuit im- 
pedance. ; 

Since the motor produces the same full- 
load torque with the same losses, but at 
6.7 times the speed, the efficiency has 
been increased considerably. The effi- 
ciency has come up from 80 per cent to 95 
per cent or better. 

The slip at full-load torque is reduced 
from four per cent to 0.6 per cent. This 
can be understood by picturing what hap- 
pens from the standpoint of the rotor. 
The torque is produced by the action of 
the rotor current on the rotating flux pro- 
duced by the field. By operating the mo- 
tor on 400 cycles instead of 60 cycles, the 
magnitude of the flux is not altered; only 
the speed of the rotating flux has been 
changed. On 60 cycles, with a slip of four 
per cent or 72 rpm, the rotor bars were 
cutting the flux at such a speed as to pro- 
duce sufficient rotor current to develop 
full-load torque. On 400 cycles the flux is 
rotating 12,000 rpm; however, a differ- 
ence in speed of 72 rpm between the ro- 
tating field and the rotor still produces 
sufficient rotor current’ to develop full- 
load torque. The current in the rotor 
under load depends on the voltage in- 
duced in the bars, which in turn depends 
on the rate of cutting flux. 

The slip at which maximum torque is 
obtained will also be very small.. Maxi- 
mum torque on 60 cycles is obtained at 30 
per cent slip, the slip for maximum torque 
on 400 cycles will be near five per cent. 
The fact that all torques from zero to 
maximum are produced within a range of 
five per cent is useful in synchronizing 
actuators located at remote parts of the 
airplane. , 

So far we have presented a very satis- 
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factory picture of increased performance 
in horsepower per pound by increasing the 
frequency. One disturbing factor remains 
to be considered. This factor is the start- 
ing torque. A 60-cycle motor designed 
for maximum horsepower per pound has 
adequate starting torque. However, a 
400-cycle motor designed for maximum 
efficiency and horsepower per pound has a 
relatively small starting torque. Rede- 
sign by changing the circuit constants of 
the 400-cycle motor results in a loss of effi- 
ciency and consequent increase in weight 
per horsepower. 

The starting torque is proportional to 
the J?R loss in the rotor divided by the 
synchronous speed. Returning to the ex- 
ample, the locked rotor current on 400 
cycles is 40 per cent higher than the cur- 
rent on 60 cycles. The J?R loss will ap- 
proximately double, while the synchro- 
nous speed is increased 6.7 times; the 
torque, then, will be reduced 3.3 times. 
This means that instead of 200 per cent 
starting torque the motor now develops 
60 per cent starting torque. In actual 
practice the rated full-load torque of the 
‘motor could be increased considerably by 
inproving the cooling and by raising the 
allowable temperature limit. This in- 
crease in rating only serves to lower the 
percentage starting torque. This diffi- 
culty is a major problem in the design of 
400-cycle motors for aircraft use. 

This example has been purposely se- 
lected to show the difficulty clearly. This 
difficulty is not nearly so pronounced in 
very small motors because the leakage re- 
actance is relatively small in comparison 
to the resistance, and the majority of mo- 
tors used aboard aircraft are small. The 
problem remains in some degree, how- 
ever, and must be overcome. Figure 1 
illustrates the example. Speeds in per- 
centage of synchronous are plotted as 
ordinates and torques are plotted as ab- 
scissas. The motor on 400 cycles pro- 
duces the same torque at rated horse- 
power as on 60 cycles, but produces much 
less torque at standstill. 

We shall now consider ways of increas- 
ing this usually inadequate starting 
torque. As previously stated, the starting 
torque varies directly as the J?R loss in 
the rotor and inversely as the synchronous 
speed. To increase the torque, the rotor 
current or the rotor resistance, or both, 
must be increased. Table I shows the 
comparative values obtained in operating 
ourone-horsepower motor on 60 cycles and 
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on400 cycles, together with the effectof in 
creasing the rotor resistance. In many 
aircraft applications it may be desirable 
to produce the high maximum torque at 
standstill. In the example chosen this 
would be accomplished by increasing the 
rotor resistance about 20 times. The pen- 
alty, however, would lie in the necessary 
decrease in rated torque due to the heat- 
ing in the high-resistance rotor. The re- 
duction in rated torque would be by a 
factor of approximately three. With the 
starting torque 500 per cent of the mo- 
tor’s previous rating, and the rating re- 
duced by a factor of three, the starting 
torque would now be about 1,500 per cent 
of rated, 

Although this large starting torqueisob- 
tainable, a reasonable value of 200 per 
cent starting torque can be obtained by 
increasing the rotor resistance without 
much sacrifice in rated torque. In the ex- 
ample chosen, a threefold increase in rotor 
resistance will achieve this result with a 
net decrease in rated torque of 20 per cent. 

A second method of increasing the 
starting torque is by raising the starting 
current by decreasing the reactance. The 
reactance is a function of slot size and pro- 
portions, and air gap. Let us assume that 
the reactance could be cut in half. -This 
would approximately double the starting 
current, and therefore give four times the 
starting torque. This method would not 
affect the losses at full load appreciably. 
The over-all effect, however, would 
usually be to decrease the power factor 
through increased magnetizing current. 
This method of increasing starting torque 
has possibilities, but leads to higher start- 
ing currents and bad power factor. 


Table I. Effect of Rotor Resistance on Motor Rating 


Rated Load 
Torque, 
Rotor Horse- Pound- 
Frequency Resistance power Feet 


= ee 


Maximum Torque Starting Torque 


Pound- 
Feet 


Per Cent 
of Rated 


Pound- 
Feet 


Per Cent 
of Rated 
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Sawyer—400-Cycle Aircraft Motors 


4 


A third way of increasing the eres 
torque is to alter the motor so that the re- 
sistance or reactance, or both, will vary 
as the motor comes up to speed. In this 
classification are included double-cage 
rotors, external rotor resistance operated 
through centrifugal switches, and many 
ingenious devices. The small physical 
size of aircraft motors makes this method 
quite difficult, but some desirable solu- 
tions will be obtained by this method. In 
fact, all 400-cycle motors take advantage 
of some variation in rotor resistance from 
standstill to full load because of the cur- 
rent distribution due to leakage flux in the 
rotor bars. 

A fourth possibility of increasing the 
starting torque of the motor is by the use 
of some mechanical device such as a cen- 
trifugally operated clutch which would 
permit the motor to attain speed before 
picking up the load. 

Economy in weight and efficiency of 
electrical motors can be obtained by de- 
signing the correct load so that large 
starting torques are not required. 

Next in importance to the problem of 
starting torque is the problem of what to 
do with the maximum torque developed 
by the induction motor. As noted in the 
list of requirements, the airplane designer 
uses such low factors of safety that the 
maximum torque applied to the load must 
be definitely limited, sometimes to as 
little as 20 per cent in excess of the re- 
quired torque. This same problem gave 
some difficulty in d-c motors because of 
voltage and temperature variations. The 
series motor, however, develops maximum 


torque at standstill, which is very desir- 


able for most aircraft applications. We 
have seen that altering the induction 
motor so that the maximum torque is ob- 
tained at standstill results in lower effi- 
ciency and consequent increase in pounds 
per horsepower. In any case, the specified 
range of voltage and frequency will cause 
variations in the maximum torque, prob- 
ably in excess of 20 per cent. 

Therefore, it is necessary either to build 
the structures sufficiently heavy to with- 
stand considerable maximum torque or to 


_use some method of limiting the torque 


other than motor design. In d-c motors 
a slip clutch is used successfully since the 
speed drops off rapidly with increased 
torque. With an efficient 400-cycle mo- 
tor the speed at maximum torque is very 
high, and if a slip clutch is used the motor 
will heat very rapidly. The thermal 
protecting device must then operate to 
open the circuit. Probably a better solu- 
tion would be the use of a switch operated 
directly by torque which would open the 
motor circuit. The use of shear pins in 
some form is another possible solution. 
The problem of the wide range of am- 
bient temperatures does not affect the 


400-cycle motor in the same way it affects 


the 24-volt d-c motor. Low temperature 
decreases the resistance, which in the case 
of the d-c motor increases the torque. In 
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_ an induction motor, the low temperature 
decreases the starting torque. This diffi- 
culty of decreased torque is of academic 
interest only, however, since the rotor cur- 
rents will rapidly bring the motor up to 
operating temperature. 

The humidity requirements are easier 
to meet with the induction motor. In 
developing motors for use in such equip- 
ment as submersible pumps for the Navy, 
methods of impregnating stators have 
been brought to a much higher degree of 
perfection than ever before. We do not 
anticipate any difficulty due to humidity 
as it affects insulation. 

Altitude will have no effect on the elec- 
trical operation of induction motors, ex- 
cept as it influences rating by changing 
the cooling. Considerable data on this 
effect has been obtained in the use of d-c 
motors, and these data are used in the de- 
sign of 400-cycle motors. 

One difficulty which requires close co- 
operation between the airplane electrical 
engineer and the motor designer is the 
question of line drop. We have frequently 
encountered difficulty in operating high- 
frequency motors in wind-tunnel testing. 
For instance one motor developed about 
35 horsepower at 6,000 rpm, from 300- 
cycle service. The short leads used be- 
tween the control panel and the motor in- 
stalled in the model doubled the resistance 
and reactance of the stator. In other 
words, the line drop equalled the stator 
drop. This difficulty can be overcome by 
including the line characteristics in pre- 
dicting the motor performance. Withmini- 
mum-size lines, starting torque may be 
seriously affected if starting current is high. 

There is a tendency among some writers 
of specifications to avoid the use of gear 
reductions in favor of multipole motors. 
An eight-pole one-horsepower motor will 
be twice as heavy as a four-pole one-horse- 
power motor operating from the same fre- 
quency. In addition, increasing the num- 
ber of poles tends to lower both the efh- 
ciency and the power factor. This un- 
desirable effect is greatly pronounced in 
motors of small size. In addition, the 
starting torque is relatively lower. 

We might summarize this discussion by 
saying that the 400-cycle squirrel-cage 
induction motor has great possibilities for 
increasing the horsepower per pound. 
Difficulties to be overcome before these 
possibilities can be completely realized 
have been discussed. These difficulties 
are not insoluble. The company with 
which the writer is associated and many 
other electrical designing groups have 
some solutions to all of these problems, 
and many more solutions will be found. 

We have pointed out the necessity of 
the closest co-operation between the de- 
signer of motor and power-supply equip- 
ment, the airplane designer, and the con- 
trol designer. With this co-operation and 
a clear understanding of the problems in- 
volved, the 400-cycle aircraft power- 
supply system will be a marked success. 
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Field Determination of Current- 


Transformer Errors by the Secondary- 
Voltage Method 


E.C. GOODALE 


ASSOCIATE AIEE 


OR many years there has been a need 

for a relatively simple field method for 
testing bushing current transformers for 
accuracy. 

A paper by A. C. Schwager‘ describes 
a method of predetermining a current 
transformer’s performance based on its 
admittance-vector locus. A study of this 
paper suggested the possibility of de- 
veloping a method of testing such current 
transformers in the field. 


Explanation of 
Secondary-Voltage Method 


In the method to be described in this 
paper, progressively increasing voltages 
are applied to the secondary winding of a 
current transformer with the primary 
winding open-circuited. In this condi- 
tion the current transformer builds up 
an opposing reactive voltage nearly 
equal to that applied. Thus, only a rela- 
tively small amount of current is allowed 
to flow in the secondary winding. This 
“exciting” current is made up of two 
components, that is, a ‘‘magnetizing’’ 
component and a “‘core-loss’’ component. 
The purpose of this method is to analyze 
the “exciting” current into its com- 
ponents with the object of combining 
them by formula with the normal second- 
ary currents and thereby find the phase- 
angle errors and ratio correction factors 
for the current transformer under test 
at certain secondary current values, such 
as, 0.5, 1, 2, 3, 4, and 5 amperes. Before 
starting the test the current transformer 
should be demagnetized, with its primary 
winding open-circuited, by gradually in- 
creasing the secondary-winding test volt- 
age from zero to 50 or 100 volts and back 
to zero, | taking care to protect the test 
instruments during this operation. 

To analyze the exciting current into its 
two components it is passed through the 
current coil of a wattmeter, the potential 
coil of which is energized first by a test 
voltage (#,) which is 90 degrees out of 
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phase with the induced secondary re- 
active voltage (E,) and then by another 
test voltage (Z,,) which leads E, by 90 
degrees, or is itself in phase with Z,. The 
vars measured in the first case, with 
voltage H,, hereafter shall be referred to 
as V, and the watts measured with volt- 
age E,, as W. 

The taagnetizing component of the 
exciting current, or that portion which is 
used to produce voltage E;, is equal to 
V/E,, and the core-loss component is 
W/Ev. 

Susceptance (8); or amperes of mag- 
netizing .component per induced volt, is 
V/E,E,, and conductance (G), or am- 
peres of core-loss component per induced. 
volt, is W/E,,E.. 

The higher the resistance (R) and re- 
actance (X) of the secondary burden 
through which the current transformer 
has to foree the secondary current, the 
higher will be the value of secondary 
voltage (#;) that has to be induced. 
Consequently, the greater will be the core 
losses in producing it. 

It is convenient to express the errors 
of current transformers in terms of the 
phase-angle error (#) and the ratio cor- 
rection factor (RCF). The phase-angle 
error may be expressed in terms of its 
tangent and the four quantities B, G, X, 
and R. 

BR-GX 
1+BX+GR 


Ratio correction factor (RCF). is ex- 
pressed in terms of the same quantities 
and is equal to (1+BX-+GR)/cos @. 
For angles less than 2!/, degrees the RCF 
may be expressed as 1+BX+GR with 
an error of less than one tenth of one per 
cent. 

Figure 1 shows the connections re- 
quired for making the aforementioned 
tests. 


Tan ¢= 


Description of Equipment and 
Test Procedure 


The regulating transformers furnish a 
means for adjusting the test voltage. 
If an autotransformer is used for this 
purpose care must be taken to disconnect 
completely the secondary winding of the 
current transformer from ground. as. 
ordinarily the supply voltage already willl 
be grounded. 

Potential from the regulating trans- 
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formers is applied to the current- 
transformer secondary winding and a 
compensating burden. For a multi- 
ratio current transformer a ratio, such as 
200-5 amperes, is preferably selected for 
the tests. The errors for other ratios 
then may be calculated from curve data 
obtained at the 200-5-ampere ratio. 
With switch S in the upper position a 
voltage of 0.1, 0.2, 0.5, 1, and 2 volts is 
applied by means of a 20-2-volt service 
transformer. For voltages greater than 
2 it may be applied directly with switch 
S in the down position. Then the steps 
applied for the test are 5, 10, 20, 50, and 


Figure 1. Wiring diagram of equipment for 
testing a current transformer of known turn 
ratio by the secondary-voltage loading method 


The test equipment is as follows: 
Regulating transformer, 120 volts, 60 cycles, 
manually operated 

Step-down transformer, 60 cycles, 20 to 2 volts 

Insulating tranformer, 60 cycles, 50 to 50 

volts with a very low exciting current, for use 
as an autotransformer 

Compensating burden composed of resistance 
(Ra) and reactance (Xq) 

Double-throw selector switch (S) 

Voltmeter 1, 0-150 volts alternating current 
Voltmeter 2, of high resistance with O-1-5— 
95-125-volt a-c scales 
Phase-angle detector with a 150-volt 60-cycle 
field coil. It is desirable to have the rotor coil, 
together with its series resistance, wired for 
the same operating ranges as voltmeter 2 and 
to be cut into service by the same selector 
switch 
Wattmeter with scale to suit test conditions, 
but usually with a 100-200-watt scale 
Potential-type phase-angle meter, 120 volts, 
60 cycles 
Phase shifter, 120 volts, 60 cycles, single phase 
with a range of plus or minus 180 degrees 


MANUALLY OPERATED 
REGULATING 
TRANSFORMER 


(20-V A-C 
\ SOURCE 


POTENTIAL-TYPE PHASE-ANGLE METER 
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PHASE-ANGLE 
DETECTOR 


Table | 


V/Ey 


oS 
Zz 
oD 


| 
b 


even as high as 100 or more volts. 

A compensating burden is introduced 
into the circuit in order to match the 
total burden of the current-transformer 
secondary winding and leads, the watt- 
meter current coil, and the test leads. 
The 50-50 volt service transformer is used 
to subtract this voltage drop, together 
with the drop across the compensating 
burden itself, vectorially from the ap- 
plied voltage (#,). It thereby secures 
the true induced secondary voltage (E;,) 
for use in the phase-angle detector and in 
indicating voltmeter 2. 

Voltmeter 1 is used to determine the 
values of the voltages (#, and E,,) that 
are applied to the wattmeter potential 
coil when vars (V) and watts (W) are 
read on the wattmeter. 

The phase-angle detector shown in 
Figure 1 is an electrodynamometer type 
of instrument equipped with two voltage 
coils. It has a fixed coil rated 120 volts 
and a rotor coil which is designed for 
variable voltages with full-scale ranges 
of 1, 5, 25, and 125 volts. The inductance 
of its coils may be neutralized with suit- 
able shunt capacitors. 

A phase-angle meter with two voltage 
elements also is required for the tests. 


SECONDARY 
WINDING HAS 
RESISTANCE Rt 

herald 


COMPENSATING 
BURDEN z 


TRANSFORMER SHOULD 
HAVE VERY LOW 
EXCITING CURRENT 


VOLTMETER 1 


WATTMETER 
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A synchroscope with a 360-degree scale 
and a light moving element mounted with 
its shaft in the vertical position can be 
calibrated in degrees to serve as a phase- 
angle meter. 

During the test the voltage (Z,) is 
shifted with the small knob on the phase 
shifter until it lags Z, by 90 degrees, at 
which time there will be zero deflection on 
the phase-angle detector. Vars are read 
as V on the wattmeter, and voltage (E,) 
is read and recorded also. Next, the 
moving element of the phase shifter is 
rotated counterclockwise until a voltage 
is obtained that leads EZ, by 90 degrees, 
as indicated by the phase-angle meter. 
This voltage (Z,,) is now known to be in 
phase with voltage EZ, Maximum de- 
flection of the phase-angle detector occurs 
at this time. A record is kept of the 
watts (W) indicated by the wattmeter 
and of the volts (£,,). 

It will be found that, as the voltage is 
increased from very low values, the read- 
ings of both V and W will increase slowly 
at first and then quite rapidly for the 
higher-voltage values. 

By using a combination wattmeter— 
varmeter, the 90-degree phase shift is 
obtained without other adjustments, 
and the phase-angle meter then may be 
omitted. 

Calculations will be facilitated and 
repetition of test conditions kept to a ~ 
minimum if the test quantities are given 
as in Table I. 

It should be noted that B=V/E,E, 
and G=W/E,Ey, where N is the actual 
turn ratio of the current transformer 
under test. 


Preparation of the Two 
Characteristic Curves 


The values calculated in the last two 
columns of Table I are plotted ver- 
tically against the values of E,/N on the 
horizontal scale of log—log cross-section 
paper. There should be three vertical 
cycles and at least three horizontal cycles 
on the log-log paper. 

Figure 2 shows typical curves of B and 
G for a 115-kv bushing current trans- 
former tested at 40 secondary turns and 
a nominal ratio of 200-5 amperes. From 
these two curves ratio and’ phase-angle 
errorsmay be calculatedforany burdenand 
any ratio within the range of the test data. 
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The diagonal lines for the various 
current-transformer ratios are drawn as 
follows: 


1. Draw the diagonal base line for the 
200-5-ampere ratio, as shown, between 0.001 
on the lower left hand margin and 1.0 on the 
upper margin. 

2. Draw parallel lines starting at distances 
along the vertical scale equal to the ratio 


Actual turn ratio \? 
40 

and along the horizontal scale at distances 

equal to 


40 : 
actual turn ratio 


Application of Characteristic Curves 


Since the two characteristic curves are 
plotted as in Figure 2, the values of B and 
G and hence the errors may be deter- 
mined for any current-transformer ratio 
at any secondary current and burden. 
For example, at the 100—-5-ampere ratio 
with a secondary burden of R=0.738 
and X=0.307 ohm, with 5 amperes 
secondary current, the secondary volts 
(B,) will be 50/0.7382-+0:3072, or 4. For 
a current-transformer ratio of 100-5 
amperes, E,/N is 4/20 or 0.2. A vertical 
line is drawn at E,/N=0.2 to intersect 
the Gand Bcurvesasshown. Horizontals 
from these curves intersect the 100-5- 
ampere diagonal line at values of 0.091 
for G and 0.157 for B. Thus, the phase- 
angle and ratio errors are found as follows: 


Tan eee Ce 
14+ BX+GR 
(0.157) (0.738) — (0.091) (0.307) 
~ 14(0.157) (0.307) + (0.091) (0.738) 


0.1160—0.0279 __ 0.0881 


= 7 = =0.0791 
1+0.0482+-0.0672 1.1154 
o=+4° 3131/2’ cos ¢ =0.9969 
R= 1.1154 
Rael ae oa = 1.1185 
cos ¢ 0.9969 


It is usually found convenient to list 
the quantities as shown in Table II. 


Conclusions 


From the foregoing discussion it is ap- 
parent that a current transformer with 
primary and secondary turns known may 


3 AND B-SCALE USED FOR 


be checked in the field at its secondary 
terminals in a substation if desired. For 
bushing current transformers an inter- 
mediate ratio, such as 200-5 amperes, 
is chosen and a range of test voltages ap- 
plied to the secondary winding varying 
from 0.1 volt to 100 or more volts. It 
is not necessary to completely disconnect 
the current transformer from the high- 
voltage circuit, provided its primary is 
open-circuited. In this case one side of 
the current-transformer secondary wind- 
ing should be kept gtounded. 

Test equipment may be kept to a 
minimum, if approximate results are 
sufficient, by applying the secondary 


PLOTTING CURVES 


0,001 0.002 0.005001 0.02 0.05 0.1 0.2 O05 | 
Es/N AND G AND B-SCALE 


Figure 2. Curves of G and B plotted from test 
data for a multiratio current transformer at 
200-5 amperes 


Values of G and B at any secondary burden 
and any available ratio are determined as indi- 
cated by the arrows 


voltage at the current-transformer termi- 
nals. The phase shifter, 50-50-volt 
transformer, compensating burden, and 
phase-angle detector then may beomitted. 
The error in this instance will be caused 
by applying a voltage, H,, that differs 
from the induced secondary voltage, Es, 
by the voltage drop in the secondary 
winding and test leads caused by the 
passage of the test current. If the sec- 
ondary test voltage is kept below ten 
volts in testing a bushing-type current 
transformer of 200-5 amperes, the error 
in the results from neglecting this differ- 
ence should be less than two per cent. 
From) the field data two curves are 
plotted |on log-log cross-section paper 
with one curve showing the susceptance 
(B) of the open-circuited current trans- 
former, and the other showing its con- 


Table Il 


BR—GX 


—— 


BX+GR Tang, ¢ 
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SECONDARY 
WINDING 


Figure 3. Typical multiratio bushing current 
transformer 


The winding of one ratio only is shown 


ductance (G). Values of £,/N are used 
for the horizontal scale in each case. 
Parallel diagonal lines are drawn on the 
log-log paper to represent all available 
ratios, and the sheet is then ready for use 
in determining the ratio and phase-angle 
errors of any burden at any power factor 
for any current-transformer ratio, within 
the limits of the data taken. The RCF in 
terms of a nominal turn ratio is equal to 


actual turn ratio Ger 
ee lultipkediby | (aetual 
nominal turn ratio 


RCF). 

For metering use the limits 0.001 to 
1.0 for E,/N at the 200—-5-ampere ratio 
covers most of the required metering 
ranges for all standard bushing-current- 
transformer ratios. However, for relay 
use it would be better in all probability to 
make the tests at 100-5 or at 50-5 am- 


Ip/N Re Xt Ts was) 


Figure 4, Equivalent circuit of a current trans- 
B former in service under load conditions 


Summary of the terms used; 

Ry=ohms resistance of external secondary 
burden 

X,=ohms reactance of external secondary 
burden 

R,=ohms resistance of current-transformer 

secondary winding. Its effect is the same as if 

it were connected externally in the circuit as 
shown 

X,=ohms reactance of!’ current-transformer 

winding. This is usually so small that it may be 

neglected 

l= amperes core loss which = W/E,, = GE, 

[>= amperes primary current 

N=turn ratio between secondary and primary 

turns of current transformer 
!,/N=equivalent primary current (amperes) 
ona 1-to-1 ratio basis 
!,=amperes flowing in current-transformer 
secondary windings 
!,=amperes exciting current made up of com- 


MV lag? + lin? 


ponents I, and |. [p= 


Im = amperes magnetizing current and equals 


V/E,=BE, 


E,=volts applied to external burden 
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peres in order to cover the range for which 
the data may be desired because of the 
greater saturation at heavy fault currents. 

It is likely that modifications of the 
curves will yield other data useful in relay 
and other engineering calculations. How- 
ever, the purpose of the curves and data 
as here presented is to describe a field 
method that may be used primarily to 
determine the phase-angle errors and 
ratio correction factors of installed cur- 
rent transformers, of known turn ratio, 
for metering purposes. Generally this 
will apply to uncompensated bushing-type 
and wound-type current transformers, as 
compensation usually destroys the true 
turn ratio. 


Appendix 


Figure 8 shows a schematic drawing of a 
typical bushing-type current transformer. 
The multiratio taps are not shown. How- 
ever, a well-designed multiratio current 
transformer will be constructed so that, for 
any ratio, the turns will describe at least one 
complete helix around the core. For this 
reason there is very little inducement for the 
flux to go any place except around the core 
within the helix. Since the leakage flux is 
extremely small the reactance component of 
the short-circuited impedance of the current 
transformer should be negligible. The actual 
d-c resistance of the portion of the secondary 
winding being considered always should be 


VOLTAGE DROP WHEN C.T. [S 
NORMALLY LOADED WITH CURRENT: 
IsZt y 


Eqg=2leZq 


[ties DROP 
s>~ x 
eI a, Ss 


and determinable relations existing between 
them. 

Since the value of flux in the core is pro- 
portional to E;/N (from the formula based 
on Lenz’s Law, E=4,44NF¢ max (107%)) 
any change in the value of E, attended by a 
proportionate change in WV for a given cur- 
rent transformer will result in the same value 
of core flux and in the same total core losses. 
The core flux is directly proportional to the 
secondary-induced volts per turn, E,/N and, 
for any given value of E/N, is also propor- 
tional to the magnetizing ampere turns, 
NIm or NE;B. Consequently, E;/N is also 
proportional to E,;NB, or B is proportional 
to 1/N?. 

The core losses are equal to El» or 
E;(£;G). They are not necessarily propor- 
tional to E;/N. WHowever, for any given 
value of £,/N they are constant and equal 
to E,?G. Hence, if N is made to vary, the 
corresponding value of /, for the same core 
loss as before must vary in direct ratio to 
N. Therefore, under this condition it may 
be said that the core loss £°G, is equal to K, 
a constant, or that G equals K/E,?, where E, 
is proportional to JV. i 

Thus, G equals K,/N? for any given values 
of ¢, E;/N, and core loss. Ky, is a pro- 
portionality constant. 

Furthermore, if the value, G; and B, are 
known for a current transformer of turn 
ratio N; at a given value of Es,/ Mi, they will 
be equal to these values multiplied by the 
ratio (,/N2)? for any other ratio, such as 
1/., provided Es2/Ne is equal to Ey /M;. 
These are the relations upon which the cal- 
culations of Figure 2 are based. 
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WHEN UNDER TEST 


Figure 5. Vectorial represen- 
tation of voltage and current 
values within a current trans- 
former carrying a very heavy 


PRIMARY CURRENT + TURN RATIO 


added to the burden resistance to obtain the 
resistance (R) used in the expressions for 
tan ¢ and RCF and in evaluating F,. 

In Figure 4 an equivalent circuit is shown 
for a current transformer. On a 1:1 turn- 
ratio basis, the total primary current (/,/N) 
is made up of two parts, J,, the exciting cur- 
rent, and Js, the secondary current. The 
exciting current is dependent upon the 
amount of secondary voltage per turn that is 
required. Low secondary voltage per turn 
means low values of exciting current. High 
secondary voltage per turn means high ex- 
citing current. 


The exciting current is made up of two 
components, J, the core-loss component 
which is in phase with E,, and Im, the mag- 
netizing component, which lags E, by 90 
degrees. 

The voltage induced per turn in the 
secondary winding and the total core losses 
are constant for any constant value of mag- 
netic flux flowing around the core. 


Conditions of voltage or coil turns which 
produce the same core flux will have definite 
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secondary burden 


The diagram shows current and voltage vectors 
under load and under test conditions 

Explanation of the terms used: 

R, X, and Z=ohms resistance, reactance, and 

impedance, respectively, of the current trans- 

former together with its total external second- 


ary burden 
Z=V R+X? 
¢ =phase-angle error of current transformer in 
degrees 
0=characteristic phase angle of secondary 
burden 
Tan 0=X/R 


E,=volts applied to secondary circuit under 
test 
Za = ohms impedance of secondary compensat- 
ing burden 

Ea=volts drop under test conditions across 

the total secondary circuit the impedance of 
which is equal to 2Z4 

Ea=2I.Zq 

For explanation of other items used in Figure 5 
see caption for Figure 4 
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If it is found that the range of operation 
is too limited with the three-cycle log-log 
paper the horizontal scale may be extended 
to four or five cycles. 

Figure 5 shows the vector relations with 
the exciting and core-loss components of 
current considerably exaggerated. It may 
be. noted that the primary current J,/N is 
vectorially equal to the sum of J,+GE,+ 
BE, and algebraically equal to: 


R xX 
1+cE(2)+ pr *) a 


cos p 


where 
ZaV RK 


The phase-angle error may be found from 
the tangent of the angle ¢ between J,/N and 
I;, this angle being considered positive when 
Is leads Ip/N, 


stan g__BEs(R/Z)— GENX/2) 
an ®= 7 +GE,(R/Z)+BE,(X/2) 


BRI,—GXI, 


DieBXeLreR a 


Pepeese Sek 
14 BX44GR 
The ratio correction factor is equal to the 


ratio Ip/N divided by J;. Also, E;/I;=Z. 
Likewise, from Figure 5 it is apparent that 


x R 
e+ BE. +GEs, 
ROCF ss ———— 
cos } 
or 
Jig Jeune ae R 
LIN Al Tes Gomgileee 
Te cos } 
or the 
BX R 
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HE present aircraft electric system 

uses 24 volts direct current; the 
future system will assuredly be of a 
higher voltage as aircraft and their gen- 
erating systems increase in size. Whether 
it be direct current or alternating current 
depends on the relative merits of each.} 
If the new system be alternating current 
the problem of arc interruption is not 
difficult. If the new system be direct 
current and above 24 volts, it has been 
assumed that the arc-interruption prob- 
lem at altitude would be quite difficult. 
There is, however, little quantitative 
data available to bear this out. An in- 
vestigation was therefore initiated to ob- 
tain preliminary data on arc-interruption 
problems introduced by the use of higher 
d-c voltages. 

The use of a newly developed timer 
for measuring the duration of arcing 
made it possible to obtain accurately and 
rapidly a large amount of quantitative 
data which are presented herewith. 


Scope of Paper 


This paper presents data on d-e arc 
interruption for voltages up to 250 volts 
at pressures from sea level to 50,000 feet 
altitude. Both resistive and inductive 
loads are investigated. The load range 
chosen includes small currents corre- 
sponding to relay or auxiliary-contact 
values, and higher currents associated 
with power circuits. Two general types 
of devices were used for the tests; 
namely, single- and double-break switches 
and a blowout-type contactor. The re- 
sults are presented both in the form of 
maximum amperes which can be inter- 
rupted and arcing time in milliseconds, 
The effect of inductive loads on are in- 
terruption is discussed briefly. 

There also are presented the results of 
an investigation on the effect of a mag- 
netic field on an arc, which at altitude 
tends to produce an arc movement in a 
direction opposite to that at sea level. 

No attempt has been made to give theo- 
retical or analytical explanations of the 
results obtained. 

A parallel investigation of the voltage 
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peaks resulting from current interrup- 
tion was made at the same time and the 
results of this investigation are pre- 
sented in a paper by Phillips and Mitchel.? 


Conclusions 


1. The interrupting ability of small gaps 
(of the order of 0.020 inch) increases 
markedly with altitude for voltages above a 
certain minimum (about 80 volts). 


2. The interrupting ability of larger gaps 
(of the order of 0.220 inch) increases with 
altitude for voltages above a certain mini- 
mum (about 175 volts). For these larger 
gaps the increase is not as marked as for the 
smaller gap. 


3. Ona 30-volt system the arcing time in- 
creases with altitude. On a higher-voltage 
system (above some minimum depending 
on the gap) arcing time decreases with alti- 
tude. 


4. For double-break devices handling 
resistance loads, the maximum volt-am- 
peres which can be interrupted increases 
rapidly as voltages decrease below 100 volts. 


5. The interrupting ability of a double 
break, each gap being 0.020 inch, on a 30- 
volt system is about five times that of a 
single 0.040-inch gap. 


6. The are-interrupting ability of a device 
improves with increased humidity both at 
sea level and at reduced pressure corre- 
sponding to 60,000 feet. 


7. A blowout-type contactor of the type 
used in industrial work will handle the power 


MAXIMUM INTERRUPTED VOLT- AMPERES 


MAXIMUM INTERRUPTED AMPERES 


D-c VOLTS 


Figure 1. Comparison of the interrupting 

ability versus voltage at sea level and 60,000 

feet altitude for the double-break Switchette 
on resistive load 


Gap: 0.020 inch per break 
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requirements of aircraft (100 kva and above 
at voltages up to 250 volts direct current 
both at sea level and altitude. Special at- 
tention must be paid in the design to ensure 
successful operation with low currents at 
altitude. 


8. <A reverse blowout effect exists at alti- 
tude which tends to move a low-current are 
under the influence of a magnetic field in a 
direction opposite to that at sea level. This 
effect was not observed at currents above 
50 amperes. The reverse forces apparently 
are quite small. 


9. There is an effect observable with small 
gaps on direct current, similar to that on 
alternating current, whereby it is possible 
to increase the maximum interrupting ca- 
pacity of a pair of contacts by decreasing the 
gap. 


MAXIMUM INTERRUPTED AMPERES 


10 20 30. +40 50 60 
ALTI TUDE- THOUSANDS OF FEET 

Figure 2. Maximum interrupted current versus 

altitude for the double-break Switchette at 125 


volts direct current on resistive and inductive 
loads, both single and double break 


Load: Inductive B, Table | 
Gap: 0.020 inch per break 


MAXIMUM INTERRUPTED AMPERES 


ALTITUDE- THOUSANDS OF FEET 


Figure 3. Maximum interrupted current versus 

altitude for the double-break Switchette at 250 

volts direct current on resistive and inductive 
loads, both single and double break 


Load: Inductive B, Table | 
Gap: 0.020 inch per break 
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Figure 4. Maximum interrupted current versus 
altitude for the Switchette at 30 volts direct 
current on resistive and inductive loads, single 


break 


Losd: Inductive B, Table | 
Gap: 0.020 inch per break 


10. The maximum interrupting capacity 
of a device is about the same for loads which 
have low inductance (inductive B, Table I) 
as for resistance loads. Highly inductive 
loads (inductive A, Table I) lower the inter- 
rupting capacity by as much as two to one. 


Devices Used 


All data presented in this paper were 
taken on the following three devices: 


1. An aircraft switch known as the 
Switchette. This is a small double-break 
switch rated at ten amperes, 30 volts, single 
circuit, inductive load, at all altitudes. It 
has silver tips of one-eighth-inch diameter 
and a gap of 0.020 inch. It requires from 
one to two milliseconds for the tips to 
travel across the 0.020-inch gap. 


2. A double-break switch with a bridge- 
type movable contact arm carrying silver 
tips about one-half inch in diameter on 
seven-eighth-inch centers. The tip gap 


MAXIMUM INTERRUPTED AMPERES (INDUCTIVE) 


ALT! TUDE- THOUSANDS OF FEET 


Figure 5. Comparison of maximum interrupted 

current versus altitude for the 0.040-inch-gap 

single-break Switchette and the 0.020-inch- 

per-break double-break Switchette on induc- 
tive load at 30 volts direct current 


Load: Inductive B, Table | 
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AV. ARC TIME - MILLISECONDS 


ALTI TUDE- THOUSANDS OF FEET 


Figure 6a. Average arc time versus altitude 
for the double-break Switchette at 125 volts 
direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 
Load: Inductive A, Table |, 0.2 ampere—two 
coils in series. Parallel combinations of these 
for higher currents 
Gap: 0.090 inch per break 


was set at 0.220 and 0.312 inch. This unit 
was part of a commercial size 1 contactor 
having a tip rating on alternating current of 
25 amperes and a motor rating of 71/2 horse- 
power at 550 volts. The opening speed is 
about 20 inches per second. 


3. An industrial blowout-type contactor 
with copper tips rated at 100 amperes, 600 
volts, direct current. The gap length on 
this device is !%/3. inch and there are 11 
turns in the blowout field. In this device 
the are transfers from the tips to stationary 
arcing horns so that the opening speed does 
not usually affect are interruption. 


Method of Test 


Power for most tests was supplied by 
one or two generators rated 200 kw at 
300 volts. For some of, the tests at 30 
volts on the Switchette a battery table 
capable of supplying 2,000 amperes was 
used. Arcing times were obtained with 
the use of a specially built electronic 
arc timer. The input impedance to this 
device is about four megohms so that its 
effect on the arcing characteristic of the 
devices was negligible. 

The device under test was mounted in 
a transparent bell jar which was evacu- 
ated to simulate altitude. Pressure was 
read on a vacuum gauge calibrated against 
a manometer. Conversion between pres- 
sure in inches of mercury and altitude 
was based on data from National Ad- 
visory Committee for Aeronautics report 
218. No attempt was made to control 
temperature or humidity except in one 
instance when the humidity was held at 
100 per cent for a test at both sea level 
and altitude. The device was operated 
at 20 make and breaks per minute for the 
lower currents (100 amperes and below) 
and about five to ten operations per min- 
ute at the higher currents. In all cases 


Quill, Rader—D-C Arc Interruption for Aircraft 


AV. ARC TIME- MILLISECONDS 


10 12 14 
AMPE RES 
Figure 6b. Average arc time (ten readings) 
versus current for the double-break Switchette 
at 125 volts on both resistive and inductive 
loads at sea level 


16 18 20 


Load: Inductive A, Table |, 0.2 ampere—two 
coils in series. Parallel combinations of these 
for higher currents 
Gap: 0.020 inch per break 


sufficient on-time was allowed for the 
current to reach its steady state value 
before breaking the circuit. Ten readings 
were taken at each set of conditions when 
obtaining arc-time data so that each 
point on the presented curves is the aver- 
age of ten readings. To obtain the data 
showing the maximum current which a 
device could handle, the current was in- 
creased in small steps taking ten inter- 
ruptions at each point, until the current 
was found at which the arc would not ex- 
tinguish. 


Loads—Inductive 


The loads used in these tests are those 
designated in Table I. The inductance 


MAXIMUM INTERRUPTED VOLT- AMPERES 


O-C VOLTS 


Figure 7. Comparison of the interrupting 

ability versus voltage at sea level and at 60,000 

feet for the 0.220-inch-gap-per-break double- 
break contactor on resistive load 


One curve for the Switchette from Figure 1 is 
shown for comparative purposes _ 
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Figure 8a. Average arc time versus altitude 
for the double-break contactor at 60 volts 
direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 
Load: Inductive C, Table | 
Gap: 0.220 inch per break 


given is that defined as differential in- 
ductance.* This inductance is obtained 
from a step-by-step solution of the os- 
cillogram of current rise under constant 
voltage using the equation Ldi/dt+ Ri=E. 
Although the values of inductance are 
given only at 50 per cent and 100 per 
cent current, a continuous curve of in- 
ductance versus current can be obtained 
from the oscillogram. 


Discussion of Data 


Table II shows the average arc time 
on a 30-volt system for several commer- 
cially available aircraft devices. It is 
presented here merely to give some fac- 
tual data and establish the order of mag- 
nitude of the arcing times which are now 
obtained. 


SwircHette, 0.020-INcH Gap 


Figures 1 through 6 inclusive present 
results obtained with the Switchette. 
Figure 1 is a plot of maximum inter- 
rupted amperes and maximum  volt- 
amperes versus voltages at sea level and 


60 
: 
rs) 
+2} 
a 
a 
= 
- 
e- 
o 20 RS EUS telat. 
g SEA LEVEL 
2 { Nese) 

1 ite = t- 

t—t—+} 
0 
() 50 100 +4150 200 250 300 


AMPERES 


Figure 86. Comparison of average arc time 
(ten readings) versus current at sea level and 
50,000 feet for the double-break contactor 
on inductive load at 60 volts direct current 


Load: Inductive C, Table | 
Gap: 0.290 inch per break 


60,000 feet for resistance load. The 
rather surprising result should be noted 
that for voltages above 80 volts inter- 
ruption improves with altitude. The 
complete curves of maximum amperes 
versus altitude for 125 volts direct cur- 
rent and 250 volts direct current which 
were taken for an inductive and a resis- 
tive load, both single and double break, 
are given in Figures 2 and 3. Again it 
will be noted that interrupting capacity 
increases with altitude. 

Figure 4 compares interruption for re- 
sistive and inductive loads versus altitude 
at 30 volts direct current. Figure 5 shows 
a comparison of the interrupting ability 
on inductive load of a double break of 
0.020 inch per break with one single break 
of 0.040-inch gap. The large interrupt- 
ing ability of the double break at 30 volts 
is probably due to the fact that the mini- 
mum voltage required to maintain an 
arc in air is approximately 15 volts per 
break. 

Figure 6a shows arcing time versus 
altitude for three currents at 125 volts. 
The shorter arcing times at altitude lead 
to the conclusion that interruption im- 


proves with altitude at this voltage, which 
is in agreement with data shown in Fig- 
ure 1. Figure 6b shows average arc 
time versus amperes at 125 volts at sea 
level for a resistance load and a very 
highly inductive load. The very sudden 
change in arc time as the switch ap- 
proaches its limit is clearly shown. The 
difference in maximum interrupting 
ability between this curve and that of 
Figure 2 is due to the difference in load 
inductance. 


DouBLE BREAK, ().220-INCH GAP AND 
0.312-IncH Gap 


Data were taken on a conventional 
double-break switch for gaps of 0.220 
inch and 0,312 inch. Only the data taken 
at 125 volts are submitted for both gaps; 
the majority of the results shown are 
for the 0.220-inch gap. 

The maximum current and maximum 
volt-amperes interrupted versus voltage 
for 0.220-inch-gap double-break switch 
are shown on Figure 7 for a resistance 
load at sea level and 60,000 feet. Again 
an improved interruption at the higher 
voltages is noted, but the voltage above 
which arc interruption improves is ap- 
proximately 175 volts for this gap. 
There is only a slight increase in the cur- 
rent which can be interrupted at altitude 
compared to sea level for voltages above 
175 volts; for voltages below this value 
the interrupting ability is noticeably less 
at altitude. A comparison of the maxi- 
mum currents that can be handled at sea 
level by the 0.220-inch-gap double-break 
contactor and the 0.020-inch-gap Switch- 
ette is also shown in Figure 7. 

The double-break switch, when oper- 
ated on 30 volts direct current, inter- 
rupted currents of 1,000 amperes, both 
resistive and inductive, without diff- 
culty at both sea level and 50,000 feet. 
No curve has therefore been plotted for 
this voltage. 

Figures 8a and b show the operation of 
this device at 60 volts with varying alti- 
tude. The point of failure occurred be- — 
tween 100 and 160 amperes at 50,000 feet. 
It is interesting to note that the arc time 


Table 1. Load Inductance 
| Load Rating Inductance, Henries a 
| r 
Load | 100 Per 100 Per 50 Per 100 Per 
Designation Load Load Data Cent V Cent I Cent I Cent I 
Inductive A... .Series and series-parallel combinations of d-c in-....9,600 turns, 1.5-square-inch iron area,...... 2 See O42. stake 55 8 
dustrial relays; data given for each relay armature sealed 
Inductive B....Parallel combinations of d-c industrial relays;....715 turns, 0.6-square-inch iron area,...... CE a A Ee aardare 0.10 .0.08 
data given for each relay armature sealed 
Inductive C..... D-c series-motor field M DO-109, 150 horsepower..... Series field and commutating field............ OP ESS BOOT iE stars 0.002 0.0044 
Inductive D....D-cseries-motor field MDO-105........ 00000000000 Series Hela serreite ete siti veal ai cielelsreyalsieyaecels) sre) 220m P20 Nera caats 0.010 0.018 
Inductive E..... D-c series-motor fields MDO-105 and 106 in series... .Series fields... 2.6... cece ee eet ence ee eeees Za ie sole sail leis 0.012 0,024 
Inductive F..... Aircraft series motor, 1/13 horsepower.............. Armature and field in series—rotor...... 24,..4. Diy fs hale RA 0.0033. ..0.002 
blocked 
Inductive G..... Aircraft series motor, one-eighth horsepower........ Armature and field in series—rotor...... 24..... OU, Taicagese 0.003 ...0.003 
blocked 
Inductive H....100-ampere-dynamotor contactor coil,............. 2,300 turns, 0.5-square-inch iron area,,..... Br shasta 0.54..... 2.4 1.5 
armature sealed 
Inductive J..... polenvid: type 20G-amipere CONLAGEOL COM inet fou toi sic eeEie nahn asc lelosbre ohe sin avctclicne, nit velsiipict er wipitieie|>-o/sieie eves AAG 3 ORAZ sieeiere 4.2 1.0 
Inductive K....Balanced-armature-type 100-ampere contactor....3,100 turns, 0.09-square-inch iron area,....... Bea eras 0.19 
coil armature sealed 
Inductive L..... Vour-horsepower aircraft-motor field............... SOMMUETEPMReL CA eet ayalarreia alae Rfeis[ayats ejecta mince ly aic CO) a am Ge Oia nrais 0.06 ...0.03 
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Figure 9a. Average arc time versus altitude 


for the double-break contactor at 125 volts 
direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 
Load: Inductive C, Table | 
Gap: 0.220 inch per break 


AV. ARC SECONDS - MILLISECONDS 


ALTITUDE - THOUSANDS OF FEET 


Figure 96. Average arc time (ten readings) 
versus altitude for the double-break contactor 
at 125 volts direct current on inductive load 


Load: Inductive C, Table | 
Gap: 0.312 inch per break 


gave an indication of impending failure 
at 160 amperes by an occasional reading of 
long are time before the altitude was 
reached at which failure finally occurred. 

Figure 9a shows the performance of 
the 0.220-inch-gap switch while Figure 
9b shows the performance of the 0,312 
inch gap, both on an inductive load at 
125 volts. The increased gap has the 
larger interrupting ability both at sea 
level and altitude. 

Figures 10a and b are taken at the same 
voltage as Figure 9, the only difference 
being a higher inductance load. The 
point of failure has dropped somewhat 
lower, and the arcing times are longer at 
the higher amperes. 

On 250 volts direct current this device 
will interrupt only three or four amperes 
inductive load. It should be noted from 
curves 7, 8, and 9 that interruption at 
altitude does not improve for this gap. 
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BLowoutT-TYPE DEVICE 


A magnetic-blowout-type device was 
used to interrupt the high currents corre- 
sponding to the power available on mod- 
ern aircraft. The first tests consisted of 
interrupting a 40-kva inductive load (in- 
ductive C) and measuring the arcing time 
for voltages from 30 to 250 volts direct 
current at altitudes up to 50,000 feet. The 
contactor had no difficulty in handling 
this constant kilovolt-ampere load and 
the arc time increased uniformly with 
voltage from 8 to 15 milliseconds. Three 
was no appreciable change in are time 
with altitude for this load. 

Figures lla, 12a, and 13a show the 
operation of the blowout-type contactor 
at 60 volts, 125 volts, and 250 volts in 
arcing time versus altitude. Figures 
1lb, 12b, and 13b show arcing time at 
sea level and 50,000 feet versus amperes. 
It will be noted that a series blowout- 
type contactor at altitude has an arc-time 
characteristic very similar to its charac- 
teristic at sea level. This means that the 
device can successfully handle currents 
from its rating to ten or more times its 
rating with essentially constant arc time. 
A blowout-type contactor inherently has 
a weak point characterized by long arc 
times at currents around 20 per cent of 
its rating. This is the range in which 
the blowout field, because of the low cur- 
rent, is too weak to be effective and the 
contactor depends primarily on its large 
gap to break the current. It will be noted 
that this contactor, although operating 
successfully at sea level, failed on 250 
volts in the low-current range, indicating 


Table Il. Comparison of Arcing Times at 30 
Volts Direct Current 
Load: Inductive C, Table | 
Average 
Arc Time 
(Ten 
Readings) 
P So 
“4 a> a 
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s z ge 8438 
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© g 2 S83 % 
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( Oy Os ace. 
Switchette......... 0.020.. ) LO yes 15: + 5 
50%... 12 .23 
Double-break con- ee ag ye 
tactor (referred LOsoeee dane 
to in paper—de- 20 at Wee ass 
vices used)....... 0.312. 50 7k Oma 
112 2 O50 L255 
VAS eH Ors Let Wf 
5 + Oc O% a 
Double-break air- 10 70 Maven 
craft contactor 20 nO Osis ts 
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Double-break air- 
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Double-break air- 
craft contactor 
rated 200 am- 
DEXES).. cireme's ceca 0.125.. -150 - ..12.5..18.5 
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that altitude has made the interruption .. 
more difficult for those currents where the’ 
blowout field is ineffective. 


EFrrect or HUMIDITY 


One test was made to find the effect 
of humidity on arc interruption. For 
this test a container of water was boiled 
within the bell jar until moisture con- 
densed on the jar. Arcing times were 
measured on an inductive load at sea 
level and 60,000 feet. Similar data were” 
taken on the same device with air which 
was at 20 per cent relative humidity at 
sea level. The results of these tests are 
shown in Figure 14. It will be noted that 
there is some improvement in are inter- 


ruption due to increased humidity. 
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Figure 10a. Average arc time versus altitude 


for the double-break contactor at 125 volts 
direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 
Load: Inductive E, Table | 
Gap: 0.290 inch per break 
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Figure 10b. Comparison ‘of average arc time 
(ten readings) versus current at sea level and 
50,000 feet for the double-break contactor 
on inductive load at 125 volts direct current 


Load: Inductive C, Table | 
Gap: 0.220 inch per. break 


ELECTRICAL ENGINEERING: 


REVERSE BLOWOUT AT ALTITUDE 


It has been known for some time that 
at altitude an arc may move under the 
influence of a magnetic field, in a direc- 
tion opposite to that in which it moves at 
sea level. To investigate this effect two 
devices were used. The first had as 
electrodes a pair of slightly bowed cop- 
per bars mounted to make contact at 
their center. They were arranged so 
that the arc could move horizontally, 
equally well in either direction. A sepa- 
rately excited source supplied blowout- 
field excitation. 

Using only 125-volt d-c supply, arc 
cutrents from three to seven amperes, 
both inductive and resistance loads, and 
gaps of one-eighth inch, one-fourth inch, 
three-eighths inch, and one-half inch, it 
was found that as pressure was reduced 
the are moved slower and slower in the 
normal direction until finally it did not 
move. The altitude at which this oc- 
curred is shown in the following table: 


Gap, Current, Direct Altitude, 

Inch Amperes Voltage Feet 
MEME intnisie's 6-20 sheteyetntdeeeey < 125 38,000 
OS aa ee Deveieverereca) eave. LOG Feteke deci 46,000 
eae sonidos Disiasatstprspeleeee = ZG toeetstct 47,000 
ON ce Ova stalseebal aot s % UD ea patetoasts 56,000 


For altitudes above those shown the arc 
was driven in the reverse direction. 

It will be noted that as the gap in- 
creased the altitude required to stop all 
movement in the no mal direction also 
increased. Changing the field strength 
over a wide range did not appear to affect 
this phenomenon. 

The second device used consisted of a 
double-break switch with two permanent- 
magnet blowouts and electrodes so ar- 
ranged that each arc could travel in either 
of two directions. Using this device with 
a gap of 4/15 inch and %/3. inch it was ob- 
served that the reverse blowout effect 
did not take place on both gaps, one re- 
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Figure 11a. Average arc time versus altitude 
for the 0.590-inch-gap blowout-type contac- 
tor at 60 volts direct current on inductive load 


Each point represents the average of ten read- 
ings of arc time 


Load: Inductive C, Table | 
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versing at altitude and the other merely 
decreasing in velocity. Investigation re- 
vealed that there was a dependence on 
the direction of current flow. If the 
cathode was in a strong magnetic field 
near the magnet the reverse blowout oc- 
curred but when the cathode was in a 
weaker field reversal did not occur. 

As the pressure in the vacuum chamber 
is lowered the arc is observed to move 
slower and slower. It finally stops moving 
and then if conditions are right moves in 
the opposite direction. At this point it is 
a diffuse discharge, its cross section having 
increased many times. It is easily ob- 
servable that the different parts of the 
are are acted on by opposing forces, for 
the arc column will sometimes travel in 
one direction while the cathode spot 
moves in another. It appears that the 
reverse blowout forces act primarily on 
the region near the cathode spots while 
the magnetic field as usual acts on the 
are column. At very small gaps these 
saine phenomena can sometimes be ob- 
served at sea level. 

In general, the reverse force appears 
to be quite small and it may be overcome 
simply by convection. The reverse arc 
movement has been reported and dis- 
cussed in a paper by C. G. Smith.’ 


General Discussion 


INDUCTIVE LOADS 


There is no standard method of de- 
fining the type of load to be used for in- 
terruption tests. Often a load is desig- 
nated merely as “inductive,” the infer- 
ence being that such an inductive load 
is typical or similar to those which the 
device must handle. In some cases a 
time constant for the circuit is specified 
as in the Navy Aeronautical Specifica- 
tion for contactors M569. This is an in- 
adequate designation for it is possible 
to make up any number of d-c circuits 
which have the same time constant but 
whose severity of interruption can be 
many times different.. If an additional 
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Figure 116. Comparison of average arc time 
(ten readings) versus current at sea level and 
50,000 feet at 60 volts direct current for the 
0.590-inch-gap blowout-type contactor on 
inductive load 


Load: Inductive C, Table | 
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‘specification is made regarding the cur- 


rent at which a certain degree of satura- 
tion exists, then a time-constant defini- 
tion of a circuit is more nearly adequate. 
Another method of specifying load is to 
give the dimensions and turns of the test 
reactor or device. Here again attention 
must be paid to saturation. The stand- 
ard test inductors specified by the Bu- 
reau of Aeronautics, Navy Department, 
£180, saturate at about 20 per cent of 
their rated current. This reactor will 
then have appreciable inductance up to 
20 per cent of its rating and negligible 
inductance thereafter. A more funda- 
mental method of defining the inductance 
of a circuit for interruption comparisons 
would be to give the total stored mag- 
netic energy in the circuit. However, 
this is hard to measure, whereas a curve 
of inductance versus current can be ob- 
tained simply for any combination of de- 
vices from the current-time curve. 
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Figure 12a. Average arc time versus altitude 

for the 0.590-inch-gap blowout-type contac- 

tor at 125 volts direct current on inductive 


load 


Each point represents the average of ten read- 
ings of arc time 


Load: Inductive C, Table | 
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Figure 12b. Comparison of average arc time 

(ten readings) versus current at sea level and 

50,000 feet at 125 volts direct current for the 

0.590-inch-gap blowout-type contactor on 
inductive load 


Load: Inductive C, Table | 
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Figure 13a. Average arc time versus altitude 
for the 0.590-inch-gap blowout-type contac- 
tor at 250 volts direct current on inductive 


load 


Each point represents the average of ten read- 
ings of arc time 


Load: Inductive C, Table | 
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Figure 136. Comparison of average arc time 

(ten readings) versus current at sea level and 

50,000 feet at 250 volts direct current for the 

0.590-inch-gap blowout-type contactor on 
inductive load 


Load: Inductive C, Table | 


In this paper differential inductance, 
which is defined as 
E-Ri 
di 
dt 


L= 


has been used although it is recognized 
that it is not the characteristic inductance 
exhibited by a circuit under arcing condi- 
tions. If hysteresis and eddy currents 
were absent this inductance would be the 
true inductance to specify for circuit in- 
terruption. In any iron-cored circuit, 
however, especially on direct current 


ioe) 
ia 
(9/4) 
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where solid iron is used, these core-loss 
effects are present and so the true induct- 
ance which affects arc interruption will 
vary considerably depending on the cur- 
rent and the speed with which the current 


‘is interrupted. The differential induct- 


ance is used in this paper because it is 
readily obtained and is an indication of 
the inductance of a dey ce. 


ARC TIME 


It should be noted that the curves pre- 
sent interruption data in two forms—ac- 
tual are time in milliseconds and maxi- 
mum interrupting ability. The latter 
is often the criterion used to establish 
the interruption rating of a device, the 
actual rating being a certain percentage 
of the maximum current which can be 
broken. This method of evaluating in- 
terrupting ability presupposes a short 
arc time at rated current and for sea- 
level tests this is usually correct. How- 
ever, when investigations of interrup- 
tions at various pressures are made, it is 
advantageous to discover by means of 
actual are times the point at which erratic 
performance begins. 


Furthermore, arcing time is a good ° 


quantitative measure of the comparative 
performance of devices. In most cases 
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Figure 14a. Comparison of average arc time 


versus current at 20 and 100 per cent relative 
humidity with 0.590-inch-gap blowout-type 
contactor on inductive load at sea level 


Each point represents the average of ten read- 
ings of arc time 


Load: Inductive C, Table | 
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Figure 146. Comparison of average arc time 

(ten readings) versus current at 20 and 100 per 

cent relative humidity with 0.590-inch-gap 

blowout-type contactor on inductive load at 
60,000 feet altitude 


Load: Inductive C, Table | 
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a sudden increase in arcing time antici- 
pates actual failure of the device. Arc 
time is also important for evaluating tip 
life. 

For small direct currents where high- 
voltage surges are usually initiated by 
the arc interruption, the use of a mag- 
netic oscillograph of the usual sensitivity 
may lead to erroneous values of arcing 
time and arcing characteristics. 


SMALL-GAP EFFECT 


The fact that a small gap of the order 
of one millimeter may have a higher in- 
terrupting ability than a larger gap is a 
well known phenomenon in a-c® are in- 
terruption. Investigation of d-c inter- 
ruption at small gaps has shown that a 
similar effect exists for direct current. 
Tests have shown that it is often pos- 
sible to interrupt more current at either 
125 volts or 250 volts, inductive or re-_ 
sistive load, with gaps about 0.005 inch 
or 0.010 inch than with gaps of 0.030 
inch, especially at the higher altitudes. 
Practical considerations such as metal 
transfer or the building up of beads on 
tips due to arcing tend to limit the prac- 
tical usefulness of this observed phenome- 
non. 


Summary 


This paper has presented quantitative 
information obtained on various direct 
voltages. It should be cautioned that the 
maximum interrupted currents given 
here should not be taken as the rating of a 
device. The actual rating is a certain 
fraction of the maximum and is depend- 
ent on factors such as factor of safety 
desired, tip life expectancy, maximum 
arcing time allowable, and so forth. 

Based on data obtained so far, the arc- 
interruption problem at higher direct 
voltages appears quite feasible. Possible 
system voltages are three wire, 250 volt, 
or even 600 volt as far as are interrup- 
tion is concerned. 
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- Basic Considerations in the Selection of 


Generators and Batteries for Ajircraft 
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| eee systems as used on aircraft 
have developed from a more or less 
accessory status in older types of aircraft 


to a place of prominence in modern types 


of such importance that safety of opera- 
tion is often dependent to a limited extent 
on electric-system reliability. Because of 
its importance the general requirements 
of the electric system must be conceived 
for a proposed new airplane design when 
the design isin an embryonic state. Pre- 
liminary electric-load requirements must 
be calculated and, as design, changes are 
made, must be revised repeatedly in order 
to co-ordinate properly the electric-sys- 
tem design with the other design charac- 
teristics of the airplane. 

During this process of development all 
controlling design features of the complete 
electric system should be considered un- 
der operating conditions approximating, 
as closely as possible, those which 
would be obtained during actual opera- 
tion. 

To facilitate the calculation of electric 
loads of an airplane in any design stage, 
and with accuracy consistent with good 
design, the method described in this 
paper has evolved from a study of this 
problem extending over a period of several 
years. 


/ 


Method of Analyzing Aircraft Loads 


To select a generating source adequate 
to meet the electric-load requirements of 
an airplane under applicable operating 
conditions requires a systematic survey 
of those conditions with the most severe 
load combinations that may be encoun- 
tered. Thus, the number of generators 
and batteries and their ratings must be 
determined from the proposed system 
load calculations with due regard to the 
variable nature of the loads and to other 
influencing characteristics. 

Since the preliminary studies of electric 
loads and the determination of required 
generating capacity for a proposed air- 


plane present the greatest obstacles, the 


procedure discussed in this paper at- 
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tempts to clarify this initial phase of de- 
sign by considering the several factors 
contributing to the selection of genera- 
tors and batteries; however, the method 
used for calculating loads is equally ap- 
plicable to all stages of design with no 
variations nor exceptions. 

The method of calculation as presented 
in this paper is founded on the fact that 
the established standard for rating electric 
machinery is based on internal heating of 
the machine; that is, the maximum out- 
put of the machine is limited by the maxi- 
mum safe operating temperature for the 
type of insulation used. This applies to 
aircraft generators where the tempera- 
ture rise of the generator is a function of 
its internal losses, the most important of 
which are windage, friction, hysteresis, 
eddy-current and copper losses. Of 
these, windage, friction, hysteresis, 
and eddy-current losses are functions 
of generator speed and field excitation. 
Copper losses are the products of the 
resistances of field and armature and 
the squares of their respective currents, 
and usually may be considered the prin- 
cipal source of heating when the gener- 
ator is operated at 50 per cent rating 
or above. This is particularly true of 
present-day main engine generators which 
are cooled by air blast, since an increase 
in windage, friction, hysteresis and eddy- 
current losses due to higher generator 
speed is compensated by the increased 


blast resulting from the greater forward 
airplane speed which usually accompanies 
an increase in engine speed. Hence, by 
assuming that all, instead of only the 
major part, of the losses vary as the 
square of the armature current, this 
method of evaluating variable loads is 
slightly conservative. 

The energy which produces heating of 
the generator conductors in any given 
period of time, T, is proportional to the 
integrated squares of instantaneous values 
of current as shown in the following 
equation: 


T2 
wer fi dt watt minutes 
T1 


where T=7,—T7,. 

The steady value of current that would 
produce the same heating is equal to the 
square root of the mean square of the 
instantanéous currents integrated over 
the period T. 


Wy rl aif ® 
Tims = @— = = itdt 
REVI fe 


With the aid of this equation the load 
requirements for each operating condition 
of the airplane, and consequently the 
magnitude of the principal factor causing 
heating of the generators, may be deter- 
mined, and it is of prime importance that 
all main operating conditions be analyzed 
to preclude the omission of any operating 
characteristics that might influence the 
generator capacity. The number of 
different operating conditions fora compre- 
hensive analysis is dependent on the type 
of aircraft—land based or sea based— 


Figure 1. Sample of chart used for tabulating 
aircraft electric loads 
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TOTALS. 


T!_| MAXIMUM DEMAND (SIMULTANEOUS OPERATION- ALL APPLICABLE LOADS) 


SHORT TIME PEAK CURRENT (RMS. FOR 2 MINUTES) 
R.M.S.VALUE OF CURRENT (FOR REMAINDER OF PERIOD) 
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and on the use of the aircraft—military 
or commercial. Operating conditions 
may include loading, standby, starting, 
take-off, cruise, combat, landing, and 
others as may be applicable. 

The first step in making the analysis 
consists of listing each item of utilization 
equipment on a chart similar tothat shown 
in Figure 1. Adjacent to each item and 
in columns provided for the purpose are 
listed amperes per unit, total number 
of units, units operating simultaneously, 
seconds per operation, and total opera- 
tions per unit per hour. Following this, 
the applicable operating conditions are 


#2042 


ee ee PEAK— RMS 


kK —*\+— BALANCE OF PERIOD—RMS | 


203.5 AMPS 0.112 MIN 
201.5 AMPS 0.170 MIN 7} 
199.2 AMPS 0.420 MIN 
165.5AMPS 0.25 MIN —| | —_1 
163.5 AMPS 0.50 MIN 
54.1 AMPS 2.50 MIN 


Fy ea | ee 47.1 AMPS 5.00 MIN 
56.7 AMPS 1.00 MIN 
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TIME 


Figure 2. Block diagram illustrating the se- 
quence of loads as used for calculating rms 
values of current 


AMPERES 


set up in columns, and the current for 
each item operating under each of the 
several conditions is noted. 

Individual loads under each operating 
condition may be classified as continuous 
loads, which exist for the duration of the 
operating period considered, and noncon- 
tinuous loads, which exist for various 
portions of the operating period. Ex- 
amples of these classifications are heating 
equipment, ventilating equipment, radio 
receivers, and inverters which are usually 
operated continuously, while items such as 
control-surface equipment, landing-gear 
retraction equipment, and engine starters 
are operated noncontinuously. 

Calculations of maximum demand, 
short-time peak, and rms values of cur- 
rent for each of the several operating con- 
ditions with proper consideration of other 
influencing factors provide sufficient data 
to determine the number and capacity of 
generators and batteries for a given in- 
stallation. 

As indicated in Figure 2 and Table I, 
it is assumed in this method of calculation 
that for each operating condition all ap- 
plicable loads begin simultaneously at 
the start of the period. This assumption 
serves to simplify calculations and its 
justification lies in the impracticability of 
attempting to estimate the actual order 
of occurrence of the various loads. This 


arbitrary sequence leads to pessimistic * 


values of maximum demand and rms cur- 
rent but serves to compensate for neglect- 
ing motor-starting inrush currents. In 
addition to heating, the maximum demand 
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must be considered because of the effect 
of high momentary currents upon com- 
mutation, regulation, and instantaneous 
torque demand on the generator drive. 

Because of the relatively small margins 
of safety possible in aircraft generator 
design,! it is of great importance that ad- 
herence to design ratings be exercised. 
Many main engine d-c generators have a 
continuous full-load rating, a two-minute 
50 per cent overload rating, and a five- 
second 100 per cent overload rating, 
whereas, most auxiliary power-plant 
generators have a continuous full-load 
rating and a five-minute 50 per cent over- 
load rating. Thus, it is necessary when 
analyzing the operating conditions to 
evaluate the overloads for which there is a 
possibility of occurrence. - This gives rise 
to the short-time peak current which is 
the rms value calculated over a two- or 
five-minute period, whichever is appli- 
cable. 

The rms value computed for the bal- 
ance of the period, after the short time 
peak has been found, is somewhat pessi- 
mistic as a basis for determining the 
continuous-duty capacity of the generator 
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DURATION OF SHORT-TIME LOAD 
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Figure 3. Curves showing percentage dif- 
ference between rms and average values of 
current 


supply, since the arbitrary sequence of the 
various loads tends toward larger rms 
values; but, on the other hand, the 
average value for the same period is 
optimistic. Thus, if both rms and aver- 
age values are calculated, a bracket is 
established which extends from the most 
unfavorable to the most’ favorable’ se- 
quence; hence, the actual operation 
must fall somewhere between the two 
extremes. In the absence of large part- 
time loads the rms and average values 
will approximate each other very closely, 
indicating that the sequence of applica- 
tion of the loads for this condition is of 
little importance; however, if the short- 
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time loads are large their importance 
becomes of more concern. The differ- 
ence between the rms and average values 
over an operating cycle is a function of 
the ratio of amplitudes of the short-time 
current and the continuous current, and 
also of the duration of the short-time 
current in per cent of a complete operating 
cycle.- Figure 3 presents a family of 
curves showing the amount that the rms 
value exceeds the average value when a 
single short-time load is considered. 

Table I and Figure 2 serve to illustrate 
the method of calculating maximum de- 
mand, short-time peak and rms currents 
for a typical operating condition. 


Use of Load Calculations in 
Selection of Generators 


With the aid of the most severe service 
requirements of the power supply, as 
made available by the calculations of 
maximum demand, short-time peak, and 
rms values of current for the several oper- 
ating conditions, the active generator 
capacity may be determined. In addi- 
tion to the active power requirements, 
other considerations which bear on the 
selection of the number and rating of 
generators are: emergency reserve ca- 
pacity, excess capacity for future system 
growth, current peaks carried by bat- 
teries in low-voltage d-c systems, amount 
of monitoring that can be tolerated if. 
necessary, altitude rating of generators, 
generator operating speed, and volt-am- 
pere characteristics of the power-supply 
system. 


EMERGENCY RESERVE CAPACITY 


The capacity which should be provided 
for reserve depends on the likelihood of 
the generators or their controls becoming 
damaged or inoperative, and also depends 
on the importance of reliability of electric 
power supply, the reliability requirements 
in general being a function of size and 
power of the airplane. For almost all 
types of military aircraft reliability is 
usually of extreme importance from the 
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‘standpoints of protection and safety of 
flight. For large commercial aircraft 
and especially those for which flight 
safety is dependent on electrically oper- 
ated equipment, such as control surfaces, 
assurance of uninterrupted service is 
equally important, whereas, for small low- 
powered aircraft the loss of a generator 
normally would be of small consequence. 
Thus, the reserve capacity needed to in- 
sure\reliability of electric power may vary 
from 0 to 100 per cent and is purely an 
arbitrary figure depending on the func- 
tion of the airplane, flight safety require- 
ments, and the probability of damage to 
the system. 

Reserve capacity is normally provided 
in the form of more or larger generators, 
since the weight of batteries to supply 
power for an extended time is usually 
prohibitive. However, a complete evalua- 
tion of all factors sometimes will dictate 
the omission of part or all of the normal 
reserve generator capacity, and in such 
cases any generator failure will make it 
imperative to monitor the demand for 
power by limiting the operation of the 
utilization equipment. In case all the 
generator capacity is lost, failure to 
monitor will result in rapid discharge of 
the batteries with consequent loss of radio 
contact, electrically operated engine in- 
struments, and possibly propeller pitch 
control. Incase only part of the generat- 
ing capacity is lost, the remaining units 
probably will be operating under an over- 
load. In many ships not having a flight 
engineer, overload on the generator(s) 
is very likely to escape attention until the 
remaining units have overheated and 
failed. The importance of monitoring 
before this condition occurs is readily 
apparent and has led to serious considera- 
tion of the desirability of providing a 
warning whenever serious generator over- 
heating has occurred. The addition of a 
built-in thermostat in every generator 
would provide a simple means of operat- 
ing a red warning light. 


Capacity ALLOWED FOR SYSTEM GROWTH 


The amount of capacity provided for 
future system growth is greatest in the 
initial stages of the system design, since, 
as the development of the airplane pro- 
gresses, the initial allowance probably 
will be used. It has been common prac- 
tice to provide from 10 to 25 per cent over 
and above the initial calculated require- 
ments, depending on the conservatism of 
the design. 


CURRENT PEAKS 


The maximum demand current for any 
operating condition is often of a momen- 
tary nature which may be within the 
generator five-second rating previously 
mentioned. However, in the event that 
the maximum demand exceeds this rating 
in either amplitude or time, it is often 
desirable and advantageous to permit 
the batteries to supply the additional 
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load on low-voltage systems. This is ac- 
complished by co-ordinating properly the 
generator-voltage regulator combination 
to obtain a drooping voltage character- 
istic, as overload increases, of such nature 
as to reduce the generator voltage slightly 
below battery voltage at a _predeter- 
mined overload. Any momentary cur- 
rent peaks are usually of such short dura- 
tion that no provisions for added battery 
capacity are required, although this may 
not be true if the high-current peaks occur 
shortly after the batteries have undergone 
a period of high discharge. Such a con- 
dition might occur during take-off after 
main-engine starting has lowered battery 
capacity, or during landing if the engines 
are operated at low speed. Under the 
latter operating condition batteries would 
be required to supply a large portion of 
continuous loads in addition to peaks. 


MONITORING 


In some instances where maximum de- 
mand or short-time peak currents indicate 
the necessity for exceptionally large gener- 
ator or battery capacities, it is convenient 
and practicable to regulate the sequence 
of operation of manually controlled 
motors and other loads in order to prevent 
excessive currents, thus permitting the use 
of lower rated generators and batteries. 


(GENERATOR ALTITUDE RATINGS 


Most main-engine generators maintain 
full-rated output up to 30,000-feet alti- 
tude, above which the output is an inverse 
function of altitude. The output of 


auxiliary-power-plant generators, how- 
ever, is fundamentally dependent on the 
output of the internal combustion engine 
which is essentially an inverse function of 
altitude from sea level. Reduced auxil- 
iary-power-plant ratings above sea level 
cause them to be very inefficient for alti- 
tude operation, and unless engine super- 
charging is provided, these units are 
used commonly only for ground supply 
and emergency reserve in flight, at re- 
duced rating, for main-engine generators. 


GENERATOR SPEED 


To obtain rated output an aircraft 
generator must be operating within a 
given speed range with adequate voltage 
regulation. Thus, the possibility of 
generator speeds below the lower limit of 


‘rated speed must be given proper con- 


sideration for those operating conditions 
during which reduced speeds may occur. 
A condition of this type may become criti- 
cal during landing, especially if the ap- 
proach is made in a prolonged glide from 
high altitude, but in general would be 
relatively unimportant during ground 
operation with the main engines running. 


SYSTEM VOLT-AMPERE CHARACTERISTICS 


In order to prevent an unstable condi- 
tion during maximum demand or short- 
time peak loading from which the system 
will not recover to normal voltage, the 
system volt-ampere characteristics must 
be co-ordinated with operating condi- 
tions. The following discussion applies 
to aircraft power systems consisting of 
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Noncontinuous Loads 


Current Time 
Ls Ean Nene dhe Micky 2 ates SOs Dees ae | RS ey 0.048 
Sct PP eee. Ree ZaOins pataiale saree 
Coax at SOARES OG eT Dh Vath oe sean 0.33 
POA Sire eI ne Ae. CaRICAEA cds Sy era aad abn, 0.75 
Se Va abate tenione Ta See A ee jer one 2) ONS iene oro 
SPE ERR EO RTCA TE OCHO LOG! Siac s waktieain le DU, 
ia ile rere sha IOs Bate BEATS 7e ah nee! 
MET ene toh en ee ore Q2st. ah eee 522350, 
Foes Geese nh Seat te ahs ne CEO Ree a ..5.00 
409.5 
It Lt 
AS SR 21.92 Ueboxinanitar LO O08 % 
Ss Te 22.79 Baan dae Med Ootse 
cette ee 34.26 Baie wre 2 6,903.4 
Pee ges ae 83.66 DRE ee eed G GObe k 
ANG it fershiete 41.38 apt e oleh 6,848.4 
igen eta 81.75 AEG aes Wi bes BOUL 
ae aat oyaRt 28.35 Peat 1,607.4 
yeas pate 3 2 '60,036.9 


157.0 amperes 30,018.4('/2) 


(average) 173 amperes 
(rms) 
VODs We WiMalg tte eae 1,607.4 
TSO RZ Oe ire altho caps 7,317.0 
OE LRU pal oie dele 11,092.0 
=» Naabartatele 3309.48 siaktayeieus 1 3 [20,014 34 


2,501.8(1/2) 
50. amperes 
(rms) 


49.9 amperes 
(average) 


Cobb, Winters—Generators and Batteries for Aircraft 


TRANSACTIONS 891 


generators with or without batteries 
which have over-all volt-ampere char- 
acteristic curves having a positive slope 
on the low-voltage end. At the lower 
end of the generator-design speed range 
the sytem stability is most critical, since 
aircraft generators usually are designed, 
so that the low-speed volt-ampere char- 
acteristic curve intersects the regulated 
voltage curve at approximately 150 per 
cent of normal rated current. Overload 
ratings of the generators apply for low- 
speed operation of this nature insofar as 
heating is concerned. At this low speed 
continued increases in load, in excess of 
the point of intersection of the two curves, 
result in a relatively sudden drop in the 
generated voltage; and further increases 
may reduce the voltage to a point of in- 
stability such that the generator excita- 
tion fails progressively, causing the gener- 
ated voltage and load current to drop to 
small values. Under these conditions 
the generator is unable to recover voltage 
until the load has been removed from the 
system. At the upper end of the speed 
range the generators are capable of carry- 
ing several times normal rated current 
for periods of time governed almost en- 
tirely by temperature rise. However, the 
intersection of the high-speed volt-am- 
pere characteristic curve and the regu- 
lated voltage curve is a limiting loading 
condition. Loads in excess of this value 
result in excitation failure and consequent 
simultaneous reduction of generated volt- 
age and load current. Voltage recovery 
can be obtained only by removing the 
load from the system. 

The use of batteries in parallel with low- 
voltage aircraft generators aids in alleviat- 
ing this unstable condition by increasing 
the amount of load that may be carried 
before reaching the unstable portion of the 
curve. However, the use of enough bat- 
tery capacity to eliminate completely 
the positive slope portions of the system 
characteristic curves is not practicable 
from a weight standpoint. 

The general form of a volt-ampere 
characteristic curve of an aircraft electric 
system composed of generators and bat- 
tery is shown in Figure 4. The effect 
of batteries in parallel with generators 
on the system characteristics is shown 
by the broken line. It will be noted 
that at low speed the addition of the 
battery improves the stability of the sys- 
tem appreciably by increasing the load 
over that which may be carried by genera- 
tors alone as shown by the solid line. 

Each of the previously noted factors 
must be given due consideration in select- 
ing an economical and efficient generator 
supply of adequate capacity and relia- 
bility. 


Selection of Batteries 
An aircraft battery is an inefficient 


source of electric power compared with 
the generator, but its ability to deliver 
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high short-time currents makes it highly 
desirable for aircraft application on low- 
voltage systems. In general, its primary 
purpose is for ground operations when 
generator power is not available, while its 
secondary purpose is for assisting the 
generators by carrying high peak currents, 
thereby improving the stability of low- 
voltage systems. Also, when operated 
in parallel with generators, the battery 
acts conveniently as a filter to reduce 
radio-noise interference. 

Two methods for reducing the weights 
of battery installations have been em- 
ployed successfully on certain types of air- 
planes. The first, applicable to land- 
based aircraft which operate from well- 
organized airports, utilizes a power sup- 
ply from an external source connected 
into the airplane system through a built- 
in plug-type receptacle. In this type of 
installation power for engine starting and 
normal ground loads is supplied by the 
external source, and the airplane battery 
is only required to add stability to the 
system by carrying high-current peaks 
and to provide emergency power. It is 
apparent that military aircraft operating 
from advanced bases which are not 
equipped with external power facilities 
are not adaptable to a system of this type. 
The second method, applicable to medium 
and large airplanes either land- or sea- 
based, employs one or more auxiliary- 
engine generators which provide power 
for ground operations. In this type of 
installation the battery need only be 
large enough to start an auxiliary engine 
and provide a stabilizing influence on the 
system. 

The following discussion on batteries 
is based on the assumption that neither 
of the aforementioned methods for aug- 
menting ground operation power is used. 


ENGINE STARTING 


Normally, the battery capacity re- 
quired for a given aircraft installation is 
basically dependent on engine starting 
requirements, and as such should provide 
sufficient ampere-hour capacity for a 
limited series of starting attempts without 
completely discharging the battery. In 
order to assure adequate capacity for this 
purpose, several factors must be con- 
sidered: the normal current demands 
for the size and type of engine starters 
used, and the effect on starter current 
and battery capacity of the ambient 
temperatures that will be encountered. 
Also, in applications where the battery is 
normally required to supply power for 
ground operations in addition to starting, 
an adequate margin should be allowed, 
so that engine-starting capacity will not 
be jeopardized. 

Engine starters, although energized 
for relatively short periods of time, draw 
currents of exceptionally large magnitude, 
in some cases amounting to many hun- 
dred amperes, imposing severe demands 
on the battery. Even under the most 
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ideal conditions obtainable, these high- 
discharge rates reduce the effective am- 
pere-hour capacity of the battery. "Tt 
should be noted that the discharge period 
of a battery is not inversely proportional 
to the current but approaches the inverse 
square of the current. For example, a 
fully charged 34-ampere-hour aircraft 
battery will discharge completely at 6.8 
amperes in five hours;, at 54 amperes it 
will take approximately 20 minutes, and 
at 144 amperes, five minutes, its effective 
capacity being 34, 18, and 12 ampere- 
hours, respectively. In addition to the 
effect of the normally large current de- 
mands of the starter on the battery ca- 
pacity, the effect of low ambient tempera- 
ture is twofold; first, because the vis- 
cosity of lubricants increases the load 
requirements to overcome friction, and, 
second, because the effective capacity 
of the battery drops with the tempera- 
ture.” 


ASSISTANCE TO GENERATORS 


Improvement of system stability by 
assistance to generators in supplying high 
peak currents, is usually assured by the 
battery capacity determined from other 
considerations, since the peak demands 
which exceed generator capacity are 
usually of very limited duration. 


Selection of Auxiliary-Power- 
Plant Generators 


For some applications on large aircraft, 
where power requirements for ground 
operations are appreciably more than 
engine-starting requirements, it is found 
practicable to utilize auxiliary power 
plants in addition to main-engine genera- 
tors. Because auxiliary power plants 
are normally inefficient at high altitudes, 
they are seldom used for this purpose 
except for special applications with 
supercharging facilities, although their 
use for medium- and low-altitude opera- 
tion at reduced rating is not uncommon. 
The method previously discussed for 
determining required main-engine gener- 
ator capacity is directly applicable to 
auxiliary-power-plant capacity with res- 
ervations regarding altitude operation as 
here noted. 


General Applications 


The method of computing aircraft 
electric loads, herein outlined for d-c sys- 
tems, is equally applicable to a-c systems - 
with proper consideration given to-_power 
factor and phase unbalance if on a mullti- 
phase system. It is also useful in making 
preliminary power studies on a wattage 
basis before system voltage has been es- 
tablished. . 

Although this method for determining 
aircraft electric loads may be applied 
generally: to all types of aircraft, the 
establishment of a definite procedure for 
selecting the number and ratings of gen- 
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One ee of Rotary Magnetic Clutch 
and Its Associated Brake Used on 
Aircraft Electric Motors 


LEO ANDREWS 


NONMEMBER AIEE 


VER since the first application of the 

electric motor on aircraft, attempts 
have been made to adapt clutches and 
braking devices to the motor and its 
power transmission system with varying 
degrees of success. Some current ob- 
jectives are: 


l. To limit overtravel of and incorporate 
accurate positioning in a mechanism, such 
as landing gears, cowl, or wing flaps of an 
airplane. 

2. To limit the application of load to a 
motor until such time as the motor has come 
up to speed. 


3. To allow quick reversing of a gear train. 


4. To permit temporary disengagement of 
load at a predetermined torque on the motor 
shaft (slipping clutch). 


With recent accelerated development 
of aircraft, weight has become a major 
factor influencing the design of all ac- 
cessories of such craft. Consequently, 
the lightweight high-torque high-speed 
electric motors developed for airplanes 
hdve challenged anew the ability of 
clutch and brake designers. 

It is not proposed in this paper to dis- 
cuss all of the numerous types of nor ap- 
plications for brakes and clutches, but to 
consider only one type of clutch and a 
brake used in conjunction with it. The 
brake, a design of which is carried out 
later in this paper, is used to hold a load, 


Paper 44-207, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted May 26, 1944; made available for print- 
ing July 13, 1944. 

Leo ANDREWS and FRED SHANELY are both with 
Lear, Inc., Piqua, Ohio. 


The authors acknowledge the aid of their colleagues 
of the engineering department of Lear, Inc., inthe 
preparation of this paper. 


FRED SHANELY 


NONMEMBER AIEE 


through the associated power trans- 
mission system after the motor power 
has been cut off. Another type applies 
to a mechanism that may be operated 
manually during an emergency. This 
necessitates a mechanism which has a 
free driven disk member. 

The clutch considered employs an 
application of the d-c short-stroke clapper 
electromagnet. Figure 1A shows the 
driven disk of the clutch which is made 
from one solid piece of steel and has the 
motor-drive pinion cut on its extremity.’ 
It is free to move axially through its 
bearings. Figure 1B is a view of the driv- 
ing disk. This disk is keyed to the 
armature shaft (Figure 2) and rotates 
with it. The stationary clutch coil is 
wound around a core which forms a part 
of the inner housing of the driving disk. 
Figure 2 illustrates a section of the as- 
sembled clutch and brake with dimen- 
sions indicated. Dotted lines trace the 
paths of flux. This clutch has been used 
on a 100-watt 9,000-rpm intermittent- 
duty motor, developing 0.6- to 1.0-inch- 
pound torque. It will be noted from 
reference to Figure 1A or Figure 2 that 
there is a ring of nonmagnetic material 
dividing the face of the driving disk into 
two equal areas. The purpose of this 
ring is to direct the flux into the driven 
disk instead of allowing it to shunt across 


Table !l. Absolute Permeabilities for Varying 
Cross Section 
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erators and batteries is prohibited by the 
variable nature of the other influencing 
factors. 


Conclusions 


The ever increasing electric applications 


‘in aircraft add to the desirability of an 


adequate flexible method of evaluating 
loads under practical operating condi- 
tions. The method as described in this 
paper has proved very satisfactory and 
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reliable for this purpose, and when used 
in conjunction with the other influencing 
factors it serves well as a basis for selec- 
tion of generators and batteries. 
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the face of the driving disk. Braking is 
accomplished mechanically by forcing 
the brake face of the driven disk (face 
opposite the clutch engaging one) against 
a ring of braking material fastened to the 
housing. 

Different materials, including metals, 
have been used for both braking and slip- 
ping clutches. The slipping clutch has 
met with only fair success on high-speed 
applications. This, in no small part, is 
due to a changing coefficient of friction, 
which is in turn some function of the 
number of slippages. Steel upon steel has 
an initial coefficient of friction varying 
from 0.15 to 0.25. Positive engagement 
of the clutch allows no slippage; conse- 
quently, most clutch coils are in series 
with the armature. From a standpoint 
of economy, reliability, and ease of in- 
stallation, material having a coefficient 
of friction from 0.2 to 0.4 is the most 
suitable for braking. Obviously, with 
the clutch and brake combination just 
the low-snertia driven disk is braked, 


DRIVE | PINION 


CLUTCH 


CLUTCH FACE 


Rotating parts of clutch 


Figure 1. 


ORIVE DISC 


ORIVEN DISC 


ars, 
SNES BATANTA| 


DA 


% 
Oy 
i | 


reil||rer 
Kt SN! 


WAY 


| 
“| 
GARG! | RSH 


SYN LOREAL: 
if 


Figure 2. Assem- 
bly—clutch and 
*brake 


TRANSACTIONS 893 


Figure 3. Performance of brake 


A. Motor data—450 watts; 24 volts; 30 
amperes; weight, 5.6 pounds 
B. Motor data—100 watts; 24 volts, 8 
amperes; weight, 3.25 pounds 
C. Motor data—75 watts; 24 volts; 8 
amperes; weight, 1.9 pounds 
D. Motor data—30 watts; 24 volts; 4 
amperes; weight, 1 pound 
E. Motor data—30 watts; 24 volts; 4 am- 
peres; weight, 1 pound 


while the relatively heavy armature is 
allowed to coast to a standstill. 

Small 24-volt d-c motors with spring- 
actuated brakes in the output range of 
0.02-0.08-inch-pound torque have been 
reversed as many as 18 times per minute 
on plugging duty without failure over 60- 
hour intervals. 

The braking performance of a group 
of high-speed motors ranging in output 
from 35 to 500 watts is shown in the 
oscillograms of Figure 3. The accom- 
panying data inscribed upon the prints 
make the figure self-explanatory. 

With the mushroom growth of war 
activities, this clutch, as is true of so 
many other new developments, like 
Topsy, ‘‘was not born, but just grew.” 
The following sections entitled “Analy- 
sis of the®Magnetic Circuit,’ and “De- 
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tailed Design,’ which have been explained 
in the foregoing paragraphs, are attempts 
to pause and consider what is happening 
in the devices. Concepts and design will 
be presented straightway with no further 
explanations and with the hope that they 
will form a background for further de- 
velopment. 


Analysis of the Magnetic Circuit 


Figure 4 comprises a part of Figure 2 
(assembly) and is used to illustrate this 
analysis. The path of the magnetic cir- 
cuit has been divided into five parts, des- 
ignated as A, B, C, D, and E for the 
purpose of calculating a magnetization 
curve. It was developed by assuming 
different values of flux, then by calculat- 
ing the ampere turns necessary to send 
each value through the various parts of the 


Figure 4. Sections 
of flux path 
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Table Il. Ampere Turns for Individual Parts 


of Clutch 4 


Lines of Flux 
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circuit. This curve is shown in comparison 
with a test obtained by means of a ballis- 
tic galvanometer and exploring coils 
in Figure 5. 

Parts C and E have uniform cross- 
sectional areas. Parts A and D have 
varying cross-sectional areas. The pro- 
cedure used in calculating the ampere 
turns required for a magnetic path with 
a varying cross section best can be ex- 
plained by considering part D with an 
assumed total flux. This flux will be 
chosen as 12,000 lines, it being approxi- 
mately the flux required to hold the 
clutch plates together when the motor is - 
transmitting rated torque. Cross-sec- 
tional areas are determined for various 
locations; the corresponding flux den- 
sities are obtained by dividing the total 
flux by the areas; then from a magneti- 
zation curve of the material the ampere 
turns per inch are read. 

The ratio of flux density per square 
inch to ampere turns per inch is the 
absolute permeability at the various cross 
sections. For a total flux of 12,000 max- 
wells Table I is made, in which NI is 
ampere turns, p is absolute permeability, 
A is area in square inches, B is flux den- 
sity in kilolines per square inch, and / 
is distance from the inside of the disk in 
inches. : 

If a graph of the absolute permeabili- 
ties at various locations is constructed the 
average absolute permeability can be 
determined by measuring the area and 
dividing by the length of the magnetic 
path. Such a graph is presented in Figure 
6. The average permeability is found 
to be 9.745. Now from another graph of 
ampere turns per inch versus permea- 
bility, the ampere turns per inch are 
found to be 6.8. This value multiplied by 
the total length of 0.411 inch gives us a 
total of 2.8 ampere turns for part D. A 
summation of the calculations is shown in 
Table II. Adding to the ampere turns 
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Figure 5. Magnetization curves of clutch 


shown in Table II, those necessary tc 
send the assumed values of flux thiough 
the air gaps, complete data for the mag- 
netization curve are obtained, as pre- 
sented in Table III, from which the 
curves in Figure 5 are drawn. Part B 
has ‘a section in the drive disk which be- 
comes saturated: when approximately 
- 8,000 lines of flux are passing through the 
circuit. Beyond this value some of the 
flux crosses the air gap into the nut on 
the shaft. 

There are two air gaps to consider in a 
general analysis. One is the gap between 
the inner housing and the drive disk or 
between parts EH and A. The other is 
between the drive-disk hub and the core 
or between parts C and D, 
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Figure 6. Absolute permeabilities of clutch- 
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Table fll. Summary of All Data 
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Calculated flux densities expressed in 
kilolines per squure inch in the desig- 
nated parts wit'i a total flux equal to 
12,000 maxwell. are as follows: 
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Detail-c Design 


The Cimensions as indicated in Figure 
2 will ne used. 

Moment of inertia of driven disk (com- 
pris*.t of two sections, the moments of 
whi h are computed separately): 


Dx ‘ 
i seer thickness 


W =0.28V (for steel) 
T=1/2X 4/2 X W/g pound-inch-seconds? 
=M/24 


KINETIC ENERGY 


QnN\2 In2N?. 
KB = "stot =1/arx( 72 = y= 


60 


Determination of brake spring force 
to stop disk in R revolutions. 

A point on the average braking circum- 
ference of the driven disk moves RD, 
inches. 


1 pounds 


RD, 
F, 

n= — pounds 

Cy 
DISENGAGING TIME 


Axial acceleration at disengagement 


due to y= y inch seconds. 


jay = 2dm 
Bs /M 


DISENGAGING SLIP 


tN 
S=— 
60 


Determination of flux required to pull 
driven disk into engagement with driving 
disk at no load: 


BA 
Fy = 
72 X108 
or 
_ 108 
Fy OT 
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Likewise, the flux required to hold the 
disks together at any load is calculated as 
follows: 


B2A 
Pigat= g rer 
rhs 72108 


ie ye F,)72X108 


« 


Notation 


A, area of clutch face of driving disk, 
D?7/4 square inches 

B, flux density, maxwells per square inch 

C,, coefficient of friction, clutch 

Cp, coefficient of friction, brake 

D, diameter of driven disk, inches 

D,, diameter of braking-ring material, av- 
erage, inches 

d, clutch clearance (between disks) maxi- 
mum, inches 

F, frictional force on brake, pounds 

F,, spring force, pounds 

F;, clutch force required to transmit torque, 
pounds 

g, acceleration due to gravity, 32.2 feet per 
second per second 

I, moment of inertia, pound-inches—seconds? 

KE, kinetic energy, foot-pounds 

M, mass, pounds 

N, motor speed, rpm 

S, disengaging slip, revolutions 

R, revolutions 

t, disengaging time, seconds 


T;, torque to be transmitted by clutch with 


any applied load, pound-inches 
V, volume, cubic inches 
w, angular velocity, radians per second 
W, weight, pounds 


Conclusion 


To filla long-standing need for clutch 
and brake development for electric mo- 
tors, and because this need has been 
augmented and specialized by our current 
war-airplane manufacturing program, it 
seems imperative that the magnetic cir- 
cuit, flux densities, mechanical and elec- 
trical forces, and in addition, the best 
magnetic coil dimensions be studied in 
order to perfect the most efficient design 
of this type mechanism. 

It is hoped that this paper will be in- 
strumental in breaking the ground for 
future development along these lines. 
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Electric- Wiring Installations in 
British Ajircraft 


H. J. HORN 


NONMEMBER AIEE 


Synopsis: This paper deals with the growth 
of aircraft electric-wiring installations con- 
sequent upon the increasing use of electrical 
equipment in combat aircraft of all types. 
A brief description is given of the various 
proprietary and prefabricated systems of 
wiring in current use in British aircraft. 
It concludes with a description of. the prin- 
ciples of the standard system now in an ad- 
vanced state of development which will be 
applied to all new types of British aircraft 
now in the design stage. 


HE increasing use of electrical equip- 

ment in modern aircraft has in its 
train focused attention on the distribu- 
tion system. The major items of electri- 
cal equipment in British aircraft gener- 
ally are supplied to the aircraft con- 
structor as government-approved items. 
It will be obvious that their correct func- 
tioning depends upon the wiring installa- 
tion which serves them. The size, shape, 
and equipment layout of an airplane does 
not lend itself readily to an orderly and 
well-spaced electric installation. The 
concentration into certain relatively small 
areas, peculiar in shape, of a large number 
of electrical items concerned with navi- 
gation, control, offense, and defense, is 
inevitable and constitutes a major prob- 
lem for the designer. It is perhaps diffi- 
cult to appreciate that in a modern four- 
engined bomber, some 4!/, miles of single- 
core electric cable would be required and 
in a fully equipped two-engined aircraft, 
21/, miles would be used. The problem 
of accommodation and efficient installa- 
tion of this amount of wiring demands 
careful thought and planning. Itis unfor- 
tunate that even up to the present day 
too little thought has been given to pro- 
viding an orderly and well-engineered 
Wiring installation and to ensuring well- 
protected cable routes. The impression 
still persists in some quarters that elec- 
tric cables, being flexible, can be moved 
and disturbed at will to give pride of place 
to other more clamorous demands. This 
has resulted in wiring being ‘slung in” 
and is responsible for a high percentage of 
electric failures directly attributable to 
faulty location of wiring and equipment 
in situations where ingress of moisture, 
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mechanical damage by air crew, and de- 
terioration by extreme heat all have made 
their contributions. The Ministry of 
Aircraft Production, Directorate of Tech- 
nical Development, now has specified de- 
sign requirements in this connection 
which should mitigate, if not entirely 
overcome, such trouble in future installa- 
tions. 


Elementary Wiring Installations 


It was formerly the practice in British 
aircraft carrying a relatively small 
amount of electrical equipment, to em- 
ploy a simple point-to-point system of 
wiring using single-core cables and the 
form of terminal block illustrated in 
Figure 1. This terminal block consists 
of a bakelite moulding having metal in- 
serts carrying a terminal screw and cap- 
tive washer. The terminal nests are of 
the shrouded type, enabling the bared 
end of the cable to be formed around the 
terminal screw thus preventing the stray- 
ing of strands of wire to adjacent points; 
a simple cover completes the assembly. 
Such blocks are provided in a useful 
variety of ways and capacities. 

With the growth of the electric installa- 
tion, this system tends to become cum- 
brous, involving practically the whole 


Figure 1. Typical terminal block (old pattern) 
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of the preparation and installation work 
being done on the actual aircraft during 
construction. With the requirement for 
rapid production to meet the needs of a 
growing ait force, consideration was given 
to increased assembly of the unit prin- 
ciple, as employed in the Breeze system, 
into British aircraft. Subsequently other 
systems similar in principle were evolved 
and provided not only for accelerated 
initial production, but also for more 
rapid repair and replacement of damaged 
sections by repair and maintenance per- 
sonnel. 


Description of Various Wiring 
Systems Now in Use 


THE BREEZE SYSTEM 


This system involves the use of 
branching cable conduits having their 
ends terminated by metal plugs, which 
upon assembly into the aircraft are in- 


Figure 2. Breeze plug and socket for 7-, 
19-, and 37-ampere conductors 


serted into sockets carried on panels or 
junction boxes previously installed as 
completely wired assemblies. 

The conditions which the designers of 
this system set out to meet were: 


1. Minimum) installation time to avoid 
congestion of personnel on the aircraft dur- 
ing construction. 


2. Sectionalization to provide transport 
joints with quick matching up of aircraft 
sections. 


. 


3. Ease of isolation for maintenance test- 
ing. 

4. Suitability for mass production by low- 
standard labor. 


Typical Breeze plugs and sockets are 
shown in Figures 2 and 3, and the prin- 
ciple illustrated is identical throughout 
the range of sizes. The external shell 
of aluminum alloy carries bakelite mould- 
ings which house the plug pins or socket 
inserts. The socket inserts are pressed 
from sheet brass to the required shape 
and have the necessary resilience to en- 
sure adequate electric contact under 
vibration. The plug pins are turned 
from brass rod or alternatively are 
“bumped up” from brass wire. 

The earlier Breeze installations em- 
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ployed flexible metallic conduits but the 
present practice is to use polyviny]l-chlo- 
ride conduits except in the few cases 
where local screening is a requirement. 
General screening is achieved by sup- 
pression at the source of interference. 

Figures 4 and 5 show a Breeze-wired 
main electrical panel for a heavy bomber 
and a typical Breeze junction box, re- 
spectively. 

The original Breeze installations em- 
ployed soldered or screwed-down connec- 
tions throughout, but more recent in- 
stallations have incorporated the form 
of quick release connector block shown on 
Figure 6. This connector incorporates 
a solderless (crimped) spade terminal at 
the cable end. 


THE Lucas Loom SystEM 


This system was developed to provide 
a lightweight system of wiring compo- 
nents and prefabricated looms primarily 
for installation in fighter aircraft. It 
differs from the Breeze system in that 
conduits normally are not used, as the 
cables are whipped or bound into looms 
without additional protection. Quick- 
release connector blocks take the place of 
plugs and sockets, except in situations 
where a plug and socket is the more ap- 
propriate form of connector to employ. 
The connector block and other details 
are shown in Figure 7. The connector 
block consists of a bakelite moulding de- 
signed as a three-way junction. The 
actual electrical connections take the 
form of a metal socket split along its 
longitudinal axis and having pressure 
maintained by a central spring-loaded 


Breeze plug and socket for 64- 
ampere conductor 


Figure 3. 


screw. Sockets may be either of single- 
tier or double-tier type. A series of con- 
nector blocks is built up as required into 
a bank by means of a tie rod as illus- 
trated. Backing strips and covers are 
provided to prevent accidental short- 
circuiting of connections, and fixing feet 
are added as necessary. 

The prepared ends of incoming cables 
are soldered to metal nipples and these 
nipples act as the plug for insertion into 
the split sockets, 

The procedure adopted for installation 
of this system into aircraft is as follows. 
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The cable looms for each section of the 
aircraft (see typical examples in Figures 
8 and 9) are suitably whipped and at- 
tached to plywood transport. boards. 
These boards are carried into the aircraft, 
the lashings cut, and the loom run out 
into position and cleated to prepared 
positions on the air frame. The nipples 
are then inserted into the sockets on the 
connector blocks which previously have 
been installed in selected positions. Con- 
nector blocks and cable ends are identi- 
fied appropriately to insure correct as- 
sembly, Final tightening of the central 
connector screw on the block ensures a 
reliable electrical junction. 


THE STRIP SYSTEM 


The rapid increase in aircraft produc- 
tion imposed an increasing strain on the 
already overloaded facilities available 
for the production of the Breeze and Lu- 


Figure 4. Breeze panel, typical aircraft as- 
sembly 


cas systems. The principal difficulty was 
in the number of machined parts required 
and the making up of the conduits or 
looms. As a means of overcoming these 
difficulties and to cater to the require- 
ments of new types of aircraft coming 
into production, the strip system was in- 
troduced. The feature of this system 
was that it relied more on pressed than on 


turned parts and employed multicore 


cables instead of conduits or looms. 
The name ‘“‘strip system’’ was derived 
from the comprehensive use of a ten-way 
connector of strip form. 
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Figure 6. Breeze 20-way terminal block 


The ten-way strip connector’ consists 
of pressed-copper contacts, silver-plated 
and gold-flashed, attached securely to a 
laminated bakelite strip. The contacts 
are located in slots in the bakelite strip 
(see item 9 of Figure 10). Between the 
interior surfaces of the contacts and 
nested in the central holes in the bakelite 
strip are stainless-steel springs to provide 
necessary contact resilience. Two as- 
sembly holes—one square and the other 
round—are provided in the bakelite strip. 
The prepared ends of the ten-core cable 
are soldered to the contact-strip extremi- 
ties. 

Five sizes of ten-core cables are pro- 
vided for main-trunk lines and comprise 
an intelligent arrangement of 4-, 7-, and 
19-ampere cores; rubber dielectric is 
employed and the exterior sheathing is 
poly vinyl-chloride. Ke #4 

Item 1 of Figure 10 shows a made-up 
cable assembly complete with its identi- 
fication markers and the necessary rub- 
ber grommet for attachment to a distribu- 
tion or junction box. 

The distribution and junction boxes 
vary only in that the former carries 
fuses whereas the latter is purely a 
““‘break”’ box. Figure 11 shows typical 
junction boxes for this system. The 
larger box has a bakelite base, teak sides, 
metal slides for accommodation of cable 
grommets, and a metal cover. The small 
box is an aluminum die casting. Covers 
of all boxes are provided with double 
gauze-protected breathing holes. 

On installation in the aircraft, the 
strip connectors with cable attached are 
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“CONNECTOR BLOCK 
* SINGLE TIER 


TOP COVER 


assembled on pillars provided in the dis- 
tribution or junction boxes in accordance 
with a few elementary rules and instruc- 
tions which appear on the box cover (see 
Figure 12). Assembly order therefore is 
identified fully. The height of the pillars 
is sufficient to accommodate a maximum 
number of five strips connector—nor- 
mally two sets of incoming and outgoing 
cables and a T-shaped cable. The con- 
nector strips have their short ends painted 
either ‘“‘red’’ or ‘“‘white’’ and like colors 
always must be in physical contact and 
insulated from unlike colors. The ac- 
tion of screwing down ensures efficient 
electrical connection between connector 
strips. When less than the maximum 
number of five strips are assembled, the 
space remaining is made up by the use of 
bakelite backing strips (see item 4 of 
Figure 10). Local single-core cables are 
attached to the strip connectors in simi- 
lar manner to the main ten-core cables 
as shown in item 10 of Figure 10. 

The principle of application of the strip 
system is similar to that employed for the 
Breeze and Lucas systems. Looms of 
multicore and local cables complete with 
their strip connectors all appropriately 
identified are brought into the aircraft, 
and cleated into position on the airframe, 
and finally the strip connectors are as- 
sembled in the distribution or junction 
boxes previously installed. 

Standard spare lengths of ten-core 
cable assemblies are available for replace- 
ment and repair purposes. 


Development of the Standard 
System 


The wiring systems’ just described 
have given reasonably good service 
under wartime conditions, but the exist- 
ence of at least three distinct and vary- 
ing systems of wiring presented difficul- 
ties of maintenance and storekeeping 
which can well be imagined. Considera- 
tion therefore has been given to the de- 
velopment of a standard system of wiring 
which could be applied comprehensively 
to all new types of British aircraft. The 
existing systems were examined critically 
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Figure 7 (left). Lucas 


Typical Lucas loom 


Figure 9. Typical 
Lucas loom installed 
on aircraft 


Figure 10 (below). 
Strip-system com- 
ponents 


to ascertain whether any of them could 
be adopted as the approved standard, 
but it was found that each exhibited 
weaknesses of greater or lesser degree. 
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CABLE END. 
NIPPLES FOR . \ 


loom-system com- “conNecTOR 
BLOCK. |, 
ponents ASSEMBLY 
Figure 8 (right). 


The Royal Air Force and Fleet Air Arm 
representatives were consulted on their 
experience of actual field conditions and 
expressed a strong preference for stand 
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ardization of a system akin to the Lucas 
loom system but with improvements in 
insulation value, resistance to corrosion, 
and maintenance facilities. This recom- 
mendation formed the basis on which de- 
velopment proceeded under the guidance 
of a committee representative of the 
Society of British Aircraft Constructors, 
the electrical industry, and the Director- 


ate of Technical Development of the 


Ministry of Aircraft Production. The 
development of the standard system 
and components is not yet completed in 
every detail, but the following is a de- 
scription of the main principles and com- 
ponent parts: 


1. The main points which needed to be 
borne in mind during this development were: 
simplicity of engineering, ease of production, 
flexibility to accommodate modifications, 
economy of weight and space, efficiency 
under all conditions of operations. The 
system is based on the use of single-core 
cables for general wiring, the reduction to 
the minimum of junctions and joints, and 
the use, as generally as possible where 
breaks are essential, of efficient connector 
blocks. 


2. Connector blocks for cables up to and 
including 37-amperes capacity are of the 
“quick-release’’ form. A typical 19-ampere 
block is shown at Figure 13. It will be 
noted that this block conforms closely to the 
principle of the Lucas block and comprises a 
bakelite moulding dimensionally designed to 
give the maximum creepage path consistent 
with reasonable size and weight. Apertures 
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Figure 11. Typical 
strip-system junction 
boxes 


right through the block ensure free circula- 
tion of air, drainage of deposited moisture, 
and rapid drying. Molded-in inserts are 
provided for the reception of socket assem- 
blies, either single- or double-tier as illus- 
trated. The sockets are split along the 
longitudinal axis and pressure is controlled 
by a spring-loaded screw. All metal parts 
employed are noncorrodible. 


3. The 19-ampere blocks will be available 
in 2-, 3-, 5-, and 15-ways and covers are 
provided for use when required. Identical 
in principle, the 387-ampere blocks are 
slightly larger and are available in two- 
and three-ways. 


4. Cable ferrules similar to the Lucas nip- 
ples are attached to the cable ends by being 
crimped to both the cable core and the dielec- 
tric, providing thereby a rigid bond and 
support for the joint. 


5. For cables of 64-ampere capacity and 
larger, a heavy-duty connector block will be 
provided. This consists: of a _ bakelite 
moulding having a molded-in central pillar 
and a recess for the reception of the cables. 
Pressed cable lugs of the palm type are 
employed. These are assembled as required 
on the central pillar and securely clamped by 
alock nut. There are no multiple combina- 
tions of this block, Attachment of lugs to 
the cable core normally is done by clamp- 
ing, but soldering is also demanded and 
preferred. 


6. Suitable hand crimping tools have been 
designed for attaching ferrules and lugs, 
but it obviously will be necessary to con- 
sider bench and power-operated tools when 
full production of the system arises. 


Figure 12 (left). 
Typical strip-system 
aircraft assembly 


Figure 13 (right). 

““Standard’’ system 

five-way: 19-ampere 
connector block 
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7. Junction boxes will not be used in con- 
nection with the standard system in situa- 
tions where the aircraft structure or a cover 
of simpler form than a box (for example, a 
canvas cover) provides sufficient protection 
for banks of connector blocks. For ex- 
posed positions, however, or in situations 
where mechanical damage is possible, stand- 
ard boxes will be provided which are de- 
signed to be splashproof and capable of 
draining away any accumulation of mois- 
ture due to internal sweating. 


8. Fuses generally will be mounted on 
panels and designs are in hand for combined 
fuse holder and connector blocks to cover 
the standard fuse range up to and including 
100 amperes. Above that capacity it is 
probable that circuit breakers of the trip- 
free type will be used. A standard identi- 
fication scheme also has been produced 
concurrently with the foregoing develop- 
ment and will become an integral part of 
the standard system. 


9. Cable looms will be prepared external 
to the aircraft and installed in similar man- 
ner to that outlined for the Lucas system. 
The electrical installations for new types of 
aircraft now being designed will .employ 
the standard system. 


Cables 


Hitherto on British aircraft, there has 
been a general use of ‘“‘cel’’-type cables. 
These cables employ cellulose-lacquered 
cotton cambric as the external sheath 
and rubber as the dielectric. In the past 
“cel” cables have given reasonably good 
service, but there has been difficulty 
under wartime production conditions in 
ensuring the necessary high-grade finish 
of the sheath to resist attack by gasoline, 
oil, and hydraulic fluid. There is now a 
tendency to employ polyvinylchloride 
as the external sheath in view of its 
high resistance to action by these fluids. 

A further development now in the ini- 
tial stages has been occasioned by the 
gradually deteriorating quality of the 
rubber permitted for use as a dielectric. 
From this development sample cables 
employing polythene as the dielectric 
have been produced and appear to be 
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Airline Aircraft Electric-Equipment 


Maintenance 


W. A. PETRASEK 


ASSOCIATE AIEE 


“A& NNOUNCING the departure of trip 

23, Nashville-Memphis—Phoenix— 
Los Angeles, leaving at gate 6, all aboard, 
please.” In a matter of minutes after 
this announcement an airliner departs on 
schedule to carry some 5,000 pounds of 
passengers and cargo over rivers, moun- 
tains, and cities and to deposit them 
safely at the destination. Another 
routine flight has been made possible by 
the combined efforts of a small army of 
airline employees. 

Electrical engineers will be interested 
to know that a large part of the success 
of the trip is the result of their efforts in 
the development of reliable aircraft elec- 
tric equipment. So dependent is the 
present-day air transport upon its electri- 
cal equipment that without it airline 
operation as it is known today would be 
quite impossible. 

The foregoing statement is not to be 
misconstrued to mean that an aircraft’s 
electrical system is essential for successful 
flight, since in aeronautical terminology, 
a distinction is made between the engine 
electric-accessory equipment necessary 
for engine operation, namely, magnetos, 
booster coils, ignition wiring, and so 
forth, and the remainder of the electric 
system such as the generators, instru- 
ments, lights, radio, and similar equip- 
ment. Although it is entirely possible 
to take off and fly an airplane without the 
aid of any of the latter equipment, long- 


Paper 44-196, recommended by the AIEE com- 
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distance flights or even flights extending 
beyond the visibility of the airport would 
be extremely hazardous except under the 
very best conditions of daylight flight, 
with ceiling and visibility unlimited 
weather, and freedom from icing con- 
ditions. 

It is the purpose of this paper to pre- 
sent the airline operator’s problem of in- 
suring reliable operation of the aircraft 
electric equipment. This problem will 
be presented from the standpoint of op- 
eration of American Airlines’ fleet of 50 
Douglas DC-3 transport airplanes, the 
conventional 21-passenger low-wing all- 
metal monoplane. The following sta- 
tistics will give some idea of the magni- 
tude of the problem. During the year of 
1943 to 1944, some 449,556,248 passenger 
miles were flown with an average flying 
time of 10.2 hours per day per airplane. 
This flying was done over 8,369 miles of 
routes extending from New York to 
California and from Canada to Mexico 
and serving some 45 cities in that area. 

A glance at the organization chart of 
American Airlines’ maintenance depart- 
ment (Figure 1) will show the arrange- 
ment which has been found necessary to 
accomplish the job of maimtaining a fleet 
of airplanes. It is impossible to discuss 
the problem of aircraft electric-equip- 
ment maintenance without considering 
the entire system, inasmuch as the basic 
maintenance procedures are formulated 
from the operating experience with all 
components of the airplane and are care- 
fully planned to produce the maximum 
effect with the minimum cost. The 
following is a thumbnail sketch of the 
maintenance system and procedures. 

Briefly, there are four stations desig- 


very promising. An additional advan- 
tage accruing from the use of polythene in 
place of rubber is the possihility of elimi- 
nating the tinning of the copper cores. 


Conclusion 


From the foregoing it will be seen that 
developments are proceeding actively in 
Britain to provide electric-wiring in- 
stallations for aircraft which will be rea- 
sonably efficient in operation and capa- 
ble of being produced by wartime labor 
and production methods. The experi- 
ence of four years’ war operations in a 
variety of locations has been studied and 
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employed as the basis for this develop- 
ment. Among these experiences is that 
gained by British personnel in operating 
and maintaining American types of air- 
craft in which single-pole electric installa- 
tions are employed. Although until re- 
cently all British aircraft employed an 
insulated two-pole system, new types of 
aircraft are being engineered on the 
single-pole system employing the air 
frame as the negative return. The adop- 
tion of this practice will be advantageous 
from the points of view of weight saving 
and the ability to use electrical equip- 
ment which has been designed for this 
system of supply. 
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nated as base stations, one each at Bur- 
bank, Calif.; Fort Worth, Tex.; Chicago, 
Ill.; and La Guardia Field, New York, 
N. Y. In addition all the overhaul fa- 
cilities: shops, engineering, and adminis- 
trative departments are located at La 
Guardia Field. All other stations in the 
system are commonly referred to as line 
stations. 

The chief responsibility of the mainte- 
nance department is to keep the airplanes 
airworthy. The Civil Aeronautics Ad- 
ministration has outlined in some detail 
in the regulations the definition of air- 
worthiness as it applies to all parts of the 
airplane. A unit of equipment desig- 
nated as airworthy obviously must have 
a certain degree of reliability. The re- 
liability of an article can be controlled 
to some extent by the application of in- 
spection and overhaul procedures; how- 
ever, the application of such procedures 
increases the cost of operation and some 
economic and workable balance must be 
obtained. 

The airline’s yardstick of service is 
the hour. One hour of service on a part 
means that it has flown for that period of 
time clocked from wheels off to wheels 
down and represents approximately 155 


Table |. Electric-Equipment Overhaul Time 
Table 
Overhaul Period 
Equipment Normal Maximum 
Generator control box....... 400) eieaere 425 
Landing-light bulbs......... 400..°.... 460 
Starter motorised. sae Every engine change* 
Propeller-deicer pump mo- 

COPS iss cassie blete ate bieere OL Every engine change 
Generatorsin ccinivc secant Every engine change 
Tachometer indicators...... Every engine change 
Carburetor-temperature 

bulb eis aera Every engine change 


Oil-temperature bulb... 
Thermocouple washer, . 


... Every engine change 
... Every engine change 


Exhaust-analysis cell........ Second engine change 
Tachometer magneto....... Second engine change 
Voltammeter: 3 ../s'25 aes Second engine change 
Pitot-heater ammeter....... Third engine change 
Fuel-quantity indicator...... Third engine change 
Exhaust-gas-analyzer indi- 

CAtOrghe Soii(ai. yee sured Fourth engine change 
Air-temperature gauges...... Sixth engine change 
Carburetor-temperature 

gatiges Dw Sa ere Sixth engine change 
Cylinder-head-temperature 

ROUSES sass Gidvn eetenioen a Sixth engine change 
Fuel-quantity tank units..... Sixth engine change | 
Oil-temperature gauges...... Sixth engine change 
Synchroscope. ..........:.< Sixth engine change 
Starter relays...... Caen nde 1,500 ae 2,000 
Argon-light dynamotor...... 1,500 227s 2,000 
Wing-deicer valve motors.... 1,500.,..... 2,000 
Flasher mechanism, naviga- ; 

tion Jights terres s/astice cies 3,500) sae 3,750 
Pitot heater usw jews 4,500.5). 5,000 
Master switches, battery..... 5,000....... 6,000 
Primer solenoids, booster 

CUTS GAH emcinobb con Abedin 5,000..ccnma 6,000 
Fuel-flowmeter power sup- 

PUY cs ctaeyt creat lyn mare Nectar 5,000. cue 6,000 
Landing-light relays........ 6,500: neat 8,000 
Electric system, including 

conduit, wiring, junction 

boxes, lights, switches, ‘ 

mand sOvforth, swiss (Airplane overhaul) 

6,500....... 8,000 
Batteries 7 ccc k ar oot emeret Life of battery 


* Engine-change period—normal—750 hours; maxi- © 


mum—775 hours. 
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miles of flight. Every airplane is sub- 
jected to a total of four types of inspection 
-and one period of overhaul. The most 
frequent inspection is the service inspec- 
tion which is conducted at every regular 
schedule stop and which consists of a 
visual check of the airplane’s control 
surfaces and propeller blades, and a check 
of the oil and gasoline in the tanks. At 
that time any pilots’ complaints are acted 
upon where necessary to render the air- 
craft ‘airworthy. This inspection will 
occur on the average of every two hours 


the valve clearance and of cylinder com- 
pression. The calibration of the exhaust- 
gas analyzer (fuel-air—-ratio indicator) is 
checked by passing a test gas of known 
ratio through the analysis cell (Figure 3). 
The major inspection covers some 100 
items of the aircraft. 

In addition to the various airplane in- 
spection periods the maintenance proce- 
dure requires that every component of 
equipment be overhauled periodically. 
The time between overhaul for any ac- 
cessory is determined primarily by the 
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of flying time and approximately four 
times a day for each airplane. 

The next regular inspection is desig- 
nated as a line or base inspection, de- 
pending upon whether the aircraft is at 
a line or base station. This inspection is 
given to every airplane which has ter- 
minated its flight schedule or if a flight 
has been cancelled for a period of ten 
hours or more. Two men spend approxi- 
mately five hours in making a compre- 
hensive visual inspection of the air- 
craft’s exterior and of its interior acces- 
sory equipment. At this time a func- 
tional check of the electric system is 
made, and the airplane’s storage batteries 


are replaced with freshly charged bat- | 


teries. All units are checked for their 
teplacement time and are changed if 
necessary. Each aircraft receives a line 
or a base inspection at least once every 
24 hours (Figure 2). A base inspection is 
essentially a duplication of the line in- 
spection with the addition of a few more 
complete functional checks made pos- 
sible by the use of test equipment lo- 
cated at the base stations. Approxi- 
mately 75 items of equipment are re- 
viewed at the time of a base inspection. 

A major inspection is given each air- 
craft when 200 hours of flight time have 
been accumulated with a maximum limit 
of 230 hours since the last major inspec- 
tion. A major inspection is performed at 
a base station and requires approxi- 
mately 100 man-hours. It is a repetition 
of the aforementioned base inspection 
with the addition of a functional check 
of the hydraulic and landing-gear system 
with the ship on jacks. A more compre- 
hensive engine inspection is made and 
consists of an oil change and a check of 
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past service experience with that equip- 
ment. Furthermore, wherever possible 
this time is adjusted to coincide with one 
of the inspection or engine-change pe- 
riods. As it turns out most of the periodic 
replacement times are equal to or mul- 
tiples of the engine-change period. This 
period at the present time is 750 to 775 
hours. Those electric accessories which 
form a part of the engine-mount assembly 
are expected to give reliable service for 
at least the engine-change period, thereby 
facilitating the handling of such parts 
during their replacement. These units 
include the aircraft engine-driven gen- 
erators, starter motors, magnetos, 
booster coils, resistance-type temperature 
bulbs, and tachometer generators. The 
engine spark plugs are the outstanding 
exception to this program, requiring re- 
placement every 60 hours. 

Other electric equipment not neces- 
sarily a part of the engine assembly also 
is removed during engine-change pe- 
riods and at various multiples thereof. 
Table I indicates the various times at 
which the different items of electric 
equipment are removed for overhaul. 

It is interesting to note the increase in 
engine-change periods during the past 
six years as this is a factor which directly 
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Figure 2. Battery service at line inspection 


Figure 3. Exhaust-gas-analyzer-cell installa- 


tion 


affects the periodic replacement time for 
the majority of electric equipment 
(Figure 4). That is, if the overhaul time 
of various accessories could not be ad- 
vanced with the engine-change time, the 
entire maintenance program would be 
seriously inconvenienced. There has 
been some discussion in regard to raising 
the engine-change time to 1,000 hours, 
and it is not unreasonable to expect such 
a change in the next few years. In view 
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Figure 4. Trend of engine-overhaul period 
Wright G-2 and G-102 engines 
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Figure 8. Electric-instrument calibration bench 


Figure 9 (right). Bench test of electric-motor-driven accessories 


Figure 10 (lower right). Generator and control-box test stand 


Figure 11 (above left). Starter-motor test stand Figure 12 (left). Magneto test stand Figure 13. Spark-plug overhaul 
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Figure 15(top). Center sec- 
tion, electrical junction box 


Figure 14. Electric-instrument-panel removal at Figure 16. _—Pilot’s elec- 
; overhaul tric switch panel Figure 17. Main electric junction box 


Figure 18. Rear view of instrument panel of Figure 19. Individual-seat-light Figure 20. Fabricating electric conduit for replace- 
Douglas DC-3 airplane installation ment 


Figure 21. Landing-light installation of the leading edge of the wing 


Figure 22 (above right). Engine electric-harness overhaul 


Figure 23 (right). Engine ignition-harness overhaul 
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Figure 24. Space available for servicing en- 
gine electric accessories 


of this trend in engine-change period, it is 
somewhat disappointing to note the 
newly created Army-Navy and other 
specifications setting the continuously 
operating time requirement for accessory 
equipment at 400 hours. It sincerely is 
hoped that the aircraft electric-equip- 
ment manufacturers will design for the 
1,000-hour mark so that their equipment 
will fit in with the expanding airline re- 
quirements. In this respect the manu- 
facturer should consider that the airline 
operator must balance maintenance cost 
against the operating cost and that, in 
some instances, the heavier but less 
troublesome article is the less expensive 
in the long run. 

The actual overhaul procedure to 
which each unit is subjected is determined 
largely by the service experience with 


the unit. However, in many cases it 
corresponds 100 per cent with the manu- 
facturer’s service instructions. Figures 5 
through 13 illustrate typical overhaul 
procedure on a number of electric items. 
After approximately 6,500 hours and 
not more than 8,000 hours of operation 
the airplanes are brought in to New York 
for a ship overhaul, In addition to all 
the structural inspection and repair the 
remainder of the electric system, 
namely, conduit, wiring, junction boxes, 
switches, and so forth, is inspected and 
replacements are made where necessary 
(Figures 14 through 23). In general the 
aircraft conduit and wiring in the engine 
nacelle compartment must be changed 
at this time. The fuselage conduit and 
wiring, however, has been found in satis- 
factory condition after 18,000 hours (ap- 


Figure 25. American Airlines’ daily opera- 


tions chart 


904 TRANSACTIONS 


“ment for overhaul. 


proximately five years) of service. The 
wire in the engine section, commonly re- 
ferred to as the engine harness, must be 
replaced at each engine-overhaul period. 

Up to this point we have discussed the 
ideal maintenance procedure in regard 
to inspection and replacement of equip- 
Supplementing this 
problem is another in which provision 
has to be made for replacement of units 
which fail in service. Briefly the prob- 
lem is one of stocking a sufficient number 
of spare units at strategic stations, the 
number of units and stations being de- 
termined from past experience, so that 
flight schedules will suffer a minimum of 
interruption. In addition some means 
must be provided for returning the used 
part to New York where it will be over- 
hauled and returned to service. In order 
to expedite the movement of these parts, 
it is necessary to ship 60 per cent of them 
by airplane to New York. It might ap- 
pear on the surface that the airlines are 
saving themselves a transportation bill; 
however, such reasoning is fallacious in- 
asmuch as the present operation at high- 
load factors places a penalty on any addi- 
tional weight which does not result in an 
increase in revenue. American Airlines 
estimates the addition of one pound of 
such weight to cost approximately $88 
per airplane per year. 

It is because of the necessity for re- 
placements of units in the field that the 
airlines have placed so much emphasis 
upon design of equipment and installa- 
tions for ease of maintenance. It is im- 
portant to note that design for easy serv- 
icing requires the co-ordination of both 
the equipment and the aircraft manufac- 
turer. That is, an aircraft accessory can 
be designed with the most effective quick 
disconnect features, but, if it is so in- 
stalled on the aircraft that it requires a 
removal of stress plates, miscellaneous 
lines, and other items of equipment be- 
fore it can be reached, it is obvious that 
the maintenance problem has not been 
satisfactorily solved (Figure 24). The 
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Figure 26. Avirplane routing office 


equipment manufacturer owes it to him- 
self to follow up on the installation of his 
equipment in order to insure that the 
installation of his product is not unfavor- 
able to its ready servicing. This is par- 
ticularly important when the unit of 
equipment is of such nature that it re- 
quires frequent servicing. We might 
cite as an example the spark plug for 
which an installation was designed re- 
quiring the removal of considerable 
cowling. Removing one spark plug ne- 
cessitated approximately nine man-hours 
of labor. Asa matter of fact it is this type 
of design which is giving impetus to the 
creation of readily removable engine- 
mount assemblies, since it appears that 
it would be quicker to change the entire 
engine than it would be to change the 
spark plugs. 

The entire maintenance system would 
be impossible without a smoothly run- 
ning record and report system. The goal 
of this system is to record all changes and 
inspections made to the airplane and its 
parts so that it is possible to determine 
at any time when a part was removed or 
installed on an.airplane; its identifying 
serial number; the mechanic who re- 
placed the part; and the complete over- 
haul history of the unit, including the 
trouble found, correction made, and the 
mechanic who did the work. Some idea 
of the scope of this system can be gath- 
ered from the fact that there are some 65 
parts in each airplane of which overhaul 
‘records are kept. 

Equally important is the job of the 
maintenance dispatch office which has the 
responsibility of controlling the schedul- 
ing of airplanes so that they will be at 
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their proper stations within the desig- 
nated limits’ of time for inspection pe- 
riods, engine-change periods, and over- 
haul periods. Some idea of the scope of 
this job can be obtained from Figure 25 
which illustrates the various scheduled 
routes over the system. Each base sta- 
tion furnishes a daily report by radio- 
gram listing the scheduled routing of all 
airplanes in its individual control sector. 
This information includes data on engine 
time since overhaul and time since the last 
inspection of the airplane. From this 
mass of data the maintenance dispatcher 
issues routing instructions which are de- 
signed to bring the airplane to an ap- 
pointed station in time for this required 
servicing (Figure 26). In spite of the 
complexity of the system, the average 
engine-change time of 42 engines for the 
month of April 1944 was exactly 750 
hours. 
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This discussion would not be complete 
without a word about the activities of the 
airline’s engineering department and a 
brief description of its functions. In a 
broad sense the engineering department 
acts as a technical consultant to the main- 
tenance department with the object of 
improving the service life of the equip- 
ment and thereby increasing the effi- 
ciency of the operation. A service-report 
system is utilized to keep both the main- 
tenance and engineering departments 
informed of the current difficulties. 
These reports are initiated in the field at 
the time the trouble is experienced and 
include all pertinent information which 
will be of value in the determination of 
suitable corrective action. 

Not only is the existing equipment un- 
der constant investigation for possible 
improvements, but also a weather eye is 
kept on the industry at large to utilize 
the fruits of improved design in order to 
obsolete less satisfactory equipment. 
It is the engineering department’s respon- 
sibility to maintain contact with all par- 
ties concerned in the design and manu- 
facture of the aircraft and to negotiate 


Figure 27. American Airlines’ 
engineering-department organiza- 
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desirable improvements in any of the asso- 


ciated equipment. The organization of 
American Airlines’ engineering depart- 
ment is shown in Figure 27 and illus- 
trates the degree of specialization which 
is necessary in order to adequately cover 
the broad field of engineering which 
makes up the modern air-transport sys- 
tem. 

It is hoped that the foregoing discus- 
sion will have served its purpose of bring- 
ing home to the aircraft electric-equip- 
ment designer a picture of the end use 
of his product. More important, how- 
ever, is the designer’s recognition of the 
fact that his equipment must fall into a 
predetermined pattern of inspection and 
overhaul procedures which are not neces- 
sarily set up to accommodate his particu- 
lar equipment but rather to provide an 
economical method of insuring the air- 
worthiness of the complete airplane. 
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N electric system is as good as its 
electric connections. Poor electric 
connections on aircraft easily can cancel 
the tremendous advantages obtained 
by the use of electric systems. Little 
attention is given to this unglamorous but 
vital subject because of the more absorb- 
ing and interesting details of the electric 
system as a whole. Only after an un- 
expected and disconcerting electric-con- 
nection failure in service does the engi- 
neer realize its importance. Such fail- 
ures on domestic appliances are not gener- 
ally serious but on aircraft may involve 
many lives, much valuable equipment, 
and, in fact, the success of our war effort. 
This paper describes factors and design 
details which must be considered in the 
design of successful electric connections 
on aircraft. 


Types of Electric Connections 


Electric connections may be listed 
according to their service as follows: 


1. Permanent type. 


(a). Soft soldered. 

(6). Hard or silver soldered. 
(c). Welded. 

(d). Crimped. 


2. Semipermanent type. 
(a). Screw and terminal. 
(6). Stud and terminal. 
(c). Special. 

3. Quick disconnect type. 
(az). AN connector. 

(6). Other special types. 

: 4. Sliding connections. 

5. Operating connections. 


The effects of different kinds of metals, 
alloys, or electrolytes in the circuit usu- 
ally can be neglected except for thermo- 
couple and other similar low-voltage cir- 
cuits. These exceptions require connec- 
tions to be made with like materials, or 
they may require a design in which paired 
junctions are always at the same tem- 
perature. For example, a soldered joint 
making a connection between two copper 
wires will cause little difficulty when the 
two junctions are close together, except 


FUSED COPPER 
CONNECTION 


Figure 1. Flame-welded connection between 
two enameled wires with a twisted portion for 
mechanical support 
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in the most critical circuits. Clamped 
or welded connections between like ma- 
terials are required where undesired 
thermal electric voltages are to be 
avoided. 


PERMANENT TYPES 


Soft Soldered. In spite of the fact 
that the art of soft soldering electric con- 
nections is relatively old in the electrical 
industry, it still must receive constant 
attention in production lines beginning 
at the point where the insulation is 
stripped from the wire. 

The preliminary insulation stripping 
operation preferably should’ be accom- 
plished without nicking, swaging or scrap- 
ing any strands in the wire. The in- 
sulation on aircraft wire per A N-J-C-48 
should be cut evenly, leaving the wire 
clean and free from insulation. For 
high-quantity production, automatic ma- 
chines have been devised for cutting the 
wire to length and removing the insula- 
tion from the ends. Because of variations 


Figure 2. Screw terminal block 


in wire size and stranding and variation 
in adjustment of the cutting knives, it 
is practically impossible to prevent oc- 
casional nicked or scraped strands. The 
following rules have been set up in some 
production lines to aid in inspecting 
stripped wires: 


1. Not more than ten per cent of the num- 
ber of strands can be nicked. 


2. Strands which are scraped or swaged 
not more than 25 per cent of the diameter are 
acceptable. 


8. If it is assumed that the nicked strands 
may break during assembly, the following 
maximum number of broken strands after 
assembly are allowable: 


Strands 
in Wire 


Maximum Allowable 
Broken Strands 


Hand-operated wire insulation strippers . 


may be used for laboratory purposes, 
service work, and so forth, but are sub- 
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ject to the same dangers of nicking arid 
scraping. 

The design of the wire insulating layers 
can have appreciable effect on the ease 
of stripping. The first or separator layer 
can be made of material such as number 
400 electrical tape which will rupture 
readily and allow the other insulating 
layers to slide off the wires easily when 
they are cut. The stripping knives then 
can be set to the outside diameter of tlie 
wire plus the separator layer which re- 
duces the possibility of damaging the 
wire. 

Insulation also may be removed by 
burning with electrically heated blades at 
the desired point, allowing the insulation 
to cool, and pulling the insulation off 
the end of the wire. The interval for 
cooling is necessary so that hot and 
softened insulation, such as Flamenol, 
will not be forced between the strands. 

Enamel can be removed safely from 
single fine wires, 0.004 inch or smaller 
by rubbing with fine emery or crocus 
cloth. Chemical means may be used to 
remove the enamel, provided the chemi- 
cal is subsequently thoroughly washed 
off. .The enamel on stranded enameled 
wire may be removed by heating the wire 
and dipping the hot portion into de- 
natured alcohol. 

After the insulation has been removed 
from the end of aircraft wire (per A N-J-C- 
48), it is preferable to twist the strands 
tightly together in a production twisting 
machine. They are then dipped into a 
rosin and alcohol soldering flux and into 
a solder pot. This extra‘‘tinning”’ opera- 
tion saves much time in a production 
line because the strands of the wire stay 
in place while the mechanical connection 
is being made. 

When making connections between 
wires and vacuum-tube socket or similar 
terminals, the wire should be looped 
through eyelets or slots and wrapped 
around to give a mechanical support 
before soldering to the terminal. 

The soldering operation is completed 
by applying flux, heat, and solder to the © 
wire and terminal so that the solder wets 
the metal surfaces. The joint must cool 
so that the solder freezes solid before any 
strain is applied to the joint. Any 
relative movement between the wire and 
terminal during the freezing renders the 
connection mechanically and electrically - 
weak. 

Rosin or rosin in alcohol is the only 
flux which has proved satisfactory for 
aircraft electric connections. The mini- 
mum amount of flux should be used. 
Rosin-cored wite solder having rosin in 
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Figure 3. British wire terminal having com- 
bination screw, crimped, and clamped features 


five per cent or less of the cross-sectional 
area can be used conveniently. When 
soldering near electric contacts, care 
must be used to prevent the rosin from 
splattering or running onto the contacts. 
Excess rosin may flake off onto contact 
surfaces after it has dried out, which is 
an important reason for using the mini- 
mum flux. The soldered connection 
may be cleaned with alcohol to remove 
all excess rosin, or it may be coated with 
a colored lacquer or Glyptal paint to 
prevent corrosion and flaking of the rosin. 

Excess solder on a joint is not only 
wasteful, but also may cover a poor joint. 
A beautifully rounded ball of solder 
on a joint is to be avoided. The form of 
the strands of wire should show on a well- 
soldered joint, with fillets of solder be- 
tween strands and terminal indicating 
a thorough wetting by the solder. 

Hard or Silver Soldered. This type 
of connection is normally used only on 
circuits which are subject to temperature 
higher than the softening point of the 
soft solders. It is very important that 
the fluxes be thoroughly removed to 
prevent corrosion in service. 

Welded. Both spot and flame weld- 
ing are used extensively for special con- 
nections. Spot welding requires a very 


high grade of control to insure satis- 
factory joints because it is difficult to 
‘determine the quality of the joint by 
visual or nondestructive means. 


Figure 4. British terminal block using wire 
terminals having combination screw, crimped, 
and clamped features 
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One successful production method of 
connecting copper wires larger than 
0.010 inch consists in twisting the wires 
together for mechanical support and 
melting the ends of the wire down to a 
ball with a hot flame as shown in Figure 1. 

With Formex or enamel insulated wire, 
it is not necessary to remove the insula- 
tion when using this method. 

Crimped. Several types of crimped 
connections have been developed for 
use between wires and terminals. These 
have the advantages of eliminating flux 
and solder troubles and speeding up pro- 
duction. Some types are crimped on 


both the wire strands and insulation to 
form a very good mechanical support. 
Standard crimped or solderless types for 
aircraft use are specified under Army-— 
Navy Aeronautical Standard AN-659. 
One new type recently put on the market 


Figure 5. British terminal block for quickly 
disconnecting circuits , 


has an insulating coating on the crimped 
portion which eliminates the necessity 
of covering the terminal shank with an 
insulating sleeve. 

The quality of the connection obtained 
with solderless terminals is difficult to 
determine by visual inspection. The 
size of the terminals and. crimping tools 
must be held to close tolerances which 
have been) proved to produce satisfactory 
joints by destructive tests. The crimp- 
ing pressures and the physical character- 
istics of the crimped tube must be care- 
fully controlled. One type of crimping 
tool cannot be used with all makes of 
terminals because of differences in size 


Figure 6. New type ” 
of stud terminal 
which clamps di- 
rectly on the wire 
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and design. The National Aircraft Stand- 
ards Committee and Army and Navy 
are taking steps to obtain standardized 
types and tools, but at the present time 
best results are obtained by using the 
tools and methods according to the ter- 
minal manufacturers’ recommendations.’ 


SEMIPERMANENT TYPES 


Screw and Terminal. Screw  ter- 
minals are used where space is restricted, 
and the currents are limited to about 30 
amperes. Figure 2 shows one style 
which is used extensively. The number 
of connections which can be made under 
the head of a screw is limited by the 
length of the screw. Generally two con- 
nections are the maximum. It is also 
advisable to use a split spring lockwasher 
between the screwhead and connecting 
terminal. 

A combination screw, crimped and 
clamped terminal connection used on 
British aircraft, is shown in Figures 3 and 
4, This design has several obvious ad- 
vantages in assembly and servicing. The 
wire terminal is a cylindrical design 
which is crimped on the wire and insula- 
tion. This is held by a simple screw- 
clamp arrangement which can be re- 
moved from the terminal board as shown. 

Another British terminal block design 
for disconnecting circuits quickly is 
shown in Figure 5. Circuit isolation for 
testing, repair, and so forth, may be 
accomplished quickly by pushing the 
button in the terminal block and twisting 
90 degrees. 

Stud and Terminal. Stud-type ter- 
minals are the most reliable of all types. 
They will carry the highest currents and 
are the least subject to vibration. This 
is borne out by experience on aircraft 
generators on which stud terminals have 
replaced AWN connectors. 

The National Aircraft Standards Com- 
mittee has issued standards on stud con- 
nectors mounted in special panels, rang- 
ing from number 6 screw studs to three- 
eighths-inch-diameter studs. These are 
described in National Aircraft Standards 
17 through 22, inclusive. 

A new type of stud terminal which 
clamps directly on the wire strands re- 
cently has appeared on the market and 
is shown in Figure 6. This eliminates the 
necessity of applying a terminal to the 


-wire when making a connection, but the 


wire would be damaged if frequent re- 
movals from the stud were required. 
Special. Ground connections or 
frame connections which are part of an 
electric circuit, and‘ radio shielded con- 
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Pin- and socket-type connector 
with “banana’”’ pin construction 


Figure 7. 


nections may be classified as special 
semipermanent types. In addition, 
many moving metallic parts on aircraft 
must be electrically connected together 
with low-resistance connections in order 
to reduce electrical disturbances which 
cause noise in the radio receiver. Special 
bonding techniques have been developed 
for making these connections. A flexible 
stranded bare cable with crimped or 
soldered terminals is generally employed. 
The connection between the terminals 
and the stationary and moving parts 
presents problems due to the different 
metals and surface finishes. A stable 
connection with not more than 0.0005 
ohms resistance is generally required. 
At the same time, the parts must not be 
subject to galvanic or normal corrosion 
due to climatic conditions. Protective 
finishes on aluminum and magnesium 
alloys must be removed in order to ob- 
tain the low-resistance connection, and 
the completed connection must be pro- 
tected against corrosion. Pure alumi- 
num washers are used between metal 
combinations subject to galvanic action, 
such as magnesium and copper. Paint- 
ing the entire connection with zinc- 
chromate primer or similar material 
provides reasonable protection. 

Tinned bronze lockwashers with ex- 
ternal teeth (A N-936) can be used be- 
tween the terminal and part to be bonded 
to provide a low-resistance connection 
by the multiple point contacts which are 
thereby obtained. Some practices rely 
on these washers to cut through insulat- 
ing surfaces, such as the coating on ano- 
dized aluminum alloys, without any other 
preparatory cleaning of the surface. 

Electric motors, generators, and other 


Figure 8. Typical sockets used on AN con- 
nectors 
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electric devices may use the frame to 
carry one of the circuits to a supporting 
part. Both mounting surfaces must be 
cleaned thoroughly in order to make a low- 
resistance metallic contact. The edges 
of the mounting surfaces must be pro- 
tected at assembly by zinc-chromate 
primer or equivalent to prevent corrosion 
from attaching at these unprotected 
points. 

The radio shielding of sources emitting 
strong radio interference, such as an air- 
craft-engine ignition system, presents 
a connection problem which requires 
accurate mechanical positioning of the 
parts in contact and joints that are 
watertight. Plain flat surfaces at the 
joints provide openings between the 
bolts a few tenths of a mil wide through 
which radio noise leaks. A continuous 
electric contact completely around the 
joint has been found necessary to keep 
radio noise contained within the ignition 


Figure 9. Socket used on Japanese connector 


Figure 10. Disassembled German 20-circuit 
connector 


system. This can be accomplished by 
cutting a square groove in one joint sur- 
face and inserting in that groove a round 
resilient braided wire-covered gasket. 
When the joint is assembled the braided 
gasket is forced to contact the flat sur- 
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faces by the resilient material inside the 
braid. A second method for obtainitig 
continuous electric contact around’ a © 
joint makes use of a flat gasket consisting 
of wire screen impregnated in Neoprene. 
This gasket has been found to be less 
effective than the round braided gasket 
and leaks radio noise under certain 
conditions. ; 


QuiIcK-DISCONNECT-TYPE CONNECTORS 


When electric apparatus must be 
quickly and frequently disconnected, 
special quick disconnect types are used. 
Some degree of reliability is usually 
sacrificed to obtain the quick disconnect 
feature. Numerous and varied designs 
have been made since the beginning of 
the electrical industry. In an effort 
to standardize, the joint Army—Navy 
specification AN-9534 was issued. To 
supplement this specification and obtain 
improved designs, specification AN-W- 
C-591 was issued and is under revision 
at the present moment. Before dis- 
cussing the merits of the AN connectors 
it might be well to consider basic de- 
signs. 

Simple Direct-Pressure Type. This 
type consists fundamentally of two metal- 
lic parts which are held together by direct 
pressure to make the circuit. Generally 
three points of contact between the 
metallic siirfaces carry most of the cur- 
rent. The contact surfaces easily may 
be inspected and cleaned. Dirt may 
come between the surfaces and prevent 
electric contact. 

Pin and Socket Type. This type 
consists of a pin which slides into a socket 
and incorporates means for maintaining 
radial pressure between the pin and 
socket. The pin can be inspected and 
cleaned without difficulty. The socket 
surfaces are difficult to inspect, but they 
may be cleaned by special means. 

In a few designs the spring pressure is 
obtained in the design of the pin, as for 
example, the ‘‘banana” pin construction 
shown in Figure 7. A split pin con- 
struction also has been used but is weak 
mechanically. 

The most common types of pins and 
socket connections use solid pins and a 
socket which, by its design, applies spring 


Figure 11. Rear view of German 20-circuit 
connector plug showing connection terminals 
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pressure to the pin. A wide variety of 
socket designs have been developed, a 
number of which are shown in Figure 8. 
A Japanese socket design is shown in 
Figure 9. This was a split-screw ma- 
chined socket with the addition of a 
helical spring at the'end of the socket 
and a C-shaped cylindrical spring on the 
body. Our experience in the operating 
field has shown that the use of these de- 
signs Should be limited to circuits carry- 
ing less than 60 amperes. A discussion 
of AN connector design will be given later 
in this paper. 

Sliding Contact Type. A connector 
design found on recent German aircraft 
is shown in Figures 10, 11, 12, 13, and 14. 
A pin is molded in the surface of the 
receptacle which makes a sliding contact 
with a flat type of spring contact on a 
molded plug. This design is one of the 
few in which the connecting surfaces 
easily can be inspected and cleaned. The 
receptable plugs are held together by a 
simple toggle spring arrangement, as 
shown, and a synthetic rubber gasket 
provides a tight seal to prevent water 
from entering. 


AN CONNECTORS 


At the time this paper was written, A.V 
connectors were described in specifica- 
tions AN-9534a and AN-W-C-591. It 
is assumed that the reader is familiar with 
these specifications. Our experience in 
using AN connectors made by a wide 
variety of manufacturers, according to 
these specifications, in all types and sizes, 
indicates that the specifications are 
woefully inadequate for the insurance 
of obtaining satisfactory AN connector 
performance. The successful operation 
of AN connectors in the combat field has 
been due mainly to the choice of avail- 
able connector designs and extra inspec- 
tion before assembling in equipment. 

One of the weakest parts of AN con- 
nector design from practical considera- 
tions has been in the socket. A satis- 


_ factory socket design must be one which 


cannot be damaged by inserting the pin 
at any angle which may be obtained dur- 
ing the process of mating the parts. It 
should not be damaged by test pins such 
as are used on circuit testing instruments. 


Figure 12. Plug-side view of German 20-cir- 
ae cuit connector 
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Several successful designs use a solid ring 
at the entrance end of the socket to guide 
the pin into place (see Figure 8). 
oversize test pin cannot be inserted in 
such a socket. Other successful types 
use auxiliary springs and bands to main- 
tain positive contact. The sockets may 
be inserted in a molded phenolic insulator 
which limits the possible motion of the 
sprung sections of the socket so that they 
do not go beyond the elastic limit. 
Adequate locking means to hold the 
plug and socket together are needed. 
Safety wire through a hole in the coupling 
nut to a mounting screw is very effective. 
Complete 100 per cent inspection of AV 
connectors is imperative. Inspection de- 
tails to be noted may be listed as follows. 


CONNECTOR SHELLS 


1. The shells shall have a good appearance 
with no porosity, blow holes, burrs or cracks. 
All sharp corners shall be broken with a 
1/g4,-inch radius unless otherwise specified. 


2. The shell shall be of sufficient thickness 
so that the connector will be plugged to its 
mating unit in the correct position only. 
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Figure 13. Socket of German 20-circuit con- 
nector 


8. The shell tongue shall have enough 
thickness and strength so that it will not 
break in use and will allow the connector to 
be plugged to its mating unit in the correct 
position only. 


4. The shell, when spun over the phenolic 
insert, shall be so spun that stresses are not 
set up in the insert which cause the insert 
to break or shear. 


5. Information stamped on the shell shall 
be correct and easily legible. 


6. The snap-ring slot in the shell or in the 
coupling nut shall have square sides with 
sufficient width and depth-so that the snap 
ring cannot pull, slide, or twist out of the slot 
during use|of the connector. A special slot 
which wedges the snap ring against the cou- 
pling nut when the nut is tightened has been 
found to be very effective with some designs. 


7. The shell threads shall be centered 
properly on the shell so that they are not too 
deep on one side and too shallow on the op- 
posite side. The threads shalJ not be broken 
nor contain broken-out sections, and the 
threads on half of the shell shall be in com- 
plete alignment with those on the other 
half. Burrs on the threads at the casting 
parting line shall be removed. 


8. The threads on all connectors shall be 
bare, except for antiseize compound, and 
shall have no varnish, shellac, paint, or 
anodic treatment. 


9. The antiseize compound on the threads 
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An) 


Figure 14. 


Assembled German 20-circuit 
connector 


shall not contain grit and shall conform to 
AN specifications. 


10. Flanges on the inner parts of the shell 
shall be square and shall project sufficiently 
to prevent an inner shell or phenolic insert 
from pushing or pulling out of the shell. 


11. The connector having split shells shall 
be so held together by sufficient supports, 
and so forth, that the inner shell or phenolic 
insert cannot be forced out of the connector. 


12. The coupling nut shall be so fastened 
to the shell that it can be tightened 
thoroughly with pliers without pulling from 
the shell. 


13. Springs on split-shell connectors shall 
be of sufficient strength so they do not break 
nor slide out of position. 


PHENOLIC INSERTS 


1. The phenolic material shall not be brit- 
tle. The pins and sockets shall not push out 
of the phenolic backing disk nor pull through 
the front of the phenolic insert during plug- 
ging and unplugging of the connector. The 
phenolic guide tongues, slots, edges, phenolic 
material between contacts, letters, shoulders, 
flanges, and ridges shall not fracture during 
connector use. 


2. The phenolic material shall be an insu- 
lating material and must not contain metal 
dust, metal chips, or other conducting ma- 
terial that will allow short circuits between 
contacts or between contacts and shell. 


3. The phenolic insert shall be so designed 
and built that all contacts are located prop- 
erly according to AN drawings, and all pins 
of the same size must protrude the same 
amount inside the shell. 


4. The phenolic backing disk shall have a 
slot fitting to a tongue in the shell, or vice 
versa, which will make it possible for the 
backing disk to be assembled in the correct 
position only. 


5. The manufacturer of the connector shall 
assemble the phenolic insert of the socket- 
type connector with the backing disk of the 
socket-type connector, not with the backing 
disk of the pin-type connector, and vice 
When the backing disks are incor- 


versa. 


i 
oo 
i 


AN connector after 96-hour 
humidity test 


Figure 15. 
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Figure 16. Sample Monowatt Electric Cor- 
poration AN snap-in-type connector 


rectly assembled, the connector lettering is 
reversed. 


6. The tongue on the phenolic insert shall 
be large and strong enough so it cannot shear 
or break off. This difficulty is still being 
experienced on size ten connectors without 
supporting shells on phenolic inserts. 


7. The holes for the metal sockets in the 
phenolic inserts shall be of such size and 
shape that the metal socket can readily ac- 
commodate itself to the pin without the pin 
sliding down the outside of the socket. 


8. With the connectors of the molded in 
pin design, the phenolic material must not 
shear from the pin shoulders and allow the 
pins to push through the sockets, for all 
pressures on the pins up to ten pounds. 


9. The lettering at the front and rear of 
the pin insert must coincide with that at 
the front and rear of the socket insert. 


10. It has been found desirable to have all 
the solder cups face in one direction. 


11. The phenolic insert is not to push nor 
pull out of the connector shell during plug- 
ging or unplugging of the connector with 
its mating part. 


CONTACTS 


1. The pins must be of a strong durable ma- 
terial that will not bend nor break because of 
possible forcing or twisting when the con- 
nector is plugged or unplugged to its mating 
part. 


2. The pins shall have a durable plating of 
sufficient thickness to prevent the formation 
of corrosion. 


3. The pin shoulder diameter shall be large 
enough so that the pin will not push through 
the phenolic backing disk when the con- 
nector is plugged or unplugged to its mating 
unit. 


4. The solder cup shall not break off the 
contact during normal use of the connector. 


5. No pin is to push out through the back- 
ing disk with a pressure of ten pounds ap- 
plied to it. (At General Electric Company’s 
request the American Phenolic Corporation 
was set up to apply a ten-pound pressure test 
to each pin in the connector and mark each 
connector so tested with a green dot. This 


test increases the connector price, but the 
improved quality has been justified.) 
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Figure 17. Sample Monowatt Electric Cor- 
poration AN-3106-18-5S snap-in-type con- 
nector disassembled 


6. The socket design shall be such that 
the sockets will not be damaged by any pos- 
sible twisting or forcing when the connector 
is plugged to its mating unit or when test 
pins are inserted into the sockets. Sizes 16 
and 20 sockets made by the American 
Phenolic Corporation, and sizes 12, 16, and 
20 sockets made by the Monowatt Electric 
Corporation have reinforcing sleeves made 
of durable bronze not less than eight mils 
thick. (At General Electric Company’s re- 
quest, on and after October 23, 1943, Am- 
phenol and Monowatt supply General Elec- 
tric only with connectors that have been 
given an extra 100 per cent inspection at the 
manufacturer’s plant to make certain that 
all small-size sockets, as mentioned 
previously, have reinforcing sleeves. The 
connector manufacturer shows this extra 
100 per cent inspection by a red dot on the 
connector. This inspection should be ap- 
plied to all banded-type sockets made by all 
manufacturers.) 


7. Thesocket should be so constructed that 
liquid solder in the solder cup*cannot leak 
through to the front of the socket and pre- 
vent insertion of the pin. 

8. The hole in the socket should be of such 
shape that the pins readily slide into the 
sockets the first time. 


9. The insert socket holes should be of such 
size that the sockets are free to adjust them- 
selves to the pins when the connectors are 
plugged. It is preferred to have the pins 
fixed and the sockets floating. 


When AW specifications are revised, it 
is hoped that some identifying means will 
be devised so that connectors according 
to the revised specifications can be dis- 
tinguished from older types. 

Corrosion protection of the AN con- 
nectors is not required in existing speci- 
fications. Figure 15 shows the corroded 
condition of an AWN connector shell after 
exposure to 100 per cent humidity for 
96 hours at 33 degrees centigrade. The 
threaded portions which were covered by 
antiseize compound are in perfect condi- 
tion. In tropical and salt-water service, 
connector shells, pins, and sockets must 
be coated with a protective grease, for 
example, lanolin, to insure continued 


Figure 18. Sample Monowatt 

Electric Corporation AN- 

3106-18-5P snap-in-type con- 
nector disassembled 
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operation. 


This results in a very messy 
condition, as dust and dirt is picked up 
on the grease. ve 

A new AN connector design with pro- 
vision for safety wiring the hold nut and 
other advantageous features is shown in 
Figures 16 and 17. Connections may 
be made between the pins and wire by 
crimping, soldering, or both. Holes in 
the crimped tube opposite the crimp per- 
mit inspection of the crimping. The 
design of the insulating parts gives greater 
creepage distances and mechanical sup- 
port to the wires without the use of in- 
sulating sleeving. 

Under desert conditions, dust in the 
coupling nuts on AV connectors causes 
the threads to jam. The German con- 
nector design shown in Figures 10 through 
14 is not affected by dust and can be dis- 
connected quickly under any conditions. 
It is hoped that this advantageous char- 
acteristic may be incorporated in a future 
AN design. 


SLIDING CONNECTIONS 


The design of sliding connections is an 
uncompleted art. The sliding connec- 
tion may be on a resistor, a commutator, 
or a slip ring. The choice of materials 
and design is controlled by many factors 
and variables which are not thoroughly 
understood. With their use on aircraft, 
the additional effect of high altitudes 
must not be overlooked. Not so long 
ago we were astonished when our or- 
dinarily good carbon brushes wore out 
on commutators in a matter of ten min- 
utes or less. A great deal of research 
effort has been required to overcome this 
difficulty. Today designs can be made 
which will operate under such conditions. 
The details naturally cannot be dis- 
cussed because of wartime restrictions. 

It is safe to say, however, that each new 
application must be tested thoroughly 
under all operating conditions. The 
same solution to the sliding contact 
problem on one application does not 
necessarily mean that it will be good for a 
new slightly different application. 


/ 


OPERATING CONNECTIONS 


Operating connections are normally 
used for control purposes. They make 
or break circuits carrying electric power. 
at various voltages and direct or alter- 
nating load currents. They range from 
hand-operated switches to cam-operated 
magneto contacts. 

Again it is very important to check 
operating connections with the exact 
loading conditions under which operation 
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Solenoid-Operated Control Valves 


V. W. ECKEL 


NONMEMBER AIEE 


HE presentation of a paper on elec- 

tric aircraft apparatus by manufac- 
turers of hydraulic control equipment is 
very likely to lead to a discussion!.® of the 
relative advantages and disadvantages 
of hydraulic and electric systems for ac- 
cessory actuation. Let us evade this 
controversy for the present by stating 
that the writers are not advocating either 
ant all-electric or all-hydraulic system but 
are describing a type of device that makes 
possible the utilization of some of the best 
features of both forms of power. 

It commonly is conceded that one of 
the strong points of electric systems is 
the relative lightness, cheapness, and 
flexibility of electric wiring over hydraulic 
plumbing. This is particularly true when 
it is required to transmit only very small 
power. Consequently, a system that sub- 
stitutes low-energy-level electric wiring 
for high-energy-level hydraulic plumbing 
would seem to offer advantages in cost 
and weight for some applications, espe- 
cially in the larger more advanced air- 
planes. For example, it has been esti- 
mated? that for a multiengined airplane 
with a hydraulic pump on each engine the 
use of electric remotely operated valves 
for controlling wing flaps reduces the 
length and weight of plumbing to less 
than one half that required for an all- 
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hydraulic installation with direct cockpit 
valve control. 

An additional advantage offered by 
this electrohydraulic system is that it 
makes it possible to eliminate high-po- 
tential wiring and high-pressure plumb- 
ing from the cockpit and other critical 
areas, thus giving a safer and cleaner in- 
stallation. 

Obviously, the device that makes this 
electrohydraulic system practicable is 


‘ the remotely controlled electrically oper- 


ated hydraulic valve. 
General Design 


The general design requirements for 
these electromechanical control devices 
are about the same as for other similar air- 
craft components in that they must in- 
corporate: 


1. Utmost reliability. 


2. Absolute minimum weight consistent 
with other requirements. 


3. Operation over an extremely wide range 
of ambient temperatures and pressures. 


4. Resistance to vibration. 


5. Adaptation for use in the standard air- 
craft electric and hydraulic systems. 


6. Auxiliary means of manual operation 
for use in case of electric power failure. 


is required. Equivalent circuits often 
are misleading in action. 

With the increased use of electric 
equipment on aircraft, relay contacts have 
been designed to carry currents in the 
order of thousands of d-c amperes at 24 
to 30 volts. Operating contacts for 400- 
cycle a-c circuits at 208 volts are under 
development. 


Conclusions 


The vital importance of electric. con- 
nections on aircraft is not generally ap- 
preciated by people accustomed only to 
the connections on home appliances. A 
poor connection on an electric toaster 
blows a quickly replaceable five-cent 
fuse, and the lady of the house has to 
endure the hardship of eating untoasted 
bread until the handy man makes a re- 
pair. One poor connection on an air- 
craft may effect the lives of many people 
and cause damage in the order of hun- 
dreds of thousands of dollars. 

An engineer or production man may 
be proud to have failures due to poor 
electric connections on home appliances 
reduced to one percent. But, if this per- 
centage were allowed on each of the types 
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of electric equipment on an airplane, 
would he be willing to fly in the plane? 

For successful modern aircraft opera- 
tion, electric connections must be engi- 
neered carefully, well constructed with 
the proper materials, 100 per cent in- 
spected, properly applied, and properly 
serviced. 
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This last requirement is not always neces- 
sary. 


In designing one of these control devices 
the first step is to decide which of the 
several types of electromechanical drivers 
and hydraulic valves is to be used. The 
most commonly used drivers are electric 
motors, electrically heated vapor-pres- 
sure motors, and electromagnetic sole- 
noids. Similarly, the usual valve types 
are the well-known slide, disk and poppet. 

Various combinations of these drivers 
and valves have been proposed for spe- 
cific purposes, but the writers believe 
that the combination that promises to ful- 
fill most completely the requirements for 
the greatest number of applications is the 
electromagnetic solenoid driver applied 
to the piston poppet-type valve. This 
combination has the advantages of the 
simplicity and rapidity of operation (less 
than 4/2) second) of the solenoid and the 
low fluid leakage and low operating power 
of the poppet-type valve. These char- 
acteristics are conducive to obtaining the 
lightest and most universal device. 

In contrast, electric motors geared to 
valves as drivers are characterized by 
relative complexity, difficulty of obtain- 
ing manual operation, high weight for 
low-force valves but relatively low 
weight for high-force valves, and an 
intermediate operating time of from one 
to several seconds. Vapor-pressure de- 
vices are inherently simple and light but 
slow, requiring from approximately 1/2 
minute to several minutes to operate, 
and are likely to be more vulnerable than 
other devices. They are also difficult to 
accommodate to wide temperature and 
pressure ranges. Similarly, slide valves 
usually have greater fluid leakage than 
other types so that they are suitable only 
for hydraulic systems designed especially 
for their use. Disk-type valves, al- 
though simple and reliable, usually re- 
quire relatively high rotary operating 
forces which make them suitable for 
adaptation to geared electric-motor drive 
but not solenoid actuation. 

This discussion will be limited to the 
24-volt d-c system, since that is the one 
in most general use at present. 


Valve Design 


Hydraulic valves are'rated according 
to the volume of fluid that they will pass 
in unit time with a certain permitted 
pressure drop. This rated flow and the 
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design of the valve are the important fac- 
tors that determine the force and dis- 
placement necessary to operate the valve. 
Two general valve designs are dia- 
grammed in Figures 1 and 2. Cutaway 
illustrations of practical embodiments of 
the same designs are given in Figures 3 
and 4. 

The valve of Figures 1 and 3 is un- 
balanced; that is, the fluid pressure is 
effective on the inlet face of the poppet 
so that the operating force is the sum of 


1. The seal frictions. 


2. The product of the fluid pressure and 
the effective poppet area. 


3. The force of the return spring. 


In the partly balanced valves of Figures 
2 and 4 most of the force caused by the 
hydraulic pressure acting on the poppet 
face is neutralized by reducing the effec- 
tive area. This has the tremendous ad- 
vantage of reducing thé valve operating 
force as is shown by Figure 6 but the 
considerable disadvantage of making the 
manufacture more difficult and costly. 
The curves of Figure 6 give the operat- 
ing forces required to crack and to hold 
open both balanced and unbalanced pop- 
pets. These curves apply to 0.266-inch 
diameter poppets for three-gallon-per- 
minute service. The values of operating 
force are only approximate, since they 
depend to a considerable extent upon 


1. Detail design. 
2. Manufacturing tolerances. 
3. Types of seals. 


4. Inthecase of the partly balanced valves, 
upon the degree of balance that can be ob- 
tained and still maintain the fluid leakage 
below the rated values set forth in govern- 
ment specifications. 


The curves will serve, however, to show 
the considerable savings in driver work 
that is made possible by using the 
balanced-poppet principle. 

When it is considered that approxi- 
mately three-quarters of the weight of an 
unbalanced solenoid valve is driver 
weight, the added difficulty of manufac- 
ture involved in the partially balanced 
valve is entirely justified. Also, the 
trend is toward higher system pressures 
with correspondingly higher valve operat- 
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Figure 1. Diagram of unbalanced valve 
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ing forces which enhances the value of 
balanced valves. 

This generalization in favor of partly 
balanced valves falls down for very small 
sizes. Figure 5 illustrates a cutaway 
model of a small shut-off valve originally 
intended for controlling the flow of anti- 
icing fluid. In this case the parts are too 
small and the operating pressure is too 
low to make a balanced construction 
practical. The savings of perhaps one 
ounce of weight out of five ounces would 
not be sufficient to justify the considerable 
added complication. 


Solenoid Design 


When the designer comes to the sole- 
noid, he isin a position to take advantage 
of the low operating force and short 
travel distance that has been designed 
into the valve. 

It would be out of place to include a 
detailed account of solenoid design in this 
paper, since this subject has been covered 
comprehensively in many previous pub- 
lications.’.* Obviously, the design of 
solenoids for aircraft will follow the same 
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Diagram of balanced valve 


Figure 2. 


principles incorporated in other electro- 
magnetic devices with the exception that 
since weight is so very important even 
greater efforts than usual must be made 
to utilize all materials to the best advan- 
tage. 

Some of the major airlines have pub- 
lished statements giving a dollar cost to 
the weight of air-borne equipment in 
revenue lost in diverted pay load during 
the life of a commercial passenger or 
freight airplane. This figure averages sev- 
eral hundred dollars per pound for such 
airplanes. A similar figure for military 
aircraft would be impossible to calculate 
because of the intangible considerations 
involved, but on the basis alone of the 
lower total plane mileage for military 
craft compared to commercial planes, 
it should be several thousand dollars per 
pound. This cost of weight contrasts to 
the direct cost of weight of from four to 
30 cents a pound for the materials used in 
usual industrial electrical equipment. 
Accordingly, the efforts of designers of 
solenoid valves and similar air-borne 
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Figure 3. Section of manually operated un- 
balanced valve 2 


equipment to reduce weight to the very 
minimum must be multiplied in propor- 
tion. 

Magnetic-circuit calculations indicate 
that the common iron-clad cylindrical 
solenoid is best adapted for this purpose. 
This shape also has the advantages of 
mechanical ruggedness, manufacturing 
simplicity, and relative invulnerability. 

Besides the increased importance of 
weight there are two other design con- 
siderations which differ sufficiently from 
usual practice to be worth mentioning: 


1. Valve operation is usually intermittent, 
most valves being used only once or twice 
for a minute or two during a flight. 


Figure 4. Cutaway model of partly balanced 
valve 


‘ 
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Figure 5. Cutaway model of shutoff valve 


2. The expected life of this type of equip- 
ment is 20,000 operations or only a fraction 
of that expected of most industrial equip- 
ment. Also, electric power for the amounts 
and times involved is of little importance. 


These considerations change the accent 
of the design. 
One effect of these design considerations 


is that magnetic circuits are usually op- 


erated completely saturated. This along 
with the fact that the structures are small 
makes the problem of assuming leakage 
factors very difficult. -As an example, a 
small solenoid similar to the one used 
on the valve of Figure 5 had nearly the 
same force-displacement curve without 
the outer iron shell as with it. This unit 
had been calculated carefully, but the 
error in assuming the leakage coefficients 
was so great that the outer shell had little 
magnetic value and, except for mechani- 


cal reasons, constituted nearly useless - 


weight. 

The engineer’s first thought when con- 
fronted with the weight-duty cycle re- 
quirements along with an expected life 
of only 100 hours is to operate at higher 
than usual temperatures. Solenoids have 
been made using asbestos- and glass-insu- 
lated wire for operation at temperatures 
over 300 degrees Fahrenheit. Unfortu- 
nately, the temperature coefficient of re- 
sistance of copper is sufficiently high that 
the force is lowered as indicated by Figure 
7 which is for an experimental glass-in- 
sulated solenoid at 0.125-inch plunger 
gap. When it is compared to the force— 
displacement curve 3 of Figure 8 for two 
poppets, it will be seen that a single pop- 
pet valve will operate when the solenoid 
is cold, will remain open for two or three 
minutes, and then will close automati- 


cally. After this time the valve will be 
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entirely inoperative until it has cooled 
to approximately normal temperature. 
Although this performance conforms 
\ih the normal duty cycle, it does not 
satisfy aircraft requirements in that the 
valve accidentally may be left in the cir- 
cuit until hot in which case it will not 
operate if required to do so. One solu- 
tion to this difficulty is to limit the tem- 
perature with a thermostatic overload 
switch such as is sometimes used on elec- 
tric motors. A performance curve for a 
solenoid equipped with a_ thermostat 


’ switch set to open at 250 degrees Fahren- 


heit and reclose at 175 degrees Fahren- 
heit is given in Figure 9. This solenoid 
would operate the valve just during the 
time interval that the circuit was closed; 
during approximately 70 per cent of the 
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FLUID PRESSURE IN P.S.1. 
Figure 6. Hydraulic-valve-poppet operating- 
force curves for three-gallon-per-minute capac- 
ity (0.065-inch poppet travel) 


Curve 1—Unbalanced poppet cracking force 
Curve 2—Unbalanced poppet holding force 
Curve 3—Balanced poppet cracking force 
Curve 4—Balanced poppet holding force 
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Figure 7. Solenoid force-time-temperature 


curves 


time it would be inoperative. This prob- 
ably would be satisfactory for many ap- 
plications, if a better arrangement were 
not available. ; 
For optimum design of the unit, the 
valve-operating and solenoid forces should 
be matched as closely as possible. This 
may be accomplished at least roughly by: 


1. * Choosing the most suitable configura- 
tion of magnetic circuit. 


2. Using a double-coil winding. 


3. Combinations of these two principles. 


For instance, referring to Figure 8, the 
valve force curve 3 can be matched more 
closely to a solenoid curve if a high am- 
pere-turn winding is used to give the 
force curve 1 with the iron circuit de- 
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signed to saturate at H. At point F on 
the solenoid curve, the low resistance coil 
is switched out and a high resistance coil 
substituted. In contrast, a normal un- 
saturated solenoid designed to give ade- 
quate force at point A would have a 
characteristic curve similar to curve 4. 
The heating and weight of such a design 
would be prohibitive. 

The double-coil arrangement uses a 
high-power operating coil with compara- 
tively few turns of heavy wire con- 
nected in parallel with a high-resistance 
holding coil wound with a large number 
of turns of fine wire. A pair of contacts 
operated by the solenoid plunger are 
connected to open-circuit the pulling coil 
when the plunger is at the inner limit of 
travel. Then, when the solenoid is first 
energized, the circuit resistance is low be- 
cause the low-resistance coil is in the 
circuit so that with the plunger out the ~ 
force is relatively high. When the plunger 
travel is completed the current is reduced 
by open-circuiting the pulling coil. Con- 
sequently, the force and heating are re- 
duced. 

Other circuits with somewhat different 
characteristics are available for accom- 
plishing this same purpose. For instance, 
the two coils can be connected in series 
with the high-resistance holding coil 
short-circuited for the pulling stroke and 
open-circuited for the holding condition. 
This arrangement has the advantages of 
slightly lower heating while holding and 
improved contact conditions. The dis- 
advantage is that the necessary inrush 
operating current is slightly higher. 
The parallel coil circuit was chosen for 
the solenoids described because of the 
lower inrush current. 
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Figure 8. Poppet and solenoid force-dis- 
placement curves 


Curve 1—Solenoid plunger force at 80 de- 
grees Fahrenheit 
Curve 2—Solenoid plunger force at 250 de- 
grees Fahrenheit 
Curve 3—Force for two poppets 
Curve 4—Typical unsaturated solenoid plun- 
ger force at 80 degrees Fahrenheit 
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The solenoid designed to operate the 
valve of Figure 4 has a flat-ended plunger 
and a double coil connected as in Figure 
10. This is a three-position four-con- 
nection valve using four poppets and two 
solenoids with each solenoid operating 
two poppets. The characteristic curves 
for 80 degrees Fahrenheit and 250 de- 
grees Fahrenheit are given in Figure 8. 
The operating coil is 394 turns of number 
23-gauge copper wire and the holding 
coil is 2,150 turns of number 32-gauge 
wire. The room temperature resistances 
are 1.90 ohms and 152 ohms respec- 
tively, giving currents of 13.7 amperes 
and 0.171 ampere at 26 volts. At 250 de- 
grees Fahrenheit the force with 0.065 
plunger gap is 44 pounds with approxi- 
mately 46 pounds hold-in force if the 
operating coil is not open-circuited. 
With only the holding coil in the circuit 
the holding force is 38 pounds. With 
the operating coil open-circuited as in 
normal use but with the holding coil en- 
ergized, the ultimate temperature rise 
after several hours is about 60 degrees 
Fahrenheit. If the operating coil re- 
mained in the circuit, the solenoid liter- 
ally would burn up in approximately 
three minutes. 

The solenoid furnishes a driver that 
will operate the partly balanced valve of 
Figure 4 at just 250 degrees Fahrenheit. 


Figure 9. Force-time-temperature curves for 
thermostatically controlled solenoids 


This is 30 degrees Fahrenheit higher than 
the highest operating temperature of 60 
degrees Fahrenheit rise over 160 degrees 
Fahrenheit ambient so that some reserve 
driver force is available. However, the 
works represented by the areas under the 
respective force-displacement curves are 
matched so evenly that there is inade- 
quate reserve to insure reliable operation 
under adverse conditions. This is taken 
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Figure 10. Circuit diagram of shunt double- 
coil solenoid winding 


care of by allowing the solenoid plunger 
to move 0.075 inch before it contacts the 
valve, thus permitting the additional 
kinetic work represented by the area 
ABCD of Figure 8 to be effective in open- 
ing the valve. This extra amount of 
driver work insures satisfactory switch 
action and valve operation under the most 
adverse conditions. 

One interesting suggestion regarding 
means of reducing solenoid weight pro- 
poses to use aluminum wire instead of 
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copper wire. Simple calculations show 
that in the coil itself a weight saving of 
approximately one half could be effected 
by this means. However, when the {n- 
crease in weight of the enclosing iron 
magnetic structure caused by the larger 
volume of the aluminum is considered, 
the net difference in the weight of the 
whole structure is negligible. Moreover, 
insulated aluminum wire is difficult to 
obtain which is an important considera- 
tion at present. 

Another argument concerns the wind® 
ing of the coil. For 24-volt d-e service 
random winding would be entirely satis- 
factory, particularly with the new high- 
temperature nonscuffing enamels. How- 
ever, the fact that approximately ten per 
cent more volume is required for a ran- 
dom winding than for a layer winding 
without extra insulation increases the 
frame weight about five per cent which 
is not justifiable. 


Conclusions 


The following general conclusions may 
be drawn as to the use and design of elec- 
tric remotely operated hydraulic valves. 


1. Considerable savings in installation 
weight may be effected by electric remote 
control of hydraulic valves, particularly 
when the accessory to be controlled is some 
distance from the cockpit. 


2. It may be necessary to sacrifice sim- 
plicity and low valve cost to obtain the 
minimum over-all weight and dollar cost. 


8. The analysis indicates that solenoid 
valves should be designed for low operating 
forces and efficient electrical and mechanical 
elements; not so much on account of the 
electric power requirements but to decrease 
heat dissipation and, consequently, size and 
weight. 
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A New High-Frequency Capacitor 


W.M. ALLISON 


NONMEMBER AIEE 


Synopsis: Limitations of the ordinary 
capacitor at high frequencies have been in 
part overcome by a new three-terminal feed- 
through capacitor having a low impedance 
over a wide frequency range, thus enabling 
impreved by-passing or filtering over this 
wide range of frequencies. 


NE of the common uses of capaci- 

tors is by-passing high-frequency 
current from circuits in which direct or 
low-frequency current is flowing. The 
frequency range over which it is effective 
as a by-pass depends upon the relative 
impedance of the capacitor and the im- 
pedance across which it is connected. 


NARROW FOIL 


Isometric drawing of nearly rolled 


Figure 1. 
Hypass capacitor showing electrode positions 


259-2 


Figure 2. Completed Hypass capacitor with 
leads attached 


The impedance of a capacitor at a given 
frequency is determined by its capaci- 
tance, inductance, and resistance. At 
low frequencies the impedance is largely 
determined by the capacitance, but at 
high frequencies and thus in most by- 
passing applications, lead inductance and 
the inherent inductance of the capacitor 
become the controlling factors. 


Usually, capacitors for by-pass use are . 


so chosen that series resonance occurs at 
the frequency where the most complete 
elimination of undesired high-frequency 
current is needed. By increasing the 
ratio of C to L, the frequency range over 
which the capacitor is effective as a by- 
pass can be increased. Mechanical con- 
siderations (namely, the necessity for 
making connections to the capacitor) 
and the inherent inductance of the capaci- 
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tor limit the frequency range over 
which low impedance can be obtained by 
this approach. 

The use of capacitors in parallel having 
different impedance-frequen¢y character- 
istics always results in a region of high 
impedance where the combination be- 
comes antiresonant. ' Thus, this com- 
monly used method of by-passing over 
wide frequency ranges may be ineffective 
unless the region of antiresonance is 
chosen where no by-passing is needed. 

A new approach to the wide-band by- 
passing problem is the Hypass capacitor 
which uses a unique design to provide an 
extremely broad range of low impedance 
extending into the ultra-high-frequency 
range, 


Construction of the Hypass 
Capacitor 


“‘ypass” designates a three-terminal 
feed-through capacitor which lacks the 
usual resonant characteristics of ordinary 
capacitors. This is accomplished by 
operation of the capacitor as a trans- 
mission line and by a physical design 


ELECTRODES EXTENDING THROUGH 
STACK FROM FRONT TO BACK 


ELECTRODE WOUND BACK AND 
FORTH THROUGH STACK 


Figure 3. Stacked Figure 4. Cross-sec- 
mica Hypass capa- tion of mica Hypass 
citor capacitor 


which allows extremely low inductance 
in external connections. 

The Hypass capacitor may be con- 
structed with the same conductor and 
dielectric materials as conventional types, 
but the internal connections to the capaci- 
tor plates and the arrangements of the 
plates and dielectric differ from the 
usual type. In its usual form the Hypass 
capacitor has two long foil electrodes of 
unequal width separated by a dielectric 
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SHIELDED RESISTOR BLOCKS 


ATTENUATOR RECEIVER 
Figure 5. . Insertion-loss measuring apparatus 


used for determining Hypass characteristics 


Allison, Beverly—High- Frequency Capacitor 


of intermediate width. The foils and di- 
electric may be wound or rolled so that the © 
wider foil extends beyond both edges of 
the dielectric as shown in Figures 1 and 
2. The narrow foil is centered in respect 
to the edges of the dielectric and con- 
nected at only one end to a terminal, usu- 
ally a metal container which may be 
grounded. Each edge of the extending 
wider foil is then made essentially a uni- 
potential surface by soldering or other 
means by the techniques employed in 
conventional “noninductive’”’ capacitors. 
Leads are connected to the two resulting 
equipotential surfaces to carry the low- 
frequency or direct current through the 
capacitor. The current-carrying capa- 
bility of the Hypass capacitor may be 
increased by inserting an auxiliary con- 
ductor through the capacitor without 
affecting adversely the frequency char- 
acteristics. 

The Hypass capacitor must be inserted 
in a circuit just as a low-pass filter would 
be connected. Its usual mechanical con- 
struction lends itself to an extremely low- 
inductance connection to ground while 
inductance in the other connections en- 
hances the filtering and thus the by- 
passing effect. 

Many modifications of the construction 
outlined above are possible. Hypass 
capacitors have been constructed with flat 
dielectric sheets, such as mica, with the 
wider foil replaced by strips of foil ex- 
tending through the stack and with the 
narrow foil folded back and forth pro- 


INSERTION LOSS —DB 


FREQUENCY —MEGACYCLES 
Figure 6. Insertion loss of a Hypass capacitor 
versus a conventional capacitor 


Curve 1—Conventional 0.1 microfarad 
Curve 2—Hypass 0.1 microfarad 
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Insertion loss of 14.2-microfarad 
Hypass capacitor 


Figure 7. 
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Analysis of High-Frequency Ignition 


Circuits 


A. W. ROBINSON, JR. 


ASSOCIATE AIEE 


HE modern high-voltage magnetos 

installed on a 2,000-horsepower air- 
craft engine may not resemble externally 
the crude induction coil used by Lenoir in 
1860 to provide ignition for his gas en- 
gine. Yet, both make use of the same 
method to generate a transient voltage 
high enough to fire the spark plug. A 
current is first established in a primary 
winding surrounding a core of magnetic 
material and then suddenly interrupted. 
This interruption produces a high rate of 
change of flux through a secondary coil 
wound with a large number of turns, thus 
inducing a high voltage that is trans- 
mitted to the spark plug. 

While their principle of operation has 
remained basically unchanged, the design 
of ignition systems has made considerable 
progress through the years. At the turn 
of the century, Simms and Bosch com- 
bined the current generator with the in- 
duction coil to make the first high-voltage 
magneto. Since then, new materials have 
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gressing through the stack as shown in 
Figures 3 and 4. The resulting Hypass 
capacitor has characteristics similar to 
the previously described type. 


Performance 


The behavior of Hypass capacitors was 
evaluated by means of insertion-loss 
measuring apparatus developed for low- 
pass filter measurement. This equip- 
ment consists of a signal generator, a 
detector, and decoupling networks as 
shown in Figure 5. Insertion loss was 
measured by comparing the input re- 
quired to produce a given deflection of 
the detector with and without the Hypass 
capacitor inserted between the decoupling 
networks. The impedance level was 
arbitrarily fixed at ten ohms. 

Curve 1, Figure 6, shows insertion loss 
versus frequency characteristics for a 
two-terminal noninductive capacitor typi- 
eal of the best commercially available. 
Curve 2, Figure 6, shows a Hypass capaci- 
tor of the same low-frequency capaci- 
tance. Figure 7 shows the behavior 


become available—plastics, lightweight 
alloys, Alnico—and have been incorpo- 
rated into improved mechanical designs to 
give the high-voltage magneto its present 
performance and reliability. 

With the recent advances in aircraft- 
engine design, yielding higher-power out- 
puts at higher altitudes, certain limita- 
tions of the conventional high-voltage 
ignition system have become of great 
concern to the ignition engineer. Not 
only is it necessary to generate and dis- 
tribute higher and higher voltages at ex- 
treme altitudes, where air becomes a poor 
insulator, but the higher energies at the 
spark plug have contributed to accelerate 
the erosion of its electrodes and decrease 
its life. Fuels with high lead content, 
and cold running plugs, both essential 
prerequisites for getting more power out 
of a given engine, have increased the 
danger of spark-plug fouling, causing 
considerable trouble in operation. 

Most of these problems have been 
brought under control by ‘‘fixes,” and by 
refinements of conventional ignition sys- 
tems. All persons connected with air- 
craft ignition have been wondering how 
much longer it would be possible to ob- 
tain the desired results without making a 
radical departure from existing systems. 
At the present time several manufacturers 


of an experimental Hypass capacitor of 
14.2 microfarads at 60 cycles. 

The Hypass capacitor derives its favor- 
able frequency characteristics from a 
decrease in the effective capacitance as 
a function of the increase in frequency. 
That this effect is not due to a change in 
the dielectric constant of the insulation 
was determined by the use of mica and 
polystyrene with measurements between 
200 kilocycles and 30 megacycles. Thus, 
the capacitor represented in Figure 7 
still behaves as a capacitor at 20 mega- 
cycles, although it is equivalent at this 
frequency to a perfect capacitor having 
a capacitance only a little larger than 0.1 
microfarad. 

Analysis on the basis of the device oper- 
ating as a transmission line accounts for 
the seeming decrease in capacitance with 
increasing frequency. Its impedance is 
similar to a very low-impedance trans- 
mission line having high capacitance per 
unit ‘length. Changes with frequency 
of the capacitance, inductance, con- 
ductance, and resistance per unit length 
are secondary and additional factors in 


yY 


are developing new types of ignition sys- 
tems that promise to get around most of 
the present limitations. i 


Low-Voltage High-Frequency 
Ignition Systems 


Several of the proposed systems com- 
bine high frequency with distribution at 
low or medium voltages, offering such 
outstanding advantages as: 


1. Operation at very high altitudes withoiit 
need for supercharging. 


2. Freedom from the effects of fouling, 
e 


3. Reduced plug erosion. 


Most of these systems utilize the same 
basic high-frequency circuit: a capacitor, 
charged to a predetermined voltage con- 
siderably lower than the plug voltage, is 
suddenly discharged through the primary 
winding of an oscillation transformer, 
The secondary winding is connected to 
the spark-plug electrodes. This circuit is, 
nothing more than the original Tesla- 
coil circuit, invented by Nikola Tesla 
about 1890, for producing high voltages 
at high frequencies. While the methods. 
of charging and discharging the capacitor, 
the disposition of the components, and 
the values of the circuit constants vary 
widely from one system to another, the 
analysis of the basic Tesla-coil circuit 
seems to be of general interest, and will be 
the main object of this paper. 

Several scientists, such as Boynton 
and Drude,” have given complete mathe- 
matical solutions of circuits of this type, 
the former having checked experimentally 
the results of his theoretical investigation, 
However, these results may be too com- 


determining the by-pass characteristics. 
Insertion loss versus frequency character- 
istics may be altered by changing the 
relative dimensions or the materials used 
in the Hypass capacitor. Qualitative 
evidence indicates that Hypass capaci- 
tors are effective for by-passing at fre~ 
quencies at least 150 megacycles. 


Applications 


Among,..the obvious applications of 
Hypass capacitors are the suppression of 
radio noise over an extremely wide fre- 
quency range, the by-passing of multi- 
band radio-receiver and transmitter cir- 
cuits, and the use of Hypass capacitors. 
as circuit elements in conventional filters 
and networks to obtain unique character- 
istics. Like low-pass filter sections 
Hypass capacitors may be connected in 
cascade with the marked improvement in, 
filtering or by-passing behavior. Hy- 
pass capacitors may in certain cases be 
connected in parallel apparently without 
the troublesome antiresonance effects ob 
tained as described in the introduction. 
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plete to be of much practical use to the 
engineer, at least in their original form. 
An “‘exact’”’ formula, taking into account 
all parameters, can at best be used to 
calculate the performance of a device 
that has already been designed. The 
engineer, starting from scratch and faced 
with the problem of designing the device 
the best he knows how, would prefer to 
proceed by steps: as a starting point, a 
rather oversimplified theory, taking into 
account only the most fundamental 
factors, but easy to visualize, will allow 
him to study the basic limitations of a de- 
sign, and see what they mean in terms of 


Ss Fax 4234-1 
Vo Cc uy Le Go V2 
Figure 1. Basic oscillation transformer circuit 


inches, materials, wire sizes, and numbers 
of turns. Once a preliminary layout has 
been made, secondary factors can be in- 
troduced one at a time as simple correc- 
tions, each one giving a closer approxima- 
tion to the final result. It may be ob- 
jected that such an approximate method 
is less accurate than an exact method. 
But an exact mathematical method, ap- 
plied to an engineering problem, is only 
as good as the unavoidable assumptions 
on which it is based, and certainly not be- 
yond the accuracy of the data. The main 
advantage of a theoretical analysis re- 
sides in its ability to break down a com- 
plex problem into its simplest elements or 
notions, simple enough so that each one 
can be visualized. This is nothing more 
than the method advocated by Descartes, 
pioneer of analysis and visualization. 


Analysis of Circuit Without 
Losses 


This section is a mathematical study of 
the transient generated by discharging 
a capacitor Ci, charged initially to a volt- 
age Vo, through the primary winding of 
an oscillation transformer, the secondary 
winding being connected to a capacitive 


O=2.0 


Figure 2. Theoretical wave shapes of second- 
ary voltage 
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load C;. Let L; and L» be the inductances 
of the primary and secondary circuits re- 
spectively and K the coefficient of cou- 
ling between the two windings, defined 
as K=Ly/WLil2, where Ly is the 
mutual inductance between the circuits. 
All losses will be neglected and all cir- 
cuit elements assumed to be linear (Ci, 
C2, Ii, Lx, Ly2 constants). C2, the sec- 
ondary load, represents the sum of the 
plug capacitance, lead capacitance, and a 
lumped capacitance equivalent to the 
distributed winding capacitance. Figure 
1 shows this circuit, the device for dis- 
charging the capacitor C, being repre- 
sented schematically by a switch S. 

The final purpose of the ignition system 
is to charge C, to a voltage high enough to 
break down the spark-plug gap, and this 
should be done as efficiently as possible: 
the circuit should be proportioned so 
that a large percentage of the energy 
initially stored in C\, is transferred to the 
secondary capacitance C), The minimum 
electric power required to supply ignition 


to a 2,000-horsepower engine is equivalent. 


to somewhat less than '/j99 of a horse- 
power, so that, even with a very low 
efficiency, an ignition system would de- 
crease the available engine power only by 
a negligible amount. However, if more 
joules must be generated per second in 


RELATIVE AMPLITUDE 


Effect of ratio of frequencies of 
components upon first and second peaks of 
secondary-voltage wave 


Figure 3. 


the ignition system, the generating units 
must be bigger and heavier, and weight 
is at a premium on all aircraft equipment. 

An ideal equivalent circuit as described 
in the foregoing is, of course, a pure ab- 
straction, but its practical interest is un- 
deniable: the values of circuit constants 
that will give optimum operation (highest 
efficiency of energy transfer) in this cir- 
cuit are good approximations of the values 
for optimum operation in an actual case, 
where the output is reduced by unavoid- 
able losses. 

The differential equation of this circuit 
set up in the usual manner can be brought 
to the quadratic form: 


Tal DO 7a ha 1 
Cale banpte( 242) peta =0 (1) 
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Regardless of boundary conditions, it 
shows that all natural oscillations of this. 
circuit include components of two fre- 
quencies 7, and m2 determined by 
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These two frequencies are different from 
the natural frequencies of the two circuits. 
taken separately and always frame them. 

In order to determine the amplitudes 
and phase angles of these two compo- 
nents, the boundary conditions should be 
introduced.. If it is assumed that C, to 
be charged to a voltage Vo for t<0, 
and the switch S to be closed at t=0, 
the expression for the voltage across the 
capacitor C is 


eek Ly2Cy Vo x 
= 
AV/ (LC, —L2Cx)? +4KL,C,Ls Ce 
(cos 2rmt— cos 2rmyt) (4) 


Under no conditions can v. be larger than 


pe voy (8) 
C2 


as, for v,.=V2, all the energy initially 
stored in C, has been transferred to Cy, 
so that the currents through L; and L» 
and the voltage across C; are simultane- 
ously zero. 

The quantity v/V2, representing the 
ratio of actual secondary voltage to maxi- 
mum possible voltage, is thus representa- 
tive of the efficiency of the circuit in con- 
verting electrostatic energy in C, into 
electrostatic energy in ©. Ifm=1,C,+ 
I2Co, this ratio can be written 


v2 1 cos 2rmit— cos 2rnot 
V2 (m—1)? 2 
, Noes 
: 4K?m 
cos 2anmit— cos 2rnot 
= UX 9 (6) 


The second factor, 


cos 2rmit— cos 2Zrnet 
2 


represents the wave shape of the second- 
ary voltage. Figure 2 shows this wave 
shape, and Figure 3 the amplitudes of the 
first and second peaks of this wave, 
plotted against the ratio of natural fre- 
quencies = a=%2/m}. Similar curves 
could be drawn for the third, fourth 
peaks, and so on. For a=2, 4, 6, etc., 
one of these peaks will be 1, the two com- 
ponents being in phase and maximum at 
the same time. 
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The first factor, U, is a measure of the 
amplitude of the secondary wave and also 
is at the most equal to 1. 

The quantities U and a, determining 
the amplitude and wave shape of the 
secondary voltage, are functions of only 
two parameters, the coupling coefficient 
K between the circuits, and the quantity 
m = 1;C;/L2C2 equal to the square of the 
ratio of natural frequencies of the second- 
ary and primary circuits taken sepa- 
rately. These functions are represented 
on the chart of Figure 4. 

By studying the chart, and the curves 
of Figure 3, the following conclusions may 
be reached: 


1. All the energy initially in the primary 
capacitor will be transferred to the secondary 
capacitor if the primary and secondary cir- 
cuits, when taken separately, have equal 
natural frequencies, and if the coefficient of 
coupling between the two circuits is 0.60. 
2. These two conditions are not critical, 
only a slight reduction in peak secondary 
voltage resulting from a fairly wide depar- 
ture from the ideal conditions. 


The first condition gives maximum 
amplitude for the secondary voltage, and, 
combined with the second condition of 
0.60 coupling coefficient, makes the higher 
natural frequency of the system double 
the lower. Maximum efficiency also 
could be obtained with frequency ratios of 
4, 6, etc., but the corresponding coupling 


i) 
Cy ly 


Figure 5. High-frequency ignition circuit with 
external inductance 
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coefficients, 0.882, 0.956, etc., may be 
higher than can be practically incorpo- 
rated in this type of transformer. 


Effect of Primary-Lead Inductance 


A certain amount of external induct- 
ance in the primary circuit, contributed 
by leads, capacitor, and so forth, may be 
appreciable when compared to the trans- 
former primary inductance, so that its 
effect cannot be neglected. 

If K’ is the coupling coefficient of the 
transformer, 1,’ the inductance of its 
primary winding, 1,” the external in- 
ductance (Figure 5), the circuit con- 
stants can be written: 


L,=L; (+2) (7) 


K=— (8) 


If, on the chart of Figure 4, P; represents 
the operating point of the transformer 
without external inductance (K’ and 
Ly'C\/L2C2) a simple construction makes 
it possible to determine the operating 
point P, for the circuit with the external 
inductance L,” in series with the primary 
inductance. A 45-degree line is drawn 
through P;, and a distance scaled along 
the line corresponding to the ratio L,”/L,’ 


Figure 6. High-frequency ignition circuit 
including winding resistances 
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of external to primary inductances. The 
scales for m and K on the chart have. 
been chosen so that the point P2 thus de- 
termined represents operation with ex- 
ternal inductance. 

It is interesting to notice that a fairly 
large percentage of external inductance 
can have negligible effects and that, in 
some cases, an increase in external in- 
ductance actually may raise the secondary 
voltage. 

Effect of Resistance Losses E 

So far, only an ideal ‘‘no-loss” circuit 
has been considered. Such an analysis 
will not predict the actual output of an 
oscillation transformer, but an upper limit 
that can be approached only by careful 
design. It gives, however, some very. 
helpful information as to the optimum 
relationships between the circuit con- 
stants, and the decrease in output to be 
expected when these constants are varied 
from their optimum values. 

Many kinds of losses will cause the 
actual output voltage to be lower than 
the values given by a “‘no-loss’’ analysis: 


1. Corona losses. - 
2. Dielectric losses. 


3. Eddy-current losses in all metallic 
parts surrounding the high-frequency cir- 
cuit, such as shielding. 

4, Hysteresis losses in magnetic materials. 


5. Voltage drop across the device used for 
discharging the capacitor. 


6. Resistance losses in circuits. 


7. Losses due to leakage resistance across 
the terminals. 


Only losses due to resistance of the cir- 
cuits will be briefly studied in this paper, 
not because all other losses can be neg- 
lected, but rather because only re- 
sistance losses lend themselves to a fairly 
simple mathematical analysis. While 
the effect of losses such as those due to 
eddy currents and hysteresis can be 
evaluated roughly by analysis, actual 
tests afford a simpler and more reliable 
way to study them. 

Equation 1 can be modified by adding 
terms representing the effect of resist- 
ances R, and R, of the primary and 
secondary. circuits respectively: 


(Li Lo— Lip”) pt+ (Li R2+L2R1) p3 + 
Zn, Za enV 
(Z+2+RR) 6 a5 


Ri Re 1 
(B42) or =0 @) 

It should be noted that R; and R, are 
a-c resistances, usually higher than the 
d-c resistances, unless the wire sizes used 
are small enough in comparison to the 
depth of penetration to make skin effect 
negligible. c 
In a study of general scope such as the 
present, it is more desirable to express 


e 
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the resistances in ‘‘per unit’’ values than 
in ohms. The amount of damping in 


each circuit can be represented by the 


dimensionless quantities: 


R 
a=—— (10) 
24/2 
C 
Ry 
p2= = (11) 
wi 
4 Cs 
pi and pe being, for each circuit taken 


alone, the ratio of actual resistance to the 
resistance for critical damping. 
Equation 9 can now be written: 


pi p2 
Sy a a ee Foi 
one tg (Se Sma) 
1 1 4pipe 
——- Sh See 2 
a L202 ieee) 3 
pi po 


2 
SSS ——+ + 
ey 2C2 Seay 


=0 (12) 


LQ, L2C2 


In all practical cases, the amount of 
damping will be small, p.<1 and p.<1. 
If the phase angles, which are small and 
would introduce only amplitude errors of 
the second order in the neighborhood of 
the peaks are omitted, the voltage output 
of the transformer can be written: 


v €—1! cos Qarnit—€—%! cos 2rnol 
Shs Uy (3) 
V2 2 


U, m, and m, differing only by second 
order quantities from the values found 
previously in the ‘‘no-loss’’ case. The 
decrement factors, —a; and —ap», are 
the real parts of the, roots of equa- 
tion 12. 

In order further to simplify the prob- 
lem, it will now be assumed that L,C,;= 
I2C2, this being a desirable condition for 
operation (U=1). The circuit damping 
coefficients p; and p2 now enter into 
equation 12 only as their sum p:+p2, so 
that a; and a» will be functions of p\+ 
po. In other words, a certain per unit 
damping will have exactly the same 
effect upon the output, whether it is in 
the primary or the secondary circuit. 

If the coupling between circuits has 
been chosen for optimum wave shape, 
the maximum voltage will be reached 
approximately when cos 27m,t=—1 and 
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cos 2rmt=1, so that v/V2 will have a 
peak value: 


Vom €7 at emt 


VY 5 (14) 


If all quantities beyond the first order are 
neglected: 
(aitar)t 


Yom 
NEUE 2 MU 


V2 2 ae 


The sum of the roots of equation 12 is 
—2(aita,), the imaginary parts cancel- 
ing out as the roots form two sets of 
conjugate complex quantities. It is thus 
possible to evaluate aita, without 
solving equation 12, the sum of the roots 
being equal to the negative value of the 
ratio of the coefficient of p* to the co- 
efficient of p‘. 

Thus, from the coefficients of equation 12: 


Yom _ 4 _ (p1tps)t 
Vs 2(11-K) VLG 


t, is of course the time at which the peak 
occurs. 


(16) 


The most interesting case to study is 
the optimum case determined in a previ- 
ous section, for m=1 and K=0.60. 
Without losses, the maximum voltage 
would occur when 27mt=7. If a small 
amount of damping is added, the dis- 
placement of the peaks due to this damp- 
ing can be neglected, and the effect of re- 
sistance upon peak secondary voltage can 
be computed by equations 16 and 2, the 
latter being used to determine the lower 
natural frequency 1. 


v 

—™ =1—3.11(p1+p2) (17) 
V2 

Conclusions 


It is hoped that this study will help 
elucidate some of the fundamental con- 
cepts connected with this type of circuit. 
In particular, it is interesting to note that 
there are no critical conditions of reso- 
nance in this circuit, such as there would 
be if it were operated under steady-state 
rather than transient conditions. Also, 
the fact that a very high coefficient of 
coupling is not necessary for satisfactory 
operation may sound surprising at first. 

The great majority of electrical prob- 
lems deal with steady-state conditions, so 
that, whenever transient phenomena 
have to be considered, as in the present 
case, different methods of analysis and 
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special measuring equipment are required. 
Fast-recurring transients usually can be 
studied with the aid of a cathode-ray 
oscilloscope, providing the extra load on 
the system does not change materially 
the transient being studied. In high- 
frequency ignition circuits, it is often 
impossible to satisfy this condition, and 
it may even be difficult to obtain an oscil- 
loscope of sufficient writing speed. 

There are, however, certain simple re- 
lations between the natural frequencies of 
oscillatfon of coupled circuits with low 
damping and the resonant frequencies of 
such a circuit excited by a sine-wave 
oscillator. For instance, if the input im- 
pedance of the circuit of Figure 1 is 
measured at the switch S for various fre- 
quencies, the curve of impedance versus 
frequency will show a maximum for a fre- 
quency approximately equal to the 
natural frequency of the secondary cir- 
cuit taken alone and two minima cor- 
responding to the two component fre- 
quencies of the transients studied in previ- 
ous sections. The relative amplitudes of 
the maximum and minima give an indica- 
tion of losses in the circuits. Such 
measurements can be made with standard 
equipment: a radio-frequency oscillator, 
a vacuum-tube voltmeter and a hot-wire 
ammeter. Even though they have to be 
taken at low flux densities, they give 
some interesting data that can be of great 
help in the test of high-frequency igni- 
tion circuits. The development of such 
test methods and of special measuring 
equipment should parallel the develop- 
ment of the circuits, to give a better 
understanding of their operation and thus 
guide the engineer responsible for their 
design. 
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Synopsis: Inherent overheating protection 
is undoubtedly one of the major develop- 
ments in the fractional-horsepower-motor 
field in the last decade. Thermal protection 
is now advocated by some for aircraft 
motors, and many thermally protected 
motors are now in aircraft service. In this 
paper are reported the results of a number 
of laboratory tests taken on a typical air- 
craft motor. Tests were taken on a !/15- 
horsepower 7,500-rpm d-c motor; loads 
ranged from locked rotor to the minimum 
running load sufficient to trip the thermo- 
stat. Ambient temperatures ranged from 
—58 to +78 degrees centigrade. Locked- 
rotor and running-overload temperature 
tests were also taken at a density altitude 
of 42,000 feet. Temperatures of the wind- 
ing, frame, brush holders, and bearings 
were measured carefully under all conditions 
mentioned. Satisfactory protection, with- 
out premature tripping, was invariably 
achieved. 


is 1925, introduction of thermostatic 
protection to domestic flatirons revo- 
lutionized the flatiron industry. In 
1928, disk-type thermostats were built 
into a portable-tool motor to provide 
built-in thermal protection. Two or 
three years later, thermostats were used 
to provide built-in overload protection 
for single-phase induction motors. Since 
that time, a quiet revolution has been 
taking place in the fractional horsepower 
motor industry, in the form of an ever- 
increasing use of these built-in thermal 
protective devices. By 1939, the Under- 
writers’ Laboratories had become inter- 
ested, and in June of that year, after 
conferring with electrical manufacturers 
making and using such devices, the Un- 
derwriters’ Laboratories wrote a standard 
for inherent overheating protective de- 
vices; this standard was incorporated as 
an appendix to the Underwriters’ stand- 
ard for industrial control equipment. 


Paper 44-191, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif,, August 29-September 1, 1944. Manuscript 
submitted June 22, 1944; made available for print- 
ing July 11, 1944. 
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If the present trend to thermal protection 
of motors continues, nearly all domestic 
fractional-horsepower motors will even- 
tually be provided with inherent over- 
heating protection. 

Just because the merit and utility of 
inherent overheating protection for in- 
dustrial fractional-horsepower motors 
have been indubitably established, it 
does not necessarily follow that similar 
protection is necessary, or even desir- 
able, for aircraft motors. Requirements 
of motors for aircraft service differ so 
materially from the requirements of 
motors for industrial or domestic service 
that the worth of thermal protection for 
aircraft motors has to be examined in a 
different light. T. B. Holliday, in a re- 
cent article,® has pointed out a number 
of reasons why thermal protection of air- 
craft motors is desirable. Some of the 
reasons given by him are: 


1. To prevent motor burnouts due to 
temporary or permanent failures of the 
driven device. If motor burnout is pre- 
vented, the motor itself does not have to be 
replaced, and as the driven device can often 
be repaired, a new motor—frequently not 
available in remote places—is not required. 


2. To prevent burnouts due to improper 
setting or functioning of limit switches. 
Hydraulic systems, he points out, have re- 
lief valves which prevent damage to the 
system in the event of jamming, and why 
shouldn’t electric motors be similarly pro- 
tected? 


3. Even turret motors should use protected 
motors; in the event of damage to a part 
of the track, it is better, Colonel Holliday 
argues, to save the motor, and thereby al- 
low it to be used to traverse the good section 
of the track, rather than have the motor 
burn out completely. 


4. Anonprotected landing-gear motor may 
burn out in an attempt to put down landing 
gear in which the grease has stiffened ex- 
cessively, whereas a thermally protected 
motor may, by several starts and stops, get 
the gear down. 


Opponents of thermal protection con- 
tend that an aircraft motor should be 
kept energized ‘‘to the last ounce of 
effort”; the ‘last shot” may mean the 
difference between life and death to the 
crew. It is argued that an overload de- 
vice may trip at a crucial moment, 
whereas perhaps another second or two 
of operation of the motor would have 
saved the emergency situation. 

Whatever may be the merit in these 
contentions, it is beyond the scope of this 
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paper to attempt to analyze and weigh all 
the controversial aspects as to whether: , 
thermal protection should or should not 
be used for aircraft motors. Rather, the 
aim of this paper is to present a picture 
as to just how thermal protection gen- 
erally functions.’ It was felt that such a 
picture could best be presented by re- 
porting specific test data on a representa- 
tive aircraft motor equipped with inher- 
ent overheating protection. 


Motor-Thermostat Combinations 
Tested 


Following are the name-plate specifi- 
cations for the motor selected for this test: 


Outside diameter of frame, inches... .2 °/16 
Volts. 2g tins ae ee oe a 24 
Horsepower! .s'ssis' ¢ eae W/15 
RPM oie eihels as) dap ieie’s Chueh 7,500 
Amperes at full load. ......:. eae Bulo. ¥ 
Wound. 8525.5) ak oe lee Shunt 
Manufacturers frame number....... /G-234 


A shunt-wound motor was chosen, be-.. 
cause that type is more difficult to protect 
than a series motor. 

Disk-type thermostats were used for 
all tests. While this device is familiar to 
many, a brief description of the disk 
principle is in order. The disk-type 
thermostat has as its single moving ele- 
ment a bimetallic disk. This disk has a 
dished shape, with the high-expansive 
side of the bimetal on the concave side 
of the disk at normal temperature. As 
the disk is heated, the bimetal on the in- 
side of the disk tries to expand but is 
restrained from doing so by the concave 
shape of the disk, for the other side, be- 
ing of nonexpansive metal, does not ex- 
pand similarly; as the temperature of the 
disk is increased, stresses are set up tend- 
ing to buckle the disk, and as soon as its 


Table I. Locked-Rotor Test on the Enclosed | 
Motor, at 26 Volts, and at an Ambient Tem- 
perature of 26 Degrees Centigrade 


a 
e§ Ee 
go Sw 
as ae < 
“ey ~ o 
Boog . 8 peepee 
Len = es | By ehes 
SE at ee 2: #8 
<a 64 O& ad ae 
First cycle of 
thermostat .....\/21.6. ..4.54\.. 3.5 nn Gane) 
Second cycle of 
thermostat.....:20,8...1.3...,3:6.22 @2 
Third cycle of 
thermostat....20.6...1.3... 4.0 78 
Fourth cycle of 
thermostat......20.4.% 1.3... 456 .aeoe 
Fifth cycle of \ 
thermostat....20.2...1.4.,. 5.1... 90 | 
Sixth cycle of F 
thermostat. ...20.0...1.3....5.3..) 94... 84 


After 10 min, 
lapsed time... 

After 30 min, 
lapsed time.... .8.,.33 47 GSie eae 

After 64 min, tr 
lapsed time....16.7...2.0...34.4.. 


116.8) ..1/8.,.:207 5. queoeeenn es 
8 


-164.,.100 
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temperature has reached a certain pre- 
determined value, the disk snaps suddenly 
over to the other position. When the 
disk cools to a definite temperature, it 
will snap back to its original shape. It 
is to be noted that this disk operates 
when, and only when, it reaches a certain 
fixed temperature, called the opening 
temperature. This temperature may be 
reached as a result of heat received from 
the motor, by heat generated in an aux- 
iliary heater within the thermostat, or by 
both, All of the thermostats used in the 
tests reported herein contain an auxiliary 
heater, as well as the disk. 

Three motor—thermostat combinations 
were tested: 


1. Totally enclosed with a thermostat 
mounted on the end of the front bracket, as 
shown in Figure 1. 

2. As a normal open motor, with a “‘silk- 
hat”’ type thermostat mounted on the motor 
frame, as shown in Figure 2. 


8. As an open motor with a thermostat in- 
side the front bracket near the commutator. 


The first arrangement was chosen as 
representing a practical arrangement for 
a totally enclosed motor. While the nor- 
mal horsepower rating of an open motor 
is reduced by enclosing, it was felt that 
better comparative results would be ob- 
tained if the same motor were used for 
all tests; in reviewing the tests, it should 
be borne in mind that the motor would 
normally be rated at less than /;; horse- 
power when enclosed. A “‘silk-hat’’ type 
thermostat, as shown in Figure 2, is a 
normal mounting arrangement for an 
open motor. The third arrangement—a 
thermostat inside the motor—was se- 
lected for these tests because it was felt 


' that the inside of the motor was the most 


logical location from a thermal stand- 
point. Therefore, this arrangement was 
tried experimentally, although it was 


_ tecognized that it would not be practi- 


cable in production motors because of 
space considerations. 

Tests on these three motor—thermo- 
stat combinations afford a good compari- 
son of the effect of thermostat location, 
and illustrate the general characteristics 
of inherent overheating protection af- 
forded by a disk-type thermostat. 


Temperature Measurements 


For locked-rotor tests which were 
taken first, thermocouples were soldered 
to the armature winding at each end; 
one thermocouple was tucked into an 
interstice in the armature end winding in 
order to compare temperatures with those 
obtained by the soldered couples. Simi- 
larly, thermocouples were also soldered 
to each of the field coils, and to the com- 
mutator end of a brushholder. Additional 
thermocouples were installed to measure 
temperatutes of each of the bearings and 


- of the frame. For running-load tests, the 


armature thermocouples had to be re- 
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“are of interest. 


moved, leaving only the resistance 
method for determining armature tem- 
peratures after shutdown. Resistance 
readings were taken by a Kelvin bridge at 
measured intervals of time after shut- 
down, and a curve of resistance versus 
time was plotted and extrapolated back 
to shutdown time; temperature was 


computed from this resistance. 

A variation of the above method, pro- 
posed by L. W. Buell, was to determine 
resistance while the motor was energized 
by the voltmeter-ammeter method. Po- 


Figure 1. Small aircraft motor with thermostat 
mounted on the front bracket 


A cap (not shown) encloses the thermostat 
and entire front bracket. Rating, as an open 
motor, is 1/1; horsepower, 7,500 rpm 


Figure 2. A‘'/15-horsepower 7,500-rpm 24- 

volt d-c aircraft motor with a ‘‘silk-hat” 

thermostat mounted on the outside of the 
| frame 


tential-drop leads were soldered to com- 
mutator risers about 90 degrees apart; 
voltage drop across these leads was meas- 
ured and divided by the armature cur- 


tent, obtaining a fictitious resistance; 


variation of this fictitious resistance was 
used as an indication of temperature. 
Some comparisons between tempera- 
tures by resistance and by thermocouple 
Soldered thermocouples 
might be expected to give higher tempera- 
tures than wunsoldered thermocouples, 
but on four locked-rotor tests, no signifi- 
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cant and consistent difference in ob- 
served temperatures was noted. Tem- 
peratures by soldered thermocouples were 
compared with temperatures by resist- 
ance; of 13 locked-rotor tests, the ther- 
mocouple temperatures ranged from 2 
degrees centigrade lower to 19 degrees 
centigrade higher, and averaged 9.5 de- 
grees centigrade higher than the resist- 
ance temperatures. This is equivalent 
to saying that the temperature rise by 
thermocouple is approximately six per 
cent higher than the rise by resistance. 
A similar comparison was made for 56 
temperature tests on fractional-horse- 
power motors in a previous paper; it was 
found that the temperature rise by un- 
soldered thermocouple averaged three 
per cent more than the temperature rise 
by resistances.* 


Types of Tests Taken 


Three basic types of tests on thermally 
protected motors are possible: locked ro- 
tor, maximum continuous load, and 
overload cycling. Locked-rotor tests 
are important because one of the major 
reasons for thermal protection is to pre- 
vent damage which may arise when the 
rotor is stalled. Maximum-continuous- 
load tests are taken to find out just how 
much load the thermally protected motor 
can carry without tripping the thermo- 
stat. Such a test is taken by loading the 
motor up to this maximum continuous 
load until all temperatures have sta- 
bilized, and then, increasing the load 
slightly, causing the thermostat to trip; 
immediately after tripping, all tempera- 
tures are measured. An overload-cycling 
test is taken by applying a load much 
heavier than the maximum continuous 
load, and allowing the motor to cycle on 
and off at this load value. All three basic 
types of tests were taken on one of the 
combinations listed: in this paper, but the 
first two types were taken on all com- 
binations. 


A Typical Locked-Rotor Test 


Results of one typical test showing 
how the thermostat cycles on and off and 
showing how the temperatures and mo- 
tor current vary during the test are given 
in Table I. 

At first, the thermostat cycles rapidly 
since the cycling time depends upon only 
the characteristics of the thermostat it- 
self. In the thermostat used for these 
tests, the disk opens at a temperature of 
147 degrees centigrade, and recloses at a 
temperature of 116 degrees centigrade. 
Therefore, during the first on period, the 
disk heats from 25 to 147 degrees centi- 
grade, requiring 4.5 seconds. During 
first off period, the disk cools from 147 
to 116, then recloses. For the second 
and each remaining on period, the ther- 
mostat disk has to be heated only from 
116 to 147; if the motor current: were 
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ARMATURE WINDING 
TEMPERATURE 
all +——+ 


DEGREES CENTIGRADE-TOTAL TEMPERATURE. 
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Figure 3. Temperature versus time, locked 


rotor 


constant, this on time would be substan- 
tially the same for all remaining cycles, 
but as the motor current decreases be- 
cause of the increase in motor tempera- 
ture, the thermostat on time slowly in- 
creases, as can be noted in the table. 
For each reclosing cycle, the disk cools 
from 147 to 116, but the length of time 
required increases slowly as the tem- 
perature at the thermostat location in- 
creases—in this case, the front-bearing 
temperature. 


Figure 4. Locked-rotor tests 


© Enclosed motor, thermostat on bracket 
xX Open motor, ‘‘silk-hat’’ thermostat 
+ Open motor, internal thermostat 
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ARMATURE-WINDING 
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Figure 3 shows how the temperature of 
the armature winding varied during the 
particular locked-rotor test described. 
This curve was drawn with a continuous 
one-point temperature recorder, but in 
the figure the time axis has been reversed 
so as to read from left to right. (Ordi- 
narily, on the record of this instrument, 
time reads from right to left.) The first 
five or six temperature peaks cannot 
be seen on this record, since they occur 
too fast for the instrument to record, 
but subsequent peaks can be seen. If an 
envelope were drawn around the peak 
temperatures reached at the end of each 
thermostat cycle, this envelope would 
show an overshoot peak at the end of 
approximately 11 or 12 minutes; after 
this, the envelope would approach the 
final peak temperature asymptotically. 
Armature winding temperatures given 
in this report actually refer to the final 
peaks, that is, to the steady-state value 
of the envelope of the peak temperatures 
after stable conditions have been reached. 
From the standpoint of insulation life, 
the equivalent temperature actually is 
even less than the final peak temperature, 
but for simplicity the final peak tempera- 
ture has been plotted in all cases. 


Summary of Locked-Rotor Tests 


Final results for the three motor-ther- 
mostat combinations tested are sum- 
marized and compared in Figure 4. It 
will be observed that there is a pro- 
nounced tendency for the armature 
winding to get hotter at extremely cold 
ambient temperatures than it does at high 
ambient temperatures. However, both 
brushholder and bearings tend to get 
hotter at the high ambient temperatures. 
In fact, there is a tendency for all the 


4iat-4 


temperatures in the motor to stabilize at 
the same value at the high ambient tem-. 
peratures. At an ambient temperature 
of 147 degrees centigrade (disk-opening 
temperature), all temperatures would be 
equal, because the thermostat would not. 
allow the motor to carry any current. 
Of interest is the fact that similar char- 
acteristics are observed for all three mo- 
tor-thermostat combinations, even in- 
cluding the internally mounted thermo- 
stat. 

Low line voltage can often occur, and if 
it does, stalled-rotor conditions are more 
likely to occur. To determine how this 
condition would affect the thermal pro- 
tection, a locked-rotor test was taken on 
the enclosed motor at 17.3 volts. Tem- 
peratures attained during this test are 
compared with the results of a similar 
test at 26 volts in the following table: 


Line Volts 
26.5 17.3 

Armature winding temperature: 
Overshoot peal seiCsialejeiejostarereleueee 178. ...186 
Hinaliprealiks ss 2 «stale oie slurs <ietaiele area ETB... abe 
Field temperature. ......-..-se+e08 106....109 
Bearings (front)ci1. cis/ccsicie s/s eee 104....102 
Brushholder is \).i ae oes seit veneee 105....106 


No significant difference is apparent, 
so it is concluded that locked-rotor pro- 
tection is afforded at reduced voltage, as 
well as at rated voltage. 

It will be observed by comparing the 
temperatures reached with the tempera- 
ture-life curves given in Figure 7 that the 
life of both windings and bearings under 
locked-rotor conditions is in excess of 


Figure 5. Maximum-continuous-load tests 


© Enclosed motor, thermostat on bracket 
xX Open motor, “‘silk-hat'’ thermostat 
+ Open motor, internal thermostat 
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the Army’s requirement of a minimum of 
five hours. (The corresponding life re- 
quired by Underwriters’ Laboratories for 
industrial applications is 15 days.) How- 
ever, the temperatures are far in excess of 
those considered ‘‘safe”’ for industrial or 
domestic practice. They have been made 
higher deliberately, in order not to inter- 
fere with the output of the motor and 
becatise it is much more economical to 
operate aircraft electric equipment at 
high, loads in spite of shortened life. 
Locked-rotor heating curves for this 
motor were taken at four different volt- 
ages and these are plotted in Figure 6. 
In taking these curves the thermostat 
was left out of the circuit and both tem- 
perature and armature current were 
measured at frequent intervals. Of 
significant interest is the current—time 
curve, because torque falls off at the same 
tate as the current (in a series motor, it 
falls off faster than the current). If the 
load is so great the motor cannot start 
it cold, no useful purpose is accomplished 
leaving the motor on the line, for the 
torque steadily decreases. An wunpro- 


‘tected motor burns out in a matter of 


seconds; a protected motor keeps trying 
intermittently for hours. If the load 
moves only a little with each cycle of the 
thermostat, the protected motor will 
eventually do its work while the non- 
protected motor burns out and is com- 
pletely useless; it is much worse than 
useless if it starts a fire, 


Maximum-Continuous-Load and 
Overload-Cycling Tests 


Maximum continuous load was defined 
earlier in the paper as the maximum load 
the motor can carry without tripping the 
thermostat. Experience has shown, both 
for industrial-type and for aircraft mo- 
tors, that there is a general tendency to 
obtain higher winding temperatures if 
the motor is operated at the least pos- 
sible load which will cause tripping. If 
the motor is operated at a load greater 
than the maximum continuous load, the 
thermostat trips in a relatively short 
time, but the motor temperatures are 
generally lower than they are at the end 


of a continuous run at maximum con- 


tinuous load. However, if the load is 
maintained and if the thermostat is 


allowed to cycle, the final peak tempera- 


tures may be slightly higher than on a 
maximum-continuous-load test. Over- 
load-cycling tests were taken only on the 


-enclosed-motor combination, and it was 


found that, at or below room tempera- 
ture, the armature-winding temperatures 


were substantially the same as for those of 
the maximum-continuous-load test; 


at 
higher ambient temperatures, however, 
there was a definite tendency to obtain 


‘lower temperatures on a cycling-overload 


than on a maximum-continuous-load test. 
A summary of the results of maximum- 


-continuous-load tests for all three motor- 
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Figure 6. Locked- 


rotor heating curves 


Frame G9234, 1/,,- 
horsepower CDH 
aircraft motor, 24 


volts, 3.75 amperes, 
7,500 rpm, shunt 


wound, enclosed 


TOTAL TEMPERATURE — C 


ARMATURE AMPERES 


0 20 


1—Armature-winding temperature by thermo- 
couple, at 29.9 volts 
2—Armature-winding temperature by thermo- 
couple, at 24.0 volts 
3—Armature-winding temperature by thermo- 
couple, at 19.5-19.3 volts 
4—Armature-winding temperature by thermo- 
couple, at 15.3 volts 
5—Armature amperes at 29.9 volts 
6—Avrmature amperes at 24.0 volts 
7—Armature amperes at 19.5-19.3 volts 
8—Armature amperes at 15.3 volts 


thermostat combinations is given in Fig- 
ure 5. How much load the motor can 
catry without tripping the thermostat 
at various ambient temperatures is use- 
ful information, both to the motor de- 
signer and to the motor user. This is 
shown by the ‘‘amperes load current” 
curve. It is of interest that the thermo- 
stat allows the open motor to carry, even 
when enclosed, full-load rating up to +60 
degrees centigrade. However, as an open 
motor, full-load rating can be carried at 
ambient temperatures higher than 80 de- 
grees centigrade. It is noteworthy that 
the final temperatures reached by the 
armature winding are more or less inde- 
pendent of the ambient temperature, al- 
though there appears to be a slight tend- 
ency for the thermostat to cut off at 
lower winding temperatures when the 
ambient temperature is high. This trend 
is neither so definite nor so positive as it 
is in the case of locked-rotor tests. Con- 
trariwise, it will be observed that the 
bearings tend to get hotter at high am- 
bients, as might be expected; also the 
bearings get hotter in the enclosed motor 
than they do in the open motors. Limit- 
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ing factor in this case is the bearing tem- 
perature of 140 degrees centigrade, which 
indicates a life of less than one day. 


Altitude-Chamber Tests 


Tests were taken in the high-altitude 
laboratory at Lima, Ohio, to determine 
what effect altitude might have upon the 
operation of the thermostat.’ For tests at 
altitude, the pressure in the chamber was 
reduced, but the temperature was not, 
primarily for three reasons: to determine 
the effect of pressure alone, as the effect 
of ambient temperature had already been 
studied at ground level, some aircraft 
motors are operated at high ambient 
temperatures at altitude, and because 
the testing procedure was simpler and 
quicker. A locked-rotor test was taken, 
at ground level, and repeated at altitude 
conditions, using the same instruments, 
the same technique, the same personnel, 
and the same procedure. Similarly, a 
maximum-continuous-load test was taken, 
first at ground level, then at altitude 
conditions. Results of these four tests 
are givenin Table II. | 

Performance of the thermostat at alti- 
tude was almost identical with operation 
at ground level; there was no significant 
difference in temperature reached, nor 
did the thermostat have any difficulty 
interrupting the locked-rotor current of 
12 to 14 amperes at a density altitude of 
42,000 feet. 

Most interesting is the comparison of 
the maximum-continuous-load test at 
ground level with that at altitude. Ar- 
mature-winding temperatures permitted 
by the thermostat are practically iden- 
tical, and since this is the most critical 
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temperature, the thermostat is thus seen 
to be limiting the critical temperature to 
a fairly constant level, independent of air 
density. It will be observed, however, 
that the thermostat does not permit the 
motor to carry so much load at 42,000 
- feet as at ground level because the air den- 
sity is less, and less heat can be dissipated. 
Temperatures of the mechanical parts are 
higher, however, at altitude. This point 
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Effect of temperature on life of 
insulation and grease 


Figure. 7. 


Insulation life from Miner, “Insulation of 
Electrical Apparatus,”’ figure 301, and grease- 
life information from ball-bearing manufacturers 


is not difficult to understand, when it is 
realized that, since the total losses dissi- 
pated are less, less difference between 
hot-spot and frame temperatures would 
be expected; if hot-spot temperatures are 
held the same, the frame temperature 
will be higher with less effective ventila- 
tion. This same effect was noted for the 
enclosed motor in Figure 5. 


Selection and Application of 
Thermostats 


A general theory of thermal overload 
protection was published previously by 
the author.?? This theory related :pri- 
marily to single-phase induction motors, 
and showed how it was possible by means 
of a properly designed heater in the ther- 
mostat to make the temperature of the 
disk follow the temperature of the wind- 
ings fairly closely. This theory was fur- 
ther extended quantitatively in unpub- 
lished notes to the development of mathe- 
matical formulas for selecting the right 
thermostat to protect any given motor 
properly at all loads and at all ambient 
temperatures. Exhaustive tests showing 
how effective inherent overheating pro- 
tection can be in this type of motor have 
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been reported by C. P. Potter.* V. G. 
Vaughan has outlined some of the prin- 
ciples involved in the selection and ap- 
plication of thermostats for aircraft mo- 
tors.° 

It was hoped to develop for aircraft 
motors a method of mathematical analy- 
sis which would select the right thermo- 
stat on the first trial the same as was 
done for domestic fractional-horsepower 
motors. However, it has not been pos- 
sible so far to realize this hope for the 
problem of protecting aircraft motors 
differs from. the problem of protecting 
domestic fractional-horsepower motors in 
a number of respects: 


1. The principal source of heat, which is 
variable, is in the rotating winding of the d-c 
aircraft motor, whereas it is in the stator of 
the a-c induction motor. This means the 
thermostat must necessarily be removed 
farther in a thermal sense from the source of 
heat, which makes the problem funda- 
mentally more difficult. 


. 
2. Aircraft motors must operate over a 
much wider range of ambient temperatures, 
and over a wider range of altitudes. 


3. Windings must be allowed toreach much 
higher temperatures in order to prevent 
nuisance trip-outs which are many times 
more serious in aircraft than in domestic 
service. 


4. Under locked-rotor conditions, the ratio 
of final-peak temperature to temperature at 
the end of the first thermostat cycle, appears 
to be much higher in d-c aircraft motors, 
than in industrial single-phase induction 
motors. Thus the first time of opening with 
locked rotor, is of less significance. 


It appears that the only really satisfac- 
tory method is to determine the correct 
thermostat by actually running tests on 
a number of trial thermostats. Experi- 
ence, however, is of invaluable assistance 
in. developing simple rules-of-thumb 


Table Il. Thermal-Overload Tests in a High- 
Altitude Chamber 


Ground 
Level Altitude - 
Locked-rotor tests 
Airtem p Or 5 cers ies noise io diese +30 - +33 
Pressure altitude: {0s. sf. 2-5. cee ree 35,000 
Density altituile: Feist. \hdims e ec: 42,000 
Temp at end of test 
Armature winding by ther- 

HIOCOMpPle vopeteryer ties oh reke 176.5 180.5 
Shunt field by thermocouple. ..108.5 .. 109.5 
Brushholder by thermocouple. .118 epee LS 
Bearings (front) by thermo- 

COMP len ase eka Maen 107 pane LOS 
Frame by thermocouple....... 100.5 .. 100.5 
‘Thermostaticase oo ct si. Sot ci 90 ie 93 

Maximum-continuous-load tests é, 

Air temp, C...... A A a SB. mane 33 

Presswrealtitades tts gous. de wet ee 35,000 

Density aititude, dt. 5 .64., - ae ee e 42,000 

Maximum continuousload,amp.. 5.75.. 4.3 

Temp at end of test 
Armature winding by resistance.180 war 186 
Shunt field by thermocouple... 95 Fre Leda} 
Brushholder by thermocouple. . 103 aie 130 
Bearings by thermocouple..... VOC Ses., *ch2s 
Frame by thermocouple....... 84 teu Was 
‘Thermostaticase tient ties ac oe 80 “oan 105) 
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which reduce the number of thermostats 
to be tried. Sometimes satisfactory r¢- 
sults can best be obtained by making 
modifications in location or method of 
mounting the thermostat. As a specific 
example, when tests were first taken on 
the motor with the internal thermostat, 
it was found that considerable ventilat- 
ing air was reaching the disk of the ther- 
mostat. This air tended to cool the disk, 
thereby permitting the motor to operate 
at higher temperatures on running loads; 
but it had no effect on locked-rotor tem- 
peratures. This difficulty was  sur- 
mounted by putting a cap over the ther- 
mostat so that ventilating air could not 
strike the disk directly. Thus, the ratio 
of locked-rotor temperature to running 
temperature was increased without chang- 
ing the thermostat itself. It is antici- 
pated that, at other times, means may 
have to be taken to change this ratio of 
temperatures in the opposite direction. 
Success in applying thermostats to air- 
craft motors might be said to follow Edi- 
son’s formula for successful invention: 
2 per cent inspiration, 98 per cent per- 
spiration. 


Summary and Conclusions 


Possibilities of inherent overheating 
protection for aircraft motors were in- 
vestigated by taking comprehensive tests 
on a small aircraft motor under a wide 
variety of controlled conditions, includ-' 
ing variations in: line voltage, load, am- 
bient temperature, enclosure, thermostat 
location, and altitude. 

Locked-rotor tests taken at ground 
level show that effective protection is ob- 
tained over the tested range of ambient 
temperatures from —58 to +78 degrees 
centigrade. Slightly better protection is 
afforded the armature winding at the 
upper end of this temperature range, but 
the bearings are better protected at the 
lower range, as can be seen by reference 
to Figure 4. A reduced-voltage test 
demonstrated that the protection is as 
effective at 17 volts as at 26 volts. Alti- 
tude-chamber tests demonstrated that 
the effectiveness of the protection is not 
impaired at 40,000 feet, also that the 
protective device has ample interrupting 
capacity at this altitude. 

Running-load tests showed that effec- 
tive protection is obtained over the 
tested range of ambient temperatures 
from —50 to +80 degrees centigrade. 
The general tendency is for the thermo- 
stat to cut the motor off the line at nearly 
the same armature-winding temperature, 
regardless of ambient temperature, al- 
though there is a tendency to limit the 
armature-winding temperature to a 
slightly lower value at the upper end of 
the range. However, temperatures of 
the bearings are invariably higher at the 
higher ambients, as can be seen by refer- 
ence to Figure 5. When the thermally 
protected motor was taken from sea level 
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Historical Development of Electric 


Connectors 


EDWARD J. NEIFING 
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‘Synopsis: This historical development of 


connectors endeavors to survey briefly the 
various stages of electric-connector design 
and the expanding applications of the uses 
from the earliest types for heavy-duty power 
applications to the smaller and more in- 
tricate fittings in aircraft, electronics, sound 
equipment, television, and marine applica- 
tions. Because of the broad scope of the 
subject, the material is treated in generaliza- 
tions in order to cover the history within the 
space limitations of this paper. 

It is our belief that connector design, 
materials, and manufacture are keeping pace 
with the requirements of new electric equip- 
ment. Since the connector is essentially a 
component part of electric equipment, its 
development is affected by the requirements 
of new electric equipment and through 
adaptations for the improvement of existing 
equipment is increasing operating efficien- 
cies. 


HE primary role of the multicontact 

electric-cable connector is to dis- 
connect and break electric circuits rap- 
idly. Itisalso used as a means of switch- 
ing circuits. 

For wiring and servicing operations, the 
connector simplifies such procedure, com- 
pared, for instance, to the slow discon- 
nection details of the screw-type ter- 


to 40,000 feet, the following characteris- 
tics were observed: less load-carrying 
ability, substantially the same armature- 
winding temperature, and higher tempera- 
tures of bearings. Enclosing an open 
motor has a similar effect. 

The effectiveness of thermal protection 
is shown by the fact that, over the entire 
range of conditions tested, including the 
three motor-thermostat combinations, 
the armature-winding temperature was 
held between the limits of 147 and 196 
degrees centigrade. Exclusive of locked- 
rotor tests, the armature-winding tem- 
perature was held by the thermostat, 
under all conditions, between the nar- 
rower limits of 166 to 186 degrees centi- 
grade. These figures are well above the 
range of temperatures which are encoun- 
tered in any properly applied aircraft 
motor under any normal conditions. 
Hence the thermostat will trip only when 
abnormal conditions are encountered. 
But the temperatures permitted by the 
thermostat are low enough to permit a 
life of a day or more under abnormal con- 


- ditions. 
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minal block. With the connector, the 
danger of rewiring incorrect circuits is 
also eliminated. The speed with which 
circuits can be disconnected or connected 
in emergencies points to another ad- 
vantage as a safety factor. 

In one instance, operating efficiencies 
of electric connectors were demon- 
strated in the nine hours per engine time 
saved in servicing and overhauling a 
large transport airplane. 

Inasmuch as the term ‘“‘plug”’ is often 
used indiscriminately to describe both 
receptacle and plug, it is well to define 
the complete connector and its two main 
parts. The complete connector com- 
prises both receptacle and plug. The 
receptacle is that part of a complete con- 
nector which is normally ‘‘fixed,” that is, 
rigidly attached to or an integral part of 
a supporting surface. The plug is that 
part of the complete connector which is 
normally removable after disengagement. 
Either plug or receptacle may be pro- 
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In the author’s opinion, the tempera- 
tures for which the thermostats were set 
are a reasonable compromise. Appre- 
ciably lower values might result in nui- 
sance trip-outs, as unnecessary as they 
might be dangerous. Use of higher tem- 
peratures might possibly be justified on 
the grounds that a minimum of one day’s 
life is unnecessary, but it should be 
pointed out that maximum horsepower 
output of a motor decreases with the 
temperature. Furthermore, some al- 
lowance must be made for variations in 
individual motors and individual ther- 
mostats. Also, there are other parts of 
the motor which can be damaged by ex- 
cessive temperature, including: bearings, 
brushholders, shunts, and so forth. 

Results comparable to those reported 
in this paper are to be expected only if 
skill and care are used in the application 
of the thermostat. But when this is done, 
inherent overheating protection is af- 
forded against all abnormal operating 
conditions, without danger of preventing 
the motor from performing its normal 
functions. Thus motor burnouts and 
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vided with socket or pin-contact insert 
assemblies. The type ANV3101, however, 
is an exception to the rule. 

The choice of a type letter has, for the 
most part, been variously adopted, de- 
pending upon the general use or even— 
as in the case of type F (Figure 1)—for the 
company, Fox Motion Picture Studios, 
for whom it was designed. Fortunately, 
when the Army and Navy specifications 
connectors were created, a standardized 
system of nomenclature of parts as well 
as types was adopted, for which the engi- 
neering profession can well be proud. 

The precursor to the electric connectors 
as modified and improved for aircraft 
applications is found among those early 
connectors built by James H. Cannon and 
associates shortly after 1920. The first 
of these is termed the M1-4. It is still 
in use today and far from obsolescence. 
It was designated as type M, because it 
was designed for electric motors, 1 be- 
cause it was the first of a series, and 4 
for the number of contacts in the insert 
assembly. 

Compared with the average connectors 
in use today in aircraft applications, Can- 
non type M (Figure 2) is oversize. Its 
shell, however, like aircraft connectors 
today, is aluminum. The inserts were 
fabricated of laminated phenolics, one 
having floating female or socket contacts 
with tapered bores and the mating in- 
sert having fixed split male or pin con- 
tacts which assumed the angle of the 
tapered bore sockets upon insertion. 
Even this pioneer design did not differ 
greatly from the aircraft connector of 
today. 

Coupling was maintained only by the 
wedging action of pin and socket con- 


consequent replacement can be prevented 
by thermal protection. 
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tacts; yet this proved satisfactory for 
the applications. This is in contrast to 
later developments which introduced 
types with latch-locking devices provid- 
ing a quick and positive means of cou- 
pling, threaded coupling nuts, and also 
coupling nuts augmented with provisions 
for safety wire, which presented a more 
satisfactory means of overcoming problems 
of weatherproofing and vibration. 

In this early type-M connector, float- 
ing sockets were used. This method 
of mounting the socket contacts has re- 
mained a fundamental standard. 

When-sound motion pictures went into 
production in the late ’20’s type-M con- 
nectors were used for certain electric cir- 
cuits, including synchronous camera mo- 
tors, microphone circuits, and camera 
blimps, although later type-M con- 
nectors were exchanged for smaller and 
lighter fittings in many cases. 

Following the type M1, came the M2, 
with a three-inch insert diameter having 
a greater number of contacts. Next 
came the M3 (Figure 2) with an insert 
diameter of 4°/15 inches. Type M1 car- 
tied contacts for 30-ampere service, 
M2 for 30- and 60-ampere service, and 
M3 from 30- to 90-ampere service. 

As can be readily seen, the trend to 
larger connectors carrying a greater 
number of circuits in the same general 
design reached a point of diminishing 
utility. For example, the 3-26 (Figure 
3). plug weighed 3!/2 pounds. Compare 
this to an AN plug with 30 similar con- 
tacts weighing 0.336 pound. Variations 
of the M fittings were made, having up to 
30 circuits. 

However, it was also apparent that the 
smaller connector would have a wider 
variety of uses. This opportunity came 
in 1925, when a certain connector failed 
to meet a motion-picture sound studio’s 
requirements both in socket design and 


Figure 1. Type-F plug, straight-type, with 
pin insert assembly and cable clamp 


delivery. An emergency had arisen. 
However, within a few days, samples were 
submitted embodying a newly designed 
socket machined from one-quarter-inch- 
square brass rod, having a leaf-type con- 
tact spring riveted to one side. Cable 
clamps were cast onto the brass end bell. 
Pins were pressed into laminated pheno- 
lic inserts. Sockets used were the stand- 
ard full-floating type, which also enabled 
the sound engineers to avoid variations 
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in contact resistance when the fittings 
were moved during recording. 

Thus the type-¥ Cannon connector was 
conceived and born, with F for Fox 
Motion Picture Studios as a constant 
reminder of its motive origin. The F 
type proved successful and soon became 
the standard connector, not only for 
cinema sound-production equipment, but 
in many radio stations. 

Actually, it was this type F that caught 
the interest of aircraft and airline engi- 
neers, beginning the aircraft phase of 
connectors. But, in the meantime, to 
be chronologically correct, the type P 
(Figure 3)—P for Paramount Studios— 
was designed, representing the trend to- 
ward smaller and more compact con- 
nectors. Type P had an insert diameter 
of one inch, a latch-coupling device, a 
die-cast shell, and molded inserts. These 
represented definite advances in design 
and materials which were reflected in 
connectors built a number of-years later. 
Type O—O for oval design—soon fol- 
lowed type P and was designed for the 
inductor-type microphone. 

All during these years the aircraft in- 
dustry was growing, if slowly, and, with 
the increasing circuits and new service 
problems, connectors were soon or later 
bound to be used. The opportunity 


Figure 2. Type-M3 90-degree-angle plug, 


with pin insert assembly 


came one day late in 1932, when James H. 
Cannon showed a type-F connector to 
Warren Boughton, chief electrical engi- 
neer at Douglas Aircraft Company. At 
this time the DC-1 transport ship was in 
the blueprint stage. Mr. Boughton be- 
lieved the type-F connector to be adap- 
table to aircraft requirements. Modifi- 
cations subsequently were made and 
accepted. Transcontinental and Western 
Airlines specified it for use on their new 
airliners to be built by the Douglas Com- 
pany. ‘ 

The shell material of the F was changed 
from brass to aluminum, and type F be- 
came AF (Figure 4), A for aircraft, and 
the transition from sound equipment to 
aircraft was complete. 

For use on the type DC-2 transport 
airplane in 1933, the cable clamp entrance 
on the AF connector was eliminated, and 
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threads were put on the cable entrance 
of the shells to permit the use of flexible 
conduit. At the same time, requirements 
for additional contacts made it necessary 
to increase the number of insert arrange- 
ments. 

The use of connectors increased the 
safety of aircraft electric circuits and cut 
down servicing time by many hours, 
and maintenance of electric circuits was 
greatly simplified, resulting in labor and 
time-saving factors. Although numerous 
developments have been made since that 
time, these three basic features of electric 
connectors seldom have varied and re- 
main essentially the same today. 

Following closely upon the AF, type 
FM (Figure 5) was developed, having a 
two-inch insert diameter to meet new re- 


Figure 3. Type-P straight cord plug, with 
socket insert assembly, lower right. Type-P 
90-degree-angle plug shown upper left en- 
gaged in type-P two-gang panel receptacle, 
flush-mounting, with pin insert assemblies 


quirements of aircraft and the con- 
comitant need for more contacts and 


greater clearance between contacts. 
Otherwise, the FM was identical to the 
type FP. 


The continued demand for lighter and 
smaller connectors used in many applica- 
tions such as aircraft fire-wall connections, 
radio transmitters, radio control panels, 
tachometers, resistance thermometers, 
gauge indicators, remote-control thermo- 
stats, pumps, various small motors, lights, 
and governors, resulted in the design of 
the type K, (Figure 6), the first connector 
series to be designed specifically for air- 
borne equipment. The K series was built 
in eight basic shell sizes, with inserts con- 
taining from one to 100 contacts, and in a 
wide variety of contact sizes, voltage 
spacings, and amperage ratings. Type 
K represented a marked achievement in 
the design of electric connectors. 

In the type K, socket contacts were 
made from round rod stock, as this type 
of construction provided a means of 
grouping more contacts within a limited 
insert area. Thus, mechanical spacing was 
reduced ‘with no loss in creepage between 
contacts. The insulators were fabri- 
cated out of sheet phenolic, although 
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. (straight), 


largest, 21/4 inches. 


during the later development of type K 
molded insulators were used in conjunc- 
tion with the fabricated type. Shell 
parts were made of aluminum alloy. 
Coupling was maintained with a cou- 
pling nut having a modified Acme thread, 
which provided a rapid means of cou- 
pling. An exception was the large AK 
size (Figure 6) which used the conven- 
tional NF thread. Onthe AK, the screw- 
jack action of the coupling nut was neces- 
sary to engage and disengage the fitting, 


because of the force required to engage - 


and disengage fittings having a large 
number of contacts. 

The smallest type K has an insert di- 
ameter of five-eighths inch, and the 
Type-K shell styles 


Figure 4. Type-AF 90-degree-angle plug, 

with pin insert assembly, and opposite, type- 

AF wall-mounting receptacle, with socket in- 
sert assembly 


were available in straight, 90-degree-angle, 
and wall-mounting types, including a 
special end bell having an integral clamp 
if required, and accessory fittings in- 
cluded dust caps, dummy, or stowage 
teceptacles, and 90-degree-angle and 
straight junction shells. Cable entries 
in the K are of two types, taper and 
straight, with three available conduit 
threads in several sizes: B for Breeze- 
type thread, once standard for the 
United States Navy, AC for Air Corps 
and the new A JV standard. - 

In 1936, a move to merge the divergent 
specifications of the Army Air Forces 
and the Navy Bureau of Aeronautics 
into one standard was begun for the 
sake of efficiency and economy. This 
new Army—Navy specifications on elec- 
tric connectors was known as AN-9534. 
Since that time, a second specification, 
AN-W-C-591, has been drawn up, with 
an amended specification pending. The 
original AN-9534, issued November 1, 
1939, covered 18 basic shell sizes in five 
different types: AN3100 (wall-mount- 
ing), AN3102 (box-mounting), AN3106 
AN3108 (90-degree-angle), 
and type RC (integral-mounting). At 
that time 53 insert arrangements were 
available, whereas the total now ex- 
ceeds 250. 

For the type AN3102, see Figure 7 and 
Figure 8; type AN3106, Figure 9 and 
Figure 10; type AV3108, Figure 11. 

It should be noted that type-RC in- 
tegral mounting was intended for use 
where the shell of the receptacle is made 
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an integral part of the electric equipment 
housing. 


AN-9534 SPECIFICATION :* 


A. Plug and receptacle, with the excep- 
tion of receptacle type RC, were to be inter- 
changeable between their respective plug 
and receptacle shells, which applied to each 
manufacturer’s own product and did not 
require the inserts made by one manufac- 
turer to fit any other manufacturer’s plug 
or receptacle shells. 


B. Contacts were made from material of 
high-grade conductivity. Contacts silver- 
plated, except those made of thermocouple 
material. 


C. Interior face of solder cups completely 
tinned. 


Figure 5. Type-FM 45-degree-angle plug, 


with pin insert assembly 


D, Pin and socket contacts sizes 0, 4, and 
8 were designed so that they could be readily 
removed from their inserts for soldering to 
conductors and easily assembled after the 
soldered connection was made. 


E, Potential millivolt drop not to exceed 
7 to 12 on contact sizes 20 to 0, with a range 
of current from 5 to 200 amperes, between 
each contact and other contacts and shell. 


F. Separating force ranged from two 
pounds on size—20 contact to 20 pounds on 
number—0 contact. 


G. Four service ratings—instrument 
(peak voltage of 70); 24 volts (peak, 100); 
110 volts (peak, 350); and 500 volts (peak, 
1,000). 


H. Allowable creepage was based on sery- 
ice for which insert was designed; namely, 
1/;¢ inch on instrument, 1/s inch on 24 volts, 
3/15 inch on 110 volts, and 4/4 inch on 500 
volts. . 


I, Three positioning inserts made possible 
three distinct polarizations, numbers 1, 2, 


* Adapted from the Army-Navy specifications. 
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and 3, by rotating insert in shell. Thus, 
three identical inserts placed side by side 
would have distinctly different polarization. 


J. Plugs were of such construction that 
it would be possible to install a plug on 
both ends of a conduit assembly without 
excessive slack in the conductors within the 
conduit. To meet these requirements, Can- 
non designed an end bell which was split 
in half sothat both halves could be removed 
to provide ample space for servicing. 


K. Shells and receptacle fittings were 
made of high-grade aluminum alloys. 


L. Phenolic materials were used in insert 
assemblies. 


The amended AN9534a specification, 
issued in December 1941, superseding 
AN9534, contained the following main 
changes: 


A. Requirements for three positions of 
inserts were removed, and only position 1 
was retained. 


B. Original specifications provided for 
the maximum operating voltages for direct 
current and alternating current under the 
various service designations. Under the 
amended specification AN9534a, the a-c 
maximum was removed and the d-c table 
retained. However, reference to alternating 
current or direct current was removed. 


C. The number of insert arrangements 
was increased ‘to 87. 


Figure 6. Type K (AK shell 
size shown with NF thread on 
coupling nut) 


Left, 90-degree-angle plug 


with socket insert assembly. 
Right, wall-mounting receptacle 
with pin insert assembly 


Figure 7. Type-AN 3102 receptacle with pin 
insert assembly 


D. Type-RC_ receptacle assigned 


drawing number A ND10066. 


The new specification AN-W-C-591, 
issued in December 1941, which became 
effective June 1942, carried the bulk of 
AN9534a as well as AN9534, with the 
following changes: 


was 


A, Deletion of markings of instrument, 
24 volt, 110 volt, and 500 volt, from the 
face of the insulator. Instrument, 24 volt, 
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and 110 volt were grouped under service 
A, 500 volt under service B, and such high 
voltages as 14,000 under service C. 


B. Since military aircraft, in particular, 
was seeking higher altitudes, effective creep- 
age distances were increased. Service A 
with a peak voltage of 200 required one- 


type-AN3102 
with pin 


A—Insert retaining ring 
B—Rear insulator with barriers 
C—Contacts 

D—Front insulator 


E—Shell 


eighth-inch minimum creepage distance; 
service B with a peak voltage of 750, 5/16 
inch; and service C, 14,000 volts, one inch. 
To maintain the interchangeability of inserts 
and also retain the mechanical spacing, but 
increase the effective creepage distance, it 
was necessary to design barriers on the face 
of the inserts. 


C. Shell sizes 44 and 48 were eliminated 
from the new specification. 


D. Type-RC integral mounting was issued 
a number series for shell sizes, A ND 10425 to 
AND10436. 


The newest A'N connector is type 
AN3101 which, like the AN3106 and 
AWN3108, embodies the portable features 
of a plug, but is not a fixed mounting like 
types AN3102 or AN3100. However, 
type AN3101 has the threaded cable 
entry of a receptacle. This new type is 
being made in sizes 8S to 40 inclusive, 
under the proposed A N-W-C-591a speci- 
fication. Another new AWN type under 
this specification is the AN3017, quick- 
disconnect fitting, which is restricted to 
sizes 8S to 20. 

Among other connectors which are 
used in one way or another on aircraft 
or other war material which are of con- 
siderable importance but rather special- 
izedin application, are the type DP and 
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Figure 8. Production il- 
lustration, exploded view, 
receptacle 
insert assembly 


battery connectors, both developed within 
the last four or five years. 

The DP is best generally described as 
rectangular in shape. D/P’s are particu- 
larly adapted to rack-mounted radio 
and range-finding equipment. Several 
DP types mount directly to the outside 


Type-AN- 


Figure 9. 
3106 plug, with socket 
insert assembly 


A—Barrel 


B—Front insulator 

C—Small contact c 

D—Rear insulator 

E—lInsert retaining ring E 


F—Contect retaining clip 
G—Large contact 
H—Late design coupling nut 
I—End bell 

J—Assembly nut 


Figure 11. 


Type- 
AN3108 90-de- 


gree-angle _ plug 
with socket insert 
assembly 


face of the chassis itself, alignment being 
effected by a taper in the shell and by the 
contact arrangement itself. Coaxial con- 
tacts for radio antennas are standard in 
several of the DP fittings. Contacts 
vary from 10 to 135, the largest connec- 
tor in the series being type DPL used for 
special equipment by the Army Air Corps. 

A notable development of the line of 
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battery connectors, which have been, ‘in 
use for a number of years in engine start- 
ing and other applications, is the type 
numbered 11,749 and 11,751, which was 
developed at the. request of the Air 
Corps to facilitate disconnection of bat- 
teries, particularly in extremely cold 
climates. The design formerly in use 
required the maintenance mechanic to 
loosen two small wing nuts before re- 
moving the battery, a slow and difficiilt 
process in subzero weather. During re- 
moval, the battery contacts were likely 
to strike the aluminum side of the air 
frame, creating a short circuit and con- 
sequent fire hazard, whereas this new de- 
velopment completely encloses the con- 
tacts. In addition, it has a handwheel 
for disconnection, which can easily be 
turned with a gloved hand. 

The materials in the insert insulators 
constantly are being improved to over- 
come high-altitude problems, humidity, 
and fungus growths of tropical climates, 


Figure 10. Production illustration, exploded view, 
type-AN3106 plug, with socket insert assembly show- 
ing small and large contact with contact-retaining clip 


and circumstances of salt-water condi- 
tions. Research in thermoplastics, ther- 
mosetting materials, and protective coat- 
ings is going forward rapidly. 

Briefly, among the other developments 
which are yet to be recorded in the chap- 
ters on the history of electric connectors 
are snap-in solderless contacts. Still other 
new developments not entirely out of the 
experimental stages include the follow- 
ing: connectors having a greater voltage 
for high cycle; special switching devices 
which operate engine-starting units; and 
waterproof designs for marine and ord-~ 
nance requirements. 
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The Testing of Brushes for Life and 
Performance Under Various 


Altitude Conditions 


\\ C. J. HERMAN 


ASSOCIATE AIEE 


Synopsis: This paper presents the author’s 
experience in the testing of brushes on ma- 
chines intended for high-altitude service on 
aircraft equipment. The procedure and 
range of conditions found useful in testing a 
wide variety of small a-c and d-c machines 
are outlined in detail. It is hoped that other 
investigators will contribute their experi- 
ences through discussions or additional 
papers, and that from this material there 
may be developed a suitable test code, sup- 
plementing the present Institute test code 
for d-c machines. 

The only real criterion of brush perform- 


ance is that of actual experience in service, 


since all of the infinite variety of conditions 
that affect brush performance cannot be 
anticipated under test conditions. How- 
ever, carefully conducted tests over a range 
of specified conditions do provide a good 
basis for brush selection and greatly expedite 
the final choice for the best over-all perform- 
ance. For this reason, and because it will 
be helpful to investigators in comparing 
their results, it is hoped that the proposed 
brush test code may be undertaken in the 
near future. 


N brush-life testing on machines, many 

confusing, conflicting, and variable 
results are observed even under normal 
atmospheric conditions. These uncer- 
tainties are increased greatly in high-alti- 
tude tests. 
tories have shown that most brushes are 
affected greatly by the changes in hu- 
midity, oxygen content, or pressure of the 
surrounding air. It is a common expe- 
rience for carbon brushes to wear away 
at extreme rates up to half an inch or 
more per hour when run on high-speed 
commutators or slip rings in extremely 


_ dry atmospheres. 


This rapid wear can be inhibited by a 
great variety of contaminants if present 


in small quantities in the air, in the brush, 


or even in the metal of the commutator. 


Paper 44-230, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 14, 1944; made available for print- 
ing July 22, 1944. 


(Ss J. HERMAN is in the fractional-horsepower-motor 
engineering division, General Electric Company, 
Fort Wayne, Ind. 


The author acknowledges the assistance of E. R. 
Summers, General Electric Company, for prepara- 
tion of uniform methods for reporting brush test 
results; J. F. Settle, General Electric Company, 
and S. W. Glass, National Carbon Company, for 
their contributions in the development of high- 
altitude test procedures. 
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Many tests by various labora-’ 


Test results therefore are likely to vary 
greatly unless scrupulous care is taken to 
exclude unwanted materials and to main- 
tain precise control of the atmosphere. 

It is not the purpose of this paper to 
discuss any of the methods for preventing 
brush wear, but simply to describe the 
testing procedure found useful in obtain- 
ing definite and reasonably consistent re- 
sults in the measuring of brush perform- 
ance. Uniform methods of conducting 
and reporting brush-life tests aré pro- 
posed, so that wherever or by whomever 
tests are made, the results will be of value 
for record and will be truly comparable 
with other tests made at other times and 
places. 


General Considerations 


The primary purpose in brush testing 
is to determine, as nearly as possible, if 
satisfactory operation will be obtained 
in actual service. Therefore, all known 
conditions of loading, atmosphere vibra- 
tion, and power-supply characteristics 
which occur in service should be du- 
plicated as closely as is practical within 
the limitations of testing equipment. On 
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many aircraft applications the ranges of 
load and atmospheric conditions are so 
extreme and duty cycles are so variable, 
that the establishment of adequate test 
cycles may require very careful study 
and judgment. In many cases it may 
be impossible to establish satisfactorily 
brush performance until the representa- 
tive loads encountered in service are 
known. 

Nearly all of the electrical and many 
of the mechanical defects which com- 
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monly occur on machines adversely af- 
fect the life and performance of the 
brushes. It is impossible to evaluate the 
brushes unless adequate meastirements 
are taken to make sure that electrical 
and mechanical conditions of the machine 
remain substantially constant throughout 
the test. In order to differentiate be- 
tween brush failures due to properties 
of the brush material and the failures in- 
duced by mechanical and electrical de- 
fects occurring in particular machines, 
it is necessary to make very comprehen- 
sive measurements and observations of 
all factors known to affect brushes. 

Tests should be taken only on machines 
in good working condition, because the 
effects of many electrical and mechanical 
defects upon brush operation seldom can 
be appraised accurately. Small machines 
often are damaged by rough handling 
causing brinelled ball bearings, bent 
shafts, damaged or dirty commutator or 
collector surfaces, bad balance, bent or 
improperly located brush holders; all 
are factors which adversely affect the 
brushes. Where there is any possibility 
that careless handling has occurred, very 
careful mechanical inspection should be 
made before any tests are begun. 

To predict brush life reasonably well 
on the basis of relatively short tests, 
careful study of the nature of commuta- 
tor, ring, and brush wear is necessary. 
It appears necessary also to study the 
films formed on commutators and rings 
for evidence of any marked changes in 
appearance with time. The gradual 
formation of excessive or uneven film 
during several days of operation has 
often appeared to be the principal cause 
of brush failure. 

The ‘“Brush-Qualification Test Pro- 
cedures’’ outlined in the appendix have 
as their purpose the determination of 
three fundamental factors of brush op- 
eration which are often almost equally 
important. These factors are: brush 
life, commutator life, constancy and suita- 


ALTITUDE 
CHAMBER 


TO VACUUM PUMPS 
OPERATING 


ELECTRO-ORYER CONTINUOUSLY 


Figure 2. Schematic diagram of a dependable 
high-altitude chamber system 


Valves A, B, C, and D, E, F are used only to 
produce sufficient pressure head across the 
dew-point meters to produce distinct meter 
readings. Meter 1 reads dew point of the 
air entering the altitude chamber. Meter 2 
reads dew point of the air usually in center 
of altitude chamber. Throttling valve G is 
adjusted to maintain the required altitude 
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4220-9 
PITOT TUBE. LOCATE AT AXIS OF 
AIR-BLAST TUBE FACING INLET. 
CONNECT PITOT TUBE TO 
PRESSURE INDICATOR 


: 
12” MIN—>+——2.4” MIN 


AIR BLAST 


' 
L DIRECTION OF 
' 


eee | 


AIR-BLAST TUBE TOBE SMOOTH INSIDE.~ 
INSIDE DIAMETER 1.91%+0.00%-0.04" 


Figure 3. Typical Pitot and air-blast-tube 
installation for test of aircraft-engine generators 


bility of machine characteristics as af- 
fected by the brushes. The use of any 
brush grade usually represents some com- 

romise among these three factors. To 
match the brush with the machine to 
secure required performance character- 
istics is often more important than to 
match brush and machine to secure maxi- 
mum brush life. 


Types of Tests 


It has been found useful to classify 
tests according to two general types of 
atmospheric conditions which are gen- 
erally designated as low altitude or high 
altitude. 

Low altitude covers the ranges of at- 
mospheric conditions usually encoun- 
tered in test departments and labora- 
tories. The air should be relatively free 
from chemical, smoke, paint, and any 
other fumes which are known markedly 
to affect brush operation. It is proposed 
that low altitude should include the follow- 
ing listed range of conditions: 


1. Altitude from sea level to 1,000 meters. 


2. Ambient air temperature from 20 to 40 
degrees centigrade. 


3. Relative humidity from 20 to 90 per 
cent. 


High altitude is defined as being any 
atmospheric condition above 1,000 meters 
in test chambers where the air pressure, 
dew point, ambient temperature, and air 
cleanliness are controlled to simulate 
known high-altitude atmospheric condi- 
tions. Generally our experience and the 


reported results of other investigators 
have shown that there are no marked 
changes in brush performance until free- 
air altitudes of 10,000 to 15,000 feet are 
exceeded. Because of these experiences 
and the practical need to limit variations 
in test conditions to a reasonable mini- 
mum, it is proposed that only four gen- 
eral classes of high altitude be adopted 
as standard. These classes are based 
upon the estimated atmospheric condi- 
tions encountered in or on airplanes, and 
are proposed to be as shown in Table I. 

Classes I, II, and III of Table I are in- 
tended to apply to all totally enclosed or 
self-ventilated machines. Class IV may 
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Figure 4. Brush temperature versus altitude 


Many machines without adequate ventilation 

for cooling brushes and commutator at high 

altitudes soon reach critical temperstures as 
altitude is increased 


apply to either self-ventilated or rammed- 
air-ventilated machines located in the 
engine nacelles. 


Conclusions 


The test procedures listed in the ap- 
pendix have been worked out as a result 
of conducting some 600 tests on small a-c 
and d-c machines for aircraft use over a 
range of from six watts to four horse- 
power, and from 2,500 to 15,000 rpm. 
When these methods are followed, it is 
believed that brush life will be consistent 
within the range of perhaps two to one on 
duplicate machine. 


Table | 
Class I Class II Class III Class IV 
: ye Free Air Fuselage—Air Supercharged Engine 
Atmospheric Conditions External Within the Airplane Compartment Nacelle 
ae pha eta stns oe FE yaa AQ, 000 DS Nes 40,000) | maces 15,000 .-.40,000 
Ww point in degrees centigrade........ —50 to —80..... —50 to —80......—50 —80...— - 
Ambient-temperature air in degrees oe ie a ene 
centigrade 
(a). Surrounding the machine. ..... —40 aateeel 0 
(6). Rammedair6inchesfromma- 2 2 j- |. as 
Chine! Mtake MOLtS Ah, Cie was ce Nnsate oi see le cas cee ee ee ne —30* 


Rammed-air pressure 
(Sum of velocity and pressure head 
measured with Pitot tube at least 
6 in. away from machine intake 
ports. See Figure 2) 


SIT OOD Aan Aa. eran odS cares e arc ter 6-in. water* 


* Conditions do not apply to self-ventilated machines. 
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It is very important, however, to note, 
all differences and conditions which may 
have a bearing on brush performance, so 
that if later tests give different results, 
the reason for the difference may be 
traced. 

In studies of brush application, the in- 
dividuality of different machine designs 
makes over-all solutions improbable. 
However, it is believed that close agree- 
ment can be obtained by different ob;, 
servers at different times and places on 
the basic question, “What is a good 
brush for the particular application?” 
if the ‘““Brush-Qualification Test Proce- 
dure” listed in the appendix is followed. It 
is proposed that these test procedures 
and ‘‘Types of Tests’ should be combined 
suitably to form a brush test code. 

The testing of brushes for life and per- 
formance involves two distinct types of 
measurements. These are the reason- 
ably exact mechanical, electrical, and 
thermal measurements; and the rela- 
tively inexact observational measure- 
ments for which the accuracy and useful- 
ness largely are dependent upon the ob- 
server's experience in studying brush 
phenomena. It does not seem likely that 
sufficient exact measurements can ever 
be made to provide the complete answer 
regarding the over-all suitability of the 
brush for the application. However, 
meticulous attention to test procedures 
reduces the usual degree of dependence 
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Figure 5. Brush wear versus time 
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Quick changes to a new greatly increased 
rate of wear often are encountered at high 
altitude 


upon inexact observational measure- _ 
ments, reduces the hazards of possible 

wrong decisions in the selection of 

brushes, and greatly improves the useful- 

ness of observational measurements be- 

cause of the sound background of other 

factors on which they are based. 


Appendix. Brush-Qualification 
Test Procedure 
= ‘ | 

The following specific rules have been 
found desirable in conducting brush tests; 


1. Initrat INSPECTION ; ‘ 


Carefully check the machine.to make sure 
it has not been damaged mechanically in 
any important particular. Make sure that 
balance is satisfactory as evidenced by ac- 
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ceptable vibration, that end-play adjust- 
ment is correct, that brushes are free in 
brush holders with springs in proper place 
and with brush pressure correctly adjusted, 
and that commutator or ring run-outs on 
bearings meet standard limits for the equip- 
ment. 


2. PREPARATION FOR TEST 


On freshly ground, turned, or polished 
commutators or rings, operate units approxi- 
mately five hours at light loads to obtain a 
satisfactory brush seat and to establish 
approximately normal brush film on com- 
mutators, rings, or other current collecting 
surfaces. 

Many machines will not give satisfactory 
performance characteristics until the brushes 
are seated properly. It generally is desired 
to have brushes seated 100 per cent before 
beginning tests, but where this is not prac- 
tical due to limited time, brush seats equal 
to or better than those shown in Figure 1 
have been found satisfactory. All brushes 
must be seated 75 per cent of face area and 
100 per cent of brush thickness for 50 per 
cent of the brush width. Where there are 
two or more brushes per stud, all brushes on 
one stud are to be considered one brush so 
far as brush seat is concerned. 


3. MbASUREMENTS AND Meruops 


The measurements and observations listed 
in sections a, b, c, and d generally are taken 
at the beginning of the brush test, at the con- 
clusion of the normal-altitude runs, and 
again at the conclusion of the high-altitude 
tuns. During continuous-duty test runs, 
the test readings listed in sections e, f, g, 
and h generally are taken every ten min- 
utes until the machine and associated test 
apparatus reach reasonably steady operat- 
ing conditions. Then the intervals may be 
lengthened up to one hour or more. To in- 
sure detection of all significant changes, 


ALTITUDE IN 1000 FEET UNITS 


. TOTAL HOURS WITH VACUUM PUMPS 
OFF AND VALVES CLOSED 


Figure 6. A\ltitude-chamber leakage control 


A and B=worst and best conditions over one 
month interval =adequate tightness to obtain 
—50-degree-centigrade dew point 
C=best obtainable after leaks around screws 
through the walls were sealed 
D=a second chamber with an improved door 
seal 
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-tinuous-indicating brush-wear 


recording instruments should be used 
wherever possible. 

a. Commutators. Measure diameter, 
total gauge, and bar-to-bar run-out in the 
brush track. Where experience indicates 
there is any possibility of bar movement, 
commutator run-outs also should be checked 
outside the brush track. Note any irregu- 
larity across the face of the individual bars, 
such as “‘crowning,’”’ indicating faulty ma- 
chining. 

Inspect undercuts for any evidence of 
feather-edge mica, excessive burrs, foreign 
material. 

b. Slip Rings. Check diameters, gauge 
run-outs, and note any evidences of faulty 
machining, such as wavy surface. 

c. Brush Lengths. Due to the wide 
variety of shapes, no standard method of 
designating brush length can be used. Gen- 
erally measure lengths from the same loca- 
tions shown on the brush drawing for the 
particular machine. Measuring to the 
edges of brushes is often necessary and is 
satisfactory if micrometers are used very 
carefully to prevent crushing of the brush 
edges. * 

Brushes should be numbered by scriber 
or other means on a suitable surface for test 
identification and for location identification 
for further measurements. Brush wear is 
often only a few thousandths of an inch dur- 
ing the practical test time used. Therefore, 
great care in taking measurements is neces- 
sary if large percentage errors are to be 
avoided. 

Wherever practical, the use of a con- 
device is 
recommended. The device should have ex- 
tremely small inertia and have no measur- 
able affect upon brush pressure. A dial- 
type indicator which has these character- 
istics, is free from backlash, and is easy to 
attach to the brush is pictured in Figure 7. 
A typical installation of the wear gauge 
in use on a test unit in an altitude chamber is 
shown in Figure 8. 

d. Brush-Spring Pressures.’ Measure 
with brush in the location corresponding to 
its riding position on the commutator or 
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Figure 7 (left). 


Brush-wear indicating device 


« 


Figure 8 (above). Test machine with brush-wear indicator 


in altitude chamber 


ring. With many mechanisms the pressure 
may be determined easily by measuring the 
pull necessary to lift the spring off the top 
of the brush. On other types where the 
spring is maintained in position on the 
brush and the pressure is measured at the 
brush face, the brush mechanism should be 
vibrated during these measurements to 
eliminate the affects of friction in holders. 
Note any brushes which have sluggish or 
sticky action in the brushholders. 

e. Machine Temperatures. These are 

taken on all parts where temperature af- 
fects the life and reliability of that part, or 
of the brushes. In general, the minimum 
points of measurement are as follows: 
(1). Two motor brushes (one of each polarity). 
On small brushes with face area less than one-tenth 
square inch, the use of five-mil wire thermocouples 
is recommended. Whatever the brush size may be, 
it is important that the thermocouples have suffi- 
cient flexibility and that they are carefully instaJled 
to prevent any interference with brush movement. 
To permit brush wear during tests, thermocouples 
usually are installed one-fourth to three-eighths 
inch away from the brush face. Figure 4 indicates 
the need for measuring brush temperatures_when- 
ever possible. 

The brush face temperature is the basic 
measurement needed. Therefore, thermo- 
couples should be installed as close to the 
brush face as rate-of-wear conditions during 
the practical test time will permit. The 
temperature gradient between brush face 
and thermocouple location will vary greatly 
among different brush materials and with 
different ventilations. The gradient on 
nonmetallic brushes will be relatively high. 

To avoid erroneous thermocouple readings 
due to stray currents, it is desirable to keep 
thermocouples electrically insulated from the 
brushes and the machine. Wire insulating 
varnishes have been used to insulate the 
thermocouple tips in a manner that catises 
very little temperature gradient between the 
thermocouple and the brush. 


(2)., Each slip-ring brush. 


(3). Each bearing housing as close to the bearing 
as possible. 


(4). Motor case. 


(5). Field windings or other stationary windings. 
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f. Altttude-Chamber Ambient Tempera- 
tures. Ventilation conditions in cham- 
bers are often far from ideal, because the 
chambers are relatively small; tempera- 
ture gradients, air turbulences and flows may 
€xist in connection with the refrigerating 
systems; and large gradients may exist 
between the chamber wall and case tem- 
peratures of the machine under test. 

Check temperature on the chamber walls, 
in air six inches from the test machine intake 
air ports, and at as many other points as 
necessary to determine average air ambient 
temperature six inches from the test unit. 
In rammed-air-cooled machines the tempera- 
ture should be taken in the center of the 
air duct Six inches from the surface of at- 
tachment of air duct to the machine. Keep 


ambient-temperature thermometers appreci- . 


ably removed from the exhaust air of the 
test unit. 

g. Machine Performance. Take meas- 
urement of: input volts, amperes, and watts; 
speed; output volts, amperes, and watts; 
output or input torque; field amperes; and 
any other readings required to determine 
completely electrical performance of the 
machine. 


h. Altttude. Use altimeter or barom- 
eter. thy 
t. Dew Potnt. Measure at beginning 


of test and at least every five hours there- 
after. The measurement desired is the dew- 
point temperature of air entering test ma- 
chine. Accurate values sometimes are 
dificult to obtain, particularly in altitude 
chambers. When testing self-ventilated 
machines in chambers having appreciable 


CARBON BRUSH TEST REPORT 


Tested at 
Serial Number of Test 
Machine Serial Number 
*Ring or *Commutator Metal 
Where Was Metal Obtained? 
Brush Grade and Treatment \ 
Where Were Brushes Obtained? / 
Atmosphere (air, nitrogen, etc.) 


Refrigerant (dry ice, Freon, etc.) 
Dew Point (°F or °C) : 
Altitude—Feet | 
Machine Speed in RPM 
Load Amperes 
Brush Density—Amps/Sq In. | 
Field Current—Amps 
Ambient Temp (°F or °C) 
“Air In” Temp (°F or °C) 
=: x Max.-Min. 
Brush Temp (°F or °C) { Recms 
Ring or Comm. Temp (°F or °C) 
Ave. Initial | 
Ave. Final 
Max.-Min. 
Average 
Max.-Min. 
Average 


Spring Force—Oz { 


Friction watts 


Brush Contact Drep{ 


Hours Tested—Total 


Works in Bldg. 


Machine Model 


; 


Hours Tested at Altitude 


Actual Brush Wear—Inches 


Indicated Brush Life per 14’—Hours 


T 


Ring or Comm. Wear (Diam) Inches | 


Date of Test 


REMARKS: Commutation, Film Condition, Vibration, Ventilation, Reason for Stopping Test, etc. 


*Indicate which Date 


Signed 
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Figure 9. Brush-test report 
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leakage, it is important to measure dew 


point of air near intake of test unit. A 


method for this is shown in Figure 2. z) 

With negligible leakage, it would be 
adequate to measure dew point in only the 
dry-air supply lines to the chamber. Typi- 
cal leakage-control tests are illustrated in 
Figure 6. Experience indicates that leakage 
control to assure low dew point is the most 
critical problem in high-altitude chamber 
operation. One cubic foot of leakage air 
may carry as much moisture into chamber 
as several thousand cubic feet of air from, 
an alumina dryer. 


4. GENERAL Factors INDICATING BRUSH 
SUITABILITY, TROUBLES, AND PROBABLE 
CAUSES , 


Observations of the following will assist 
in judging brushes and diagnosing trouble. 

a. Surface Condition of Commutator or 
Slip Rings 


(1). Bar-to-bar burning, uniform or nonuniform. 
(2). Wearing out-of-round. 


(3). Ring grooving or threading, severity and 
stability. 


(4). Skip burning. Note any evidence which indi- 
cates the cause (bad mechanical run-outs, faulty 
brush mechanisms, bad rotor balance, defective 
bearings, brush overfilming). 


(5). Uneven film, 


(6). Indications of polarity spots bic collecting 
alternating current on slip rings. 


b. Uniformity of Brush Wear. The 
following possibilities should be investigated 
when wear of individual brushes deviates 
more than plus or minus 20 per cent from 
average: 


(1). Polarity effects of brush material. 
(2). Uneven spacing of holders. 
(3). Uneven brush-spring pressures, 


(4). Brushes stuck in holders or binding of pivoted 
holders. 


(5). Brushes incorrectly positioned ‘Gases elec- 
trical shift). 


c. Brush and Commutator Tomporabines 
Consider effects upon life of bearings and 
the insulation on brush holders, brush 
shunts, armature winding, and connections 
to commutator. 

d. Mechanical Strength 


of Brushes. 
Are the brushes suitable for: ; 


(1). Type of holder? Consider brush sidewear. 


(2). Service vibration conditions? Particulars 


consider the shunt connections. 


e. Effects of Brushes on Machine Charac- 
teristics. Check the over-all performance 
with respect to: 


(1). Power input over the load range. 


\ 


(2). Contact drop where machine characteristics 
(in addition to commutation) are affected greatly 
by it, as on dynamotors, speed-regulated motors, 
voltage-regulator circuits, and self-excited genera- 
tors. Does the contact drop change sufficiently to 


disturb voltage regulation or to prevent voltage 


build-up of self-excited generators? During long 
test runs make Periodic checks to determine any 
marked changes i in contact drop. 


(3). Commutating ability for expected see 
turing variations of a particular class of machines. 


(4). Consistency of performance: * 
From zero to high current densities. 

From low to high humidity. . 
From lowest to highest operating temperartas 


(5). Brush riding characteristics, sae indicated by 
ripple voltage, radio-interference filter requirements, 
and amount of brush chatter over operating range. : 
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5. GENBERAL PRECAUTIONS FOR HIGH- 
ALTITUDE TESTS 


a. Altitude. Maintain within plus or 
minus 1,000 feet. 
b. Ambient Temperature. Maintain 


within plus or minus five degrees centigrade. 

c. Contamination. Admit fresh air 
into the altitude chamber continuously to 
avoid accumulation of contaminating vapors. 

The vapors from bearing greases, incom- 
pletely cured paints, and insulating var- 
nishes of new machines have greatly im- 
proved the high-altitude brush wear in 
specific chamber tests, until the most vola- 
tile constituents evaporated and insufficient 
contamination remained to lubricate the 
brushes. On totally enclosed or only slightly 
ventilated machines, this self-contamina- 
tion may be pronounced, and there is often 
a great difference in brush performance on 
new and old machines. 

When practical, recirculation should be 
avoided and only fresh air admitted to the 
test machine. This can be done readily with 
pressure-ventilated machines, but is not 
feasible for most self-ventilated units be- 
cause of interference with ventilation and 
radiation. Experience with recirculating 
ventilated chambers indicates that con- 
tamination usually becomes negligible if the 
chamber air is changed five to ten times 
per hour. The recommended frequency of 
changes depends on the relative size of 
chamber and test units. 

A chamber with recirculation should not 
have thermal insulation, braid-covered 
leads, varnish-cloth tape, wooden plat- 
forms, or other absorbent materials inside. 
It should be cleaned thoroughly before every 
test. Steam cleaning followed by a bake to 
dry out all moisture has been found satis- 
factory. The chamber should be flushed 
with dry air before refrigerating. The walls 
and cooling coils, if any, should not accu- 
mulate objectionable frost during an alti- 
tude test. 

d. Need for Long Tests. On high-alti- 
tude trials of less than one hour, indicated 
brush life may be many times that obtained 
on a continuous-run-to-destruction. Some 
altitude-protected brushes may operate well 
for ten hours or more, and then suddenly 
dust, overheat, become unstable, cause ex- 
cessive friction, or high-contact drop. It is 
important to take relatively long trials as 
may be noted in Figure 4. 

e. Initial Equilibrium Conditions. High- 
altitude conditions usually are established 
before starting the test machines, thereby 
providing a more severe test for the brushes. 
Climb and dive cycles sometimes must be 
simulated, but unless otherwise specified, 
equilibrium conditions should be estab- 
lished first. 


6. DURATION, REPETITION, AND SEQUENCE 
oF TESTS 


Tests should be taken at rated speed, 
voltage, load (or load cycle), or at defined 
specification conditions. 

‘a. Duration of Low-Altitude Tests. A 
qualification life test should be a minimum 
of 300 hours, or 25 per cent of guaranteed 
life, whichever is shorter. 

b. Duration of High-Altitude Tests. A 
‘qualification life test should be a minimum 
of 30 hours, or 25 per cent of guaranteed 
life, whichever is shorter. If necessary, the 
test may be divided into minimum runs of 
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N the last few years solderless ter- 

minals have found an _ increasingly 
wide application. The fields of applica- 
tion include aircraft, shipboard, com- 
munication, and general industrial work. 
One of the most important reasons for 
their increasing use is the substantially 
decreased labor required in their applica- 
tion, as compared to soldered terminals. 
The use of solderless terminals also gives 
assurance of a greater degree of uni- 
formity with respect to both mechanical 
and electrical properties for the terminal 
conditions of the electric circuit. Fur- 
thermore, these terminals are more 
readily adaptable for such improvements 
as insulation supports for the wire insula- 
tion to which the solderless terminal is 
crimped and the use of a preinsulated 
terminal. In general, the use of solder- 
less terminals in both manufacture and 
application permits machine production 
and uniformity as compared to handwork 
necessary for soldered terminals. 


Description 


A type of solderless terminal is shown 
in Figures 6 and 10. These terminals 
consist of a tongue or lug for terminal- 
block connection, and an internally ser- 
rated barrel with sleeve for crimping to 
the wire. In general, the stranded wire 
with insulation stripped off the end is in- 
serted for the full length of the barrel, and 
then two adjacent lateral crimps are ap- 
plied. This crimping may be accom- 
plished by either a hand tool or a ma- 
chine press. An enlarged picture of this 
terminal through one of the crimp sec- 
tions for a 19-strand wire is shown in 
Figure 1. The section has been etched 
with a solution of ammonium hydroxide 
and concentrated hydrogen peroxide to 
indicate clearly the individual strands of 
wire following crimping. Sufficient pres- 
sure is exerted in the crimping operation 
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to give a flow of metal, so that maximum 
contact area between the strands and be- 
tween strands and terminal barrel is ob- 
tained. This gives maximum electrical 
conductivity for a given volume of metal. 
Furthermore, this would give maximum 
tensile strength for the terminal, and also 
would give a minimum number of longi- 
tudinal channels for entrance of corrosive 
liquids or condensates. In general, the 
crimp is designed to give a tensile strength 
of the wire to the crimped joint approxi- 
mately equal to that of the stranded wire 
itself. Comparative tensile-strength test 
results are shown in Figure 2. In these 
tests failure was obtained by breaking 
of the stranded wire itself rather than 
by the stranded wire pulling out of the 
crimped joint. The differences between 
the tensile strengths of the stranded wire 
itself and of the stranded wire when 
crimped to a terminal is due to different 
methods of terminating the wire in the 
two cases, with better equalization of 
individual strand stress being possible in 
the first case. 


Soldered Terminals 


Since soldered terminals have been 
used for a long time, it is perhaps natural 
that any other method of adapting a 
terminal to a wire would be analyzed 
in comparison with the performance of a 
soldered terminal. Certain of the in- 
herent difficulties in obtaining a satis- 
factory soldered joint are not generally 
appreciated. For electric conductors 
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15 hours or more with intervening low- 
altitude trials. 


c. Repetition of Tests. Because of 
variations in machine and test conditions, 
the results with three or more different units 
should be averaged to obtain representative 
brush life for a specific machine design. 
When only a single machine is used for 
tests, the results from two or more life tests 
should be averaged to obtain representative 
brush life for the particular machine. 


d. Sequence of Tests. Low-altitude 
tests usually are taken prior to high-altitude 
tests because: 


(1). The film formed at low altitude may influence 
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the high-altitude performance. Most units operate 
initially at low altitudes in actual service. 

(2). Some brushes lose their high-altitude protec- 
tion during extended runs. This characteristic 
might not be revealed by a short-altitude test only. 
(3). Mechanical deterioration of machines ad- 
versely effects brush performance. Chamber tests 
should simulate such unfavorable conditions as are 
likely to exist in flight. 


(4). The more volatile components of lubricants, 
insulating varnish, and motor paint tend to be 
driven off during extended low-altitude runs. This 
reduces contamination of the altitude chamber. 


7. Merxnops of REPORTING TEST RESULTS 


To assist in reporting all significant facts, 
a standard test data form similar to Figure 
9 is recommended. 
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tin-lead solder is generally used with 
either copper terminals or tinned-copper 
terminals and wire. A properly soldered 
joint is dependent, however, on the 
simultaneous achievement of cleanliness 
of metal surfaces and sufficient heating of 
the parts to be soldered. A successfully 
soldered joint involves the actual alloying 
of the soldered parts with the solder it- 
self. Insufficient heat will cause the sol- 
der only to wet the metal, but not to alloy 
with it. Since there is no difference in the 
appearance of the two types of soldered 
joints, it is extremely difficult to deter- 
mine whether two metals are soldered 
properly. The presence of large beads of 
solder on a joint does not mean neces- 
sarily that the metals have been soldered 
properly. In fact, wunnecessary solder 
prolongs the cooling time and enhances 
the possibility of movement of the parts 
to be joined, causing the solder to crystal- 
lize, thereby weakening the joint. 

In general, the electrical conductivity 
stability of a properly soldered joint is 
practically constant under long-time cor- 
rosion conditions. However, improperly 
soldered joints have shown relatively large 
increases in resistance under corrosion 
conditions. Such increases may be of the 
order of a few hundred per cent or more, 
depending upon the degree of departure 
from ideal soldering conditions. 


Test Procedures and Measurements 


One of the most important electrical 
characteristics of a terminal or electric 


Figure 1. Enlarged picture of crimped solder- 
less terminal 
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connection is the stability of the electrical 
conductivity. This may be determined 
by an electrical-resistance meastirement. 
The initial resistance is of importance, 
since it is a measure of the electrical 
efficiency of the contact as a conducting 
medium. The change in resistance under 
corrosion conditions is of importance, 
since it will determine the electrical 
stability of the contact under operating 
conditions. This stability under operat- 
ing conditions is particularly important, 
since any great increase in resistance 
generally gives increased operating tem- 
peratures and a consequent increase in 
the corrosion rate. 

Since corrosion plays a large part in 
determining the relative electrical sta- 
bility of a solderless terminal, the design 
and metallic composition of a terminal 
must of necessity preclude any extensive 
corrosion. The terminal must be able to 
withstand operating conditions in which 
it may be exposed to high humidities, 
natural waters, chemical salts and brines, 


TENSILE STRENGTH — POUNDS 


22 20 18 16 I4 l2 10 8 6 4 
WIRE SIZE — AW.G. STRANDED 


Figure 2. Tensile strengths—terminals and 
: wire 


and high temperatures. The terminal 
must be crimped in such a manner that 
no corrosion occurs because of cracking 
or fatigue in the metal. The metal used 
in the construction of the terminal must 
be such as to obviate any electrochemical 
corrosion due to galvanic action between 
the terminal and the wire. 

Electrical measurements of resistance 
of solderless terminals of the type de- 
scribed in this paper have been made 
under the following types of corrosion 
conditions: 

1. Continuous four per 
chloride spray. 


cent sodium- 


2. Continuous ten per cent sodium-chloride 
spray. 
3. Continuous four 


per cent sodium- 


Wells, Balsbaugh—Solderless Terminals 


Figure 3. Assembly of 1,000 solderless 
terminals for electrical measurements during 
corrosion tests 


chloride with 0.1 per cent sodium-hydroxide 
spray. 

4, Alternating four per cent sodium-chlo- 
ride spray and circulating-air oven at 100, 
138, 166, and 200 degrees centigrade. 


5. Alternating four per cent sodium- 
chloride and 0.1 per cent sodium-hydroxide 
spray with 100 degrees centigrade circulat- 
ing-air oven. 


6. Relative humidity of 85 per cent alter- 


nating with 100 degrees centigrade circulat- 
ing-air oven. 


7. Alternation of 100 degrees centigrade 
circulating-air oven, four per cent sodium- 


chloride spray, and vibration test at 1/32-. 


inch amplitude at a frequency of 2,000 cycles 
per second—vibration test made to give 
flexing of stranded wire relative to terminal. 


8. Sulphur dioxide vapor. 


9. Alternating and direct currents corre- 


sponding to approximately three times 
normal rated currents for periods of three- 
fourths hour, alternating with different salt- 
spray tests. ; 


The foregoing corrosion tests have been 
made on different terminals for varying 
periods of time. In certain cases they 
have been continued for a period of 150 
days. It is believed that such corrosion 
conditions are very much more severe 
than those normally encountered in any 
application, but they may be considered 
as accelerated tests. In addition, they 
indicate the particular characteristics of a 
given type of corrosion or the relative 
efficiency of different types of terminals, 
with respect to either materials or con- 
struction. 

Electrical measurements of resistance 
have been made using both alternating 
and direct current, with the currents 
varying from ten microamperes up to 
those substantially greater than the 
normal rating of. the wire. Resistance 
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Figure 4. Detail of 
connector 


measurements of this type generally 
fall in the range from one milliohm to one 
microhm. The measuring circuits that 
have been used include the Kelvin-— 
Thomson bridge, potentiometer, and 
comparison methods. In general, any 
of these methods may be used with either 
alternating or direct current. For rela- 
tively low resistances with low currents 
the use of alternating current is to be 
preferred, in view of the facility with 
which sensitivity may be increased by 
amplification. The use of alternating 
current also eliminates difficulties due to 
thermal and contact-voltage effects. For 
the measurement of very low voltages, 
the use of a tuned circuit such as a wave 
analyzer is desirable. In general, any 
of the methods will give a sufficient pre- 
cision and accuracy with appropriate 
equipment and calibration. 


Test Results 


Measurements of the electrical resist- 


ance of solderless terminals have been 
made using different types of corrosion 
tests with different contact metals over 
very wide ranges of current, under 
different temperature conditions for both 
the measurements and the corrosion tests. 


RESISTANCE OF SOLDERLESS TERMINALS 
OVER A WIDE RANGE OF CURRENT 


Measurements of electrical resistance 
of solderless terminals over a range of 


kR4 ’—R,—* 


Figure 5. Diagram of measured resistances— 
connector 
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cutrent from ten microamperes to ten 
amperes in decade steps are given in 
Table I. These measurements were 
made on an assembly of 500 connectors 
as shown in Figure 3. The connector is 
shown in Figure 4; each connector in- 
cludes two regular crimped solderless 
terminals with a short strip or link be- 
tween the individual terminals. Thus, 
the assembly in Figure 3 consists of a 
series connection of 1,000 solderless ter- 
minals or crimped joints. The connectors 
are number 16-14 with 19-strand number- 
14 American Wire Gauge insulated 
tinned-copper wire. The connectors as 
shown in Figures 4 and 5 are joined with 
a short length of insulated wire to give a 
seven-eighths-inch length of wire between 
adjacent faces of the connectors. The 
resistances in ohms in Table I are indi- 
cated by R, in Figure 5, and include one 
crimp plus a 7/,.-inch length of stranded 
number-14 wire plus one half of the link 
between connectors. The type of corro- 
sion used in this test consisted of a com- 


Figure 6. Solderless terminals for resistance 
measurements during corrosion tests 


bination of four per cent salt spray for a 
period of 24 hours followed by an equal 
period in a circulating-air oven at 100 
degrees centigrade. 

The results in Table I were measured 


.at room temperature (20 degrees centi- 


grade), and at an elevated temperature 
approximating 100 degrees centigrade. 
In the current range from one milliampere 
to ten amperes the resistance measure- 
ments were made using alternating cur- 
rent at a frequency of 60 cycles per 
second, and below this current range they 
were at a frequency of 100 cycles per 
second, The test results show that the 
resistance of the solderless terminals is 
independent of the current over the range 
from ten microamperes to ten amperes. 
This applies to resistance measurements 
at both room temperature and at 100 
degrees centigrade. In this case the cor- 
rosion test was continued for a period of 
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108 days, which would normally be con- 
sidered an extreme in terms of standard 
accelerated corrosion tests. 


COMPARISON OF TINNED-COPPER 
SOLDERLESS TERMINALS AND WIRE 
WiTH COoRROSION-RESISTANT-TREATED 
SOLDERLESS TERMINALS 


The resistance measurements shown in 
Tables II and III give a comparison of 
resistance stability during corrosion of a 
tinned-copper terminal crimped to tinned- 
copper wire (Table II) with a corrosion- 
resistant-treated copper terminal and 
tinned-copper stranded wire (Table III). 
These resistance measurements were 
made using two solderless terminals 


Ri Yq a 


Figure 7. Diagram of measured resistances— 
terminal 


mounted back to back, as shown in 
Figure 6. The terminals are of a type 
with an insulation support. The ter- 
minals are number 22-16 with seven- 
strand number-18 insulated wire. The 
resistances in ohms given in Tables II 
and III are indicated by R, in Figure 7 
and include two crimped or solderless 
terminals plus five-eighths inch of wire 
plus a portion of each lug of each ter- 
minal. The corrosion cycle consisted of 


passing 15 amperes alternating current, 


Figure 8 (left). Extent of corrosion—28-day 
salt-spray test 


Figure 9 (right). Series connection of sold- 
erless terminals 
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Table |. Resistance of Solderless Connectors at Currents Indicated _ 
Duration of Microamperes Milliamperes Amperes 
Corrosion 
Test—Days 10 100 1 10 100 1 10 
Resistance Messurements at Room Temperature (20 Degrees Centigrade)—Ohm 
Ri Nek hie 5 0.00019... .0.00019...... 0.00019... 0.00019... .0.00018...... 0.00018. .. .0.00018 
. een 0.00019... .0.00019...... 0.00019... .0.00019....0.00019...... 0.00019... .0.00019 
Bene reeks 0.00019. ...0.00020...... 0.00020... .0.00020....0.00020...... 0.00020. . . .0.00020 
"ee Soe 0.00019... .0.00020...... 0.00020... .0.00020....0.00020...... 0.00020. . . .0.00021 
aS te cn 0.00019... .0.00020...... 0.00020. . ..0.00020. . ..0.00020...... 0.00021... .0.00021 
ge ea 0.00020... .0.00020...... 0.00020... .0.00020. . ..0.00020...... 0.00020... .0.00020 
kee eA 0.00020... .0.00021...... 0.00021... .0.00021....0.00021...... 0.00021... .0.00021 
: : P 0.00021...... 0.00021... .0.00021 
+ ee 0.00021 RAS 0021 oss 2 0.00021... .0.00021 
MO chavs 0.00021 . .. .0.00022...... Q. GO0032....-. 0. 2 0.00021 
76.30. oo 0.00022... .0.00024...... 0. 00022 0.0005 0.00022 
S52 Goan 0.00025... 0.00025 .00022..... 0.00022... .0.00022 
See ene 0.00025... .0.00025...... 0. ,00023...... 0.0005 0.00023 
OB Soave’ 0.00024... .0.00024...... 0. .00028...... 0.00023... .0.00023 
TOR OS on 0.00024... .0.00023...... 0. .00024...... 0.00024... 0.00024 
Resistance Measurements at Approximately 100 Degrees Centigrade—Ohm 
MOS Sein sus 0.00028... .0.00028...... 0.00028... .0.00028....0.00028...... 0. .00027 
ae Se ee 0.00028... .0.00028...... 0.00028... .0.00028....0.00028...... 0. .00027 
G2Ros SoS <6 0.00028... .0.00028...... 0.00028... .0.00028....0.00028...... Q. . 00026 
at eee 0.00028... .0.00028...... 0.00028... .0.00028. ...0.00028...... 0 .00028 
1 ee 0.00028... .0.00029...... 0.00028... .0.00028. ...0.00028...... 0 .00028 
Battin ces 0.00028... .0.00028...... 0.00029... 0.00028... .0.00028...... 0 .00028 
tb eee 0.00030. ...0.00030...... 0.00030... .0.00030....0.00029...... 0 .00029 
CSS oes 0.00030... .0.00030...... 0.00030... .0:00030....0.00029...... 0 .00029 
TORS Ae 0.00080. . ..0.00030..... 0.00020... 0.00020... .0.00082...... 0. 00031 


60 cycles per second, through the ter- 
minals for 45 minutes, followed by 7'/; 
hours in ten per cent salt spray, after 
which the salt spray was shut off, al- 
though the samples were allowed to re- 
main in the salt-spray chamber for the 
remainder of the 24 hours. Certain 
standard specification tests have used a 
similar corrosion cycle. It has been 
found for the high-current portion of the 
corrosion cycle that, if the tongue of the 
corroded terminals is adequately cleaned 
for contact purposes, no perceptible 
heating of the terminals will ensue. 
However, if contact with corroded ter- 
minals is made without cleaning of the 
contact points where current enters the 
terminals under test, excessive heating of 
the terminals will occur. These tempera- 
tures may be in the range of 100 to 200 
degrees centigrade or higher, depending 
upon the extent of the corrosion where 
contact is made. However, such heating 
is at the contact points where current is 
brought into the terminal assembly and 
is not due to the resistance of the solder- 
less terminal itself. For these particular 
tests groups of pairs of terminals, shown 
in Figure 6, were connected in series by 
bolted connections, as shown in Figures 8 
and 9. Figures 8 and 9 show the extreme 
corrosion products formed after a period 
of 28 days or 28 corrosion cycles. A con- 
siderable portion of the corrosion prod- 
ucts that are shown results from the 
plated iron machine screw and nut that 
were used to bolt the terminals together. 
The resistance measurements given in 
Tables IJ and III were made across each 
pair of terminals, as shown in Figure 6. 
The results indicate a practically constant 
electrical resistance for the corrosion-re- 
sistant terminals throughout the corrosion 
test, as compared to an approximate 
75 per cent increase for the regular tinned- 
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copper terminals. If allowance is made 
in the resistance measurements for the 
approximate resistance of the connecting 
wires between the two terminals, and of 
the resistance for a portion of the tongue 
of the terminals, the terminal resistance 
itself, as indicated by R in Figure 7, is of 
the order of 0.00008 ohm for the tinned- 
copper terminals, and 0.00005 ohm for the 
corrosion -resistant-treated terminals. 
Thus, the corrosion-resistant-treated ter- 
minal not only shows greater conductivity 
stability during the corrosion test, but 
also gives a decreased initial resistance 
per crimped or solderless terminal. The 
corrosion conditions existing in this 
particular test are undoubtedly very 
sévere, and probably are very much more 
severe than would be encountered in any 
practical application. 


CONDUCTIVITY STABILITY OF RELATIVELY 
LARGE SOLDERLESS TERMINALS 
UNDER CORROSION 


The foregoing measurements of the 
electrical resistance of solderless ter- 
minals during corrosion have been made 
on stranded wire sizes 14 and 18 with cor- 
responding terminals. Tests also have 


Table Il. 


Figure 10. Solderless terminals 


A—Before corrosion test 
B—After 28-day corrosion test 


been made on stranded wire sizes 4 and 
6 with corresponding terminals. These 
tests have been made on two terminals 
mounted back to back as shown in Figure 
10. Figure 10, part A, shows the terminal 
before the start of the corrosion test, and 
Figure 10, part B, shows the terminal 
after 28 days’ salt-spray corrosion. : 

Figure 11 shows the resistance of the 
terminals and wire as a function of cor- 
rosion time or cycles during the test and 
includes: 


Graphs 1 and 3, tinned-copper terminals 
with tinned-copper wire. 

Graphs 2 and 4, corrosion-resistant-treated 
copper terminals with tinned-copper wire. 


Graphs 1 and 2, number 6 terminals with 
stranded (181 strands) wire. 


Graphs 3 and 4, number 4+ terminals with 
stranded (132 strands) wire. 


The corrosion cycle consisted of eight 
hours of four per cent salt spray and 16 
hours of circulating-air oven at 100 de- 
grees centigrade. The resistances are 
measured in a manner corresponding to 
the diagram shown in Figure 7, and in- 


Resistance of Solderless Terminals—Tinned-Copper Terminal—Tinned-Copper 
Stranded Wire 


Duration of 


Corrosion 
Test—Days No.1 No. 2 
Rice LES See 0.00046 *.-2%5 852 0.00046......... 
FS PR eel, rae 0.00046 5.55. s05 0.00046)... 05 3.5 
SR Norc ns sinus eee 0.000458 55. O 000472 F er rcuee 
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DSS AME ARSE cnr cl 0: 0005722 cone 0.00052.)........ 
ai eaish so vere Shek 0.00055). sche s 0.000525 8.5% 556 
ae ee Nee 6 :00056. eens 0.00052......... 
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Figure 11. Electrical resistance—corrosion 


time of corrosion-resistant tinned terminals 


clude two terminals plus one-half-inch 
to five-eighths-inch wire, plus portions of 
the tongue of each terminal. The results 
show relatively good conductivity sta- 
bility for both sizes of wire and for both 
types of terminals, the best stability be- 
ing obtained with the corrosion-resistant- 
treated terminals. Furthermore, the 
resistance of the corrosion-resistant ter- 
minal is significantly less than for the 
tinned-copper terminal. Making appro- 
priate allowance for the resistance of the 
wire and tongue in the measurements 
given in Figure 11 gives a value for the 
initial barrel resistance (R in Figure 7) of 
the number-4 and number-6 tinned- 
copper terminals of approximately 
0.000014 and 0.000009 ohm, respectively, 
and of the number-4 and number-6 cor- 
rosion-resistant terminals 0.000011 and 
0.000007 ohm, respectively. 


RESISTANCE MEASUREMENTS ON 
INDIVIDUAL STRANDS OF A STRANDED 
WIRE WITH A SOLDERLESS TERMINAL 


Previous resistance tests on solderless 
terminals have been made from one ter- 
minal to another terminal. In this case, 
however, resistance measurements have 
been made from each strand of a stranded 
wire to the solderless terminal crimped 
to the group of stranded wires. The 
purpose of these tests is to determine the 
uniformity of the resistances from the 
different strands to the terminal. Meas- 


Table IV. Resistance of Solderless Terminals—Strand to Terminal 


Duration of Corrosion Test—Days 


Strand 
Number 0 13 27 34 44 50 57 
bE ae ree 0.0036..... 0.0087::...... 0.0038..... 0.0036..... 0.0039..... 0.0035...... 0.0035 ohm 
BP isht sameee 0.0040..... 0.0040..... 0.0040... 050045 5 eis 0.0041..... 0.0039..... 0.0038 ohm 
Borne eens 0.0038..... 0.0089,.... 0.0041..... 0.0041..... 0.0042, «ey 0:0039...... 0.0039 ohm 
GK aiata tay hires 0.0038..... 0.0038..... 0.0039..... 0.0040...:. 0.0040..... ONOO8 Tiaisterer 0.0035 ohm 
Bh sec ignth aes 0.0088..... 0.0038..... 0.0038..... OX0038 Terrie 0.0039... 000870502. '« 0.0036 ohm 
Gisnatesce ererees 0.0038..... 0.0039..... 0.0088..... 07.0087... 5.4 0.0041..... 0.0039......0.0037 ohm 
Tie rota: ee 0.0037..... 0.0038..... 0.0038..... 0.0087... ... 0.0039..... 0.0036...... 0.0035 ohm 
Oye fe cl uahteaanele 0.0041..... 0.0043..... 0.0044..... 0.0044..... 0.0045..... ONOG42 et ae 0.0041 ohm 
Drie hha tetas 0.0041..... 0.0044..... 07 0045.%)5,./2 0.0044..... 0.0046..... 0.0044...... 0.0042 ohm 
LO ee «eer eee 0,0088:..... 0,0041..... 0.0043.'...: 0.0043..... 0.0042,.... 0.0041...... 0.0039 ohm 
Daan at aire 0.0038..... 0/0042... 0.0043..... 0.0045..... 0.00438..... 0.0041...... 0.0039 ohm 
1 ORR OASIS 5 OV00FIRS . .. 0.0043,.... 0.0044..... 0.0044..... 0.0045..... 0.0043...... 0.0041 ohm 
1 ee Ieee Oc 0.00389..... O70041,0.5)0. 0.0042..... OF 0041 cence 0.0043..... 0.0040...... 0.0039 ohm 
FA re at ateraqntias oats 0.0089..... 0.0043..... 0.004355 02. 0.0042...... 0.0044..... 0.0041...... 0.0039 ohm 
TBs sis gtst eters 0.0040..... OFOC46.. ces. 0.0045..... 0.0045. 2... 0.0046..... 0.0044...... 0.0042 ohm 
1G Feather oe 0.0039..... 0.0043..... 0.0043..... 0.0043..... 0.0044..... 0.0041......0.0039 ohm 
YR ee Re 0.00389.-... 0.0043..... 0.0043..... 0.0044..... 0.0044..... 0.0042...... 0.0040 ohm 
DS cu orecaie ss ees 0.0038..... 0; 0042... ...: 0.0043..... 0.0048..... 0.0044..... OZ004 Drei. 0.0040 ohm 
EE Been Aran 0.0040..... 0.0043..... 0.0045..... 0.0045..... 0.0045.....0.0043...... 0.0041 ohm 


urements were made on an assembly, as 
shown in Figure 12, with the results being 
given in Table IV. A wire with 19 
strands was used in which strands 1-12 
inclusive were in the outer layer, 13-18 
inclusive were in the intermediate group, 
and 19 was the central strand. The 
results in Table IV give the resistance 
measurements made on each strand at 
different. lengths of time during a 57-day 
corrosion test. The corrosion test con- 
sisted of a cycle of 24 hours in four per 
cent salt spray followed by 24 hours in a 
100 degrees centigrade circulating-air 
oven. In measurements of this type it is 
not possible to obtain a high degree of 
uniformity among the individual meas- 
urements shown in Table IV in view of 
the high resistance of the individual 
strand and the variable length of the 
individual strands. However, the re- 
sults do indicate both a reasonable uni- 
formity of individual-strand resistance 
measurements and a satisfactory con- 
ductivity stability for the individual 
strands. 


EFFECT OF DIFFERENT Contact METALS 
Wits Copper 


Previous test results have been ob- 
tained using regular tinned-copper ter- 
minals crimped to tinned-copper wire. 
The results in Figure 13 gave a compari- 
son of the electrical resistance as a func- 


Table III. Resistance of Solderless Terminals Corrosion: Resistant Treated Copper Terminal— 
Tinned-Copper Stranded Wire 


Duration of Ohm 
Corrosion 

Test—Days No.1 No, 2 No. 3 No. 4 No. 5 No. 6 Average 
‘oh. Shounen eaEREN 0.00043 0.00042 0.00043 0.00042... .0.00043....0,00043....0.00043 
ERG ity 2's jest 0.00043 0.00043 0.00043 0.00042... .0.00043....0.00043....0.00043 
CAB Con Ra eR 0.00043 0.00043 0.00043 0.00042... .0.00042....0.00043....0.00043 
Scr yys ian cire = 0.00040 0.00040 0.00040 0.00038. ...0.00040....0.00040....0.00040 
RON eRe picick ove let 0.00041 0.00041 0.00043 0.00038. ...0.00041....0.00041....0.00041 
ler Is, Pe ask dais, setts 0.00041 0.00041 0.00042 0.00040... .0.00040....0.00042....0.00041 
MBE GRE ict stair 0.00042 0.00040 0.00042... .0.00038....0.00040....0.00041....0.00040 
TREND Ra RD 0.00041 0.00041 0.00040 0.00039... .0.00040....0.00041....0.00040 
Diener sale alts vrs 0.00041 0.00040 0.00041 0.00039... .0.00041....0.00040....0.00040 
ebiee cr ey ays winch « 0.00041 0.00041 0.00042 0.00039... .0.00040....0.00042....0.00041 
Betas fio syaly ay’ 0.00041 0.00041 0.00041 0.00036... .0.00038....0.00041....0.00040 
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_ wire. 


tion of corrosion time, using graph 1, 


copper terminal with tinned-copper 
stranded wire; graph 2, tinned-copper 
terminal and tinned-copper stranded 


wire; graph 3, corrosion-resistant-treated 
terminal and tinned-copper wire. These 
tests were made using number-22-16 
terminals with seven-strand number-18 
The measurements were made on 
two terminals mounted back to back, as 
shown in Figure 6, and include the re- 
sistance R, as indicated in Figure 7. The 
corrosion-test cycle consisted of four per 
cent salt spray for eight hours, followed 
by 16 hours in a circulating-air oven at 
100 degrees centigrade. The test was 
continued for a period of 28 days. The 
curves in Figure 13 show that the 
greatest increase in resistance was ob- 
tained with the copper terminal on 
tinned-copper wire (graph 1). This in- 
crease in resistance may be considered to 
be due to the oxidation of the copper and 
to the galvanic action resulting from the 
two different contact metals. The greater 
conductivity stability of the tinned- 
copper terminal to the tinned-copper 
wire (graph 2) as compared to graph 1, 
copper terminal to tinned-copper wire, 
is due both to the absence of any electro- 
motive force between the different con- 
tact metals and to the greater chemical 
stability of the tin. Graph 3 shows the 
improved conductivity stability of the 
corrosion-resistant-treated copper termi- 
nal and tinned-copper wire. This is due 
to the fact that both corrosion and con- 
tact electromotive forces due to different 
metals have been effectively eliminated 
in this terminal. It is also of interest in 
studying Figure 13 to note that the ter- 
minals with the greater conductivity 
stability with corrosion time have the 
lower initial resistance. Since these 
differences in the initial resistances are 
due to differences in the barrel resistances, 
R of Figure 7, and since the initial resist- 
ances include some wire resistance, the 
differences between the barrel resistances 
are proportionally much greater than 
those indicated. 
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Tue Errect oF DIFFERENT CONTACT 
Merats WitH ALUMINUM 


The curves in Figure 14 give the rela- 
tive conductivity stability of different 
types of terminal metals with stranded 
aluminum wire. Graph 1 shows the re- 
sults with a tinned-copper terminal with 
aluminum wire; graph 2 shows an alu- 
minum terminal with aluminum wire; 
graph 3 shows a specially treated ter- 
minal and aluminum wire. These tests 
were made using number-22-16 terminals 
with seven-strand number-18 wire. The 
terminals were mounted back to back 
as shown in Figure 6. The resistance in 
ohms in Figure 14 is shown by R; in Figure 
7 and includes portions of each lug plus 
two crimps, plus five-eighths inch of wire. 
The corrosion cycle consisted of eight 
hours of four per cent salt spray and 16 
hours of circulating-air oven at 100 de- 
grees centigrade. The greatest increase 
in resistance is obtained with the tinned- 
copper terminal to the aluminum wire, 
since in this case the increase in resist- 
ance is due both to galvanic action be- 
cause of different contact materials and 
to the oxidation of the aluminum. The 
aluminum terminal to the aluminum wire 
shows an initial rapid increase in resist- 
ance, because of the rapid formation of 
relatively high-resistance aluminum ox- 
ide. However, the rate of aluminum- 
oxide formation decreases as a protective 
coating is formed on the wire, thus giving 
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Figure 13. Electrical resistance—corrosion 
time of different contact metals—tinned copper 
wire 
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Figure 12. As- 
sembly — electrical 
measurements strand 
to solderless terminal 


Figure 14 (below). 
Electrical resistance 
-corrosion time of 
different contact met- 
als—aluminum wire 


° 4 8 12 16 20 24 28 
DAYS— CORROSION TEST 


somewhat greater resistance stability 
after eight days of the corrosion test. 
The greatest resistance stability is ob- 
tained with the treated terminal and 
aluminum wire, since in this case galvanic 
action is eliminated, and the chemical 
corrosion stability has been increased. 


THE EFFECT OF TEMPERATURE DURING 
THE CORROSION CYCLE 


The curves in Figure 15 give the rela- 
tive conductivity stability of different 
types of terminals when subjected to a 
corrosion cycle consisting of salt spray 
alternating with circulating-air oven 
at various temperatures. The graphs 
marked A are the results obtained using 
tinned-copper terminals with tinned- 
copper wire; the graphs marked B are 
corrosion-resistant-treated terminals with 
tinned-copper wire. The temperatures 
used with the tinned-copper terminals 
and wire are 25, 66, 100, 133, 166, and 
200 degrees centigrade. The tempera- 
tures used with the corrosion-resistant- 
treated terminals were 100, 133, and 166 
degrees centigrade. These results were 
obtained with number-22-16 terminals 
and seven-strand number-18 wire with 
the terminals mounted back to back as 
shown in Figure 6. The resistance in 
ohms in Figure 15 is indicated by R; 
in Figure 7 and includes portions of each 
lug plus two crimps plus five-eighths inch 
of wire. The corrosion cycle consisted 
of eight hours of four per cent salt spray 
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Figure 15. Electrical resistance—corrosion< 
time effect of different temperatures 


followed by 16 hours in a circulating-air 
oven at the temperatures indicated. The 
results of electrical-resistance measure- 
ments as a function of corrosion time show 
very good stability at all temperatures ” 
for the corrosion-resistant-treated ter- 
minals, For the tinned-copper terminals, 
the conductivity stability is satisfactory 
for all temperatures, except the highest 
ones. The effects of the high tempera- 
ture are both an increase in the corrosion 
rate, and the formation of oxides having 
relatively high specific resistance, 


Conclusions 


1. Solderless terminals may be designed to 
be both chemically and electrically stable 
under corrosion conditions of salt spray and 


heat. It is believed that these corrosion 
conditions represent reasonably severe 
operating conditions. 


2. The contact metals should have maxi- 
mum chemical corrosion stability and a 
minimum electropotential between them 
for improved performance. 


3. The tensile strength of the stranded wire 
to the crimped joint of the solderless ter- 
minal may be made approximately equal ta 
that of the stranded wire when terminated 
in a solderless terminal, 


4, The electrical resistance of the solderless 
terminal is independent of the magnitude 
of the current. Tests made on number-18 
American Wire Gauge  tinned-copper 
stranded wire with corresponding solderless 
terminal gave electrical resistance inde- 
pendent of the current over the range from 
ten microamperes to ten amperes at both 
room temperature and 100 degrees centi- 
grade. 


5. The electrical resistance of the solderless 
terminal is less than that for an equal length 
of the,corresponding stranded wire. This 
should insure satisfactory operating per- 
formance with respect to temperature rise 
under load, 
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Electrical Control in Automatic Pilots 


C. M. YOUNG 
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Synopsis: Engineers generally have been 
encouraged to attack new seemingly difficult 
and complicated problems by adapting the 
general principles utilized in their peacetime 
work 'to specific situations arising from the 
changed methods of modern warfare. This 
is well exemplified in the solution of air- 
craft-automatic-control problems. 

A summary of automatic-pilot principles 
and a description of some of the unique 
and less understood features of a speci- 
fic modern design are discussed in this 
paper. It is of especial interest at the pres- 
ent time, because many manual operations 
of flight and engine control are being studied 
with a view to making them automatic, 
and, because as this trend becomes more 
pronounced, the interconnection of these 
automatic features will make the problems 
of each interrelated. 


HE automatic pilot is, as its name 

“implies, a mechanism capable of auto- 
matically piloting an aircraft and main- 
taining it on a course, despite disturb- 
ances in the surrounding air.1 Such 
terms as ‘“‘relief pilots,” ‘‘maneuvering 
pilots,” “‘hard or soft pilots,’ are used 
to classify apparatus which accomplishes 
this result. Relief pilots are intended to 
relieve the strain on the human pilot 
mainly during straight level flight and 
are more simple than the maneuvering 
type of pilot. Hard pilots are designed 
to hold a given course or attitude rigidly 
without consideration for the comfort of 
the passengers and crew. The soft pilot, 
on the other hand, holds the general 
course and attitude but without uncom- 
fortably jarring the personnel. Some de- 
signs of automatic pilots incorporate all 
the features of relief, maneuvering, and 
hard or soft control. 

It is highly desirable to have the auto- 
matic pilot under the control of the hu- 
man pilot at all times, so that it serves 
as his assistant to relieve him of the routine 
operations of flying. He is thus able to 
devote more attention to other problems, 
such as engine control and aerial naviga- 
tion. The advantage of relieving the 
human pilot in this manner has been em- 
phasized in the larger airplanes where in- 
creased personnel have been required de- 
spite the additional operations already 
made automatic. As more of the duties 
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are performed by an ‘‘automatic crew’ 
under human guidance, the human crew 
will perform its work more proficiently 
and with less fatigue. 

There are a number of requirements 
which an automatic pilot must meet in 
order to be considered satisfactory. 
Primarily it must hold any set course and 
attitude, within the limits of the air- 
craft performance, for periods suitable to 
the navigational problems involved. In 
accomplishing this it must be stable. 
It must neither cause the control sur- 
faces to flutter nor create hunting of the 
aircraft of a magnitude that would be 
noticeable to a passenger. Ease of opera- 
tion, both in turning the pilot ‘‘off” and 
“on” and in changing course or attitude, 
is an important factor to the human 
pilot. Ease of overhaul and repair is 


A gyroscope tends to maintain a 
fixed direction in space 


Figure 1. 


equally important to the maintenance 
crew. As is the case with all equipment 
for aircraft, light weight and small size 
are essential, especially in parts mounted 
on the instrument panel. The automatic 
pilot should “‘fail safe,” that is, failure of 
any of its components should not result 
in violent motion of the airplane. In 
addition, the automatic pilot must be 
disconnected easily and overpowered 
readily. 

The fundamental operation of an auto- 
matic pilot is relatively simple. Basi- 
cally its operation is analogous to that of 
a human pilot. When an error in the 
course or attitude of the plane is detected, 
both the human pilot and automatic pilot 
move the control surfaces in such a way 
as to reduce this error and, so that the 
resulting motion of the aircraft is stable; 
that is, correction of course and attitude 
errors is accomplished smoothly and with- 
out overshooting. 

Detection of an error in course or at- 
titude requires a reference. Gyroscopes 
are used almost universally as references 
for automatic pilots, since they tend to 
maintain a fixed direction in space, as 
shown in Figure 1. They also may be 
used as references by the human pilot 
when the ground is not visible. Course 
and attitude errors may be determined 
by measuring displacement of the air- 
plane with respect to these gyroscopic 
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references. The measuring devices which 
are known as error detectors or pickoff 
units correspond to the senses of a hu- 
man pilot. The signal from the pickoff 
unit is modified in the proper manner to 
achieve stability, amplified, and then 
transmitted to the control surfaces by 
means of a servomotor. As shown in 
the appendix, stable operation of the air- 
craft requires that the motion of the 
control surface should be responsive to 
the velocity, and in most cases the ac- 
celeration of the airplane in addition to 
being responsive to the error signal, that 
is, anticipation of the airplane’s future 
position, is required if stability is to be 
achieved,?.3 


Automatic-Pilot-System 
Components 


In conventional automatic-pilot prac- 
tice the reference units are usually a di- 
rectional gyroscope, as shown in Figure 
2, with its spin axis horizontal for course 
reference and a horizon gyroscope, as 
shown in Figure 3, with its spin axis ver- 
tical for the pitch and bank references. 
The directional gyroscope is subject to 
random drift due to friction present in 
the unit as well as drift caused by the ro- 
tation of the earth. Consequently it is 
compared normally at periodic intervals 
with a magnetic compass and reset if 
necessary. It is possible, however, to 
couple the directional gyroscope to a 
magnetic compass so that it is reset con- 
tinuously and automatically. A mag- 
netic compass is not normally used for a 
course reference since it is seriously af- 
fected by pitching and rolling of the .air- 
craft. However, if a gyroscope with a 


Cutaway view of a directional 
gyroscopic control instrument 


Figure 2. 


vertical spin axis is used to maintain the 
compass in a horizontal plane, it may be 
used directly as a course reference. 

The horizon gyroscope is subject to 
drift of the same type as that in the di- 
rectional gyroscope. In this case, how- 
ever, a pendulous erection system, the 
average direction of which is the true 
vertical, is used to correct the instrument, 
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The speed of this correction must be 
sufficiently high to correct for the earth’s 
rotation with a negligible error, but, be- 
cause of the centrifugal effects on the 
pendulum during turns, there is an upper 
limit to the speed at which correction 
may be applied. 

Gyroscopes may be of the air-driven or 
electrically driven type. The electrically 
driven units provide better performance 
at high altitudes, better starting charac- 
teristics at low temperatures, and a re- 
duction of the dirt hazard in the instru- 
ment. The recent developments of elec- 
tric gyroscope motors4 of instrument size 
has made it practical to mount electrical 
gyroscopes on the instrument panel, 
thus utilizing them as flight instruments 


ELEVATOR SENSITIVITY 
POTENTIOMETER 


ELEVATOR SYNCHRONIZING 
INDICATOR 


SWITCHES ELEVATOR GYROSCOPE 

PICKOFF 

Figure 3. Cutaway view of a bank-and-climb 
gyroscopic control instrument 


as well as the references for the automatic 
pilot. In these small gyroscopes a-c 
motors of the squirrel-cage or hysteresis 
type are preferred to d-c motors because 
of the elimination of brush-wear and 
radio-interference problems, as well as 
the ease of attaining higher speeds. The 
400-cycle a-c power system which is 
rapidly being adopted as standard air- 
craft power makes it possible to obtain 
high gyroscopic speeds and a resulting 
high angular momentum of the gyro- 
scope with conventional four- or two- 
pole motors of the a-c type. 

The motion of the airplane with respect 
to these references is normally measured 
with a pickoff unit which provides a con- 
trol signal proportional to this motion. 
The older mechanical or air-valve pickoffs 
in many cases are being replaced by elec- 
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Figure 4. Output voltage characteristic of 
electrical pickoff and follow-up units of the 
induction (Selsyn) type 
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trical units which may be classified as the 
direct-contact or potentiometer type, the 
variable-inductance or E type, and the 
induction-regulator or Selsyn type. In 
general, these units are oriented so as to 
produce an a-c signal, the polarity and 
magnitude of which correspond to the 
direction and amount of deviation of the 
airplane. Typical output voltage char- 
acteristics of the induction type are 
shown in Figure 4. 

Some of the stabilizing or antihunt 
signal sources which have been used are 
as follows: 


(a). Restrained or rate gyroscopes, if 
properly oriented, will provide a displace- 
ment having a magnitude proportional to 
the angular velocity of the aircraft about the 
axis being stabilized. 


(b). A signal proportional to the position 
of the control surface or the force on it will 
contain both acceleration and velocity com- 
ponents of the motion of the aircraft and 
may be used for stabilization. ~ 


(c). Accelerometers may be used to obtain 
acceleration components of the aircraft 
motion. 


(d). Various aerodynamic measurements, 
such as wing-tip velocities, rate of climb, 
angle of attack, and lift on the wings have 
been used for stabilizing purposes. 


(e). The error signal may be operated on 
directly to obtain derivative components. 
If this signal is electrical it is possible to 
perform this operation by means of con- 
ventional capacitor—resistance networks. 


4187-5 


SENSITIVITY SYNCHRONIZING 
CONTROLS INDICATORS 
ELEVATOR 
Raa AILERON Seis TRIM 
MO | _. ii G- mG! Om 


lo © AQ hy Ae 


PUSH TO CAGE CONTROL 
DIRECTIONAL GYROSCOPE SWITCH INDICATOR 


AUTOMATIC ROTATE CLOCK- 
SYNCHRONIZING WISE TO CAGE 
INSTRUMENTS — BANK-AND-CLIMB 
GYRO 


LOAD 


Figure 5. The control knobs combined on the 
instrument panel of a relief pilot 


The problem of automatic stabilization 
of an aircraft is complicated somewhat by 
the fact that the system’ parameters, in 
particular the inertia, damping constants, 
and the response of the aircraft to control 
surface motion vary with loading, alti- 
tude, air speed, and so forth. Although 
it is true that there is considerable inter- 
action between the various axes of an air- 
craft, particularly the roll and yaw, it 
has been found that satisfactory relief 
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pilots can be built without taking et) 
count of this interaction. 

The power units or servomotors tbe 
operating the control cables may be classi- 
fied according to their power source 

Past experience with the pneumatic pis- 
ton type of servomotor has demonstrated 
that they are operable, but that it is more 
difficult to stabilize the aircraft because 
of the compressibility effects in the servo- 
motor. 

The hydraulic piston servomotor elin- 
nates these compressibility effects and 
provides an easily controlled source of 
power; low-pressure units similar to those 
shown in Figure 10 are in common use 
today. These units generally are pro- 
vided with a by-pass valve for hydraulic 
disengagement during manual flight. 
In order to permit the human pilot to 
take over control incase of an emergency, 
relief or overpower valves are placed 
across the piston. 

Electric servomotors are usually high 
speed, of either the a-c or dc type, 
driving through a gear reduction to an 
output pulley. The use of this type of 
servomotor has been limited somewhat 
by the relatively high inertia to torque 
ratio which introduces a time delay, the 
weight of the control equipment required 
to obtain variable speed operation, and 
the complexity of the mechanical disen- 
gagement necessary for manual flight. 
Motors have been designed specially to 
reduce the inertia to torque ‘ratio; in 
other instances the motor has been allowed 
to run continuously, and the load has 
been controlled by clutching. Saturable 
reactors also have been used to control 
the speed of low-power a-c servomotors. 
Disengagement is usually accomplished 
by means of solenoid-operated clutches. 
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Figure 6. Simplified diagram of one control 
channel of a relief pilot 
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The type of amplifier units will de- 
pend upon the type of pickoff and servo- 
motor used. For a system using an air- 
valve pickoff and a pneumatic or hy- 
draulic power servomotor, the fluid flow 
to the cylinder is controlled by a balanced 
valve which is actuated by a vacuum- 
operated diaphragm. The differential 
vacuum on this diaphragm is controlled 
by the air-valve pickoffs in the gyroscope. 
At high altitude, because of the reduction 
of atmospheric pressure, the force avail- 
able on the valve is reduced, resulting in 
teduced velocity of the servomotor. 

With an electrical pickoff an electronic 
amplifier is usually used, first, to dis- 
criminate the polarity of the incoming 
signal, and second, to amplify it to a 
higher-power level. When this amplifier 
is used to control an electric servomotor, 
additional control means, such as satu- 
rable reactors or  solenoid-operated 
clutches, are used. Hydraulic servo- 
motor units are controlled conveniently 


Figure 7. Servomotor amplifier with cover re- 
moved 


by means of a solenoid-operated balanced 
oil valve. 

Adjustment of the course and attitude 
of the airplane during automatic-pilot 
flight, as well as alignment of the auto- 
matic pilot with the airplane before en- 
gagement, requires controls readily ac- 
cessible to the pilot. A change in course 


or attitude of the airplane is usually ac- 


complished by introducing a trim signal 
into the control circuit, thereby requir- 
ing that the airplane change its attitude 
to restore equilibrium. This trim signal 
may be introduced mechanically by dis- 
placing the rotor of the pickoff with re- 
spect to the stator, by electrically dis- 
placing the stator signal by means of a 
selsyn system, or electrically by intro- 
ducing a bias voltage. It is also desirable 
to have control of the damping action of 
the pilot as well as the control switches 
readily available. In the maneuvering 
type of pilot the turn and bank controls 
are combined, so that motion of one con- 
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trol will introduce a rate of turn with the 
correct amount of bank. 


A Typical Autopilot With 
Electrical Control 


The automatic pilot described in detail 
in this paper exemplifies the basic fea- 
tures of automatic pilots and also illus- 
trates the trend toward electrification of 
many of its parts. It is a modern design 
developed specifically as a relief auto- 
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curves 


matic pilot and intended mainly for 
straight level flight, although capable of 
performing simple maneuvers. It incor- 
porates recent developments in small 
electric gyroscopic flight instruments and 
has fulfilled the need for an automatic 
pilot having the advantages of electro- 
hydraulic operation. Its panel mount- 
ing dimensions are interchangeable with 
those of older designs. A simplified dia- 
gram of one channel of the system is 
shown in Figure 6. 

The gyroscope references contain small 
hysteresis-type motors running at a 
synchronous speed of 12,000 rpm from 
a 115-volt 400-cycle 3-phase supply. The 
rotor weight running outside the stator 
provides exceptionally high gyroscopic 
stabilizing torques. Figure 2 shows this 


A cutaway view of a solenoid- 
operated transfer valve 


Figure 9. 


motor mounted in gimbals and geared to 
a vertical dial for use as a directional 
flight indicator. 

The pickoff units are of the induction 
type having rotors excited directly from a 
single phase of the 400-cycle supply and 
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stators wound single phase from which 
the signals are taken. The rotor of the 
directional pickoff is mounted on the 
gyroscopic vertical axis, and the stator of 
this unit is mounted on the frame. Con- 
sequently, there is no mechanical friction 
imposed on the gyroscope by the pickoff 
unit, since the rotor excitation is already 
available on the gimbal for motor power. 
The stator of the pickoff unit is mounted 
in a ring gear and driven by the knob on 
the front panel so as to provide a simple 
means for changing course while in auto- 
matic flight. 

Figure 3 shows the arrangement of a 
similar motor used for the bank and climb 
control. The spin axis is nearly vertical, 
and a unique electrical erecting device 
properly damped? and actuated by gravity 
holds it in this position. During turns 
the centrifugal force acting on the erect- 
ing device may cause a slight drift from 
its correct* position. However, a back- 
ward tilt of the gyroscopic spin axis has 
been introduced to compensate correctly 
for this effect at a rate of turn of approxi- 
mately 180 degrees per minute. At other 
rates of turn the compensation is only 
approximate. 

The aileron pickoff unit is mounted 


Figure 10. A hydraulic servomotor with an 
electrical follow-up unit coupled to it 


with its primary winding on the main 
gimbal and its secondary winding on the 
frame. The elevator pickoff is mounted 
with its primary winding on the horizon 
bar linkage, so that it moves with the 
motor and has its secondary winding on 
the main gimbal. Typical output volt- 
ages from the pickoffs for various angles 
of deviation are shown in Figure 4. 

The secondary windings of the aileron 
and elevator pickoffs are not rotated 
easily from outside the gyroscope, so that 
potentiometer trim controls are added 
with knobs, as shown in Figure 5, and 
with connections, as shown in Figure 6. 

The compactness and light weight of 
this pilot result in part from mounting 
all the controls, with the exception of the 
“on-off” oil valve, directly on the face of 
the gyroscope. Separate sensitivity con- 
trol knobs are provided for rudder-, 
aileron-, and elevator-damping adjust- 
ment. Their electrical connections are | 
shown in Figure 6, and the arrangement 
of the controls is shown in Figure 5. 
Small synchronizing instruments are pro- 
vided in the gyroscopic cases to indicate — 
when the trim knobs are correctly set to 
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hold the course and attitude that the 
plane is flying. These instruments read 
zero when the currents through the trans- 
fer-valve solenoids are balanced. 

The electric control switch for the 
automatic pilot is mounted in the lower 
left-hand corner of the bank and climb 
gyroscope. It has positions for: 


(a). The use of the gyroscopes only as 
flight instruments. 

(6). The use of the synchronizing indicators 
for ‘‘trimming’’ the automatic pilot before 
engagement. 

(c). The use of all the components in 
automatic flight. 


In addition to these control knobs, the 
normal caging and dial adjusting knobs 
of flight indicating instruments are pro- 
vided. 

The control signals for the rudder, 
aileron, and elevator functions are fed 
into three separate amplifier channels in 
the servomotor amplifier shown in Figure 
7. The purpose of the amplifier is to con- 
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A cutaway view of an electrical 
follow-up unit 


Figure 11. 


vert the low-level a-c signal input to d-c 
output of sufficient power to operate the 
solenoids of the hydraulic transfer valve. 
Essentially, each channel consists of a 
balanced two-stage amplifier connected 
so that the first stage is responsive to the 
polarity and magnitude of the incoming 
signal, and the second stage is the power 
amplifier. With no input signal the out- 
put currents of each half of the channel 
are balanced. With an applied signal the 
current in one half of the channel will rise, 
and that in the other half will fall in an 
amount proportional to the signal voltage; 
if the signal polarity is reversed the effect 
on the output current is reversed. The 
form of the output current versus input 
signal curve is shown in Figure 8. 

‘The transfer valve shown in Figure 9 
is actuated by the output of the servo- 
motor amplifier, and consists of three 
hydraulically balanced oil valves, each 
valve being positioned by proportional 
solenoids located at each end. These 
solenoids have armatures suspended in 
radial air gaps without bearings and are 
spring biased outwardly in the axial direc- 
tion from their magnetic centers. Differ- 
ential excitation of the solenoids produces 
. an axial motion of the armatures which 
operates the valve. These units have 
been designed so that the rate of oil flow 
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from the valve is approximately propor- 
tional to the differential current through 
the solenoids. This characteristic, to- 
gether with the linear electronic amplifier 
characteristic, results in a servomotor 
velocity approximately, proportional to 
the input signal up to the saturation limit 
of the amplifier. The arrangement of 
solenoids at both ends of each valve in- 
sures that the valve will fail safe, that is, 
return to neutral if the electric signal is 
removed. Conventional hydraulic ser- 
vomotor units, of a size dictated by the 
airplane requirements, are used with this 
equipment. 

The stabilizing signal used in this auto- 
matic pilot is a voltage proportional to 
control surface position. It is generated 
by follow-up units of the induction type 
similar to the pickoff units. The rotor, 
which is excited from the same phase of 
the 400-cycle supply as the corresponding 
pickoff, is coupled to the servomotor 
as shown in Figure 10. The signal from 
the stator of this unit is connected in 
series with the pickoff signal before it 
enters the amplifier. The sinusoidal volt- 
age output characteristic of this unit, as 
shown in Figure 4, is modified by the non- 
linear crank-arm coupling, so as to pro- 
duce an output voltage essentially pro- 
portional to the servomotor piston dis- 
placement. A cutaway view of this 
electrical follow-up unit is shown in 
Figure 11. 

Thus the control-signal voltage entering 
each amplifier channel is the resultant of 
three components: the trim control volt- 
age for manually setting the attitude of 
the plane, the pickoff voltage indicating 
the deviation of the airplane from the 
set attitude, and follow-up voltage in- 
dicating the deflection of the control sur- 
face from its neutral position. The re- 
sultant input signal determines the 
amount and direction of unbalance in the 
output currents and, consequently, 
the amount and direction of oil flow from 
the transfer valve. 

The typical sequence of operation of 
the system may be described in the follow- 
ing manner. Assume that the airplane 
has been flying in a straight course under 
the control of the automatic pilot so that 
the pickoff, follow-up, and trim voltages 
are zero. Under these conditions the 
amplifier output currents will be balanced, 
the transfer valve will be in the neutral 
position, and the servomotor will be sta- 
tionary. Now if it is suddenly displaced 
from its course by an outside force, a sig- 
nal immediately appears on the gyroscope 
pickoff thereby disturbing the resultant 
zero-voltage balance of the amplifier in- 
put signal. The resulting plate current 
unbalance in the power tubes of the am- 
plifier causes the proportional oil valve 
to move from its neutral position thereby 
permitting oil flow to the servomotor. 
The servomotor then moves the control 
surface in the proper direction to return 
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the airplane to its original course. As. 
soon as the control surface moves, a volt- 
age proportional to the amount of this. 
movement is induced in the stator of the 
follow-up unit. This voltage opposes the 
voltage induced in the gyroscope pickoft 
and so reduces the current unbalance- 
from the power amplifier as well as the 
displacement of the proportional valve. 
Consequently, motion of the control sur- 
faces continues until these voltages are 
equal and opposite. At the same tinie, 
however, the displacement of the control! 
surface causes the airplane to return 
gradually to its original course, thereby 
gradually reducing the pickoff voltage 
to zero. This reversal of input signal 
polarity reverses the oil flow to the 
servomotor, and so the control surface 
gradually returns to its neutral position. 
System equilibrium is again established 
when the control surface is in the neutral 
position with zero follow-up voltage and 
when the airplane is set at the correct 
attitude with zero gyroscope pickoff volt- 
age. 

If the electrical trim control in the case 
of the elevator or aileron control is moved 
from its neutral position thereby unbal- 
ancing the zero signal input voltage, the 
new equilibrium point will be reached 
when the airplane attitude has shifted, so 
that the gyroscope pickoff voltage is equal 
and opposite to those introduced by the 
trim control setting and the new follow-up 
and control surface position required to 
maintain this attitude. 

If the sensitivity control is adjusted so 
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Figure 12. Servomotor system 


that the follow-up excitation is decreased, 
the follow-up signal gradient is reduced, 
and the control surface must move a 
greater distance to balance out the pick- 
off signal. This results in a “‘stiffer”’ pilot 
control. 

Samples of this automatic pilot have 
been used in tests to stabilize airplanes at 
various altitudes and flying speeds with 
the indication that the sensitivity control 
knobs can be set on the ground to a satis- 
factory position for most, normal flying 
conditions. The stabilization of the air- 
plane as well as the direction held were 
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found to be well within the desirable 
limits for this type of automatic pilot. 


Conclusions 


Automatic pilots are one step toward 
achieving complete automatic controls 
for aircraft. This step as a separate 
problem has been solved satisfactorily in a 
number of ways that are in general use. 
One of the major advances in the art has 
been brought about by the electrification 
of several components for the automatic 
pilot, including the gyroscope motors, the 
error signal pickoff, the follow-up units, 
and the amplifying units including the 
transfer valve. These have resulted in 
better starting characteristics, in more 
satisfactory operation at high altitude, 
and in the elimination of mechanical 
linkages to the instrument panel. The 
electrical pickoff and follow-up signals 
have made possible electrical trim con- 
trols for adjusting the stability of the air- 
craft. The use of small potentiometers, 
together with the recently developed 
electric gyroscopes of instrument size, 
allow all of the controls with the excep- 
tion of the ‘‘on-off’”’ oil valve to be 
mounted on the instrument panel directly 
in front of the human pilot. The auto- 
matic pilot described in detail character- 
izes all the aforementioned features. 
Flight-test results have proved the 
superiority of this design as a relief type 
of automatic pilot. 


Appendix. Theory of Automatic- 
Pilot Operation 


The mathematical study of automatically 
controlled flight is sufficiently complex to 
warrant an entire paper. Consequently, 
only a descriptive analysis will be presented 
to provide a better understanding of the 
functions of the various components. 

Assume that there is no mutual effect 
among the three controlled axes, and that 
the problem of stability is concerned only 
with small angular deviations. One control 
axis of the pilot then may be represented 
schematically by the servomotor system 
shown in Figure 12, 

The component parts may be any of the 

' types mentioned in the paper. When an 
electrical pickoff is used its time constant is 
practically zero, and its output can be rep- 
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resented by £ where & is proportional to the 
error angle. 

The stabilizing signal source usually has 
a small time constant, and its output ‘can be 
represented by a. 

The input to the amplifier is £—a, and if 
wis the amplification the output is u(é—a). 
Although the time constants of amplifiers 
are greater than those of the signal devices, 
they are negligible compared with those of 
the airplane in the case of electronic ampli- 
fiers followed by solenoid-operated transfer 
valves. 


eo = w(E— a) ; (1) 


This output signal is connected to the 
servomotor to cause it to move at a rate 
proportional to the signal. A time constant 
will appear in the servomotor response, but 
again this is usually negligible so that if 6 
is the servomotor and control surface posi- 
tion tending to correct &, 


po = Kip (E— a) (2) 


where K, is the servomotor constant. 

The displacement of the control surface, 0, 
from its neutral point produces an approxi- 
mately proportional torque about the center 
of gravity of the airplane, so that the air- 
plane accelerates in a direction to decrease £. 
The resulting angular velocity, however, 
gives rise to damping and static stability 
torques which limit the maximum velocity 
This is the major time constant in the system 
and consequently cannot be neglected. The 
response of the airplane to control surface 
motion then may be expressed as: 


Kx = —Kst—Kppt—Ipé (3) 
where: 


K,=static stability constant 
Kz=control surface constant 

Kp=damping constant 
J =angular inertia of plane 


If equations 2 and 3 are solved simul- 
taneously, there is obtained: 


Ki k Kyi K: 
[ Xe pet pt ae 


(4) 


With the airplane constants normally en- 
countered in control work and the system 
gain, K,K2y, required for reasonable ac- 
curacy of flight, a stable solution of equation 
4 requires that the last term be present in 
the correct amount. Generally, this term 


will be of the form: 
Kik |K x 
Sep Kighean or me (5) 
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so that equation 4 becomes: 


K, , AK Kop Ki Kop 
(44 T \e+ T f= (6) 


By a proper choice of the constants B 
and A the solution of this expression will be 
damped properly so as to provide stable 
operation of the airplane. The constants 
Band A determine, respectively, the magni- 
tudes of the acceleration and velocity com- 
ponents of airplane motion, p?£ and pé, 
which are used for stabilization. Various 
means have been used to obtain these com- 
ponents, but perhaps the most convenient 
and widely used method is to feed back into 
the amplifier a signal proportional to the 
position of the control surface. In this case: 


a=K6 (7) 


where K; is the feed-back constant. 
If equations 7 and 3 are solved simul- 
taneously, there is obtained: 


WAR KiKpy i Kall 3 
Sah aL a (8) 


If equation 8 is substituted in equation 4, 
the equation of motion is: 


K. 
Ee PKK oe4( ; +e), 


Ki K3K Bik 
ae pacar a |, 0 (9) 


Proper stability adjustment is now ob- 
tained by adjusting K3. If the control-sur- 
face position is obtained as an electrical 
signal, K; then may be varied easily so as 
to obtain the desired stiffness of control and 
flight characteristics for various types of 
airplanes. 
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Peak Voltages With D-C Arc 


Interruption for Aircraft 
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URING the interruption of direct 

currents in circuits having induct- 
ance, the presence of high-voltage peaks 
or “inductive kicks’ is quite commonly 
recognized in a qualitative sense. There 
is however little quantitative data on 
this subject, particularly at the voltages, 
loads, and altitudes encountered on 
modern aircraft. 

Data on inductive voltages usually are 
obtained by taking cathode-ray oscillo- 
grams or by observing a cathode-ray os- 
cilloscope. The former method is accu- 
rate but relatively slow and tedious; the 
latter, with the tubes available up to this 
time, has been somewhat questionable 
because of the difficulty of clearly deter- 
mining by eye a single fast transient. 
In this investigation use has been made 
of a cathode-ray tube with a retentive 
screen—sbd retentive that the trace of a 
single half-cycle sweep of a 60-cycle wave 
takes several seconds to disappear. 
Using this tube it has been possible to 
take a large amount of data in a short 
time, so that, instead of relying on a few 
oscillograms, ten readings could be taken 
at each point and an average and range 
established for the voltage disturbances 
set up. 


Scope of This Paper 


It is the purpose of this paper to pre- 
sent experimental data on the magnitude 
and variations of voltage peaks set up 
by d-c are interruptions of inductive 
circuits. These voltages were measured 
on d-e systems of 30, 60, 125, and 250 
volts with currents ranging from 0.1 to 
220 amperes and simulated altitudes 
from sea level to 50,000 feet. The loads 
used included typical aircraft devices 
such as motor fields and contactor coils. 

The effect of the induced-voltage peaks 
on insulation puncture or flashover was 
not investigated. This phase of the sub- 
ject requires a separate investigation. 

Because of limits in time, no attempt 
is made to explain theoretically the re- 
sults obtained. Rather, emphasis is on 
the presentation of data taken to date. 


Paper 44-200, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
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An investigation was made, at the same 
time, of the interrupting ability and the 
are time of some of the devices used in 
these tests, and the results are presented 
in an accompanying paper by Quill and 
Rader.! 


Summary 


The data presented may be summar- 
ized as follows: 


1. When a Switchette (the trade name for 
a small double-break switch with 0.020-inch 
gaps and opening time of one to two milli- 
seconds) was used on 250 volts and 0.4 
ampere at sea level, voltage peaks as high 
as 28 times line voltage or 7,000 volts were 
observed. 


2. A maximum peak of 130 times line volt- 
age or 3,900 volts was observed while operat- 
ing the Switchette double-break on 30 volts 
and 0.4 ampere at sea level. 


3. When the Switchette was used the volt- 
age peaks were found to decrease with alti- 
tude for all voltages tested. A maximum of 
seven to one in ratio of voltage at sea level 
to voltage at 50,000 feet was observed. 


4. Using a double-break contactor which 
has a °/,-inch gap per break and a gap- 
travel time of 12 milliseconds, the induced 
voltage peaks rise with altitude in every 
case, A maximum of two to one in the ratio 
of voltage at 50,000 feet to voltage at sea 
level was observed. The loads on which 
these tests were made, as the text of the 
paper will show, were very much less induc- 
tive than those used for the Switchette. 


5. Variations of humidity over a wide 
range has little effect on the voltage peaks 
at any altitude. 


6. There are no voltage peaks above 
normal line voltage in a purely resistive cir- 
cuit. For interruptions which take place 
in circuits having the same system voltage 
and the same initial current, the more highly 
inductive circuits caused the higher-voltage 
peaks. 


7. For any particular voltage lower cur- 
rents in general give higher peaks. An ex- 
ception was noted with the Switchette where 
peak voltage increased as current was re- 
duced down to about 0.4 ampere. A further 
decrease in current gave a reduction in 
voltage. : 


8. For the same voltage and current, peak 
voltages occurring for double break on the 
Switchette were as much as 190 per cent of 
the single-break peak. 


9. The breakdown potential of one-fourth- 
inch-diameter brass electrodes with alti- 
tude is shown in Figure 3 of the paper, 
“Potential Breakdown of Small Gaps Under 
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Simulated High-Altitude Conditions.”? For 
an air gap of !/3. inch the breakdown voltage 
was 4,000 volts at sea level and 1,000 Volts 
at 50,000 feet altitude. Peak voltages 
higher than those were found in this investi- 
gation, indicating the possibility of damage 
to insulation due to surface flashover such 
as might occur in an AW connector. 


10. Frequencies in the order of 50,000 
cycles per second were encountered, usually 
occurring at low currents and at high alti- 
tudes. This is a possible source of inter- 
ference for radio equipment in the immediate 
vicinity. 


Fundamentals of D-C Interruption 


The important factors contributing to 
the current-interrupting ability of a 
switch in air are the material of the con- 
tacts, the contact configuration, the 
speed with which the contacts open, the 
final gap length, the condition of the air, 
and the constants of the electric circuit 
itself. 

If the circuit contains inductance as 
well as resistance, as it usually does, in- 
terruption will result in high voltages 


LOAD 
+ 
R [b 
e% INTERRUPT fees r 
Co 
<— ld 
Figure 1. Elementary diagram of test circuit 


across the contact tips. Consideration 
of the interruption on the basis of energy 
reveals two sources of energy, that stored 
in the inductance and that supplied by 
the source of power during the interrupt- 
ing period. The total energy must be 
dissipated in the resistance of the circuit 
and in the arc itself. When the tips first 
part, an arc will be struck, and hence a 
low arc voltage will appear. Current will 
decrease as the gap between tips increases 
until at some low value it suddenly will 
go to zero or very nearly so. This last 
sudden change of current causes a high 
voltage to be induced across the induct- 
ance due to Ldi/dt, and this also must 
appear across the contacts. This voltage 
may be enough to cause the gap to break 
down again with a corresponding decrease 
in voltage to the are voltage for that 
particular gap opening. There may be 
several of these breakdowns, or, on the 
other hand, the rate of recovery of the 
dielectric strength of the air may be 
faster than the first rise in voltage, and 
hence an interruption will occur on the 
first attempt. If the current goes to zero, 
the voltage across the contacts must fall 
from the peak value to line voltage imme- 
diately. = 

However, indications are that in an 
appreciable number of cases the current 
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Figure 2. Peak-voltage distribution versus 

altitude resulting from interruption of an induc- 

tive load of 0.4 ampere at 30. volts direct 
current with the double-break Switchette 


Gap: 0,020 inch per break. Ten consecutive 

readings were taken, and the average,, maxi- 

mum, and minimum readings are shown. Load: 

inductive A, Table |, 0.4 ampere—four coils 
in parallel 


drops suddenly from normal are current 
to a very low current which may continue 
for some time. Thus voltage across the 
contacts in this case would not fall rapidly 
from the peak value down to line voltage, 
but rather only to some intermediate 
value, and then slowly approach line volt- 
age. This phenomenon is similar to that 
of the normal and abnormal glow periods 
as described by Slepian.* Also, the glow 
period following the peak has been noted 
by the authors in the experimental tests. 
One common form was for the voltage to 
drop from the peak down to 300-500 
volts and remain for periods of the order 
of one millisecond, and then taper off to 
line voltage. 

Although the initial conditions of volt- 
age and current are the same before each 
opening, are characteristics and peak 
voltage may differ widely on successive 
interruptions. Some causes for these 
variations may be: variations in open- 
ing speed, variations in air conditions and 
the amount of convection action on the 


are, and irregularities in the contact sur- 


face causing the arc to strike at different 
points on the contact. 

Gap opening except in a limited way 
and opening speed are factors in the peak 
voltage reached, but this investigation 
did not cover these variables. In general, 
to prevent excessively high peak voltages, 
a d-c contactor that opens rapidly should 
not open too wide.* 


Test Equipment and Procedure 


In the measurement of the peak volt- 
ages, use was made of a new transient 
oscilloscope and associated circuit de- 
veloped in the industrial-control engi- 
neering division of the General Electric 
Company. Its main feature is a high- 
voltage electronic tube, similar in shape 
and size to that used in the cathode-ray 
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oscillograph, but having a highly per- 
sistent fluorescent screen which allows it 
to retain the trace of a single transient 
long enough to be observed by the eye. 
Thus peaks are read quite easily and ac- 
curately, and the wave shape on each in- 
terruption can be observed. A resist- 
ance-capacitance voltage divider de- 
signed to operate independently of the 
frequency over the range of frequencies 
involved was used. Every effort was 
made to keep the leads short and the rela- 
tive location of the equipment such as to 
minimize any pickup caused by the high- 
frequency oscillations at interruption. 

The general form of the test circuit is 
shown in Figure 1. The circuit-interrupt- 
ing device was placed in a sealed bell jar 
which could be evacuated. Leads were 
brought out through sealed terminals at 
the bottom. The effect of altitude was 
simulated by reducing the pressure within 
the bell jar, no attempt being made to 
control either humidity or temperature. 
The conversion of pressure to elevation 
was based on data from National Advisory 
Committee of Aeronautics report 218. 

For the high-humidity test a container 
of water with an electric-heater attach- 
ment was placed within the bell jar and 
left until water was condensing out 
around the bottom and on the jar itself. 
Thus a humidity approaching 100 per 
cent was attained and held for the dura- 
tion of this run. 

All the data presented in this paper 
were taken on the following two devices: 


1. An aircraft switch known as the Switch- 
ette. This is a small double-break switch 
rated at ten amperes, single circuit, 30 volts, 
inductive load at all altitudes. It has silver 
tips of one-eighth-inch diameter and a gap 
of 0.020 inch. Single-break data were 
taken using this same Switchette with one 
contact blocked closed. Hereafter this de- 
vice will be designated as Switchette single- 
break or Switchette double-break. 

2. A double-break switch with a bridge- 
type movable contact arm carrying silver 
tips about one-half-inch diameter on seven- 
eighths-inch centers. The tip gap was set 
at 0.312 inch. This unit was a part of a 
commercial size-1 contactor (CR2810-1811) 
having a tip rating on alternating current 
of 25 amperes and a motor rating of 71/2 
horsepower at 550 volts. Hereafter this de- 
vice will be designated as the double-break 
contactor. 


The loads used are listed in Table I. 
The inductances given are differential 
inductances® calculated from magnetic 
oscillograms of current build-up. They 
serve the purpose of providing a basis of 
comparison of inductances and hence 
some indication of the severity of the 
peak voltages. However, these values 
should not be accepted as those to use in 
calculations, as inductance is not a con- 
stant but rather a function of the current 
and rate of change of current for iron- 
core coils. For example, inductive A 
shows 55 henrys at 50 per cent current and 
8 henrys at 100 per cent current. Also 
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Figure 3. Average peak voltage versus re- 


sistance shunted across contacts resulting from 

the interruption of an inductive load of 0.4 

ampere at 30 volts direct current with a double- 
break Switchette at sea level 


Gap: 0.020 inch per break. The average is 
taken for ten consecutive readings. Load: 


inductive A, Table |, 0.4 ampere—four coils 
in parallel 
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SHUNT CAPACITANCE — MFD 
Figure 4. Average peak voltage versus ca- 
pacitance shunted across contacts resulting 
from the interruption of an inductive load of 
0.2 and 0.4 ampere at 125 volts with a single- 
break Switchette 


Gap: 0.020 inch. The average is taken for 
ten consecutive readings. Load: inductive 
A, Table |, 0.2 ampere—two coils in series, 
0.4 ampere—one coil 
A—O.2 ampere—0O feet e 
B—O.4 ampere—0O feet 
C—0.2 ampere—50,000 feet e 
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Figure 5. Transient oscilloscope’s screen dur- 

ing interruption of an inductive load of 0.2 

ampere at 30 volts direct current with the 
double-break Switchette at sea level 


Gap: 0.020 inch per break. Calibration— 

123 volts per division vertical—one-fourth 

millisecond per division horizontal. Load: 

inductive A, Table |, 0.2 ampere—two coils 
in parallel 
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Figure 6. Average peak voltage versus alti- 

tude resulting from interruption of an induc- 

tive load at 30 volts direct current with the 
single-break Switchette 


Gap: 0.020 inch. The average is taken for 
ten consecutive readings. Load: inductive A, 
Table I, 0.1 ampere—one coil, 0.2 ampere— 
two coils in parallel, 0.4 ampere—four coils 
in parallel, 1.6 ampere—16 coils in parallel 
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Figure 7. Average peak voltage versus alti- 

tude resulting from interruption of an inductive 

load at 125 volts direct current with the 
single-break Switchette 


Gap: 0.020 inch. The average is taken from 

ten consecutive readings. Load: inductive A, 

Table I, 0.2 ampere—two coils in series. 

Parallel combinations of above were used for 
0.4, 0.6, and 0.8 ampere 


it must be recognized that the induct- 
ances found by this method are not the 
exact values governing current interrup- 
tion, as the more nearly correct figures 
would be taken on current decay. 
Inductive-C load was used for all tests 
made on the double-break contactor. 
Current was varied over the range de- 
sired by changing a series resistance. 
Inductive A was used for most of the 
Switchette data. The values shown are 
for one coil, the desired current at any 
voltage being obtained by changing the 
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Figure 8. Average peak voltage versus alti- 

tude resulting from interruption of an inductive 

load at 125 volts direct current with the 
single-break Switchette 


Gap: 0.020 inch. The average is taken for 
ten consecutive readings. Load: inductive 
A, Table |, 0.4 ampere—two coils in series, 
0.2 ampere—two coils in series plus external 
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Figure 9. Average peak voltage versus alti- 

tude resulting from interruption of an inductive 

load at 30 volts direct current with the double- 
break Switchette 


Gap: 0.020 inch per break. The average 
was taken for ten consecutive readings. Load: 
inductive A, Table |, 0.1 ampere—one coil. 
Parallel combinations of above were used for 
0.4, 1.6, and 2.4 amperes. A coil with one- 
ohm resistance, 360 turns, and 8.5 square 
inches mean cross-sectional-area was used for 
18 amperes 


series-parallel combination of these single 
coils. 

As typical aircraft applications induc- 
tive-H, J, and K loads were tested. Also 
used was the shunt field of a one-ninth 
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Figure 10. Average peak voltage versus alti- 
tude resulting from interruption of an inductive 


2 


load at 125 volts direct current with the double- 


break Switchette 


Gap: 0.020 inch per break. The average 

was taken for ten consecutive readings. Load: 

inductive A, Table |, 0.2 ampere—two coils 

inseries. Parallel combinations of above were 
used for 0.4, 0.6, and 0.8 ampere 
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Figure 11. Average peak voltage versus alti- 
tude resulting from interruption of an inductive 
load at 250 volts direct current with the double- 
break Switchette : 


Gap: 0.020 inch perbreak. The average was — 


taken for ten consecutive, readings. Load: 

inductive A, Table |, 0.4 ampere—two coils 

in series, 0.2 ampere—two coils in series 
plus external resistance * 


\ 


horsepower aircraft motor, but no in- 


ductance figures are given for it. 

Data taken previously indicated that 
peak voltages were higher for a load of a 
coil with an iron core than for the same 


oy 


* 


coil with an air core. However, peak — 


voltages were much more erratic with the 


air-core coil, varying as much as two to © 


one on consecutive openings. 
Method of Test : 


The trace on the screen of the tran- 
sient oscilloscope at each opening of the 


interrupting device represents the varia~ 
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Load Inductance 


Table I. 
Inductance— 
Load Rating Henrys at 
Load 100 Per 100 Per 50 Per 100 Per 
“Designation Load Load Data Cent V Cent I Cent I Cent I 
Series and series-parallel 9,600 turns........ b Le rene (0) Can tear SO cies 8 
“Inductive A. combinations of d-c in- 1.5-square-inch 
a dustrial relays— oe ; iron area 
given from each relay Armature sealed 
D-c series motor field Series field and 
PS cee Cc. ae MDO-109 150 horse 7 1 commutating 
power Geld wssstiss vol et ins PPA steerer 5 480..... 0.002....0,0044 
2,800 turns........ QBrise sare 0.5404 0.5. DA Fier 1.5 
“Inductive H.. { 100-ampere eet Nae ; 
contactor coil ue iron area 
Armature sealed 
Inductive J.. i at sh ce Reet er, od Uae 0.42. AGG) EN 
pere contactor coil aged 
I Balanced armature-type BS LOO Turns. 5.0 te DA relied 0.19 
nductive K.. 1 100-ampere contactor 0.09-square-inch 
coil iron area 


‘tion of voltage across the contacts with 
‘time. In taking readings, the contacts 
were closed long enough to allow the cur- 
rent to reach its steady-state value, and 
then the maximum voltage across the 
-contacts as they opened was recorded. 
In all the data presented the peak voltages 
are the average of ten values taken on 
ten consecutive interruptions. A typical 
distribution of these ten readings is shown 
-in Figure 2. The average values have the 
advantage of giving a more uniform curve. 
Also, any insulation breakdown due to 
peak voltages which causes surface flash- 
-over and tracking probably will be a grad- 
‘ual result of a large number of high volt- 
-ages which can be represented best by the 
avetage value. Repeat tests taken at a 
‘later date indicate that test points can be 
reproduced within ten per cent. 


Effect of Parallel Resistance or 
Capacitance 


An investigation was made of the ef- 
fect on voltage peaks of resistance or 
«capacitance shunted across the contacts. 
In Figure 3 is plotted the variation of 
peak voltage with shunt resistance over 
a range from 1,000 ohms to one megohm. 
Above 100,000 ohms, the peaks remained 
unchanged by an increase in resistance. 

_ As the input resistance to the transient 
oscilloscope is two megohms, it is well 
above the range at which appreciable 
‘suppressing effect is present. This fact is 
‘significant when it is recalled that, if a 
~magnetic oscillograph is used to measure 
are voltages, resistance must be placed 
-in parallel with the tips of the interrupting 
‘device. The magnitude of this shunt re- 
sistance is proportional to the system 
voltage and exerts an appreciable sup- 
pressing effect on the peak voltage. 
Thus a magnetic oscillograph is usually 
unsatisfactory for measuring peak volt- 
ages, even if the frequency response 

_ were otherwise satisfactory. 

In Figure 4, average peak voltage is 
plotted against capacitance shunted 
é 1 
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Figure 12. Average peak voltage (ten read- 
ings) versus altitude resulting from interruption 
of an inductive load of 0.4 ampere at 250, 125, 


‘and 30 volts direct current with the double- 


break Switchette 


inductive A, Table |: gap: 0.020 inch 
per break 


Load: 
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Figure 13. Average peak voltage (in number 
of times normal line voltage) versus altitude 
resulting from interruption of an inductive load 
of 0.4 ampere at 250, 125, and 30 volts 
direct current with the double-break Switchette 
Load: inductive A, Table |; gap: 0.020 inch 
per break 
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Figure 14. Effect of humidity on peak voltage 

resulting from interruption of an inductive load 

at 30 volts direct current with the double-break 
Switchette at sea level 


Load: inductive A, Table | 


A—Room humidity e 
B—High humidity x 


w 
© 
5 200 
3 
> 
x 
<_ 
w 
a 
& 
= 100} +--+} 
= LEGEND 
2 + A- | AMPERE 
| B- 5 AMPERES o 
C-15 AMPERES @ 
| D-I12 AMPERES 3 
E-220 AMPERES A 


° 10 20 30. 40 50 60 

ALT! TUDE - THOUSANDS OF FEET 
Figure 15. Average peak voltage versus alti- 
tude resulting from the interruption of an 


inductive load at 30 volts direct current with 
the double-break contactor 


inductive C, Table |; gap: 0.312 inch 
per break 


Load: 


\a- 1 AMPERE . 
_|g-5 AMPERES 0 
Ic-20 AMPERES 0 
D-105 AMPERES c 
lE-IGO AMPERES < 
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Figure 16. Average peak voltage versus alti- 
tude resulting from the interruption of an in- 
ductive load at 60 volts direct current with the 
double-break contactor 
inductive C, Table |; gap: 0.312 inch 
per break 


Load: 
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Figure 17. Average peak voltage versus alti- 

tude resulting from the interruption of an in- 

ductive load at 125 volts direct current with 
the double-break contactor 


Load: inductive C, Table |; gap: 0.312 inch 
per break 
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Figure 18. Average peak voltage versus alti- 

tude resulting from the interruption of an 

inductive load at 250 volts direct current with 
the double-break contactor 


inductive C, Table |; gap 0.312 inch 
per break 


Load: 


across the contacts on an improvised 
semilog scale. The voltages remain uni- 
form with increase in capacitance until 
about 0.0001 microfarad. The input 
capacitance of the transient oscilloscope 
is approximately 0.00003 microfarad, and 
hence is well below the critical values, 
It is interesting to note that two of the 
curves show a definite rise in voltage, in- 
dicating that, while large values of ca- 
pacitance are effective in suppressing 
peak voltages, certain critical values 
may give rise to abnormally high peaks. 


Test Results 


Wave Shape of Typical Interruptions. 
In Figure 5 is shown a typical recovery 
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Figure 19. Average peak voltage versus alti- 
tude resulting from interruption of an inductive 
load of one ampere at 250, 125, 60, and 30 
volts direct current with the double-break 
contactor 
inductive C, Table |; 
per break 


Load: gap: 0.312 inch 


trace for the Switchette as viewed on the 
oscilloscope. Although the sharpness of 
the peak, the number and shape of the 
preceding oscillations, and the time for 
decay to circuit voltage varied consider- 
ably as circuit constants were varied, 
this same general shape of the voltage 
wave during recovery was present in 
most cases. In a few traces, particularly 
at 30 volts, a horizontal portion (charac- 
teristic of a glow discharge) at a voltage 
several times line voltage appeared some- 
times before and sometimes after the 
peak. 
with the double-break contactor appeared 
much sharper than those with the Switch- 
ette, and build-up and decay periods were 
longer and had less oscillatory disturb- 
ance. , 

Effect of Altitude on Swttchette. — Fig- 
ures 6 to 11 show the variation of aver- 
age peak voltage versus altitude for the 
Switchette with a 20-mil gap per break 
for both single-break and double-break 
operation at 30, 125, and 250 volts direct 
current on load inductive A, Table I. 
In every case, the peaks are lowered by 
an increase in altitude, the characteristic 
variation being that of an S-shaped curve 
with usually very little change in magni- 
tude of the peaks taking place near sea 
level or near 50,000 feet. The decrease in 
magnitude of the peaks at the higher 
line voltages represents a change of more 
than five to one for some currents, as 
altitude is increased from 0 to 50,000 
feet. 

Effect of Current on Switchette. It 
should be noted that in most cases as 
current is increased from a very low 
value up to 0.4 or 0.6 ampere, the magni- 
tude of the peak increases, after which an 
increase in current lowers the peaks. 
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In general the peaks occurring 
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Figure 20. Average peak voltage (in number 

of times normal line voltage) versus altitude 

resulting from interruption of an inductive load 

of one ampere at 250, 125, 60, and 30 

volts direct current with the double-break 
contactor 


inductive C, Table |; 
per break 


Load: gap: 0.312 inch 
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Figure 21. Average peak voltage versus alti- 

tude resulting from interruption of inductive 

loads at 30 volts direct current with the 
double-break Switchette 


aircraft devices now found on 30-volt 
systems. See Table | 


Load: 


There is some reason, based on tests not 
reported here, to believe that the magni- 
tude of the peaks again increases as the 
current approaches some considerably 
higher value, providing of course that the 
interrupting limit is not exceeded. This 
variation of the peaks with current is 
much more noticeable at sea level than 
at high altitude. 

Effect of Line Voltage on Switchette. 
In order to show the comparative peak 
voltages attained with the three different 
applied voltages at the same current, 
Figure 12 is plotted. This indicates the 
comparative severity of the peaks under 
one of the worst conditions—that is, 0.4 
ampere, double-break. The same effect is 
shown perhaps more spectacularly by 
Figure 13 in which the.ordinates have 
been changed from absolute voltage to 
number of times line voltage. In mak- 
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ing this comparison at different line volt- 
ages, it should be noticed that the in- 
ductance values are different. The in- 
ductances at 30 and 125 volts are about 
the same, whereas that at 250 volts is 
considerably lower. 

Effect of Humidity. In order to show 
the effect of humidity on peak voltages, 
a run was taken at 30 volts, zero altitude 
and the results plotted in Figure 14, 
showing peak voltages as a function of 
current, both at room humidity and a 
very high relative humidity (near 100 
per cent). According to these results, 
a wide variation in humidity does not 
affect materially the magnitude of the 
peaks. 

Effect of Altitude on Double-Break Con- 
tactor. To cover higher-current ranges, 
Figures 15 to 18 are presented for the 
double-break contactor. It will be seen 
that the general tendency is for peak 
voltages to stay fairly constant or to in- 
crease somewhat with altitude, depend- 
ing upon the current interrupted. Note- 
worthy here are the curves for the 60-volt 
and 125-volt supplies where the peaks 
at one ampere jump to two or three times 
those at the higher currents. In general, 
in the current range used here the peaks 
decrease with increasing current, though 
this decrease is small at the higher cur- 
rents. There is, however, some indication 
again of an increase in the peaks at some 
fairly high current (Figures 15 and 16). 

The peak voltages versus altitude re- 
sulting from the interruption of one am- 
pere at the four voltages are shown on 
Figures 19 and 20. 

Typical Aircraft Loads. Figure 21 
shows the peaks resulting from interrup- 
tion of a 30-volt circuit by the Switchette 
(double-break) using inductive loads J 
and K and the shunt field of a one-ninth- 
horsepower motor, all of which are typi- 
cal aircraft devices. In the first two 
cases, the current was something above 
one-half ampere; and in the latter case, 
about one-quarter ampere. It must be 
realized, however, that the inductances 


dealt with here were much smaller, than 


those of load inductive A. Inductive 
load H was also tested and gave very 
neatly the same peaks as K. These 
peaks must not be construed to be the 
maximum occurring with any. aircraft 
device, but were taken as being for typi- 
cal applications. Other devices, possibly 
with critical values of lead capacitance, 
might give rise to higher values than for 
the eases shown. 


Conclusions 


Experimental data presented in this 


paper show that voltages of 7,000 volts 


the ulin 


are possible across the contacts of a 


_ switch-interrupting direct current. While 
_ the breakdown effect of these peak volt- 


~ cause insulation breakdown or tracking. 1, 


“4 


ages has not been studied, it is quite pos- 
sible that they are sufficiently high to 
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Very High-Frequency Radio-Noise 


Elimination 


T. B. OWEN 
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HE subject of radio-noise elimination 

on aircraft has always been a contro- 
versial one, even wher the frequencies 
involved were relatively low. With the 
introduction of very high-frequency 
equipment the controversy has started 
afresh. The presence of radio noise in 
very high-frequency installations has 
caused observers to forget the principles 
learned in the work at medium frequency 
and high frequency, simply because the 
very high-frequency installation appar- 
ently did not follow the same rules that 
applied to the lower-frequency equip- 
ment. It is the purpose of this paper to 
outline generally the principles of radio- 
noise elimination at all frequencies, and 
show how these same principles apply 
specifically at very high frequency. 

Because of the variety of conditions 
which may be encountered in aircraft 
radio-noise tests, it will not be possible 
to ‘detail the test procedures and cor- 
rective measures necessary for very 
high-frequency radio-noise elimination. 
Rather, it is desired to discuss basic con- 
cepts in such a manner that radio-noise 
test procedure can be made a matter of 
routine. An outline of test procedure 
insofar as the engine ignition system is 
concerned is given,’ and the remedial 
measures necessary are generally indi- 
cated. The whole procedure is based 
upon the concept of determining the 
coupling path into the receiver, with the 
idea in mind that once this is known the 
method of eliminating the coupling path 
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It was also shown that these peaks are 
not always worse at altitude. 

The two devices investigated gave 
considerably different results, but this is 
not surprising, for the devices were not 
similar. Furthermore, the load ranges 
and values of inductance differed widely. 
The subject requires a considerable 
amount of further investigation. 
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is best reached by a consideration of the 
construction of the airplane under test. 

It is unfortunate that many of the 
terms in use in radio-noise-elimination 
work are so broad and ill-defined that they 
cannot be used without careful definition. 
Since the loose use of these terms has led 
to some confusion, immediately following 
a list of definitions is given. 


Definitions 

A radio-influence source is defined as a 
generator of radio-influence voltages, 
currents, or fields, and which is capable 
of exciting a radio receiver in such a way 
as to produce acoustic output, providing 
the necessary coupling exists between the 
radio-influence source and the radio re- 
ceiver. This implies that the radio-in- 
fluence source is only influential in pro- 
viding such an output, and that the meas- 
urement of the source is not a measure of 
the final result. 

Radio noise refers specifically to that 
portion of the acoustic output of a radio 
receiver produced by coupling a radio- 
influence source in any manner whatso- 
ever to the radio receiver. 

A coupling source or path is defined as 
the impedance or circuit element which is 
excited by the radio-influence source so 
as to produce acoustic noise in the out- 
put of the radio receiver. The coupling 
source or path may be the radio-influence 
source in some cases, but may be any 
part of a circuit, such as a wire, in which 
radio-influence currents are flowing. 

Ground plane—structure ground. A\l- 
though separated from earth, the metal 
body of the aircraft acts as a reference 
plane for the purpose of this paper, and 
all potentials are in reference to this 
point. The plane of ground potential is 
not an obscure hypothetical plane diffi- 
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cult to locate as in many earth trans- 
mission problems, but is a sharply de- 
fined plane of nearly uniform potential 
existing directly at any metal portion of 
the structure. 

Antenna refers only to the portion of 
the antenna circuit outside the fuselage, 
and specifically excepts any portion which 
is inside the fuselage. 

Leadin refers only to the portion of the 
antenna circuit which is either inside the 
fuselage or is shielded in any way to pre- 
vent undesired coupling of any type. 

The antenna circuit of a radio receiver 
is defined as that circuit through which 
the current flows as a result of signal 
voltages generated in the antenna due to 
its presence in a radiation field from a 
transmitter antenna. As such, it includes 
the antenna, the leadin (either shielded 
or unshielded), the receiver input circuit, 
and the ground-returm circuit. 


Methods of Radio-Noise Generation 


The radio-influence generators with 
which we are most concerned are those 
within the airplane itself, and are almost 
exclusively electrical devices of one sort 
or another. At medium frequency and 
high frequency almost any electrical de- 
vice may act as a generator of radio in- 
fluence, but at very high frequency the 
main source is the engine ignition system. 
Other devices may be troublesome, but 
these cases are infrequent. They will be 
dealt with later in this paper. 


THE ArrcraFt IGNITION SYSTEM 


The aircraft ignition system consists 
essentially of a high-voltage magneto 
and distributor. See Figure 1 for a 
sketch of the system. 

In the magneto itself, the primary cir- 
cuit is controlled by the opening and 
closing of a contact switch. The second- 
ary circuit is connected through the 
distributor to the appropriate spark plug. 
Provisions are made for starting by the 
use of either a booster coil or an ignition 
vibrator; the booster coil feeds high 
voltage directly into the distributor, 
while the ignition-vibrator type is di- 
rectly connected to the magneto primary 
coil. In either case, operating power is 
supplied by the d-c power system of the 
airplane. 

In order that the pilot may control 
the ignition system, a wire from the pri- 
mary side of the magneto is run to a 
control switch in the cockpit. Here, pro- 
visions are made for grounding the pri- 
mary of the magneto. The very steep 
fronts characterizing the voltage in the 
primary circuit (see Figure 1A) make it 
capable of impulse exciting any circuit 
to which it is coupled. For this reason 
the magneto grounding switch and the 

grounding leads should be well shielded. 
The switch should be one in which the 
battery switch is not included, and should 
be grounded to basic structure as close 
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to the switch as possible. If the ground- 
ing wire runs outside the ignition switch 
box, it should be shielded also. 

Since the voltage in the secondary cir- 
cuit is definitely of oscillatory character 
(see Figure 1B), it is necessary to shield 
every portion of this circuit very thor- 
oughly. The instantaneous energy con- 
tent of these oscillations is very high, 
and the frequency range goes up into 
the superhigh-frequency region. 

The oscillatory circuit, composed in 
the main of the spark plug, the spark- 
plug-lead capacitance and inductance, 
is not a simple circuit. There may be 
several oscillatory circuits set up, each 
with its own fundamental frequency. 
The lowest-frequency circuit will be that 
one utilizing the full-lead inductance and 
capacitance; peak currents here may go 
as high as 85 amperes.! A _higher-fre- 
quency oscillatory circuit may be one 
formed by the spark plug itself, and peak 
currents here may run from 100 to 175 
amperes.? Furthermore, there may be a 
local oscillatory circuit formed in the 
magneto and distributor housing, with 
peak currents here also running into high 
magnitudes. 

It must be appreciated that the shield- 
ing of circuits containing currents of such 
high magnitudes is not an easy matter. 
The design of all mating parts must be 
stich as to reduce the impedance to as 
low a value as possible; simple butt 
joints, pressure-held, are unsatisfactory, 
as they rarely permit continuous contact 
surface. In a conduit coupling joint, 
for example, it is not enough that con- 
tact be made at one or two points on 
the circumference of the fitting. There 
must be a number of contacts about the 
circumference, so that the radio-fre- 
quency current may have a flow path at 
any point, and the current density about 
the joint is evenly distributed. 

Since the booster coil is connected di- 
rectly into the distributor, and is oper- 
ated by the airplane’s electric system, 
it provides a simple method whereby 
the radio-frequency energy generated in 
the high-voltage system may be coupled 
into the aircraft wiring system. The 
ignition vibrator, on the other hand, con- 
nects to the low-voltage side. This is 
also a coupling path to the aircraft wir- 
ing system, but is not so effective as the 
one through the booster coil. In either 
case it is wise to place a high-frequency 
filter in the positive feed to these de- 
vices. 

Up to now the magneto grounding leads 
have been treated as if they carried only 
the pulses which are characteristic of the 
low-voltage side of the ignition system. 
However, since these leads enter the mag- 
neto, it is inevitable that they should be 
affected to some extent by the radio- 
frequency fields set up by the secondary or 
high-voltage system. They do carry 
small radio-frequency currents from this 
source, but generally the amplitude of 
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these currents is small and not nearly so 
effective in causing radio noise as the 
pulses set up by the action of the contaets, 

The aircraft ignition system, therefore, 
may be divided into two parts as far as its 
radio-influence generating capacities are 
concerned. First, there is the low volt- 
age or primary side of the magneto; the 
only coupling path for this system is 
through the magneto grounding leads 
and the ignition vibrator. Second, there 
is the high-voltage side or secondary side, 
which may radiate directly, or may 
couple through the booster coil. These 
coupling paths are the only ones by which 
the engine ignition system may transfer 
radio-frequency energy outside itself. 
This last statement must be considered 
carefully by those making radio-noise 
investigations. If all these coupling 
paths are controlled, there is no chance 
of radio-noise troubles. Radio-noise in- 
vestigations involving the ignition sys- 
tem are simply problems of determining 
the coupling path and eliminating it. 
The high-voltage system may be the 
most difficult to control, as such high peak 
energies are involved, and the returmm 
paths for the radio-frequency currents 
are often difficult to control. Magneto 
and distributor construction is such as to 
provide possible high resistances in the 
current return path, such as the mating 
surfaces between magneto and distribu- 
tor parts. However, the currents here 
are low in value compared with those in 
the spark-plug leads (except where local 
oscillatory circuits are formed), and are 
controlled much more easily. This is al- 
most entirely a matter of good magneto 
and distributor design. 


OTHER RapIo-NOISE SOURCES 


As previously noted, other radio-noise 
sources are very few in number, particu- 
larly at very high frequency. What few 


there are depend upon their ability to ~ 


produce a voltage surge with a steep 
wave-front, so almost any interrupting 
device may be effective. Cases have been 


encountered where small motors have 


caused trouble, even though no commu- 
tator trouble was evident. Here the 
motor was high speed, with consequent 
high-frequency commutator ripple, and 
was mounted upon a plywood deck where 
bonding was difficult. Good bonding 
was the answer in all cases. 
Ignition.systems for heaters have been 
developed in the past few years which 
are a modification of the aircraft-engine 
ignition system. That is, either a spark 
coil controlled by an interrupter and fed 
from the d-c power system may supply a 
conventional spark plug, or a transformer 
operating off the 400-cycle supply may 
operate the spark plug. In either case, 
a great deal of interference may result. 
The problems presented by this system 
are identical to those presented by the 
engine ignition system, with the added 
complication. that the equipment is lo- 
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cated within the fuselage. It is necessary 
to shield the secondary circuit very thor- 
oughly, whereas the primary circuit must 
be well filtered. 

As is well known, radio-influence 
sources are plentiful at medium frequency 
and high frequency, and are usually mo- 
tors of one sort or another; dynamotors 
are apt to be particularly troublesome. 
In any event, none of the devices will 


cause trouble if the coupling paths once | 


are determined and eliminated. A small 
amount of induction coupling is evident 
from some of these devices on occasion, 
particularly if they are unbonded. If 
the leadins are run clear of the motors 
no trouble will be experienced in any but 
the exceptional case. The main coupling 
path is through the aircraft wiring, and 
this will be dealt with later. 

The aforementioned references to bond- 
ing must not be construed to mean that 
bonding connectors are to be used; it is 
only necessary that the motor or dy- 
namotor case be well grounded through 
the usual bolts or clips. Where the part 
is mounted upon a wooden deck it is 
usual to provide good bonding to the 
nearest structure. 


Methods of Radio-Noise 
Transmission 


The output of a radio-influence gen- 
erator is of no consequence if a coupling 
path does not exist between the genera- 
tor and some impedance element in the 
receiver input circuit. For some time 
it was believed that either the antenna 
or the antenna leadin was always the 
impedance element affected and that 
radiation was the coupling path, but this 
has been disproved largely at medium 
and high frequency. At these frequen- 
cies, the antenna is almost never affected 
by radio-influence sources within the air- 
plane. The coupling path is almost in- 
variably the aircraft wiring system, either 
by coupling to the leadin or common im- 
pedance coupling which will be discussed 
later. 

At very high frequency the situation is 
somewhat different; direct coupling may 
occur to the engine ignition system, and 
the antenna will be the impedance ele- 
ment affected. There are, however, 
other coupling paths at these frequencies, 
and it is the purpose of this section to dis- 
cuss these paths. 

Before proceeding with the discussion 
it must be pointed out that the conven- 
tional methods of measuring radio-in- 
fluence sources are in error, in that only 
the voltage is measured. The voltage 
measured is a function of the internal 
impedance of the source, the impedance 
of the external circuit to which it is con- 
nected, and the open-circuit voltage of 
the source, and consequently will change 
rapidly with any change in the output- 
circuit impedance. Resonance effects 
also enter, as the aircraft wiring system 
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must be considered as an impedance 
network. It is therefore possible to have 
high voltage and low current at the radio- 
influence source output, and low voltage 
and high current at some point in the 
network, and vice versa. In any event, 
since either electromagnetic, electrostatic, 
radiation, or any combination of these 
couplings may occur, and both the cur- 
rent and the voltage at the impedance 
element through which coupling occurs 
must be taken into account, voltage 
measurements alone are insufficient. 


Tue AIRCRAFT WIRING SYSTEM— 
UNSHIELDED 


As might be expected, the aircraft 
wiring system exhibits transmission-line 
characteristics. To determine the at- 
tenuation that might be encountered in 
a section of aircraft wiring, a series of 
tests was made on a typical aircraft open 
wiring bundle consisting of 15 wires. 
The results of this test are shown in Fig- 
ure 2, where the attenuation of the air- 
craft wiring is compared with the attenua- 
tion of conventional coaxial cables. For 
the aircraft wiring the measurements were 
made between one wire and structure 
ground. It will be noted that, while the 
attenuation of aircraft wiring is consid- 
erably higher than for a good twin-con- 
ductor coaxial cable, it was only slightly 
higher than for a rubber-insulated twisted 
pair. The curves shown would be entirely 
valid if aircraft wiring consisted of simple 
runs from one point to another, but it 
does not. The aircraft wiring bundle 
may contain a number of cables, ter- 
minating in lights, switches, or other de- 
vices, and an analysis of the aircraft 
wiring system on the basis of a transmis- 
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Figure 1. Avircraft ignition system 


Magnetorotor, distributor, and make-and- 
break gap. All are engine-driven and set to 
produce spark at proper moment in engine 
cycle 
A. Voltage on magneto grounding wire, 
peak about 200 volts 
B. Voltage in secondary circuit, peak de- 
pending on pressure, gap spacing, and so 
forth—about 15,000 volts 
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sion line would not be very useful. It is 
preferable to consider it on the basis of 
an impedance network, as previously 
noted. On that basis the voltage and 
current relationships in any network ele- 
ment are a function of the impedance, 
the voltage and current, and the mutual 
inductance relationships of all the other 
elements, plus the generator voltage and 
internal impedance. Even an approxi- 
mate calculation of the relationships 
would be very complex, this consideration 
being presented simply to indicate the 
type of approach necessary. An ap- 
proach by means of voltage measure- 
ments alone is inherently faulty. 

It is evident that aircraft open wiring 
of itself cannot be depended upon for 
any large attenuation, except in rather 
long runs. It is also evident that air- 
craft open wiring will act precisely like 
any other transmission line used to 
couple a generator to a terminal imped- 
ance. If there is a mismatch, reflections 
will occur with the formation of standing 
waves upon the line. Since one or more 
wires in a bundle may be carrying a wave 
from the same radio-influence source, but 
fed over a slightly different path, the 
standing waves on one wire will not agree 
in location with the standing waves on 
other wires. The result of this will be 
that any attempt to locate standing 
waves with a noisemeter will be quite 
confusing, especially at the higher fre- 
quencies. 

It is probable that this has contributed — 
to the many attempts at source suppres- 
sion; the whole fuselage area seems full 
of ‘‘noise’’ and source filtering does elimi- 
nate it. The factors which make source 
filtering impractical have been reviewed 
in other literature, however, and will 
not be taken up here.’ 


Tue AIRCRAFT WIRING SySTEM— 
SHIELDED 


A discussion of the portion of the air- 
craft wiring that is still shielded may 
seem academic, as there is so little of it 
left. Nevertheless, the portions that re- 
main shielded are quite important and de- 
serve attention. In the main, these por- 
tions are the ignition system, particu- 
larly the magneto grounding leads. 

The shielded wiring also may be con- 
sidered as a transmission line. The at- 
tenuation here is somewhat greater than 
for open wiring, since a great portion of 
the area of the conduit is filled with a di- 
electric of relatively high loss at high fre- 
quencies. Current flows on the conduc- 
tors inside the conduit and upon the in- 
ner surface of the conduit exactly as in a 
coaxial cable, the resultant field being 
confined within the conduit for all prac- 
tical purposes. 

A conduit, either solid or flexible, may 
contain a joint at some place in the line, 
and such joints easily may be of rather 
high resistance, if the joint is not well 
made. If this local area of high imped- 
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ance is located where the current density 
is high, the current will seek a better 
path, in many instances flowing entirely 
outside the conduit. This area of high 
current density outside the conduit will 
create a local field and may excite con- 
duit which is some appropriate multiple 
of one-quarter wave. If this field is set 
up in a section that is not well shielded 
or near one of the openings in the fuse- 
lage, radiation may take place outside the 
fuselage, and the antenna will be affected 
directly. 

It must be emphasized here that the 
field produced by current flow outside 
the conduit is not the same field that is 
found within the conduit and which is 
created by interaction between the cur- 
rent flowing on the conductors and on the 
inner surface of the conduit. That is, it 
must not be conceived that the field 
within the conduit penetrates through 
the conduit in some manner; nothing of 
the sort occurs. A better conception is 
that the field within the conduit is the 
power-transmission medium, and the cur- 
rents that flow are set up by the field and 
are a source of losses. When these cur- 
rents flow outside the conduit a local 
field is created there, incidentally intro- 
ducing another loss. 

Radiation is most likely to take place 
from the engine-section ignition system, 
which in most cases is enclosed in flexible 
conduit. The leads to the spark plugs 
are very high-frequency oscillatory cir- 
cuits, as previously noted, and the cur- 
rent density at joints or glands may be 
extremely high. A poor joint in this area 
cannot be tolerated; the field set up 
about the joint is of such intensity that 
the engine cowling is insufficient to at- 
tenuate it, and direct coupling to the an- 
tenna results. 

Flexible conduit is often suspected of 
radiation, since it is almost invariably 
possible to detect a small field about it. 
This is the result of the in-and-out weave 
of the outer sheath, a small portion of the 
current flowing upon the inner surface 
of the conduit being conducted to the 
outside surface, setting up a small field 
there. The field noticed is the resultant 
of all the fields set up by the tiny currents 
flowing outside the conduit. 

The field about flexible conduit is 
commonly known asa ‘“‘leak,’’ the infer- 
ence being that radio waves or even the 
field between the inner und outer con- 
ductors actually leaks out between the 
wires composing the weave. The term 
‘Teak’ is unfortunate, as it does not 
describe adequately what is taking 
place. The same term, also used incor- 
rectly, is applied to describe the fields 
set up by current flows at the mating 
surfaces between the magneto and the 
distributor, or between the magneto 
and the engine. A slight consideration 
will show that the spaces where such 
‘Jeaks’’ are believed to take place are so 
much smaller than the length of the wave 
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in question that actual leakage cannot 
take place. The remedy ordinarily pre- 
scribed to cure this ‘‘leak,”’ that of grind- 
ing the mating surfaces so that contact 
will be uniform, simply provides a low- 
impedance path for the current, so that 
it is not forced to seek a path which lies 
outside the magneto. 


Common Impedance Coupling 


Mention has been made previously as 
to the introduction of radio noise into a 
receiver by the formation of a radio-in- 
fluence voltage across the impedance be- 
tween the receiver chassis and ground, 
the impedance being directly in the an- 
tenna circuit of the receiver. Such cases 
are more common than is realized, and are 
more responsible for radio noise than is 
ordinarily believed. Inasmuch as any 
such voltage will of necessity be small, 
the only manner in which the radio re- 
ceiver can be affected is by the inclusion 
of one of these impedance elements in the 
antenna circuit, and no other circuit than 
the antenna need be considered. 


MEDIUM AND H1iGH FREQUENCIES 


These frequencies will be discussed in 
some detail before proceeding to the very 
high-frequency case, as both have many 
points in common, and the very high- 
frequency case is more easily understood 
after reference has been made to the 
medium- and high-frequency cases. 

With reference to Figure 3, it will be 
noticed that radio-influence currents 
entering the receiver over any of the pos- 
sible paths (power wiring, control wiring, 
and so forth) must flow to structure 
through the ground impedance, which is 
composed of the bonding connector, and 
any other impedance path present, all 
being in parallel. This impedance is of 
a very complex nature and may be either 
capacitative or inductive, depending 
upon the installation and the frequency. 
This is because the impedance of a bond- 
ing connector goes up rapidly with fre- 


quency, while the reactance offered by 
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the capacitance between the chassis and 
structure decreases with frequency. dn 
any event, a complex voltage is formed 
across the impedance, and an inspection 
of the block diagram will show that this 
voltage is directly in series with the an- 
tenna circuit. For all intents and pur- 
poses, then, there are two generators in 
the antenna circuit. First, the equivalent 
signal generator, which has an internal 
impedance equal to the antenna imped- 
ance and an output voltage equal to the 
signal induced in the antenna by the 
electromagnetic waves from the station 
being received. Second, the equivalent 
radio-influence source, which has an in- 
ternal impedance equal to the ground 
impedance and a voltage equal to the 
product of the radio-influence current 
through it and the ground impedance. 
This is shown in Figure 3. The voltage 
which appears across the input circuit of 
the receiver is the resultant of the vector 
addition of the signal and radio-influence 
currents times the impedance of the input 
circuit. Since signal voltages are apt to 
be low, it will not require much current 
flowing through the bonding impedance 
to provide a voltage at least equal to the 
signal voltage and probably much larger. 

It is apparent that the installation of 


‘coaxial cable or twisted pairs in the leadin 


on many installations other than on air- 
craft are effective in controlling ‘‘noise,” 
not because induced ‘‘noise’’ voltages are 
balanced out, but because common im- 
pedance coupling is eliminated. It may 
be very difficult to make a separation 
test that will differentiate between coup- 
ling to the leadin and common imped- 
ance coupling, except in an all-metal air- 
plane where the leadin is adequately 
shielded. 

Three conditions must be observed in 
any separation test to determine the ef- 
fect of common ground-impedance coup- 
ling. These are: 


1. Exclude from the antenna circuit that 
portion which is exposed to direct coupling; 
that is, the antenna itself. 


2. Retain within the antenna circuit all 
current-flow paths that are present in the 
normal circuit; that is, the ground connec- 
tions at the receiver and the antenna mast 
should remain intact. 


3. Replace the antenna with an equivalent 
impedance. At medium frequency and 
high frequency this may consist of a capaci- 
tor approximately equivalent to the capaci- 
tance of the antenna to the fuselage; at 


very high frequency the impedance should. 


approximate that of the antenna at the 
frequencies being considered. 


All conditions must be observed, or 


else the separation test will be invalid. 
The first condition is more or less ob- 
vious, but not the second and third. 


However, it must be remembered that, — 


if the antenna-circuitimpedance rela- 
tions are changed, the various portions 
of the test cannot be correlated, and the 
test results will be meaningless. 

Vos | 
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VerY HicH FREQUENCY AND ULTRAHIGH 

FREQUENCY 

Very high-frequency and _ ultrahigh- 
frequency receivers are invariably coupled 
to the antenna by some form of coaxial 
cable, with the outer sheath ordinarily 
of a flexible weave to facilitate installa- 
tion and maintenance. At the receiver 
and at the antenna this cable terminates 
in a special fitting, so that it may be dis- 
connected readily, again to facilitate in- 
stallation and maintenance. Each of 
these breaks in the coaxial cable run in- 
troduces an additional impedance, how- 
ever slight. The greatest source of ex- 
traneous impedance elements are these 
fittings, especially where the antenna cir- 
cuits have not been designed with the 
elimination of radio noise in mind. A 
typical example, using a current very 
high-frequency transmitter—receiver, will 
be given. 

The coaxial fitting is on top of the 
transmitter-receiver (an error to begin 
with, as any currents induced in the co- 
axial cable sheath have a relatively long 
path to travel to ground and can get into 
all sorts of mischief along the way); the 
center conductor is brought down to the 
antenna switching relay, where, by 
means of long leaf-type spring contacts, 
connection is made either to the receiver 
or transmitter. The connection to the 
receiver input coil is well routed, but the 
input coil is grounded directly to the 
chassis, forcing the antenna signal cur- 
rents to travel back to the coaxial fitting 
over the best path possible. The co- 
axial cable fitting is grounded to the 
chassis by means of the mounting bolts 
and a copper lead, but is held about an 
inch off the main chassis by the mounting 

* bolts, so that the sheet-metal-case cover 
is flush with the base of the coaxial fitting. 

Several impedance elements are ap- 
parent here: the impedance of the fitting 
itself, the impedance between the fitting 
and the chassis, and the impedance be- 
tween the ground point of the coaxial 
fitting and the receiver input coil. Ob- 
viously, the total impedance between the 
end of the coaxial cable and the ground 
point of the receiver input coil will raise 
the fitting above ground potential, as 
far as the receiver is concerned. It has 
been observed that, with the antenna 
terminal shielded, touching or even 
bringing the finger close to the coaxial 
fitting will bring the receiver up to full 
output level, if even a weak field is pres- 
ent. 

On this same transmitter-receiver the 
‘coaxial cable fitting to the antenna mast 
4ntroduces another long lead from the 
fitting to the ground stud on the mast. 

- Ordinarily not too much attention is paid 
to the ground connection between this 
stud and structure, so this may also be of 
high impedance, particularly if ordinary 
bonding braid is used. The bonding con- 
nector here should be as short as possible 
and preferably of copper strap. 
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Ordinary flexible shielding, such as is 
used on shielded leads on interphone 
systems, has been shown to have an at- 
tenuation of 60 decibels, and it is very 
unlikely that fields are present inside the 
airplane fuselage of sufficient strength to 
induce voltages in the inner conductor of 
a coaxial cable. There are, however, 
fields due to standing waves present upon 
the aircraft wiring, and wherever wiring 
and coaxial cables run in parallel, it is a 
very simple matter to set up a current 
flowing along the outer surface of the 
sheath. 

The interference that may result from 
current flow in coaxial cable sheaths has 
been investigated thoroughly. Atestsetup 
of the receiver previously mentioned was 
made substantially as follows: all con- 
trol and power wiring to the receiver was 
isolated and shielded by copper sheeting, 
all joints being well soldered, and all pos- 
sible coupling to the receiver from this 
path eliminated. A coaxial cable with 
solid dielectric insulation, standard 
sheath weave and vinyl covering was 
extended about 15 feet away, the free 
end suitably terminated in the charac- 
teristic impedance of the cable with the 
terminal impedance also «shielded. A 
very high-frequency signal generator was 
set up with an insulated coupling lead 
two feet long taped to the coaxial cable. 
With a fixed output of the signal genera- 
tor the receiver output level was noted 
before and after the coaxial cable fitting 
was bonded to the chassis. 

The results of this test in terms of deci- 
bels rise above the background level (ref- 
erence level, one milliwatt in a 600-ohm 
line) were 24-decibel rise with the co- 
axial fitting unbonded; two-decibel rise 
when bonded. 

It thus was concluded that common 
impedance coupling was responsible for 
the increases in output level. To test 
the accuracy of this conclusion, the an- 
tenna connector of the receiver was ter- 


421-3 


ANTENNA 


LEADIN 
INSULATOR 


ALL-METAL FUSELAGE 


OPEN-WIRE 


LEADIN RECEIVER 


POWER AND 


CONTROL WIRING 
BONDING 


CONNECTOR 


CAPACITANCE TO STRUCTURE STRUCT URE 


ies IMPEDANCE 

EQUIVALENT | 
SIGNAL 

GENERATOR 


EQUIVALENT RADIO- 
NOISE GENERATOR 


RECEIVER- 
INPUT 
IMPEDANCE 


COMMON 
IMPEDANCE 


Figure 3. Common impedance coupling 
A. Block diagram of typical radio-receiver 
installation at medium and high frequency 


B. Equivalent circuit diagram usable for any 
frequency range 
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minated at the coaxial fitting and shielded 
so that no coupling could occur; then the 
sheath of the coaxial cable was attached 
to the fitting. Coupling to the coaxial 
cable was accomplished as before, and it 
was found that, with approximately the 
same signal level from the signal genera- 
tor as before, the output level of the re- 
ceiver was 27 decibels above the back- 
ground level. The installation of a bond 
on the coaxial fitting caused a decrease in 
output level of 21 decibels. 

To summarize, it is evident that a re- 
ceiver, although fitted with a coaxial 
cable, may be affected by currents in the 
coaxial cable sheath. This is accom- 
plished by the currents flowing through 
a relatively high impedance common to 
the antenna circuit of the receiver. Such 
an impedance may be one formed at any 
portion of the antenna circuit by a dis- 
continuity, or in any portion of the cir- 
cuit in which both the antenna current 
and the radio-influence currents flow over 
the same path. 


Elimination of Very High-Frequency 
Radio Noise 


The proper starting point in the elimi- 
nation of radio noise at any frequency is 
in the design of the radio receiver. Un- 
fortunately, the designer usually is con- 
cerned mostly with circuit design, the an- 
tenna being only the means of introduc- 
ing a signal of certain characteristics, so 
that something else happens at the output 
end of the receiver. Bench testing is 
done under conditions which do not ap- 
proximate those in service with the result 
that a receiver which performs perfectly 
under test may be noisy when installed 
in the airplane. Then in an effort to 
eliminate the interference various meth- 
ods of interference suppression are used, 
including filters upon all items of sus- 
pected electric equipment, bonding, 
and shielding. 

Interference suppression by the means 
enumerated has become a sort of obses- 
sion, so much so that suppression meth- 
ods are applied by specification require- 
ments to all equipment, whether or not 
they produce radio noise. In view of the 
demonstrated fact that much of this in- 
terference could be eliminated by proper 
design of the radio receiver, it is at once 
apparent that the suppression devices 
added are largely dead weight, decreasing 
the pay or bomb load, as the case may be. 

Lest the whole burden of the blame be 
shifted too quickly to the radio-equipment 
designer, it should be said here that the 
blame rests equally upon him, the de- 
signer of the electrical equipment pro- 
ducing the interference, and the de- 
signer of the radio installation in the air- 
plane. A very great deal can be done by 
the equipment designer, for, while we 
know of no way as yet to correlate the 
radio-influence voltage of a device with 
the radio noise this device produces in 


TRANSACTIONS 953 


the receiver, we do know that a motor 
can be designed to create a minimum of 
radio-influence voltage. The electrical- 
equipment designer must have not only 
the performance of his design in mind; he 
must consider its effect upon other equip- 
ment. The extra weight in filters, and so 
forth, which is necessary to make one 
item of equipment comparable in all re- 
spects to another item is directly charge- 
able to that item. 

The designer of a radio installation may 
destroy entirely the good work of the 
radio-equipment designer and the elec- 
trical-equipment designer. Long an- 
tenna leadins are sometimes unavoidable, 
but it is inexcusable to place wiring or 
rotating equipment in close proximity to 
that leadin without taking adequate pre- 
cautions so that there will be no inter- 
ference. But inasmuch as the radio- 
installation designer is confronted with 
the problem of making presently avail- 
able equipment function properly,.it is 
necessary that this designer know the 
methods which are practical and work- 
able for the reduction and elimination of 
radio noise. 

To this end, in the section to follow, the 
general outlines of a test program are 
given, specifically for very high-frequency 
radio-noise tests. Before any such test is 
made the test man must make himself 
thoroughly familiar with the airplane 
upon which he is working insofar as the 
electric and ignition system are concerned. 
All ignition-system wiring should be 
traced out, both on the wiring diagram 
and on the airplane itself. The installa- 
tion of the radio equipment should re- 
ceive the most careful consideration, the 
feed points of the power supply, the lo- 
cation of the control equipment and wir- 
ing to it, and the run of the coaxial cable 
from the antenna to the receiver; all 
should be well fixed in mind. After this, 
the test man should determine the points 
at which the separation tests are to be 
made. Finally, he should set down in a 
logical sequence the tests he intends to 
make, and this sequence should be fol- 
lowed at all costs during the tests. This 
latter is especially important, as it is very 
easy to allow oneself to be distracted dur- 
ing the tests. The result is that invari- 
ably the most important test is left out, 
and a guess will have to be made at the 
results that should be on hand. 

Test equipment need nct be elaborate. 
There should be prepared beforehand a 
list of needed equipment, which of course 
will be dictated to some extent by the 
available equipment and the experience 
of the test man. A complete listing will 
not be given here, but three items must 
be considered: 


1. Antenna termination. This should be a 
shielded box, containing an impedance ap- 


954 TRANSACTIONS 


proximately equal to that of the antenna it 
is to réplace with a fitting, so that the coaxial 
cable can be attached, and another fitting, 
so that the box may be attached to where 
the coaxial cable normally goes. This is 
important, as it preserves the continuity of 
the ground circuit of the coaxial cable 
sheath. 


2. Shielded oscillator. This oscillator 
should be fitted so that it can be attached to 
the magneto pencils or one of the spark 
plugs. In this way, tests can be made upon 
the effect of the magneto grounding wires, 
or loose coupling and gland nuts may 
be found while the engine is not running. 


8. Duplicate receiver. The radio receiver 
as mounted in the airplane may be sur- 
rounded by intense fields created by wiring 
carrying radio-influence currents, and probe 
tests made with this receiver may be mis- 
leading. It is desirable to have a duplicate 
receiver for such tests, complete with power 
supply. If the receiver and power supply 
are mounted on a metal panel and placed on 
a dolly, they may be moved as convenience 
dictates and will prove very useful. 


No attempts should be made to inter- 
pret the results of the probe test in terms 
of absolute field strength; this is virtually 
impossible. Any comparisons made 
should be on- the basis of a qualitative 
analysis only. Field-strength measure- 
ment at any frequency is a laboratory 
test; this is especially true at very high 
frequency. 


VERY HIGH-FREQUENCY RADIO-NOISE 
Test ANALYSIS 


Inasmuch as the main radio-influence 
source at very high frequency is the en- 
gine ignition system, this source alone 
will be considered here. As the preceding 
text has indicated, the ignition system 
may be broken down conveniently into 
two parts: the high-voltage and low- 
voltage sides. These will be taken up 
separately, and ‘the various coupling 
paths will be considered. 


Coupling Paths from the Aircraft- 
Engine Ignition System 


Low-VOLTAGE SYSTEM 


(a). Radiation Coupling to the Antenna. 
This may occur only where the low-voltage 
system impulse excites an impedance ele- 
ment which may couple directly to the an- 
tenna. This can be done by: 


1. Magneto grounding leads. If there is a poor 
joint at any place along the conduit carrying these 
leads, or any coupling between these leads and the 
aircraft wiring at the grounding switch, an im- 
pedance element may be impulse-excited. If there 
is a coupling path between this impedance element 
and the antenna, interference will result. 


2. Ignition vibrator. Since this is fed from the 
aircraft d-c power system, the aircraft wiring may be 
impulse-excited. This will result in interference if 
a coupling path is present between any impedance 
element of the wiring and the antenna. 


(b). Conduction Coupling. ‘This occurs 
where currents are induced by any means 
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whatsoever in any portion of the antenna 
system other than the antenna itself. It 
may be caused by the magneto groundi 
leads or the ignition-vibrator feed wire im- 
pulse-exciting any portion of the aircraft 
wiring system. 


Hicu-VOLTAGE SYSTEM 
(a). Radiation Coupling to the Antenna. 


1. Direct coupling. This may occur where any 
portion of the high-voltage ignition system is in 
such condition as to set up a local field which 
couples directly to the antenna. 


: of 
2. Coupling through some other impedance ele- 
ment. Radio-frequency currents fed through any 
path, either the magneto grounding leads or the 
booster coil leads, may excite some impedance ele- 
ment from which there is a coupling path to the 
antenna. 

(b). Conduction Coupling. This is analo- 
gous to conduction coupling in the low- 
voltage system and occurs where radio- 
frequency energy is coupled into the air- 
craft wiring system from the magneto 
grounding leads or the booster coil, inducing 
a current into some impedance element of 
the antenna circuit. 


The breakdown given may seem over- 
simplified, but it is all there. It is im- 
portant to realize that there are only a 
few coupling paths from the aircraft- 
engine ignition system, and then plan 
the test procedure to isolate them one 
at a time. 

As a basic test procedure, the follow- 
ing is suggested: Pull the magneto 
grounding pencils and then disconnect 
the leads to the booster or ignition vi- 
brator. 
the engines and feed a signal from the 
oscillator into one of the spark-plug leads. 
A probe test will show which coupling is 
loose; often it is necessary only to short- 
circuit across the suspected connections 


with a screw driver to check the effective- ~ 
ness of the electrical path through them.” 


Next, with the ignition harness cleaned 
up, run the engines with the booster or 
ignition coil connected and the magneto 
grounding pencils disconnected, then 
vice versa. ‘ 

This procedure definitely will indica 
the coupling paths; it then will devolve 
upon the test man to determine the cir- 
cuit elements through which coupling is 
occurring. 
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- Altitude Rating of Electric Apparatus 


PAUL LEBENBAUM, JR. 


ASSOCIATE AIEE 


HE proper functioning of electric 

equipment is of prime importance in 
the operation of the military and naval 
airplane of today. The wide use of such 
equipment and the continual increase in 
the operating altitude of aircraft make it 
essential that the factors affecting the 
operation of electric apparatus at high 
altitudes be investigated if the apparatus 
is to be designed properly for this new 


, and expanding application. 


This paper studies the effect of altitude 
on the ratings of rotating electric machines 
and, after determining the fundamen- 
tal principles involved, discusses these in 
relation to the application of such ma- 
chines in modern aircraft. It is shown 
that the rating of a self-ventilated direct 
engine-driven aircraft generator decreases 
rapidly with altitude and, at some alti- 
tude within the operating range of the 
airplane, the generator may be able to 
dissipate only its no-load losses. It is 
shown also that an air-scoop-ventilated 
direct engine-driven aircraft generator 
maintains its rating Ger most of the 
operating range of present-day aircraft. 
Finally, certain sea-level tests are pro- 
posed from which calculations of rating 
under altitude conditions can be made. 

The theory and tests presented in this 
paper have been checked by altitude- 
chamber studies on an aircraft-type d-c 
generator. 


Fundamental Analysis 


HpaT TRANSFER IN ELECTRIC MACHINES 


One of the principal factors determin- 
ing the rating of electric apparatus is the 
maximum temperature to which its in- 
sulation can be subjected without failure 
during the required life of the machine. 
This operating temperature is a function 
of the losses of the machine and its ability 
to dissipate the resultant heat. 

An electric machine may dissipate its 
losses by four means: 


1. Forced convection between winding and 
core surfaces and cooling air. 


2. Free convection between frame and 
ambient air. 
3. Radiation between frame and surround- 
ing objects. 


4. Conduction between frame and mount- 
ing. 
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The watts loss which may be dissi- 
pated by these processes is a function of 
the temperature difference between the 
machine surfaces and the ambient tem- 
peratures. The machine temperature 
rises until the total watts loss dissipated 
just equals the input losses; that is, until 
equilibrium is reached. Thus, any in- 
crease in load (and hence, loss) will in- 
crease the machine temperature unless 
the additional heat can be removed from 
the machine by an increased heat trans- 
fer. Conversely, any reduction in heat 
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Figure 1. Properties of atmospheric air 


transfer will increase the machine tem- 
perature unless the loss is reduced. 

The heat transfer between the machine 
and the ambient air also is affected by the 
air density. Thus, at the reduced densi- 
ties and temperatures encountered at 
altitude (Figure 1), the watts loss which 
can be dissipated by an electric machine 
may change, and its rating at altitudes 
may be different from that at sea level. 

Each of \the heat-transfer processes is 
now considered individually, and its 
variation with density and temperature 
determined. 

Forced Convection. The transfer of 
heat by the forced circulation of a gas or 
liquid is referred to as heat transmission 
by forced convection. In anelectric ma- 
chine the cooling air enters the machine 
at an ambient temperature ©,,, and in 
wiping the windings and core removes 
heat from these parts. The resultant 
increase in air temperature (‘‘air rise’ 
is denoted by ©g,. This process is shown 
graphically in Figure 2, where 9, is the 
surface temperature of the windings or 
core of the machine and ©, is the tem- 
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perature drop between the hot surface and 
the cooling medium (‘‘surface drop’’). 
The maximum allowable winding sur- 


-face temperature is determined by the 


insulation used in the machine. Thus, if 
O51’, Og’, and @,,’ denote values of surface 
temperature, surface drop, and air rise, 
respectively, at the point at which the 
ventilating air leaves the machine, 


O51’ =Oqi' + Ogr’+Oq' degrees centigrade (1) 


Q,,’ is a function of the weight flow of air 
through the machine and the watts loss 
taken away by this air. Thus, 


‘ 0.183 qd for 
ar eM (2) 


where 


(for = watts loss dissipated by forced convec- 
tion 
W =weight flow of cooling air through ma- 
chine, pounds per minute 
W=pQ 
p=density of cooling air at entrance to 
machine, pounds per cubic foot 
Q=volume flow of cooling air at entrance 
to machine, cubic feet per minute 


The surface drop at the exit of the 
machine is: 


Q4/= oa degrees centigrade (3) 


where 


C=over-all thermal conductance between 
machine surface and cooling air, watts 
per degree centigrade . 


The thermal conductance C is a func- 
tion of the density of the cooling air p, its 
velocity v past the surface being cooled, 
and the area of that surface A. It has 
been shown (reference 1) that for the 
turbulent flow of air in ducts 


Cx Ay(pv)% (4) 


In an electric machine the velocity v 
is composed of two components: the 
axial velocity of the cooling air through 
the ducts of the machine v,, and the pe- 
ripheral velocity of the rotorv,. Tests on 
d-c aircraft-type generators indicate that 
for ratios of axial to peripheral velocity 
approximately less than 2, the axial ve- 
locity can be neglected; whereas, for 
ratios greater than 2, the peripheral ve- 
locity can be neglected. In the practical 
case of self-ventilated and separately ven- 
tilated aircraft generators, the former 
type usually has a ratio of axial to peri- 
pheral velocity well below 2, and the 
latter type has a ratio well above 2. 
Hence, the transition range need not be 
studied closely in the present investi- 
gation. 

The axial velocity v, is: 


feet per minute (5) 
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where 


A,=total area of ducts through which the 
cooling air flows, square inches 


Thus, from equations 4 and 5 and 
the afore-mentioned assumptions, 


1 
Coett a Ajvy*p* ay p* (6) 
1 
1440\" 144\2_ 1 
= =— Wwe 
owe aloe) <Q) i 
(7) 


where k; and k. are constants for any 
given machine operating at constant 
speed, and Cee and Csep are the over-all 
thermal conductances for self-ventilated 
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Figure 2. Temperature—air-flow diagram of a 
single-end axially ventilated electric machine 


and separately ventilated machines, re- 
spectively. 

In smooth ducts, a=0.8; in rough 
ducts, a may vary from 0.5 to 1.0, de- 
pending on the degree of roughness. On 
one aircraft-type d-c generator the use 
of an exponent of 0.5 checked test data. 

Substitution of equations 2, 3, 6, and 
7 into equation 1 gives: 


Self-ventilated: 


8s, al 
or atts 8 
ge 0.138 ki w (8) 
WwW ps 


Separately ventilated: 


O51 '+ Ca 
on = ae a tt 9 
aT Ee apa Sen 0) 
Ww we 


Hence, if @.;’, Og1, p, and W are known 
at a given altitude, the watts loss which 


can be removed by forced convection at | 


that altitude can be found if k;, ko, and a 
are known. These constants can be de- 
termined from sea-level tests on the 
machine. 

Free Convection. The transfer of 
heat by the natural circulation of a gas, 
caused by a nonuniform temperature 
(and hence density) variation within the 
gas, is referred to as heat transmission 
by free convection. 

The heat transferred from a horizontal 
cylinder in air is 


(O52 = 8a») Vs 


Gtree = 1.83 X 107 4A op5 a 


watts 


(10) 
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where 


diree = watts loss by free convection 

A»=area of surface subject to free convec- 

tion, square inches 
p=atmospheric pressure, inches of mer- 

cury 

O,.=convecting surface temperature, de- 
grees centigrade 

Q..=ambient air temperature for free con- 
vection, degrees centigrade 


LnLy 
yteet 
Ly,4+Ly . 
L;,=horizontal length of cylinder, feet 
L,=vertical height of cylinder, feet 


jee 


The watts dissipated by free convec- 
tion at any altitude therefore can be cal- 
culated from equation 10, since all factors 
are known. The surface temperature can 
be determined from sea-level tests. 
Tests taken under actual altitude condi- 
tions have indicated that the frame 
temperature remains essentially con- 
stant at various altitudes for the same 
maximum internal surface temperature, 
unless there are large changes in the heat 
dissipated from the frame of the machine. 

It should be noted that the watts dis- 
sipated by free convection vary as the 
0.5 power of the atmospheric pressure. 

Radiation. Radiation is the method 
of heat transmission by which heat en- 
ergy is transferred from one body to an- 
other through a transparent medium with 
no change in the temperature of the me- 
dium. When the area of the radiating 
body is small compared with that of its 
surroundings, the watts dissipated by 
radiation are: 


=0.00375€A |(22 pa( Sa 
eae *|\400 rere aN else 


(11) 


where 


¢r= watts dissipated by radiation 
€=emissivity of the surface of the radiat- 

ing body (0.9 fora body covered with a 
nonmetallic paint) 

A;=area of radiating surface, square itiches 

O53 =radiating surface temperature, degrees 
centigrade absolute 

0,;=ambient air temperature or tempera- 
ture of surrounding bodies (if close 
enough) for radiation, degrees centi- 
grade absolute 


The preceding equation shows that 
the watts dissipated by radiation are in- 
dependent of air density or pressure and, 
hence, of altitude for constant ©,, and 
Qa; The same statements concerning 
these temperatures apply to this case 
as to the case of free convection. 

Conduction. The heat transferred 
between two bodies by the conduction 
process is directly proportional to the 
conductivity of the transmitting medium, 
its area, and the temperature difference 
between the two bodies, and inversely 
proportional to the length of path. In 
an electric machine heat is conducted 
through its mounting, the direction of 
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the transfer depending on the relative 
temperature of the two bodies. This. 
heat transfer is difficult to calculate, singe 
the length of path and the temperature 
difference are not accurately known. 
However, it is not affected by air density 
or temperature, provided the temperature 
of machine and mounting remain con- 
stant. Measurements of these tempera- 
tures must be made to determine the di- 
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Figure 3. Effect of altitude on the watts loss 
dissipated by forced convection from a self- 


ventilated direct engine-driven aircraft gen- 
erator 


Constant maximum generator-winding surface 
temperature—140 degrees centigrade 
Constant engine-accessory-compartment tem- 
perature—38 degrees centigrade 


rection of heat flow, and the results ob- 
tained used to temper the calculations of 
total heat transferred by the other three 
processes. If heat is removed from the 
machine it can be neglected and used as a 
“safety factor;’’ if itis added, an estimate 
of the quantity added may be necessary. 


SUMMARY OF HbAT-TRANSFER EQUATIONS 


Qtot = Gfor + Gtree +p watts 4 (12) : 
Self-ventilated: 
Giorm= O51’ —9a1 
"0.133, ki watts _ @) 
Ww po ; 
Separately ventilated: Vas 
tor= 0181 : 
0.133 ke watts st (9) 
W we 


ELECTRICAL ENGINEERING 


Cee ye 
Qtree = 1.83 X107 4A 2p*5 eee watts 


(10) 
O35 é Gas : 
=0. 5€A Feel ical (nee tt 
dr 00375€A, | (8) (=) watts 
(11) 


Arr FLow IN ELEctTRICc MACHINES 


All the terms in the heat-transfer equa- 
tions have been discussed, except the 
weight, flow of the air used to cool the 
machine W. This quantity varies with 
altitude in a manner which depends on 
the type of ventilation employed. In 
the case of aircraft equipment, two types 
of machine are used: the enclosed self- 
ventilated machine, where the cooling air 
is circulated by a fan integral with the 
machine; and the enclosed separately 
ventilated machine, where the cooling 
air is picked up by an air scoop on the 
airplane and forced through the machine 
by the ramming pressure obtained from 
the airplane’s motion. Single-end axially 
ventilated machines are discussed here, 
as this is the type in most common use 
on the equipment considered in this 
paper. 

When the friction pressure drop of the 
air in flowing through the passages of a 
machine is neglected (a good assumption 
for small machines), the equation govern- 
ing the air flow through a machine is: , 


aK 2 
H=2 | on 22 +n +... | 
g g 


inches of water* 


(13) 
where 


H=pressure head available for forcing cool- 
ing air through machine, measured at 
entrance to machine, inches of water 


Um Un” ‘ 
Bm Qe" Bao ... =loss in pressure at con- 
8 8 tractions, expansions, 
bends, and so forth, of 
the air-flow path, meas- 
ured in velocity heads 
of air 
Since 
1440 144 
Um, Uns Ee oP 
Am An 
Q al Bm Bn 
Brealits 14 
58 aby at (14) 
where 
Am, An, ... =areas at changes in path sec- 


tion, square inches 


The bracketed expression is a constant. 


for any machine and may be called an 
“air resistance,’ R. Hence, 
58H cubic feet per minute 

a i 


Oe (15) 


*This equation assumes that the air density is con- 
stant throughout the machine. Because of the air 
temperature rise this is not strictly true. However, 
the simplicity obtained by assuming a constant 
density warrants its use. For more accurate cal- 
culations an average air density may be used rather 
than the value at the machine entrance. 
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The weight flow of cooling air, there- 
fore, is: 


W=pQ 


58Hp 


WS ep pounds per minute 


(16) 


This equation defines the weight of 
cooling air flowing through the machine 
for a given pressure head H. This pres- 
sure head will vary with altitude, depend- 
ing on whether the machine is self-ven- 
tilated or separately ventilated by the 
methods discussed previously. 


The pressure head developed by a fan 
revolving at constant speed varies di- 
rectly with the air density. Therefore, in 
a self-ventilated machine the weight flow 
of air is directly proportional to the air 
density (equation 16). 


CONVECTION 
°o 
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Figure 4. Effect of altitude on the watts loss 
dissipated by forced convection from a 
separately ventilated direct engine-driven air- 
craft generator 


Constant! maximum generator-winding surface 
temperature—140 degrees centigrade 
Constant ramming-head cooling-air pressure 

Cooling-air properties taken from Figure 1 


For a separately ventilated machine 
employing an air scoop, the head H will 
depend on the airplane’s speed—altitude 
characteristics. For a constant angle of 
attack the lift on an airplane wing is 
proportional to pV*, where p is the air 
density, and V is the velocity of the air- 
plane relative to the air. Since a certain 
minimum lift is necessary to support the 
airplane, the minimum pV? must remain 
constant, regardless of altitude. How- 
ever, the pressure head in inches of water 
developed in the air scoop is directly pro- 
portional to pV? (neglecting losses); 
hence the minimum air-scoop pressure 
head is independent of altitude for a 
separately ventilated generator. From 
equation 16 it can be seen that the mini- 
mum weight flow of air is thus propor- 
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tional to the square root of the air den- 
sity and therefore decreases with altitude, 
but not so rapidly as in the self-venti- 
lated machine, where the decrease was 
directly proportional to the air density. 


Application of Fundamental Analysis 
to the Determination of the 
Altitude Ratings of Rotating 
Electric Machines in Aircraft 


The fundamental equations for heat 
transfer in rotating machines will be used 
now to determine the rating of electric 
machines under varying altitude condi- 
tions. The specific cases of self-venti- 
lated and separately ventilated direct 
engine-driven d-c generators will be 
chosen for this discussion, each generator 
being considered separately. These gen- 
erators are overhung from the back end 
of the aircraft engine. The self-ventilated 
generator secures its cooling air from the 
space back of the engine, known as the 
engine-accessory compartment; and the 
separately ventilated machine secures its 
cooling air from the atmosphere external 
to the airplane. 

The general approach to the problem 
of altitude ratings is: 


1. The determination of the ambient-tem- 
perature and air-flow conditions for each 
type of generator. 


2. The calculation of the total watts loss 
which can be removed by the heat-transfer 
processes already discussed (heat transfer 
by conduction will be neglécted) at the alti- 
tude at which the rating is desired. 


8. The determination of the current, and 
hence the rating of the machine, correspond- 
ing to the total watts loss found in step 2 
from a curve of watts loss of the machine as 
a function of its line current. 


ENCLOSED SELF-VENTILATED GENERATOR 


Ambient Temperatures. |Theambient 
temperature of the cooling air ©, of a 
self-ventilated generator is that of the 
engine-accessory compartment. Tests 
have shown that this temperature is in- 
dependent of altitude. Present informa- 
tion indicates that a minimum compart- 
ment temperature of 38 degrees centi- 
grade and a maximum of 65 degrees cen- 
tigrade may be expected. This ambient 
temperature is also the temperature to be 
used in calculating the heat transfer by 
free convection, @2. 

The generator frame will radiate to or 
acquire heat from surrounding objects, 
depending on the relative temperature 
of the bodies involved. This transfer will 
remain substantially independent of al- 
titude. 

Air Flow. Previous equations have 
shown that the weight flow of air W 
through a self-ventilated generator is 
directly proportional to the air density 
and therefore decreases with altitude. 

An inspection of equations 8, 10, and 
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11 now shows that the watts loss' which 
may be dissipated by a self-ventilated 
generator, for a constant maximum-allow- 
able surface temperature, decreases with 
increase in altitude. All quantities in 
these equations are constant except the 
air flow W, the air pressure p, and the air 
density p, all of which decrease with alti- 
tude. The reduction in rating depends 
on the relative proportions of for, tree, 
and gp acting to cool the generator. 
Table I shows the per cent watts loss dis- 


are less than the no-load losses, the ma- 
chine cannot even maintain its voltage at 
no load. Figure 3 shows that the self- 
ventilated generator thus has a “‘ceiling”’ 
of operation at which point the machine 
can dissipate its no-load losses only and 
can carry no load current without ex- 
ceeding its maximum allowable tempera- 
ture. Since the no-load losses of a light- 
weight high-output generator may be 
one quarter to one third of its total losses 
when carrying rated current, this ceiling 


Table | 


Comparison of the Watts Loss Dissipated From Self-Ventilated Direct Engine-Driven Aircraft 
Generators Employing Different Proportions of Heat-Transfer Processes in Their Cooling 


Per Cent of Total Watts 
Dissipated at Sea Level* 


By Forced 


Convection By Free By 
y = 0.67,a2=0.5 Convection Radiation 
MOTO} SS loca a0 JG ae Oe tenet tetonener Denner 
UBS) SAEs tee TOOFe pate tamies Oi earae tanta 
Orava eetohareinra cts (ONsautie Screonve LOO a ysasate,x\oys 


Per Cent of Sea-Level Watts 
Dissipated at 36,000 Feet* 


By Forced 
Convection By Free By 

7 =0.67, a=0.5 Convection Radidtion Total 
RIE AY Reon Pe Rn ORtieworisw ce Oliersacrete 27 
Swale fouh Obs yanay sutttivine exesaiters WT a cunt (trate a7 eaceiokuc 47 
So eb ceo GOO LD Sate aac LOO; S cere 100 


* Maximum generator-winding surface (140 degrees centigrade), generator-frame surface, surrounding 
object, and engine-accessory-compartment (38 degrees centigrade) temperatures are constant for all com- 


parisons. 


sipated by each of the three heat-transfer 
processes at an altitude of 36,000 feet as 
compared with the dissipation at sea 
level (taken as 100 per cent). For ex- 
ample, if the generator could dissipate 
all of its loss by radiation alone, its rat- 
ing would be independent of altitude, 
since gp is independent of air density and 
pressure. In any actual application all 
processes will enter, but the watts dis- 
sipated by forced convection will be at 
least 80 per cent of the total for the light- 
weight high-output generators now used 
in the modern airplane and therefore will 
be the limiting feature. 

Figure 3 shows the reduction in the 
watts loss that may be dissipated by 
forced convection in a_ self-ventilated 
generator, as a function of altitude, for 
constant maximum surface temperature 
and constant generator speed. Curves 
are plotted for various values of a@ in 
equation 8, and for various ratios of air 
tise to machine temperature rise at sea 
level y. In self-ventilated machines this 
latter ratio is usually greater than 0.5. 

After the total watts loss which can be 
dissipated by the three processes of heat 
transfer at a given altitude has been cal- 
culated, the new current rating of the 
generator at that altitude is found from 
the curve giving the generator line cur- 
rent as a function of its watts loss. This 
curve is approximated by a constant, 
representing the no-load losses of the 
machine plus a term which is a function 
of the square of the line current. 

If the watts which can be dissipated 
at the operating altitude of the airplane 
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may occur within the operating limit of 
the airplane. At 35,000 feet, for example, 
the self-ventilated generator can dissipate 
only 25 to 35 per cent of the losses it can 
at sea level. 


ENCLOSED SEPARATELY VENTILATED 
GENERATOR 


Ambient Temperatures. The am- 
bient temperature of the cooling air ©,; 
of a separately ventilated generator is 
that of the air outside of the airplane 
(neglecting a small temperature rise of 
the air at the entrance to the air scoop 
due to its compression). The Air Corps 
standard atmospheric air temperature 
decreases with altitude at a rate of —2 
degrees centigrade for every 1,000-foot 
increase in altitude (Figure 1). The 
ambient temperatures for free convection 
and radiation remain the same as for the 
self-ventilated generator. 

Ar Flow. The minimum ramming- 
head cooling-air pressure available at the 
air scoop of an airplane is independent of 
altitude. From equation 16, therefore, 
the minimum weight flow of air in a sepa- 
rately ventilated generator is propor- 
tional to the square root of the air den- 
sity. 

Equations 10 and 11 show that the 
same watts loss is dissipated by free 
convection and radiation in the case of 
the separately ventilated generator as 
for the self-ventilated machine. 

Figure 4 shows the variation in the 
watts loss that may be dissipated by 
a separately ventilated generator for 
constant ramming-head cooling-air pres- 
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sure, constant maximum surface tem- 
perature, and constant generator speed. 
Curves are plotted for various values of 
a in equation 9 and for various ratios of 
air rise to machine temperature rise at 
sea level y. 

After determining the total watts loss 
which can be dissipated by the three proc- 
esses of heat transfer, the altitude rating 
of the generator can be found from the 
curve of watts loss as a function of line 
current, as was done for the self-vefi- 
tilated generator. 

From Figure 4 and equations 10 and 
11 it is apparent that a separately ven- 
tilated generator, which obtains its cool- 
ing air from an air scoop on the airplane, 
maintains and‘may even increase its sea- 
level rating at practically all altitudes 
within the operating range of present- 
day aircraft. In the case of the sepa- 
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PER UNIT WATTS DISSIPATED BY FREE CONVECTION AND RADIATION 
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Figure 5. Effect of altitude on the watts loss 

dissipated by free convection and radiation 

from self- and separately ventilated direct 
engine-driven aircraft generators 


Constant generator frame surface, engine-ac- 
cessory compartment, and surrounding object 
temperatures 


rately ventilated generator, the reduc- 
tion in cooling-air ambient temperature 
offsets the decrease in weight flow of 
cooling air. Also, due to the constancy 
of the ramming-head cooling-air pres- 
sure of the separately ventilated genera- 
tor, the weight flow of cooling air de- 
creases only with the square root of the 
air density. In the self-ventilated gen- 
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erator the weight flow decreases directly 
with the air density. 


Conclusions 


A. Figure 3 shows that the rating of an 
enclosed self-ventilated direct engine-driven 
d-c aircraft generator decreases rapidly with 
altitude, and may have a “‘ceiling’”’ within 
the altitude range of the airplane on which 
it is mounted. This ceiling is the point at 
which ‘the generator will just dissipate its 
no-load losses without overheating. 


B. Figure 4 shows that the rating of an 
enclosed separately ventilated direct engine- 
driven d-c aircraft generator, obtaining its 
cooling air from an air scoop mounted on the 
airplane, remains essentially independent of 
altitude—the rating increasing slightly over 
its sea-level value up to 20,000 feet and then 
decreasing again. 


C. Sea-level tests can be taken, by means of 
which the rating of a given generator at a 
given altitude can be determined if ambient 
conditions at that altitude are known (see 
appendixes). 


D. The analysis presented in this paper can 
be used to determine the air-flow require- 
ments necessary to obtain a given rating 
from a given generator at any desired alti- 
tude (see appendixes). 


E. The results of this analysis can be ap- 
plied to the determination of the altitude 
heating and rating of types of electric ap- 
paratus other than aircraft generators, if the 
assumptions made here are critically re- 
viewed and adapted to meet the new condi- 
tions. 


F. While the effect of brush and commuta- 
tor heating on limiting the altitude rating of 
a generator has not been discussed, this 
problem can be analyzed using the formulas 
applying to a self-ventilated machine, since 
whether the machine is self- or separately 
ventilated the peripheral velocity of the 
commutator is large compared with the 
axial velocity of the cooling air (see Forced 
Convection under Fundamental Analysis). 


G. This paper presents some of the funda- 
mentals of the problem of altitude rating of 
electric machines and has proposed tests 
for its determination. It is hoped that 
future test data, obtained both in altitude 
chambers and under actual operating condi- 
tions, will be correlated and used to modify 
and expand the analysis where necessary. 


Appendix A. Sea-Level Tests 
and Altitude Performance Calcula- 
tions for Generators Designed 
for Aircraft Applications 


The tests proposed here are based on the 
assumption that the point at which the 
maximum-allowable surface temperature 
@;:’ is measured at sea level remains the 
hottest point in the machine as the load on 
the machine is varied. Tests on aircraft- 
type generators have indicated that this 
assumption is correct. In the proposed 
tests the generator mounting should be in- 
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sulated thermally from the test stand on 
which it is mounted, in order to eliminate 
the effects of conduction. It is also assumed 
that the outer surface of the generator re- 
mains essentially at constant temperature 
for a constant maximum internal surface 
temperature. This assumption has been 
checked by altitude-chamber tests. 


A. Preliminary Tests 


These preliminary sea-level tests deter- 
mine the weight flow of cooling air forced 
through the generator for various ramming- 
head pressures at the entrance to the genera- 
tor cooling system, the watts loss of the ma- 
chine for various line currents, and the value 
of the exponent a in equations 8 and 9. 


1. Measure the volume flow of air through the gen- 
erator for various inlet ramming-head air pressures. 
Set up the generator as a separately ventilated ma- 
chine and operate at minimum rated speed. Vary 
the volume flow from a value at which the ratio of 
the axial velocity of the cooling air to the peripheral 
velocity of the rotor is approximately 2, to a value 
at which this ratio is approximately 4. 


2. Plot a curve of weight flow of air as a function 
of the ramming-head pressure of cooling air from 
the results obtained in section A-1. 


3. Calculate or determine from dynamometer tests 
the watts loss of the generator as a function of its 
line current with the generator operating at its 
minimum rated speed and rated maximum-allowable 
surface temperature. Plot a curve of total watts 
loss as a function of line current. 


4. Take a series of heat runs on the generator at 
minimum rated speed at various inlet ramming- 
head air pressures, covering the range of pressures 
used in section A-2. At each pressure vary the 
generator load current until the temperature of the 
hottest surface in the machine is equal to the maxi- 
mum-allowable surface temperature. Keep the 
generator ambient temperature Oa2at the same value 
as is expected during actual operation. 


5. Calculate the watts dissipated by free convec- 
tion and radiation in each of the runs of section A-4 
from equations 10 and 11. Subtract these values 
from the total watts dissipated in each of the runs, 
and plot a curve of watts dissipated by forced con- 
vection as a function of inlet ramming-head air pres- 
sure. 


6. Rewrite equation 9 as: 


log kx +(1—a) log W 


W(0s’—90 
= log [ Memon =0.18 
Qfor 


Plot W asa function of 


Ee i a1) = 6. 133 
for 


on log-log paper for various values of inlet ramming- 
head air pressure. Select a value of this pressure 
and find gfor from the curve of section A-5 and W 
from the curve of section A-2 for this pressure. 
Using these values of W and @or, plot one point of 
the aforementioned curve. Repeat, using a differ- 
ent pressure. | 


7. Obtain the slope of the curve of section A-6 and 
calculate a, knowing that this slope is equal to 
(l—a). : 


B. Self-Ventilated Generator 


To find the altitude rating of a self-venti- 
lated aircraft generator, proceed as follows: 


1. Take a heat run at minimum rated speed at 
such a line current that the temperature of the hot- 
test surface in the machine is equal to the maximum- 
allowable surface temperature for the generator in- 
sulation. Take this heat run in an ambient tem- 
perature equal to the expected engine-accessory- 
compartment temperature at the altitude at which 
the generator is to be rated. 


2. Measure the volume flow of air Q through the 
machine under the ambient conditions of section 
B-1, and calculate the weight flow of cooling air 
through the machine. 
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3. From the watts loss-current curve of section 
A-3, determine the total watts loss of the machine 
at the load of section B-1. 


4. Calculate the watts dissipated by free convec- 
tion and radiation in the heat run of section B-1 
from equations 10 and 11. 


5. Determine the watts dissipated by forced con- 
vection in the heat run of section B-1 by subtracting 
the watts dissipated by free convection and radiation 
from the total watts dissipated. 


6. Calculate ki in equation 8, using temperatures 
and the weight flow of air found in sections B-1 and 
B-2, the value of @ found in section A-7, and the 
value of gfor found in section B-5. 


7. Calculate the total watts dissipated at the alti- 
tude at which the generator rating is to be deter- 
mined from equations 8, 10, and 11. Use values of 
air density and pressure, and engine-accessory- 
compartment temperature at the given altitude. 
The weight flow of air in a self-ventilated generator 
is directly proportional to the air density. Use 
values of O31’, Os2, O33, Oa1, Ga2, andO@a; from the heat 
run of section B-1. 


8. Determine the altitude current rating of the 
generator by entering the watts loss-current curve 
of section A-3 with the total watts dissipated as cal- 
culated in section B-7 


C. Separately Ventilated Generator 


To find the altitude rating of a separately 
ventilated generator, proceed as follows: 


1. Determine the minimum ramming-head cooling- 
air pressure in inches of water available at the en- 
trance to the generator cooling cap at the altitude at 
which the rating of the generator is to be found. 


2. Determine the watts loss that can be dissipated 
by forced convection by the generator with this 
ramming-head pressure at sea level from the curve 
of section A-5. 


8. Calculate the value of ks from equation 9, using 
the watts loss found in section C-2, the weight 
flow of air from section A-2 (correcting for any dif- 
ference between the cooling-air temperatures of 
the runs in sections A-2 and C-2 in determining the 
weight flow), the temperatures from the heat runs 
of section A-4, and the value of a from section A-7. 


4, Calculate the total watts dissipated at the alti- 
tude at which the generator rating is to be deter- 
mined from equations 9, 10, and 11. Use values of 
air pressure and cooling-air temperature and 
density from Figure 1. The weight flow of cooling 
air in a separately ventilated generator is propor- 
tional to the square root of the cooling-air density. 
Use values of 951’,@s2,053, @a2, and Oas from the heat 
run of section A-4, corresponding to the minimum 
ramming-head cooling-air pressure of section C-1. 


5. Determine the altitude current rating of the 
generator by entering the watts loss-current curve of 
section A-3 with the total watts dissipated as cal- 
culated in section C-4. 


AppendixB. Determination ofthe 
Altitude Rating or the Required 
Ramming-Head Pressure of a 
Separately Ventilated Aircraft 
Generator 


By the use of certain simplifying assump- 
tions the current which a separately venti- 
lated generator will deliver at altitude, or, 
conversely, the ramming-head pressure re- 
quired to obtain a given current at altitude, 
can be determined from a single sea-level 
heat run on the generator. 

In the following analysis the value of a in 
equation 9 is assumed to be unity; the ef- 
fects of convection, radiation, and conduc- 
tion in cooling the machine are neglected; 
and the watts loss of the machine is assumed 
to vary as the square of the generator line 
current. Assuming a to be unity gives a 
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higher value of the watts which may be dis- 
sipated by forced convection than is actually 
the case, but the omission of the watts dis- 
sipated by other processes offsets the effect of 
this first assumption. Finally, in a sepa- 
rately ventilated generator, the J?R losses are 
usually at least three to four times the fixed 
losses, so that at the generator’s normal rat- 
ing the total losses vary approximately as 
the square of the current. 
From equations 7 and 16, therefore: 


Ww 
Ca A Oe —O 
df 3 0.133-K, ° $1 a1) 
= [58H 
R 
=——— (0,'-© 
0.1334K, sl a1) 


IT=KiV/ pH(Ox' —0q1)? 


If we let the subscripts A denote the 
value of a quantity at any altitude, and 0 
denote the value at sea level, then: 


ey (22) 2 eae Pamper 
4 ‘ Po Hy (Os: —©a1)o 


(17) 


(0) Gs 


Ha Shep (2 1a) i an Oa1)0 i 
pa/\lo (951-91) 4 


inches of water 


(18) 


From a single sea-level heat run, then, 
Io, po, Ho, and (Os:'—Ogi)o are determined. 
Knowing these, and the density, inlet air tem- 
perature, and allowable hot-spot tempera- 
ture at the altitude at which the generator 
is to operate, the current which the machine 
will deliver without exceeding its tempera- 
ture rise for a given ramming-head cooling- 
air pressure can be calculated from equation 
17. Also, the ramming-head pressure re- 
quired for a given current rating can be 
calculated from equation 18. 

Altitude-chamber tests have been taken, 
and altitude ratings and pressure heads 
calculated from equations 17 and 18 have 
checked almost exactly with test values. 
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For a more fundamental calculation of 
altitude performance, the methods of Ap- 
pendix A should be used. 


Nomenclature 


A,=area of machine surface for forced 
convection, square inches 
Ay=area of machine surface for free 
convection, square inches 
A;=area of machine surface for radia- 
tion, square inches 
Aq=total area of machine ducts through 
which cooling air flows, square 
inches i 
Bm, Bn =numerical constants depending on 
type of change of air-flow section 
Csert = over-all thermal conductance be- 
tween machine surface and cooling 
air for self-ventilated machines, 
watts per degree centigrade 
Csep =Over-all thermal conductance be- 
tween machine surface and cooling 
air for separately ventilated ma- 
chines, watts per degree centigrade 
p=density of cooling air at entrance to 
machine, pounds per cubic foot 
€=emissivity of radiating surface 
air temperature rise 


Ae machine temperature rise 
g=gravitational constant, 
minute squared 
H=pressure head available for forcing 
cooling air through machine, inches 
of water 


feet per 


L;,=horizontal length of machine for 
free convection, feet 

L,=vertical height of machine for free 
convection, feet 


p=atmospheric pressure, inches of 
mercury 
Gfor=watts loss dissipated by forced 
convection 
Qiree=Wwatts loss dissipated by free con- 
vection 
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r= watts loss dissipated by radiation 
Q=volume flow of cooling air throug! 
‘machine measured at entrance, 
cubic feet per minute 
R= resistance of machine to flow of cool- 
ing air 
Ogi =ambient air temperature for forced 
convection, degrees centigrade 
Qq,=ambient air temperature for free 
convection, degrees centigrade 
0,3; =ambient air temperature for radia- 
tion, degrees centigrade absolute * 
Oar =cooling-air temperature rise (air 
rise) degrees centigrade 
@Q,=temperature difference between ma- 
chine surface and cooling air (sur- 
face drop), degrees centigrade 
@3;=machine surface temperature for 
forced convection, degrees centi- 
grade 
Q..=machine surface temperature for 
free convection, degrees centigrade 
@;,=machine surface temperature for 
radiation, degrees centigrade abso- 
lute 
v=velocity of cooling air past machine 
surface being cooled, feet per minute 
Ug =axial velocity of cooling air through 
ducts of machine, feet per minute 
Yp=peripheral velocity of rotor, feet 
per minute : 
W=weight flow of cooling air through 
machine, pounds per minute 


Primed quantities are values measured 
at the cooling-air exit of the machine, 
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Synopsis: Higher-voltage d-c and 400-cycle 
a-c electric systems are being developed for 
large aircraft with increased electrical load 
in order to obtain lower conductor weights 
than would be required with the present 
28.5-volt system. In view of the apparent 
freedom from sustained faults in low-voltage 
d-c systems despite damage from gunfire, 
the use of protective devices to isolate 
faulted cables has been considered unneces- 
sary. The need for protective devices on 
the higher-voltage systems will depend on 
the relative behavior of faults and the 
required clearing time. 

A laboratory investigation based on four 
representative types of cable fault was made 
to determine (1) reasons for the apparent 
freedom from sustained faults in present 
28.5-volt systems, and (2) comparative 
fault-clearing ability on the higher-voltage 
systems. 

The tests show (1) that freedom from 
sustained faults on 28.5-volt systems can 
be attributed mainly to fraying of faulted 
eables and the high level of fault current 
at most locations, and (2) that ability to 
clear is not materially different at the higher 
voltages if as much fault current is available. 

Current levels were determined, as a 
function of cable size, above which faults 
eaused by gunfire can be expected to burn 
elear without serious fire hazard. Where 
available fault currents are below these 
values protective devices may be required 
to eliminate fire hazard. 

For 400-cycle systems protective devices 
may be required to clear faults with mini- 
mum generation in time to prevent loss of 
syuchronism or stalling of motors. 


LECTRICAL-load growth in mili- 

tary aircraft has been accelerated 
by the need for greater firepower, range, 
and bomb capacity. Larger aircraft of 
all classes require power operation of 
some flight-control surfaces and auxiliary 
apparatus. The latest cargo planes in- 
corporate hoist motors and fuel-transfer- 
pump motors to facilitate loading and 
handling. Future passenger planes will 
require additional electric power for safety 
devices and luxury items designed for 


Paper 44-81, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
Worth Eastern District technical meeting, Boston, 
Mass., April 19-20, 1944, and the AIEE Los 
Angeles technical meeting, Los Angeles Calif., 
August 29-September 1, 1944. Manuscript submit- 
ted February 21, 1944; made available for printing 
March 16, 1944. 


J. C. CunnincuHam is in the central-station engi- 
meering section and W. M. Davipson in the avia- 
tion engineering section, Westinghouse Electric 


and Manufacturing Company, East Pittsburgh, Pa. 


1944, VOLUME 63 


W.M. DAVIDSON 


ASSOCIATE AIEE 


passenger comfort. Increased system 
voltage has been required to keep pace 
with load growth and greater circuit 
length because of cable weight required 
for satisfactory voltageregulation. Cop- 
per weight in military aircraft has in- 
creased rapidly to the stage where the 
28.5-volt system is no longer adequate for 
proposed aircraft. Generators, motors, 
and other equipment have been designed 
for 120-volt d-c and 208/120-volt three- 
phase 400-cycle a-c systems. 

One of the many problems in the de- 
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Method of representing aircraft 
cable faults : 


Figure 1. 


velopment of the 120-volt d-c and 208+ 
120-volt 400-cycle systems is protection 
against power failure caused by cable 
faults. The high’ degree of reliability 
experienced with 28.5-volt d-c systems 
in spite of the large amount of damage 
inflicted during combat indicates that 
cable faults burn clear easily and need 
not be isolated by protective devices. 
Theoretical considerations indicate the 
possibility that cable faults will not 
clear as well on the new higher-voltage 
systems. Behavior of faults under vari- 
ous conditions and the factors governing 
ability to clear must be determined be- 
fore the use of these voltages can be 
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recommended without protective de- 
vices to clear faults. It is also desirable 
to know whether there are critical condi- 
tions which may cause failure to clear on 
28.5-volt systems, and whether higher 
voltages than those now contemplated 
will materially affect fault characteris- 
tics. For these reasons laboratory tests 
of simulated cable faults were made at 
various levels of alternating and direct 
voltage and fault current at both atmos- 
pheric and reduced air pressure. 

Before discussing fault characteristics 
some criteria for evaluating results should 
be determined. A _ reliable electrical 
system must: (1) be able to withstand 
faults without creating serious fire haz- 
ard; (2) limit the time without power 
for essential loads to a tolerable duration; 
and (3) return to satisfactory operating 
condition with little or no loss of load. 

Any short circuit may start a fire under 
unfavorable conditions, but at least 
the fault should not cause the cables to 
burst into flames and the amount of 
molten metal which splatters from the 
arc should not be sufficient to set fire 
to the surrounding materials. 


In commercial and cargo planes, power 
to electrically operated flight-control 
surfaces and engine accessories may 
usually be interrupted for several seconds 
and sometimes even minutes without 
serious danger. On the other hand, in 
combat aircraft, the loss of essential 
loads for only a fraction of a second at a 
critical moment during attack may re- 
sult in complete destruction. Military 
planes returning from combat evidence 
minor difficulty from these causes, even 
when the structure is badly damaged 
from gunfire. However, this does not 
prove that temporary loss of electric 
power or damage from short circuits is 
not responsible for the loss of planes. 
The increasing use of rockets, aerial 
bombs, and heavier cannon projectiles 
undoubtedly will increase the number 
and severity of faults. 

During a heavy short circuit motors 
decelerate and a-c generators drift apart 
in phase relation. The ability of the sys- 
tem to return to normal parallel opera- 
tion and reaccelerate motor loads is a 
function of the duration of the fault. 
The permissible time for d-c systems is 
relatively long but for 400-cycle systems 
it is in the order of one-tenth second. 

For all of the above reasons it is essen- 
tial that faults be cleared rapidly, es- 
pecially on combat airplanes with a-c 
systems. If self-clearing characteristics 
do not provide this speed, a distribution 
system with protective devices for clear- 
ing faults must be provided.! 
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be termed respectively 


Aircraft Cable Faults » 


Specific information on the nature and 
number of cable faults encountered in 
aircraft is not available. A representa- 
tion of aircraft cable faults in the labora- 
tory cannot reasonably take into con- 
sideration all the possible variables. If 
aircraft-cable-fault tests were to be com- 
pletely rigorous, it would be necessary 
to include a wide range of fault-contact 
pressure, area, and thermal capacity. 
Essentially, however, there are two ex- 
tremes of cable faults. At one extreme 
are faults caused by frayed conductors 
where only a few strands are in light 
contact with a metal structure. At the 
other extreme are faults involving one or 
two cables where the conductors are 
pinned by or against a large metal object 
such as the plane structure. In the 
former case, the thermal capacity in 
the fault is less than that of the cable, 
while in the latter case the thermal 
capacity in the fault is greater than 
that of the cable. The two types may 
“Jow-thermal- 
capacity” and “‘high-thermal-capacity”’ 
faults. It must be remembered that 
with low-thermal-capacity faults cables 
are usually in motion because of 
magnetic forces and vibration or chang- 
ing attitude of the airplane. 


Laboratory Representation 
of Faults 


To determine self-clearing ability, tests 
were made with voltage, available fault 
current, air pressure, fault thermal capac- 
ity, and cable size as the variables. The 
difficulties in obtaining conclusive data 
from cable-fault tests are well known in 
industrial practice. The problem in air- 
craft circuits is even more complex be- 
cause of the scarcity of data on the num- 
ber and type of faults, type of fault con- 
tacts, and contact pressures involved. 
Since specific information was not avail- 
able, logical assumptions were made and 
test procedure and conditions established 
so as to determine comparative effects 
of different system voltages and fault- 
current levels. From the results of these 
tests the clearing ability of a random 
fault in a particular system can be esti- 
mated. Where clearing is questionable 
suitable protection can be provided to 
insure system reliability or to eliminate 
fire and explosion hazards. 

Aircraft cable in 28.5-voltsystems range 
in size from number 20 American wire 
gauge to as large as 3/0. For the follow- 
ing reasons three sizes, 20, 14, and 8 were 
selected from the above range for the 
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Figure 2. Three 
types of fault contact 
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Figure 3. 


short-circuit tests. (1) It is expected 
that with higher voltages and multiple- 
circuit feeders there will be no need for 
cables larger than about number 8 Ameri- 
can wire gauge. (2) Experience showsthat 
in faults on heavy cable, particularly those 
caused by gunfire, only a few strands of 
a severed or chafed cable will make fault 
contact, and the full cross section rarely 
will be involved. Such faults can be 
represented approximately by tests on 
smaller cables which have the same cross- 
sectional area as the active portion of the 
large cable. In interpreting the results, 
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however, one must remember that the 
heavy conductor may clear and restrilke 
a sufficient number of times to fuse the 
strands and permit more of the cross 
section to establish contact. Also, a 
large cable in comparison to a small cable 
will have stiffer spring action when sub- 
jected to magnetic forces and vibration, 
and greater contact pressure because of, 
its weight, 

In the case of faults resulting from gun- 
fire damage, the probability of heavy 
contact pressure and restricted cable 
motion is extremely low. For the gen- 
eral case, it is assumed that most faults 
have low thermal capacity. 
arrangements, shown in Figure la and hb, 
were selected for these tests and constant 
conditions obtained by bending the 
severed cable upward to relieve all strain 
except that necessary to establish electri- 
cal contact. By using the same cable 


arrangement at all values of current and 
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Figure 5. Test circuits 
(a)—Direct current 
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voltage, the effects of other variables such 
as cable size and air pressure can be ana- 
lyzed. An angle of 45 degrees was as- 
sumed as an average contact position for 
line-to-ground faults. The cable place- 
ment used for low-thermal-capacity line- 
to-line faults is shown in Figure 1b. 
The severed cable rests lightly across the 
straight cable, where insulation has been 
removed, representing two cables spaced 
two inches apart that have been damaged 
and have fallen together. The cross 
cable overhangs the straight cable to 
prevent easy separation by magnetic 
forces. 

Contact of the total number of wire 
strands of the various cable sizes was 
not realized in either of these arrange- 
ments. The 45-degree position for line- 
to-ground faults did not permit the full 


‘cross section to contact the aluminum 


alloy unless the strands were spread. A 
preliminary check was made on a 28.5- 
volt 500-ampere d-c circuit to determine 
the effect of contact area. Three types 
of line-to-ground faults are shown in 
Figure 2. The cables are not shown in 
position for test, but are placed, after 
the test, near the fault point on a sheet 
of white paper to illustrate arrangement of 
strands. The ‘‘spread’”’ and ‘‘crowfoot”’ 
types used in tests 25 and 26, respectively, 
represent the two probable extremes in 
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contact area for a given cable size. Test 
27 shows the strands in normal position 
concentrated at the fault; it is éssentially 
the same as test 25, except that more 
strands are in contact with the aluminum. 
The following observations were made 
during the tests: 


Test 25. “Spread’’—only a few strands in 
contact; sputtered and arced for a few 
tenths of a second. Cleared at fault after 
melting all exposed conductor and burning 
three-eighths-inch hole in aluminum alloy. 


Test 26. ‘‘Crowfoot’”—conductor red hot 
at fault for approximately two seconds, then 
gas pressure built up between insulation and 
conductor until released by a jet of smoke 
and varnish from the open end of the cable; 
conductor became red hot over entire 
length. Cleared first time at fault in about 
4 seconds. Reapplied power—cleared in 
approximately 2 seconds. Reapplied power 
—conductor became red hot over entire 
length—melted clear outside jig in 2.35 
seconds; three-eighths-inch bared conductor 
at fault not melted but welded lightly to 
aluminum alloy. 


Test 27. ‘“Normal’’—strands uniform as 
received; cleared at fault in 2.2 seconds 
burning one-eighth-inch hole in aluminum 
alloy. At first, appeared to weld and con- 
ductor approached red heat at fault—then 
sparked and cleared. Reapplied power—no 
restrike. Jarred cable and reapplied power 
—trestruck for 0.02 second. 


The conditions represented by test 25 
were considered too favorable to be 
representative of many faults, especially 
with small cable. The conditions in test 
26 actually constitute high thermal 
capacity and were covered by other 
tests. Conditions similar to those in 
test 27 were used in all remaining tests 
to represent low-thermal-capacity faults. 

In contrast to light-contact line-to- 
ground and line-to-line faults, when 
the conductor has been pinned against 
part of the plane structure or other 
metal objects there is much greater 


Figure 6. Low-pressure chamber 
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Table 1. Available Fault Current 
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Direct Current Initial 
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thermal capacity for radiating and con- 
ducting heat from the fault. High ther- 
mal capacity is simulated in line-to- 
ground fault tests by means of a bolt, 
Figure lc, and in line-to-line faults by a 
heavy wrap of fine copper wire, Figure 
1d. 

In order to limit the amount of heat 
conducted from the fault by the con- 
ductor itself, different cable lengths were 
used depending upon the fault thermal 
capacity. For example, light-contact 
fine-to-ground fault tests were made with 
only two feet of cable; light-contact 
line-to-line tests were made with three- 
foot lengths; bolted line-to-ground and 
wrapped line-to-line tests were made 
with four-foot lengths. 


Short-Circuit Characteristics 
of Aircraft Systems 


In addition to establishing a basis for 
representation of cable faults, the short- 
circuit characteristics of existing air- 
craft systems must be examined in order 
to select power sources for the laboratory 
tests. The short-circuit characteristics 
of aircraft equipment were obtained in 
the laboratory and used in network cal- 
culator studies of typical large aircraft 
systems. In the cable-fault tests, no at- 
tempt was made to duplicate transient 
generator characteristics or specific cir- 
cuit constants of existing systems. In- 
stead, power sources were selected with 
sufficient capacity to maintain constant 
current at different levels covering the 
range of currents expected in service. 


D-C Systems 


Short-circuit current in d-c systems is 
contributed by generators, storage bat- 
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teries, and motors. Current-time char- 
acteristics for a short-circuit on the ter- 
minals of a 28.5-volt 200-ampere shunt 
generator, a 34-ampere-hour battety 
and a 1.5-horsepower shunt motor are 
shown in Figure 3a. Generator and 
motor ‘currents decay rapidly because 
the machines are shunt-excited. 

A network-calculator study of a 28.5- 
volt system, which has four 200-ampere 
generators and two 34-ampere-hour bat- 
teries, indicates that the maximum cur- 
rent for a solid fault approaches 4,000 
amperes initial peak, and decays rapidly, 
as shown in Figure 3b. The sustained 
value of fault current at this location 
(not shown in the Figure 3b) is less than 
1,000 amperes and is contributed almost 
wholly by the storage batteries. The 
minimum current delivered to a solid 
fault is 730 amperes. This fault is located 
on a fuselage feeder in the tail section, 
and two of the four generators are out 
of service. With all generators and 
batteries in service, the sustained fault 
current at this location is 1,040 amperes. 
Fault currents lower than 730 amperes 
may be obtained when a severed cable 
forms two simultaneous faults. Usually, 
in such rare cases, one of the faults clears 
rapidly and all available current is fed to 
the remaining fault. 

There are 28.5-volt systems larger 
than that in the example which use 
800-ampere generators and can deliver 
somewhat higher initial peak fault cur- 
rent. However, it was not necessary to 
test as high as 4,000 amperes since 2,200 
amperes on number 8cable gave self-clear- 
ing results which check combat experience. 

A 120-volt d-c system consisting of 
four 200-ampere generators would have 
a maximum initial peak current of about 
3,000 amperes without batteries or 4,000 
amperes with two 34-ampere-hour bat- 
teries. The minimum sustained current 
would be about 1,000 amperes with bat- 
teries, but if the batteries were omitted, 
the current after approximately 0.05 
second would be a function of generator 
speed and the circuit resistance between 


(b) HIGH-CURRENT CABLE FAULT 


Figure 7. Magnetic forces aid clearing 
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(c)—Line to ground, number-14 American-wire-gauge ‘conductor, 240 volts 


Figure 8. D-c faults at 1,000- and 40,000-feet 
pressure altitude 


Film number in lower left corner. Fault current 
and fault voltage are zero until contactor closes 


the generator and the fault. For a few 
tenths of a second compensated genera- 
tors will deliver from 100 to 250 per cent 
of rated current depending on speed and 
external resistance. For longer periods 
of time, the current gradually decreases 
to zero if the external resistance is below 
the critical value for the generator and 
its operating speed. Therefore, without 
batteries, faults would have to clear in a 
few tenths of a second, for low values of 
external resistance, if appreciable current 
were required to provide clearing. 

Of immediate interest in d-c distri- 
bution is the use of 120 volts. With 
future loads, 240 volts or possibly as 
high as 1,000 volts may be required for 
minimum conductor weight. The use of 
voltages higher than 500 for aircraft dis- 
tribution systems may prove impractical 
because of the weight penalties imposed 
by greater insulation. However, a few 
tests in the range of 1,000 volts were 
made because such voltages may some 
day be required on short cable runs for 
high-power equipment. 


400-CycLe SysTEMS 


The approximate range and character- 
istics of fault current for a proposed 
208/120-volt three-phase grounded-neu- 
tral 400-cycle system is shown in Figure 
4. The upper curve is the maximum 
current-time characteristic for a single- 
line-to-ground fault as determined on 
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the network calculator. The two lower 
curves are for single-line-to-ground and 
three-phase faults located on a 12 Ameri- 
can wire gauge wing-feeder circuit, and 
are near the minimum fault-current level. 


Test Procedure 


The 28.5-volt power source consisted 
of 30 112-ampere-hour storage bat- 
teries. Power for 120-, 240-, and 1,000- 
volt tests was supplied by a 750-volt 
1,500-kw motor-generator set. Gener- 
ator voltage was adjusted by field control, 
and short-circuit current was limited to 
the desired value by external resistance. 


A 150-kva motor-generator set was used . 


for 400-cycle tests with single-phase 
transformers totalling 1,000 kva. Differ- 
ent values of voltage and current were 
obtained by means of generator field- 
control, transformer reconnections and 
tap changes, and an adjustable reactor 
in the secondary. The over-all power 
factor of the test circuits was less than 
20 per cent. Table I summarizes the 


range of system voltage and available — 


fault current. 

The test circuits are shown in Figure 
5aandb. A large number of oscillograms 
was obtained for faults of less than two 
seconds duration. For faults that did 
not burn clear within two seconds, cur- 
rent was measured with an ammeter and 
time was measured by an electric timer. 
Figure 5c shows the control circuit used 
for all tests, which in sequence opened 
the oscillograph shutter, initiated the 
fault by closing contactor /, and started 
the electric timer. A few oscillograms 


were obtained for faults lasting longer 
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\\ (a) 
Figure 9 (above). Low-current fault on 
number-14 American-wire-gauge cable which 
tequired 30 seconds to clear 


(a)—Line-to-ground light contact showing 

‘ clearing and restrikes after a weld 

(6)—Line-to-line wrapped contact showing 
double-line-to-ground restrikes 
Pressure altitude 40,000 feet 


Direct Current 


than 15 seconds by anticipating when the 
fault would clear, and opening the shut- 
ter in time to record clearing character- 
istics. 

All tests were made inside an 18-inch- 
cube pressyre chamber, shown in Figure 
6. Atmospheric-pressure tests are des- 
ignated as ‘1000-foot altitude’ which 
corresponds to the elevation of the East 
Pittsburgh laboratories, High-altitude 
tests were made after exhausting the 
chamber to a pressure corresponding to 
an altitude of 40,000 feet. 

For line-to-ground tests, 0.025-inch 
aluminum alloy, tarnished and dirty 
from exposure, was obtained from a 
scrapped fuselage. Occasionally it was 
necessary to clean the surface with emery 
paper in order to establish fault contact. 
Circuit connection to the aluminum was 
made with a minimum of contact resist- 
ance by clamping the aluminum sheet 
between two wide strips of silver-plated 
copper. These plates were connected 
to one of the pressure-chamber terminals. 


(6) 
Figure 10 (below). Comparison of a-c and 
d-c high-current faults, line-to-ground light 
contact, number-8 American-wire-gauge 


Available current: 
Direct current, 3,500 amperes 
Alternating current, 2,100 amperes rms 


Pressure altitude 40,000 feet 


400 Cycles 


Aluminum sheet and jig were placed 
horizontally in the chamber for all tests. 
The jig cable clamps were spaced ten 
inches apart to approximate the distance 
between ribs in aircraft. 


Analysis of Test Results 


Factors WHICH PRODUCE SELF- 
CLEARING 


Before the results of specific tests are 
given, a few remarks on the factors which 
bring about self-clearing may be helpful. 
For an analysis of circuit interruption 
phenomena the reader may refer to 
technical literature.?»3»4 

In a d-c circuit, interruption of current 
flow is brought about by producing an 
arc which has a voltage drop, for all cur- 
rents below the initial value, greater 
than the available voltage of the circuit 
at the point of fault. After the current 
becomes zero, the dielectric strength of 
the space between the two cables or 
cable and structure must increase more 


Table Il. Cable Damage With Line-to-Line Short Circuits—D-C Test 


Cable Size Pressure Volts Fault Total 
Test (American Wire Fault Altitude (Open Amperes Clearing 
No. Gauge) Contact (Feet) Circuit) (Rms) Time (Sec) 
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Figure 11. Percentage of available short-circuit 
current obtained with light-contact line-to- 
ground faults at 120 volts, 400 cycles 
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rapidly than the recovery voltage or a 
new arc will be formed. 

In a simple switch or contactor the arc 
is initiated and its length determined prin- 
cipally by Contact travel. For larger 
circuit-interrupting devices at higher 
currents magnetic force on the arc and 
gas or oil blast also tend to increase the 
are length or reduce its cross section to 
increase the arc voltage. 

Ina cable fault on a d-c circuit a simi- 
lar action takes place but with two signifi- 
cant differences in the initiation and 
lengthening of the are: 

1. Relative motion between the two cables 
or cable and metal structure are produced 
primarily by vibration, or by magnetic 
forces which depend on the magnitude and 
distribution of the fault current. Even 
after the current has been interrupted a new 
contact will frequently be established be- 


cause of the weight of the cable, its spring 
action, or vibration. 


2. The thermal capacity of the cable and 
metal structure are usually sufficiently low 
that during a fault part of the conductor, 
the structure, and the surrounding insula- 
tion are vaporized and burned or blown 
away with explosive force. 


For both of these reasons, low-current 
faults such as in Figure 7a are likely to be 
slow in clearing or may produce a weld 
since there is little magnetic force or 
heat available to produce or lengthen an 
arc. If contact is maintained, the heat 
generated at the point of contact may be 
only sufficient to cause partial fusion 
followed by a weld, or may eventually 
melt a hole in the aluminum alloy. 

At some higher current the magnetic 
force will be great enough to lift the cable 
off the plate, forming an arc of sufficient 
length to interrupt the current such as in 
Figure 7b. The are voltage may also be 
increased by magnetic “blowout,” by 
melting the cable and aluminum, or by a 
blast of vaporized but un-ionized insula- 
tion material. After the current reaches 
zero, the cable will tend to drop back 
on the plate and re-establish contact un- 
less sufficient conductor or aluminum has 
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been burned away, or the wire has been 
bent beyond its elastic limit by the 
magnetic force. In addition a sufficient 
film of insulation material or metal oxide 
is sometimes formed to prevent electrical 
contact even though the parts are touch- 
ing. 

In a-c circuits the production of a high 
are voltage is not necessary to produce 
interruption since the current becomes 
zero twice every cycle. It is only neces- 
sary that there be separation sufficient 
to. give more rapid increase in dielec- 
tric strength than in recovery voltage. 
The natural deionization of the space 
between the conductors is aided by gas 
surrounding the arc. At low currents 
the “‘cold-cathode”’ recovery voltage may 
also aid interruption. 


Test RESULTS 


(1). Effect of Current Level. From 
more than 300 a-c and d-c cable fault tests 
approximate current levels were deter- 
mined above which the light-contact 
faults shown in Figure la and b cleared 
rapidly without welds or damage to 
insulation. Below these current levels, 
the tendency to weld increased. Mini- 
mum current levels were established where 
welds almost always occurred because the 


Figure 12. Structural damage at low-current 
and 120 volts direct current 


magnetic force on the cable was not 
sufficient to cause separation between two 
faulted cables or between the faulted 
end of the cable and the aluminum-alloy 
plate. 

The total force which the magnetic 
field exerts to lift the cable from the 
plate may be calculated approximately 
by the formula® 


a rar{*)0- ounces 


where / is the length and b is the separa- 
tion between parallel conductors. Both 
cable weight and force are uniformly dis- 
tributed along the cable as shown in 
Figure 7. With a fault current, J, equal 
to 500 amperes and with the length and 
separation as shown in Figure la the 
total force exerted is about 1.26 ounces. 
An 8-American-wire-gauge, cable of this 
length weighs about 0.7 ounce. A force 
of 1.26 ounces would overcome cable 
weight but may not be sufficient to over- 
come spring force in the cantilever sec- 
tion of cable. However, with a fault 
current of 2,000 amperes the force would 
be 1.26 pound. A force of this magni- 
tude would lift the cable rapidly and may 


Figure 13. Cable 
damage with line-to- 
line short circuits, 


d-c test (see Table Il) 
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bend it far enough to exceed the elastic 
limit, and reduce the possibility that a re- 
strike may occur. It must be remembered 
that with faults to a skin-return surface, 
such as the aluminum-alloy plate, the 
return path of the current may not be 
directly under the cable. In a-e circuits, 
especially at a frequency of 400 cycles, 
reactance tends to force the current to 
return directly under the cable, but, in 
d-c circuits the path of least resistdfce 
will be followed. i 

In most faults which resulted in welds 
a small spark at the point of contact was 
observed at the instant power was ap-. 
plied to the faulted cable or cables. An 
oscillogram showing fault current and 
voltage for a weld-type fault is shown in 
Figure 8c, film 24B. The high concentra- 
tion of energy melted the point contact 
and thereby increased contact area. If 
current were above the minimum level, 
the contact region was heated beyond a 
bright red glow and melted rapidly 
enough to cause separation and arcing. 
If current were below the minimum level, 
melting was retarded sufficiently to per- 
mit a further increase in contact area and 
the dissipation of heat energy by con- 
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Figure 14. Arc sustained by higher voltage 


duction and radiation. A change in 
color from bright red 1o dull red at the 
contact region gave visible evidence of 
heat dissipation. As current was de- 
creased toward these minimum levels the 
light-contact faults behaved’ more like 
the high-thermal-capacity faults shown in 
Figure leaudd. When clearing is effected 
by melting the cable because of resist- 
ance loss and without an arc, the melting 
may occur at the fault or at any point 
along the cable. If the aluminum alloy 
meits first, the action is sudden and is 
accompanied by brilliant flashes and 
explosive scattering of molten metal. 
For a fault duration of 30 seconds both 
high- and low-thermal capacity faults 
cleared at approximately the same fault- 
The average values for 
these minimum currents as a function of 
cable size were as follows: 450 amperes 
with number 8, 175 amperes with number 
14, and 60 amperes with number 20 Ameri- 
can-wire-gauge cable. Insulation was de- 
stroyed and fires occurred with practically 
Behavior of 
faults was so consistent at these values of 
current that it was possible to anticipate 
the time at which clearing would occur, 
and delay the opening of the oscillograph 
film shutter until the fault was ready to 


_ clear. Figure 9a and b are oscillograms 


which show the clearing of line-to-ground 
and line-to-line weld type faults, re- 


; ively. For the test recorded in 
ets ire 9b the transformer secondaries 


were wye-connected and the neutral 
_ connected to the aluminum-alloy plate. 
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The original fault was from line to line 
but developed into a double-line-to- 
ground fault. This also occurred in 
many other tests of line-to-line faults. 


With fault currents in the order of 
1,000 amperes or more the magnetic 
force on the cables was of major impor- 
tance in the behavior of faults and their 
ability to burn clear. Figure 10 shows 
oscillograms of high-current faults with 8- 
American-wire-gauge cable. In many 
cases the forces were sufficiently great 
that several interruptions and restrikes 
occurred before sufficient material was 
burned away to prevent the fault from 
being reformed. No welds or insulation 
damage occurred with light-contact faults 
when the root-mean-square value of 
fault current for the conducting period 
was tmore than approximately 2,000 
amperes with number 8, 1,000 amperes 
with number 14, and 300 amperes with 
number 20 American-wire-gauge cable. 
The conducting time associated with these 
currents was in the range between approxi- 
mately 0.1 second for 20 American wire 
gauge and 0.5 second for 8 American wire 
gauge. Ifa fault such as the wing-feeder 
fault on 12-American wire gauge cable, 
Figure 4, were to occur under the same 
conditions as used in the tests, there would 
be a good possibility of welding and insu- 
lation damage and also, the possibility of 
fire. In the tests, serious damage to in- 
sulation resulted in nearly all cases where 
welds occurred. There was little differ- 
ence between light-contact line-to-line 
and line-to-ground fault clearing charac- 
teristics. In general, line-to-line faults 
cleared faster and seldom restruck. 


Arc voltage in the case of light-contact 
faults may limit fault current to a value 
considerably less than the circuit can de- 
fiver to a solid fault at a given location. 
At a particular value of available fault 
current the limitation is greater in a 
28.5-volt circuit than in a 240-volt cir- 
cuit since are voltage is a function of arc 
length and current magnitude. In one 
instance on| a 240-volt circuit where 
initial peak available fault current was 
1,060 amperes, the maximum fault cur- 
rent with a 20-American wire gauge cable 
was only 750 amperes. In a 28.5-volt 
circuit with about the same magnitude 
of available fault current, the maximum 
fault current with the same size cables 
was only 360 amperes. The ratio of 
actual peak fault current to available 
peak fault current increases with larger 
size cables but decreases at higher levels 
of available fault current. Also, much 
higher ratios are obtained with 400-cycle 
faults, as shown in Figure 11. This 
demonstrates that maximum values of 
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available fault current, as determined 
by network-calculator studies, may be 
considerably higher than actual cable- 
fault currents, especially in 28.5-volt 
systems. In addition, even for a solid 
fault, current decreases with time because 
both metallic and contact resistances in- 
crease with temperature. 

In general, damage to the aluminum 
alloy sheet was greater at low fault- 
current magnitudes. Because faults at 
low currents required longer time to clear, 
the temperature of the alloy was raised 
toward its melting point of 600 degrees 
centigrade. Then, when the arc formed, 
the explosive action blew a large hole 
where the alloy had melted (Figure 12). 
Tests at 120 volts, 400 cycles on 8-Ameri- 
can wire gauge cable showed an exception 
to this rule in that structural damage 
increased with current magnitude. In 
both a-c and d-c tests the extent of dam- 
age was less for smaller cable sizes. 
With 20 American-wire-gauge cable the 
damage to the alloy sheet was negligible 
because the cable had less thermal ca- 
pacity and radiating surface than the alloy. 

Damage to insulation is shown by the 
cable samples in Figure 13 and Table II. 
Here again the extent of damage was 
greater at low current levels. Fire started 
in both test 30 and31. In test 30 at 
atmospheric pressure the fire covered 
the entire length of cable and burned 
freely. In test 31 at reduced pressure 
the fire was quickly suffocated for lack of 
oxygen. 

When the cables were heated by the 


passage of current, gas generated between 


conductor and insulation was ejected at 
high velocity from the open end of the 
insulation near the fault. This pressure 
increased more rapidly at high currents 
and gave a higher velocity jet which may 
have had a cooling or deionizing effect 
on the arc. : 

(2). Effect of Voltage. The best 
evidence of increased arcing at higher 
voltage was provided by aluminum dam- 
age in line-to-ground fault tests. The 
size of perforations increased almost in 
proportion to the voltage. | 

The effect of voltage on clearing time 
is not significant below 240 volts, At 
voltages of 240 and above, arcing-time 
may be a limiting factor in determining 
ability to clear. In one line-to-ground- 
fault test at 240 volts and one at 1,000 
volts, both at 180 amperes direct-current 
with 14 American wire gauge and reduced 
pressure, arcing was sustained until the 
entire eight inches of free cable inside 
the jig had been fused. There was little 
damage to the alloy at these voltages 
because of the rapid fusing of the copper 


967 


conductor. Occasionally, higher voltage 
may aid clearing by sustaining an arc 
which prevents welding. Figure 14 is a 
comparison of oscillographic records ob- 
tained for 28.5-and 120-voltline-to-ground 
faults. These two faults were selected 
because the circuits could supply approxi- 
mately equal current to a solid fault 
and the faults involved similar peak and 
rms current values. Fault current in the 
28.5-volt circuit, shown by the broken- 
line curve in Figure 14, was limited to a 
value of 200 amperes, then the arc was 
extinguished and the cable fell and welded 
to the alloy sheet. In the 120-volt cir- 
cuit, however, with about the same condi- 
tions, voltage was sufficient to sustain the 
arc and the fault cleared in 0.32 second by 
fusing all exposed copper and burning a 
one-inch hole in the alloy. The current 
required to fuse a 14-American wire gauge 
copper conductor in 0.32 second is about 
1,100 amperes. Thus, the energy re- 
sponsible for clearing was not J*R¢ in the 
conductor but the EJ¢ product of arc 
energy. In this example the fault energy, 
measured in watt-seconds, was approxi- 
mately 6.4 times greater in the 120-volt 
test for the initial 0.012 second; this 
ratio increased for longer intervals of 
time. Since the ratio of power in the two 
circuits was only slightly greater than 
four, it appears that available arc energy 
increases with voltage. Arc energy, 
then, particularly during the initial 0.02 
second, may determine whether a fault 
will weld or arc and burn clear. After a 
weld is once established, heat is con- 
ducted away from the fault so rapidly 
that the probability of clearing is greatly 
reduced. 


(3). Effect of Air Pressure. Re- 
duced air pressure did not have a notice- 
able effect on arcing time or clearing 
except in 28.5-volt tests. In 28.5-volt 
tests arcs usually were sustained at a 
pressure corresponding to an altitude of 
40,000 feet, but at atmospheric pressure 
restriking occurred frequently. This 
contrast is shown by oscillograms in 
Figure 8a. At atmospheric pressure the 
required are voltage exceeded the avail- 
able voltage each time the cable was 
lifted by magnetic force. The conductor 
and alloy were bumed only a small 
amount during each arcing period. At 
reduced pressure less are voltage was re- 
quired and the are became almost stable. 
The continuous burning and vaporizing 
of copper and alloy resulted in faster 
clearing at 40,000-feet pressure alti- 
tude. Thus, reduced air pressure has an 
effect similar to that of increased voltage. 


(4). Effect of Thermal Capacity. High 
thermal capacity in the fault (see Figure 
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1c and d) increased the time required to 
clear at a given current level. Greater 
damage to the insulation resulted be- 
cause either the conductor or the alloy 
had to melt without the aid of an arc be- 
fore clearing occurred. After the con- 
ductor had melted and parted, arcing and 
clearing was the same as for light-contact 
faults. 


(5). Fire Hazard. Five types of 
aircraft cable that are insulated with 
either glass, asbestos, rubber, vinylite, 
rayon, or a combination of these, were 
tested at the 30-second current levels 
and none was found to be fireproof. Con- 
siderable amounts of volatile matter and 
gases were given off in the form of smoke 
when the insulation and slow-burning 
varnish or lacquer impregnants were 
heated to a temperature around 250 
degrees centigrade. If the fire point 
were reached, combustion would occur. 
The fact that fire usually did not start 
until the time of clearing indicates that 
the combustible mixture was ignited by 
the high temperature in the arc when the 
conductor melted. At reduced pressure 
corresponding to an altitude of 40,000 
feet the limited supply of oxygen in the 
pressure chamber was sufficient to sup- 
port combustion for only a few seconds. 
One interesting example is shown in 
Figure 12. Welds were formed upon the 
initiation of the fault, both at 1,000- and 
40,000-feet pressure altitude. In each 
case the fault cleared after a ten-second 
conduction period by melting the ex- 
posed wire back to the insulation and 
burning a hole one-inch wide and two- 
inches long in the aluminum alloy. In 
both instances the cables rested on the 
alloy at the edge of this hole with insula- 
tion burning; fire started at the time of 
clearing. At reduced pressure, the fire 
quickly suffocated because there was in- 
sufficient oxygen to support combustion. 
The 3.4-cubic-feet volume of air in the 
pressure chamber may not have been 
great enough to make this test represen- 
tative of actual conditions. Fire in the 
case of the fault at atmospheric pressure 
however, continued to burn insulation 
near the fault. As the insulation burned 
and disintegrated, the wire moved closer 
to the edge of the hole in the aluminum 
alloy until contact was re-established and 
a testrike occurred. The restrike cleared 
rapidly, but fire continued and a succes- 
sion of six restrikes followed in similar 
manner until the main circuit breaker 
was tripped by the operator after 30 
seconds total time. Restriking probably 
would have continued until the entire 
free length of cable had been consumed. 
This type of fault would be extremely 
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hazardous in aircraft, where the length 
of free cable following damage may,/be 
longer than that used in these tests. To © 
the writers’ knowledge there is no air- 
craft insulation available that does not 
contain some organic matter. Insula- 
tions that can withstand continuous 
temperatures greater than about 100 
degrees centigrade generally are opaque 
and cannot be coded easily. 


ve 


Conclusions 


1. The magnitude of fault current, cable 
size, and contact area, and the heat-dissi- 
pating ability of the surfaces immediately 
adjacent to the fault are the principal deter- 
minants of the time required to burn clear 
a cable fault. (a) Higher current produces 
shorter clearing time. (b) Larger cables 
require longer to clear at a given current. 
Their increased stiffness may prevent for- 
mation of an arc or reduce the rate at which 
the arc is lengthened. Faults on heavy 
cables also have more contact area and 
radiating surface. However, these factors 
would not usually increase clearing time in 
proportion to the cable cross section because 
of the increased probability of fraying. 


2. Damage to both insulation and structure 
and fire hazard are greater at low currents 
than high currents because of the much 
longer time required to clear. Damage 
would be reduced for currents which ap- 
proach the normal capacity of both cable 
and structure. A completely fireproof insu- 
lation would be very desirable. 


8. Voltage differences below 240 volts had 
no significant effect on total time to clear 
although the arcing time on d-c tests was 
increased slightly and damage to the alu- 
minum sheet was increased. D-c faults at 
240 volts showed appreciable increase in 
arcing time and a few tests at 1,000 volts 
showed prolonged arcing. 


4, “WHigh-thermal-capacity’ faults,  al- 
though unlikely to occur, required much — 
longer to clear than ‘“‘low-thermal-capacity”’ 
faults. The resulting damage and fire 
hazard were correspondingly greater. At 
very low currents this difference disappeared 
because of the long time required to burn 
clear either type of fault. Even the bolted 
and wrapped faults in Figure 1 did not 
produce faults with higher thermal capacity 
than the cable itself since such faults cleared. 
with little damage at high currents by 
melting the bared section of wire adjacent 
to the fault. F 


5. Reduced air pressure caused some re- 
duction in tendency to weld at 28.5 volts. 
At higher voltages on d-c faults the increase 
in arcing time became sufficient to consti- 
tute a disadvantage. 


6. The greatest fire hazard resulted from 
insulation fires at low currents. Spattering 
of hot metal particles also produced some 
fire hazard at all currents. The action was 
more violent with d-c faults than with a-c 
faults. tu 

7. Vibration will probably cause longer 
arcing time and more restrikes than were 
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Development of Excitron-Type Rectifier 
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ETAL-TANK mercury-are rectifiers 
have been in commercial use abroad 
since 1911, and in the United States since 
1925. \(There were several earlier experi- 
mental installations in this country, in 
1913 and 1915.) Until recent years, all 
rectifiers were of the multianode type, 
with 6, 12, and 18 anodes in one tank. 
The trend had been to increase the num- 
ber of anodes per tank to obtain a higher 
current rating per rectifier, and in Europe 
rectifiers with 24 anodes in one tank were 
developed. This trend was reversed in 
the United States with the introduction 
of the single-anode ignitron-type rectifier. 
The single-anode rectifiers are assembled 
in groups of 6 or 12 to make up one unit. 
The chief advantages of the single- 
anode rectifier over the multianode type 
are: 


1. Lower are drop and consequently higher 
efficiency. 


2. Simpler maintenance, as dividual 
tanks can be removed and replaced without 
affecting the other tanks of the group. 


8. Lends itself to largetscale production, 
as a larger number of smaller parts is in- 
volved. 


4, Less sensitive to temperature variations. 


‘These advantages outweigh the advan- 
tages of a simpler excitation circuit and 
fewer seals of the multianode rectifiers. 

The excitron is the latest addition to 
the family of rectifiers. It is a single- 
anode rectifier in which a cathode spot is 
maintained continuously on the surface 
of the mercury cathode, when in opera- 
tion, by means of a pilot (excitation) arc, 
and the firing of the anode is controlled 
by means of a grid. That is its basic dif- 
ference from the ignitron-type rectifier, 
in which the cathode spot is ignited every 
cycle and in which the timing of the ig- 


obtained in these tests. Also, under actual 
conditions the electric system is energized 
and the cable is in motion when a short- 
circuit occurs. Both of these factors may 
help to reduce the probability of welds. 


8. Protective devices to isolate cable faults 
should be used where the available fault 
current can be low enough to produce serious 
fire hazard or result in a weld. It may be 
necessary to provide protective devices on 
400-cycle systems to assure clearing in a 
short enough time (approximately 0.1 
second) to prevent loss of synchronism or 
stalling of motors. In a d-c system ample 
‘battery capacity or separate generator ex- 
citation may be required unless faults can 
-be cleared in a few tenths of a second. 
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nition is used to control the firing point 
of the anode. 


In developing the excitron, the aim was 
to produce a rectifier which has the ad- 
vatitages of a single-anode rectifier while 
using the relatively simple and stable 
excitation and grid-control systems of 
the multianode-type rectifiers. In the 
present paper will be outlined the design 
problems involved in the development of 
the excitron, its design features, and the 
test methods used during its development. 


Design 


DESIGN PROBLEMS 


A question of fundamental importance 
in connection with the development of 
the excitron was the effect of the excita- 
tion arc at the cathode on the arc-back 
tendency of the rectifier during the non- 
conducting period of the anode, when it 
is at a negative potential with respect 
to the cathode. It was believed at one 
time that a rectifier in which no arc ex- 
ists during this part of the cycle would be 
immune to are-backs.!2 It was found, 
however, from extensive tests and expe- 
rience, that in rectifiers operating in the 
range of voltages now in general use 
most are-backs occur at the conclusion 
of the firing period of an anode, and that 
the major cause of are-backs is the re- 
sidual ionization in the vicinity of the 
anode when it ceases firing.*;4 The re- 
sidual ionization is a function of the 
anode current, the mercury vapor den- 
sity, and the internal design of the recti- 


‘fier. A small pilot arc at the cathode was 


found to have a negligible, if any, effect 
on the ion current to an anode during 
its nonconducting period. This is dis- 
cussed more fully in another section of 
this paper. 
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In a multianode rectifier, the cathode 
has to be insulated from the tank to pre- 
vent establishment of cathode spots on 
the tank walls. It has been determined 
by tests that if the tank is connected 
solidly to the cathode there is a flow of a 
moderate current over this connection, 
which is due to the collection of ions by 
the tank walls. However, occasionally 
a cathode spot is developed on the tank 
wall causing transfer of the, main-are 
current from the cathode to the tank, 
since the solid connection between them 
permits an unimpeded flow of current 
from the tank to the load circuit. Ina 
single-anode rectifier, in which the cath- 
ode spot is initiated every cycle and is ex- 
tinguished at the conclusion of the firing 
period of the anode, this problem is of 
little importance. Even if a cathode 
spot were established on the tank wall 
while the anode is firing, it would dis- 
appear whén the anode current reached 
zero. ‘ 

Sufficient cooling surface has to be pro- 
vided for condensing the mercury vapor 
and for transmitting the heat generated 
by the rectifier losses to the cooling me- 
dium, at the maximum rating of the rec- 
tifier, while maintaining the mercury- 
vapor pressure within the limits required 
for satisfactory operation. It is desirable 
to operate the rectifier with a cooling- 
water temperature of 50 to 60 degrees 
centigrade so that a heat exchanger of 
reasonable size might be used for cooling 
the water. 

Suitable arc shields or baffles have to be 
provided for directing the flow of mercury 
vapor from the cathode and the heat of 
radiation from the anode, to meet the ° 
conditions outlined in the preceding 
paragraph. 

Other design problems are of a me- 
chanical nature: vacuum-tight seals, mate- 
rials capable of withstanding the high 
temperatures, evacuating connections and 
vactium valves, design of details and as- 
sembly suitable for manufacture and con- 
venient for servicing. 


Excitron DESIGN 


In the first design of the excitron, 
shown in Figure 1, some of the elements 
of the multianode-type rectifier were in- 
corporated. The cathode is insulated 
from the tank. In addition to the main 
anode and control grid, it has two excita- 
tion anodes and one ignition anode. The 
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design 


Figure 1. 


arc at the cathode is started by a jet of 
mercury shot at the ignition anode by 
means of a nozzle-shaped plunger ac- 
tuated by a coil over the plunger housing. 
The arc is maintained by the excitation 
anodes, which are connected to a low- 
voltage single-phase transformer and 
operate as a single-phase full-wave rec- 
tifier circuit carrying a direct current 
of about seven amperes. The connec- 
tions to the ignition and excitation an- 
odes are brought through insulating 
seals in the top flange of the tank. The 
anode head is enclosed by a perforated 
basket-type control grid. The grid con- 
nection is brought through the anode 
plate. Arc baffles are interposed between 
the anode space and the cathode. 

The active part of the cathode mercury 
pool is enclosed by a quartz ring. The 
condensed mercury is returned to the 
cathode through a strainer ring. The 
cathode plate and tank are cooled by 
water circulating through water jackets, 
which are provided with water guides to 
direct and increase the speed of the water 
flow. 

Units of this type of design were in- 
stalled for 250-volt steel-mill service and 
for electrochemical service. While the 
performance of these units was satisfac- 
tory, development work was continued 
with a view of simplifying the construc- 
tion. The chief aim was to eliminate the 
insulating seal between the tank and 
cathode and to reduce the number of 
auxiliary anodes. This led to the de- 
sign shown in Figure 2. 

In this design, the tank and cathode 
form a single structure. The problem of 
preventing arcing to the tank, with a 
continuous are maintained at the cath- 
ode, was solved by installing a cooling 
coil which is insulated from the tank and 
which shields it from the arc. 

The construction of the cooling coil is 
shown schematically in Figure 3. It is 
made of heavy-walled seamless steel tub- 
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ing and consists of two coaxially wound 
sections joined by a circular header, An 
assembly of the cooling coil with the 
anode plate is shown in Figure 4. The 
adjacent turns of the coil are separated 
by narrow gaps, which permit the passage 
of gases and mercury vapor but exclude 
are-through. The coil is made into a rigid 
structure by four rows of tack welds be- 
tween turns. The coil terminals pass 
through the anode plate and are sealed to 
it by means of insulating seals, which 
also serve to support the coil. 

Water flowing through the cooling 
coil carries off the greater part of the heat 
generated in the rectifier. The cooling 
coil provides an appreciably larger sur- 
face area for the condensation of mer- 
cury vapor as compared with the tank 
wall in the design of Figure 1. For a 
given vertical dimension, and for a mean 


_- EXCITATION 


SONY ANODE 

AO aR re nO) INLET 
41 dsr 591 
ANODE RADIATOR | TERMINAL 


"|TO VACUUM 
MANIFOLD 
ANODE PLATE MERCURY 
SEALS 
SER q VACUUM 
u | VALVE 
IES 
GRID~_| 
ANODE 
ANODE—_|| Q INSULATOR 
COOLING—|% MERGURY 
COIL STRAINER 
ARC Va EXCITATION 
BAFFLES“1 7 ANODE 
SRCWIRE MERCURY 
ARC CATHODE 
CATHODE, ARC 
COOLING STARTING 
JACKET DEVICE 


Figure 2. Cross section of new excitron design 
with internal cooling coil 


diameter of a coil equal to the inside di- 
ameter of a cylindrical tank, the ratio of 
the total surface area of the coil (with 
closely spaced turns) to that of the tank 
is approximately 7(3.14).. While the out- 
side surface area of the coil is not ex- 
posed directly to the space of greatest 
vapor density, it is effective nevertheless, 
as it is also unexposed to the heat of radia- 
tion. The effectiveness of the larger sur- 
face area of the cooling coil is indicated 
by the test results, discussed later. Be- 
sides providing a greater surface area, the 
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cooling coil also permits greater speed of 
water flow, which improves the heat 
transfer to the water. i 

A single graphite excitation anode is 
used for starting and maintaining the 
pilot are at the cathode. It is supported 
by and insulated from the lower baffle. 
It is connected to an inlet stud in the 
anode plate by means of a stranded wire 
enclosed in a ceramic tube. The excita- 
tion anode carries about seven to eight 
amperes, supplied from a d-e source“of 
about 35 volts. The are is started by a 
jet of mercury which momentarily short- 
circuits the excitation anode to the cath- 
ode. A diagram of connections of the 
excitation circuit is shown in Figure 5. 

The are baffles, which are made of 
graphite, divide the rectifier tank into 
roughly two spaces—the anode space 
and the cathode space. The anode is 
shielded from the mercury vapor gen- 
erated at the cathode, and the cathode is 
shielded from the heat of radiation of the 
anode. The anode is enclosed by a per- 
forated basket-type control grid, which is 
supported by the anode insulator and is 
connected to an insulated stud passing 
through the anode plate. 

The mercury cathode is enclosed by a 
quartz ring. Outside the quartz ring, on 
the bottom of the rectifier tank, is a steel 
ring serving as a mercury economizer. 
This ring with the quartz ring and the 
mercury strainer constitute an integral 
assembly, which is lowered into the tank 
and anchored to its sides by means of 
three set screws. 

The bottom of the tank is water jack- 
eted. A cylindrical section, welded to the 
bottom of the tank, provides the side wall 
of the water jacket and also serves as the 
base for the tank. Two cutouts in this 
cylinder provide access to the ignition 
coil. Two steel plates welded to the 
cylinder are used for bolting the tank to 
the frame and for conduction of the cur- 
rent from the tank to the positive con- 
nection of the unit. The tank is con- 
nected to the vacuum pumping system 
of the unit through a_ bellows-type 
vacuum valve. > 


EXCITATION CIRCUIT 


The excitation circuit of Figure 5 shows 
the connections for a six-tank excitron 


unit. The d-c excitation power is sup- 
wes 

WATER WATER 
OUTLET INLE 


Figure 3. Construc- 
tion of cooling coil 


Turns are shown 

spread apart to il- 

Justrate the construc- 
tion 


Figure 4. Assembly of cooling coil and anode 
plate 


plied from a three-phase a-c source 
through a three-phase transformer and a 
three-phase full-wave selenium-type rec- 
tifier. The’ignition coils operate on al- 
ternating current. Each excitation anode 
is connected to the selenium rectifier 
through a reactor, a resistor, and the coil 
of an excitation relay 53. 

When the three-pole supply switch is 
closed, the ignition coils are energized, 
starting the arcs between the excitation 
anodes and cathodes by jets of mercury. 
The excitation current causes relay 53 to 
operate and open the circuit of the igni- 
tion coil. Relay 53 remains in the oper- 
ated position as long as the excitation arc 
is maintained. If the excitation arc 
should go out, relay 53 would drop down 
and restart the arc by energizing the igni- 
tion coil. Ignition resetting relay 31 is 
used to de-energize the ignition coil and 
permit the plunger in the ignition housing 
of the rectifier tank to rise, if for any 
reason the excitation are is not started 
on the first attempt. 

The purpose of the reactor in the cir- 
cuit of the exci ation anode is to keep the 
excitation arc from going out during 
short-time dips in the a-c supply voltage. 
Supplying the excitation circuit from a 
three-phase a-c source also contributes 
to the stability of the excitation arcs dur- 
ing system disturbances, as the majority 
of such disturbances are the result of 
single-phase faults.° 

The grid-control system of the excitron 
rectifiers is practically the same as that 
used for multianode rectifiers, and has 
been described in former papers.’ 


EXcITRON UNITS 


In Figure 6 is shown a 12-tank excitron 
unit, rated at 5,000 amperes, 650. volts 


1944, VOLUME 63 


(direct), for electrochemical service. It 
consists of two rows of tanks mounted 
on a steel-plate base, which is provided 
with four insulating supports. The 
vacuum pumps are located in the middle. 
The high-vacuum pump is connected to 
the vacuum manifold through a cone- 
type vacuum valve. The vacuum mani- 
fold is provided with 12 branches, one 
for each tank. The tanks are bolted to 
the base over copper bus bars, with inter- 
posing copper spacers. By removing 
these spacers a tank can be lowered and 
disengaged from its connection to the 
vacuum manifold. The copper bus bars 
are joined together to form the positive 
terminal of the unit. The water pump 
and temperature-control equipment are 
mounted at the right end of the base. 

The cooling-water circuits of the tanks 
are connected in parallel between the sup- 
ply and discharge water headers, which 
are placed underneath the base. The 
water flows from the supply header to the 
jacket at the bottom of each tank, then 
through the cooling coil to the discharge 
header. The water connections to the 
cooling coils are made by means of semi- 
rigid plastic tubes and compression-type 
fittings. The rectifier tanks, vacuum 
pumps, vacuum pipes, water pump, and 
water headers are connected metallically 
to the base, and are at the potential of 
the positive terminal of the unit. 

The auxiliary wiring of the unit is car- 
ried in a trough between the two rows of 
tanks, The terminal blocks for the aux- 
iliary wiring are mounted at the left end 
of the base. The connections to the 
anodes are made on top of the anode 
shafts, above the anode radiators. 

In Figure 7 is shown a six-tank exci- 
tron unit. In the design of the excitron 
units an effort was made to reduce the 
usage of critical materials to a practical 
minimum. Copper is used only for 
electric conductors. 

A six-tank experimental unit of this 
design was in operation at the Alcoa, 
Tenn., plant of the Aluminum Company 
of America for about seven months at 
loads up to 3,200 amperes. A view of this 
unit is shown in Figure 8. Many com- 
mercial units have since been manufac- 
tured and put into operation, aggregating 
over 400 tanks and including 26 5,000- 


Figure 5. Excitation circuit of six-tank excitron 
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ampere 650-volt units supplying power 
to aluminum-reduction potlines. 


Tests 


DEVELOPMENT OF RECTIFIERS 


Because of the many variables in- 
volved and the limited knowledge of their 
effects, the design of a new type of mer- 
cury-arc rectifier is a development project 
involving the following steps: 


1. Experimental design, incorporating ele- 
ments and materials of existing designs and 
introducing new elements which in the 
judgment of the designer would accomplish 
the desired results. 


2. Experimental testing on the rectifier 
manufactured according to the experimental 
design. This involves load tests under vari- 
ous operating conditions, measurement of 
the critical quantities such as temperatures 
and are drop, and general observation of the 
behavior of the machine under test. 


3. Changes in the design to correct faults 
that have shown up during the load tests, 
followed by more load tests. This may be 
repeated many times, until the operation is 
considered satisfactory. 


4. Final design for manufacture. 


While this appears to be a laborious 
procedure, it should be considered that 
one rectifier size can be used to cover a 
wide range of current and voltage ratings, 
and it is not necessary to make a new de- 
sign for each rating as is the case with 
some other types of electric equipment, 
such as motors, generators, and trans- 
formers. 

The rating of a mercury-arc rectifier 
is subject to two chief limitations: (1) 
the safe temperature limits. of its compo- 
nent parts; and (2) the permissible fre- 
quency of arc-backs. 

For direct operating voltages of about 
300 volts, the arc-back frequency is in- 
herently low and temperature is gener- 
ally the controlling limitation. For direct 
voltages above 500, the arc-back fre- 
quency is usually the controlling factor. 
What is considered a permissible arc- 
back frequency is a matter of opinion. 
An average of one or two arc-backs per 
month is considered satisfactory. How- 
ever, an arc-back frequency several times 


» this figure might be considered passable 


(though not satisfactory), provided it 
does not interfere seriously with the serv- 
ice. In this discussion it is assumed that 


70s 


EXCITATION 
RELAYS 


RESISTORS. 

REACTORS 

EXCITATION 
ANODES 

CATHODES 
IGNITION 

} COILS 


971 


the rectifier is in good condition and oper- 
ating in normal service. With proper pro- 
tection, an arc-back does not cause any 
damage to the equipment, and the rec- 
tifier can be returned to service imme- 
diately. 

It has been the general experience of 
operating companies having a number of 
rectifiers in one station, of identical de- 
sign and operating under the same con- 
ditions, that there is likely to be a wide 
divergence in their arc-back perform- 
ance. One may have several arc-backs 


It is based on the measurement of the in- 
verse (ion) current to an anode during its 
nonconducting period in the cycle. 
While this method is not new basically,® 
it was used here for testing rectifiers in 
regular service on a commercial load. 
This method also might be used for de- 
termining the relative susceptibility of 
a rectifier to arc-backs under different 
operating conditions and possibly for 
judging the relative merits of different 
types of rectifiers under the same operat- 
ing conditions. Before the test circuit 


Figure 6. Twelve- 
tank excitron unit 
rated at 5,000 am- 
peres, 650 volts 
direct current 


a month, while another may have no arc- 


backs for a year or longer. There is un- 
doubtedly a reason for this divergence, 
but it cannot be determined because of 
the many factors relating to materials 
and workmanship which might affect 
the performance. 

It is obvious from the preceding dis- 
cussion that the development of a new 
type of rectifier, or a radical change in the 
design of an existing type, would involve 
lengthy experimental load tests in order 
to judge its performance on the basis of 
arc-back frequency. It is also apparent 
that such tests should be conducted on 
several rectifiers of the same design, to 
tule out possible discrepancies due to 
defects in material or workmanship. 

_ Efforts have been made to shorten this 
procedure by establishing some criterion 
based on shorter load runs. One method 
used is to increase the loading progres- 
sively until a relatively high arc-back 
frequency is obtained.’ By this acceler- 
ated-loading method, the permissible 
rating could be approximated by plotting 
the arc-back frequency against load cur- 
rent. This method is still lengthy and is 
subject to considerable error due to many 
variables which might contribute to the 

‘ arc-back frequency, and due to the fact 
that the results of tests covering several 
days are used to draw conclusions for pe- 
riods of months. 

In the present paper is described an- 
other method used successfully by the 
author and his associates in the develop- 
ment of the excitron-type rectifier, which 
gives promise of establishing a more defi- 
nite as well as a more scientific basis for 
evaluating tests on experimental designs. 
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and test results are described, the under- 
lying theoretical considerations are dis- 
cussed. 


Causes OF ARC-BACKS 


The unidirectional conduction in a 
mercury-are rectifier is dependent upon 
the fact that the cathode generates elec- 
trons, at cathode spots on the mercury 
surface, while the anode does not. The 
flow of current from the anode consists of 
electrons drawn to its surface when it is 
at a positive potential with respect to 
the cathode. The flow of current stops 
when the anode becomes negative with 
respect to the cathode. 

When a rectifier is in operation each 
anode fires during part of each cycle for 
a period determined by the characteris- 
tics of the rectifier transformer. At the 
completion of its firing period the anode 
becomes negative to the cathode. If ‘he 
anode should start generating electrons 
during its negative period, due to the 
establishment of a cathode spot on its 
surface, reverse current will flow to this 
anode from the other anodes and the 
cathode. This failure of the valve action 
of an anode is called an arc-back. The 
faulty anode can recover its normal recti- 
fying action only if its current is inter- 
rupted or reversed. 

Are-back causes may be divided into 
two classes: 


1. Accidental causes, such as poor vacuum, 
abnormal temperatures, surges, internal de- 
fects. 


2. Natural causes, due to load current and 


voltage, other operating conditions being 
normal, 
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Only the latter causes are considered 


- here, although the dividing line between 


accidental and natural causes is not’ too 
definite, and the mechanism of initiation 
of arc-backs may be similar for both 
types. 


When an anode is carrying current, 
the mercury vapor in the are path be-_ 


comes ionized, the ion density increasing 
with the current and the density of mer- 
cury vapor. The positive ions neutralize 
the negative space charge of the electrons, 
making possible the relatively low are 
drop and high efficiency of a mercury- 
are rectifier. 

At the conclusion of the firing period, 
when the anode becomes negative to the 
cathode, the positive ions remaining in 
the vicinity of the anode are drawn to- 
ward its surface, producing a small nega- 
tive anode current of the order of milli- 
amperes which is called the inverse cur- 
rent. The inverse current reaches a peak 
at the instant the anode potential re- 
verses, then tapers off to practically zero 
in a short time (see Figure 13). The 
higher the residual ion density and the 
steeper the reversal of the anode-to- 
cathode voltage, the higher is the peak 
value of the inverse current. 

It is the generally. accepted theory that 
the ion current to an anode at the con- 
clusion of its firing period is the major 
cause of arc-backs in rectifiers operating 
at voltages now in general use.9—!! Ac- 
cording to this theory, a high concentra- 
tion of ions at a point of the anode sur- 
face can produce a sufficiently high volt- 
age gradient to initiate a cathode spot. 
According to one variation of this theory, 
the high voltage gradient is produced by 


the accumulation of positive ions on an’ 


insulating particle on the surface of the 
anode.!! The random nature of arc- 
backs is believed to be due to the random 
variation in the distribution of ion den- 
sity at the anode. 

The following circumstantial evidence 
can be offered as corroboration of the 
influence of the inverse current as a cause 
of arc-backs: 


1. Most arc-backs occur at the conclusion 
of the forward firing period of an anode, 
when the inverse current is at a maximum. 


Figure 7. Six-tank excitron unit — 
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2. The frequency of arce-backs increases as 
the load current and the operating voltage 
are increased. The increase of the current 
and voltage also increases the inverse cur- 
rent. 

8. The frequency of arc-backs increases if 
the direct voltage of a rectifier is reduced by 
retarding the firing of the anodes through 
grid or firing control. Retardation of the 
firing of the anodes also results in a higher 
inverse current, due to the steeper reversal 
of the anode-to-cathode voltage at the con- 
clusion of the anode firing period. 


Further evidence of the relationship 
between the inverse current and arc- 
backs is brought out in the discussion 
of the experimental test results on the 
excitron rectifiers. 

Although the average density of the in- 
verse current on the surface of the anode 
is not sufficient to initiate a cathode spot, 
it is obvious that the higher the average 
value of this current density the greater is 
the probability of reaching a critical value 


_of current density at some-sensitive point 


on the anode, resulting from unequal dis- 
tribution of ion density. The total in- 
verse current of an anode therefore may 
be a criterion of its susceptibility to arc- 
backs. This theoretical background 
formed the basis of the experimental test 


Figure 8. Experimental six-tank excitron unit 


method used in the development of the ex- 
citron, 


CURRENT AND VOLTAGE WAVE SHAPE 


The secondary side of the rectifier 
transformer used in the tests had a six- 
phase connection with interphase trans- 
former, which is the most generally used 
rectifier-transformer connection. The 
theoretical wave shapes of anode current 
and anode-to-cathode voltage for this 
transformer connection are shown in 
Figure 9. In Figure 9a are shown the 
wave shapes for normal firing of the anodes 
(no retardation). In Figure 9b are shown 
the wave shapes when the firing of the 
anodes is retarded by an angle a, for the 
purpose of reducing the direct output 
voltage. The anode current is shown 
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with a flat top, based on the assump- 
tion that the d-c circuit has a large 
amount of inductance. 

With normal firing of the anodes, as 
represented in Figfire 9a, each anode 
starts firing at the point of intersection 
of its phase voltage with that of the pre- 
ceding anode in the three-phase group 
on one side of the interphase transformer 
(see Figure 10). The two anodes then 
fire simultaneously until the current is 
commutated between them by the differ- 
ence of their phase voltages, during a 


commutation angle, or angle of overlap, 


u. The angle wu is a function of the cur- 
rent, the voltage difference between the 


Figure 9. Theoreti- 
cal wave shape of 
anode current and 
anode - to - cathode 
voltage 
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VOLTAGE 


angle of retardation a. When the anode 
starts firing the voltage drops to the value 
of the arc drop. At the conclusion of the 
firing period the anode-to-cathode voltage 
reverses to the value Zp. It should be 
noted here that with retarded firing of 
the anodes the rise and fall of the anode 
current during the commutation periods 
are steeper, and the value of the reverse 
voltage Ep at the conclusion of the firing 
period is greater, as compared with the 
normal firing of the anode in Figure 9a. 
The effects of the rate of fall of the 
anode current and the magnitude of the 
voltage Ep on the peak value of the in- 
verse current at the conclusion of the 


ONE CYCLE 


NORMAL FIRING OF ANODE 


Ls ONE CYCLE 


(a) 


phases, and the commutating reactance 
of the transformer. This accounts for the 
gradual rise and fall of the anode current. 
The total firing period of an anode is 
equal to 120 degrees+-u. 

During its firing period, the voltage 
between the anode and cathode is posi- 
tive and equal to the are drop. At the 
completion of the firing, the voltage be- 
tween anode and cathode reverses to a 
value Ep, then follows a wave shape made 
up of portions of sine waves. The saw- 
tooth distortion in this voltage wave is 
due to the effect of the interphase trans- 
former and the inductive effect of the op- 
posite phase winding, which is connected 
to the other end of the interphase trans~ 
former but is located on the same leg of 
the rectifier transformer. It is assumed 
here that the two windings (for example, 
phases 3 and 6 of Figure 12) are closely 
coupled and that the reactive drop in one 
winding during its commutation period 
is transmitted to the other winding 
through the linkage with the leakage 
fluxes. The dotted portions of the anode- 
to-cathode voltage show its wave shape 
if the angle of overlap is zero, the condi- 
tion approached at very light load. 

In Figure 9b, with retarded firing of 
the anodes, an anode continues to fire past 
the intersection point of the phase volt- 
ages until the succeeding anode is per- 
mitted to fire by the grid or firing con- 
trol. The current then is commutated 
between them during an angle of overlap 
u. Before firing, the anode-to-cathode 
voltage becomes positive, following the 
rising slope of a sine wave, during the 
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RETARDED FIRING OF ANODE 


(b) 


anode firing can be readily deduced. As 
the anode current declines during the 
commutation period, some deionization 
(neutralization of positive ions) takes 
place in the vicinity of the anode. (It 
may be more correct to say that the rate 
at which ions are being neutralized ex- 
ceeds the rate of generation of new ions.) 
The steeper the decline of the anode cur- 
rent during the commutation period, 
that is, the shorter the angle of overlap 
u for a given value of anode current, the 
less time is available for deionization and 
the greater will be the density of residual 
ions and the peak value of inverse cur- 
rent. This effect is dependent upon the 
ion density and the spacing between de- 
ionizing surfaces. At low currents and 
with close spacing between the anode and_ 
grid this effect may be appreciable. With 
large spacing between the anode and grid 
the effect is smaller. 

The magnitude of the voltage Zp has a 
direct effect on the peak value of the in- 
verse current. This voltage, which ap- 
pears between the anode and the cathode 
upon extinction of the arc, might be 
termed the “recovery’’ voltage, corre- 
sponding to the transient recovery volt- 
age of a circuit breaker. 


QUANTITATIVE RELATIONS 


In view of their influence on the in- 
verse current, the theoretical relation- 
ships of the recovery voltage Ep, the 
angle of overlap u, the angle of retarda- 
tion a, and the load are derived for a 
rectifier circuit with a rectifier trans- 
former having a six-phase connection 
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with interphase transformer. The fol- 
lowing symbols are used in the deriva- 
tions: 


J =total direct current 
I¢=I/2=amplitude of anode current 
£;=peak value of commutating current 
I, =primary line current 

Ip¢=rated primary line current 
E=phase-to-neutral voltage of rectifier 
transformer (rms value) 
E,=E,./2=peak value of phase-to-neutral 
voltage 
X =commutating reactance per phase, in 
ohms 
Xy=per cent commutating reactance, ex- 
pressed as a fraction 
u=angle of overlap 
a=angle of retardation 
Ep=recovery voltage 
F=\load factor =load current /rated current 


In Figure 10 are shown the sine waves 
of the three phase voltages EF), E;, Es, of 
phases 1-3-5 in Figure 12, which consti- 
tute a commutating group carrying cur- 
rent I¢. 

In Figure 10a, representing the normal 
firing of the anodes (no retardation), 
phase 3 starts firing at point S. Voltage 
E3,=E;— FE, is the voltage difference be- 
tween phases 3 and 1, which effects com- 
mutation between them. The peak value 
of this voltage is 


EyV/3=EvV/6 (1) 


If the terminals of the two phases re- 
mained joined, and the losses in the trans- 
former and rectifier are neglected, the 
current that would be produced by this 
voltage is represented by the dotted curve 
I3;, which lags behind the voltage by 90 
degrees and has a peak value J; The 
current is equal to the voltage 3, di- 
vided by the reactance of the two phases. 
Therefore 


I,=Ev/6/2X (2) 


Actually phases 1 and 3 are joined by the 
rectifying arc only during the angle of 
overlap uw, until the current in phase 3 is 
built up to its full value Z¢. The actual 
commutating current flowing between 
phases 3 and 1 is the portion of J3; shown 
in full in Figure 10a. 

Similarly the commutation between 
phases 3 and 5, starting at point T, is 
effected by voltage F;;=E3;—H;, which 
produces the commutating current form- 
ing a portion of current sine wave J. 
These portions of the current waves con- 
stitute the initial and final parts of the 
anode current in Figure 9a. 

By inspection it can be seen that 


Ig=Is—Is cos u=I,(1—cos u) (3) 


In Figure 10b is represented the condi- 
tion in which the firing of the anodes is 
retarded by an angle a. The starting 
point S of phase 3 is delayed by the angle 
a beyond the point of intersection of its 
voltage wave with that of phase 1. The 
commutating voltage and current waves 
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Es, and J3; are the same as in section (a) 
of this figure. However, the actual flow 
of commutating current takes place along 
a portion of the wave J;; shown in full, dis- 
placed by the angle a beyond its peak. 
Similarly, the commutation between 
phases 3 and 5 takes place along a por- 
tion of the wave J3;. These portions of 
the current waves constitute the initial 
and final parts of the anode current in 
Figure 9b. 
By inspection it can be seen that 


Ig=I,; cos a—T, cos (a+u) 
Io/I;= cos a — cos (a+u) (4) 


Figure 10. Current 

and voltage waves 

effecting commuta- 

tion between anodes 
of a rectifier 


(a)—For normal fir- 
ing of anodes 


(b)—For retarded 


firing of anodes 


cent commutating reactance of the trang- 
former expressed as a fraction. a) 

Substituting from equation 9 in equa- 
tion 4 gives . 


Ic¢/I;= FX p= cos a — cos (atu) (10) 


This expression makes it possible to 
calculate the angle of overlap u, for a 
given angle of retardation «, in terms of 
the load and reactance. 

From Figure 9 it can be readily seen 
that 


Ep/(EoV/3) =sin (a+u) 
Ep/Eo= V3 sin (atu) 


(11) 


If 1/2 is substituted for I¢, and £./6/ 
2X from equation 2 for J;, 


To/Is=1X /(EV/6) (5) 


It is desirable to express this relation- 
ship in terms of rated load and per cent 
commutating reactance, which are known 
quantities. If a one-to-one ratio be- 
tween the primary and secondary phase- 
to-neutral voltages of the rectifier trans- 
former is assumed, the primary voltage 
and commutating reactance are E,=E 
and X,=X. The primary line current” 
(disregarding the correction factor for 
overlap) 


Tp=1/V/6 (6) 


If these expressions are substituted in 
equation 5, 


To/Is=IpXp/Ep (7) 


The primary line current, J,, at any 
load may be expressed in terms of rated 
full-load current, Ip;, by a load factor F. 


Ip = FIpy (8) 


If this expression is substituted in 
equation 7, 


I¢/Is= FIpfX p/Ep = FX p ; (9) 
The factor Xp=TI,,X,/E, is the per 
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The ratio Ep/E, of recovery voltage to 


peak value of the secondary phase volt-— 


age can be computed in terms of the load 
and reactance with the aid of equation 
10. This ratio and the angle of overlap 
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Figure 12. Test circuit for measuring inverse 
current 
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are shown as a function of FX; by the 
curves of Figure 11, for several values of 
the angle of retardation (phase-control 
angle) @ corresponding to reduction of 
the direct voltage by 0, 2.5, 5, 10, and 15 
per cent. 


Test CIRCUIT AND PROCEDURE 


The tests were made on a rectifier unit 
operating at about 625 volts (direct) and 
supplying a commercial load in parallel 
with a group of other rectifier units. 
The primary winding of-the rectifier 
transformer was connected to a 13,200- 
volt three-phase 60-cycle a-c system. 

The test circuit used for measuring 
the inverse current is shown in Figure 
12. Six single-anode rectifiers are con- 
nected to the six-phase secondary winding 
of the rectifier transformer. The recti- 
fier A on test is connected to one phase of 
the transformer in series with another 
rectifier B, serving as a current diverter. 
A single-phase booster transformer with 
a low-voltage secondary wind’ng is con- 
nected in series with the two rectifiers 
to compensate for the arc drop of recti- 
fier B. 

The diverter rectifier is used to permit 
measuring the inverse current, which is 
very small compared to the forward 
anode current. The forward current of 
rectifier A flows through rectifier B and is 
thus diverted from the inverse-current 
measuring circuit. The inverse current 
of rectifier A, or the greater part of it, 
flows over resistor R1, which is connected 
across rectifier B. A selenium dry-plate 
rectifier D is connected in series with re- 
sistor R1 to block the flow of positive 
current from the arc drop of rectifier B 
during the conduction period, which 
otherwise would limit the deflection of the 
inverse-current trace on the oscillograms. 
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TRANSFORMER heal 


ON TEST | 


CIRCUIT FOR MEASURING 
INVERSE-CURRENT PEAK 


A-C POWER SUPPLY 


RECTIFIER 
TRANSFORMER ©) 


TO LOAD CIRCUIT 


D—Dry-plate blocking rectifier 
R1—Bridging resistance for 
measuring inverse current 
R2—Bridging resistance for 
measuring arc drop 
R3—Rheostat for measuring 
inverse-current peak 


One galvanometer of a magnetic oscillo- 
graph is connected to a section of resistor 
UR 

Because of the inertia of its vibra‘ors, 
a magnetic oscillograph could not be de- 
pended upon to reco d the instantaneous 
peak of the inverse current. A thyratron 
tube connected as shown in Figure 12 was 
used for measuring the inverse-current 
peaks. The tube is connected in series 
with a resistor to a d-c source, shown as 
a battery. The grid of the tube is con- 
nected to receive positive potential from 
resistor R1 in series with an adjustable 
negative bias from rheostat R3. To ob- 
tain a measurement, the bias voltage is 
lowered gradually until the tube fires. 
The negative bias voltage, corrected for 
the grid-voltage characteristic of the tube, 
is a measure of the peak voltage across 
resistor Rl and, consequently, of the 
peak inverse current. 

A resistor R2 with oscillograph con- 
nections is used for measuring the arc 
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drop of the rectifier on test. Resistors 
Ri and R2 are provided with two-pole 
double-throw switches and calibrating 
circuits. Only one of these switches was 
in the test position at a time, and separate 
oscillograms were taken of the inverse 
current and are drop. 

Typical oscillograms taken during the 
tests are shown in Figures 13 and 14. 
In Figure 13 the inverse current is shown 
by trace V3. The inverse current is in 
the direction below the zero line, and the 
magnitude is determined from the cali- 
bration line. Trace V1 shows the anode 
current, obtained by means of a current 
transformer. Trace V2 is the anode-to- 
cathode voltage, taken from the anode of 
rectifier B to the cathode of rectifier A. 
Trace V4 shows the grid current. As can 
be seen from the positive portion of the 
anode-to-cathode voltage before the firing 
of the anode, the rectifier operated with 
retarded firing of the anodes, by phase 
(grid) control. 

In Figure 14 the are-drop is shown by 
trace V3. The portion h, appearing after 
the anode ceased firing, is produced by 
ion current which is collected by the 
anode of rectifier A and flows to the 
cathode over resistor R2. The grid arc 
drop, shown by trace V4, was obtained 
by the use of an amplifier, which made it 
possible to use a high-resistance circuit 
between the grid and cathode and to 
suppress the negative part of the grid-to- 
cathode voltage. An alternating voltage, 
recorded by V5, was used for calibration. 

In order to reduce to a minimum the 
proportion of inverse current flowing 
through the diverter rectifier B, this 
rectifier was operated with a cooling- 
water temperature of about 25 degrees 
centigrade to maintain a low density of 
ionization at its anode. The inverse 
current by-passed through rectifier B 
also was limited by the low reverse volt- 
age between its anode and cathode, which 
is equal to the product of the resistance 
R1 and the inverse current through it. 


Figure 13. Oscillogram of inverse current 
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Figure 14. Oscillogram of arc drop 


The by-passed current could be an im- 
portant item, nevertheless, as is indicated 
by the test results. 

The tests were made at several values 
of load current on the rectifier and several 
different temperatures of the cooling 
water. The rectifier was operated at 
each load and temperature setting suffi- 
ciently long to obtain stable conditions 
before making measurements. During 
some of the tests arc-backs occurred on 
the rectifier tank being tested while the 
resistor Rl was connected across rectifier 


B, The are-back current was.limited by 
the resistor and extinguished itself when 
the anode became positive. While the 
rectifier was on load between measure- 
ments, the rheostat R3 was set for a high 
negative bias on the grid of the thyratron 
tube so that the tube served as an arc- 
back indicator. 


Test RESULTS 


The schematic constructions of some 
of the excitron designs tested are shown 
in Figure 15. The designs A, B, C, and 
D had insulated cathodes and soldered- 
on copper cooling coils. The chief differ- 
ence between these designs was the type 
and arrangement of grids and baffles. 
Design E had an internal cooling coil and 
was similar to that shown in Figure 2. 
The grid and baffles are similar to design D. 

A wide range of values of inverse cur- 
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rent was measured during the tests. Os- 
cillographic peak values ranged as high as 
1,500 milliamperes, and instantaneous 
peak readings measured with the thyra- 
tron tube reached values as high as 3,500 
milliamperes. Variations were observed 
in the oscillographic and instantaneous 
peak values for a given design and under 
the same external operating conditions. 
As the tests were made at different 
values of load current and with a variable 
amount of firing retardation by grid con- 
trol, the anode-to-cathode recovery volt- 
age varied, which in turn affected the 
inverse-current peak. It was therefore 
not convenient to use the inverse current 


Figure 15. Schematic construction of experi- 
mental excitron designs tested 


directly for making comparisons. The 
ratio of the recovery voltage to inverse 
current peak was used for this purpose. 
This ratio was termed the inverse-current 
resistance factor R; The higher the 
inverse current for a given value of re- 
covery voltage, the lower is the value 
of Ri. 

In Table I are given the values of R; 
obtained for the rectifier designs shown 
in Figure 15 for several different load 
currents and cooling-water tempera- 
tures. The values of R, determined from 
the oscillographic measurements of the 
inverse current, as well as those obtained 
from the measurements with the thyra- 
tron tube, are listed. 
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When the tests were started, a diverter 
rectifier of design A was used because it 
had a better operating record than sey- 
eral other designs available at that time. 
As can be seen from the table, this design 
has higher values of R; than design B. 

Design C has the lowest R; values. 
It was also the worst in performance. 
Frequent arc-backs occurred during the 
tests, and it was not deemed advisable 
to keep the unit in regular operation. 
It differed from design B mainly in that 
the cylindrical part of its anode shield 
was solid, while that of design B was per- 
forated. It was evident from the test 
results that the higher inverse current 


’ and poorer performance of design C re- 


sulted from the higher temperature of the 
anode, as the solid shield reduced the 
radiation to, the tank walls. This in- 
creased the heat radiated from the anode 
to the cathode mercury, resulting in 
higher mercury-vapor and ion densities. 

The tests on designs A, B, and C were 
made up to loads of 2,000 amperes (on 
six anodes) and cooling-water tempera- 
tures of 45 degrees centigrade, as their 
performance at higher loads and tem- 
peratures was unsatisfactory. 

The test results on these designs led 
to design D, with baffles between the 
anode and cathode which shielded the 
cathode from the heat radiated by the 
anode and also shielded the anode from 
the mercury vapor of the cathode. There 
was a decided improvement in the per- 
formance of this design over any of the 
designs tested previously, although the 
same tanks and anodes were used. It was 
possible to operate the rectifiers of this 
design at loads of 2,500 amperes and cool- 
ing-water temperatures of 55 degrees 
centigrade. 

The values of inverse current measured 
on design D were much lower than on de- 
sign A, as indicated by the R; figures 
shown in parentheses in Table I. These 
figures are erratic and show some higher 
R; values at increased loads. This re- 
sulted from the use of a diverter rectifier 
of design A, which had a relatively higher 
ion density than design D and by-passed 
too high a proportion of its inverse cur- 
rent, The reduction in the inverse cur- 
rent on design D was therefore not as 
much as indicated by the measurements. 

It was apparent from these results that 
a diverter rectifier with higher R; char- 
acteristics would have to be used for test- 
ing rectifiers of design D, and others that 
might follow, in order to obtain data that 
could be used for further comparisons. 
A diverter rectifier of design D was used 
in the succeeding tests. The test results 
on rectifier designs D and £, using the 
new diverter, are given in Table I. No 
direct comparison is possible between 
these values of R; and those of designs 
A, B,and C. 

As was stated previously, the essential 
difference between designs E and D, 
aside from the elimination of the cathode- 
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to-tank insulation, is that design # has 
an internal cooling coil which provides 
considerably more surface for condensa- 
tion of mercury as compared to the tank 
wall of design D, The R; values of de- 
sign EH average about 1.5 and 2 times 
those of design D for the two methods of 
measurement. (It appears from the test 
results that a diverter rectifier with still 
higher R; characteristics should be used 
for testing design E.) The performance 
of design # was also superior. It could 
operate at higher loads and higher cool- 
ing-water temperatures. The six-tank 
experimental unit shown in Figure 8 had 
one arc-back during its seven’ months’ 
operation at continuous loads up to 3,200 
amperes with occasional higher loads for 
short periods. 


Effect of Excitation Arc 


One question in connection with the de- 
velopment of the excitron was the con- 
tribution of the excitation arc to the in- 
verse current of the anode, which might 
be an indication of its possible effect on 
arc-backs. Measurements were made on 
several excitron designs, with the anode at 
a negative voltage to the cathode, with 
the excitation arc on, and with different 
values of positive and negative voltages 
on the grid. With an anode voltage of 
about —270 volts and a grid voltage of 
about +90 volts, a negative current of 
approximately three milliamperes was 
measured on an excitron similar to design 
B, Figure 15, but without the lower grid. 
The measurement was made shortly 
after the rectifier carried load. Lower 
readings were obtained on other designs 
tested, being only a fraction of a milli- 
ampere on some. 

In Figure 16 is shown an oscillogram of 
the inverse current taken on the afore- 
mentioned excitron, in which the excita- 


'_ tion arc was interrupted while the anode 


was firing. The trace of the excitation 


current is shown at the bottom of the 


oscillogram. If the excitation arc had 
any effect on the inverse current, while 
the anode-to-cathode voltage was nega- 
tive, it was too small to be noticeable. 
The higher inverse-current peak, after 
the excitation was interrupted, might 
have been a coincidence, as it did not 
occur on other oscillograms taken during 
this test. The trace of the grid current 
included the current through a resistor 
which was connected between the grid 
and cathode. This accounts for current 
recorded on this trace after the arc was 
extingtished. 


Discussion of Test Method 


The discussion of the test results has 
brought out the usefulness of the test 
method described in this paper for evalu- 
ating the performance of rectifiers. This 
test method is not a substitute for load 
runs but a valuable aid in predicting 
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performance and determining the effects 
of design changes. Results can be ob- 
tained from tests at normal loads of 
relatively short duration. Load runs of 
longer duration are still desirable to de- 
termine how a unit stands up in service. 
Reasonable care has to be exercised 
in the use of this method. It can be used 
only for the purpose of making compari- 
sons between different rectifiers under 
approximately the same operating condi- 
tions, or for the same rectifier under differ- 
ent operating conditions. Tests should 
be made on more than one rectifier of a 
given design in order to rule out possible 
foreign influences, such as bad vacuum 
or dirty mercury-condensing surfaces, in 
individual tanks. A diverter rectifier with 
low inverse-current characteristics should 
be used in order to reduce to a minimum 
the inverse current by-passed through it. 
When measuring the inverse-current 


Table I. 


Figure 16.* Oscillogram of inverse current 
with interrupted excitation arc 


peaks with the thyratron tube a number 
of readings should be taken and averaged, 
as there are likely to be variations in the 
readings. 

No precision results are to be expected, 
and too much weight should not be given 
to small differences. The results should 
be interpreted on an average, over-all 
basis. When a rectifier is on load there 
are likely to be variations in the internal 
conditions, such as mercury-vapor den- 
sity, besides variations in the external 
load current and system voltage, which 
preclude precision results. 

The use of resistance factor R,; does 
not necessarily imply a direct propor- 
tionality between the inverse current 
and recovery voltage for a given load 


Inverse-Current Resistance Factor R; 


——= 


Excitron Design on Test (See Figure 15) 


With Excitron Design A 


With Design D 
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current and cooling-water temperature, 
although an approximately linear rela- 
tionship was found in a number of in- 
stances checked. This relationship de- 
pends on the distribution of potential and 
speed of deionization in the vicinity of the 
anode. However, R; still can be used as a 
factor of comparison if the variations.of 
the recovery voltage are not too great. 
If possible, these variations should be 
kept to a minimum. Where large varia- 
tions of the recovery voltage are unavoid- 
able, due to the use of a variable amount 
of grid control for maintaining a constant 
load current during the test, the relation- 
ship between the recovery voltage and 
the inverse current can be determined 
by making a number of measurements at 
different values of recovery voltage. 
The results then can be related to one 
value of recovery voltage for purposes of 
comparison. 


Arc Drop 


The arc-drop voltage of a rectifier is 
one of its important performance charac- 
teristics. In the design and development 
of a rectifier it is usually necessary to 
make a compromise between the are drop 
and the arc-back performance. A recti- 
fier with close spacing between the anode 
and cathode and without any baffles 
between them would have a low arc drop, 
but could not be operated at the usual 
rectifier voltages and temperatures on 
account of the excessive number of arc- 
backs. The aim of the designer is to pro- 
duce a rectifier with a good arc-back per- 
formance without too much sacrifice in 
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arc drop. Most engineers who have had 
operating experience with rectifiers are 
likely to give greater weight to the arc- 
back performance and continuity of serv- 
ice, even if it means some sacrifice of 
efficiency, provided the sacrifice is not too 
great. 

The difference in the values of are drop 
measured during the tests on the experi- 
mental excitron designs shown in Figure 
15 was not too great. An arc drop of 
about 17 volts at 2,000 amperes (on six 
anodes) was measured on rectifier design 
A. On design E the measured are drop 
was about 20 volts at 2,000 amperes and 
about 21 volts at 2,500 amperes. On 
design C, which had the worst arc-back 
performance, an are drop of about 19 
volts was measured at 2,000 amperes. 
The results indicate that while some 
increase in arc drop is to be expected to 
obtain better operating performance, a 
rectifier with a higher are drop is not 
necessarily a better-operating rectifier. 
A good balance has to be struck between 
the elements affecting these performance 
characteristics. 


Conclusion 


This paper has outlined the practical 
and theoretical problems involved in the 
design and development of rectifiers and 
the method of approach used in their 
solution, It is hoped that this will give 
engineers interested in rectifiers a better 
understanding of the factors influencing 
their performance. 

The test method used in the develop- 
ment of the excitron, and similar test 
methods, should help to bridge the gap 
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between the theory and practice of rec- 
tifier design. As more knowledge js 
gained of the elements related to the per- 
formance of a rectifier, the design of 
rectifiers will become more rational and 
less empirical, and much of the cut-and- 
try procedure now used would be elimi- 
nated. 
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' Synopsis: 


Damping Cylinders for Aircraft 


Gyroscopes 


F.R. SIAS 


NONMEMBER AIEE 


The operation of air-damping 
cylinders in restraining oscillation of a 
pendulum system is studied by experimental 
and analytical methods. On account of 


fundamental differences which are shown 


to exist between such cylinders and other 
damping devices the design of cylinders 
must follow certain dimensional require- 
ments which are dictated by the dynamics 
of the whole oscillating system. These 
considerations determine the minimum size 
of cylinder which can be used in a given 
application and also the piston clearance 
which gives maximum damping effect. 


VERY mechanical system in which 

there is mass and spring force or its 
equivalent has a tendency to oscillate. 
If such oscillation would interfere with 
proper operation of the system, it must 
be checked by some sort of damping. 
In a broad sense, any method of dissipat- 
ing energy to bring about successive re- 
ductions in the amplitude of oscillation 
is called damping. Three types may be 
recognized: electromagnetic or eddy- 
current, liquid friction, or gaseous fric- 
tion. The type to be used in any applica- 
tion depends on the requirements of the 
individual problem. Thus, most electri- 
cal indicating instruments have electro- 
magnetic damping, while automobile 
suspensions generally use liquid friction 
(hydraulic shock absorbers). Gaseous 
friction is suitable for damping indicating 
instruments but requires close tolerances 
on dimensions. 

The problem considered below deals 
with the pendulum system controlling 
the gyroscope in an artificial horizon 
indicator, Figure 1. Such a pendulum 
is hung by gimbals giving it freedom of 
motion about two axes and since the 
bearings are as frictionless as possible, 
it can oscillate without restraint about 
both axes. As this cannot be tolerated 
in operation, some form of damping must 
be provided. Moreover, three limita- 
tions are imposed on the choice of a sys- 
tem: 


1. Space is very limited. 


2. Magnetic damping is undesirable and 
quite heavy. 


3. No static friction can be permitted as 
this would cause error in the indication. 


A practical means of meeting these 
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requirements was found to be the use of 
small cylinders with close-fitting pistons 
and one end closed. One cylinder is 
associated with each axis of support of 
the pendulum system. Its connecting 


link is attached to the part which it © 


restrains at a distance from the pivot 
point such that the piston travels from 
one end of the cylinder to the other dur- 
ing motion of the part over its free range. 
It is understood in future discussion that 
the length of each cylinder is determined 
by this consideration. The two cyl- 
inders appear in Figure 1. The horizon- 
tal cylinder link is attached to an up- 
right extension of the pendulum arm. 
The vertical cylinder is attached to a 
point directly below it on the erecting 
gimbal. 

One difference in performance exists 
between air-cylinder damping and that 
provided by liquid friction or magnetic 
means. This difference is considered 
below in some detail from both the physi- 
cal and mathematical viewpoint. It is 
brought out that while a high damping 
factor is obtained in a small space, there 
are definite limitations to the effective- 
ness of this damping and these are particu- 
larly significant in a device which must 
operate over a wide range of atmospheric 
pressure. On account of the high alti- 
tude at which aircraft may fly, the gyro- 
horizon encounters such a variation in 
pressure. 


Operation of Damping Cylinders 


Before the air-damping cylinder is con- 
sidered in its relation to the present prob- 
lem, the property which distinguishes it 
from other damping devices will be re- 
viewed. This is best seen by comparing 
its performance under a constant applied 
force with that of a true damping device 
like a conducting vane in a magnetic 
field. When such a force is applied to 
the vane, it starts to move immediately 
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at a velocity such that the counter force 
due to eddy currents equals the applied 
force. If the latter is removed, motion 
stops immediately. Now consider a 
damping cylinder under a similar situa- 
tion. When a force is first applied, the 
piston is displaced through a distance 
sufficient to produce an equal counter- 
force by a pressure difference between 
the two ends of the piston. Thereafter, 
a steady-state velocity results as air leaks 
out around the piston. However, an 
initial displacement is required to set up 
the counter-force and when the applied 
force is removed, tke piston will deflect 
back to relieve the pressure. 


Oscillation of the Pendulum System 


In applying damping cylinders to the 
pendulum system described above, it is 
necessary to understand the origin of the 
oscillations which they are required to 
control. These are of two sorts. First 
are external shocks and forces due to 
motion of the aircraft. These are tran- 
sientin nature. Second are internal forces 
resulting from the interaction of the 
erecting magnet with the erecting disk. 
Under conditions of normal operation, 
the erecting magnet is centrally located 
by gravity under the rotating erecting 
disk. This tends to twist the magnet 
because of the electrical forces set up, the 
twisting force acting back through the 
pendulum bearings. There is no tend- 
ency to produce oscillation until some 
external force moves the magnet out of 
its central position. The magnet now 
tries to follow the rotation of the erecting 
disk. If the natural frequency of oscilla- 
tion about both axes were equal, the 
magnet, if undamped, would follow a 
circular path, the rotational speed being 
about equal to the frequency of the pen- 
dulum. Where the two natural frequen- 
cies are not equal, the pendulum locus 
takes a more complex form, but the 
system still requires some damping 
mechanism to prevent sustained oscilla- 
tion. 


Action of a Damping Cylinder in an 
Oscillating System 


When a damping cylinder using air as 
the damping fluid is connected to an 
oscillating system such as a pendulum, 
two effects are noticed. First, damping 
occurs as energy is used to overcome the - 
friction of air passing through an orifice, 
either around the piston or through a 
special fixed or adjustable opening, and 
second, the frequency of oscillation of the 
system is altered because of the elasticity 
of the air in the cylinder. 
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The damping constant of the cylinder 
is dependent on air pressure to some ex- 
tent, but at 14 centimeters of mercury 
absolute pressure it has approximately 
80 per cent of its value at 76 centimeters 
pressure. Figure 2 shows experimental 
results. Damping constant is defined 
as force per unit velocity in steady-state 
linear motion. It is not synonymous 
with effective damping in an oscillating 
system, a fact which will be shown later. 
Fourteen centimeters of mercury abso- 
lute pressure is approximately the pres- 
sure at 40,000 feet above the earth’s sur- 
face. Gyroscopic instruments are re- 
quired to operate correctly at that alti- 
tude; therefore, the change in damping 
constant within that range is not serious. 

The change in the frequency of oscilla- 
tion is considerable. At absolute zero 
pressure the frequency is that of the 
pendulum without the damping cylinder. 
As the pressure increases, the elastic 
action becomes stiffer and the frequency 
of oscillation increases. The amount of 
this change depends on the pressure differ- 
ences produced by oscillation of the 
pendulum, these pressure differences 
being dependent on the piston area, the 
length of the lever arm by which the pis- 
ton is connected to the pendulum, and 
the initial pressure in the cylinder. 

Short lever arms and small cylinder 
diameters produce small changes in the 
frequency, but a large elastic effect, due 
to the high pressure on the confined air 
with a given pendulum force. This ef- 
fect may be sufficiently great in small- 
diameter cylinders that it is not possible 
even at normal atmospheric pressure, to 
obtain critical damping without having 
noticeable elastic effect. This gives the 
appearance of underdamping at all times 
unless the motion is closely observed. 
With underdamping, the oscillating sys- 
tem will pass the normal rest position 
several times before the oscillation ceases. 
When elasticity is present and the clear- 
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Figure 1. Gyro-horizon motor and erecting 
gimbal assembly 
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Table I ; 
th 
5 i i 
Rotational Mechanics Electric Circuits 
Name Symbol Units Name Symbol Units 
Torquensar aneoaics ses T ..Dyne centimeters Voltage........e... Volts 
Angular displacement...@...Radians Charges on ae q...Coulombs 
Angular velocity........#,..Radians per second Currenty vers i...Amperes or coulombs persecond 
Moment of inertia...... J...Grams centimeter? or Inductance....Z...Henrys or volt second? per 
dyne centimeter coulomb 
second? 
Rotational compliance...Cr..Radiams per dyne Capacitance. ..C...Farads or coulombs per volt 
centimeter 
Rotational damping Resistance..... R..Ohms or volt second ‘per , 
factory ae ce picker sieiotel ak D..Dyne centimeter-sec- coulomb 


onds per radian 


ance between the cylinder and piston is 
too small, instead of passing the normal 
rest position it will gradually approach 
it and also swing back and forth at the 
same time. As the amount of clearance 
is increased, the pressure on the confined 
air becomes less and the elastic effect 
decreases. It is therefore possible to 
determine a point at which maximum 
damping is obtained with minimum 
springiness. 

The amount of elasticity is also de- 
pendent on the absolute pressure, the 
“spring” becoming weaker and allowing 
more motion of the oscillating system as 
the pressure decreases. Consequently, 
although the damping constant varies 
only slightly with absolute pressure, the 
maximum effective damping may be 
considerably less than would appear to 
be possible if there were no elasticity. 

Figures 3, 4, and 5 are tracings from 
oscillograms taken by a process which 
will be described later. They illustrate 
the statements which have been made 
above. 

Each curve represents the oscillation 
of a pendulum which has been moved 
from its rest position, is released, and 
allowed to swing. 

Figure 3A represents the condition 
where there is no damping device. Be- 
cause of a small amount of mechanical 
and air friction, some damping is present 
and the length of swing becomes less at 
each successive swing. 

If the pendulum is provided with a 
perfect damping means such as eddy- 
current damping, and this is adjusted 
to provide critical damping, the movement 
to the rest position will be accomplished 
in one swing, Figure 3B. 

Another limiting condition is that in 
which an air-damping cylinder is used, 
but the piston fits the cylinder perfectly 
so that no air flows past the piston. The 
system will not return to the rest position 
at all, but will oscillate about a point 
between the starting point and rest 
position, Figure 3C. This oscillation will 
also die out finally, due to mechanical or 
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air friction. 
quency with comparison to curve A. 
Figure 4 shows the operation of a one- 
fourth-inch-diameter horizontal damping 
cylinder, Figure 1, at normal atmospheric 
pressure. Curve A represents the motion 
of the pendulum when the piston fits 
loosely in the cylinder. Oscillations 
continue for some time. In curve B, 
the piston fit is optimum and nearly 
critical damping is obtained. Curve 
C shows the action of the system when 
the piston is too tight. The pendu- 
lum returns to the rest position at a 


rate that corresponds to overdamping (as. ~ 


shown by the dotted line) but at the same 
time oscillates about this line. In both 
A and C, the oscillations continue for 
some time after they would if a piston of 
optimum fit were used. 

Figure 5A shows the performance which 
would result at a pressure of 14 centi- 
meters of mercury when the piston fit is 
optimum for this condition of operation. 
Compared to 4B, it shows the oscillations 
continuing for a much longer time because 
the elastic effect is much more pronounced 
at this low pressure. 

RE 

Figure 5B also represents a pressure of 
14 centimeters of mercury, but a 5/16- 
inch cylinder with a piston of optimum 
fit is used. In this case, oscillations die 
out more quickly than they did with the 
one-fourth-inch cylinder. 


Oscillation Frequency 


Changes in frequency which occur as a 
function of piston clearance at various 
pressures will be dealt with from an ana- 
lytical viewpoint covered below. Results 
obtained in this way are shown in Figure 
6. The abscissa may be considered for 
the moment to represent piston clear- 
ance progressing left to right from very 
loose to very tight. The ordinate is the 
natural frequency of the system about 
the pendulum pivots. Curve A cor- 
responds: to operation of the damping. 
cylinder at normal atmospheric pressure, 
76 centimeters of mercury, and curve B 
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Note the increase in fre- 


~ 


tiie te 


represents 14 centimeters of mercury. 
In the limiting case of a loose fit, the 
frequency of the system at either pressure 
is the natural frequency of the pendulum 
alone. As the clearance of the piston is 
reduced, the elasticity of the confined 
gas becomes more effective and causes 
the frequency of the system to increase, 
the effect being more pronounced at 
higher pressures. 

Inthe gyro-horizon studied, the natural 
frequency of oscillation about the pendu- 
lum pivots is approximately that of a 
simple pendulum. When the system 
swings about the erecting gimbal pivots, 
the mass of this gimbal is added, making 
a compound pendulum of lower oscilla- 
tion frequency. When damping cyl- 
inders are added, since the vertical damp- 
ing cylinder has a longer lever arm than 
the horizontal cylinder, it becomes stiffer 
as the absolute presstrre increases, more 
rapidly than the horizontal cylinder. 
Thus, the frequency of oscillation about 
the erecting gimbal pivots increases at a 


/ more rapid rate than about the pendulum 


pivots. The frequency of oscillation 
about the two axes, therefore, approaches 
the same value. At this point the os- 
cillation of the whole erecting system is 
most violent. As the pressure is further 
increased, the oscillation frequency about 
the erecting gimbal pivots becomes 
greater than about the pendulum pivots, 
finally becoming about twice as great as 
at normal atmospheric pressure. It is 
therefore important either to make the 
point of maximum tendency to oscillate 
come at a pressure outside the service 
tange or at a point where damping is 
sufficient to overcome it. 


Test Procedure and Performance 
Requirements 


Preliminary damping-cylinder tests 
were made with one-fourth-inch diame- 
ter cylinders as shown in Figure 1. 
The test consisted of placing the com- 
plete operating gyroscope assembly under 
a bell jar which could then be evacuated 
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Figure 2. Damping constant of air-damping 
cylinders versus pressure 
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to any desired pressure. In making the 
tests, the absolute pressure was reduced 
to about two centimeters of mercury, and 
the bell jar was then shaken to start 
oscillation of the pendulum. The pres- 
sure was gradually raised until the oscilla- 
tions stopped. This value was recorded. 
As a final standard of acceptance, if 
the oscillation stopped at an absolute 
pressure of 14 centimeters of mercury, the 
instrument was considered satisfactory. 
Several sizes: of pistons were tried in 
both the’ vertical and horizontal cyl- 
linders. 


There was very little oscillation of the 
erecting gimbal, since critical damping 
could be obtained easily. The horizontal 
cylinder could not be made critically 
damped, but in the best case the damping 
was satisfactory. Figures 7 and 8 illus- 
trate the effect of piston diameter. Note 
that while the horizontal-piston diameter 
must be very closely controlled, the 
vertical piston may vary over a fairly 
wide range if the proper horizontal piston 
is used, 


Tests were made next using a 5/i5- 
inch-diameter horizontal cylinder and a 
similar set of curves were drawn, Figures 
9 and 10. The allowable tolerance in 
piston diameter is now much greater 
and, with a piston of best size, the os- 
cillations stop at a much lower pressure. 
This size of cylinder makes a satisfactory 
assembly both from the manufacturing 
and functional standpoint. 


Mathematical Analysis of the 
Oscillating System 


Discussion of oscillation and damping 
in the pendulum system has been largely 
qualitative up to this point. It has been 
established that a damping cylinder 
does not operate like a pure damping 
mechanism, but combines an elastic ac- 
tion with its damping function. From a 
mechanical point of view the system 
composed of the pendulum and damping 
cylinder may be considered to consist 
of four elements: (1) A moment of in- 
ertia, which is the pendulum; (2) A 
restoring torque, which is due to gravity 
and will be assumed proportional to de- 
flection; (3) A damping vane or other 
pure damping device, connected to the 
pendulum by means of (4) A spring. 
The constant of the spring, as it affects 
the swinging of the pendulum, depends 
on the dimensions of the damping cyl- 
inder, the length of the lever arm at 
which it acts on the pendulum, and the 
prevailing ‘air pressure. The damping 
constant also depends on cylinder size 
and lever arm. In addition it is greatly 
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Figure 3: Oscillograms showing limiting 
conditions in an oscillating system 
A—Minimum damping 
B—Critical damping 
C—Air-damping cylinder with no air flow 


affected by piston clearance in the cyl- 


inder, an effect which provides control 


after other design factors are fixed. The 
relatively small effect of air pressure 
has been noted. 


Method of Electrical Analogy 


This system of four elements can be 
treated as a study in rotational mechan- 
ics, but there are certain advantages in 
dealing with an electrical analogy which 
reproduces the same conditions. This 
describes the phenomena in language 
more familiar to the electrical engineer 
and facilitates a comparison with other 
common electrical circuits of known be- 
havior. Moreover, it makes available a 
ready means of experiment to supplement 
analytical studies. 

The subject of mechanical-electrical 
analogies has been treated at great 
length,! but for the purposes of this 
problem, a definition of a few funda- 
mental quantities in each system is suffi- 
cient. This is best shown as a parallel 
tabulation, Table I. 

It is to be noted that basically there are 
only three units in each system: dyne- 
centimeter-second, and volt-coulomb-sec- 
ond, The radian in the mechanical sys- 
tem is a dimensionless unit. The con- 


‘cept of rotational compliance may not 


be as familiar as its reciprocal, which 
might be called rotational spring con- 
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Figure 4. Oscillograms showing operation of 
air-damping cylinder at normal atmospheric 
pressure 

A—Loose piston 
B—Optimum piston 
C—Tight piston 


stant, but it ‘is more convenient for 
translation of terms between the two 
systems. 

To represent the mechanical system 
electrically, the pendulum with its mo- 
ment of inertia and gravity restoring 
torque become an inductance and capaci- 
tance. The damping cylinder, with its 
combination of damping and spring ac- 
tion, may be represented by a resistance 
and capacitance in parallel. The complete 
circuit is shown in Figure 11. So far as 
possible, the analysis of the system will be 
made entirely in these electrical terms, 
reverting to the mechanical only where 
the physics of the original problem must 
be examined. 

The performance to be expected from 
such a system can be predicted at least 
in part from a number of different meth- 
ods, of analysis. Before a complete 
treatment is started, it is worth noting 
that certain qualitative conclusions fol- 
low immediately on inspection of the 
circuit. Consider the effect of resistance 
on damping. Here it is useful to make a 
comparison with a simple series circuit of 
resistance, inductance, and capacitance 
(later referred to as RLC circuit). In 
such a circuit, damping increases con- 
tinuously with resistance, passing from 
an oscillatory underdamped behavior 
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through critical damping to a nonoscillat- 
ing overdamped behavior. Let resistance 
increase in the same way in the circuit 
of Figure 11. At zero resistance the 
capacitor C; is short-circuited and only 
Land C remain. This gives undamped 
oscillation at the frequency determined 
by Land C. As R increases clearly some 
power is dissipated and some damping 
results; however, if R is made indefinitely 
large the circuit reduces to L, C, and () 
all in series, which is again an undamped 
oscillating circuit having a new natural 
frequency. Evidently then, some finite 
value of R gives most effective damping. 
It will be one object of the analysis that 
follows to determine this value. Again 
consider the effect of changing C. If 
this capacitance is zero, the circuit re- 
duces to RLC and damping depends on 
R as noted above. If C becomes very 
large, it approaches a short circuit on 
R and evidently the system could never 
be effectively damped regardless of the 
value of R. 

This fact has immediate application 
to the case at hand and confirms con- 
clusions already reached in terms of 
actual cylinders. It has been said that 
the damping cylinder must operate over a 
pressure range corresponding to high- 
altitude flying. This is taken to be 14 to 
76 centimeters of mercury. The ‘‘springi- 
ness’’ of the damping cylinder due to the 
compressibility of air has been shown to 
vary directly with pressure. As pressure 
is reduced, the ‘“‘compliance’’ increases 
and in the electrical analogy the capaci- 
tance also increases. At 14 centimeters of 
mercury it has, roughly, six times the 
value at 76 centimeters. Since the 
damping factor of the cylinder changes 


o 


Figure 5. Oscillograms showing operation at 
reduced pressure 


A—Optimum piston, one-fourth-inch cylinder 
B—Optimum piston, 5/,5-inch cylinder 
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relatively little in this pressure difference 
the resistance in the electrical circwit 
does not itself change by a large factor, 
but the large change in capacitance 
greatly reduces the effectiveness it can 
have in damping oscillation. This will 
appear numerically from results to fol- 
low. 


Circuit Equations a 
Mathematically the circuit of Figure 
11 has a solution which parallels that of 
the series RLC circuit but is naturally 
more complex. The problem is treated 
as one of free oscillation in which an 
initial charge, Qo, is placed on capacitor 
C. On account of the parallel paths in the 
circuit, three simultaneous equations are 
needed to express the fundamental re- 
lationships of current and voltage. 


di q 
hR+L—+-—= 1 
uyR+ ROG ( ) 
F q2 3 
R-—==0 2 
Wy CG, ¢ ) 
I-44 —h=0 (3) 


From these equations it is required to 
find gq as an explicit function of f, or at 
least to obtain enough information about 
the function so that the effectiveness of 
damping in the system can be judged. 
The steps in this procedure are given in 
Appendix I. It is shown that q is an ex- 
ponential function of time with three 
terms 


g=Qre™! + Qre™*+ Qze%* (10) 


In this equation a; is a negative real quan- 
tity, which means that the first term 
represents an exponential decay without 
oscillation. The solution of a: and ag 
shows that these exponents are conjugate 
complex roots, a result which depends 
entirely on the algebraic solution and 
not on numerical values of circuit con- 
stants. Therefore, these terms together 
represent a damped oscillatory discharge 
with decrement and frequency given by 
the real and imaginary parts of the roots. 
For reference these will be called K 
and w respectively. Taking the equation 
as a whole, the interpretation is a damped 
oscillation about an axis which is itself - 
a curve of exponential decay. This ap- 
pears plainly in Figure 4, curve C, which 
is reproduced from an oscillogram. 

It is not necessary to complete the 
solution of equation 10 by evaluating 
Qi, Qo, and Q3. The performance of the 
circuit can be understood sufficiently 
by examining a;, K, and w. An interpre- 
tation of these results is best obtained 
by comparison with the performance of 
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the simpler series RLC circuit. This is 
generally familiar and is known to take 
the form of a damped discharge which 
may oscillate or not depending on the 
value of R. This points to two ways in 
which the circuit of Figure 11 differs 
from the series circuit. First, there is 
always oscillation, no matter what the 
value of R. Second, the oscillation oc- 
curs, not about the base line, but about 
an axis initially displaced, but which re- 
turns toward the base line as the dis- 
charge progresses. Thus there are two 
meanings of damping in such a system. 
One is the decrement in the oscillatory 
motion. The other is the rate at 
which the axis of the oscillatory motion 
returns to the base line. These two 
damping constants are both functions 
of R, but their behavior is basically dif- 
ferent. It will appear from results to 
follow that one, the decrement of oscilla- 
tion, is a function which starts at zero 
when R is zero, rises to a maximum, and 
declines again. The other damping con- 
stant is infinite when R is zero and de- 
clines continuously as R increases. Prac- 
tically, the first seems to be of controlling 
interest. Calculations show that if it is 
at or near its maximum value the other 
is always much larger. This means that 
oscillation tends to persist even after the 
displacement in the axis of this oscilla- 
tion has become negligible. Conse- 
quently the rate of decay of oscillation 
is the damping of primary importance. 

The above analysis focuses attention 
on two quantities, K and w. The first 
is a measure of the damping in the sys- 
tem. Reverting momentarily to the 
physical pendulum, the value of K does 
not by itself determine whether oscilla- 
tion will be sustained under certain con- 
ditions of internally generated forces. 
It does however answer quantitatively 
two vital questions. In electrical terms 
these are (1) What value must R have to 
produce maximum damping with a 
given value of C,? (2) If, on actual trial, 
this maximum is insufficient or requires 
too close tolerances on R, how may C, 
be altered to increase the damping? The 
quantity w is not directly concerned with 
damping, but it determines the natural 
frequency of the system. This is of 
particular interest when the two axes of 
oscillation of the pendulum are con- 
sidered together. 


Since K as a function of R has a maxi- 
mum and since this maximum is the most 
desirable operating point, it may be pro- 
posed that the required value of R can 
be found by differentiating and solving 
for R with the derivative set equal to 
zero. On account of the extreme com- 
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plexity of the expression and the high 
powers of R encountered, this has not 
been done and is not thought to be pos- 
sible algebraically. However, any spe- 
cific case can be solved numerically, and 
this is the method used to study the per- 
formance of the damping cylinder. 


Numerical Solution 


Where numerical results are wanted, 
objection may be raised to the analogy 
method of solution. No fixed numerical 
equivalence exists between units of, say, 
moment of inertia and inductance. In 
the final result, however, this fact makes 
no difference. An arbitrary equivalence 
is assumed for one pair of analogous 
quantities and the relation of all others 
is thereby established. In the results 
worked out below, the electrical circuit 
represents the pendulum in its oscillation 
about the pendulum pivots. 

Certain physical data about this sys- 
tem are required. Experimentally; the 
easiest to obtain are (1) The natural 
frequency of oscillation and (2) The ro- 
tational compliance. The latter can be 
found by measuring the force necessary 
to deflect the pendulum through a given 
displacement. From these tests the 
following values were obtained: 


Natural frequency, fo =2.70 cycles per second 
C,=9.72X10-® radians 
per dyne centimeter 


Note that the results are constants of 
the pendulum and are obtained with the 
damping cylinder disconnected. 
Returning now to the electrical cir- 
cuit of Figure 11, values are to be as- 
signed to C and L. Since the first choice 
is entirely arbitrary, it was thought con- 
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Figure 6. Oscillation frequency versus re- 
sistance (damping constant) 


A—One-fourth-inch cylinder, 76 centimeters 
mercury pressure 
B—One-fourth-inch cylinder, 14 centimeters 

“mercury pressure 
C—+/,,-inch cylinder, 14 centimeters mercury 
pressure 
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Figure 7. Pressure to stop oscillations versus 
horizontal-piston diameter 
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Cylinder diameter—Horizontal 0.2500 inch 

Vertical 0.2500 inch 
A—Vertical piston diameter, 0.2467 inch 
B—V ertical piston diameter, 0.2476 inch 
C—Vertical piston diameter, 0.2488 inch 
D—Vertical piston diameter, 0.2496 inch 


—pressure at 40,000 feet altitude 


venient to let C be one farad. The 
value of L is then determined by the 
natural frequency and comes out 0.00347 
henry. The next step is to evaluate C, 
which represents the forces due to com- 
pressibility of air in the damping 
cylinder. The conversion factor from 
rotational compliance to electrical capaci- 
tance is established by the choice of C 
already made, but it is first necessary to 
determine the value of the mechanical 
constant. This can be done entirely by 
calculation, knowing the dimensions of 
the cylinder, the length of the lever 
atm by which it is attached to the pen- 
dulum, and the behavior of air in com- 
pression. To illustrate the method, the 
calculation is given in Appendix II. To 
represent the cylinder at normal atmos- 
pheric pressure it is determined that 
the value for C, is 0.356 farad. Note that 
this calculation would have to be made 
whether the problem is solved electrically 
or mechanically. 

From here on, the problem is entirely 
one of arithmetic. Circuit constants 
other than R have been assigned fixed 
values. The quantities K and w are to 
be computed as functions of R so that 
curves may be plotted.' Having done so 
for the case just assumed, it will be re- 
quired to repeat for the condition of one- 
sixth atmospheric pressure. This sets a 
new value for C\. 


Numerical Results 


Results calculated in this way are 
shown in Figure 12. Curve A represents 
the first condition, corresponding to 
normal atmospheric pressure. The maxi- 
mum value of K is 11.9 corresponding to 
R=0.070. When the pressure is reduced 
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to one-sixth of normal, C;=2.14 farads 
and a marked change occurs in damp- 
ing. This is shown in curve B. The 
maximum value of K is only 2.0 and oc- 
curs at R=0.024. Tests described 
earlier showed that only by the most 
precise control of piston clearance can 
oscillation be prevented at this low 
pressure. Electrically it means that R 
must be held within narrow limits to in- 
sure sufficient damping. By the change 
subsequently made, increasing the cylin- 
der diameter to °/:, inch, the  cor- 
responding electrical capacitance at low 
pressure becomes 1.37 farads and the K 
curve corresponding is C. The gain in 
maximum value of K is in proportion to 
the decrease in C;. It shows how a safe 
margin was put on the damping avail- 
able and a reasonable tolerance on the 
piston clearance. 

The frequency at which oscillation 
tends to occur is not of such vital con- 
sequence as the damping, but it is of 
interest to note how it changes with R. 
Figure 6 shows curves of w corresponding 
to K curves of Figure 12. In the begin- 
ning of the analysis of the circuit it was 
deduced that in the extreme conditions 
R=0 and R= © the natural frequencies 
would be different. The manner in 
which the transition takes place is shown 
by the curves. 


Experiments With the Electric 
Circuit 


When results of the solution by electri- 
cal analogy are shown in the form of 
the quantities K and w, no ready picture 
is obtained of the actual oscillations. To 
calculate these curves in full is too cum- 
bersome mathematically. In order to 
fill this gap and at the same time check 
conclusions as to optimum damping re- 
sistance, an experimental setup of the cir- 
cuit of Figure 11 was made. Since 
circuit constants originally assumed are 
not feasible electrically they were re- 
arranged for convenience and chosen to 
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Figure 8. Pressure to stop oscillations versus 
vertical-piston diameter 


Cylinder diameter—Horizontal 0.9500 inch 
Vertical 0.2500 inch 
Horizontal piston diameter, 0.2488 inch 


#—Pressure at 40,000 feet altitude 
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Figure 9. Pressure to stop oscillations versus 
horizontal-piston diameter 


Cylinder diameter—Horizontal 0.3124 inch 

Vertical 0.2500 inch 
A—Vertical piston diameter, 0.2468 inch 
B—Vertical piston diameter, 0.2470 inch 
C—Vertical piston diameter, 0.2480 inch 


#—Pressure at 40,000 feet altitude 


give a frequency of about, 300 cycles 
per second. The performance character- 
istics of the original circuit were pre- 
served in the miniature version. In this 
way the voltage on capacitor C could be 
used to operate an oscillograph and re- 
cord the transient. Since the oscillo- 
graph was of the magnetic type, the low 
resistance of the element circuit would 
normally act as a shunt on the capaci- 
tor. To overcome this, an amplifier 
circuit employing one tube was used. 
This offered substantially infinite im- 
pedance to the capacitor and so did not 
disturb the transient being measured. 

In Figures 3, 4, and 5 are shown a 
number of curves traced from these os- 
cillograms. Interpretation of these has 
already been given in terms of the me- 
chanical performance of damping cyl- 
inders. They show a number of limiting 
and ideal cases and others representing 
actual operating conditions. It is to be 
noted that a completely undamped wave 
cannot be produced on account of un- 
avoidable resistance in the inductance. 
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VERTICAL PISTON DIAM IN 
Figure 10. Pressure to stop oscillations versus 
vertical-piston diameter 


Cylinder diameter-—Horizontal - 0.3124 inch 

Vertical 0.2500 inch 
A—Harizontzl piston diameter, 0.3103 inch 
B—Horizontal piston diameter, 0.3108 inch 
C—Horizontal piston diameter, 0.3110 inch 


#—Pressure at 40,000 feet altitude 
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Neither could undamped oscillation be 
obtained in the mechanical case. i 

From the results of these electrical 
studies, both analytical and experimen- 
tal, the optimum value of resistance for all 
conditions of operation is indicated. The 
electrical analogy has served its purpose 
and results obtained may be translated 
back into mechanical language. In par- 
ticular, the proper damping constant for 
the cylinders is wanted, The information 
obtained in this way does not lead 
directly to the clearance between cyl- 
inder and piston diameter which must be 
used. This, however, can be established 
readily once the correct damping constant 
is known. Test results were included 
earlier in this article showing the oscilla- 
tion performance of cylinder assemblies 
having the correct clearance and the 
effect of deviating either way from this 
value. In all, three approaches are used 
to the problem of optimum damping: 
electrical calculation; electrical experi- 
ment; mechanical experiment. By what- 
ever method the results are reached, they 
are seen to be the same. 


Conclusions 


Air-damping cylinders have been ap- 
plied successfully to the erecting system 
of a gyro-horizon instrument for aircraft. 
In so doing, a degree of damping is ob- 
tained which would not be possible by 
other means within the same limitations 
of space and weight. It is shown that 
these cylinders do not act as pure damp- 
ing agents, but also introduce an elastic 
component of force, which varies in a 
relative magnitude with the amount of 
compression of the confined air and its 
absolute pressure. By a method employ- 
ing an electrical analogy, the factors 
which control the ultimate damping 
effect are analyzed. The principles de- 
rived in this study are applied to assure 
adequate damping for all conditions of 
operation. 


Appendix | 


Solution of Circuit Equations 


Equations 1, 2, and 3 may be rewritten 
with currents replaced in all cases by the 
time derivative of charge. 


dq dg q We 
ae, pa eae, 4 
dt a di? TG (4) 
dq qa 
ae ee (8) 
dg du dq 

Se ee ee 6 
dt dt dt 0 (6) 
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By algebraic substitution this may be 
reduced to a single equation in g alone, the 
variable which corresponds to pendulum 
displacement. 


dq 1 d%q (e+ Ny 


—+ 


aie GR de L ma 


Gt eos 


(7) 


For convenience in handling let this be 
expressed as 
d'q 


aw +4 shy 2a “14 Avg 0 (8) 

This is a linear homogeneous differential 
equation of the third order. As such it is 
known to have an exponential solution 
which may be written in the form 


q=Qe* (9) 


Since the complete solution of a third 
order equation must allow for three roots, 


it is known to have three parts. In its 
complete form, then 
g=Qre*’ + Qre%* + Qse%3 (10) 


Equation 9 may be differentiated to ob- 
tain the derivatives required in equation 8. 
Substituting, this gives the auxiliary equa- 
tion 


o3+Aja®+Ar.at+A;=0 (11) 


The three values of a@ to fit equation 10 
will be obtained by solving equation 11, 
which, being a cubic, must have three roots. 
A convenient form of the solution is taken 
from Eshbach’s ‘‘Handbook of Engineering 
Fundamentals,’ pages 2-13. Making 
changes in notation to agree with equation 
8, let 


A, [A:\? 
pes Re. 1 
pa4 ( =) (12) 
and 
3 
i (42—4,)-(2) (13) 
2\ 3 3 
Then define 
S=C+V p+) (14) 
and 
So=(r—-V pier)! (15) 
The roots of a are now given by 
A 
a= (SitS:) — (16) 
1 A 3 
a= 5 (Si+S)—F +i BS tas (17) 
1 A 3 
Sdraages (SiS) — Fi ae (Si— Sa) (18) 


As noted in the text this is as far as the 
‘solution needs to be carried. The tendency 
of the system to oscillate and the frequency 
at which it oscillates are defined by the real 
and imaginary components of the roots 

a2 and o3. Letting these be K and w re- 
spectively they are given by 


A 
K=-5 (S+5)-F (19) 
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Circuit diagram, electrical analogy 


Figure 11. 


on (Si—S:) (20) 


Through these equations K and w are seen 
to depend on the circuit constants L, C, C, 
and R, although for convenience they are 
expressed in terms of auxiliary variables. 
Results are given in the form of K and w 
versus R for various asstimed values of C; 
(Figures 12 and 6). 


Appendix Il 


Calculation of Capacitance Corre- 
sponding to Damping Cylinder 


It is required to determine how the force 
due to compression of gas in the damping 
cylinder may be represented in terms of 
“rotational compliance’ in the pendulum 
system. First, consider linear forces in the 
cylinder. Let the piston area be A and the 
atmospheric pressure ~p. Denote the posi- 
tion of the piston by x and let its starting 
position be xo. 

If the piston is moved under conditions 
which do not permit the passage of air to 
or from the inside, then the pressure changes 
and a force, F, is exerted on the piston. It 
is first necessary to find F as a function of x, 
and take the slope dF /dx, which is the force 
per unit deflection. Letting p be the new 
pressure, the force is given by 


F=(p—po)A (21) 


DAMPING FACTOR K 
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Figure 12. Effective damping versus resistance 
(damping constant) 


A—One-fourth-inch cylinder, 76 centimeters 
mercury pressure 
B—One-fourth-inch cylinder, 14 centimeters 
mercury pressure 
C—4/,,-inch cylinder, 14 centimeters mercury 
pressure 
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and ? is related to x through the general gas 
equation 


pk =constant (22) 


The exponent, k, is 1.0 for isothermal com- 
pression and 1.4 for adiabatic compression. 
The latter, involving no gain or loss of heat 
by the gas during the process, will be taken 
to represent the condition in the cylinder, 
Using equation 22 and replacing v by its 
value, «A, gives 


k 
p(xA)* = polxoA)* or p=a() (23) 


Substituting in equation 21 


Xo ws 
F=pA|(=)—1 (24) 
Then differentiating 
dF xo 
SES eae kpo kt (25) 


To make future calculations workable it is 
necessary to assume that force per unit 
deflection is constant over the operating 
range of the cylinder. To make this ap- 
proximation take dF/dx at x=» and let xo 
be the midpoint of piston travel, or normal 
rest position. Making this change in equa- 
tion 25 and at the same time substituting 


“for k, its value 1.4 


(26) 


Equation 26 expresses the spring constant 
of the cylinder for linear motion. If it is 
multiplied by the square of the radius arm, 
1, at which the force acts on the pendulum 
the result is the rotational spring constant 
and its reciprocal is the rotational com- 
pliance due to the damping cylinder. 


%o 
eae 1.4pAP? ee 


To take a specific case use the one-fourth- 
inch-diameter cylinder for the pendulum, 
taking pressure as one atmosphere. Piston 
diameter is 0.2485 inch, and xp, half of total 
travel, is 3/;, inch. Lever arm, J, is 0.556 
centimeter. Tabulating ‘all quantities in 
the required units 


po= 1.012 108 dynes per square centimeter 
A =0.314 square centimeter 

xo = 0.476 centimeter 

/?=0.309 square centimeter 


from which C,=3.46X107-§ radians per 
dyne centimeter. Converting this now to 
capacitance, using the equivalence already 
established 


C,=0.356 farad 


This is the value of C; used in the text. It is 
subsequently recalculated for a pressure of 
one-sixth normal and again for a cylinder 
diameter of 5/15 inch. 
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Treatment and Casting of Metals by 


Electromagnetic Forces 


WALTER W. HOKE 


NONMEMBER AIEE 


HIS paper discusses certain methods 

developed some years ago employing 
electromagnetic forces for treating and 
casting metals.!? The method of treat- 
ment is considerably more effective than 
any other internal-force action so far 
used for impurity elimination in metals. 
The electromagnetic forces used in the 
molten metal produce an effect equivalent 
to increasing its density many times 
without change in the density of the im- 
purities. Other effects produced in the 
metal are an effective overcoming of 
viscosity, even in those metals noted for 
a high degree of viscosity, and a tempera- 
ture gradient enabling progressive solidi- 
fication in the direction of travel of the 
impurities to the surface. 


The method of casting makes possible - 


the, production of structures of greater 
complexity than can be made with other 
methods, depending on either internal- or 
external-force action for casting pressure. 
Moreover, it achieves this result with 
considerable reduction in casting pressure 
for a given complexity of casting. It is 
probable that the use of this method in 
practice will reduce rejections due to flaws 
to a negligible proportion, even in those 
cases which are notorious for large re- 
jections. 

It is thought that these methods may 
be better appreciated and understood 
after a preliminary review of the normal 
factors in molten metal which are favor- 
able and unfavorable for impurity elimi- 
nation and perfect casting production. 


Normal Forces on Discrete Particles 
of Matter in Molten Metal 


Such common impurities in metal as 
gas pockets and oxide particles are lighter 
than the metal bodies which enclose them. 
Accordingly, the weight of these impuri- 
ties in molten metal is exceeded by the 
upward force of buoyancy; in the ab- 
sence of conditions leading to occlusion 
in the molten metal, the impurities rise 
and eventually reach its upper surface, 
either floating there if they are solid or 

_ escaping to the atmosphere if in the form 
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of ’ gas. As soon, however, as the im- 
purities are set in motion in the metal, 
they are subjected to a frictional force 
produced by the viscosity of the metal 
and impeding their upward travel to 
the surface. These opposing forces of 
buoyancy and viscosity largely govern 
the extent of impurity elimination from 
molten metals. 

All molten metals are capable of free- 
ing themselves of undissolved matter in 
the foregoing manner, but the separating 
action becomes less and less effective with 
decreasing size of the impurities. Like 
the weight of the impurities, the upward 
force of buoyancy is a function of particle 
volume and thus remains constant on 
each unit volume of the impurities, re- 
gardless of their size. 
the opposing force of viscosity is a func- 
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tion of particle surface and thus increases 
on each unit volume of the impurities as 
they diminish in size. Consequently, 
the net force available to maintain up- 
ward travel of the impurities becomes 
less and less with their diminishing size. 
As the impurities approach colloidal 
dimensions, other physical factors come 
into play tending to keep them in sus- 
pension. 

In casting operations, particles of 
undesirable matter may pass into the 
molten metal or otherwise take form 
therein, as a result of many causes. The 
molten metal is effective in separating 
these formed impurities only as long as it 
remains sufficiently fluid. in the mold. 
One objectionable factor, in particular, 
in casting operations is the tendency of 
the cast metal to cool more rapidly in the 
upper layers. Once solidification takes 
place in these layers, all possible means of 
escape of interior impurities from the 
still molten portions of the metal are pre- 
cluded. 
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On the other hand, © 


In conclusion, insufficient buoyancy 
and fluidity of molten metal togetlier 
with premature solidification of the 
upper layers constitute the fundamental 
reasons for particle occlusions in metals. 


Method of Treatment by 
Electromagnetic Forces 


Aside from force of gravity, there is 
only one other force which is now being 
used to any great extent for removifig 
impurities from molten metal, namely, 
centrifugal force. This force not only 
requires the use of intricate apparatus 
for rotation of the metal, but deprives 
the metal of whatever benefit is derived 
from force of gravity. Its applications 
for impurity elimination are restricted 
largely to the production of annular in- 
gots. 

The proposed method of treatment 
employs electromagnetic forces which 
are unidirectionally obtained by the ac- 
tion of field on current and which add to 
the forces of gravity in the metal. 


INCREASED BUOYANCY W1TH CONVERTED 
FIELD OF CURRENT 


Ordinarily, when current is passed 
through a conductor, the magnetic field 


Figure 1. Increased buoyancy 
with converted field of current 


A. Section taken at right angles 
to current path; a is the protrud- 
ing distance of magnetic walls 
above metal, k the distance be- 
tween vertical walls, and h and w 
the height and width of metal 
B. Variations of flux density B, 
natural pressure Pp, induced pres- 
sure pz, natural buoyant effort E,, 
and induced buoyant effort E; 
with varying depth 


which it establishes in the conductor is 
a nonunidirectional field which reacts 
with the current to produce nonuni- 
directional forces in the conductor. The 
interiorly directed converging forces nor- 
mally causing “‘pinch effect” owe their 
production to this cause. It is possible 
by subjecting the field of the current to 
the action of iron masses appropriately 
disposed in the vicinity of the metal to 
convert it into a unidirectional field 
through the metal with an accompanying 
conversion of its forces into unidirectional 
forces. These forces can be produced 
in sufficient strength under these condi- 
tions to be used as the only electromag- 
netic treating forces in the metal. 

One way of carrying out the aforemen- 
tioned principle is illustrated in Figure 
1A. The metal M is bounded at its sides 
and bottom by iron walls W of such per- 
meability and thickness as to offer a 
negligible, reluctance to the increased 
lines of flux ¢@ established by the current. 
The lines ¢ travel horizontally between 
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the vertical walls because of their refrac- 
tion by these walls and their tendency to 
follow a path of least reluctance. It is 
apparent that the flux density will be zero 
at the bottom of the metal and will in- 
crease to a maximum at its upper surface. 
An inner refractory lining R is shown con- 
taining the metal. 

In accordance with the left-handed 
tule for motion of a current-carrying 
conductor in a magnetic field, a downward 
force is internally induced in the metal /, 
regardless of the direction of current flow. 
In the same manner as force of gravity, 
this electromagnetic force may be con- 
sidered as made up of an infinite number 
of parallel forces acting on the mass 
elements. These, however, are not equal 
forces, but increase from zero at the 
bottom to a maximum at the top. 

Assume that the metal M is a straight 
conductor and that a direct current J is 
caused to flow. Since the current den- 
sity is uniform throughout the cross 
section of the metal, the flux density B 
(Figure 1B) assumes a_ straight-line 
characteristic lengthwise of the conductor 
height. As shown in Appendix A, the 
induced pressures at the bottom and at 
any given depth s in the metal have the 
values: 


P,=2rI?/kw 
and 
bi = [2as(2h—s)I*)/kwh? (2) 


respectively, where k, h, and w are dis- 
tances defined in Figure 1A. 

The induced pressure at any point of 
the metal is transmitted in all directions. 
Inspection of equation 2 shows it to be 
zero when s=0 and a maximum 27/?/kw 
when s=h (checking equation 1). The 
buoyancy of the metal is obviously in- 
creased. : 

Most common impurities in metal 
are nonconductive or comparatively non- 
conductive and will therefore be acted 
upon effectively by this treatment. Gas 
bubbles will be forced to rise in the metal 
and their upward travel to the surface 
accelerated. Slag or formed oxides also 
will be separated and forced to remain 
at the upper stirface of the metal. The 
increased buoyancy will act on all im- 
purities having less conductivity than the 
metal, whether of smaller or greater den- 
sity than the metal. 


(1) 
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Figure 2. Increased buoyancy 
with separate field 


A. Section taken at right 
angles to current path; k is the 
width of air gap, and h and w 
the height and width of metal 


B. Variations of flux density 

B’, induced pressure p;’, and 

induced buoyant effort E;’ with 
varying depth 


Equation 2 also discloses the fact that 
the induced pressure is not proportional 
to the depth, but increases at a diminish- 
ing rate from the top of the metal to the 
bottom. This is clearly shown in Figure 
1B by the curve for p; plotted against 
depth. The induced buoyancy depends 
on the slope of this curve and must there- 
fore increase with decreasing depth in the 
metal. This is a desirable feature in 
view of the rapidly increasing resistant 
force of viscosity on the impurities to be 
separated with their increasing momen- 
tum through the metal. 


Figure 3. Position of electromagnet for 
proper treatment with separate field 


The induced buoyant effort on an im- 
purity of given size for any position it 
may assume in the liquid metal may be 
obtained from the following general 
relation: 


E;= Vf" (bi) (3) 


where V is the volume of metal displaced 
by the impurity, and f’(p;) is the deriva- 


Figure 4. Effects of varying cur- 
rent with converted field of current 


A. Effect on current density 

B. Effect on flux density 

C. Effects on induced pressure 
and buoyant effort 

Subscript s* has reference to skin 

effect alone, and subscript se to 

both skin effect and eddy currents 
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tive of the function f(p,;) with respect to 
depth in the metal. For the particular 
conditions assumed, the induced buoyant 
effort relation becomes 


E,= [4 VI°(h—s) ]/kwh? (4) 


The plot of this expression in Figure 1B 
neglects the variation in V at the bottom 
of the metal. The induced buoyant 
effort is zero at the bottom and follows 
a straight-line characteristic up to the 
point near the surface where the im- 
purity emerges from the liquid metal. 

Inspection of equation 4 shows that 
the induced buoyant effort at any point is 
inversely proportional to the distance 
k between the vertical portions of the 
magnetic channel. It is consequently 
desirable to reduce & to the smallest 
practicable distance. While the distance 
of upward travel of impurities from within 
the metal is increased by increasing the 
height 4, the maximum value which the 
induced buoyant effort assumes near 
the upper surface is uninfluenced by any 
isovolumetric change in the dimensions 
hand w. 

In Figure 1B, natural-pressure and 
buoyant-effort curves p, and £, are in- 
cluded for the purpose of showing the 
extent to which the method of treatment 
may be made to increase the buoyancy 
of the metal. 


INCREASED BUOYANCY WITH SEPARATE 
FIELD 


Referring to Figure 2A, a straight 
metal conductor M’ carrying direct cur- 
rent is positioned in the uniform field 
of an electromagnet also carrying direct 
current. The relative directions of cur- 
rent and field are assumed to be such as 
to cause downward forces to be produced 
in the conductor. It can be shown that 
these forces produce the following values 
of pressure and buoyant effort at any 
given depth in the metal: 


pi! =4rsI NI’ /kwh (5) 


~ and 


Ey’ =4n VINI' /kwh (6) 


respectively, where NI’ are the abam- 
pere turns of the electromagnet. Re- 
ferring to Figure 2B, p;’ and £&;’ are 
seen to vary in the same manner as 
natural pressure and buoyant effort. 

On this treatment is superimposed the 
effect of the field of the current passed 
through the metal. If this field is not 
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Figure 5. Metal M in side elevation showing 
path of eddy currents 


made to produce treatment in the metal, 
it needs to be substantially neutralized by 
the superior strength of the separate field. 
Since the separate field cannot be in- 
creased_beyond saturation of the electro- 
magnet, there is a limit under these con- 
ditions to the value of current that can 
be passed through the metal. This in 
turn limits the magnitude of the forces 
that can be produced by the separate 
field. 

It is consequently desirable that the 
field of the current passed through the 
metal be made to contribute its own 
treatment in the metal. In Figure 3 
the electromagnet is so positioned as to 
convert it into a useful field ¢ assisting 
the field $’ in producing the downward 
forces desired. The resulting treatment 
in the metal is the sum of the treatments 
peculiar to the two fields. 


MoprFriep EFFECT oF ‘‘PINCH’’ IN 
MOLTEN METAL 


“Pinch effect’’ in a melted conductor 
carrying current is manifested by local 
recurrent cross-sectional contraction at 
various points of the conductor. The 
forces normally producing this contrac- 
tion in the case of a straight conductor 
are converging forces tending to move 
the mass elements toward the center of 
the conductor. In the proposed method 
of treatment, the mass elements tend to 
move in one direction under the influence 
of the unidirectional forces employed 
in the molten metal. The local increase 
in current density resulting from an in- 
cipient contraction shows that the pinch 
effect is not eliminated, but the tendency 
of contraction may be reduced materially 
by these unidirectional forces. 


EFFECTS OF VARYING CURRENT ON 
INDUCED BUOYANCY 


It will now be shown that skin effect 
and eddy currents are additive effects 
similarly influencing the relations of 
induced pressure and bnoyant effort 
with depth in each of the two cases of 
electromagnetic-force production shown 
in Figures 1A and 2A. 

In a straight conductor carrying vary- 
ing current, the current density nor- 
mally increases in all directions from the 
conductor center outwards to the surface, 
becatise of decreasing magnetic linkages of 
the conductor filaments with increasing 
tadial distance from the conductor cen- 
ter. This “‘self-induced”’ skin effect takes 
place in different form in metal subjected 
to the proposed method of treatment. 
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Assume the metal M of Figure 1A to 
carry an alternating current. Because 
of the horizontal character of the field 
established through this metal, there 
are decreasing magnetic linkages of its 
filaments with increasing vertical dis- 
tance from its bottom surface. Con- 
sequently, the current density increases 
from the bottom upwards to the top, 
With this altered current distribution 
there occurs a changed flux distribution, 
the total flux inside the metal being re- 
duced. Curves J, and B, in Figures 4A 
and 4B are examples of the altered condi- 
tions in the metal. The rms values of 
current density and flux density are 
represented by these curves, the dotted 
lines representing the corresponding dis- 
tributions when a direct current of the 
same magnitude is utilized. Obviously, 
the effects illustrated by the curves J; 
and B, increase rapidly with frequency. 
They also increase with increasing con- 
ductivity of the metal, with increasing 
height # and width w of the metal, and 
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Figure 6. Cyclic forces induced with alter- 
nating current 


with decreasing distance k between the 
vertical walls W. Increasing the dis- 
tance a of these walls above the metal 
diminishes the effects illustrated by the 
curves J, and B,, but increases the in- 
ductance of the metal. 

If we refer to Figure 5, the eddy cur- 
rents e flow in such a direction as to 
assist the load current at the top of the 
metal and: to oppose it at the bottom. 
It is apparent that they increase in in- 
tensity toward the top and toward the 
bottom. The rms distribution of result- 
ant current is shown by the curve Ig. of 
Figure 4A whereas the rms distribution 
of resultant flux is shown by the curve 
B;, of Figure 4B.* 

It is now possible to determine the 
distributions of effective pressure and 
buoyant effort in the metal M. Assum- 
ing a sinusoidal wave of current, the 
infinitesimal forces on the various layers 
have a wave form of the character illus- 
trated in Figure 6. Though they re- 
verse in direction at each passage of the 
current and flux-density waves through 


* See references 3 and 4 for a more detailed discus- 
sion of the current and flux distributions in iron-slot- 
embedded conductors carrying alternating current. 
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zero, they are predominantly downward 
forces. Observing the effect of the al- 
tered current and flux distributions 
(Figures 4A and 4B) on their relative 
strengths on the various layers, the dis- 
tributions of effective pressure and 
buoyant effort in the metal M are be- 


lieved to be properly indicated by the . 


curves of Figure 4C. Curves p, and HE; 
have reference to skin effect alone, 
whereas curves fs. and Hs, have ref- 
erence to both skin effect and eddy 
currents. The dotted lines in this in- 
stance represent the corresponding pres- 
sure and buoyant-effort distributions 
obtained with direct current of a magni- 
tude causing equal pressure at the 
bottom. 

The case of the metal M’ of Figure 2A 
now will be considered briefly. When 
alternating current is passed through 


this metal, the use of an-alternating field — 


¢’ of the same frequency as the current 
and of an appropriate phase relation 
therewith is needed to produce the 
downward forces desired. Under these 
conditions, the field $’ will force current 
toward the top in part because of a 
“mutually induced’’ skin effect and in 
part because of eddy currents, but the 
current-density variation set up in the 
metal by these phenomena will be in- 
fluenced by the self-inductances of the 
metal filaments. Thus, in the absence 
of any straightening action on the field 
of the current passed through the metal, 
the curves ps,’ and E,,’ of Figure 7 are 
only approximate representations of the 
distributions of effective pressure and 
buoyant effort produced by the separate 
field. They truly represent these dis- 


tributions only when the field of the 


current passed through the metal is 
made horizontal by the electromagnet 
core and therefore is caused to produce 


Figure 7. Effects of 

varying current on in- 

duced pressure (ps.’) 

and buoyant effort 

(E,.’) with separate 
field 


its own treatment in the metal, as shown — 


in Figure 3.** Proper choice in any 
case should be made of the field $’, which 
should not be capable by its strength or 
otherwise of reversing the current in the 
bottom layers. 

To sum up, the use of varying current 
for electromagnetic-force production has 
the effect in all cases of forcing buoyancy 
toward the top of the metal under treat- 
ment. 


** In the case of varying current, the treatments of 
the two fields are not completely additive, but only 
approximately so. ; 
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INCREASED FLUIDITY EFFECT WITH 
- VARYING CURRENT 


The effects of the viscosity of liquids 
can be reduced by subjecting them to 
mechanical vibration. Similarly, when 
use is made of varying current for elec- 
tromagnetic-force production in the mol- 
ten metal, the effects of viscosity on im- 
purity elimination are reduced by the 
agitation. Because of the unidirectional 
forces, produced in the metal, the agita- 
tion is not of a turbulent type, but is a 
uniform agitation essentially character- 
ized by the parallelism of its action 
throughout the treated mass. An effect 
similar to greatly increased fluidity is 
obtained. 

The electromagnetic forces produced 
in a conductor carrying varying current 
are cyclic forces having twice the fre- 
quency of the current. Ordinarily, these 
forces are so directed in the conductor 
and so differ in phase and wave form at 
different points that a turbulent agita- 
tion is created which can hardly be re- 
garded as being conducive to impurity 
elimination. If any vibrationlike move- 
ment is produced on the mass elements, 
it is superimposed on an intense stirring 
of these elements. Certainly, the im- 
purities in their travel from the interior 
are impeded by their constant collisions 
with the mass elements. The effect of 
agitation normally produced by varying 
current is more likely to admix impurities 
with the mass elements than to favor 
their elimination from the melted con- 


‘ductor. 


Referring to Figure 1A, the cyclic 
forces produced by passage of varying 
current through the metal M/ undergo 
their phase and wave-form variations in 
vertical planes. The motion of the mass 
elements is practically all in these planes, 
since the pressure in any given horizontal 
plane is everywhere substantially the 
same at any instant.* A constant up- 
and-down relative motion of all interior 
mass elements of the metal is produced, 
largely overcoming the resistant force of 
viscosity on impurities as a result of their 
vertical slippage relative to adjoining 
mass elements. The impurities are al- 
lowed to move under the action of 
buoyancy substantially unimpeded by 
the mass-element displacements, which 
are all parallel to their direction of travel 
to the upper surface. 

In the case of the metal M’ of Figure 
2A, the use of varying current in pro- 
ducing the electromagnetic forces can 
be said to result in the same agitation. 
Strictly speaking, this is true only when 
the field of the current passed through the 
metal is made horizontal by the electro- 
magnet core, as shown in Figure 3. In 
the absence of these conditions in the 


* There is some slight variation of instantaneous 
Pressure in horizontal planes resulting from the 
agitation itself, which causes constant ripples to be 
formed at the upper surface of the metal. 
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Figure 8. Sectional view of apparatus for 
production of annular ingots 


metal M’, the effectiveness of the agita- 
tion is somewhat impaired by instan- 
taneous-pressure variation in horizontal 
planes, which results in a certain ten- 
dency of motion of the mass elements 
in these planes. This is one more reason 
for treating the metal M’ by the com- 
bined action of the two fields. 

The agitation produced in molten metal 
under treatment by the method proposed 
is essentially an up-and-down vibratory 
motion of the mass elements which in- 
creases with increasing amplitude of the 
varying current. Since strong electro- 
magnetic forces are desirable for in- 
creased buoyancy, it may be found ad- 
vantageous to effect their production by 
the use of direct current with a super- 
imposed wave of alternating current. In 
all probability a varying component 
producing slight vertical motion of the 
mass elements is all that is required to 
overcome the viscosity effects of the 
molten metal. 


IMPURITY ELIMINATION DURING 
SOLIDIFICATION 


Another effect of the treatment is a 
temperature gradient produced in the 
metal when using varying current. Since 
the current in the metal is forced by skin 
effect and eddy currents toward the top, 
the temperature in the metal accordingly 


(A) 


increases from the bottom to the top. 
By proper choice of the factors on which 
skin effect and eddy currents depend, it is 
consequently possible to regulate the 
cutrent through the metal on cooling 
to cause it to solidify from the bottom 
upwards. Impurities are eliminated 
effectively during solidification by this 
procedure because of progressive: solidi- 
fication in the direction of impurity 
elimination, 

Of particular advantage is the tem- 
perature gradient for eliminating gases 
which the metal absorbs during the 
melting stage and which it ejects during 
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solidification. Because of the tempera- 
ture gradient in the metal, the gases pro- 
gressively are thrown out of solution as 
the metal solidifies from the bottom to 
the top. The evolution of gases at any 
layer takes place just prior to solidifica- 
tion, so that the treatment has the 
effect of crowding the gases out as they 
are formed. 

In the case of the metal M of Figure 
1A, the temperature is practically con- 
stant at all points of equal depth. This 
is also true in the case of the metal M’ 
of Figure 2A, but only approximately 
so in the absence of the conditions indi- 
cated in Figure 3. Once again it is 
apparent that these are the most desir- 
able conditions for treating the metal 
M’. 


PRACTICAL APPARATUS FOR TREATMENT 


If we refer to Figure 8, the metal M, 
under treatinent forms a closed single- 
turn secondary winding of a transformer, 
the core of which is shown in part. Sur- 
rounding the bottom and sides of the 
metal M, are the magnetic walls W, 
formed as an annular channel. These 
should be of stich laminated construction 
as to prevent them from acting as a 
secondary winding of the transformer. 
As shown, they are lined interiorly with a 
refractory Ra, which serves as a con- 
tainer for the metal M,. The apparatus 
of Figure 8 is simply a low-frequency 
induction furnace altered to include the 
magnetic walls W2.t 

In low-frequency induction furnaces, 
the ring of metal normally is acted upon 
by outwardly directed radial forces of 
such strength that, in certain cases, the 
bottom of the trough can be seen. This 
phenomenon is due to the tendency of 
the metal to increase its magnetic link- 
ages by embracing the largest possible 
area. It is entirely absent in the fur- 
nace of Figure 8, since a horizontal ex- 


peer 

Figure 9. Apparatus viewed in 

top elevation A and in section 

B for production of rectilinear 
ingots 
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pansion of its iron-embedded ring of 
metal M, produces no change of electro- 
magnetic energy. 
In each radial plane through the metal 
Ma, the current and the flux ¢, corre- 
spondingly produced distribute themselves 


tT Increased buoyancy was demonstrated strikingly 
with a small furnace of this type. The charge in 
its trough was melted and current thereafter inter- 
rupted. A small length of quartz tubing freely 
movable on a platinum wire was then introduced 
vertically in the molten metal. In this position the 
quartz tube under the action of natural buoyancy 
floated in the metal with a considerable portion ex- 
tending below the surface. When circuit connec- 
tions again were established, practically the entire 
length of the tube ‘at once protruded above the 
metal. 
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in the same manner in vertical directions 
as previously discussed in connection 
with the use of varying current in the 
metal M of Figure 1A. In horizontal 
directions, however, both the current 
density and the flux density increase 
toward the inner-side surface of the 
metal M,, which causes the various 
effects of the treatment to be more pro- 
nounced at this surface than at the 
outer-side surface. Also, the eddy cur- 
rents in the metal MM, cancel one another 
in vertical directions and are thus equiva- 
lent to a flow of current in horizontal 
planes alone. 

The following relation developed in a 
manner similar to equation 1 is an ap- 
proximation of the effective pressure 
induced at the bottom of the metal M,: 


P= 1621 q?/ (ds? —d3) loge (d2/d1) (7) 


where d; is the outer diameter of the inner 
vertical wall, dz the inner diameter of the 
outer vertical wall, ds the inner diameter 
of the metal, d, the outer diameter of the 
metal, and J, the total effective current 
induced in the metal. 

Since power factor is adversely affected 
by the magnetic walls W,, it may be 
desirable to employ the furnace of Figure 
8 in conjunction with a synchronous con- 
denser or other line-power-factor booster. 
There may be various ways to increase 
the power factor of the furnace itself. 
One is to replace the annular walls W, 
by an arcuate channel adapted for-con- 
tinuous rotation around the ring of metal 
throughout the period of treatment. In 
certain cases, such a channel could be 
used in fixed position, as when casting 
from a portion of the metal ring. 

The proposed method of treatment 
also may be carried out in apparatus 
effecting a direct connection of the metal 
to a suitable current supply. If we refer 
to Figure 9, the metal M, is treated in a 
metallic mold m removably positioned 
within magnetic walls W, formed as a 
straight channel. A refractory block 7 
supports the mold m, the ends of which 
are connected by conductors c to the cur- 
rent supply (not shown). For maximum 
efficiency the mold m should have its 
bottom and sides made of high-resistivity 
alloy and its ends made of comparatively 
low-resistivity metal. 

The use of apparatus of the character 
illustrated in Figure 9 is recommended 
because of its adaptability to the use of 
direct current with a superimposed wave 
of alternating current. A homopolar 
machine may be used to supply a con- 
tinuous current of large magnitude for 
increased buoyancy, on which current 
may suitably be superimposed an a-c 
component to overcome viscosity and 
produce a gradient of temperature to 
facilitate impurity elimination during 
solidification. The a-c component may 
be introduced through the secondary 
winding of a transformer in the circuit. 
The form of apparatus illustrated in 
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Figure 10. Experimental casting apparatus 


Figure 9 is not at all restricted to the 
treatment of low-melting metals. Since 
treatment can be carried out in relatively 
short time, it should also be useful in con- 
nection with high-melting metals. 


CONCLUSION 


This method of treatment by electro- 
magnetic forces may be applied to all 
conducting metals and alloys for ob- 
taining purer ingots. If carried out under 
the proper conditions, it should elimi- 
nate practically all nonconductive or 
comparatively nonconductive undissolved 
impurities from the treated metal. It 
may even be found effective in eliminat- 
ing impurities so small that they would 
otherwise remain in colloidal suspension. 


Method of Casting by 
Electromagnetic Forces 


This method applies to those cases of 
casting requiring more casting pressure 
than can be obtained by gravity alone. 
The electromagnetic forces on which it 
depends eliminate all pressure piping 
and rotating parts necessitated by present 
methods. It is in this sense comparable 
to gravity casting, but reduces the 
amount of metal required to a minimum. 
It concentrates the casting pressure in 
the metal, in which the electromagnetic 
forces develop an electrodynamic head 
superimposed on a comparatively small 
hydrodynamic head produced by gravity. 


EXPERIMENTAL WORK ON THE METHOD 


Besides retaining the merits of gravity 
casting, the proposed method has im- 
portant advantages of its own. This 
was recognized while experimenting with 
the method in the production of small 
castings of the type employed in den- 
tistry. A general understanding of the 
method will be gained from these experi- 
ments now to be described. 


Figure 11. Mold-forming apparatus 
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If we refer to Figure 10, the experi- 
mental casting apparatus consisted of a 
small induction furnace provided yith 
an annular receptacle 1 of solid iron for 
producing the casting forces in the single- 
turn secondary winding 2 of the metal 
to be cast. The receptacle 1 was radially 
slotted to prevent it from acting as a 
transformer secondary winding. The 
single-turn secondary winding 2 was a cir- 
cular ring of about four inches in diame- 
ter, which was held in a narrow V- 
shaped trough formed in the upper por- 
tion of an annular mold 3 provided with 
casting ducts leading to its cavities 4. 
Insertion and removal of this mold were 
permitted by making the upper trans- 
former-core part 5 separable from the 
remaining part. The primary winding 6 
was fitted with a number of taps leading 
to a tap switch 7, which was used to com- 
pensate for current reduction with in- 
creasing temperature of the metal ring. 
A 110-volt lighting circuit was used as the 
a-c source, 

The mold 3 was of the composition 
known in the dental trade as investment 
plaster. If we refer to Figure 11, the 
apparatus by which it was made in- 
cluded a trough-forming piece 8 pro- 
vided with appropriate openings for the 
mounting of the usual duct-forming pins 
9 supporting the wax patterns 10. The 
investment plaster was mixed with water 
to proper consistency, poured in the form- 
ing apparatus, and allowed to set. The 
main forming pieces then were removed, 
leaving the pins 9 protruding in the 
trough of the plaster mold. These were 
removed readily by heated pliers. Wax 
and surplus moisture were then expelled 
by baking in an ordinary domestic oven. 

The mold upon its removal from the 
oven was immediately transferred to the 
receptacle 1, and the ring 2 melted as 
quickly as possible in its trough. Ad- 
vantage was thus taken of the preheated 
condition of the mold to prevent con- 
gealing of the metal during its flow into 
the cavities 4. The casting into these 
cavities was coincident with the melting 
of metal above their respective ducts. 
After sufficient cooling of the mold to 
solidify the metal remaining in the 
trough, it was removed from the ap- 
paratus and placed in water for its disin- 
tegration. The castings were obtained 
with their sprues attached to the remain- 
ing ring of metal, from which they were - 
freed for inspection. 

In casting just at the melting point, 
the method was put to severe test. It 
was carried out successfully under these 
conditions with various low-melting- 
point metals, which included lead, tin, 
and even aluminum. Silver also was 
cast, but it was necessary to preheat the 
mold to much higher temperatures, which 
made the casting operation as a whole 
difficult to perform without breakage or 
undue cracking of the moid. Casting at 
the melting point was not, of course, 
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intended to demonstrate its practicabil- 
ity, but was merely used for the purpose 
of experimentation. 

When the iron receptacle 1 was omitted 
from the apparatus, it was found neces- 
sary to melt very slowly in order to avoid 
a complete and permanent break in the 
metal by pinch effect. On the other 
hand, when the iron receptacle 1 was 
included in the apparatus, the melting 
operation was carried out readily with 
markéd increase of current density per- 
mitted by the downward forces. It was 
possible to melt at such speed as to cause 
a succession of breaks in the metal with- 
out permanent circuit interruption. 
These breaks were observed to occur at 
the bottom of the trough where fluid 
metal gathered after each break to re- 
establish a closed circuit.* The succes- 
sion of breaks would last until there was 
sufficient molten metal at the bottom of 
the trough to permit melting without 
further circuit interruption. Such low- 
melting metals as tin were melted in this 
manner in less than two minutes. 

Each of the various metals tried was 
rendered extremely sensitive to displace- 
ment into the mold cavities by the agi- 
tation created by the alternating cur- 
rent. Whereas the pressures used in 
present methods of casting in dentistry 
range as high as ten pounds per square 
inch, castings conforming in every detail 
with the original patterns were repeatedly 
obtained with a combined electro- and 
hydrodynamic head over the ducts of 
less than two pounds per square inch. 
This was all the more remarkable in 
view of the fact that casting was carried 
out just at the melting point. Moreover, 
it was found possible to cast through ducts 
of considerably reduced cross section. 
These were frequently of 1/3:-inch diame- 
ter as compared to the standard !/;- 
inch diameter of present methods. 


As already mentioned, the expulsion 
of wax from the mold was carried out in 
an ordinary domestic oven. Present 
methods preheat the mold to much higher 
temperatures to drive off any surface 
residue of wax as a precaution against 
gas formation during the casting opera- 
tion. The proposed method was not 
found to depend on preheating to such 
high temperatures for its satisfactory per- 
formance. : 

All these observations clearly pointed 
to fundamental difference from present 
methods. These are entirely dependent 
on pressure for conformity of the castings 
to the original patterns. The only path 
provided for the escape of air and other 
gas from the cavities is through the 
porous mold. If any gas is entrapped 


in the metal during its introduction into’ 


the cavities, it is likely to be retained per- 
manently in the castings. The proposed 
method, in contrast, provides for in- 


* The occurrence of these breaks was accompanied 
by sparking creating a sizzling sound in the trough. 
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creased fluidity of the metal filling the 
cavities, due to agitation transmitted 
from the upper body of molten metal. 
There is an additional path provided 
through this body of metal for the es- 
cape of gases from the cavities. A 
complete filling of the cavities occurs 


under these conditions with little chance. 


of any gas being entrapped permanently 
in the castings. 

The much lower casting pressures per- 
mitted by the proposed method reduce 
the danger of breakage of delicate por- 
tions of the mold. The dentist must 
now shape the inlay so as to avoid such 
fine edges or fins in the mold as would 
be destroyed by inrush of metal. The 
proposed method makes possible the pro- 
duction of castings of greater complexity 
than can be obtained by present methods. 


PRACTICAL DENTAL-CASTING APPARATUS 


The foregoing experiments in dentistry 
were carried out with exceptionally low 
casting pressure. In the form of ap- 
paratus illustrated in Figure 12, an ex- 
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Figure 12. Practical dental-casting apparatus 


tension 11 of the transformer core is 
used to direct transformer and leakage 
flux through a small portion of the 
metal ring. Increased power factor and 
transformer efficiency are obtained along 
with increased casting pressure. 

The ring of metal is carried in a fixed 
crucible 12 of graphite or other refractory 
provided with a casting opening 18. 
Below this opening a single mold 14 is 
located carried in an electric wax evapo- 
rator 15. The mold has an outer 
perforated shell 16 for the escape of mois- 
ture, an upper ring 17 formed with a 
supporting flange snugly seated on the 
evaporator top, and a graphite disk 18 
removably carried in the ring. The 
evaporator 15 may be carried on a track 
(not shown) adapted to lift the mold in 
sliding engagement with the bottom of 
the crucible. If desired, the crucible 
lid 19 may be fitted with a thermocouple 
(not shown) having its hot junction 
located in the crucible trough. 

In operating the apparatus of Figure 12, 
the mold is suspended in the evaporator 
and heated therein for expulsion of wax 
and moisture. The evaporator then is 
manipulated to raise the mold against 
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the crucible and seal the casting opening 
13 with the graphite disk. The metal 
in the crucible now is melted and, upon 
reaching the desired temperature in the 
trough, the evaporator is moved to bring 
the mold in alignment with the casting 
opening 13. After sufficient time is 
allowed for the casting operation, the 
evaporator is moved to sever the metal 
in the mold from the metal in the crucible. 
The evaporator is allowed to remain in 
this position until solidification and 
thereafter is manipulated to withdraw the 
mold from beneath the crucible. The 
mold then is removed from the evapora- 
tor and thrown into water to recover the 
casting. 

The apparatus of Figure 12 maintains 
the mold at the proper temperature dur- 
ing the casting operation. There are 
no sudden changes in temperature from 
the time the mold is inserted in the evapo- 
trator to the time it is removed to re- 
cover the casting. It is possible to con- 
trol the rate of cooling of the casting by 
current regulation in the transformer and 
evaporator circuits. 

The ring of metal may be formed con- 
veniently by pouring molten metal in the 
crucible trough. This should place the 
ring under tensional stress on cooling and 
thus prevent crucible breakage by ex- 
pansion on heating. Also, the snug fit- 
ting of metal in the crucible trough should 
tend to overcome permanent circuit inter- 
ruption due to pinch effect. This diffi- 
culty otherwise may be corrected by so 
forming the crucible trough as slightly 
to reduce the cross section of metal where 
the casting forces are produced. The 
desired height of metal may be main- 
tained by suitable additions of metal. 


CONCLUSION 


The proposed method may be advan- 
tageously applied to the casting of inlays 
or other dental forms, jewelry structures, 
and other fine forms in which accuracy 
of conformation and homogeneity of the 
structural mass are desirable. There are 
few if any perfectly sound castings of 
this type, entirely free from blowholes 
or other defects, produced by present 
methods. The proposed method materi- 
ally improves the quality of casting ob- 
tainable by safeguarding against flaws 
of all types. A greater complexity of 
casting is possible with 'a minimum of 
casting pressure. 

The advantages to be derived from the 
proposed method in dentistry should be 
of special importance in connection with 
the complex alloys of gold and platinum. 
The well-known tendency of the plati- 
num to segregate has limited the use of 
these alloys to the factory production of 
crowns, inlay abutments, and other 
standard forms requiring no remelt by 
the dentist. The proposed method 
should make their successful casting by 
the dentist possible by preserving their 
homogeneity. 
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In view of the considerable reduction 
in casting pressure permitted by the 
method, it should be possible to apply it 
to all other cases of casting requiring 
greater pressure than can be obtained 
by gravity alone. 


Appendix. Derivation of Equa- 

tions for Induced Pressure at 

Bottom and at Any Point by 
Converted Field of Current 


The-metal M of Figure 1A is assumed to 
be a straight conductor carrying a direct 
current J. Thesymbols a, k, h, and w repre- 
sent distances as defined in Figure 1A. The 
derivation is in centimeter—gram-second 
electromagnetic units. 

If the reluctance of the iron path is 
neglected, the increase in magnetic energy, 
when the conductor moves a distance da, is 


= (2rlI*da]/k 


where / =the length of the conductor within 
the walls W. 

Since the total force induced on the con- 
ductor is equal to dU/da, the induced 
pressure at the bottom is given by the equa- 
tion: 


P,=2rI?/kw (1) 


To calculate the pressure at any depth, 
imagine the conductor divided into two 
distinct portions, the upper one having a 
height s. The energy increase, when the 
upper portion moves a distance da, is 
dUs = [2rlly2da)/k+ [4x1], Inda}/k 
where J; and J; are the currents in the upper 
and lower portions, respectively. If we 
substitute their values in terms of the total 
current, dU, becomes 
d Us,= [2als*I*da)/kh?+ [4rls(h—s)I*da}/kh?* 

Since the total force induced on the upper 
portion is equal to dU,/da, the induced 


pressure at any depth is given by the equa- 
tion: 


bi = [20s (2h—s)I?)/kwh? (2) 


Equation 2 can also be derived by con- 
sidering the action of the magretic flux on 
the current-carrying elements of the con- 
ductor. 
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Synopsis: New conditions, imposed by the 
rapid advancement in aviation, have chal- 
lenged industry to develop instruments 
capable of meeting rigid war requirements. 
This paper describes by general treatment 
and by reference to examples, how the de- 
sign features of aircraft instruments have 
been influenced by wide ranges of operating 
temperatures, extreme conditions of shock 
and vibration, extension of altitude ranges, 
worldwide climatic conditions, adoption of 
new power supplies for aircraft, standardiza- 
tion of mechanical features necessary be- 
cause of large-scale use, and the require- 
ments of servicing. The design features 
discussed are generally applicable to all air- 
craft instruments. 


HE spectacular developments in the 

field of aviation during recent years 
have been the result of mass technical 
achievements. The realization of greater 
reliability, lighter weight, and smaller 
size at acceptable costs in any one com- 
ponent has challenged the inventive 
genius of engineers responsible for asso- 
ciated equipment with the result that 
continued improvement has been made 
on all components. 

The importance of aircraft instruments 
is exemplified by the change in flying 
technique. Flying was accomplished 
with five or six instruments, aided by ‘‘a 
seat -of-the-pants’’ instinct. Today’s 
blind flying relies entirely upon instru- 
ments for attitude and direction of the 
airplane. Multiengine airplanes and im- 
proved control devices have further in- 
creased the responsibility of instrumen- 
tation. 

In some cases over 100 instruments 
are required on each airplane to indicate 
adequately the required functions. 
These instruments include those shown 
in Table I. The designs of these devices 
are not static. Their designs are under 
constant scrutiny, and every effort is 
made to improve them as required to 
meet new factors. 

The rapid advancements in the field 
of aviation have influenced the design 
trend of aircraft instruments to meet 
more rigid requirements of war condi- 
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tions. Improvements made necessary 
by war requirements will make possible 
further advances in aviation in the 
postwar period. 

Noteworthy in the improvements in 
aircraft instruments is their ability to 
operate satisfactorily under the following 
conditions: 


1. Wide range of ambient temperatures, 
—65 to +82 degrees centigrade. 
2. From sea level up to 50,000 feet altitude. 


3. Under severe test conditions of vibration 
up to 55 cycles per second at 0.020-inch 
amplitude. 


4. Under abnormal shocks of 50 gravity 
acceleration. 


5. Worldwide climatic conditions from 
+82 degrees centigrade at 100 per cent rela- 
tive humidity to —65 degrees centigrade. 


In addition to the wide range of operat- 


ing conditions, it has been found essential 


to promote standardization of design 
insofar as possible from the standpoint 
of installation, reading, and servicing. 
Operating conditions also have changed 
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Figure 1. Magnetic-drag-type tachometer, 


dual element 


as new types of airplanes and new flying 
techniques have been developed. Special — 


features in aircraft instruments have 
met these requirements. » 
design has kept pace with the problems 


imposed by the use of larger power plants 


and new armament. 


\ 


Temperature Range eu 
7 

The extremes of ambient, temperatures 

to which instruments are subjected will 


cause undesirable performance if design 
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Figure 2. Compensation curve, magnetic- 
drag-type tachometer 


consideration and compensation for these 
conditions are not provided. Effects 
noted with variations in temperature 
include: 


(a). Variations in resistivity. 

(6). Change in magnetic characteristics. 
(c). Dimensional changes. 

(d). Changes in physical properties and 


characteristics. 


(e). 


Change in rate of chemical activity 


‘of materials. 5 


The method used in the correction of 
calibration errors due to temperature 
changes is termed ‘‘temperature compen- 
sation.’ Extension of the ambient- 
temperature ranges has necessitated new 
techniques in temperature compensation 
as exemplified by a drag-disk magnetic 
tachometer, Figure 1. The uncompen- 
sated and compensated errors of this 
type of device may be seen in Figure 2. 
To achieve compensation, the control 
springs are manufactured to precise char- 
acteristics, and the drag-disk is made of 
a new material having a low temperature 
coefficient.!. A nickel-alloy compensator 
is used to correct the temperature co- 
efficient of the magnets.’ 

Mechanical design of the compensator 
is such that the optimum characteristics 
of the material are realized, and manu- 
facturing or servicing is easy and simple 
(see Figure 3). Stabilization of the 
magnets to insure permanency includes 
exposing the magnets to temperature 
extremes beyond that expected in service. 

Temperature compensation is also 
affected by other means as illustrated by 
a permanent-magnet-type ratio instru- 
ment, Figure 4. Reference to the sche- 
matic diagram, Figure 5, shows that by 
the proper proportioning of the shunt 
resistance, Ri, wound with low-tempera- 
ture-coefficient wire to the series-coil 
resistance, Re, correction can be made for 


_ changes in resistance of the main operat- 


ing coil, R3. This method is effective 
over the wide ranges of temperature 
necessary. Temperature compensation 
by means of bimetal parts is used exten- 
sively in mechanical systems. This 
technique is highly developed, and many 
ingenious designs are in use. 

In some designs of electric-power load 
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- ammeters, higher millivolt drop than the 


normal 50 millivolts is used, allowing a 
greater percentage of low-temperature- 
coefficient resistance to be used in series 
with the copper-wound armature coil. 
This is significant, since such designs 
become almost independent of external 
lead resistance from the standpoint of 
accuracy and temperature error when lead 
resistance is kept in the order of one ohm 
or less. Negative-temperature-coeffi- 
cient materials have been reported* as 


COMPENSATOR. 


Figure 3. Magnetic-drag-type tachometer as- 
sembly showing temperature compensation 


having characteristics which are desirable 
where series compensation can be used, 
and such materials are being investigated 
in an effort further to improve tempera- 
ture compensations. 

The temperature indicator, previously 
referred to, also illustrates the considera- 
tion which must be given to dimensional 
changes in materials due to temperature 
variations. By using materials having 
similar temperature coefficients of ex- 
pansion, as shown in Figure 6, the close 
tolerances for end play between the pivots 
and the jewels are maintained. 

Extension of the temperature ranges 
has created problems of lubrication, 
particularly in instruments having ro- 
tating members such as tachometers and 
gyroscopic devices. Relatively low 
torque scope with increased friction caused 
by high viscosities of lubricants at low 
temperatures. Low-viscosity lubricants 
are not satisfactory because of high 
evaporation rates at elevated tempera- 
tures, resulting in early loss of lubricant 
and short life of the instrument. Two 
approaches have been used toward solv- 
ing this problem: 


1. The field of natural lubricants, such as 
petroleum and animal products, has been 
examined carefully and those having the 
most desirable over-all characteristics se- 
lected. Tremendous strides also have been 
made in producing synthetic lubricants hay- 
ing unique lubricating properties. By the 
judicious use of these lubricants in the proper 
controlled quantities, a compromise between 
friction drag and life expectancy results in 
satisfactory instrument performance. 


2. New instruments are designed to mini- 
mize temperature and lubrication problems. 
Electrically driven gyroscopic instruments, 
for example, Figure 7, have motors with 
high torque, in order to overcome low-tem- 


Savage, Whittenton—A ircraft Instruments 


Figure 4. Ratio-type temperature indicator 


perature starting difficulties. Because of 
this, adequate amounts of lubricant are 
used to insure long bearing life. The effect 
of high temperatures is further minimized 
in comparison with previous designs, since 
the instruments have sealed cases and air is 
not drawn continuously through the bear- 
ings, which previously resulted in high 
oxidation and evaporation rates.4 


Design of cylinder-head-temperature 
thermocouples has been revised radically. 
Thermocouples are now placed directly 
in the engine cylinder’s walls, thus im- 
proving the reliability and accuracy of 
this important measurement. 

Consideration is given to avoid the use 
of materials, such as certain plastics, 
which lose all dimensional stability at 
high temperatures and other materials 
which become glass-brittle at low tem- 
peratures. Since most chemiical reactions 
increase rapidly at high temperatures, 
the selection of gaskets, varnishes, fin- 
ishes, and other materials is carefully 
made to avoid premature failure. Com- 
binations of materials must be such that 
undue chemical reaction will not occur. 


Vibration 


Vibration of aircraft has presented a 
most troublesome problem. Vibration 
causes wear of the mechanism, particu- 
larly the pivots and jewel bearings, 
and resonance effects eventually have led 
to failure of the mechanisms and asso- 
ciated structures. 

Consideration has been given to 
changes in pivot materials. Hardness is 
a factor to consider, and its importance 
must be balanced with that of toughness. 
For light moving systems of 0.5 gram or 
less, high carbon steel with cone angle of 
55 degrees and tip radius of 0.001 inch 
to 0.0015 inch nominal are satisfactory. 
For heavier systems, a tantalum—tung- 
sten-alloy pivot is found best because of 
“toughness.”” These require a special 
hardening technique. The alloy-tipped 
pivots, made of natural alloys such as 
the platinum group, are now available 
commercially as corrosion-resistant bear- 


-ings.® 


With the increased vibration and shock 
requirements, the critical period of 
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pointers has been analyzed and the 
designs revised where necessary to change 
resonance to a point beyond the range of 
test frequencies. Improved methods of 
connecting pointers to supports have 
been necessary. Material changes have 
been made from soft aluminum to 
stronger heat-treatable alloys. 

A peculiar phenomenon which has 
caused frequent trouble in spring-con- 
trolled units has been the oscillation of 
the control springs when vibrated at or 
near their resonant frequency. The 
movement of these relatively heavy flex- 
ible mounted masses is very large. Pre- 
cautions have been taken to prevent the 
spring turns before becoming entangled 
with adjacent parts. By reference to 
Figure 3, it can be seen how the balance 
arms on the shaft in one device are 
formed to prevent trouble. Spring de- 
sign in general must be analyzed carefully 
to meet required conditions. 

Increased vibration due to larger air- 
craft power plants has affected the 
mechanical design of  direct-engine- 
mounted devices, as exemplified by the 
tachometer generator, Figures 8 and 9. 
Seal wiring of all parts capable of being 
moved by vibration is essential. End 
castings have been strengthened by the 
use of reinforcing webs, and single-piece 
castings have replaced several parts. 
Failure of the stator leads at the point 
of soldering to the receptacle pins was 
experienced until means were provided 
to clamp the leads to prevent vibration. 


Altitudes 


Prior to the war the flight ceiling was 
30,000 feet. Instruments now must 
withstand the conditions existent at 
50,000 feet. The effect of altitude also 
must be considered when problems asso- 
ciated with the rate of change are re- 
viewed. Diving rates up to 700 miles per 
hour from these high altitudes subject 
the instruments to very rapid changes 
in pressure, temperature, and humidity 
conditions. : 

Air inside instrument cases is drawn 
in and forced out with changes in pres- 

‘sure. This cycle is known as “‘breath- 
ing.” The combined effect of high alti- 
tudes and “breathing” does two things: 


1. When the airplane is flying from hot 
humid conditions to high altitudes, the 


Ri, shunt coil Ccopnic) 
Ro, series coil (copper) 


BULB R:, operating coil (copper) 


Figure 5. Schematic diagram for a permanent- 
magnet-type ratio instrument 
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Table I. Avircraft indruments 


ve 


Flight Navigational Engine Miscellaneous 
Bank and climb Automatic pilot Tachometer Position indicator 
Altimeter Directional gyroscope Synchroscope Ammeter 
Bank and turn Clock Fuel gauge Voltmeter 
Rate of climb Compass Flow meter Wattmeter 
Air speed Pressure Frequency meter 

Temperature 


Manifold pressure 


moisture in the instrument is condensed on 
the component parts. 


2. When the airplane is returning from 
high altitudes to humid conditions at higher 
pressure, the air in the instrument case is 
filled with moisture. 


In order to minimize these deleterious 
conditions, instruments are provided 
with breathing means to permit quick 
equalization of pressures inside and out- 
side the cases. The accepted way of 
accomplishing adequate breathing is by 
means of one or more holes’drilled in the 
bottom of the case. This also permits 
accumulations of moisture to drain. 

Protective shock mounts have been 
designed and applied to aircraft to isolate 
vibration disturbances from supporting 
structure which occur within mounted 
equipment and to protect delicate mecha- 
nisms, such as aircraft instruments, from 
disturbances. 

Rubber shock mounts have been used 
unsparingly between engines and_air- 
plane structure in modern aircraft, while 
aircraft-instrument panels and instru- 
ment panels on associated radio and 
power units also have been shock- 
mounted. A discussion of vibration iso- 
lation in war machines was recently 
treated in detail. Full consideration 
of reducing the amount of vibration and 
shock on instruments is important. 

The latest Government specifications 


Figure 6. Temperature-indicator frame and 
shaft assembly 


Frame is die-cast aluminum 
Shaft is drawn-rod Dural 


vary somewhat in their requirements, but 
in general aircraft instruments must 
withstand vibration of 0.018 to 0.020 
inch amplitude at frequencies of 500 to 
3,000 cycles per minute, usually for a 
period of two hours, without loosening 
of or obvious damage to mechanical 
parts, and a calibration change of not 
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over two per cent of full-scale value 
in the case of ammeters and voltmeters. 
Such tests are made at various speeds to 
simulate aircraft vibration and to de- 
note whether or not resonance of instru- 
ment components is within the operating 
band. 

Specifications have been standardized® 
to cover a prescribed method of testing 
for shock at 50 gravity acceleration for 
ten times in three different airplanes. 
All aircraft instruments are being made 
subject to this new test, and changes in 
mechanical construction are being made 
where necessary in order to have them 
meet shock or abuse tests. It is antici- 
pated that even sturdier instruments 
will be requited to meet the rigid de- 
mands of larger aircraft power plants 
and cannon armament. Observations 
indicate that frequencies as high as 600 
cycles per second of 50 gravity accelera- 
tion will also be experienced. 

With the advent of the war, the 
supply of sapphire jewels from Europe 
was cut off, making it necessary to turn 
to a substitute of improved glass vee 
jewels as pivot bearings. These new 
jewels have been described’? as having 
coefficients of friction comparable with 
sapphire and, when used with highly 
polished steel pivots, generally have 
produced less friction increase than 
sapphire bearings. The use of special 
improved glass has provided jewels 
which will withstand 60 per cent as much 
shock as sapphire. This is entirely satis- 
factory for instruments having weight of 
moving system of one gram or less, as 
has been proved by tests. 

Greater shock- and vibration-resistance 
requirements also have affected the pivot 


design in some electric instruments. The’ 


relatively sharp-radius highly polished 
steel pivot, after being subjected to 


Electrically driven gyro horizon 
indicator 


Figure ves 
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Figure 8. Tachometer generator, before modi- 
fications 


extremes of vibration and shock, will 
“hook”’ or bend, ‘‘mushroom”’ or flatten, 
and may wear to a much larger tip radius 
with time. Such change of pivot condi- 
tion increases jewel roll or zero uncer- 
tainty; and if moving systems are ad- 
justed to normal jewel play before abuse, 
the clearance is increased because of 
pivot contour change. This allows 
greater pivot movement in a jewel with 
subsequent vibration, until failure may 
occur. 

Experience has shown that increased 
initial pivot radius is necessary. In a 
new line of small panel aircraft instru- 
ments, the pivot radii are made over 
50 per cent larger than standard and 250 
per cent larger for extreme applications. 
This solution is satisfactory and enables 
the standard high-carbon-steel alloys to 
be used. 

Troubles due to excessive temperature 
rise, caused by increases in altitudes and 
rarified atmospheres, have not affected 
electric aircraft instruments? as has been 
the case with power generators and other 
similar devices. However, temperature 
rise caused by self-heat is not overlooked 
in instrument design. 

Figure 10 shows the change in dielectric 
strength of air with altitude. Similar 
reduction in insulation strength occurs in 
all insulating materials at high altitudes. 
Large factors of safety are incorporated in 
the insulation of electric instruments to 
‘insure satisfactory operation. 

The change in altitude requirements 
has affected those instruments operating 
from barometric pressures by increasing 
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Figure 9. Tachometer generator, after modifi- 
cations 


the pressure differentials to which they 
are exposed. Altimeters, for example, 
necessarily have had their operating 
ranges extended. Devices using air 
damping or air-jet reaction have been 
reviewed to insure that the low air den- 
sities have not influenced performance.}? 
In some instruments the designs were 
made such that this problem was a- 
voided.!! 

Peculiar effects have been noted in 
connection with fuel-quantity gauges. 
Nonrigid self-sealing gasoline tanks, a 
war necessity, are subject to change in 
shape because of rapid variations in at- 
mospheric pressure. The designs of the 
fuel-quantity tank units are such that 
these changes can be accommodated 
without damage to the unit. 


Weather Conditions 


The extended use of aircraft all over 
the world has made it essential to design 
components, such as instruments, so that 
they will withstand all types of desert, 
arctic, and tropical conditions. Refer- 
ence has been made to the temperature 
ranges experienced. 

Airplanes used in the deserts, are 
subjected to air currents containing 
minute particles of dirt, which cause 
instruments to become inoperative. 
Dust-tight seals for cover glass to case, 
case to base, connections to case, and 
other case joints, have been made to 
reduce trouble of this nature. 

Inaccurate indication of direct-con- 
nected pressure devices, such as oil- 
pressure indicators, was attributable to 
congealed oil in the lines during cold- 
weather operation. Development of an 
improved system was completed. The 
difficulty described is avoided by dividing 
the pressure line by means of a diaphragm 
and using a low-freezing-point liquid for 
the pressure transmission. !? 

In conditions of high humidity experi- 
enced in tropical climates, better protec- 
tion of component parts against corrosion 
and rust has become paramount. It is 
necessary to protect more effectively 
ferrous metals by the use of bonderizing, 
galvanizing, cadmium protected with tin, 
baking enamels, and other approved 
means in definite finish schedules. 


Figure 11. Remote-indicating 
compass, for 400-cycle opera- 
tion 
Transmitter on left 

Receiver on right 
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Figure 10. Breakdown potential versus altitude 
(air) 


Hemisphere gap—one-fourth inch diameter 
tips 

60-cycle supply—temperature 23 C 

Relative humidity 33 per cent 


A—"/s-inch spacing 
B—1/so-inch spacing 
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Aluminum and magnesium alloys are 
better protected by the use of oxide coat- 
ings or other inert coatings as base coats 
prior to the application of standard 
finishes. Insulations of the organic na- 
ture have been improved, and solvents 
more adequately baked out, to the end 
that components are more weather re- 
sistant than ever before. 

The growth of fungi is particularly 
troublesome, and its effect can be re- 
duced greatly by the proper choice of 
organic materials or coatings, which, 
wherever possible, are fungus-resistant. 
Further work is being done on this to 
provide more fungusproof components. 

A secondary problem in connection 
with the design of instruments is the 
suitable protection of the device to with- 
stand ‘‘dead-storage’’ conditions, in- 
cluding complete submersion, prior to its 
actual use. Metal packaging may prove 
to be the solution. 


Power Supplies 


Direct current from batteries and 
generators has been the primary source 
of electric power on aircraft. Many 
instruments, particularly those of the 
remote-indicating type, are designed to 
use this power. Examples of such in- 
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Figure 12. 


Electrically driven directional 
gyroscope, cover removed 


struments are liquid-level indicators, 
landing-gear and flap-position indicators, 
and temperature-indicating devices. A 
prime requisite is that the effect of volt- 
age variation be negligible. Instruments 
for nominal 24-volt systems are tested at 
22 and 28.5 volts. Ratio-type instru- 
ments of both the moving-coil and 
permanent-magnet rotor designs have 
proved satisfactory.'% 

Much work has been done by the Armed 
Forces and airplane manufacturers to 
evaluate the relative merits of d-c and 
a-c systems for large airplanes. A recent 
study!‘ indicates that an a-c system of 
400 cycles may be the most efficient. 
Instruments similar to those already 
listed are duplicated in designs suitable 
for the 400 a-c power and are in wide- 
spread use, particularly on certain specific 
airplanes. 

The most interesting developments are 
those instruments which exist only be- 
cause a-c power has been made avail- 
able. Instruments in this category are: 


(a). 


(b). Gyroscopically stabilized azimuth in- 
dicators. 


Remote-indicating compasses. 


(c). Gyro flight indicators. 
(d). All-electric automatic pilots. 


New principles of operation!® are used 
in the compasses to achieve results un- 
obtainable by other means. The urgent 
need for remote compass indication in 
heavily armored fighter planes, where 
direct-reading compasses are of little 
value, is satisfied by this really signifi- 
cant contribution to the art of instru- 
mentation. Typical examples of this 


type of 400-cycle a-c-operated remote- 


Table Il. Types of Dial Marking me 
“ 
iat RRND CRITI all a3 /} 
Title Description Color. 
Luminous radioactive..........00055 Emits light without external excitation......... Green 
Requires ultraviolet excitation. Con- 
Phosphorescent luminescent... ...- tinues to emit light for a period after Pre Wee Green or orange 
removal of excitation 
Emits light. without excitation; is ex- 
Fluorescent radioactive.........-+- cited to greater brilliancy by external ti raion it Yellow 
excitation : 
Piuorescen tie to a ee eens ultraviolet excitation. ee pate th. Vellowaried 
(5) Atha ee light only when excited 
White, red, yel- 
NOMKaA Calin Rei clseiefvins duvle sinclair cn siale Emits light by reflection only..... ae, cat biate Wo} come low, green, 
and black 


indicating compasses are shown in Figure 


11. 

Electrically operated gyroscopes have 
been referred to previously. Figure 12 
shows the type of hysteresis motor used 
on a-c systems. Constant speed, sim- 
plicity, good starting torques, and free- 
dom from troublesome commutation are 
characteristics directly attributable to 
a-c design. 

By the incorporation of suitable con- 
trols and induction pick-off; in the 
gyroscopes, all-electric automatic pilots 
have been made available. Electricity 
has integrated the functions of indication, 
control, and power required for this 
application. 

The adoption of 400-cycle frequency 
has created a need for electric indicating 
instruments comparable in function to 
those required for use on commercial 
frequencies. Measurements of voltage, 
current, watts, frequency, and other 
quantities will be made by indicating 
instruments under this new system. 
New designs must be made. Instru- 
ments available today do not satisfy 
the requirements of light weight, com- 
pactness, and case-mounting dimensions. 
The development of small 400-cycle 
wattmeters and frequency meters to be 
used with small-size ammeters and 
voltmeters which are now available will 
represent a definite advancement, In- 
struments of this type are in the develop- 
ment state, and samples are being tested 
in connection with the 400-cycle program, 


Standardization of Mechanical 
Features 


The expanded aircraft’ program re- 
quired tremendous quantities of instru- 


Figure 13 (left), 
Large-size instrument 
case 


Figure 14 (right). 
Small-size instrument 
case 


A. Old style 


B, Army-Navy stand- 
ard 
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ments. Many additional manufacturers 
were necessary to meet these needs. No 
real attempt at standardization of me- 
chanical features had been made prior to 
the war, and such conditions obviously 
led to confusion, Through the co-opera- 
tion of the War Production Board and 
the co-ordinated branches of the armed 
services, standardization has been ac- 
complished. 

Such standardization is of great assist- 
ance to the aircraft manufacturer by 
providing uniformity of space require- 
ments and instrument panels. Figures 
13, 14, and 15 show standardized cases. 

The burden of the pilot is relieved by 
the use of instruments which are more 
uniform in appearance. Significant in 
this is the adoption of uniform style of 
letters and figures for use in dial marking. 
Dial arrangements have been modified 
to increase readability and reduce the 
possibility of reading errors. Typical of 
this is a dial arrangement as shown in 
Figure 16. 

A major contribution to the standardi- 
zation program is the use of Army—Navy- 
type connectors. This method of mak- 


Table Ill 
RS —— 
Range 
Instrument Old New 
.Tachometer..... 0-3,500 rpm . .0-4,500 rpm 
Air-speed indi- 

Catofide. Weems 0-500 mph . 0-700 mph 
Altitude......... 0-40,000 feet —, .0-50,000 feet 
Manifold pres- 

BUCO 0) recast 0-50 inches . .0-100 inches 
Temperature 

FADRE ws ct ot ~—10to +100 C..—70 to +150 C 


Flow meters, ...0-300 gal per hr. .0-600 gal per hr 
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Figure 15. A 31/9-inch American War Stand- 
ard C39.2-1944 instrument 


ing electric connections permits the in- 
strument designer and user to work in 
perfect harmony, since interchangeability 
is assured, 

Standardization has also been made on 
many miscellaneous items, such as cover 
glasses, mounting screws, stud sizes, and 
other instrument parts. This assists in 
installation, servicing, and stocking prob- 
lems. . 


Miscellaneous Design Features 


Lighting requirements for instruments 
have changed rapidly in view of new 
service conditions. Radioactive luminous 
materials and indirect white incandes- 
cent lighting have been supplemented by 
other forms. By the use of these ma- 
terials, all dial-marking requirements are 
being met. Table II gives the dial- 
marking materials available and their 
description. 

There has been a general improvement 
required in airplane performance. This 
has affected instrumentation by in- 
creasing the functional range of many 
types. Some of the changes are shown 
in Table ITI. 

Ranges were also expanded to obtain 
greater accuracy in reading. Sensitive- 
type tachometers and barometric-type 
altimeters are examples. Remote-indi- 
cating flap indicators, as seen in Figure 
17, show the expanded indications of 
angular position. Another example of 


range expansion is the radio-altimeter 
indicator, shown in Figure 18. A range- 
changing mechanism was adapted to the 
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Figure 17. Remote-indicating flap-position 
indicator 


dial plate, so that, by turning a knob, the 
scale numerals could be changed in a 
ratio of 1 to 10, and at the same time, 
changes in the electric circuit could be 
made to agree. This mechanism is 
illustrated in Figure 19. 

The increase in number of instruments 
required to indicate the functions of the 
airplanes has necessitated the placing 


Figure 19. Diagrammatic 

sketch of radio altitude indica- 

tor, dual-range scale-changing 
mechanism 


of them in close proximity to each other. 
Such condition has resulted in magnetic 
interaction between two or more de- 
vices. Careful design attention to mag- 
netic shielding has greatly minimized 
this effect. Figure 20 shows the applica- 
tion of magnetic shielding to a remote- 
indicating liquid-level transmitter for a 
special application. 


Servicing 


For the large number of instruments 
required for aircraft and associated 
apparatus which are in use today in all 
parts of the world, one of the major re- 
quirements is that of servicing. 

Standardization, interchangeability, 
and inherent design details contribute to 


Figure 16. Comparison dual- 
indicator dials 


A. Concentric-type pointers 
B. Opposed-type pointers 
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Figure 18. Radio altitude indicator, dual 


range 


the reduction of servicing and mainte- 
nance difficulties. The standardizing of 
units already has been discussed. 
Interchangeability of component parts 
of units is exemplified by the tachometer 
indicator, Figure 1. The motor and 
drag-disk assemblies for the right- and 
left-hand elements are completely inter- 
changeable, Aircraft panel-type am- 
meters, Figure 21, have a common milli- 


volt rating for use with different ratings 
of external shunts. The entire instru- 
ments and parts can be interchanged for 
required current ratings by changing 
only the dial. Figure 22 shows these ad- 
justments in the transmitter. 

The entire electrical portion of the 
transmitter may be removed from the 
gauge without disturbing the portion 
attached to the gasoline tank or without 
removing the contents of the tank. 

Temperature indicators of the perma- 
nent-magnet type are inherently simple 
in construction as compared to the mov- 
ing-coil design. Figure 23 illustrates 
the unit armature construction and the 


Figure 20. Remote-indicating liquid-level 
transmitter with magnetic shielding 
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Figure 21. Aircraft panel-type ammeter 


sturdy construction of the element 
assembly. 

The electrically driven gyroscopic in- 
struments, Figure 12, can be inspected 
by removing the cover with the mecha- 
nism remaining intact. This aids in 
locating trouble and simplifies overhaul 
and adjustment. 


The effort that has been put into the 
preparation of instruction books and 
maintenance manuals should not go un- 
recognized. Servicing and maintenance 
would be impossible without these aids. 

} Instrument-panel designs have been 
modified to enable the instruments to be 


Figure 23. Element and disassembly view of 
permanent-magnet-type temperature indicator 


A. Operating element in frame 
B. Operating element removed from frame 
C. Disassembled operating element 


Figure 24. Typical aircraft 
instruments, front-mounted 


front-of-panel-mounted. The ease of serv- 
icing is increased greatly, since any 
instrument can be replaced completely 
from the front of the panel. Standardi- 
zation to Army—Navy case sizes has re- 


Figure 22. Remote-indicating 

gasoline-gauge transmitter, top 

view showing provisions for 
empty and full adjustment 


sulted in the ability to front-mount the 
instruments and to maintain good ap- 
pearance. Figure 24 shows a group of 
instruments so mounted. 


Conclusion 


Demands of the Armed Services, re- 
sulting from a tremendous advance in 
aviation during the present world con- 
flict, required consideration of many 
varied problems by instrument engineers. 
Influences of wide ranges of operating 
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temperatures, extreme conditions of shock 
and vibration, extension of altitude 
ranges, worldwide climatic conditions, 
adoption of new power supplies for air- 
craft, standardization of mechanical fea- 
tures, and the requirements of servicing 
are successfully met by the instruments 
now available. 
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Progress in Impulse Testing of Transformers 


J. H. HAGENGUTH 


MEMBER AIEE 


Synopsis: Impulse testing of transformers 
has resulted in improvement of design and 
manufacturing methods. Not only should 
the ‘test methods now given in American 
Standard C57.2 be simplified to effect a 
reduction in cost of tests, but the test code 
should be modified to give an adequate 
assurance of failure detection, The im- 
portance of failure detection and means 
available at present are discussed at length. 
A new method is proposed which is more 
sensitive than the older methods and ap- 
pears to be less subject to individual inter- 
pretation. 


MPULSE testing began on a commer- 
cial basis in 19331 when the first rules 
were formulated as to its conduct. Pre- 
vious to this, many impulse tests had been 
made on a developmental basis.” Since 
then considerable progress has been 
made*> in equipment and procedure, re- 
sulting finally in the rules prescribed in 
the present American Standard C57. 


Failure Detection 


The American Standard C57.2 covers 
the problem of failure detection as follows: 


“10,122 Detection of Failure During Im- 
pulse Test. Because of the nature of im- 
pulse-test failure, one of the most important 
matters is the detection of failure. There 
are a number of indications of insulation 
failure. Some of these are: noise within 
the transformer; presence of smoke; ex- 
cessive current or drop in voltage in the 
excitation circuit as indicated by the mag- 
netic oscillograph; failure of the gap or 
bushing to flash over although the oscillo- 
gram indicates a chopped wave; presence 
of oscillations or other variations from the 
expected wave shape as indicated by 
cathode-ray oscillograms.”’ 


The General Electric Company’s ex- 
perience over 11 years of commercial im- 
pulse testing on approximately 300 power 
transformers, of a total of 3,500,000-kva 
capacity, plus numerous tests on trans- 
formers for design purposes, indicates 
certain facts applicable to the types of 
transformer tested, facts which, in gen- 
eral, may be applied to the testing of all 
power transformers. 


Paper 44-169, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
the AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944. Manuscript submitted 
December 15, 1943; made available for printing 
May 15, 1944. 


J. H. Hacencurn is electrical engineer with Gen- 
eral Electric Company, Pittsfield, Mass. 


The author is indebted to the personnel of the 
high-voltage engineering laboratory of General 
Electric Company, and particularly to A. F. 
Rohilfs, for many of the data contained in this paper. 
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If, when testing a transformer, the in- 
dications cited in American Standard C57 
for failure detection do occur, then it is 
quite certain that a failure took place. 
However, their absence does not prove 
that a failure did not occur. Asa matter 
of fact, the absence of such indications as 
noise, bubbles, smoke, or excessive nor- 
mal-frequency current, may produce the 
false impression that the transformer 
passed the test safely, whereas failure may 
have occurred. 


Rso 


CATHODE-RAY 
OSCILLOGRAPH 
PLATES 


(A) 


Transformer failures fall in three 


classes: 


1. Failure of major insulation to ground. 


2. Failure across relatively large portions 
of the winding, not involving ground. 


3. Failure between small portions of wind- 
ings, such as coils, sections, and turns. 


Table I shows the probability of a fail- 
ure being detected by the methods now in 
use. Figures 2, 3, 4, 6, and 7 show cath- 
ode-ray oscillograms where failure is eas- 
ily identified. 


Detection of Failures Where Noise, 
Smoke, Bubbles, or 60-Cycle 
Follow Current Do Not Occur 


Many of the failures are of this type. 
Most of these can be detected by a meticu- 
lous comparison of the wave shapes, 
taken with the cathode-ray oscillograph, 
of the reduced-voltage full wave and the 
full wave. Figures 8 and 9 show how even 
the smallest changes are significant. 
Even a failure across ten per cent of the 
winding results only in minor changes in 
wave shape. Very often differences in 
wave shape are detectable only if the os- 
cillograms are superimposed on each 
other, making a direct comparison pos- 
sible. It is clear that only a person 
trained to read these oscillograms is ca- 
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EXCITATION 


pable of making the proper interpretation. 
. The changes in wave shape produced by 
failures are caused by changes in current 
flow into the transformer due to a fault, 
resulting in consequent changes in current 
flow through the resistance divider (see 
appendix) which is used to measure the 
impulse voltage applied to the trans- 
former. The success of failure detection 
by means of comparison of oscillograms, 
therefore, depends on the relative amount 
of current flowing into the transformer 
winding and through the resistance dis- 
charge paths of the impulse generator 
(Figure 1). Itis possible to set up an im- 
pulse circuit of such characteristics that 
the transformer current represents only a 
small portion of the impulse generator 
current. In such a case the variations of 
transformer current due to a fault are so 


Figure 1. Impulse- 
test circuit for com- 
mercial transformers 


We ~ 


STEP-UP 
TRANS- 
FORMER 

ne | A. 


Impulse. circuit 


B. Normatl-fre- 
quency circuit 


Rp | 


Cg=capacitors of 
impulse generator 
Rg=main shunt re- 
sistor 
Rso =series resistor, 
external to generator 

Rsr=series resistor, internal to generator 

C;= auxiliary capacitor to contro! waye shape 
G=protecting gaps (high-vacuum) 

RG=test gap (rod gap) 

Rp=main resistor of voltage divider 


(8) 


TO A-C 
GENERATOR 


Ry Ro, Rr=auxiliary resistors of voltage 


divider 
Rp=protecting resistor 
T=transformer under test 


small that a visible or detectable change 
in wave shape between the check wave 
and the full wave may not occur. 

This point is of considerable interest, 
because American Standard C57.2, para- 
graph 10.116f, states in part: ‘“‘The wave 
should be as smooth as possible, because 
oscillations have the effect of increasing 
the stress on the winding under test.”’ It 
can be shown that, if an effort is made to 
smooth out the applied wave, as shown in 
Figure 10, the small failure of one per cent 
of the winding cannot be detected, where- 
as, when the oscillations are present, the 
change in wave shape, even though it is 
small, will indicate the failure. The 
smaller the transformer kilovolt-amperes, 
the lower usually will be the impulse cur- 
rent through the winding in proportion to 
the total current, and the greater will be 
the difficulty of detection of small failures. 

From this point of view, it is important 
that the series resistance between impulse 
generator and the transformer be fairly 
high, the impulse-generator capacitance 
relatively low, and the divider resistance 
relatively high. With this kind of loose 
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coupling between generator circuit and 
. transformer, the test wave is not likely to 
j be smooth. However, due to greater pro- 
portionality between transformer impulse 
currents and purely impulse-generator 
circuit currents, changes in transformer 
currents will record on the voltage oscillo- 
gram,taken at the transformer terminals. 
For other purposes of testing, stiff cou- 
pling, involving large generator capaci- 
tance, low seriesresistance and low divider 
resistance, are usually preferable. In test- 
ing high-impedance transformers, a com- 
promise is therefore necessary. 
A comparison of wave shapes will lead 
ito correct conclusions only if the wave 
‘shape is not disturbed by other factors. 
\The most important of these are: effect 
‘of normal-frequency excitation, imped- 
‘ance changes in transformer circuit, and 
the time interval which occurs between 
application of successive waves. 


Effect of Normal-Frequency 
Excitation and Impedance 
Changes on Comparison of 
Oscillograms 


As is explained in the appendix, gaps 
haye to be used to separate the normal- 
frequency excitation from the impulse 
generator. Figure 11 shows a full wave 
where marked disturbances are seen at 
‘13. microseconds and 39 microseconds. 
These disturbances are due to the sepa- 
rating gaps, and they may obscure an ex- 
isting fault. Repetition of the wave with- 
out excitation and with short-circuited 
gaps is required to show that the winding 
has not been damaged. 

Application of normal-frequency ex- 
citation permits grounding of one terminal 
of each winding only. Asa result of mag- 
netic and electrostatic coupling between 
windings,’® terminals which cannot be 
grounded may reach potentials in excess 
of the standard full-wave crest applicable 
to that winding. This requires protection 
of such terminals to limit the crest volt- 
age to 90 per cent or less of their standard 
full-wave level (see appendix). 

American Standard (57.2, 
10.1180 specifies: 


paragraph 


“All terminals not being tested shall be 
grounded or protected by a gap or other 
appropriate means such as a lightning 
arrester.” 


So long as the gap or the lightning ar- 
rester do not function, the circuit condi- 
tions are not disturbed. If, however, a 
gap arcs over during the full-wave test, 
the impedance of the transformer winding 
under test may change considerably from 
the open-circuit condition, so that the re- 
duced full wave and the full wave do not 
agree, Any failure occurring simultane- 
ously within the winding, or from wind- 
ing to ground, may be obscured. 

If the lightning arrester operates, even 
for both the reduced full wave and the full 
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Figure 2. Failure from line end to ground 
indicated by second chopped wave 2. First 
chopped wave 1 shows correct wave shape 


wave, there will be a difference in its im- 
pedance causing a slight change in applied 
wave shape (Figure 5, waves 1 and 4) 
which, in turn, may obscure a simul- 
taneous failure. r 

Obviously, the only certain way to 
eliminate such wave-shape differences is 
the use of constant impedances connected 
from terminals to ground of such value 
that the potential of the terminals is kept 
below the flashover voltage of the protec- 
tive gap. Resistances have been used 
and are ideal, because their impedance 
will be the same, regardless of the applied 
impulse voltage. Arrester resistance ma- 
terial, such as Thyrite, is preferable from 


frequency excitation is applied, because 


of its rugged construction and greater 
capability of withstanding normal-fre- 


quency follow current. The number of 
Thyrite disks then is adjusted according 
to the applied voltage crest, thus retain- 
ing the same impedance. The protective 
impedance usually must be connected to 
the transformer terminals by means of 
separating gaps which are liable to pro- 
duce disturbances on the wave shape as 
previously discussed. 


Effect of Time Interval Between 
Chopped and Full Wave on 
Failure Detection 


From theory and experience, it can be 
shown that failures between small por- 
tions of the winding near the line end are 
due principally to high stresses produced 
by the rapid change of voltage at the line 
terminal. In the case of the standard 
impulse test, the most rapid rate of volt- 
age change occurs on the tail of the 
chopped waves. ‘The voltage in this case 
drops from crest to zero in a time of 0.1 to 
0.2 microsecond. Therefore, depending 
on the chopped-wave voltage, the rate of 
change of voltage is of the order of several 
hundred to several thousand kilovolts per 
microsecond. This is in contrast to the 
rate of rise on the front of the wave which 
is roughly one tenth as high. 


the practical point of view, when normal, The effect of the wave tail on the 
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Table I. Effectiveness of Available Indicators for Failure Detection 
Indicators 
Presence Type of 
Normal- of . Change in 
Smoke Frequency Chopped- Variations Wave Shape 
and Current and Wave in Shown in 
Type of Failure Noise** Bubblest Voltaget Oscillogram§$ Wave Shape§ Figure 
1. Failure of major 
insulation 
(a). Near line end 
to ground..... Probably..... Possibleyc. yi. Wikelyie.< saul: Rh users Ves) veer 2 and 3 


(b). Within the 
winding to 

ground wide Hea, Possible... .. Possible..... Doubtful..... Possible: ..4.% Yes tsar 4 and 5 
2. Failure across rela- 
tively large por- 
tion of the wind- 


RECs cutee as, ibe - Possible... Possible..... Doubtful..... Possibleiiye cso. ‘Yesi..,..ercnna 6 and 7 
3. Failure across 
small portions of 
windings 
(a). Coils and sec- be 
TORS it. fiance ess ING Snes Unlikely....... Node itone Possible....... Ves.iasu .-8and 9 
(b). Single turns........ ING care niionevs (tte O-heranretinns IND om rete iets INO spss ts wattenhr No* 


* If one turn represents less than one per cent of the winding, variations in wave shape of the present 
standard wave probably will not be noticeable. ‘ , 


*% Noise is the result of explosive action of the impulse spark in the tank and depends a great deal on the 
amplitude of the impulse current and the length of the spark path. Consequently. failures of the kind 


classified as la may be accompanied by considerable noise, For the other failures, noise will be less audible | 


and for those listed as 3a and b, noise will be absent. 


+ Smoke and bubbles are always produced by a failure, Whether they can be observed or not depends on 
the mechanical construction of the transformer. They are easily trapped in the insulation structure of 
high-voltage transformers and gradually absorbed by the insulating liquid. ; 


{ The probability that normal-frequency current will follow through the impulse failure path increases as 
the normal-frequency potential applied across the insulation that has failed approaches the breakdown 
strength. Therefore, follow current can be expected most readily in the case of failure to ground near the 
line end (la). However, even in the case of impulse flashover of the bushing, normal-frequency follow 


current often does not occur. For the other failures listed, the probability of follow current is rapidly 
diminished, & we! | 


§ Comparison of cathode-ray oscillograms detects easily failures of the type la (Figures 1, 2,35 6, and 7). 


For most of the other failures, meticulous care has to be taken to identify failures. The indications avail- 
able on the oscillograms may be easily overlooked (Figures 5, 8, and 9). 
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stresses near the line end of a winding is 
illustrated on Figure 12. A comparison 
between stresses shown by curve 1 for the 
slow front of 1.5 microseconds, and the 
curve 4 for the chopped tail of 0.1 micro- 
second, gives about four-times higher 
stresses produced by the sudden voltage 
reduction. 

The fact that the tail of the chopped 
wave is responsible for coil-to-coil failure 


can be proved by cathode-ray oscillo- 


grams of the kind shown in Figure 13 
(1-4). That failure was caused after and 
during the tail of the chopped wave is evi- 
dent from the fact that on the full wave 
(4) at 15 per cent lower voltage than was 
applied for the chopped waves (2 and 3) 
failure begins to show on the rising front, 
although the previous chopped wave (3) 
did not indicate failure of any kind. The 
most probable occurrence is the condition 
of Figure 14 (5, 6, and 7) where failure is 
produced on and after the tail of the first 
chopped wave, being indicated on the ris- 
ing front of the second chopped wave. 

In a comparison of wave shapes, it is 
most significant that a failure can only be 
detected, if failure which was produced by 
a previous wave and not detectable there, 
such as on the tail of a chopped wave, re- 
curs on application of a subsequent wave. 
The possibility of recurrence depends on 
several factors, principally; 

1. The type of insulation breakdown— 
whether solid, oil, or a combination of solid 
and oil. 


2. The relative magnitude of stresses pro- 
duced at a particular point by the wave 
causing breakdown and the following wave. 


8. The time elapsed between application 
of the two waves. 


The number of possible combinations is 
obviously very great. However, in the 
case of a power transformer, there is prac- 
tically always a combination of solid in- 
sulation and oil, insofar as turn and coil 
insulation are concerned. As has been 
pointed out, major failures are readily de- 
tectable at the time of failure, and we need 
not be concerned with that type of failure 
at this time: for instance, where bare 
metal from bushings or ratio adjusters 
may arc to a tank. 

However, the relative amount of solid 
and oil will change. It can easily be 
shown that, the greater the relative 
amount of solid that is punctured, the 
smaller the subsequent applied gradient 
needs to be to reproduce failure. On the 
other hand, if the relative amount or 
strength of solid in a given failure path is 
very small, it is conceivable that, with a 
slightly lower gradient produced by a sub- 
sequent wave, failure will not recur, pro- 
vided the time interval between the two 
waves is long enough to allow replace- 
ment of the broken-down oil with new oil 
of dielectric strength equivalent to the oil 
present during the initial failure. 

The only example where this phenome- 
non was observed is shown on Figure 14 
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which shows a reduced full wave—1, a full 
wave—2 (with power and possible inter- 
ference of the separating gaps and protec- 
tive circuits on other bushings). Fifteen 
minutes later, another full wave—3— 
without power, was applied showing a 
complete check with wave 1, indicating 
that failure did not occur during applica- 
tion of this wave. It was necessary to 
apply a further chopped wave, immedi- 
ately followed by a full wave to establish 
the fact that the winding had failed. 

The time factor, therefore, is important. 
The allowable time depends not only on 
the relative amount of solid and oil, but 
also on the flow of oil past the failure. 
Thus, if the failure occurs in a place where 
oil circulation is considerably restricted, 
the allowable time may be fairly long. On 
the other hand, if the transformer oil is 
hot, and a considerable free circulation of 
oil occurs on this account, only a very 
short time may be required to clear the 
fault. 

It appears, therefore, of importance 
that the test code include a time limit be- 
tween application of the last chopped and 
the final full wave. 


Failure Indication by Normal- 
Frequency Power-Follow Current 


Normal-frequency oscillograms syn- 
chronized with impulse waves always 
show one-half cycle of distortion, Figure 
8, right, and Figure 15. This distortion 
will be different with different trans- 
formers tested, since it is caused by the 
impulse current flow into the low-voltage 
normal-frequency circuits, such as step- 
up transformers, generators, and con- 
nected protective devices superimposed 
on the power-current flow into the im- 
pulse circuit. Both of these transient cur- 
rents depend greatly on the impedance 


Figure 3. Failure of bushing by creepage 


Wave 1—Correct chopped wave 
Wave 2—Failure during chopped wave 
Wave 3—Failure during following full wave 
Wave 4—60-cycle voltages (top) and current 
(bottom) taken simultaneously with wave 2 
Wave 5—Same as 4 after bushing was re- 
paired 
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Figure 4. Creepage failure to ground from a 
point about 12.5 per cent from line end 


Wave 1—Reduced-voltage full wave 
Wave 2—Failure during attempted full wave 


of the tested transformer and of the con- 
nected circuits. Therefore, the power 
waves do not even appear the same if 
different windings of the same trans- 
former are tested. 

The magnetic oscillogram indicates 
failure only if the power-current disturb- 
ance lasts longer than one-half cycle. 
Even then, the separating gaps or con- 
nected protective devices may be at fault 
in not sealing off properly after one-half 
cycle of operation. 

If power follow does occur through a 
fault established by the impulse, this cur- 
rent must persist for longer than a cycle 
or at least longer than one-half cycle in 
order to indicate failure positively by 
the magnetic oscillogram. Further, the 
spark-over of a rod gap during the 
chopped-wave test or a protective gap 
ona bushing not being tested directly may 
cause power-follow currents greatly in 
excess of a power-follow current simul- 
taneously occurring in a small fault within 
the winding. The experience can be 
summarized thus: 

While in a few cases power-follow cur- 
rent has occurred after an impulse failure 
as indicated by magnetic oscillograms of 
normal-frequency voltage and current, 
there has not been a single case where fail- 
ure was indicated by increase in normal- 
frequency current where the failure was 
not also detected by comparison of wave 
shapes obtained with the cathode-ray 
oscillograph. On the other hand, there 
have been many cases where the cathode- 
ray oscillograph indicated failure while 
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#¢ oscillograph did not give the 
nce. Magnetic oscillograms in 
Figure 8 nd Figure 15 are included to 
show this fact. In the case of Figure 3, 
follow current did not occur although the 
line bushing failed internally to ground. 
Figure 15 indicates the type of distortion 
obtained in the normal-frequency wave 
when chopped waves and full waves are 
applied. 

Waves 2 taken during failure and 3 
when ‘no failure occurred are identical. 
Waves 2 were taken simultaneously with 
the full wave 2 of Figure 8. 

The principal virtue of normal-fre- 
quency excitation is that, if follow current 
flows, the failure point within the winding 


Figure 5. Effect on wave shape when failures 
occur to ground far removed from line end 
(staged test) 


Wave 1—Reduced-voltage full wave 

Wave 2—Failure from mid-point to ground 

Wave 3—Failure from 75 per cent from line 
to ground 

Wave 4—Arrester operation on low-voltage 
winding 


may be found more easily after the wind- 
ing is disassembled because of the greater 
burning. On the other hand, the transient 
analyzer? has been used successfully to 
locate almost the exact point of failure. 
This is done by creating faults at various 
points in the winding until the point is 
located where the applied wave matches 


closely the impulse fault wave. This can © 


be done after the transformer is untanked, 
and obviates the necessity of normal- 
frequency current for this purpose. Where 
this instrument is not available, power can 
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Figure 6. Failure from line end to point 20 
per cent from grounded end of winding 


Wave 1—Reduced-voltage full wave 
Wave 2—First chopped wave 
Wave 3—Second chopped wave indicating 
beginning of failure 
Wave 4—Attempted full wave definitely indi- 
cates failure 


be applied after failure has been detected 
by other means to burn down the fault. 
In most cases, however, many impulses 
must be applied before the insulation is 
sufficiently weakened to allow normal- 
frequency follow current to flow. 


Summary of Failure-Detection 
Problem With Present Available 
Methods 


1. Most but not all impulse failures are 
detectable by present methods. 


2. -Meticulous comparison between re- 
duced-full-wave and full-wave oscillograms, 
by directly overlapping, will detect many 
failures of which no other evidence is 
present. 


3. Normal frequency excitation will occa- 
sionally confirm a failure. However, its 
use may cause distortion of the impulse- 
wave shape and thus obscure a failure other- 
wise detectable from the cathode-ray 
oscillograms. 


4, Minor changes in the wording of the 
American Standard C57.2 test code are 
suggested by this experience to emphasize 
the importance of the wave-shape compari- 
son as a failure indicator. These are being 
submitted to and for consideration by the 
electrical machinery committee of the 
AIEE. 


New Method of Failure Detection 


A new method of failure detection is 
being studied which has made it possible 
to detect the failure of one turn in a wind- 
ing of 1,350 turns. This method consists 
in comparing the shapes of the impulse 
current waves through the neutral of the 
transformer winding recorded at the time 
of application of the reduced and final full 
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wave, respectively. This method ap~ 
pears to be extremely sensitive to small 
changes in impedance of the transformer 
winding. 

The method requires the simultaneous 
use of two cathode-ray oscillographs: 
one to measure the applied voltages re- 
quired by the American Standard, the 
other to measure the neutral current. 


As an example, comparison of the cur- 
rent waves in Figure 16 clearly shows the 
difference in wave shape produced by even 
one short-circuited turn, or 0.077 per cent 
of the winding. For larger failures, the 
differences become even more  pro- 
nounced. 


Figure 17 shows the impulse voltage 
and current waves and magnetic oscillo- 
grams when a sample turn insulation was 
broken down (subscript 7). The sample 
was connected across ten turns, or 0.75 
per cent of the winding. These waves are 
compared with similar waves when break- 
down did not occur (subscript 0). 

The figure shows: 


1. The magnetic oscillograms do not show 
the slightest change in current-wave shape 
The half cycle of follow 


due to failure. 
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Figure 7. Failure from line end to a point 
75 per cent from grounded end of winding 


Wave notation same as in Figure 6. Failure 
indicated on first chopped wave 


EES 


Figure 8. Failure almost not detected 


From top to bottom: 

Wave 1—Reduced-voltage full wave 

Wave 2—Full wave with power. Small de- 

pression in wave near point of arrow sus- 
pected ie: 

Wave 3—Full wave without power indicates 
failure : 
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current represents 60-cycle discharge prin- 
cipally through the resistance divider and 
into the impulse generator. 


2. The voltage waves are so nearly alike 
as to lead to the belief that the transformer 
successfully withstood the test. 


3. There is absolutely no question that 
failure occurred when the current waves are 
compared. 


This example strikingly shows the 
possibilities of this new method as a fail- 
ure detector. The war has interrupted 
the complete evaluation of all the factors 
involved. Before adopting such a method, 
it will be necessary to investigate it thor- 
oughly and particularly to find its limita- 
tions if they should exist. 

This method is effective, regardless of 
the type of impulse generator used, since 
it measures the impulse current through 


Figure 9. Comparison of applied wave shape 
. with failure across different portions of a 
winding (staged test) 


From top to bottom: 

Wave without failure 

Wave with failure across 
winding 

Wave with failure across 4.2 per 
winding 

Wave with failure across 
winding 

Wave with failure across 10.1 per cent of 
winding 


1.9 per cent of 
cent of 


4.2 per cent of 


VOLTAGE 


VOLTAGE 


te} 10 20 


30 40 50 
TIME — ps 


Figure 10. Effect of test circuit on possibility 
of failure detection 


A. Loosely coupled circuit—failure changes 
wave 

4—Correct wave 

9—Wave after failure 


B. Closely coupled circuit—failure cannot 
be detected. Failure does not change wave 
sufficiently 
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the transformer winding directly. How- 
ever, similar to the voltage-wave com- 
parison method, it is subject to interfer- 
ence by normal-frequency excitation and 
changes in protective impedances. How- 
ever, it appears that this method, with 
necessary precautions and experience, 
may solve the problem of failure detec- 
tion, thus greatly enhancing the value of 
the impulse test. 


Complexity of Test 


Provided that all failures can be de- 
tected, the impulse test is a very valuable 
test to establish the insulation level of a 
transformer. However, the American 
Standard Association standard tests at 
present are of such nature that it is im- 
practical to make this test on all units 
manufactured. These require: a re- 
duced-voltage full wave, two chopped 
waves, and a full wave at specified volt- 
age levels and synchronized with the 
normal-frequency voltage crest of polar- 
ity opposite to the impulse polarity. 
These four waves are to be applied to each 
bushing separately. If, on a three-wind- 
ing three-phase transformer, all windings 
are to be tested, this means nine bushings 
with the connected winding must be 
tested individually with probably three 
different setups of impulse-generator cir- 
cuit and winding protection. The result 
of the test is not known until the oscillo- 
grams which record the impulse waves are 
developed. Approximately four develop- 
ment periods are required per winding to 
assure that the proper crest voltages are 
obtained and thus avoid repetition of 
voltage application due to insufficient 
potential or repeatedly overstressing the 
winding beyond the required test voltage. 

The total testing time due to all reasons 
previously shown is, therefore, consider- 
ably in excess of applied potential and in- 
duced-voltage tests, where a whole wind- 
ing or the whole unit, respectively, is 
tested at once, while the applied voltage is 
determined by a direct-reading voltmeter. 

The impulse test on such a transformer 
may require as much as 20 hours of testing 
time. It is evident that as a standard 
testing procedure the expense of such test 
is considerable, not only on account of the 
relatively long time required to make the 


Time-microseconds 


Figure 11. Example of distortion of the 
applied impulse-voltage wave caused by sepa- 


_ rating gaps between impulse and 60-cycle 


circuits at 13, 39, and 52 microseconds 
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tests, but also because of the specialized 
equipment and highly trained personnel 
required. In order to make impulse tests 
on all transformers which may be ‘sub- 
jected to lightning waves, it would be 


VOLTAGE TO GROUND IN PER CENT OF E 


100 =680' ~©60 = 40 20 ie} 
PER CENT WINDING 


Figure 12. Woltage distribution in a trans- 
former winding due to full and chopped waves 


A—Positive full wave 1.5x40 

B—Negative full wave 0.1x40 

C—Resulting chopped wave 

1—Initial voltage distribution due to wave A 

29—Voltage to ground at three microseconds— 
wave A 

3—Initial voltage distribution due to wave B 

4—Resulting voltage as wave C becomes zero 


necessary with present impulse specifica- 
tions to enlarge the impulse-testing facili- 
ties many fold, thus adding considerably 
to the final cost of the transformers. 

Certain changes are being submitted to 
and for consideration by the electrical ma- 
chinery committee of the AIEE, which 
would help considerably in reducing im- 
pulse-testing time. The most effective of 
these is omission of normal-frequency ex- 
citation which would 


1. Eliminate the setup time of connections 
between normal-frequency source and trans- 
former under test. 


2. Do away with separating gaps, thus 
eliminating repetition of impulse waves 
because of distortion due to gap discharge. 


38. Simplify the protective equipment on 
bushings other than the one being impulsed. 
In many cases, most of the bushings could 
be grounded directly. Consequently, less 
time is required to ascertain that failure 
has not occurred. 


The omission of normal-frequency ex- 
citation may modify the stresses at some 
points in the winding, the amount depend- 
ing on the impulse-voltage distribution 
characteristics of the transformer. In the 
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case of a transformer having straight-line 
impulse-voltage distribution, no change 
in stress would occur. In other trans- 
formers, the chief influence of the normal- 
frequency voltage is on the stresses be- 
tween turns and coils near the line term- 
inal and during the early part of the phe- 
nomenon. However, these stresses are far 
lower than those occurring at the same 
points in the windings on the tail of the 
chopped wave, where the change, if any, 
due to omission of the normal-frequency 
excitation is insignificant. 

Therefore, the effect of the normal- 
frequency excitation on the maximum 
stresses in the transformer during impulse 
tests is of the same order as that of such 
variables as the length of the applied wave 
front, the shape of the wave, and the crest 
voltage (specified on a minimum basis). 

It appears, therefore, that serious con- 
sideration should be given to the omission 
of the normal-frequency excitation during 
impulse tests, not only because of the im- 
portant saving in time, but because it 
would open the way to precise fault de- 


4 
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Figure 14, Delay between application of 

chopped and full waves can clear up faults 

caused by tail of chopped waves and remain 
undetected 


From top to bottom: 

1—Reduced full wave followed by two 
chopped waves not shown but not indicating 

failure 
2—Attempted full wave with power does 
not check, but change may be caused by 
separating gap of impedance connected to 
other bushings 
3—Full wave without power taken 15 minutes 
after wave 2 checks perfectly wave 1 although 
transformer had really failed 
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Top: Reduced-volt- 
age full wave, two 
chopped waves, full 
wave indicating fail- 
ure beginning at the 
front of the wave 
although amplitude 
is 15 per cent lower 
than previous 
chopped wave 


Bottom: Failure 
caused by steep tail 
of first chopped 


wave evidenced by 

breakdown on front 

of second chopped 
wave 


Figure 13. Demonstrates that the steep tail 
of the chopped wave causes failure across 
small sections of winding near line end 


, 


tection by means of the cathode-ray os- 
cillograph. With the present test meth- 
ods, the risk of passing a faulted trans- 
former is so great as to detract seriously 
from the value of the test. 


Conclusions 


1. Commercial impulse testing has made 
a distinct contribution toward the design 
of transformers for anticipated service 
conditions. 


2. It has in some cases disclosed defects in 
materials and manufacturing that other 
tests would have failed to detect. 


3. It is suggested that the test code be 
modified to give adequate assurance of 
failure detection. 


4. The’ test procedure and equipment 
should be simplified to reduce the cost of 
testing. 


5. Failure detection can be improved 
greatly, and the cost of the test can be 
reduced substantially if normal-frequency 
excitation is omitted. 


Appendix. Outline of the Test 
Circuit and Test Procedure 


The impulse test is a relatively new test 
and is more complicated than the older-type 
high-potential low-frequency tests. It re- 
quires for the production of the impulse 
wave theso-called impulse generator, wHich, 
in practically all laboratories, is a Marx 
generator. In such generators! a number 
of capacitors are charged in parallel to a 
relatively low voltage and then discharged 
by means of sparking over sphere gaps, 
which connect the capacitors in series. The 
voltage of the separate capacitors then 
adds up to the output voltage of the im- 
pulse generator. The wave shape is ob- 
tained by the interaction of the generator 
capacitance, series resistance, divider re- 
sistance, load capacitance, and finally the 
test piece itself. The calculations of wave 
shapes and voltages for impulse-generator 
circuits have been given in various pa- 
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Figure 15. 


Magnetic oscillograms taken dur- 
ing tests with transformer which failed 


1—Exemple of distortion caused by chopped 
impulse wave in the applied normal-frequency 
voltage and current 
2—Same as 1 for full-wave application simul- 
taneous to wave Q, Figure 8 
3—Same as 2 except on repaired transformer. 
Failure did not occur 


pers.!!-14 In the case of the transformer 
calculations are extremely lengthy, especially 
for transformers which have more than two 
windings. This is due to the fact that the 


inductance of the winding tested is affected . 


considerably by the conditions existing at 
the terminals of the other windings. Fre- 
quently the other terminals have to be pro- 
tected to avoid flashover of the bushings 


with a consequent change in applied wave 


shape. 
It has been found expedient to predict the 


required impulse-generator constants by 


means of a miniature impulse generator, 
the oscillograph electric transient analyzer.? 


At the same time it is possible to determine | 


the voltages appearing at terminals of the 
transformer other than the one being tested. 
There are several reasons for keeping the 
voltage of these terminals to a minimum 
value: 


1. It is undesirable to stress any winding not being 
tested; that is, one on which no direct oscillographic 
measurements are being made, in excess of about 
90 per cent of its specified full-wave test voltage. 


2. Flashover of protective gaps at such terminals 
frequently will modify the wave shape of the ap- 
plied wave obscuring any fault which might have 
occurred simultaneously in the tested winding. 


To avoid flashover of the terminals on 
other windings, it is often’ necessary to 


. connect an impedance to the terminal which © 


will modify the voltage rise at that terminal 
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and restrict it to a value below the flash- 
over voltage of the protective gap. ‘This 
impedance, in general, may be a resistor, a 
stack of Thyrite arrester disks, a lightning 
arrester, a capacitor, or a combination. 

Two types of excitation are required for 
the test, these being: 


1, Impulse excitation. 


2. Normal-frequency normal-voltage excitation 
with proper synchronization. 


The application of two types of excitation 
imposes complications, because it is im- 
practical to build impulse equipment capa- 
ble of withstanding the normal-frequency 


excitation currents. The impulse circuit, 
therefore, must be separated from the trans- 
former by means of gaps, or a combination 
of fuses and gaps which will permit flow of 
normal-frequency currents through-the im- 
pulse circuits only after the impulse has 
been applied, and then only for one-half to 
one cycle. Different types of gaps are 
being employed for this purpose. 
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Figure 16. Impulse 
currentwavesthrough 
neutral of winding 


Comparison of 
waves detects very 
small failures 

A—No failure 

B—Failure of 0.074 
per cent of winding 
C—Failure of 0.229 
per cent of winding 
D—Failure of 0.738 
per cent of winding 


The Pittsfield laboratory utilizes a high- 
vacuum gap with properly spaced electrodes. 
This gap is capable of sealing off impulse 
current even before it reaches current zero. 
Other suitable gaps are expulsion protector 
tubes alone or in combination with fuses. 
Sphere gaps with directed air blast also are 
employed for this purpose. 

Circuits used for transformer impulse 
testing have been described in the litera- 


Figure 17. Com- 
parison of failure- 
detection methods 


A—Current wave 
through neutral of 
winding 
C—Ffull wave ap- 
plied 
D—Magnetic _os- 
cillogram of 60-cycle 
voltage (top) and 
current (bottom) 

O—No failure 
F—Failure occurred 


ture.!415 The principal censtants of the 
circuit of the Pittsfield laboratory are shown 
on Figure 1. This figure is largely self- 
explanatory and comprises the most com- 
plete circuit arrangement. Usually RG is 
omitted. The connection of the divider Rp 
as shown is made to assure that the wave 
measured actually is applied to the trans- 
former. k 

The impulse voltage is measured!*.17 by 
means of the resistance divider Rp which 
reduces the amplitude of the applied im- 
pulse voltages to values which can be ap- 
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plied to the cathode-ray oscillograph 
plates.3.19 The normal-frequency currents 
and voltages can be measured with an 
ordinary type of magnetic oscillograph. 
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The Effect of Weather on the System 
Load 


HENRY A. DRYAR 


MEMBER AIEE 


HE system load of an electric power 

company may be regarded as having 
several components. Firstly, there is a 
fixed component of the system load that 
may be considered as reflecting the 
business activity of the territory of the 
company. Secondly, there is a variable 
component of the load that reflects the 
effect of the weather. Thirdly, there is a 
component of load, relatively infrequent 


Figure 1. Base load of daily 
system peaks—August 1939 
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variable quantity which reflects the effect 
of the weather, serves to indicate that 
the estimating of the system load, in 
effect, is forecasting the weather and 
giving each element the correct weight 
to obtain accuracy in the load estimate. 
In Figure 2, this weighting of the weather 
is indicated. 

When the fixed value or base load is 
correct and the weighting of the weather 


OVERCAST IOM Bs° f 
CLEAR fe) 


in occurrence, that reflects the public 
response to events of unusual attraction. 
There is the positive effect on the load 
of the appeal of radio broadcasts of great 
local or national interest and the negative 
effect that evidences the influx of the 
buying public into shopping areas which 
reaches its peak in the Christmas period. 
The fixed component of the system 
load is a definite value for a particular 
peak period or a particular hour of the 
day. It is a base load to which the 
variable component of the load is applied 
to form the system load. In Figure 1 
the base loads of the daily system peak 
of August 1939 are indicated and the 
difference between the base and the 
peak is the variable component that 
reflects the effect of the weather condi- 
tions, the weight of which is also shown. 
The separation of the system load into 
its usual two components, that of the 
fixed value or base load, and that of the 


Paper 44-106, recommended by the AIKE com- 
mittee on power generation for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 
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1944, 


Henry A. Dryar is chief load dispatcher, Phila- 
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conditions is precise, then a further load 
increase in response to a radio broadcast 
having appreciable appeal, or even a load 
decrease, can be determined within a 
reasonable degree of accuracy, As an 
instance, the increase of load from the 
radio broadcasts of the two football 
games of Saturday, November 20, 1943, 
one of local interest between Temple and 
Villanova and the other between Iowa 
Seahawks and Notre Dame, is indicated 
in Figure 38. A decrease in the load as 
occasioned by the reduction in residential 
demand as the buying public crowds the 
shopping centers of the territory of the 
company as exemplified during the 
Christmas period is shown in Figure 4, 


Base Load 


If the effect of the weather on the 
system load, properly weighted, is to be 
observed in the load estimate, there 
must be a base load to which the weather 
weight may be applied. 

The base load or as it has been termed, 
the fixed component of the system load, 
may remain the same for a particular 
hour of a midweek day for an appreciable 
period of time. Any change in the base 
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load that may occur can be attributed’ to 
a change in business conditions, to a 
change in the time of approaching dark: 
ness, or to. a change in the temperature 
base from which the weight of the tem: 
perature in its effect on the system load 
is calculated. 

Any change in the temperature base 
will be according to plan and any change 
in the time of approaching darkness will 
be known in advance. If there has been 
no change in these two factors, then any 
variation in the base load will reflect a 
change in business activity in the territory 
supplied by the company. 

Although the system load’ is usually 
greater than the base load, it is possible 
for the reverse condition to oceur, For 
instance, on a day when there is little 
wind and a clear sky, the temperature 
may have a negative weight and the net 
combined weight may also be negative. 
In this instance, the system load will be 
less than the base load. This condition 
may be observed in Figure 3, 


DPTRRMINATION OF TH BASH LOAD 


The determination of the base load is a 
matter of weighting the temperature, the 
degree of cloudiness, and the wind ve- 
locity, and applying the combined weight 
as a percentage to the system load, It 
is possible that the effect of humidity 
should also be weighed but the present 
practice of weighting the three elements 
works satisfactorily. 

In applying the combined weight as a 
percentage to the system load to deter- 
mine the base load, the weights as given 
in Table I would be applicable to the 
weather conditions noted as prevailing. 
If the system load were 1,120 megawatts, 
the base load will be (1,120 1,11) = 1,009 
megawatts, 

Initially, the proper weighting of the 
elements of the weather will be attained 


Table I. Weighting of the Weather 
Temperature, ...., AO Weight. 4 
Wind velocity..,.. Hight miles Weight... 3 
Cloudiness,.,..... Overcast Weight.,., 4 


Total weight... .11 


only after a period of “cut and try” 
measures, and finding that the base load 
obtained is the same for any particular 
hour of the midweek days of a particular 
week, For several consecutive Saturdays 
or Sundays, the base load of a particular 
hour should be the same, 

If the hour for which the caleulation is 
being made is that of approaching dark- 
ness, the base load may change with the 
time of approaching darkness but the 
percentage variation of the corresponding 
period of the previous year will obtain, 


ESTIMATING THE LOAD - 


Service reliability and efficient operat- 
ing performance demands aceuracy in 
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Table Il. Weather-Weighting Table Table Ill. Monthly Temperature Base, Degrees Fahrenheit 

—— vas Sa i oS 

Tem- Wind December 

pera- Ve- January 

{ure, locity, February April May June July 

F MPH Degree of Cloudiness Weight Weights March November October September August 
(25. ..25.. Clouds very low and very heavy.. 10 LOM rash tas Ee aR DB aa ee ete ove QU MERE one lect ae Ob te catia. at 100 
30...20..Clouds very low and heavy...... 8 Se eee ee 9 Urata tte ae SOA ee 55% ADD Bae ata eins Tae EE ain een erie cone 95 

\35. .'.15. . Clouds low and thick....,....... 6 (oj Sri bbe MO tae ole ice tevielant Olea tiara ave aise ls PSs iS e tan ine ee SBicie pastes 90 
'40...10.. Clouds high and thick........... 4 Ac iy Meant cere £3) 9 casero cucrene BO atersimicrelen = tate SO SO een en ounce 50! SSO! scr, ctareia toe 85 

45... 5..Clouds high and thin............ 2 pate Re soya CTS mee ee arate AGN, AS ee bottle re a ee SSIs Toe eae ree 80 
1501. No. pClear—blue sky... ho. ones eee 0 Oia sc Oteeopevaee BORE Varsisnernieictale.- OOF iastycteh isis, ste GOST Osc tae tec. ce GOON asec mare 75 

DO cca ye Clouds—reflecting sun........... = Sa EPCS ES eH AD: Sas wae nat antats 55 GG ORR nem cole GOATMER Deri tide tae 70 

Dace dy te Clouds and snow—reflecting sun. .—4 Ay tev naman BOD aaccnsia Sarat CO Siete Sortie s,s Sake er neeeebe alee! esate alareie, haya e cieceis bert osha 65 
METER ss. ck Lalo cae eined ve ones 6 = Gein coer BOM orks 65 

= 8 es 60 

the forecast of the system load in order Table IV 

that generating capacity adequate to id 

supply the system load and provide the 7 aha 

. . em- in 
MEcessary spinning reserve Inay be eco- Base Load, perature, Velocity, Degree of Combined Load Actual 
nomically scheduled. Date Megawatts F MPH Cloudiness Weight Estimate Load 
The scheduling of spinning reserve as 

coverage for the loss of the largest unit 10-23-42......... 930 uadeus st CLUN (O)Te ae tts BON etic Clear (0) #........ od eh ae 949. o3..adats 950 
or the loss of that transmission capacity LOE 742 es yee vn AIO Seas a es BANG) se ragiaacis S(O) ene» wise kace Wilhe@ara (eZ) erin nbte ciate We Alita raises QOGL Stas eee 995 


which renders unavailable the greatest 
amount of generating capacity is an ac- 
cepted principle of reliable system opera- 
tion. What may be overlooked, however, 
is the far greater probability of a deficit 
of operating reserve capacity as a result 
of inaccuracy in estimating the system 
load. In interconnection operation, 
where savings from reserve diversity 
are realized, a deficit in spinning reserve 
as a result of errors in load estimating 
occurs far more frequently than from the 
loss of generating capacity. 

In estimating the daily system load it 
was usual to observe only the possible 
effect of cloudiness in raising the peak 
demand. A consequence of this practice 
was a frequent deficit of spinning reserve. 
In a few instances, there were deficits 
of generating capacity, and lowered fre- 
quency reduced the load to the value of 
the available generating capacity. It is 
probable that the loss of a large generator, 
under these circumstances, would have 
made load curtailment necessary. 

Inaccuracies in the daily load forecast 
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are usually the result of failure to cal- 
culate accurately the effect of weather on 
the system load. If the estimates are 
held within two per cent of the actual 
loads the performance may be considered 
satisfactory. In many instances the 
estimate and the actual load will be the 
same, but there will be some cases when 
rapid changes in the weather make such 
accuracy impossible. Such changes in 
weather conditions, however, are gener- 
ally attended by a compensating effect 
in the corrected weather weights that 
reduces the error in the load estimate. 

The schedule of generating capacity for 
the estimated morning peak load which 
usually occurs at 8:30 a.m. is prepared 
the previous day. Accuracy of weather 
forecasting so far in advance is frequently 
difficult. A careful review of the load 
estimate, however, is made the following 
day when the weather may be more ac- 
curately predicted. 


In weighting the weather, approxi- 


T —Temperature 

T!—On this day, the weight 
of the wind of three to five 
miles per hour was offset by 
the increased brightness of the 
day due to the reflection of 


mately two hours in advance of the peak 
period, or less if generating capacity can 
be made available in time, the load dis- 
patcher may observe the prevailing 
weather, note the trend of the forecast, 
and determine if the load estimate made 
the previous day should be revised. 


Weighting the Weather 


As has been indicated, the initial 
weighting of the weather should be pre- 
ceded by a period of “cut and try” 
measures to determine the effect of each 
element of the weather on the system 
load of a particular electric power com- 
pany. 

In making an accurate load estimate, 
proper weighting of the degree of cloudi- 
ness, wind velocity and temperature based 
on the best available weather forecast, 
is essential. When the weather forecast 
is received, reference is then made to a 
weather-weighting table for the total 


Figure 2 (left). Effect of WEIGHT WIND TEMP. CLOUD'S 

weather conditions on system * OM 40° HICTHICK 
load, February 1942 0 Sin a WEIGHT OM SO° CLEAR 

C —Cloudiness ¥ ee 

W—Wind 


the sun rays from scattered 
fair-weather clouds 


Figure 3 (right). Effect on 
* load of broadcasts 


Football games, November 20, 
1943 
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weight to be applied as a percentage to 
the base load (Table II). 


TEMPERATURE BASE 


The temperature base for weighting 
the effect of the predicted temperature 
on the load is the normal mean tem- 
perature of the month as given in the 
Weather Bureau Monthly Summary. 
Thus, the normal mean temperature of 
the month would have Zero weight. 
For Philadelphia this is as indicated in 
Table III. For the months of May and 
October, and June and September, a 
two-column scale is used, as tempera- 
tures during these four months may be 
considerably lower than the monthly 
normal mean, thus promoting the use of 
heating devices, while on other days 
they may be appreciably higher, causing 
an increased demand of refrigerators and 
other cooling devices. There is a time 
lag to the customer response, however, 


use of appliances other than those which 
had been in service and the load change 
does not become apparent until the 
abnormal temperature conditions are 
sustained for longer than one day. 

In the change of the base temperature 
from the 70 degrees of June to the 75 
degrees of July and August, the base 
load, in effect, would be increased by two 
per cent. As an instance, the base load 
of April, the base temperature of which is 
50 degrees, is decreased four per cent for 
May with its base temperature of 60 
degrees. Normally the base load of 
July and August, however, would be the 
same as June, because of the reduction 
of customer demand during the summer 
months as a result of the vacationing 
exodus. The foregoing implies that 
business conditions in their effect on the 
load have remained the same. The effect 
of gasoline rationing had to be observed 
this year and evaluated to arrive at the 


when the temperature change tends to base load for these two months. It ap- 
Table V 
Wind 
Base Load, Temperature, Velocity, Degree of Combined Actual 
Date Megawatts MPH Cloudiness Weight Estimate Load 
1 ESS: OS}: Baer UPA Oc ABA TOUS) Marae iters LST igetee Overcast (Tid. os06 Oittaslacets TO8 Wieiares 762 
11-28-38........ ZBOCCryometere cd ZDNCS i teres ‘eciinte TiC2) in dotee es Chear’(O)siasasleeie ee LO ee ae SLOGrieretets 798 
Table VI 
Tem- Wind 
Base Load, perature, Velocity, Degree of Combined Actual 
Date Megawatts F MPH Cloudiness Weight Estimate Load 
12- 5-38....... TOOK wire e OO — de aeeeve 156) -beeme Heavy clouds (6)...... Oxceaien SLOT 801 
12-28-38....... TOO. eyere Bist DOIG) overs cielersie 10'(izeie Sear (O) oo. ot nis oes LO ictorsnd S20 x2 Ken 823 
Table Vil 
Tem- Wind 
Base Load, _ perature, Velocity, Degree of Combined System 
Date Time, A.M. Megawatts F MPH Cloudiness Weight Load 
(EEA AA GLO ene ee 560 untae D4AN(3) aon CESS A rats Oe Pea ho He: 594 
ee Ce ae TOO CR roe reiki ees oe te BAH(B)isee eee 88) seen teee OLDE 9 Aaa 776 
1913243 yeas S100 00) hk: SLO ees DAK (G) pate SiS) Rees OC eres OT Rios 990 
1-13-43......... SHC TORAG ES ae ORO Ry cred teenr DAN (G)isiacietn nee Bi(2) Matec see ities" es, copie MS cer ign 1,057 
Ais ABN Seay Sibi seers OPW obo coer: O5\(B) seen SIS) R ore aac: Onseiate ee 07. eae 1,072 
IPI ged Seen pie 9200 ee ee PUNE Bom Gee PANO Nea dere (Oyen SA ees we Ti oo Nee 1,040 
Hei sedee saan 10:00......-. 060: cess BEB ak oo BAO cca xe Hee E ee SE iG AN hae 
Table VIII 
— Se eee 
Base 
M 
Load, Wind Com- cree = 
: Mega- Tempera- Velocity, Degree of bined Estimat 
Date Time watts ture, F MPH Cloudiness Weight Leeds P Sphey 
RP aT La A Se a eS 
2-15-43..... 8:30 a.m...... 9802... 7(13)>. 21.3 (1)s. Clear (—2)#) 9. 2. 
2-15-43..... 10:30 a.m,..... 960.... 8 (7)**....5 (2).... Partly cloudy (0) 
2-15-43..... 3:00 p.m...... 930....10 (6)**....5(2)....Clear (—2)*......... 
2-16-43..... 8:30 a.m...... 980....11 (11) ....1(0)....Fair (—3)***,. 0.0... 
2-16-43..... 10:00 a.m...... 960). 7-7, s13\(6)*¥ i. 6:(2) 250. Clear: (—2)¥), 2 ane 


* The effect on the system load of reflection of sun’s rays from blanket of snow. 


** After 9:00 a.m., the temperature ceiling of 65 degrees to conserve fuel redu 


on the system load approximately one half. 


ces the effect of temperature 


*#** The effect on the system load of reflection from scattered clouds and from a snow blanket 
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peared that gasoline rationing had caused 
many people to forego summers at 
shore or mountains, as there was a two 
per cent increase in the base during July 
and August of 1943. 


TEMPPRATURD EFFECT DURING SUMMER 


The increase of load during the summer 
as the temperature increases is the result 
of increasing operation of fans, refrigera- 
tors, air conditioning, and other cooling 
devices. aiser 

The effect of temperature on the load 
during this period is graphically illus- 
trated in Figure 5, which indicates the 
hourly system load of June 17, 1939, and 
June 24, 1939. The dates are those of 
successive Saturdays. The difference of 
13 per cent in the load of these two days 
at 1:00 p.m. is attributable in the main to 
the difference in prevailing temperatures 
these two days. At 10:00 p.m., June 17, 
1939, an electrical storm was approaching 
and reached its height at 11:00 p.m. 
The effect of silencing radios is evident 
at this time in a net reduction of 40 mega- 
watts, approximately, in the system load. 


TEMPERATURE EFFECT IN FALL 


The increase of load in the early fall 
may occur because of a rise or a drop in 
temperature. It is obvious that when the 
temperature is higher than 70 degrees 
the load will tend to increase as it does in 
summer. It is also obvious that a drop 
in temperature below 70 degrees will 
cause a reduction in refrigeration and fan 
demand and a continued decrease in 
temperature will then cause an increase 
of customer demand through use of space 
heaters, house-heater operation, heating 
of trains and cars, increased radiation 
of industrial heating equipment, and so 
forth. 

The effect of temperature on the 
October system load is indicated in 
Table IV. On the 27th a weight of 
minus two was applied under degree of 
cloudiness to observe the lightening effect 


ESTIMATED REDUCTION OF 43,000 KW. 


TWO SHOPPING NIGHTS WEEKLY BEFORE 
CHRISTMAS HAVE SIMILAR EFFECT. 


wae Rare Se N BS 
PCP cee 
eee 


10.00A.M.-65° TEMPERATURE CEILING 
REDUCING EFFECT ON LOAD. 


wei 2,00P.M.-IOMILE WIND, HIGH OVERCAST 
SKY AND 34° TEMP. 

3.00 P.M.- Peles SHOPPING MOVEMENT 

9.00P. M.-HOME-COMING REFLECTS 

LOAD INCREASE OF 20,000 KW. 


10.12. 2°. 3 4° S SG ears) 
M. RM 


800 


Ah) 
“ Al 


Figure 4. Effect of Christmas shopping on 
system load—1943, 


AIEE TRANSACTIONS 


of a brilliant full moon in lowering the 
lighting demand. 


EFFECT OF EXTREME TEMPERATURE 
CHANGES 


In November 1938 the temperatures 
varied from 70 degrees on November 7 
to 29 degrees on November 28. The 
effect on the load of this change in tem- 
perature would have been approximately 
16 per cent, or about 116,000 kw, if the 
wind velocity and degree of cloudiness 
had been the same each day. How the 
temperature affected the load on these 
two days is shown in Table V. 

It is probable with the old practice of 
comparing loads of days on the basis 
of their relative cloudiness that the load- 
estimating error might have exceeded 
100,000 kw. In the case of November 
28, a wind of eight miles per hour velocity, 
with a weight of 3, was forecast. 


TPMPPRATURE EFFECT IN WINTER 


The temperature base for December is 
40 degrees as this is approximately the 
normal mean temperature of the winter 
months in Philadelphia. 

Temperatures in December 1938 varied 
from 58 degrees to 26 degrees, a difference 
in weight of approximately 13 per cent, 
or approximately 100,000 kw. How this 
difference in temperature affected the 
load is indicated in Table VI. 


EFFECT OF TEMPERATURE CEILING 


During the winter of 1942, a tempera- 
ture ceiling of 65 degrees in the homes 
and office buildings was established in 
order to conserve fuel oil. This reduced 
the temperature effect on the load ap- 
proximately one half during the greater 
part of the day, although over the morn- 
ing peak period, up to 9:00 a.m., the effect 
was about normal. Table VII is given 
as an example. 


HOURLY BASE LOADS - SAME FOR EACH DAY 


600 
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— SYSTEM LOAD 
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igure 5. Effect of temperature on load of 
Saturdays in June 1939 
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SATURATION EFFECT OF EXTREMELY 
Low TEMPERATURES 


What is the effect on the system load 
of extremely low temperatures? Does 
saturation occur and diversity disappear 
in the use of heating equipment at a 
particular temperature, or is the high 
load estimate the result of lowered in- 
dustrial production because so many 
workmen who rely on automobile trans- 
portation are unable to start their cars 
or finding the icy highways too great a 
hazard, fail to report for work? In 
February of 1943 temperatures reached 
extremely low values and Table VIII 
indicates the effect. 

It may be said that the high estimate 
of 8:30 a.m., Monday, February 15, 
1943, reflects the effect of frozen auto- 
mobiles and icy highways as the system 
load of the late morning and afternoon 
are normal. It is probable, however, 
that diversity in the use of heating 
equipment will tend to diminish appre- 
ciably as the temperature is reduced 
below zero. 


Cloudiness 


The change in customer demand due 
to cloudy weather appears to vary in 
amount in direct proportion to the degree 
of cloudiness. The scale of the weights 
as used for different degrees of cloudiness 
is given in Table IX. The weight to be 
applied for the degree of cloudiness is in 
proportion to the lowness and the thick- 
ness or heaviness of the cloud masses. 


EFFECT OF CLOUDINESS ON Day Loap 


The effect of cloudiness on the day 
load is indicated in the weighting of the 
weather factors on the peak loads of May 
23 and 24, 1939. On the morning of 


May 23, there was a dense fog that per- 
sisted for several hours, causing an excep- 
tionally heavy peak demand at 9:15 a.m. 
The normal peak hour for the day was 
at 8:30 a.m. (Table X). 


EFFECT OF CLOUDINESS AT DUSK 


The effect of heavy clouds in causing 
the more rapid approach of darkness is 
such that additional weight must be given 
this factor in estimating the load for the 
hours in advance of the period of normal 
darkness. The added weights and the 
hours for which these are applicable are: 


First hour in advance of normal darkness— 
add 4. 


Second hour in advance of normal dark- 
ness—add 6. 


Third hour in advance of normal darkness— 
add 3. 


Table IX 


Degree of Cloudiness Weight 


Fair: Broken fair-weather clouds reflecting 
BIR ecryaiaiier tata ofan raters pints o muaraie hierstrate —2 
Fair: Scattered fair-weather clouds reflect- 
pO ACEC hy AAR eps CoS OIO De He MERC ACICAR Os —] 
Clear Blue sey. cicinn se bin elas suas atire weenie 0 
Fairimb trite Razer yes. s Acroar Acres creme clay oe 1 
Fair: Scattered clouds high and thin...... 1 
Pairs) Thick bavecsxii cuss ah eee kaput 2 
Scattered clouds—low and thick.......... 2 
Broken clouds—high and thin............ 2 
Broken clouds—low and thick............ 3 
Overcast sky—clouds high and thin....... 3 
Overcast sky—clouds high and thick...... 4 
WAG HETOR tere. cin inisretwe hv Croton okie wiateldlvewts 4 
Overcast sky—clouds moderately low and 
ERIC torre wichslar the Wate 'a a arede la ate haun te tee 5-6 


Overcast sky—clouds low and heavy...... 7 


Overcast sky—clouds very low and heavy. 8-9 
Miod Grate fore ay. deickeieicrnic acsiaieived ete elaine Seat 8 
Overcast sky——clouds very low, very heavy. 10-12 
PeMSe TORE oe dates) as eeotasae epithe hieseaden wiskeies 10-12 


Table X 
Wind System 
Time, Base Load, Tempera- Velocity, Degree of Load, 
Date A.M.* Megawatts ture, F MPH Cloudiness Weight Megawatt 
5-23-39...... Sra reese 6203-22 & 66 (—2)...... 10 (4) 
§-23-39...... DLO y xnares G00 zwar siete 68 (—1)...... 15 (6) 
5-24-39.,.... Sse enters 620 io ait es Cy Al Ga 9 rn 18 (7) 
5-24-39...... Oi GON ice GOO sa. 67 (—1)...... 15 (6) 
* Standard time. 
} 
Table XI. August 29, 1939 
Wind 
Time, System Load, Tempera- Velocity, Added Base Load, 
P.M.* Megawatts ture, F MPH Cloudiness Weight Weight Megawatts 
LBS ennoss GLO Sen nioas: 68 (—3)......- ZON(S) erie sts Raini(S ioe dade, cigar ets TSF s rip ee choteets eek tee 585 
Ddateretnve rs Gp Tieraeratsy CECB) iteiere P4010 f° 3 eri Raini(@) opis plat wtnmres DLs fapardea ways mealetesebehes 585 
Siteeialeniere G39) a crarecs 68 (—3)....... 20S) oasis PEAT GY RIO Weber mE Een MAL arate) stg afay ore seal Chas stad 575 
Aaa hie pes BDU cracaieialene 67 (— 8); cae. OCB es rates ts Ratan CB) Piers ere rma le seater HB oes Fes 575 
BEE Seas B06 eaaiecnte 65 (—4)....... OMS AE Ram (G)riie ds aeacvas ON iktahe st feB ities jaca 540 
Gia eavrnt SSTetaeraere 65iC— 4). 3 Soin oi NOAA rare Risiss((5)icey pia cinta casters Deaieterac 8 tidiod atte 485 
Tinta motesess PgR He nae 65 (—4)....... MEM GO aan oe Overcast )(D)Ei, neice oem {ec acycn mts A ce sioisiole 530 
Ey Sodoter UT Oat 65 (—4) sa... BS C7) assialarems Overcast (4)... si. 0c os (RSS tee omer ne 555 
De ate DSO wattle OSC 4) 55 wate USiCZ) cect Overcast (4) 2. ....'0.45% Mie taaih encore ee eee 545 
LO spies AOR aca s 65: (— 4)... 0: WANG) a arenes Partly cloudy (2)...... PRS Aina on MaRS 485 
Lens an 448. ...... 65 (—4)....... OA) recta Partly cloudy (2)...... Dds. cctayakel nbs eraherartcierae als 440 
WA mislelae SOS ieee 65 (—4)....... Sila) certs Partly cloudy (1)...... COPAY O Mito Pantie here 400 
* Standard time. 
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June 13, 1939 


Table XIV tes 


Table XII. 
Wind 
Time, System Load, Tempera- Velocity, 
P.M.* Megawatts ture, F MPH 
i eam C49 aa risest- 69 (0) 
De Hebate eae ee ee Bieri 69 (0) 
Bonne: O70 Ra rts 72 (1) 
BSAA Nao 7 GAS frat eta 73 (1) 
Onna as Gi Deere 74 (1) 
Be Sox ote Sod aeos. 174 (1) 
ate eng oo). U8 bite Pe 75 (2) 
Boras aor 596.2 1.55 76 (2) 
ID rcapbiels ate DOL etaracies 6d C— Ayo eect THB asters 
10;., ..,.s. 5038 ahoG agi) A (oo enka LECT a cractere 
1 BS Ra Ey Soe iV Ml Goad Betsey ca 1S iacket 
1 AAS eas ADO) iad s)s's OZR) acre te 15. (6) o.ecarad 


je eaiee (6) nonin sss 
Overcast: (4) 053i. ees «0 


RAIA) es wees ie laete oie 


al 


Added Base Load, 


Weight Megawatts 


Cloudiness Weight 


Raine ML) overseideweatarre 
Rate (3). yt tists oper ao. 


eavy clouds (8).. 


eawy rain (4). 3 si15 


Heavy rain (4)........ 


Raits (Ay ret itn'sotecinrele 


* Standard time. 


Table XIll. 


Effect of Cloudy or Rainy Weather on the Night Load 


ee 


System Load, Temperature, 


Wind Velocity, 


Combined Base Load, 


Megawatts F MPH Cloudiness Weight Megawatts 

9:00 p.m. 

UO~3=8 8) 6m ~.| hata 's Yor G55 siclercne DO2)e wee eeoten B:(2) 7.8.0 Overcast (3)i. ie eset Viaip\ote seta vie 610 
EO> 9239) 1 5 sicc¢.0 010 GHB icc chas TCL) eee atetey a apne 15:(6) iistetar tare Toe kt Gil (i) ew OS SR tn, eet Bom thane er 610 
WET AES 1 es eae ied DOT eerste GA By esi wi sists TZ iNGB) ae telat Heavy clouds (4)....... Sa ann nuee 610 
10219-3839 oes sreie G61 Sse COO) Sas ciniak a ZAVICE) Nelateba ate ipag CU serscrets te neh aioe crs bP Br ths cn 610 
10-23-39 ........ COA Sa rer DOAN Prete avdieve 10(4) 3 veceleyane RIT) otrcr and atete cera 4 O aves heret 610 
TOES Oi erase ectye,> Gena cies BBA Gyre wictes BB) 5 2 -1s-sers AIG ROL) erator hare td, ¥ees ae Sxtaice eres 610 
11:00 p.m 

BN OO bh inte aie Bi ORe eansra lames DPIC.) ca wtaate strc BiGh): atate ots Rae SCD) sb the date hen ole Bifcicis intra 530 
DOPOD oo. cinta tea are Ay COR Nae CSO Yo SSS A lr Bi (Bs setae ASOLO ay 2 Sete iahad Shen a Ges eels 530 
MOPI2-39 as cate aa ho eh Mae Can (op CU ERs ete es BG)’. ie erdbakave Heavy clouds (4)....... Pate porate 530 
MO=EO-BO). sis. e030" < c DODs bya tnlalavee COMO) Eien a aay P25) sin ales Clear iiiei eo Aidectes days ar Oa olrakel Wetets 530 
10-23-39 ...-.... BOS arehe ADGA A Bay ieic-as SiS) cine EP Os he IO Tie hie aera 530 
19-24-39! ica ine © Sal aia cee ie ATS) Pima th teen Bi h) |: crete CLEA iraeic ae cethelte it's 2 Giz/iatestcetere 530 
9:00 p.m 

Dal ahe es od ete m oie he eee)» FS S21) Meads al ale a\ a8 Sk) vistetale: he CASAL NOD ot fateh eves aan ws. Di dvnte obits 870 
5-18-43 SSBB. ur ote HCE Maencer ae CHE A ees bah Cleat (—2)**¥ visas 2 aavenmerneg 870 
DrLD-AS FS Se visiid ds OAD. Ghrae PAO) ga he wae tae re 6 eee Por Paetty 2) Sones «tien wy 3: vinsage 870 
B220-A3 ES aietarel« SLB aid biotase’ oo od oe! 0 ea BAND oo, alee PASI NL) ens wirinia te cal Lc argrntae 870 
eA 2 PAE DAS mchcsis olor Dae (19 a. reressigrace SNG) iors accu aie (ASC ioveeru deat Bio cauaeee 870 
11:00 p.m 

DHL 43.0 Mase e «ale Moa; dea ee SOKO) Geet iariaen BAZ) ratisteios Clear (O)' 5 eiyas a Adele: DBR IAS pete 740 
BUS-40 5. on, ao cea DBAs 5 ses ay TEN OAL ar Bata, SB) eccrine Clears (=2)#* oc ae ee FB AYP Ee 740 
Bo tD-43'" ieee: Mt Pe ee FONMO): 2 ovareretents BZ) crotch state Overcast (B) 5. oss sae PERREA rice 740 
B-0-435 0 ode aes DOD sncpis ced DOL) 2 r emalee ee Dil C4 Nake Pact, k9) ceo ve tae Agel Srteed 740 
ee Hie ene DOL bp aia en DZ) ect oe og BZ) ota Sola Reaits (A) F< lircteia, sh aasvovecarere is Date tes 740 


* Stores open; 14-megawatts increase. 
t+ Night ball game; 22-megawatts increase. 


Fourth hour in advance of normal dark- 
ness—add 3. 


Normal darkness is considered as oc- 
curring approximately 15 minutes after 
the time the street lights are scheduled. 
Table XI is an instance of this effect. 

On this day, the street lighting was 
scheduled for 6:50 p.m. The low hang- 
ing clouds resulted in a murkiness that 
gave added weight to the clouded condi- 
tion in its effect on customer demand for 
the hours of 4:00 p.m., 5:00 p.m., 6:00 
p.m., and 7:00 p.m. 

Should the sky be overcast with high 
clouds, the added weight may be one- 
third of those as given in the table. 


EFFECT OF INCLEMENT WEATHER ON 
EVENING LOAD 


The effect of rainy weather on the 
evening load that results from the staying 
home of a great number of persons that 
in clear weather would be elsewhere 
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** Brilliant full moon. 


tends to build up the load in the earlier 
part of the evening and tends to reduce 
the load in the latter part as plans to 
“make-up for lost sleep’’ are put into 
effect. Confirmation of this is to be seen 
in the example in Table XII. The hour 


Wind Velocity, MPH Weight 
QB ya's os na dave in la wiero a ebha bal angie het ota 10 
ZO aie x ja: alte bya ce w Ni sire ohn > (oy aval fam coh hoe ate ae 8 
VB oa od wie eiagidiareeel el ols ster a leo bO peas 6 
LO. cas bias & opaverans ‘ost nna teue jekallpn oh nae 4 

Bobs seus » vie cote bettie ate kee. <n 2 

Oe a, seve wie, sonve wsbfeceyslth woes) dtelels cate Pa/at aii nanan 0 


of normal darkness is 8:00 p.m., the streét 
lighting being scheduled for 7:45 p.m. 


EFFECT OF CLOUDINESS ON THE 
Nicut Loap 


The effect of cloudiness on the day load 
has long been apparent in estimating the 
daily system load. The effect of cloudi- 
ness on the early evening peak was con- 
sidered to be a result of advancing the 
peak period, thus causing a greater over- 
lapping of the lighting, industrial, and 
railway load which resulted in a greater 
peak load. The effect of cloudiness, 
however, persists throughout the 24 hours 
of the day. 

Table XIII, one of many instances 
indicating the effect at 9:00 p.m. and 
11:00 p.m., supports this ~ statement. 
This effect on the load of cloudiness or 
rain is also apparent during the early 
morning hours. 


GROUND SNOW 


A blanket of snow on the ground and on 
the roofs of buildings increases the 
brightness and a negative weight must 
be applied for this factor. It would appear 
that on a cloudy day or during the night 
a negative weight of minus two is ap- 
plicable and on a clear day it is possible 
the weighting may approximate minus 
five. The latter weighting implies that 
the entire territory supplied by the power 
company is blanketed with a white carpet 
of snow and is reflecting the rays of the 
sun. 


CLouD REFLECTION 


The effect of the reflection of the sun’s 
rays from banks of clouds in increasing 
the brightness of the day appears to 
approximate a negative weight of minus 


.¢ WIND TEMP, 
EXTREME 25M. 
HEAVY 15 


PARTLY CLOUDY 5 


Figure 6. Base load of daily 
system peaks—October 1939 
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Table XV 


SS — 


System Load, Temperature, Wind Velocity, Base Load, 

Date Megawatts F MPH Cloudiness Weight Megawatts 
9-11-39 ........ B8Six aca TAD) (OQ) rein ae LONE) Pneeraraets Bait (lyon pane csi Pst Be) ceretaetcses 650 
Deze tay atacess' a «'s (ay 2) Utopian BB (AH 2) aici che de 183 C7) Sere niaras aie AL) oo) iyerarete ons eae. 554 Biectipesccacaushe 650 
O218-39 4 =.. BOB nix ieresepere 5D (CO) erectus EDACG)). (nagapolarers Batt (Lye rnattustete drone Tie eaorrd 650 
9-19-39 ........ CO Ze tatwtabce OZ — Likes avers ZOM8) vs imiaterelew Partly cloudy (2)....... Qe iapoacaake 650 
9220539 F560... OTA oct. ee 69/00) Se tees OND)" Peeters Partly cloudy (2)....... A ce ar nrc se 650 
LO-04-39") 0.2.5. OTP Sys hie GOR (1) ewer ay 25 CLO atau sere lene SO) op temepaelal stl evaie LOM tOLD 
5- 4-43 20.2... VOB iru cei s Doe: OG Rate Soe. ca U5 GBs tierce Partly cloudy (2)....... Oe kare 940 
b- G43 0.1.5... O7.Gire tame CONOI® = cow ans LONE) 3 ich tye Clear (Oyo. ine sc Naletenia Oe C cen 940 
By.) cae Mb tees SBI) eae iO: (41) cratichere) oe Clear '( 2), td te es he Rey 3a: ake 940 
5 0 CS) ee GAS re heconas BON(2) AR Rein a ore LD GWM s «cits Clear (0) ie eee Seka ena a x 870 


* Saturday load reflecting appreciable increase in railroad demand. 
** Reflects temperature ceiling of 65 degrees of fuel rationing. 


two, depending on the extent of the 
scattered or broken clouds. 


Wind 
WIND A FACTOR IN THE DEMAND 


Wind, in its effect on combined cus- 
tomer demand, apparently should be 
given a weight of two for each five miles 
per hour of its velocity. The increased 
demand of railway transportation as a 
result of added resistance to the move- 
ment of trains and cars and the greater 
radiation losses of heating devices are 
some of the causes of load increase due to 
higher wind velocities. The weight scale 
in use is given in Table XIV. 

The effect of the wind on the load is 
indicated in the weight of the factors and 
the determination of the base load as 
given in Table XV. 


Combined Weight of Weather 


Figure 2 indicates the weighting of 
the weather for the morning and evening 
peak periods of midweek days of the week 
ended February 7, 1942. 


Daily Peak and Hourly Base Loads 


The feasibility of this method of 
estimating load must be in the con- 
sistency of the calculation of the base 
load. Such consistency must be evidenced 
in the following manner: 


1. The base load of the daily peak period 
must be uniform for the midweek days. 


2. The base load for each hour of these 
days must be uniform, excluding Monday 
12:00 a.m. to 8:00 a.m. 

83. The peak and hourly base loads of each 
Saturday over a period of a number of 
weeks must be consistent. 

4, The peak and hourly base loads of each 
Sunday over a period of a number of weeks 
must be consistent. 


It was this uniformity in the base load 
that furnished convincing support to the 
idea, and to indicate this uniformity the 
following figures and tables are sub- 
mitted: 


Figure 1—Graph of sum of the weights of 
each factor applied to daily peak, August 


_ 1939, to determine peak base load. 
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Table XVI. Hourly Base Loads 
Saturdays in October 1939 
Megawatts 
Time Oct. 7 Oct.14 Oct. 21 Oct.28 
DAM Sar Bares d te CEUs vce OU Lint) OBOE aaa 390 
SED siaas ovine COO WOOD 4h Oe ihe kB oe 
OS ALI cate OL ae OR sh OOO iohe sa 320 
Ava ac ore ie BOD is GODS 6 «LOUD in cer, 5 305 
1S NG «Ceres tne nein DD irr ObUE var-kO L Dialire ore 315 
Ota Mls toa, es BOOK wv OOOs in, sOODiaw sd niet 335 
7 a.m 365.) 086052... 000e 0 vc G0 
SiS, in cee ee 450 AO sg OOM 6 Z-sne te 470** 
Of a mas sient ats OOS «aU sce OOO Lin ofan 520** 
LO@tthaewasrcele abs DLO ware eh, on OL Ow g a.s tare 530** 
LY anas. atu ne (0005 37 DPOs 4. 5 500), o.oo 520** 
V2: Gi leren eect 500....500...,500.....3 500 
bi oP cates cheat ate AT DE is BC Ost ETO eee 475 
Zi Peo) cee MeO es hee £OOn is abe 460 
SD) Garces. TROON eT EOO Nas LOO Mew oo 470** 
AVY DAs ns eo 450 ie 200s J S5OK i ae 470** 
SAD AIL vecirele ete’ 460... .460 485**,.. .4854* 
6s Dit oie east 560... .560 575**... .600** 
4 Dattlegacuocsteran 580....580....590**... .600** 
Se Dia cdatteet cel ee POUR Oe OOO «snc. 570** 
9 p.m..........-520....520,,,.490***, . 520 
BOY oy o> ren BN es 500. 500... .470***. . 500 
Mihpctsk See, acetone 460. 460. ...435***. . 460 
LD Pete ge a cs SLO eek. AOONEE 490 
6:15 p.m. (peak) 600....610....620**....630** 


* Railroad heavy. 
** Last Saturdays of World’s Fair. 


*** Electrical storm; silencing of radios and subse- 
quent early retiring. 


Figure 6—Graph of the same for October 
1939. 


Figure 7—Graph of the same for December 
1939. 


Table XVI—Hourly base load for a number 
of Saturdays. 


Table XVII—Hourly base load for a num- 
ber of Sundays. 


Table XVIII—Hourly base averages for the 
midweek days over a number of weeks. 


_Table XIX—Comparison of weekly system 
peaks and base loads, 1938 and 1939, June 
to December, inclusive. 


Determination of Peak Base Loads 


Table XIX is a comparison of the daily 
base loads of each week of the corre- 
sponding months of 1938 and 1939, be- 
ginning with June. In this record, it is 
evident that there will be little change in 
the daily peak base load from the first 
of June until the end of the daylight- 
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Table XVII. Hourly Base Loads 
Sundays in October 1939 


Megawatts 

Time Oct. 1 Oct. 8 Oct. 15 Oct. 22 
Dr at it 1 att sis ire BON 3 LODO eh BOO eROe 
Iai otra OO oer LOO Nee OUL eo 
Pit: > Saar ee ee 215... LED ie 2EOe nee 
BBM Oa, Wrcatleiay a nwa ate e TO re oO 
BD ADU sialh ca os ON or, SLOOn £ 260~ 1.0260 
Oasis ta lcisieinn be AOU En ZOU ass 2O0nueI S200) 
FBR wages ts hey 1s eid + DOO he DOO ae CAG 
S GW ce ier rth eee Ou ec cep On, 7200) .eeeoe 
Ohara lorine wien O40 at 7 O40 sh B40 oe eOsO 
TOMAR i iow clothe e's 42 OOO ays COV SEDO. ae aoe 
LE RMN. ce wie a POO Ss OOO es bOs He Bae 
UZ RON ete Win iD OOU ee aD0, ee asoOs kee oO 
EDM ae +s OOO + CADO, © 6 200i ee aed 
2) Data teenth «7. 340M .BA0 enpBA0 e340 
B Pll, acess B40... £0400 22, 840s 840 
ADM vies aBOUs ano DU mene t GOON ee BOO 
MPRA ioe Tak etete os a 365....365....365. ...365 
6 p.m.. .. 440....460....470....470 
7 p.m., «0.485... .498...5 49552. ..495 
8 p.m.. ie ..485....490....490....490 
9 pitas lok: 485... .485....485....485 
LOM ies aa rites 450... .450....450... .450 
WE Demo  a eiss base 4200 5 ADOn. HSB Lae. 
LPP ie, oases 0s SO0RS + SSOO Me LBRO nee BOO 
Morning peak, 

12 s80) a wt caus. O00). 280806). SOD s er BOD. 
Afternoon peak......355....355....355....355 
Evening peak.......500....500....500....500 


Table XVIII. Hourly Base Loads 
Midweek Days (Not Including Monday 12 to 


8 A.M.) 
Megawatts 
Time 
Oct. 7* Oct. 14*Oct. 21*Oct. 28* 

Wands sehr ene 9. yOCOy. da, B002 se -OCO pee oO 
GARTER ier ce base ele CLO eee ah Oe ee BED 
TAM anaes ee MOLO KS POLO. (BLOM: AHS ID 
EBM Moraine m ah slap BOW soa we BOO..< fe SOO LE HO. 
BBM der erally qx OkOs ced 10s cel O ee 
Gay: cite ritsini O4Ds a5 O4 One O4 DA ACa es 
TTB eric ake tee 410... 2.410... 410... 410 
SMM Sect sedan 880.4. DSO... F805. ORO 
ORD cig cad eke tye VOEO oe BAO. O40, POSED 
Uy SS co Renee arte ier. 4 630... .630,...630....630 
BE PO iis alates os chek ase OOS 3) ODO. 5 OLOt tees AER 
UV as Ee ne er ies 810: .. .610. 2,610... 5620 
DADE uk creer» 600....600.,..600...,.600 
2 Disc cella ene ee OLD.  OLOR 2 S610: Aan 
ODakMraarnecein leila? OLOn tas LOs ae ORO 
BOP MO crema sist ale oes ODO cr OROR  OCOy oe OOs 
SPM. esis ee OAD. . O80... 2640.0 Oa 
OPA. ty CLO eee cae DU ere 
TD IAS LG sicect tine OF On a OU eOtOR eee 
BS yD Warr seis wes OLO0 | O40 O40 oO 40. 
SPM a caw eh nvr OLO, ne GLU CLOT a SRE 
LO Pim sarens cele LOGO, -OS0s as OBO ere DRO, 
AL Pima ciceces cam. O80. ¢. 680.4 . .B804.1580 
12 pstryy teraadtete) arnt 460....460....460....460 
Morning peak, 

8:80'a.m,.........650).....B50.. . .650. ....650 
Afternoon peak, 

SOO Bins 6 atte a «Aa 610....610....610....610 
Evening peak....... Os fae CLO om LAO oe ROO. 


* Week ended, 


saving period, unless there is an uptrend 
in business as is indicated in September 
of 1939. 

When the system peaks occur in the 
evening as a result of the earlier darkness; 
there may be a change in this base load 
each week because of the advance of the 
period of darkness. Thus it is desirable 
to increase the evening peak base load 
somewhat for the Monday estimate and 
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Table XIX. Comparison of Weekly System 
Peaks and Base Loads 


1938 and 1939, June to December Inclusive 


1938 1939 
Week System System 
Ended Peak BaseLoad Peak Base Load 
June 


July 


Aug. 


Sept. 


650 


680 
710 
720 
740 
750 
790 
800 
805 
805 
835 
. 835 


Oct. 


Novy. 


Dec. 


* Evening peak period begins. 


Table XX. Effect of Radiobroadcasts on 
System Loads 


Normal Abnormal 
Base, Base, Increase, 
Time, P.M. Megawatts Megawatts Megawatts 


Night baseball; June 26, 1939, Yankees and 
Athletics, game started 8:00 p.m. 


Night baseball; September 11, 1939, Red Sox and 
Athletics, game started 7:00 p.m, 


Osa bia BB sel erasers 545 
Gone ronan OD acsat ecco 495 
Wimtsrslesain ioe GOO ais oreisiots G2 arerstatera ts +29 
(conten ins BUG saretaiatave COD isin +25 
iat ties DADs eteints ST Lian cmamials +26 
LOR re Gitta int BOON setavals) ale 495 
LG St Mai BAD rie ide eaie 445 
Men ato oon OBO Re irs:e\7 390 


Heavyweight fight; September 15, 1939, Galento 
and Nova, 9:00 p.m. 


VIGO GOEN the Celeb adowe 600 
Eres aa eyesnie BCID feictetarse 575 
adenetiadctd DES Wigianas OLS cists sta oh +33 
URE erica AOD iarstahaiete OOM Noveretars sss +26 
(abi tor este BAB oaintaisiapaye BOO h tartan ae Se 
TATE Fo S90) mara teres BOS Resa + 8 


President’s speech to Congress; 
1939, 3:00 p.m. 


September 21, 


Figure 7. Base load of daily 
system peaks—December 1939 


Pau 
AVE Ee 
ML 
LN Hl 
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ave 
CA 


CLOUDINESS WIND 
VERY HEAVY 20M, 
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CLEAR ce) 


Lt <2 
Re 


aaeaeee ess. t= 
BAMBI E = EN BBoness 


ee Ui = 
TRAE or aint 
SECA 
PVE 
Bh eee 
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on Tuesday determine what corrections 
must be made, As the period of darkness 
recedes in February and “March, the 
evening peak base load-should be de- 
creased in a like manner, As the months 
change, as stated previously, corrections 
of the base load will have to be made 
when the temperature base is changed, 


Increase of Load From Radio 
Broadcasts 


It is evident that if the hourly base 
load is known and the weight of the 
factors of the degree of cloudiness, wind 
velocity, and temperature is known, the 
determination of the amount of the load 
increase due to radio broadcasts of great 
interest will be facilitated. 

As an instance of this, the increase of 
load due to the broadcast of a night ball 
game, of a prize fight, and of the Presi- 
dent’s speech to Congress is indicated 


in Table XX. The increase in load from 
the broadcast of night baseball appears 
to be a direct reflection of the attendance 
at the ball park, If the attendance is 
20,000 the increase in load will approxi- 
mate 20,000 kw. As noted in the table, 
when the attendance was approximately 
30,000 the increase in load approximated 
30,000 kw. 


Electrical Storms 


There is an appreciable potential de- 
crease of load on the approach of and 
during the progress of an electrical storm, 
principally due to silencing of radios, 
This effect, however, is counteracted by 
the increase due to the greater degree of 
cloudiness and the stronger winds. On 
October 21, 1939, the potential decrease 
during an evening storm approximated 
nine per cent, as indicated in Table XX1I. 

The approximate potential effect of an 


» Table XX. Load on October 21, 1939 (Saturday) 
System Wind Base, Normal 
Time, Load, Temperature, Velocity, Moga- Bane, 
P.M. Megawatts F MPH Cloudiness Weight watts Mogawatts 
U Mosier OLS Faia O7 (—LU)seecees OZ) atammeren Partly cloudy (2),4..++ 8.+1+«+-600,,005..-000 
Be wlaneovede eine ass 66 (—2).cnebos 15i(G) eniecete Partly cloudy (4),..++. 8..+++++560....+.+ +650 
Deady ea,» OSB viecceaOr ULE -puletela let IDB) cee es Light rain (5). 5.00 0e0llasenis ss 4SQuvea anemone 
LO, ayo BLO my ar. 60 ie ae 12 (5), ..... Heavy rain (6)....se0eLleseeess47Osuee eee 0D00 
Lh atten Fit 4-5, eA () je Way eb ad OC a nea Light rain (5), ...0eeeedbeesces 1485se ree 0 1400 | 
12, ...054- 440.5 a. 8 Dyas evan LOCA) re alate Light radii.(5). i. 36000010, 00600000, ee am 
Table XXII 
‘ System Wind Base, Normal 
Time, Load, Tempera- Velocity, ad Mega- Bane, 
P.M.* Megawatts ture, F MPH Cloudiness Weight watts Megawatts 
August 3, 1939 , 
ies etste tet O48 cece 896), Atereen 18 (6).....+ Overcast (8)... ssa veoh it cane sie OOO. cn nim 
Sa estate ba 635 Tih agyilits Rede Beatie, Weis! L(G saci «Heavy clouds (7). 60056618 s eens DOO. seer 
ON hae 644,....4, TUT) ih volo G)daneaitt Heavy clouds (6)... 06¢61Bs 6060 B70. ie ee OTE 
CA seeps GAT oun MONE es, 16 (6)...3.,.OVercast'(4)...ssveverrdli verso OC Onnsmembee 
August 16, 1939 
Di tesa diorek 635.....4. 86 \()itaastens 5 (2),....., Partly cloudy (2),.....5 50000 588, Colne Bee 
Bi. Gao re ne «Heavy clouds (6)...5.++16..++4..645,., O76 
ry elerentie Slaten . Partly cloudy (3),.,.++.10....4+. 608... 676 
Brn east OTS sii an eine .... Partly cloudy (3)..... 


* Standard time. 
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Table XXIII. Daily Schedule Data 
Tuesday, June 1, 1943 


Assigned Load and Capacity, Megawatts 


Megawatt-Hours Early A.M. Day Period P.M. Peak 
—_—_—_—_——_— Weather: 
Station Estimated Actual Avg Max Units Avg Max Onits Avg Max Units Predicted—Cloudy 
MRT ORUDER Ge seas ven neve 200. LODE oi isidtarsteis eh Omura mers Oo Aven UE VS Bes tS: By tacts cebeer verti cata 0) Actual—Very cloudy 
MRRPAERU Cd cies sooo e'ne sica 4,100. DOB esas alt) LAOk sal Oana c Seleur 240...265..... Ole fas 196 8 240s ns 5 
TREE WAREKE bites bos eeu ees 1,400 1,394... ZO aero evel rare A aetecs CDRS e OO eustore Atty ve 65. SOwe ac: 4 Temperature—Maximum 75 deg 
BPA ARO las) vibisje «s:3 so ole as 1,800. 1,827... OL OVA as Crd Dantes 132... 180...... Eyetaicters SS. re LlOMae 4 
RE MNOROSICIINL -Yetat ots, fo) 0 0 «a's o'vra’s 3,900. 3,975.... COA B Get Serra WES Ree 180. ..192...... Aiitars ae ESOV 12 LOS a site 2 
a 2,600. OOS se che eo ars Loos lee Lee 115.4, 2183.55. ct i Hee eg 4 
OSS 335... 336.... 13 Ee aes ate aia ean di Bes (AO a av ioe lerojoicies Dfreiate) RES Conowingo: 
Ly IO 2 Sater: 35... 1 ie atpa cae ag ett, Wh AD fia if Noa: 4 
MGTIO WAN EO Pe tee seis es l8heeeyaora 6;250-4. 6,269") 2.5.) Max. 2601 ob Whizenve Max. 2200. sieve aihexs Wax. f26054..2 7 Estimated flow—80,000 cfs 
Pennsylvania Water Power 
interconnection............ +200 te LOS ret dishare) amiatalale o svepsasine a eter iiss +10 VO ctalersre ts lsicr +10... 10 Actual flow—71,075 cfs 
Pennsylvania-New Jersey 
interconnection.......... —1,620...—1,297 Elevation—spilling 
RMHOUGGI Gly. nics se dace ees 20,820... 20,869 Deepwater total output: 
REMMI tiisix'e:< a's! a) aie 4 oi0 19,200 19,572 
2,901 megawatt-hours 
Load Estimates: 12-6 a.m 6-12 a.m 12-7 p.m 7-12 p.m a 
Capacity, megawatts......... SAS eter lca aWalck BA cise VEE ISLS Cae ance = LVGBE wrato ae LUGS: rchates os ve TOGA sttreweated 1,054 
Load, megawatts............ TO arate aan: BOGu leanne LOPS SE wins Oskar ces OSA elite sha. 022 705 Kaacs 905 Established peak transfer 
Reserve, megawatts.......... Sites sees 137. LS don eeap cae Gils, casine nite USB ce teeth P32 ret elk 149 
PARPIIOGUGIRORAWAtCS, 0260s. besser atte e ee weenenmn REUSE Rs Mth em occa te 20 river situs see's ales 870 9 a.m.—4 
6 p.m.—4 
Weather Weight: 
BRISSIOMRUMIC Cara ee is 2 aio vie ae nels oly eieieiees est on Ree ao Uren AA tg oie ste Miche 1 
RRR ION ciclo pis uss tie one e ole wa sie's Dieter caciee SB rateloreyysins Be. cle Maughan PD etdimiaiaiet Re eee 3 
MAO CIASIGES MN Naisy ay sis (inves, a) «els vb njors ie leew Bieteias'ei see CIA, eee Si edarts AB take Bist s LM etn Ole 0 
erie ead car LO cca are Lis ROLLA Ones areas 4 


electrical storm on the load in the daytime 
is indicated in Table XXII. 

The potential reduction in load due to 
electrical storms in the daytime approxi- 
mates 30 megawatts. 


Use of Method 


This method has been followed in 
estimating the load for the past five 
years. In 1938, there was a prolonged 
period of “‘cut and try” to arrive at a 
proper weighting of the weather com- 
ponents. In addition, during this period, 
the daily loads of the previous years and 
the weather as given in the summaries 
of the Weather Bureau were analyzed. 
It was apparent almost immediately that 
there was a base load to which the weather 
weights could be applied as a percentage 
to arrive at an estimate of the system 
load. 


Revision of Load Estimate 


” At noon, the weather forecast is re- 
ceived and an estimate of the system load 
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is made, generating capacity is scheduled, 
and the station superintendents, coal 
bureau, and interconnection office are 
notified. The schedule card is as shown 
on Table XXIII. 

The morning peak of a clear day occurs 
at8:30a.m. During the summer months 
of high temperatures, the morning peak 
may occur as late as 11:00 a.m., if the 
temperature increase is appreciable. At 
6:30 a.m., the load dispatcher applies 
the proper weight to the weather as 
predicted at 6:00 a.m. by the Weather 
Bureau and as indicated by existing 
weather conditions, and the load estimate 
is revised by him if necessary. If the 
weather is very cloudy, the morning peak 
will occur between 9:30 a.m. and 10:30 
a.m., permitting a revision of the estimate 
at 8:30 a.m. if the required additional 
generating capacity may be made avail- 
able for load. 

In the copy of the schedule card, the 
initial estimate of the morning peak was 
996 megawatts, based on a predicted 
temperature of 73 degrees, a wind velocity 
of five miles per hour, and high clouds 


Dryar—Effect of Weather on System Load 


and overcast sky. At 6:30 a.m., the 
estimate was corrected for a predicted 
temperature of 73 degrees, a wind ve- 
locity of eight miles per hour, and an over- 
cast sky with three-mile visibility. As 
shown on the schedule card, the weather 
weight was increased from six to eight 
and the load estimate was raised to (940 
1.08)=1,015 megawatts. At 8:10 a.m., 
a revision was made in the load estimate 
because of the continued lowering of the 
clouds and for a temperature of 70 degrees 
and a wind velocity of five miles per 
hour. The combined weight of ten called 
for a revised estimate of (940X1.10)= 
1,034 megawatts. The actual peak of 
1,043 megawatts occurred at 9:30 a.m. 


Responsibility of Load Dispatcher 


Revisions of the daily load estimates 
are a daily occurrence, and it is desirable 
that this responsibility be assigned to the 
load dispatcher on duty as he is in the 
best position to observe the trend of the 
load and the effect of the weather on the 
load. 
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American Telegraphy After 100 Years 


F. E. D'HUMY 


FELLOW AIEE 


Synopsis: The telegraph, which is the 
oldest electrical industry, celebrated its 
centennial on May 24, 1944. Technically, 
its operations have changed greatly during 
recent years, but the only data which have 
been published regarding such changes 
pertain to specific applications or develop- 
ments. The present paper is intended to 
present an over-all picture of American 
telegraphy as it is conducted today by the 
one company which is engaged solely in the 
domestic telegraph business. 

The paper explains the nature of telegraph 
service, discusses the traffic problems asso- 
ciated with the business, describes the 
facilities which are employed, and the 
functions which they perform. Although 
the paper is long by reason of the multi- 
plicity of telegraph services and types of 
apparatus, only brief references are made to 
features of plant or equipment which have 
become stabilized through the years and well 
understood by the industry. Similarly, no 
attempt is made to discuss details of tech- 
nical design or operation, nor the various 
historical steps by which the telegraph 
reached its present status. In brief, the 
paper presents merely a general view of the 
industry at the end of its first century of 
existence. 


ODERN man is so beset by experi- 
ences and so accustomed to the 
unusual and the new that he seldom 
pauses long enough to consider where 
these things come from or why they 
happen. He does not realize that he is 
having science forced upon him all the 
time, that almost his every act and his 
every thought have been directed or in- 
fluenced in some way by that intangible 
something that is called electricity. It 
was only ten years ago that this great 
society celebrated its golden anniversary. 
It lauded the accomplishments of its 
scientists and engineers; it recited the 
long list of modern comforts and great 
industries that owed their very being to 
electrical discoveries. So it is with the 
greatest of pride that the writers of this 
paper remind their readers that all of 
these great industries which harness 
electricity for the benefit of mankind had 
their beginning just 100 years ago when 
Samuel Finley Breese Morse introduced 
to the world his working electromagnetic 
telegraph. 
There had been great inventions before, 


Paper 44-127, recommended by the AIEE com- 
mittee on communication for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 
22,1944; made available for printing May 23, 1944. 
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such as the steam engine, the cotton gin, 
and the sewing machine; and scientists 
had experimented with the electric- 
current deflecting needles, repelling pith 
balls and the like. The Leyden jar and 
the electric battery also had been in- 
vented, but no prior application of electri- 
city ever contributed to the welfare of 
man as did the telegraph. It was the 
real beginning of electrical engineering. 

It is not necessary to dwell on the trials 
and tribulations of the inventor nor on 
his biography. This year is the cen- 
tennial of the telegraph, and appropriate 
ceremonies already have been held, both 
at Franklin Institute iff Philadelphia, 
Pa., where the first experimental model 
of the telegraph was shown in 1838, and 
in Washington, D. C., where in 1844 the 
public demonstration of “What Hath 
God Wrought” took place. The present 
paper is intended to describe the tele- 
graph as it is, 100 years later. 

By reason of limitations as to time and 
space, this discussion will be confined to 
the business as conducted by The Western 
Union Telegraph Company, which now, 
sinceits absorptionof the Postal Telegraph 
Company, is the only American company 
engaged solely in the domestic telegraph 
business. Items of plant and equipment 
which have been in use throughout the 
years, with little or no change in funda- 
mental character, will be mentioned only 
casually or not at all. No attempt will 
be made to discuss the technical com- 
plexities of design or operation. In 
brief, it is proposed to present only an 
over-all picture of present-day telegraph 
technology. 

Telegraphy is not simply a system for 
transmitting information across vast dis- 
tances—it is a communication service 
of ‘record.’ Like the telephone, it 
traverses long distances, but its function 
is to provide at the destination a written 
or printed record of the information 
which was transmitted. This record, 
accurate and permanent, is the indispen- 
sable tool of, business. The business 
man, the engineer, the professional man, 
and the worker cannot carry on without 
the quick transmission of . information 
between distant points and the recording 
of that information, so that there will be a 
minimum chance of misinterpretation or 
mistake, 

In its simplest form telegraph service 
has a great similarity to mail service, in 
that it starts at the point of origin with a 


piece of paper bearing a message, and it - 


delivers at the destination a piece of 
paper bearing the same message. Both 
services essentially involve personal con- 
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tact at both ends between the public and 
the carrier, the element of time being the 
prime characteristic difference between 
them. That is why the air-mail service, 
through its lessening of time for mail 
transportation, now handles so many 
communications of medium urgency that 
were formerly handled by telegraph. As 
air-mail service expands and speeds up, 
the telegraph must necessarily become 
more and more a service to fulfill the need 
of highest urgency. The trend of future 
development will be to minimize the time 
element. 


Telegraph Services 


Before discussing the technical systems 
and devices used, it seems wise first to 
outline the nature and peculiar character- 
istics of telegraph communication serv- 
ices. First there is the telegraph service 
rendered to the public in general. A 
piece of paper bearing the message is 
physically carried from or handed by the 
sender to the nearest branch telegraph 
office. It is then wired to the main 
office, being there recorded on a second 
piece of paper which is moved around the 
room to the appropriate outgoing trunk 
position. Upon transmission to the city 
of destination it is recorded on a third 
piece of paper, moved through the room 
to the city line position of the appropriate 
branch office, and transmitted to that 
branch where it is recorded as a fourth 
piece of paper which is physically de- 
livered to the addressee. If pickup or 
delivery is from the main office, or if the 
branch office has pneumatic-tube connec- 
tion to the main office, then one less 
piece of paper is involved. On the other 
hand, if there are no direct trunks be- 
tween the cities, there will be.a relay at 
an intermediate point, involving an addi- 
tional piece of paper. Obviously, the 
physical handling of pieces of paper is 
an important factor in rendering service 
to this class of customers; it probably 
has more influence on the speed of service 
than any other factor. 

Then comes the service to business 
houses or other users, who have sufficient 
need for the telegraph to justify the ex- 
pense for special equipment, by means 
of which the messages may be conveyed 
to and from the telegraph office electri- 
cally, rather than by the physical han- 
dling of a piece of paper. In these cases, 
the patrons operate their own sending 
and receiving equipment. 

The next type of service involves the 
leased circuit between customers’ offices 
by means of which the customers them- 
selves perform all sending and receiving 
operations; the telegraph company 
merely provides the circuit and stiper- 
vises its performance. Such telegraph 
connections may be set up either for 
definitely assigned periods of time or, on 
demand, for short usage, just as telephone » 
connections are established. 
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_A special class of this service is that 
in which customers who have large net- 
works of leased private circuits are pro- 
vided with special switching facilities at 
central points, by means of which the 
user himself can set up connections for 
switching traffic between any two or more 
points reached by his private wire net- 
work. 

A further development is an expansion 
of the two last-mentioned services by 
which many stations are connected 
together for the simultaneous transmis- 
sion of information to the other stations, 
either from one main sending station 
or from any one to the others. This is a 
limited form of broadcasting. Such net- 
works are employed by newspapers and 
press associations, by governmental de- 
partments, by brokerage houses, and by 
other industrial organizations which have 
numerous branches or plants in widely 
separated localities. 

Special applications of the last-men- 
tioned type of service are the quotation 
service rendered for stock markets and 
produce exchanges, and the news and 
sports services that reach all parts of the 
country. The most common symbols of 
these services are the news and stock 
tickers often seen in business houses, 
clubs, and the offices of security brokers. 
Another closely related service is that of 
furnishing and operating ‘‘automatic 
stock-quotation boards’’—display boards 
which, by telegraphic control, automati- 
cally post price changes of market securi- 
ties immediately after transactions take 
place. A third auxiliary service is that of 
furnishing correct time through the 
means of time pieces which are periodi- 
eally synchronized with master clocks 
controlled by signal from the naval ob- 
servatory at Washington, D.C. 

In addition to these various land-line 
telegraph services, international telegraph 
communication by cable and radio must 
be included as one of the very important 
services in which the land-line telegraph 
company participates. In the case of 
cables operated by the Western Union 
Company, the telegraph company has 


entire charge of all business, plant, and 


operations. In the case of cables and 
radio circuits owned and operated by 
companies which have terminal facilities 
comprising only the international operat- 
ing stations, the handling of terminating 
business to and from the land-line pa- 
trons is conducted by the telegraph com- 


pany, except in those cities where the 


international operating stations are lo- 
cated. Except for the greater use of 
codes in order to attain brevity, inter- 
national communications so far as the 
public is concerned are not greatly differ- 
ent from land-line telegraphy. 

While the foregoing lists practically all 
of the fundamental types of record com- 
munications, there have grown up 
through the years many modifications of 
these services as well as many auxiliary 
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services, most of which were created either 
to satisfy a public need or to attain better 
utilization of plant or personnel other- 
wise required for purely telegraph pur- 
poses. Among the first group may be 
mentioned day letters and night letters, 
money transfer by wire, special holiday 
and greeting messages, and other fixed 
text telegrams. In the second group 
are such activities as messenger errand 
service, parcel deliveries, shopping servi- 
ces, ticket reservations, and so forth. 
Although activities of this character, 
before they were curtailed on account of 
the war, were of no little importance in 
the day-to-day operations of a telegraph 
company, they do not involve technical 
facilities essentially different from those 
employed for other services; hence they 
will not be considered further in this 


paper. 
Traffic Considerations 


The function of telegraphy is primarily 
to provide record communication service 
between points which are so far apart 
that physical delivery of a message will 
not be sufficiently expeditious. This 
condition limits the use of the telegraph 
for local communications and hence has 
caused the telegraph system to become a 
network of trunk lines connecting traffic 
centers, scattered far and wide through- 
out the country and serving as collecting 
and distributing centers for all telegraph 
business. These centers are always cities 
or towns which directly serve populated 
areas of considerable extent. The local 
public in the cities is served by main 
and branch offices and by direct local cir- 
cuits to the larger users. Surrounding 
towns and communities are served by 
tributary circuits from the central city. 
Each community in turn has one or more 
local offices and as many circuits to local 
patrons as the needs require. The sys- 
tem of the Western Union Company 
reaches 18,866 telegraph offices and over 
14,000 agencies. 


Circuir LAyvout 


If one could start out today and build 
an entirely new telegraph plant, the first 
step in developing the plans would be to 
estimate the amount of business that 
could be expected to be handled between 
all points to be served, one to the other. 
From these data he would determine 
between what points there would be 
enough traffic to justify “‘terminating”’ 
circuits, and what points would be re- 
quired as junction points for traffic that 
could not go by ‘“‘direct’’ connections. 
Then he would decide upon the number 
and character of circuits required between 
all these various terminals; from this 
decision he would be able to locate his 
terminal and junction offices and decide 
upon the equipment required for each of 
them. 

This is just the kind of work that is 
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continually being carried on in the traffic 
organization. From studies made of 
message loads between all points there 
has been set up a precise schedule which 
determines the circuit requirements be- 
tween all offices, what offices shall have 
direct circuits to what other offices, and 
how every message shall be routed from 
origin to destination. There is always 
a preferred route and, in general, one or 
more alternate routes for use when the 
preferred one is not available. These 
studies determine when existing circuits 
shall be discontinued and _ prescribe 
where new ones shall be established, even 
to the extent of naming the wires to be 
used by their individual wire numbers. 
They specify the method of operation 
and the location and types of repeaters 
or regenerators. All of this circuit and 
routing information is embodied in 
printed instructions issued by the head- 
quarters office and distributed through- 
out the country, each office receiving 
whatever instructions apply to its own 
activities. : 
Offices which serve as transfer points 
for traffic are known in telegraph par- 
lance as ‘“‘relay’’ offices, and the opera- 
tions of receiying and retransmitting 
telegrams are known as a “relay” of 
traffic. This use of the word “relay” in 
connection with telegraph-message han- 
dling is peculiar to the business and must 
not be confused with the same word when 
employed to designate electromagnetic 
devices for repeating electrical impulses. 


TRAFFIC ROUTING 


The handling of telegrams in a tele- 
graph office is to a certain extent similar 
to the sorting and distributing of mail 
in a post office. All of the telegrams 
originating in a city must get to the 
main office in that city either directly by 
messenger, telephone, or customer’s tie 
line, or through a branch office by either 
wire or pneumatic tube. In usual main- 
office practice all of these messages flow 
through a distributing center where each 
is dispatched either to the appropriate 
outgoing trunk position or to a subcenter 
from which it is carried to that position. 
These operations are performed manually 
in the smaller offices, but in larger offices 
belt conveyors and sometimes routing 
aides on roller skates are used to transfer 
the messages around the operating room. 

Business incoming to the main office 
from other cities may be either terminat- 
ing or for relay. In the latter case the 
messages are handled through the dis- 
tributing center just mentioned. Ter- 


_ minating business goes to a city routing 


center where clerks determine the fur- 
ther handling, which may be by customer 
tie line, telephone, messenger, or through 
some branch office, which in turn may be 
reached by tube or wire. The city clerks 
dispatch this business to that part of the 
operating room where the facilities in- 
volved are located. 
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Obviously, it is impossible for a clerk 
to remember all of the information re- 
quired, so route charts are provided for 
the outgoing trunk business in the dis- 
tributing center and for the terminating 
city business in the city routing center. 
These charts give all of the information 
necessary for the handling of business in 
those centers. 

In certain of the newer type reperfora- 
tor switching offices, which will be de- 
scribed subsequently, incoming  tele- 
grams are switched directly to their out- 
let without copying and retransmitting. 
In such installations each switching clerk 
acts also as a routing clerk and hence is 
provided with complete route charts 
mounted directly over the receiving 
equipment, 


TRAFFIC DISPATCHING 


No matter how perfectly the routing 
of telegrams to destination may be worked 
out and standardized, there are always 
situations in a nationwide system which 
require departure from the authorized 
routine. Lines may be disrupted by 
storms, floods, or train wrecks; circuits 
may be inoperative because of aurora 
borealis, inductive interference, or earth 
potentials. Central offices may be out of 
commission on account of fire, floods, or 
power failure. Sudden surges of traffic 
may be occasioned by events of unusual 
character, such as catastrophies, sports, 
elections, court trials, or governmental 
activities. Since local supervisory staffs 
are in general not in a position to meet 
these emergencies, there is maintained at 
headquarters a dispatching bureau which 
receives hourly reports from all main 
traffic centers throughout the country, 
advising of unusual conditions or cir- 
cumstances that may create congestion 
or anemergency. This bureau then sets 
up counter measures, diverting traffic 
around critical areas, arranging for addi- 
tional circuits to points of heavy load, 
and taking whatever other steps may be 
necessary to meet the situation. 


Trunk-Line Plant 


The trunk-line plant of the Western 
Union Company is a network of open- 
wire pole lines, with cables at entrances 
into cities and in limited trunk sections 
where the number of circuits is too great 
to permit safe construction with open 
wires. The cables are carried aerially 
where conditions permit. Elsewhere 
they run in underground conduits, or as 
submarines where crossing rivers or other 
inland bodies of water is necessary. 

Telegraph lines are predominantly 
along railroad right of ways; only a very 
small mileage follows highways or cross- 
country routes, This close relationship 
between the telegraph and the railroad 
dates back to the pioneering days when 
railroads first stretched their lines to the 
new outposts of American industry. 
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The railroads needed the telegraph to 
operate their trains and carry on their 
business; the telegraph companies, 
which then were small in size and large 
in number, needed right of ways, trans- 
portation for men and materials, and 
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offices and operators at the way stations 
along the routes. The arrangements 
were to the mutual advantage of both 
industries. Today, with only one tele- 
graph company, there is practically no 
railroad in the country which does not 
have the Western Union Company con- 
tracts covering pole lines and wires on 
its right of ways. 

The telegraph plant within the United 
States, and including extensions to cable 
stations in the maritime provinces, ag- 
gregates 238,700 miles of pole line in- 
volving approximately 7,000,000 poles. 
Open-wire mileage exceeds 2,300,000 
miles. About 72 per cent of this is cop- 
per, mostly number 9 American wire 
gauge. The remainder is iron or steel 
with number 8 Birmingham wire gauge 
the predominant size. Larger sizes have 
been employed in special locations where 
unusually heavy storm conditions are 
encountered, but the preferred method of 
securing greater line-wire strength is to 
use high-strength bronze or copper having 
a core of high-strength steel. 

The major portion of the telegraph- 
wire plant is carried on ten-foot ten- 
pin wood crossarms; there are seldom more 
than five or sixarmstothe pole. Pins are 
of steel with wood cobs, although during 
recent years much new construction has 
been made with wood pins. The stand- 
ard insulation is glass of a double petti- 
coat design. A recent development, 
introduced to the telegraph plant about 
five years ago, is an insulator made of a 


- rubber compound designed to take the 


place of glass in specific localities where 
malicious breakage of insulators from 
stones, rifle bullets, and so forth is so 
prevalent as to require their frequent re- 
placement. 

Cable construction in the telegraph 
plant follows recognized practices in the 
communications industry. Cables are 
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paper insulated and lead sheathed. For 
trunk purposes conductors are of number 
16 American wire gauge or larger, with 
insulation designed for 1,200-volt break- 
down test. Wires are paired and also 


quite generally quadded. For local dis- - 


BOOKKEEPING 
DEPARTMENT 


Figure 1. Typical telegraph-office layout 


tribution purposes in cities and towns 
cables are usually of number 19 American 
wire gauge insulated for 500-volt break- 
down test. 

While the basic character of the trunk- 
line-wire plant has not changed appre- 
ciably through the years, the develop- 
ment and use of high-efficiency operating 
systems has imposed many technical re- 
finements on the plant construction and 
particularly on its operating character- 
istics. As more and more message ca- 
pacity is derived from each wire, it be- 
comes increasingly important to secure the 
maximum continuity of operation. In 
present-day telegraphy, therefore, greater 
precautions are required than formerly 
were necessary to guard against line 
interruptions due to pole failures from de- 
cay, overloading or accident, circuit 
failures caused by wire breakage, wire 
crosses or electrical hazards, and cable 
failures due to damage from accident or 
corrosion. 


High-speed operation also imposes — 


severe limitations on the amount of 
extraneously caused currents that can be 
permitted in telegraph wires. Mitiga- 
tion of inductive interference from 
neighboring electric- -power lines, there- 
fore, has become a major problem, and 
close co-operation is maintained with 
electric-light and power organizations in 
order to avoid interference where possible 
and to lessen its effects when complete 
avoidance is not practicable. Not only 
have power companies made many 
changes in their plans and systems in 
order to minimize interference effects, 
but also elaborate neutralizing systems 
have been installed in the telegraph 
plant. In some of these, pilot wires are 
carried on the telegraph lines throughout 
sections which are exposed to inductive 
effects, and electronic devices are in- 
stalled at the terminals or junction 
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points to generate neutralizing poten- 
tials which are introduced into the af- 
fected circuits. 

Crossfire interference between the vari- 
ous telegraph wires themselves is another 
factor that influences high-speed opera- 
tion. On important trunk lines this dis- 
turbance has been minimized effectively 
through the installation of neutralizing 
networks at the central-office terminals. 
Earth, potentials are another cause of 
disturbance, and in a number of situations 
it has been necessary to run special ground 
wires to distant points of more constant 
potential or to install automatic neutraliz- 
ing systems controlled by pilot wires to 
points out of the zone of disturbance. 

The gradual introduction of high-fre- 
quency carrier telegraph systems em- 
ploying metallic circuits is another factor 
that has altered trunk-line practices in 
the telegraph industry. In order to pro- 
vide the high degree of circuit balance 
necessary for such operation, pole lines 
have been rearranged to secure close 
pairing of like wires, sources of resist- 
ance or leakage unbalance in the cir- 
cuits have been eliminated, and trans- 
position systems and methods capable 
of preventing high-frequency cross induc- 
tion have been developed. It also has 
been necessary to standardize coils for 
inductive loading of aerial and under- 
ground cable circuits and to provide for 
matching the circuit-impedance char- 
acteristics at junction points between 
open wire and cable. 


Central Offices 


The telegraph central office is the pivot 
about which revolve all activities of the 
telegraph business. It is the point from 
which radiate the trunk circuits to all 
distant cities and traffic centers; it is the 
focus of all telegraphic communication 
from the nearby populated area. In it 
takes place all the crisscross of communi- 
cations, the movement of untold numbers 
of papers bearing important messages, 
and the interconnection of electric cir- 
cuits carrying these messages in all 
directions. 


OFFICE BUILDINGS 


In many of the larger cities The 
Western Union Telegraph Company has 
established its own central-office build- 
ings, designed and built to provide the 
special features needed for the installa- 
tion and operation of telegraph equip- 
ment. The largest of these, in New 
York, houses the general offices of the 
company and has a usable floor area of 
731,000 square feet. 

Where special telegraph buildings have 
not been provided, the telegraph central 
offices are located in regular office build- 
ings or, as in small towns, in store build- 
ings. In such situations it usually has 
been necessary to install special conduits 
or ducts to bring the power and com- 
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munication wires into the building and 
in some cases to provide special reinforce- 
ments to take care of the increased floor 
loadings. 

If a large office is used as a basis for 
discussion, telegraph central-office equip- 
ment may be classified roughly into the 
following categories: 


1. Wire terminating equipment, including 
entrance cables, protectors, distributing 
frames, and switchboards. : 


2. Intermediate operating equipment, in- 
cluding repeaters, concentrators, and operat- 
ing-system apparatus, such as multiplex, 
Varioplex, carrier, and Telefax. 


3. Operating positions, including operating 
tables with Morse, multiplex, and tele- 
printer receiving and sending apparatus, 
tape perforators, transmitters, telephone 
terminals, Telefax terminals, switching 
facilities, and so forth. 


4. Message-handling equipment, including 
belt conveyors for message handling be- 
tween incoming and outgoing operating 
positions, distributing centers, and terminals 
of branch-office pneumatic tubes. 


5. Power equipment, including power 
switchboards, rectifiers, and motor generator 
equipment for converting commercial elec- 
tric power to the type and voltage needed 
for telegraph operations; power distribu- 
tion systems to various telegraph-equip- 


-™ment installations; and often storage bat- 


teries or engine-driven generator units to 
supply emergency power in the event of 
failure of commercial supply. 

6. Building equipment, such as adequate 
illumination for all purposes, ‘elevators, 
heating supply, ventilating and plumbing 
equipment, clothes lockers and rest rooms, 
and restaurant facilities, where required. 


OFFICE LAYouT 


The layout of a central office has to 
accommodate itself to the structural 
characteristics and floor plan of the 
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building. Although its size and impor- 
tance vary greatly, the planning of an 
office is chiefly directed to two basic 
requirements; first, to provide a mini- 
mum travel time, implying a minimum 
travel distance, for the telegrams as they 
move through the office in the processes 
of distributing and relaying; and second, 
to place the various items of equipment so 
as to require a minimum of wiring and 
cabling between them. 

In the operating department the dis- 
tributing center forms a focus for all 
traffic movement. Operating tables are 
arranged in rows to facilitate supervi- 
sion. Trunk positions are usually sepa- 
rate from local positions, with Morse, 
multiplex, teleprinter, and Telefax in- 
stallations each grouped by themselves. 
Figure 1 shows a layout that is represen- 
tative of a medium-sized office. Where 
the operating department occupies more 
than one floor, as is the case in New York, 
Chicago, St. Louis, Philadelphia, Boston, 
Washington, and Los Angeles, the same 
principles guide, but the layout is made 
in three dimensions rather than two. 

As a separate unit but as close as prac- 
ticable to the operating area are the dis- 
tributing frames, switchboards, repeat- 
ers, multiplex and carrier equipment, 
and all other apparatus which is regularly 
supervised by what is known as testing 
and regulating forces. Power conversion 
equipment is usually nearby, although 
emergency engine generator units are 
customarily placed in basements. 


TELEGRAPH POWER 


Wherever possible, telegraph power is 
supplied by commercial electric-power 
sources, either direct or alternating cur- 
rent as the case may be. Since most 


Figure 2. Portable emergency power unit 
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telegraph operations are still conducted 
ona d-c ground-return basis, both positive 
and negative polarities are required. The 
standard line potential is 160 volts, the 
240-volt supply which used to be quite 
common now largely having been elimi- 
nated. Most local circuits are 120 
volts direct current, either positive or 
negative, although a few applications re- 
quire 24 volts. During recent years the 
expansion of Varioplex and the growth 
of Telefax have greatly increased the use 
of electric motors, many of which must 
maintain operation at constant speed. 
Consequently, the simplicity and out- 
standitig advantages of synchronous a-c 
motors have caused a great growth in 
the use of alternating current, usually 
of the 120-volt 60-cycle standard com- 
mercial supply. 

By reason of the multiplicity of electric 
power supplies needed for telegraph 
operations, considerable conversion equip- 
ment is necessary to provide the proper 
type of supply and voltage. Where the 
commercial supply is only direct current, 
motor generator sets include booster 
generators to provide the increase in 
direct voltage needed for telegraph 
operations and alternators to provide 
the necessary alternating current. Where 
a-c commercial supply is available, motor 
generator sets are used to obtain the d-c 
potentials, if the office is large. In small 
offices, however, it is customary to em- 
ploy mercury-vapor rectifiers to produce 
the d-c potentials, the commercial a-c 
supply being used without change for 
the a-c potentials. 

Since continuity of service is one of 
the prime essentials of a telegraph office, 
every effort is made to insure dependabil- 
ity of power-supply. Where possible, 


separate and independent power supplies 
are brought into an office, preferably by 
routes and entrances so located that an 
accident to one supply will not affect the 
When such fallback power serv- 


other. 


ices are not available, and the impor- 
tance of the office justifies it, separate 
engine-driven emergency generator units 
are provided. These are usually gasoline 
operated, although Diesels are used in 
some installations, and in a few cases 
natural or manufactured gas is the source 
of power. 

Because it has not been practicable to 
install emergency power units in all 
central offices, there also have been 
provided a number of portable emergency 
power plants, strategically located 
throughout the country, ready for quick 
movement into localities where disaster 
may have interrupted the regular power 
supplies. These units, of which Figure 2 
is typical, have a capacity of 25 kw which 
is sufficient to take care of emergencies 
in most of the offices which do not have 
emergency plants of their own. The 
unit illustrated is interesting in that the 
engine is that of an ordinary Ford truck, 
and the generator is one of special design 
which will deliver its full capacity as 
either direct or alternating current, or 
part direct and part alternating current. 


MESSAGE-CONVEYOR SYSTEMS 


As described under ‘‘Traffic Routing,” 
messages must be moved physically 
about the operating rooms. In small 
offices the distances are not great and the 
messages are simply transferred manu- 
ally. In large offices, however, the opera- 
tion is complicated, both by the distances 
and the large number of messages 
handled. For example, it is not uncom- 
mon for the New York or Chicago office 
to have as many as 250,000 to 350,000 
separate message handlings daily. This 
intraoffice distribution of telegrams in 
large offices is accomplished by means of 
belt conveyors. The present-day types 
consist of V belts (really a narrow belt 
just below an open bottom V-shaped 
trough) running along the backs of the 
operating tables, so that telegrams may 


Figure 3 (left). WV 
belts back of multi- 
plex positions 


Figure 4 (right). 
Typical branch of- 
fice with pneumatic 
tubes to main office 
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be dropped upon them at almost any 
point. These belts carry messages’ to 
the main or city distributing ceriters 
where they are distributed to subcenters 
located in various parts of the operating 
rooms, close.to the operating positions 
which they serve. Flat belts, 11 inches 
wide, are still in use in some of the older 
offices. Where necessary to run over- 
head or between floors, strap or drag 
belts or ‘‘twist’’ belts are used. These 
are operated much faster than the table 
belts and can run for considerable dis- 
tances without intermediate supports.” 

Belts operate at speeds of from 60 to 
700 feet per minute, depending on the 
type of belt and character of service. 
In the New York office the belt distribut- 
ing system employs no less than five 
miles of belting and includes four dis- 
tributing centers, each located on a 
separate floor of the operating depart- 
ment. Figure 3 shows the V belts im- 
mediately behind a row of operating 
tables. 


Local Service Facilities 


The term ‘‘local service’ implies the 


operation of getting outgoing telegrams 
from the originating party into the main 
telegraph office for transmission, and the 
reverse operation of conveying the in- 
coming telegrams from the central office 
to the addressee. : 

The casual sender of a telegram dis- 
patches his messages in either one of 
two ways. He visits the nearest tele- 
graph office or agency and hands his mes- 
sage over the counter, or he calls the 
telegraph company on a telephone and 
gives his message to an operator in the 
telegraph office. Telephoned messages 


may originate either in a private or pay- 
station telephone, or in a ‘‘self-service” 
booth maintained by the telegraph com- 
pany in a hotel lobby, railroad station, or 
other public building. 

If the customer is a business man who 
has fairly frequent need of telegraph 


service, the telegraph company will have 
provided him with a messenger call box, 
by which he can call a messenger who will 
collect his message and carry it to the 
telegraph office or the nearest branch 
office. When his business requires regu- 
lar use of the telegraph and more frequent 
service, the patron will have a direct 
private wire to the telegraph main office. 


DIRECT WIRE 
To 


Figure 5 (above). 
Self-service telegraph 
booth 


Figure 6. Tube-termi- 
nal room, concentrat- 
ing incoming carriers, 
and time-spacing out- 
going carriers 


This will probably be operated by a 
printing telegraph machine, or perhaps 
by telephone. Some of the more recent 
installations employ Telefax. The use 
of Morse telegraphy has been largely 
superseded for this as well as all other 
classes of service. 

Whenever messages are handled 
through a branch office or an agency there 
is the extra operation of sending to the 
central office. This will usually be done 
by telegraph. In large cities, however, 
branch offices which are reasonably close 
to the main office will have pneumatic- 
tube connections; in some cases the 
transmission between branch and main 
offices is by telephone or Telefax. 
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COMMERCIAL OFFICES 


Of the various facilities mentioned 
previously, the telegraph commercial 
offices and agencies are of first impor- 
tance to the general public. There is 
always a public commercial office in the 
same building as, and directly associated 
with, the main operating office. In 
larger towns and cities there are addi- 
tional commercial branch offices located 
in other business or residential districts. 
Present trends are toward increased use 
of small branches and agencies in order 
to provide greater corlvenience for the 
public. 

A typical branch office is shown in 
Figure 4. The equipment of such offices, 
besides the customary counters and 
public writing facilities, consists essen- 
tially of means for conveying messages 
to and from the main office, a telephone, 
time stamps for marking the arrival and 
delivery time of messages, and often a 
call circuit register for identifying the 
code signals sent from call boxes. In the 
office illustrated the connection to the 
main office is via pneumatic tube. 

Telegraph agencies are, in effect, simply 
miniature commercial offices located in 
drug stores or other places which people 
frequent and are equipped with such 
facilities for communicating with the 
telegraph main office as best suit the local 


self-service 
booth for telephone operation is illus- 
trated in Figure 5. This equipment is 
often employed at offices or agencies dur- 


ing periods when no attendant is on duty. 


conditions. A telegraph 


PNEUMATIC TUBES 


For many years pneumatic tubes have 
constituted one of the most generally 
used means for transmitting messages 
between branch and central offices, and 
also between different departments in 
the larger central-office buildings. Tube 
connections have the advantage that 
the original copies of messages can be 
transmitted, and that no special training 
is required for their operation. They also 
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have a very large message carrying ca- 
pacity. Since individual carriers hold as 
many as eight messages at a time, a single 
tube can handle as much business as 
several telegraph or telephone circuits. 

The Western Union Company has 
nearly 400 miles of underground pneu- 
matic tubes located in 53 different cities. 
The largest installation, serving 47 branch 
offices, is in New York. The longest 
tubes extend underground from the main 
office at Hudson and Worth Streets to 
Broadway and 40th Street, a distance of 
3.3 miles, but they are operated with a 
relay at 23d Street. As a rule, however, 
tube lengths greater than 3,000 feet are 
not desirable because of the greater power 
required for operation and the longer 
transit time for the carriers. 

Each tube line consists of a pair of 
tubes, 2!/, inches inside diameter, con- 
nected to a sending and receiving ter- 
minalateachend. The pair is customar- 
ily operated as a closed loop, the outgoing 
tube from the main office being under 
pressure and the incoming one under 
vacuum, with the air being constantly re- 
circulated. In large installations air is 
supplied by large motor-driven compres- 
sors to manifolds which, in turn, feed all 
tubes of the system. In smaller jobs 
each tube has its own motor-operated 
blower, operated intermittently from a 
timing device. Messages are conveyed 
in “carriers,” usually of fiber, eight inches 
in length. Transit speeds range from 
1,500 to 3,500 feet per minute. 

The terminals of telegraph pneumatic 
tubes are somewhat similar to those 
employed in department-store tubes for 
carrying cash and need no special ex- 
planation. Telegraph installations, how- 
ever, do involve a number of unusual 
features. One is a hopper arrangement 
for concentrating carriers from several 
receiving tubes into a small number of 
outlets. Another is the provision of 
automatic timers to insure proper spac- 
ing of carriers in long tube runs and thus 
prevent pile-ups and possibly blocks (see 


teleprinter mounted in 


console 


Figure 7. Page 
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Figure 8. 


Figure 6). In special situations increased 
utilization of a tube is obtained by equip- 
ping its outer end with an electronically 
controlled selector by means of which 
carriers from the main office are auto- 
matically switched to any one of two or 
three different terminals, according to 
the type of carrier used. A special de- 
vice in the New York installation is a 
silica gel dryer for drying the air in the 
tubes in the event that tube leaks or 
condensation from damp weather should 
tend toward water accumulations. 
Although pneumatic tubes always have 
been considered one of the most efficient 
means for handling telegrams between 
main and branch offices, the recent de- 
velopment of central-office reperforator 
switching systems, which will be dis- 
cussed subsequently, is causing a trend 
away from pneumatic tubes to teleprinter 
operation of branch offices. Under this 
system transmission from branches can 
be switched directly to trunk lines with 
the elimination of central-office handling 
and with an increased speed of service. 


Morse TELEGRAPHY 


There is little to be said regarding 
Morse systems because they have been 
superseded so largely by automatic 
methods. The Morse system is still em- 
ployed for occasional local operations, but 
its present-day use is largely confined to 
tributary circuits, such as those to rail- 
road station offices and small towns. 

The Morse circuits which still remain 
are operated either “‘single’” or “duplex”, 
depending on local conditions and re- 
quirements. Where a number of single 
Morse wires enter an office, it is custom- 
ary to terminate them in a concentrator 
which provides means for an operator 
from one position to connect to and 
operate any one of several wires. Gen- 
erally only eight circuits are wired to a 
Morse concentrator. 


TPELEPRINTERS 


The teleprinter is the most widely used 
means for operating circuits between 
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Teleprinter concentration unit for 100 lines 


Figure 9. Telefax equipment 


customer's office 


main offices and branch offices, private- 
line patrons, or tributary points; also 
for point-to-point services in leased wire 
networks. The teleprinter is a machine 
which, in a single unit, comprises a key- 
board resembling that of a typewriter 
for sending and a printing mechanism 
for receiving. The two units are inde- 
pendent except that they share a common 
motor drive. They can be operated 
separately and simultaneously, or they 
can be interconnected electrically, when 
desired, so that the receiver will copy the 
transmission from the keyboard to give 
a home copy. The keyboard and the 
printing mechanism each has a dis- 
tributor associated with it. 

The teleprinter utilizes a five-unit per- 
mutation code of signals for transmitting 
and receiving intelligence. However, in 
order to maintain proper phase between 
sending and receiving instruments, an 
extra impulse is sent before each letter 
to start the rotating distributors in proper 
relationship to each other, and another 
impulse at the end of the letter to stop 
both distributors in the initial position for 
the next character. 

Teleprinters are of several types, but 
they fall into two general classifications, 
tape printers and page printers. The 
former prints on a gummed tape that 
must be pasted on to a receiving blank; 
the latter prints directly on the blank. 
From the standpoint of the telegraph 
company, the tape printer has a number 
of operating advantages and is usually 
employed in branch-office operations. It 
avoids the necessity of transmitting 
special code combinations for “carriage 
return” and “‘line feed’ at the end of 
each line. It also permits the correction 
of errors by simply retransmitting the 
errored word to provide a ‘‘paste-over”’ 
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for Figure 10. Slot-type Telefax trans- 
mitter 


correction, instead of having to resend 
the entire message to provide a corrected 
copy, as is the case with page operation. 
On the other hand, page printers eliminate 
the gumming operation and hence are 
favored in many customers’ offices on 
account of their greater convenience. A 
console type of page teleprinter is shown 
in Figure 7. Tape models with associ- 
ated gumming desks appear in a subse- 
quent illustration of central-office in- 
stallations. 

Teleprinter circuits are operated either 
one way at a time or on a duplex basis. 
On duplex circuits separate printers may 
be used for sending and receiving, re- 
spectively, or a single printer may be 
arranged for “split” operation, with 
simultaneous sending and receiving. 


TELEPRINTER CONCENTRATORS 


A concentrator may be defined as an 
arrangement of apparatus by which a 


Figure 11. Telefax transmitter with removable 
drum and magazine feed 
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minimum number of terminal sets and 
operators can serve efficiently a maximum 
number of circuits. 

Of the several types of concentrators 
which are in service, the most usual is a 
unit designed for coupling 100 teleprinter 
lines to any number of operating positions 
(see Figure 8). Each operating position, 
which carries one teleprinter and the usual 
accessories, is equipped with a panel or 
turret having 100 studs; all of the lines 
in the unit are multipled before each 
operator. The number of positions and 
turrets depends on the volume of business 
to be handled in peak periods over the 
particular lines associated with that con- 
centrator. In concentrators handling 
principally circuits to branch offices, the 
number of positions may be anywhere 
from 10 to as many as 68 per 100 lines. 
Where the unit serves principally tie-line 
customers, the number is smaller, some- 
times being as low as 8 per 100 lines. 

The turrets are located conveniently, 
so that each operator may connect her 
teleprinter to the stud corresponding to 
any desired circuit. Lamp cabinets, con- 
taining a signal light for each circuit, give 
signals of incoming calls, and other signal 
lights furnish such indications as ‘‘opera- 
tor not busy,” “‘answer next,” ‘‘all 
operators busy,” and so forth. The sys- 
tem provides for calls to be answered by 
the lowest-numbered idle operator; it 
guards against more than one operator 
connecting to the same circuit; and it 


shows which group of positions is con- 


nected to any particular line, so that out- 
going messages for that line may be 
directed promptly to that group. It 
indicates when too many or too few 
operators are on duty and provides for 
cutting out of service any position which 
may be released when a decrease in 
traffic permits. 

Where traffic is particularly heavy it is 
not unusual to employ automatic trans- 
mission from the teleprinter tables. In 
such cases, each table is equipped with a 
keyboard perforator and a tape trans- 
mitter controlled by a standard start— 
stop sending distributor. Either the tele- 
printer keyboard or the tape transmitter 
may be used interchangeably. 

In situations where a concentrator 
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unit is connected to a considerable num- 
ber of very lightly loaded circuits, printers 
are sometimes ‘‘double decked”’ for ‘‘re- 
ceiving only’’ operation. As many as six 
printers may be used on a single table, 
the adjoining table being used for gum- 
ming purposes. In such installations, 
outgoing traffic is handled at other posi- 
tions in the usual manner. 


TELEPHONE RECORDING AND DELIVERY 
EQUIPMENT 


The importance of a telephone depart- 
ment in a telegraph office is in direct rela- 
tion to the proportion of total business 
which is telephoned in for transmission or 
is for delivery by telephone. At the 
present time this proportion is very sub- 
stantial. In the telephone equipment 
of a central office the telephone lines are 
multipled to a series of turrets or switch- 
boards, there usually being one turret for 
four operators—two on each side. Any 
of the operators who are not busy can 
pick up a call indicated by a signal light 
and record the message directly on a type- 
writer. In large installations, special 
signal lights and supervisory signals pro- 
vide for answering calls in sequence and 
otherwise assist in maintaining prompt 
and efficient service. In order to reduce 
noise disturbance from telegraph opera- 
tion, the telephone department is usually 
separate from and often in a different 
room from the regular telegraph operating 
department. 

In general, telephone circuits to branch 
offices and private-line customers ter- 
minate in separate units from those which 
connect with the public telephone sys- 
tem. Where a considerable amount of 
business is handled by telephone, it is 
customary to have the recording and de- 
livery of telegrams handled by separate 
groups of operators. 


TELEFAX SERVICE 


The transmission by electrical means of 
facsimile reproductions of pictures, draw- 
ings, or text, is an art which has long in- 
trigued the engineers and inventors of all 
countries. The principles are well known 
and comprise the scanning of small ele- 


Figure 12 (left). 

Telefax concentrator 

unit for both sending 
and receiving 


Figure 13 (right). 
Telefax concentrator 
for receiving only 
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mental areas of the copy and transmitting 
for each such area an electrical impulse, 
the character of which varies according to 
the relative darkness of the area. These 
impulses, as received, control marking 
means which traverse a film, paper, or 
other recording medium in exact syn- 
chronism with the transmitter. Thus, 
element by element, the recorder produces 
a replica of the image scanned by the 
transmitter. 

Prior to the advent of electronic ampli- 
fying devices, the commercial usage of 
facsimile systems was extremely limited, 
but subsequently they have been em- 
ployed extensively in the transmission of 
photographs for newspaper and magazine 
publication. The practical application of 
facsimile to telegraph communication pur- 
poses has always been impeded by the fact 
that the recording systems available in- 
volved either photographic development, 
chemical, or other processes which were 
deemed too costly or too slow for the 
general handling of telegrams and similar 
textual matter. Otherwise, facsimile 
transmission offered outstanding ad- 
vantages in that it would permit the use 
of original copy, thus eliminating the 
necessity of typing out on a keyboard 
and the consequent chance of error. 

Shortly before the war Western Union 
developed a facsimile recording paper 
which overcame these handicaps. This 
new paper, which has been designated by 
the trademark Teledeltos, is a coated 
conducting paper, light gray in color, 
which is marked black by the passage of 
an electric current through it. The paper 
is used dry and requires no processing of 
any kind, either during or after record- 


‘ing. Itis not affected by light or ordinary 


moisture conditions, and produces im- 
mediately a clear-cut permanent record. 
Recording equipment is simple in that the 
amplified facsimile tone signals may be 
applied directly to the paper by means of 
a stylus riding continuously on the sur- 
face of the paper. 

The Western Union Company’s com- 
mercial application of facsimile has taken 
the form of Telefax, which first was intro- 
duced into local telegraph service in the 
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cities of New York, Chicago, Atlanta, and 
San Francisco. Although extension of 
the Telefax program had to be inter- 
rupted on account of the war, the experi- 
ence gained in these cities has demon- 
strated that Telefax will become an in- 
creasingly important factor in the future 
development of telegraph communica- 
tions. It offers many advantages as a 
medium for communication between tele- 
graph central offices and the general 
public. Already it has proved invaluable 
for the interchange of special data, forms, 
and so forth, between different offices and 
departments of industry. 


TELEFAX EQUIPMENT 


Because of its newness, Telefax design 
has not been stabilized. Several different 
types of machines already have been pro- 
duced and are in service. All of these 
machines have been developed around the 
basic idea of providing maximum con- 
venience for the general public. They re- 
quire a minimum of human effort, time, 
and training for their operation. 

The usual patron’s Telefax is a com- 
bined transmitter-recorder (Figure 9) 
intended for both transmitting outgoing 
telegrams to the main office and delivering 
messages to the patron. For sending, the 
copy to be transmitted is wrapped around 
the extended horizontal drum; the send— 
receive switch is thrown to the proper 
position; and the starting lever is oper- 
ated. All further operations are auto- 
matic. For delivery of a message, a buz- 
zer signal operated from a central office 
announces an incoming message which is 
recorded by the patron placing a Tele- 
deltos blank on the drum, throwing the 
send-receive switch to the proper posi- 
tion, and operating the starting switch. 

For sending messages from branch 
offices, agencies, public buildings, or from 
patrons who have other receiving ma- 
chines or arrangements for delivery, ‘‘slot- 
machine” transmitters offer the greatest 
convenience (see Figure 10). Several 
types of these machines have been de- 
veloped; all, however, operate in the 


Figure 14. 


Line-terminal switchboard in 


large office 


following general manner. The slot is 
normally closed. To send a message, a 
switch is first operated; then a signal 
from the central office opens the slot; 
the message is inserted; the slot auto- 
matically closes again, and transmission 
proceeds. 

In branch offices, where fairly heavy 
loads must be handled, it is customary to 
use either the slot-machine-type trans- 
mitter just described or a table-mounted 
drum-type sending machine. In these 
machines removable drums, wrapped with 
the telegrams to be sent, are placed in a 
magazine from which they feed auto- 
matically to the operating position as fast 
as each transmission is completed (Figure 
11). The receiving machines are of the 
same general type, only in their case the 
loaded drums are wrapped with Tele- 
deltos sheets for recording. Another form 
of receiver records on a vertical cylinder 
around which the recording mechanism 
revolves. Teledeltos blanks in a con- 
tinuous roll are fed to the cylinder and 
automatically cut off and discharged upon 
completion of each message. 

At the central-office end of local Tele- 
fax circuits, transmitting machines are of 
the table-mounted drum type. Recorders 
are of either the table-mounted or vertical 
types, depending on local conditions. 

Telefax machines for local use operate 
on a pair of wires with a ground con- 
nection for signaling purposes, and use 60- 
cycle a-c power synchronous with that 
employed at the central office to main- 
tain synchronism between sending and re- 
ceiving machines. In general practice 
the drums revolve at 180 rpm with a scan- 
ning rate of 100 lines per inch. This pro- 
vides a transmission of 14 square inches 
per minute, although much faster and 
slower speeds have been used for special 
purposes. 


TRPLEFAX CONCENTRATORS 


Just as it has been found advantageous 
to terminate teleprinter circuits in cen- 
tral-ofice concentrators comprising a 
minimum number of operating positions, 
so has it been found desirable to install 
somewhat similar facilities for Telefax 
circuits. Separate recorders usually are 


provided for each branch-office circuit, 


but patrons’ lines generally terminate in 
concentrators, " 

Figure 12 shows the concentrator uéed 
for combined sending and receiving on cir- 
cuits to Telefax transmitter—recorders of 
the type shown in Figure 9. This unit 
accommodates as many as 25 lines and is 
usually installed with two transmitting 
tables and from two to four recording 
tables. The recorders are assigned to in- 
coming messages atttomatically and re- 
leased as soon as the recordings are com- 
pleted. 

Where the Telefax circuits are equipped 
with only transmitter units, such as shown 
in Figure 10, the central-office concen- 
trator is of the type shown in Figure 13. 
This unit accommodates ten lines and has 
two recording tables associated with it. 
In order to secure greater flexibility, 
however, it is customary to interconnect 
between two such concentrators, so that 
any of the four recorders may be used on 
any of the 20 incoming circuits; in New 
York four concentrators are intercon- 
nected. 


Trunk-Line Systems and Equipment 


LINE TERMINALS 


All wires which enter a telegraph cen- 
tral office, whether for trunk or local serv- 
ice, run directly to and are terminated on 
a distributing frame. Those® circuits 
which are exposed to possible hazard from 
lightning or other electric power source 
are first connected to protector apparatus. 
On this frame they are cross-connected to 
conductors which run to the switchboard 
or other office operating equipment. In 
small offices these installations may be 
combined in a single cabinet. In large 
offices the frames and switchboards are 
separate (Figure 14). 

The protectors are assemblies compris- 
ing, in most cases, a line fuse connected 
to the incoming line, an office fuse con- 
nected to the office wiring, and an ar- 
rester between the line conductor and 
ground. The switchboards, built up from 
standard units to a size that meets the 


Table-mounted 
peaters 


Figure 15. telegraph re- 
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local requirements, are interposed be- 
tween the distributing frame and most 
units of equipment in order to provide 
quick means for testing lines and ap- 
paratus or for making temporary changes 
in the interconnections between various 


circuits and apparatus. Standard tele- 
graph switchboards are essentially ar- 
rangements of jack panels, wiring, cord 
circuits and associated testing equip- 
ment, the jack arrangements and switch- 
board circuits being varied to suit the 
character of the particular service in 
which they are used. 


D-C TERMINAL SETS AND REPEATERS 


With the exception of carrier circuits 
and a limited number of d-c metallic cir- 
cuits, the bulk of telegraph communica- 
tion is carried on circuits with ground re- 
turn, operated by d-c signal impulses. 
Polar transmission, using impulses of 
both positive and negative polarities, is 
standard for all trunk-line operation be- 
cause of its freedom from bias troubles 

and its lower susceptibility to interfer- 

ence than single current transmission. 
Operation is usually duplex, affording 
simultaneous transmission in opposite 
directions. 

Numerous types of terminal sets and 
repeaters are necessary to fulfill the vary- 
ing needs. Terminal sets comprise the 
artificial lines and other apparatus neces- 
sary in duplex telegraphy for segregating 
the incoming and outgoing signal im- 
pulses, and also the means for converting 
between “‘polar’’ line transmission and 
the ‘“‘make and break”’ signals of the trans- 
mitting and receiving devices. They also 
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Figure 16 (left). Re- 

lay for use in high- 

speed d-c telegraph 
circuits 


Figure 17 (right). 
Telegraph relay with 
plug base 


Figure 18 (left). 
Reperforator 


Figure 19 (right). 
Printer—perforator 
and transmitter, 
oe covers removed 


provide means for connecting to one or 
more branch lines or local stations, as the 
situation may demand. 

Other types of repeaters are intended 
primarily for use at intermediate points in 
long circuits to strengthen the electrical 
impulses, to correct for signal distortion, 
or to permit connection to intermediate 
stations. Such repeaters also serve the 
important function of sectionalizing long 
lines, so as to localize disturbances and 
facilitate circuit patching for the restora- 
tion of service following line failures or 
interruptions. Repeaters in trunk serv- 
ice usually are spaced about 250 miles 
apart. A typical repeater installation is 
shown in Figure 15. Repeaters are of 
various types, some of them being 
designated by such names as combination 
duplex-duplex half repeater, terminal 
duplex—duplex half repeater, high-speed 
polar duplex, and high-speed single-line 
repeater. There are also other special 
types of which mention will be made 
later in connection with multiplex opera- 
tions | 

The all-important operating elements 
of telegraph repeaters are the relays which 
receive the electrical impulses and pass 
them on. In Figure 16 is shown a type of 
relay which is used in high-speed circuits. 
A relay typical of others that have im- 
portant applications is shown in Figure 17. 

In operating very long circuits, the dis- 
tortion of signals, after they have passed 
through several sections of line equipped 
with ordinary types of repeaters, may be- 
come so great that it is necessary to em- 
ploy some form of regenerative repeater 
which will restore the signals as nearly as 
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possible to their initial form. Repeaters 
of this type usually comprise a rotary 
distributor with associated equipment, 
which receives the distorted signals and 
stores them up for retransmission from a 


sending distributor. Later types have 
been developed, however, in which elec- 
tronic means for storage and distribution 
are employed instead of the mechanical 
distributors with their rotating brushes 
and storing relays. 

Another form of repeater which has 
many applications is what might be called 
a storing repeater—a means for receiving 
and recording telegraph signals .and 
automatically retransmitting them after- 
ward. The usual method consists of 
setting up the received characters on a 
perforated tape from which they can be 
retransmitted as soon as the outlet cir- 
cuit is available. The usual type of 
reperforator, as shown in Figure 18, sim- 
ply perforates tape with holes correspond- 
ing to the code of the characters received. 
There is another type of reperforator 
which consists of an attachment to tape 
teleprinters permitting the perforating 
of a second tape at the same time the mes- 
sage is printed on the printer tape. A 
more elaborate mechanism is a printer— 
perforator which uses a somewhat wider 
paper tape and not only punches the code 
holes for each character but also prints 
the characters in a row just above and in 
register with the perforations (Figure 19). 


MorsE OPERATION 


It is hardly proper to speak of Morse 
systems as a phase of trunk-line operations, 
because this type of telegraphy serves 
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such a small percentage of present-day 
telegraph business. However, there are 
still many small communities having an 
only telegraph outlet via the same sys- 
tem of telegraphy that was in vogue long 
before the development of more modern 
automatic systems. Circuits in this kind 
of service are commonly regarded as 
tributaries and need no further descrip- 
tion. 


TELEPRINTER TRUNKS 


Direct teleprinter operation of trunk 
circuits in the Western Union is limited 
principally to circuits which are of only 


matically, a distributor—-transmitter unit 
being employed to send the signals to the 
line. 


MULTIPLEX SYSTEM 


Since the average line-wire circuit and 
associated terminal and repeater equip- 
ment will carry signals much faster than 
they can be transmitted by an operator 
from a teleprinter keyboard, full utiliza- 
tion of circuit capacity can be attained 
only through the use of some system which 
will send signal impulses as rapidly as the 
circuit can transmit them. The system 
for accomplishing this is known as the 


Figure 20. Varioplex terminal installation 


moderate length and which carry light 
traffic. The fact that teleprinter opera- 
tion will not utilize the full transmission 
capacity of a circuit is of little importance 
in such situations. 

Teleprinter operating tables for trunk 
service are not greatly different from 
those used in local service, as shown in 
Figure 8. The printer equipment in use 
for any particular installation varies 
with the local conditions. Sometimes a 
single printer is used for both sending 
and receiving, “‘split’’ operation being em- 
ployed when sending and receiving are 
simultaneous. Sometimes certain tables 
will be assigned to receiving, while others 
handle transmission; in other cases a 
single table may carry two printers, one 
for sending and one for receiving. In 
some situations, instead of direct key- 
board transmission, a manually operated 
perforator is used for preparing perforated 
tape and the message transmitted auto- 


1024 


multiplex and is used throughout the 
country to handle the major portion of 
trunk-line traffic. 

The operating principle of the multiplex 
consists of dividing the use of the circuit 
equally among a number of separate 
channels by means of synchronously 
operating distributors or commutators at 
the two ends of the circuits. With this 
attangement the signals from each chan- 
nel transmitting at full speed are inter- 
spersed between the signals from the other 
channels, so that if enough channels are 
provided the whole circuit capacity will be 
utilized. Synchronism is obtained first 
by driving the distributors at closely regu- 
lated speeds from synchronous motors, 
the alternating current for which is sup- 
plied by carefully regulated tuning forks, 
and then by applying a precise phase cor- 
rection controlled by the intelligence sig- 
nals received over the line. Inasmuch as 
synchronism is maintained between the 
two ends of the circuit, it is not necessary 
to transmit the standard start-stop sig- 
nals required for teleprinter operation. 
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Hence, for each channel only five code 
impulses are required per letter as com- 
pared with the seven impulses required 
for standard teleprinters. Multiplex cir- 
cuits may be operated with either two, 
three, or four channels, each duplexed, as 
line and traffic conditions may require. 
With four channels operating in each 
direction, giving four receiving and four 
transmitting terminals at each end, 
printer operation at the standard speed of 
66 words per minute will provide a total 
message capacity for the circuit of 528 
words per minute. 

The operating tables associated with 
multiplex are ordinarily two-position 
units. In the receiving position the usual 
equipment is a tape printer with a gum- 
ming desk alongside of it; page printers 
have been used to some extent. For 
sending, a manually operated keyboard 
perforator with standard keyboard ar- 
rangement is used to prepare perforated 
tape which is fed through an automatic 
tape transmitter. This arrangement pro- 
vides uniform and constant speed trans- 
mission, regardless of fluctuations in the 
speed of the perforating operator. 

In order to effect maximum utilization 
and flexibility in the use of multiplex cir- 
cuits, it has been necessary to develop 
numerous special types of repeaters 
known as multiplex channel repeaters. 
These are used to provide connections to 
intermediate and branch points, to make 
separate channels available for circuits 
to divergent points, and to convert multi- 
plex signals into seven unit code or vice 
versa, for start-stop operation of tele- 
printers. One type of channel repeater 
permits repeating a channel of one multi- 
plex circuit into a channel of another 
multiplex circuit; another type will re- 
peat a multiplex channel to and from a 
teleprinter circuit. Other types desig- 
nated as channel assigners permit two 
sending branches to share one multiplex 
channel, or a sender on a multiplex chan- 
nel to determine sélectively which of two 
distant receiving printers will record his 
transmission. In all types of channel re- 
peaters it is usual to employ relays to 
store up one or two characters in order to 
provide a small overlap between systems 
which are notin synchronism. Ata chan- 
nel repeater the outgoing circuit must of 
necessity be as fast as or faster than the 
incoming circuit. 


VARIOPLEX SYSTEM 


The Varioplex is a system of operation — 


which provides a fairly large number of 
point-to-point subchannels over a single- 
line circuit, with a maximum utilization 
of the full message capacity of the circuit. 
With the usual methods of channelizing, 
as employed in multiplex and carrier sys- 
tems, whenever any channel is idle, its 
circuit capacity is wasted, since none of 
the other,channels can take advantage of 
it. In the Varioplex, when a subchannel 
becomes idle, its portion of the line 


AIEE TRANSACTIONS, 


{ 


capacity is made available to the other 
working subchannels and thereby: causes 
an increase in the operating speed of those 
channels. Each individual subchannel 
constitutes a point-to-point circuit which 
is available for use at any time, the speed 
of any one depending upon the number of 
other subchannels that are at that mo- 
ment working, and varying continually as 
the working subchannels vary in number. 

Each Varioplex subchannel terminates 
in aysending teleprinter and a receiving 
teleprinter, connected respectively to the 
sending and receiving legs from the line 
terminating equipment. Each subchan- 
nel sending leg terminates in the central- 
office Varioplex set in a reperforator, 
which thus permits outgoing traffic to be 
transmitted from the terminal at normal 
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Figure 21. Frequency allocations of two- 


wire carrier systems 


teleprinter speed, regardless of what the 
line speed may be. This ‘“‘sent’’ traffic, 
temporarily stored in the reperforator 
tape at the Varioplex set, is retransmitted 
into the line circuit at whatever speed may 
be available at that instant. 

The several transmitters corresponding 
to the various subchannels are connected 
to the line circuit sequentially on a char- 
acter by character basis by a relay-chain 
distributing arrangement, subject how- 
ever, to a sensing circuit which will cause 
the sequence operation to skip any trans- 
mitters which have no traffic to send. A 
similar relay chain at the receiving end of 
the line causes the signals to be trans- 
mitted in proper sequence to the proper 
receiving teleprinters. An idle channel is 

“out of circuit” until it starts to send, at 
which time it is automatically ‘‘cut in” 
by the sending sequence, while a control 
signal is sent over the line to cause the re- 
ceiving apparatus to follow the same se- 
quence. As soon as a channel stops work- 
ing it is automatically ‘‘cut out’’ of the 
sequence. 

A Varioplex terminal installation com- 
prises a distributor unit similar to that 
employed in multiplex, a control rack, 
and several reperforator racks, each 
carrying the reperforator and associated 
equipment for three channels (see Figure 
20). Up to the present time Varioplex 
installations have been made only in 
connection with multiplex circuits, being 
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designed to utilize anywhere from one to 
four of the separate channels of the multi- 
plex. As many as 36 subchannels have 
been provided on a four-channel multiplex 
circuit, using a single wire, although the 
equipment is designed to accommodate a 
maximum of 50 channels if required. 
Varioplex channels may be repeated from 
one system to another to form through 
channels by simple interconnection of the 
channel legs of the two systems. 

Although Varioplex has been utilized 
for the handling of regular telegraph busi- 
ness, it has found its widest application in 
providing service for telegraph patrons 
whose traffic is not great enough to jus- 
tify the utilization of full circuits. This 
service, which is designated as ‘‘tele- 
meter’’ service, gives the customer the 
equivalent of a full-time leased circuit, 
ready for usé at any time, yet he pays for 
only the traffic actually handled, on a 
rate per word graded according to dis- 
tance between termini. The word count 
used as a basis for billing is measured by 
character counters connected to the send- 
ing legs of each channel. 


CARRIER-CURRENT SYSTEMS 


Since it is the purpose of this paper to 
discuss only telegraphic applications and 
not theory, a detailed description of 
Western Union carrier systems is out of 
place. However, certain unusual features 
of these systems deserve special mention. 
As is well known, carrier transmission in- 
volves the use of relatively high-frequency 
alternating current, interrupted or other- 
wise modulated by ordinary d-c telegraph 
signals, the modulated current received 


In all carrier systems the prevention of 
crosstalk interference is a major problem. 
The two wires of each pair must be closely . 
alike and accurately balanced electrically ; 
all pairs must be transposed according to 
a carefully worked out plan, the number 
of transpositions being roughly propor- 
tional to the highest frequency employed. 
In spite of these precautions it has been 
found desirable to effect further reduction 
in the crosstalk interference by co- 
ordinating the direction of transmission of 
frequency bands with respect to those of 
other carrier circuits. The allocations 
shown in Figure 21 have been adopted 
and are adhered to generally by all 
principal users of carrier transmission. 

The earlier installations by Western 
Union Company were of a four-wire 
seven-kilocycle system, using one pair for 
transmission in each direction, with the 
same frequencies on each. All of the later 
systems are two-wire types with different 
groups of*frequencies for transmission in 
opposite directions. Among these sys- 
tems there is a so-called portable type 
designed for establishing short, tem- 
porary, or emergency circuits and a type 
D with a capacity of four channels de- 
signed to provide at reasonably low cost 
a small increase in facilities over distances 
not exceeding one or two repeater sec- 
tions. Types #, F, and G supply 9, 18, 
and 86 two-way channels, respectively, 
for long trunk-circuit service. The fre- 
quency spectra and channel layouts of 
these systems are shown in Figure 22. 

All three systems are built up with 
similar basic blocks of carrier channels, 
each block comprising a transmission fre- 
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Figure 22. Frequency allocations to bands 
and channels 


at the distant terminal being reconverted 
into the original d-c signals, Through the 
use of separate carrier frequencies super- 
imposed on a single pair of wires, a con- 
siderable number of independent chan- 
nels or telegraph circuits may be obtained. 
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quency band of about 3,000 cycles. The 
E system has one block, the F system 
two, and the G system four for each direc- 
tion of transmission. The basic channeliz- 
ing arrangement provides nine wide-band 
channels, 300 cycles apart in each block, 
although prospective improvements will 
permit a tenth channel at 3,450 cycles, 
The effective band width of the channel 
filters is 160 cycles, providing high-quality . 
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telegraphic transmission up to. 75 cycles 
per second—a generous margin over 
present standard multiplex speeds of 66 
cycles (66 words per minute on each of 
four channels). For slow-speed opera- 


tion, such as direct-operated teleprinter 


circuits, narrow band channels with a 
band width of 80 cycles.and a channel 
spacing of 150 cycles have been provided. 
Two narrow band channels will replace 
one wide band channel and a block of 
channels may be made up exclusively of 
either type channel. 

Each channel terminal includes an 
oscillator which supplies the required 
channel frequency, the transmission of 
which is controlled or modulated by 
multiplex or other standard d-c telegraph 
equipment. The nine-channel group is 
transferred to its assigned transmission 
band by one or more modulations of 
secondary or translation frequencies, the 
latter supplied by a high-stability low- 
frequency oscillator from which appro- 
priate harmonics are selected and ampli- 
fied. At the receiving terminal the re- 
verse process of demodulation restores 
the several channels to their original fre- 
quencies. 

Until recently amplitude modulation, 
by which the carrier frequency is trans- 
mitted for marking signals and inter- 
rupted for spacing signals, was used ex- 
clusively for superposing telegraph signals 
on the carrier frequencies. This method 
of transmission is analogous to single- 
current transmission in d-c telegraphy 
and, like the latter, is susceptible to inter- 
ference and to bias effects resulting from 
line attenuation changes or level fluctua- 
tions. 

In the later Western Union carrier 
systems stability of operation analogous 
to that of polar d-c telegraphy has been 
attained through the use of frequency 
modulation. In this method the carrier- 
frequency generating oscillator is so con- 
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trolled by the telegraph relay that the 
channel frequency is lowered 70 cycles 
from the normal midchannel value for a 
marking signal and raised 70 cycles for a 
spacing signal. Through the use of elec- 
tronic control, the transitions between 


Figure 23 (left). Car- 
rier terminal installa- 
tion at Salt Lake City 


Figure 24. Message 
handling comparisons 
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marking and spacing frequencies are ef- 
fected gradually rather than instantane- 
ously, thus resulting in true frequency 
modulation. The carrier currents at the 
output of the channel filter thus are of 
uniform amplitude, although they vary 
in frequency. 

At the receiving terminal each channel 
is first separated from the others in the 
group by a receiving filter. The marking 
and spacing frequencies then are selected 
separately, rectified, and impressed on 
windings of the differential receiving re- 
lay, just as in d-c polar operation. The 
operation depends only on change of fre- 
quency and is independent of carrier 
amplitude variations. As an extra pre- 
caution, however, a current limiting 
amplifier is provided at the receiving end 
to maintain a uniform output level, re- 
gardless of any changes in the incoming 
level. The over-all result, as compared 
with amplitude modulation, is freedom 
from bias troubles and a substantial re- 
duction in susceptibility to interference 
from all causes. 

Restoration of energy levels is accom- 
plished by vacuum-tube repeaters in- 
stalled at intervals frequent enough to 
limit the average attenuation, under wet- 
weather conditions, to about 25 decibels 
between repeaters. This gives a repeater 
spacing about the same as for d-c teleg- 
raphy for the -seven-kilocycle system, 
twice as frequent for the 16-kilocycle 
type-F system, and four times as fre- 
quent for the 30-kilocycle type-G system. 
In order to compensate for the increase 
of attenuation with increase in fre- 
quency, equalizer networks are provided 
at terminals and repeaters to effect a 
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compensating attenuation of the lower 
frequencies. The final result is a sub- 
stantially uniform attenuation within,a 
carrier band, the magnitude being de- 
termined by the attenuation of the highest 
frequencies in the band. 

In the practical application of carrier 
systems to telegraphy it is found that 
precautions must be taken to match the 
high-frequency characteristics when open- 
wire sections are joined to cable sections. 
It is therefore customary either to reduce 


the attenuation effects of cable sections — 


BELT CONVEYOR 


FROM tt 
OFFICE Ao 2s 28: i ie NS 
OF . 
ORIGIN S 


wad ae 


z ROUTE AIDE 


66 WORDS 


PER MIN DELIVERY 


REPERFORATOR SWITCHING SYSTEM 


by the insertion of inductance loading 
coils at intervals in the cable, or to 
eliminate discontinuities by impedance 
matching networks at the junctions be- 
tween open wire and cable. 

The equipment installations of carrier 
systems follow recognized practices of the 
communications industry, rack mountings 
being employed for all apparatus units, 
such as amplifiers, oscillators, filters, 
attenuators, and control panels. A 
typical installation is shown in Figure 23. 

In the consideration of probable future 
trends in the application of trunk carrier 
systems, it will be evident that each 3,000- 
cycle transmission band will accommodate 
a telephone circuit, a high-speed facsimile 
circuit, or any other type of communica- 
tion that may be adapted to this band 
width. The high quality of the Western 
Union system is amply demonstrated by 
its ability to carry high-speed multiplex 
circuits from coast to coast without re- 
quiring a regenerative repeater at any 
point. A measure of the ability of carrier 
installations to provide the circuits 
needed for future telegraph expansion is 
indicated by the fact that the type-G 
system, operated multiplex, will furnish 
on a single pair of wires 36 four-channel 
two-way circuits having a total message 
capacity of 9,500 words per minute in 
each direction. ° 


TRUNK-LINE TELEFAX | 


From the previous discussion of Telefax 
service between main and branch or 
patrons’ offices, it will be evident that the 
use of Telefax for trunk-line operations ° 
calls for little change from local practices. 
Transmitters and receivers may have to 
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be Sincwhat more refined, and the trunk 
circuit must have good frequency trans- 
mission characteristics, so that unequal 
attenuation of different frequencies will 
not cause distortion in the received image. 
Otherwise, the principal difference be- 
tween local and trunk facsimile operation 
is in the methods of maintaining syn- 
chronism between the sending and the re- 
ceiving machines. In local service thisis 
done by driving both terminals with syn- 
chronous motors supplied from the same 
a-c power network. In trunk operation 
the cities at which the circuits terminate 
frequently are served by power systems 
that are not interconnected, and other 
means must be provided to maintain syn- 
chronism. Of the several ways of doing 
this the one most commonly employed 
provides an independent accurately con- 
trolled source of alternating current for 
each terminal. Through appropriate 
amplifiers, quartz-crystal units, or tuning 
forks, operating under closely regulated 
temperature conditions, generate 60-cycle 
power which drives the Telefax motors. 

To secure good-quality facsimile trans- 
mission at the speeds used in local service, 
a frequency band width of about 2,500 
cycles must be employed. This means 
that the trunk circuit must be approxi- 
mately equivalent to a telephone circuit 
or to one of the blocks of carrier fre- 
quencies provided in the carrier systems 
just described. Since such a block has a 
very large word-carrying capacity, when 
used for multiplex-equipped carrier chan- 
nels, it will be evident that, if employed 
for facsimile, the message capacity will be 
greatly reduced. However, with the cost 
of suitable trunk circuits trending down- 
ward, as carrier development expands, 
there seems little doubt that the many 
advantages afforded by Telefax ulti- 
mately will result in its extensive applica- 
tion for intercity communications. 


Figure 25. St. Louis reperforator switching 
office, switching aisle 
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26. Atlanta reperforator switching 
office, sending aisle 


Figure 


Development of trunk-line Telefax 
by Western Union has been limited to a 
few installations made primarily for the 
purpose of determining its advantages 
and limitations and for gaining experience 
in its operation. Circuits have been in 
regular operation for several years be- 
tween New York and Chicago. Similar 
circuits were in operation between New 
York and Buffalo until war needs caused 
their temporary suspension. These Tele- 
fax installations have been employed for 
two distinct purposes. First, they have 
furnished a public facsimile service trans- 
mitting drawings, sketches, copy matter 
for publication, editorial corrections, and 
the like. This service has been supplied at 
rates based on the square-inch area trans- 
mitted. Second, they have carried com- 
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mercial telegrams in regular commercial 
service. 


Switching Systems 


From the remarks made under the 
headings of ‘‘Traffic Considerations’’ and 
“‘Central Offices,’ as well as in numerous 
other places in this paper, one cannot 
escape the realization that the handling 
of millions of short telegrams between 
points scattered throughout the length 
and breadth of the country must require 
a complicated interchange of traffic at all 
offices where trunk lines meet other trunk 
lines or local plant. The operations are 
very different from those of long-distance 
telephone service in which through con- 
nections are established and usually re- 
main operative for a period of at least a 
few minutes. In telegraph practice 
average messages contain only a few 
words and require less than a minute for 
transmission. It takes longer to handle 
them than to send them. Furthermore, 
consecutive messages usually will be 
headed for different destinations. The 
real problem at each transfer office or 
“relay”? point is to sort out these mes- 
sages and transfer them to the new rout- 
ing without delay and, without wasting a 
large amount of trunk “‘line time.”’ 

In ordinary methods of main-office 
operation an incoming message is first 
recorded on a tape and gummed onto a 
blank, checked for errors, stamped with 
the time, sent to the message distributing 
center, conveyed to a message drop close 
to the outgoing circuit, manually trans- 
ferred to the operator of that circuit, and | 
finally retransmitted toward its destina- 
tion. The various steps are shown in the | 
upper portion of Figure 24. 

Since the birth of the telegraph efforts 
constantly have been directed toward 
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speeding up this intraoffice handling. 
Many attempts have been made to ac- 
complish the desired end through switch- 
ing arrangements, but, in large offices 
where the number of messages handled 
daily runs into the tens or hundreds of 
thousands, it has not been found prac- 
ticable to switch directly from a receiv- 
ing terminal to an outgoing circuit. In 


Figure 27. Nine-conductor jack and plug, 
five code wires, four control wires 


such offices, the outgoing circuits are so 
busy that incoming business often may 
be held up, waiting for the outlet to be- 
come available. In order to avoid con- 
gestion on the incoming circuits and to 
allow the distant stations to send at any 
time at their own convenience, it is de- 
sirable that incoming messages be moved 
away as fast as they arrive and, if neces- 
sary, held elsewhere until they can be re- 
transmitted to destination. 


REPERFORATOR SWITCHING 


The Western Union solution for han- 
dling relay traffic is what is known as the 
reperforator switching system. In the 
large central-office installations of this 
system all receiving terminals are grouped 
together in one area and all transmitting 
terminals in another with intraoffice cir- 
cuits connecting them. Each incoming 
circuit terminates in a printer—perforator 
which types the incoming message along 
the upper margin of a paper tape and per- 
forates the signal code for the same 
characters below. Alongside the per- 
forator is an automatic transmitter into 
which the tape is fed. Associated with 
each group of reperforator tables is a 
switchboard, or turret, with one or two 
jacks corresponding to each outgoing cir- 
cuit and with a shelf in front on which are 
a plug,and cord from each transmitter. 

As soon as a message is received a 
switching clerk notes the destination and 
immediately connects the cord corre- 
sponding to that printer—perforator and 
its transmitter to the appropriate out- 
going jack. Transmission then starts 
automatically to the unattended sending 
section of the switching system, where 
the message is again recorded on a reper- 
forator (a standard type and not a 
printer—perforator) that is connected 

through a transmitter and certain switch- 
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ing devices to the outgoing circuit. If the 
circuit is idle transmission to destination 
starts at once; if it is busy transmission 
starts as soon as the circuit is available. 
The general scheme of operation is shown 
in the lower portion of Figure 24. 

The intraoffice circuit operates at a 
speed of 125 words per minute, nearly 
double that of the trunk circuits, so it will 
be evident that traffic does not pile up at 
the receiving point and delay incoming 
business. If any holding is necessary due 
to congestion on the outgoing circuit, it 
takes place in the reperforator tape at the 
sending position and has no effect on other 
business passing through the office. 

In reperforator switching installations, 
the receiving tables and turrets are 
arranged along the two sides of a switch- 
ing aisle, the sending equipment being 
located in nearby sending aisles. Typical 
installations are shown in Figures 25 
and 26. It is general practice to mount 
the receiving printer—perforators and the 
associated cord circuit transmitters on 
double-deck tables, one table each side 
of the switching turret. Trunk circuits 
usually are assigned four to a turret; 
tributary, branch office, and local cir- 
cuits are assigned either four or eight toa 
turret, depending on loads to be handled 
during peak periods. In the sending sec- 
tion, reperforators and transmitters also 
are double decked with auxiliary equip- 
ment carried on the shelf above and in 
space below the lower shelf. 

The system as a whole involves few 
really new inventions. It is more a re- 
grouping and refining of well-known 
methods and devices to perform certain 
functions in a new and better manner. 
Perforated tape for automatic transmis- 
sion and message storage is almost as old 
as telegraphy itself. If there is any one 
new item that has contributed most to the 
success of reperforator switching, it may 
be said to be the printer—perforator which 
simultaneously prints type and punches 
code holes on a paper tape. Another im- 
portant feature is the high speed in the 
intraoffice circuits, obtained in present 
installations through the use of multi- 
conductor cords, plugs, and circuits which 
carry five-unit code impulses simultane- 
ae on five separate conductors (Figure 
27). 

There are many special features which 
have been provided to speed up or facili- 
tate operations and safeguard traffic. 
Complete sets of routing charts are 
mounted over each receiving table to 
enable switching clerks to determine the 
assigned routing for all business, both 
that destined for outside cities and locali- 
ties and that addressed to nearby tribu- 
taries, customers, and branch offices. 
Then there are large, conspicuously 
located routing boards, with remote con- 
trol, to post alternate routings when 
such are required. There are ‘‘circuit 
allotters’’ which automatically sequence 
transmissions on the cross-office circuits 
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in the event that two or more switching 
clerks should simultaneously establish’ 
connections to the same destination. // 

Another important device is the num- 
bering machine on each intraoffice circuit 
which automatically interposes a message 
number in the reperforator tape ahead of 
each message. These numbers, all start- 
ing from one, are in sequence to each dis- 
tant receiving printer and are renewed 
for each day’s business. The distant 
operator thus can check the receipt of all. 
messages and identify individual tele- 
grams in case of inquiry or error in trans- 
mission, A loud-speaker system inter- 
connects between different sections of the 
operating room and the testing and regu- 
lating department to provide instantane- 
ous intercommunication among switching 
clerks, supervisors, and maintenance 
forces. 

Of course there are many branch and 
teleprinter tributary circuits which carry 
too little traffic to justify the expense for 
individual printer—perforator terminals at 
the receiving center. In such cases the 
lightly loaded circuits are terminated in 
special concentrator units in which four 
printer—perforators at one receiving posi- 
tion are made to serve as many as 12 
separate lines. The operation is entirely 
automatic, a receiving unit being cut in 
circuit whenever an outlying station be- 
gins to send, and cut out again as soon as 
the transmission ends. 

In addition to the facilities employed 
solely for switching telegrams through an 
office, there is also a local section which 
handles the necessary conversions be- 
tween the automatic transmission of the 
switching unit and the written telegram 
of the customer. The local section con- 
sists of regular table operating positions, 
like those of a manual office, equipped 
with teleprinters. These are used for 
sending into the switching center the out- 
going messages which have reached the 
operating room by messenger pickup, tele- 
phone, Telefax, or pneumatic tube, and 
for receiving and recording from the 
switching center the incoming messages 
which are to be delivered through the 
same media. 

Other important sections of the switch- 
“spillover” and XV 
centers provided for handling unusual 
situations. Any messages which can- 
not be dispatched immediately to their 
destinations because of line trouble, 
office closed, uncertain routing, incom- 
plete address, and so forth, or specially 
urgent messages of governmental or 
emergency nature, may be switched to 
these centers for the special handling 
that may be required. Both spillover 
and XV centers comprise switching tur- 
rets and printer—-perforator receiving 
positions of the same general denen as 
used for regular business: : 

The Western Union has reperforator 
switching installations in operation in 
Atlanta, Dallas, Fort Worth, Richmond, 
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and St. Louis; another is under way in 


. Oakland, Calif., and three other large 


ones are in the early stages of preparation. 
In Washington, D, C. there is an instal- 
lation of ‘‘partial’’ reperforator switching 
designed for switching outgoing messages 
to certain groups of trunks while retain- 
ing normal methods for other traffic 
handlings. 

In all installations, to date, the results 
of operation have been even more suc- 
cessful than anticipated when the sys- 
tem was first developed. Trunk-wire 
facilities terminating in reperforator 
switching offices handle 15 to 20 per cent 
more traffic than under the old system, 
and the speed of message handling is more 
than doubled. Switching clerks can be 
trained in one tenth of the time necessary 
to develop proficient keyboard operators, 
and these clerks will handle three or four 
times as many telegrams as operators in a 
manual office. 


PosTaL TELEGRAPH COMPANY SWITCHING 
SYSTEM 


Quite distinct from the Western Union 
system, and yet designed to serve the same 
end of speeding up central-office handling 
of telegrams, is the system developed by 
the former Postal Telegraph Company 
and first installed in 1941. Both switch- 
ing systems use printer—perforators for re- 
ceiving telegrams on tape and automatic 
transmitters for sending on the outgoing 
circuits, but they differ in the manner of 
sorting out and routing the messages and 
in getting the outgoing ones to the proper 
transmitters. 

Instead of performing the routing at a 
switchboard turret and making the 


necessary transfer electrically through 
the medium of a plug and jack, the 
Postal Telegraph method involves sepa- 
rating the received printer—perforator 
tapes into short lengths, one for each mes- 
sage, passing the pieces of tape to special 
routing clerks who mark the routing on 
each piece, then transferring the tapes to 
sending operators, each of whom has 
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charge of a group of transmitters for vari- 
ous circuits. These operators feed the 
tapes into the proper transmitters for 
transmission. The transfer of tape is 
handled manually in the smaller offices, 
but in large installations the transfer 
from the routing desks to the sending 
tables is accomplished by pneumatic 
tubes. 

In this system advantage is taken of 
tape reception, automatic transmission, 
and of the fact that individual sending 
and receiving operators can attend to 
more circuits than ean a teleprinter or 
multiplex operator in a manual office. 
The use of automatic transmission also 
eliminates the chance of operator error in 
keyboard transmission, 

The reception of telegrams in the Postal 
Telegraph system takes place in receiving 
cabinets which are metal enclosures, each 
housing eight printer—perforators in a 
double-deck assembly (Figure 28). Ex- 
cept under heavy load conditions, a single 
operator can attend one or more re- 
ceiving cabinets. Each incoming trunk 
line terminates in a printer—perforator. 
Branch-office lines, however, are con- 
nected to the printer—perforators through 
line-finder units in which as many as 50 
lines can be associated with 16 printer— 
perforator positions, each capable of re- 
ception from any one of the 50 lines. 

The sending tables are located in 
another section of the operating room, 
each table being attended by one operator 
and carrying up to 12 transmitters 
mounted in banks of six (Figure 29). In 
the case of teleprinter circuits which 
operate on a start-stop basis, transmis- 
sion goes direct to the line. When opera- 


Figure 28 (left), \ #' 
Postal Telegraph gee 
Company perforator- 
switching receiving. 
equipment 


Figure 29 (right). 
Postal Telegraph 
Company perforator- 
switching sending 
equipment 


tion is by multiplex, transmission, as in 
the Western Union system, goes first to 
an unattended reperforator, the tape from 
which feeds into the line transmitter. 
With this arrangement, sequence num- 
bers are inserted at the head of the mes- 
sage before it leaves the first transmitter. 
The cross-office transmission is at a speed 
of 65 words per minute. 
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One of the equipment differences be- 
tween the Western Union and Postal 
Telegraph switching systems is that the 
printer—perforator used in the latter is 
essentially a “‘typing reperforator,”’ which 
uses a narrow tape and prints the char- 
acters right over the code perforations. 
In order to obtain readability, the holes 
in the tape are punched only part way, 
eliminating the ‘‘chad” and thus provid- 
ing a complete surface to receive printing, 
although still leaving the holes free for en- 
trance of the transmitter pins. 

Another feature is a monitor or attto- 
matic channel rider to guard against im- 
proper operation of multiplex channel cir- 
cuits. This device sends test signals at 
regular intervals over one of the multi- 
plex channels; if the signals fail to arrive 
correctly, an alarm is given immediately. 


SUBCENTER SWITCHING 


It sometimes happens that a consider- 
able number of branch offices and private- 
line patrons are localized in an area quite 
remote from any important traffic center. 
The business of these stations usually will 
be handled from a local office, which 
then must transfer the business to the 
next traffic center which has trunk con- 
nections with distant cities. In order to 
reduce the message handlings, delays, 
and opetating expense that occur in these 
situations, there have been developed a 
series of subcenter switching units for 
automatically connecting a group of sta- 
tions to a small number of trunks, ex- 
tending to the traffic center. The num- 


ber of trunks will be determined from the 
maximum number of stations which may, 
be expected to operate simultaneously— 


usually about one third of the total num- 
ber of stations. 

In this system the patron’s teleprinter 
sends to the central office just as if there 
were a direct circuit, the subcenter mak- 
ing the connection to the central-office 
line automatically. Incoming business to 
the patron is handled by the central- 
office operator dialing the station number 
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over one of the subcenter trunks, the sub- 
center automatically selecting the proper 
station and making the connection. 

The equipment has been designed in 
various sizes to serve groups of 10, 25, 
50, and 200 offices, the 10-unit size being 
shown in Figure 30. The largest units 
yet installed are at Newark, N. J., where 
branch offices and private-line patrons 
in that vicinity are connected directly to 
operating positions in the New York cen- 
tral office, and in Oakland, Calif., where 
direct connections to San Francisco are 
provided for 50 Oakland private-line 
patrons, using only 16 conductors in the 
cable across San Francisco Bay. 


PRIVATE-LINE SWITCHING SYSTEMS 


The establishment of extensive leased- 
wire networks to connect the offices or 
plants of large industries and govern- 
mental bureaus has created a need for 
switching facilities at central points of 
these systems to serve the same function 
as relay offices in the commercial system. 
However, since the number of circuits 
and outlets to be switched together is 
much smaller and the loads lighter, it has 
been practicable to develop much simpler 
switching systems than used in the 
Western Union offices. 

In the larger private switching systems, 
reception is on a printer—perforator, and 
the outgoing connections are established 


Figure 30. Subcenter switching unit for ten 
lines 
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by a cord circuit connected to the out- 
going circuit just as in the commercial 
installations. In this setup, however, 
no cross-office circuits or secondary 
storage is provided, the transmission go- 
ing directly to the line as soon as the cir- 
cuit is clear. 

A typical installation is shown in 
Figure 31. It comprises one switching 
turret divided into unit spaces, one for 
each outgoing circuit. In each space are 
a number indicator and two jacks. The 
receiving printer—-perforators, each with 
its own cord-circuit transmitter, are 
housed in metal cabinets on each side of 
the turret. The cord circuits from all of 
the transmitters are located on the shelf 
just below the turret panel. Auxiliary 
equipment is housed in separate cabinets. 

In operation, the switching clerk reads 
the destination on the tape and then 
plugs the cord circuit associated with that 
receiving terminal into either one of the 
jacks on the outgoing circuit., The two 
jacks are provided, so that if the circuit is 
already in use, the second jack may be 
employed for making the second connec- 
tion. Immediately after the connection is 
made (or as soon as the circuit is released 
from the previously established connec- 
tion), a numbering machine transmits 
the sequence number for that circuit, and 
then transmission starts. The number 
indicator on the turret panel shows the 
same number to be entered on the number 
sheet by the switching clerk. 

Should line trouble, a closed office, or 
other cause prevent immediate transmis- 
sion on an outgoing circuit, the tape is 
torn off and the delayed message placed 
in one of the tape clips just below the tur- 
ret for later handling. If the delay is 
only temporary, as from a sudden peak 
in traffic to a particular destination, the 
unswitched received tape is not torn but 
is allowed to accumulate in the tank below 
the table without interrupting further 
incoming business., The turret shelf 
mounts an extra transmitter with its asso- 
ciated cord circuit for use in handling any 
business that may have accumulated for 
one reason or another. 

Switching centers of the type just de- 
scribed have been provided for several of 
the largest private telegraph networks in 
the country. They have operated suc- 
cessfully and have improved both the ac- 
curacy and speed of message handling. 
One system, employing several of these 
switching centers, handles over three- 
million messages a year. At the time 
these installations were made considera- 
tion was given to the use of completely 
automatic means for performing the 
switching operations, but the manually 
operated switchboard turret was chosen 
as offering maximum simplicity, service- 
ability, and freedom from maintenance 
troubles. 

Where the number of circuits in a pri- 
vate leased network is not too large, 
switching facilities have been provided 
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which employ a separate switching turret 
for each incoming circuit, as shown in 
Figure 32. With this arrangement, it 4s 
usual to provide with each position a con- 
sole-type teleprinter which makes a 
record copy of all messages relayed at the 
position. Outgoing messages, originating 
in the center, are prepared for transmis- 
sion as printer—perforator tape at a tele- 
printer local position for subsequent 
switching to the outgoing circuits. 

It is well to emphasize that no two pri;, 
vate-wire networks operate under the 
same conditions or require the same kind 
of service. Practically every such sys- 
tem has to have a custom-built switching 
atrangement, especially engineered for 
the job. Hence, those just described 
represent merely typical installations. 
There is a wide variety of schemes for 
meeting the needs of the individual 
patron, but one feature which they all 
have in common is the use of perforated 
and printed tape for receiving telegrams, 
automatic transmitters for sending, and 
cords and plugs for making the connection 
to outgoing circuits. 


Ocean Cables 


All the continents of the world are, 
interconnected by means of submarine 
cable. Across the North Atlantic alone 
there are 14 cables, with six more from 
North America to the Azores, where con- 
nections are made with Europe and, via 
the Cape Verde Islands, with Africa and 
South America. Of these 20 cables 
Western Union operates ten. Many 
cables also connect with Mexico, the 
West Indies, and South America. There 
are only three cables across the Pacific. 

Transoceanic cables always have but 
one conductor except at the shore ends, 
where one or more extra conductors are 
provided to carry operating ground con- 
nections out to sea. Gutta-percha is used 
almost universally as insulation, and 
mechanical strength and protection are 
provided by armor of high-tensile steel. 
Recently, deproteinized rubber has been 
employed as a substitute for gutta-percha 
on cables manufactured on this side of 
the Atlantic for repair purposes, and a 
synthetic insulation of Polyethylene is 
now being experimented with. The new 
material offers much promise for the 
future. ; 

The oldest Western Union cable was 
laid in 1873 and the latest in 1928. 
Earlier cables were of simple construc- 
tion, but the more modern ones are 
loaded inductively by a spiral wrapping 
of high-permeability nickel-iron-alloy 
tape or wire surrounding the copper con- 
ductor. The new cables have a message 
capacity from three to eight times that 
of the older cables. ae 

Western Union’s 30,352 nautical miles” 
of ocean cable lie in water ranging down 
to nearly three milesin depth. This cable 
is maintained by two repair ships which 
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have $1,000,000 worth of reserve stock of 
repair cable to draw upon in case of 
emergency. 


CABLE OPPRATING EQUIPMENT 


Because of the very high attenuation 
and phase distortion inherent in ocean 
cable, cable equipment and its operation 
until recently have differed radically from 
that used on land-line circuits. The trans- 
mitting voltage was kept low to lessen 
the danger of rupturing the cable insula- 
tion, and the primary receiving instru- 
ments were built on the d’Arsonval 
galvanometer principle to get the maxi- 
mum sensitivity. Since the vibration 
period of these instruments could be ad- 
justed to the signal frequency, they also 
served as shaping elements which, in 
association with condensers and addi- 
tional inductors, could be made to pro- 
vide a high degree of discrimination 
against disturbances of other frequencies. 

In order to secure maximum utilization 
of cable capacity the conventional Morse 
code was modified, so that the so-called 
dots and dashes were of the same length 
but of different polarity. This produced 
a code length of only 3.7 units per letter, 
as compared with 9.2 units of the normal 
continental Morse. Reception was by 
means of signals traced by a syphon re- 
corder on a paper tape which was read 
and translated by trained operators. 
Most of the world’s cables are still being 
worked in this manner, although a cer- 
tain amount of flexibility has been built 
into the system by means of regenerators, 
reperforators, multichannels, and printers 
that operate on this code. Operation is 
usually duplex, affording one transmission 
in each direction simultaneously. 

In the Western Union operations the 
advantages to be gained through integrat- 
ing the line and cable systems have re- 
sulted in radical changes in cable prac- 
tices. Multiplex principles were applied 
to the loaded cables, providing as many 
as eight channels in one direction. They 
have since been applied also to the non- 
loaded cables. By means of so-called 
interpolating circuits, the five-unit code 
regularly used in land-line multiplex 
was made to function as a 2.5-unit code, 
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Figure 31 (left). Private- 
line switching unit 


Figure 32 (right). Single- 
circuit private-line switch- 
ing turret 


yielding a net gain on the 3.7-unit re- 
corder Morse code. Specially designed 
thermionic signal-shaping amplifiers made 
it possible to use rugged relays in the re- 
ceiving circuits in place of the somewhat 
unstable and temperamental galvanome- 
ter type of instrument (see Figure 33). 

With these developments it has been 
possible to equip Western Union cables 
with channel repeaters, reperforator ap- 
paratus, and Varioplex systems, which in 
their mode of operation are identical with 
the Western Union Company’s land-line 
systems. Teleprinters in United States 
customers’ offices are connected with 
similar teleprinters in customers’ offices 
in Great Britain with the same facility 
that is possible within the United States. 
Channel switchboards permit the switch- 
ing of channels, almost as independent 
circuits, and apparatus also is provided, 
so that two offices can share a channel if 
neither one has sufficient volume of 
traffic to keep it busy. 

Because of the high cost of ocean cable, 
every effort has been made to secure 
maximum efficiency. Artificial lines for 
duplex balance are housed in constant 
temperature-constant humidity rooms in 
order to obtain great stability and have 
been developed highly as to design and 
construction. A new technique in match- 
ing the impedances of the artificial line 
and the cable largely has overcome the 
limitations of previous methods, still 
basically the traditional trial-and-error 
procedures, and produces accuracies of 
balance as high as one part in 50,000. 
The new method involves the frequency 
characteristic of the residual impedance 
unbalance and the application of reso- 
nant corrective networks which are readily 
calculated. A substantial reduction in the 
time required to obtain accurate balances 
has been achieved through the use of a 
cathode-ray oscilloscope of special de- 
sign, as well as through certain auxiliary 
devices. 


Subsidiary Services 
Limitation of space precludes discus- 


sion of the various subsidiary services 
which were referred to in one of the early 
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paragraphs. The following remarks ac- 
cordingly are presented merely to indicate 
the magnitude of these activities. 

Under normal conditions before the 
war nearly two thirds of the telegraph 
business which was filed in commercial 
telegraph offices was brought in by mes- 
senger. It will be evident, therefore, that 
in spite of many technical advances in 
the art of telegraphy the simple old- 
fashioned messenger call box continues to 
be one of the essential elements of com- 
mercial telegraph business. Upwards of 
300,000 of these boxes are in service in 
patrons’ offices, hotel lobbies, and other 
semipublic places. 

In the furnishing of Western Union 
time service, by which naval observatory 
time is distributed to all parts of the 
country, a wire network over 200,000 
miles in length is employed regularly. 
The signals distributed by the Navy pro- 


Figure 33.. Ocean-cable amplifier 
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Synopsis: This paper on ‘‘Telegraphy in 
the Bell System” is a companion paper for 
the one prepared by the representatives of 
the Western Union Telegraph Company on 
“American Telegraphy After 100 Years’ 
and the one by representatives of the Inter- 
national Telephone and Telegraph Com- 
pany on “‘Developments in the Field of 
Cable and Radiotelegraph Communica- 
tions.”” This paper reviews some of the 
activities in telegraphy carried on by the 
various units of the Bell System in con- 
nection with the furnishing of private-line 
telegraph and teletypewriter exchange serv- 
ice. Frequent reference is made to the 
various publications covering these activi- 
ties, and only those items which have not 
been disclosed previously are covered in 
any detail. 


HE historic Washington—Baltimore 

telegraph message, ‘‘What hath God 
wrought?” preceded Alexander Graham 
Bell’s conception of the electric telephone 
by about 30 years, In that interval much 
creative work in telegraphy was under- 
taken with results going far beyond the 
dreams of the inventors. It was while 
experimenting with apparatus intended to 
increase the number of telegraph messages 
that could be transmitted simultaneously 
over a circuit—a “harmonic” telegraph 
and a forerunner of modern carrier tele- 
graph systems—that Bell verified his idea 
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‘for the electric transmission of speech! 


The first basic telephone patent was desig- 
nated ‘Improvement in Telegraphy,” 
and many of the early telephonic experi- 
ments and demonstrations were made over 
telegraph wires. The close relationship 
which has always existed between these 
means of communication thus was strik- 
ingly begun. 

The articles of incorporation of the 
American Telephone and Telegraph Com- 
pany, organized and incorporated in 1885, 
contain a statement that its chief purpose 
was “‘constructing, buying, owning, leas- 
ing, or otherwise obtaining lines of electric 
telegraph, partly within and partly beyond 
the limits of the State of New York, and of 
equipping, using, operating, or otherwise 
maintaining the same.” The term “‘elec- 
tric telegraph” was interpreted to include 
both telephone and telegraph services as 
the name of the company implied. 

One of the first undertakings of the 
newly formed company was the construc- 
tion of a line from New York to Phila- 


Paper 44-128, recommended by the AIEE com- 
mittee on communication for presentation at the 
AIEE summer technical meeting, St. Louis, Mo., 
June 26-30, 1944. Manuscript submitted April 
27, 1944; made available for printing May 15, 
1944, 
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vide a means for accurate setting of some 
2,000 master clocks which, in turn, dis- 
tribute synchronizing signals to all clocks 
of the system. 

There are over 20 different ticker serv- 
ices distributing quotations for various 
financial and commodity markets and 
news of sports and other happenings. 
The largest of these, distributing market 
quotations for the New York Stock Ex- 
change, utilizes over 30,000 miles of wire 
and, at the peak of stock market activi- 
ties, served about 8,000 high-speed tickers. 
A wire network interconnecting various 
cities and operating from a central trans- 
mitting station is also employed to serve 
the automatic stock quotation boards, 
operated by the Teleregister Corporation, 
a subsidiary of Western Union. 

Some of the wire networks utilized in 
leased private-wire systems are also very 
extensive. A circuit used to collect and 
distribute weather information for the 
Civil Aeronautics Authority is over 32,000 
miles in length and serves 670 stations, 
200 of which are equipped for sending to 
all of the other stations on the circuit. 
One of the wire networks used by private 
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industry comprises, besides several switch- 
ing centers, over 6,000 miles of circuit. 
A news distributing network that is 
commonly known as the ‘‘Round Robin’’ 
is a continuous loop 4,365 miles long, 
serving numerous stations, any of which 
may transmit in both directions to every 
other station. 


Conclusions 


In the foregoing pages an effort has 
been made to outline the ways and means 
by which commercial telegraphy is con- 
ducted at the end of its first century. In 
all of its ramifications and services the 
telegraph of today is the outgrowth of 
numerous cycles of development. The 
most outstanding technical advances, 
however, appear to have been made 
within the last quarter of its history. 
This progress is by no means ended but is 
going on today perhaps more rapidly 
than at any time in the past. The engi- 
neering laboratories are working on many 
new developments which ultimately will 
play their part in further improving the 
nation’s telegraph service. 


Duncan, Parker, Pierce—Telegraphy in Bell System 


delphia which was soon extended to Wash- 
ington. At that time, in addition to the’ 
public telegraph-message business in which 
responsibility is accepted by a telegraph 
company to transmit and deliver messages 
to designated parties, the telegraph com- 
panies were already furnishing some pri- 
vate-line or leased-wire service, and a de- 
mand soon arose for a similar service to be 
furnished by the telephone company. 
The telephone company’s first private- 
line telegraph service was started between 
New York and Philadelphia on January 
15, 1887, for a stock-brokerage concern, 
the line being equipped for both telephone 
and telegraph operation. 

The telephone companies, as is well 
appreciated, operate on the basic principle 
of furnishing the instrumentalities (circuits 
and instruments) by which their custom- 
ers can communicate satisfactorily. This 
same basic principle has been followed in 
the furnishing of telegraph service, first, 
under private-line contracts where a 
specific customer is provided with facilities 
to permit communication between speci- 
fied locations for designated periods, and 
later, with a nationwide switching system 
known as teletypewriter exchange service 
(TWX). In the latter system a sub- 
scriber can request connection to any other 
subscriber or group of subscribers at any 
time. In all of these services the custom- 
ers transmit their own messages, however, 
using arrangements provided for them. 
The stations, circuits, switching arrange- 
ments, and testing equipment used in 
furnishing these services have been de- 
signed to provide this private-line type of 
service, and, therefore, have taken on a 
form different in many respects from a 
telegraph plant intended primarily for a 
public message business. Under private- 
wire conditions customers immediately 
become aware of plant faults because of 
the interruptions of their communications. 
This makes necessary the provision of 
stable facilities and a means of quickly 
locating faults and means for the restora- 
tion of service. Transmission over indivi- 
dual circuit sections must be sufficiently 
good to permit interconnection of a large 
number to form a complete private-wire 
network and to permit rapid interconnec- 
tion of any two stations or any group of 
stations in the country over teletypewriter- 
exchange-service networks. Likewise, tele- 
typewriters and other station equipments 
must be arranged for connecting a large 
number on one circuit permitting breaking 
and two-way intercommunications. 

The telegraph-circuit facilities now pro- 
vided from the telephone plant total ap- 
proximately 4,000,000 miles. In addition 
to the circuits used for customer services, 
this total includes test wires, control cir- 
cuits, and other telegraph circuits used in 
the maintenance and operation of the tele- 
phone plant. About 34,400 stations are 
served by these telegraph facilities (see 
Table I). : 


To illustrate the changes which have — 
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PER CENT OF TELEGRAPH MILEAGE 


Relationship of the mileage of 
private-line Morse and teletypewriter services 


Figure 1. 


occurred in this telegraph plant over the 
years, several diagrams have been pre- 
pared. Figure 1 illustrates the gradual 
change from Morse operation to teletype- 
writer operation in the private-line serv- 
ices. Figure 2 illustrates the multistation 
aspects of these private-line services. It 
will be noted that of the circuits shown 
346 are point to point, that is, they have 
only two stations, whereas, all of the 
others have more than two stations up to 
a maximum of 329 stations on a single cir- 
cuit. This figure also illustrates the dis- 
tribution of these same circuits by lengths, 
the longest circuit having a total of over 
30,000 miles, The changes in the TWX 
system, since its beginning, are shown in 
Figure 3. 


Transmission Theory and Practices 


The close association of the develop- 
ment of telegraph transmission systems 
with the art of telephone transmission is 
brought out in many publications.?~® 
Telegraphy differs from telephony, how- 
ever, in that the intelligence transmitted 
is essentially conveyed by the timing of 
sudden transitions from one steady state 
to another. This, to a large extent, has 
required special consideration of the tele- 
graph transmission problem in order to 


. secure the efficient and faithful transfer of 


such transitions from the originating sta- 
tion to the destination. 


Table |. Statistics Showing Mileage and 
Subscriber Stations 
Miles of Telegraph Circuit* 
Direct 
Carrier Current Total 
(C15) 0) (oS een a eee 1,700,000.. 900,000. .2,600,000 
OPM WITE 2 6.0 6s & 900,000.. 500,000. .1,400,000 
BOE on. gees, 6) 0's ih 2,600,000. . 1,400,000. .4,000,000 
Stations Connected* 
Private 
TWx Line Total 
Teletypewriter..... 16,000..... LI OOOo soase 33,000 
AUD EO BAR RAINS Bolo clotnOtehe oO ichae 1,400..... 1,400 
BOLI sh stsraiaresars) sie 16,000..... 18,400..... 34,400 


*These data include facilities for company com- 
munications as well as for customers. 
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EVALUATION OF TRANSMISSION 
PERFORMANCE 


In order to place the research and 


development work on a quantitative basis 
it was necessary first to formulate suitable 
definitions for the different kinds of trans- 
mission impairment suffered by the tele- 
graph signals in transit. Inaccuracy in 
the timing of the transitions of the tele- 
graph signals is the essential feature which 
determines the degree of reduction in the 
quality of the received signals. Accord- 
ingly, it was logical to state the impair- 
ment in terms of time displacement of the 
transitions from their respective proper 
positions in the train of signals. In 1927 
a paper was published’ defining impair- 
ment, specifically called ‘distortion,’ of 
telegraph signals, the imperfection with 
respect to time being expressed in per cent 
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Figure 2. Distribution of 
private-line circuits by num- 
ber of stations and mileage 


of the perfect (that is, undistorted) unit 
pulse or signal element peculiar to the code 
and speed employed, Furthermore, it 
had been found of great utility to break 
down the total distortion into three com- 
ponents, namely, bias, characteristic, and 
fortuitous distortion. It is interesting to 
note that these terms appear to have met 
with general acceptance throughout the 
world, 

In Morse operation distortion was de- 
fined and measured as the combination of 
the effects which occur at the two ends of a 
mark or space. However, the introduc- 
tion of teletypewriter (start-stop printing 
telegraph) operation, commencing about 
30 years ago? required modifications in 
the definitions and in the measuring tech- 
nique. Instart-stop teletypewriter opera- 
tion each character consists of a start 
pulse, a selecting period’five time units in 
length, and a stop pulse. The selective 
mechanism of the receiving machine be- 
gins its cycle upon arrival of the start pulse 
and makes an examination of the received 
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signals in the middle portion of each of the 
five selecting time units. Accordingly, 
time distortion is properly referred to the 
beginning of the start pulse and consid- 
ered independently for each transition 
during the selecting period. Teletype- 
writer operation has the important ad- 
vantage of allowing convenient measure- 
ment of distortion on working circuits 
since the sent signals are accurately timed. 


Several methods of measuring telegraph 
distortion which had been developed were 
described in the 1927 paper;’ another 
paper published in 19391* outlined modi- 
fications found necessary in the definitions 
and described newer methods of measur- 
ing distortion, including a convenient and 
accurate start-stop device giving direct 
indication of bias and total distortion on 


working teletypewriter circuits. An im- 
LENGTH OF EACH NUMBER OF 
CIRCUIT IN MILES CIRCUITS 

OsSIOON LS esis CEES 
lWile200 5s SESS 
201-500 282 
501-1000 226 

LOOT: 20002 tes) Stee: 
2001 3000222 ss 73 
S00 = S000 = airs 
3001100002202) 

OOS Of oe 

W253 02-2 2s eee} 

12920 ! 

($360.0 ee et 

Gs OMe a AE 

20500 ' 
27620 ! 
30160 ! 


NUMBER OF STATIONS PER CIRCUIT 


proved transmission measuring set!4 em- 
ploying an electronic distributor was 
standardized a few years ago. A group of 
three sets is shown in Figure 4, one of 
which is the electronic type. 

For use in laying out circuit networks 
in an economical manner which will be 
satisfactory from a transmission stand- 
point in furnishing telegraph service and 
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Figure 3. Teletypewriter exhange service 


Curves showing the number of stations, mes- 
sages per year, switchboard positions, and toll- 
circuit mileage 
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Figure 4. A group of three telegraph trans- 
mission measuring sets in the New York office 


These sets have 30 meter appearances through- 

out the telegraph test rooms at service boards, 

testboards, teletypewriter repair centers, and 

so forth, at any of which teletypewriter signals 
at various speeds may be measured 


in engineering additions to plant, a system 
of telegraph transmission ‘‘coefficients” 
was evolved.1® Jn this system a figure is 
assigned to each link of a network in such 
a way that the coefficients for links oper- 
ating in tandem may be added directly to 
determine whether or not the proposed 
circuit layout will meet the transmission 
requirements.’ Although these coefficients 
correspond in a way to attenuation ex- 
pressed in decibels in telephone practice, 
they do not directly indicate the amount 
of signal distortion. They are based 
largely on the conception, which has been 
substantiated in practice, that distortion 
effects’ contributed by various factors 
generally combine in random fashion so 
that coefficients, as a first approximation, 
may be made proportional to the square of 
a representative value of distortion for 
each link. 
When teletypewriter exchange (TWX) 
service!® was introduced, the coefficient 
_ system proved to be of great utility in en- 
gineering a nationwide teletypewriter 
transmission system for providing a 
switched service which must be given over 
facilities connected together without time 
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being taken for a line-up or test of trans- 
mission. In cases where the over-all co- 
efficient would exceed the limit regenera- 
tive-type repeaters,!"!? which not only re- 
form but retime the signals, may be in- 
serted, so that the circuit is effectively 
broken into parts for which the coefficients 
may be computed independently. 


TRANSMISSION PRINCIPLES 


The fundamentals of electric telegraph 
transmission which have been evolved are, 
in general, applicable to such communica- 
tion methods as telephone signaling and 
picture transmission!® as well as to con- 
ventional telegraphy. 

A study was made which led to a method 
of definitely evaluating the merits of tele- 
graph codes differing as regards the 
combinations chosen to represent the 
various characters to be transmitted and 
the use of various numbers of values of 
current or voltage. A paper was pub- 
lished?” in 1924 covering this and the effect 
of signal shaping at the transmitting end 
of the circuit. 3 

Theoretical treatment of certain tele- 
graph transmission questions was carried 


out for many years on a transient basis; ~ 


this was fairly simple and of much utility 
in connection with forecasting the speed 
capabilities of nonloaded submarine cables, 
since these cables were so long electrically 
that reflection effects were negligible. In 
the cases of land lines and loaded subma- 
rine cables, however, the transient method!’ 
involved much difficulty. On the other 
hand, the steady-state method of treat- 
ment, in which the train of transmitted 
signals is broken down into sine-wave 
components by Fourier analysis, generally 
has proved to be of more utility and much 
more practicable. Thesteady-state method 
was described in a paper, published in 
1928,!° in which a number of fundamental 
conclusions also were recorded, particu- 
larly in respect to the required trans- 
mission band-width and transfer-admit- 
tance characteristics for distortionless 
transmission with the minimum band. 
It should be understood, however, that 
the transient and steady-state methods 
properly carried out lead to identical re- 
sults. 

The transmission capabilities of tele- 
graph circuits described herein are, in gen- 
eral, such that teletypewriter operation at 
the predominant speed (60 words per min- 
ute, about 23 dot-cycles per second) is of 
high quality with considerable margin for 
variations in line conditions, battery volt- 
ages, adjustments, and so forth. This pro- 
vides not only a high degree of dependa- 
bility with small maintenance effort for 
normal speed services but also allows 
operation at materially higher speeds, up 
to about 40 cycles, in cases where this is 
desired. 


D-C Systems 


D-c telegraph circuits originally were 
derived from telephone circuits by what is 
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known as the ‘‘simplex’’? method, com- | 


mencing about 1882. In this system the; 


telegraph currents traverse the two wires’ 
in parallel and employ ground return, 
whereas, the telephone circuit operates on 
a metallic basis.. In 1892 the now widely 
used “composite” system? was introduced 


in which the telegraph and telephone cur- — 


rents are separated by taking advantage of 
the fact that the former employ low fre- 
quenciés, and telephone currents are of 


higher frequency. By this method two,, 


d-c ground-return telegraph circuits may 
be superposed on a pair of wires employed 
simultaneously for telephony. It was 
necessary to develop a-c telephone signal- 
ing arrangements for use on composited 
circuits; these originally employed 135- 
cycle current, but later designs used 
modulated 1,000-cycle current. 


wW 
) 


N 
aS 


TROUBLES PER YEAR 
PER 150 MILES OF SYSTEM 
® 


Figure 5. Curve showing the average number 

of system failures per year per 150 miles of 

voice-frequency carrier telegraph system, 
operated over cable 


Up to about 1904 telegraph circuits on 
telephone wires were operated on a neutral 
or open-and-close basis. Several types of 
single-line repeater for use at intermediate 
points were developed at different times. 
The standard repeaters now in use*#? em- 
ploy polar relays exclusively for better 
transmission with minimum adjustment. 

In 1904 polar-duplex equipment was in- 
troduced for operation in private-line 
service, not so much for the purpose of 
providing simultaneous two-way trans- 
mission as for obtaining the advantages of 
polar transmission.2? Later, one-way 
polar and two-path polar, that is, two ways 
on separate one-way paths, were intro- 
duced for use on many circuits to avoid the 
necessity of maintaining duplex imped- 
ance balance. 

Various improvements and refinements. 
were applied to d-c ground-return tele- 
graph circuits, which operate largely over 
open wires. One of these developments 
consisted of arrangements for neutralizing 
the crossfire or mutual interference be- 
tween such circuits operating on the same 
group of wires.22 Another provided a 
ground-potential compensator?’ for neu- 
tralizing the effect of difference in ground 
potential between repeater stations caused, 


for instance; by the operation of a d-c trac- | 


tion system. Many of the repeaters were 
also arranged to employ a second or bal- 


AITEE TRANSACTIONS 


oe he ee 


ancing wire so as to give effective metallic 
circuit operation and minimize interfer- 
ence. Two new forms of circuit, called 
“polarential,’*4 were introduced; these 
two arrangements are practically un- 
affected by changes in series resistance 
and leakage, respectively. 

In connection with d-c telegraphy an 
outstanding development involving the 
joint use of plant consisted in the design of 
a low-current (a few milliamperes) polar 
system for long small-gauge cable cir- 
cuits.2>, This development allows tele- 
graph to take advantage of thousands of 
miles of small-gauge cable circuits which 
became available by the extension of in- 
tercity telephone cables. When the trans- 
mission was put on a metallic instead of 
ground-return basis, interference was prac- 
tically eliminated, so that low voltages 
and currents could be employed and thus 
avoid objectionable interference in the 
composited telephone circuits on which 


\ 


Figure 6. Number 15 teletypewriter, ar- 
ranged with positive paper-feeding arrange- 
ments for handling printed forms 


they were superposed. The telephone cir- 
cuits were particularly susceptible to in- 
fering effects by reason of the high am- 
plification employed in repeaters and the 
large number of loading coils which would 
have been affected seriously?® by sending 
through them d-c telegraph currents of 
the order of magnitude commonly em- 
ployed for ground-return operation. The 
system originally operated on a two-wire 
polar-duplex basis, but later most of the 


circuits were converted to four-wire opera-_ 
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tion which is the equivalent of two-path 
polar. 


CARRIER-CURRENT SYSTEMS 


An important step in the improvement 
of facilities for furnishing telegraph service 
over long distances was the introduction 
about 25 years ago of carrier-current teleg- 
raphy. This was first applied to open-wire 
lines above the voice range and furnished 
ten two-way channels;?” a few years later 
a voice-frequency system for operation on 
long four-wire cable telephone circuits was 
put into service.2 The number of tele- 
graph channels obtained per system was 
10 initially, but this was increased to 12 
within a short time, and subsequently to 
18. A paper published in 1940” made 
record of a number of advances in carrier 
telegraph transmission, including a trial 
of arrangements which furnished 24 chan- 
nels on a single four-wire cable circuit. 
Carrier telegraph circuits are not only 
more economical for all except compara- 
tively short distances, but also furnish 
superior transmission. A simple ampli- 
tude-modulation (on-and-off keying) sys- 
tem with automatic level compensation is 
employed which is well suited for use on 
stable quiet circuits such as are available 
in the telephone plant. 

Figure 5 shows the troubles per 150 miles 
of carrier system (regulator spacing) per 
year since 1929 and brings out the im- 
provement in stability which has been 
brought about. The distortion is nor- 
mally very small at usual teletypewriter 
speeds, and, furthermore, the circuits have 
some transmission margin which would 
allow an increase in speed; as a matter of 
fact, in certain special services, such as 
multiplex printer and ticker, considerably 
higher speeds have been used. 

The general idea of a carrier telegraph 
system was old, but its practical develop- 
ment was made possible by drawing upon 
the telephone art, not only for a suitable 
transmission path, but also for such im- 
proved devices as electrical filters, vac- 
uum-tube amplifiers, detectors, and oscil- 
lators. 

It is of interest to note that voice-fre- 
quency carrier telegraph systems have 
been applied on a large scale to carrier 
telephone channels derived from both open 
wires and cable.»>.3?:31:32,39,40 These facili- 
ties in general furnish excellent service 
and have been invaluable in making pos- 
sible the use of certain very extensive net- 
works. By making use of systems avail- 
able in the plant about 260 of these two- 
way carrier telegraph channels can be 
derived from a single telephone pair. As 
shown in Table I there are approximately 
2.6 million miles of carrier telegraph cir- 
cuit in the plant today. 

All of the carrier telegraph systems and 
a substantial part of the d-c systems now 
in the plant are operating on a two-path 
basis, that is, with separate paths in the 
two directions. These two-path facilities, 
of course, all can be operated both direc- 
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tions simultaneously (full duplex) where 
this is desired without an increase in signal 
distortion. The remaining mileage can 
largely be operated full duplex by main- 
taining a duplex balance. 

As an essential feature of the improved 
telegraph systems, new and superior forms 
of demountable polar relays were devel- 
oped.*8 These embodied such features as 
the use of permalloy magnetic material, 
contact arrangements for greatly reducing 
chatter, and high stability, so that adjust- 
ment is normally made only at intervals 
of several months to a year. 

A paper published in 192234 described 
cables which were put into service between 
Key West and Havana in 1921. Each 
cable initially carried a voice circuit, a 
specially designed d-c telegraph circuit, 
and one carrier telegraph channel above 
the voice. Later additional carrier tele- 
graph channels were provided.*® 

As a result of the study of transmission 
over long submarine cables, a new form of 
submarine cable was produced with con- 
tinuous loading in the form of a permalloy 
(magnetic) tape. Equipment for auto- 
matic time-division printing telegraph 
operation, as well as vacuum-tube receiv- 
ing amplifiers, was designed for use with 
this cable.4!:42, These developments have 
resulted in a large increase in the traffic 
catrying capacity of a transoceanic tele- 
graph cable of given size and length. 


Teletypewriter Developments 


The advantages to be gained by the 
transmission of intelligence in printed form 
became apparent immediately following 
the 1844 demonstration of telegraph trans- 
mission by dots and dashes recorded on a 
paper strip. Many inventers worked on 
printing-telegraph arrangements, and 
gradually there were evolved certain re- 
quirements which should be met by such 
machines if they were to be useful on 
customers’ premises in private-line tele- 
graph services. These requirements which 
are met by the teletypewriters used today 
may be summarized briefly as follows:!2 


1. The operation should be simple, ap- 
proaching that of a typewriter as closely as 
feasible. Only a limited amount of training 
should be required for an operator to be- 
come familiar with the touch and the 
arrangement of operating keys, including 
those necessary for controlling these ma- 
chines over circuits. The insertion of paper, 
changing of inking ribbons, and the clean- 
ing of type must be accomplished easily by 
operators. 


2. Page copy is required; carbon copies 
should be made and stencils cut as with the 
ordinary typewriter. 


3. Machines must be reliable in operation, 
reasonably quiet, of good appearance, and 
as small in size as feasible. 


4. Machines must-be economical to main- 


. tain in customers’ offices and must not re- 
Quire routine attention for lubrication or 


adjustment except at long intervals. Means 
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should be provided for local tests, and parts 
should be readily interchangeable. 


5. Positive feeding and tabulating ar- 
rangements are necessary for the handling 
of multicopy printed forms, such as orders 
and invoices. 


6. Direct transmission from a keyboard 
must be provided, but to give efficient 
working it is also necessary to send auto- 
matically from some form of previously 


oe 


Figure 7. Typing  reperforator—transmitter 
showing pivoted-arm type of transmitter 


prepared record, such as perforated tape. 
Direct sending or perforating should be 
from the same keyboard. 


7. All transmitters must send accurately 
timed signals, and all receivers must have 
large tolerances for receiving and recording 
signals without errors. 


8. Machine speeds of 60 words per minute 
and higher are required. 


Furthermore, a selecting code is re- 
quired which permits telety pewriters to be 
used in large-intricate circuit networks, in- 
cluding many stations, with channels ob- 
tained from the telephone plant. In the 
private-line form of service any station 


Figure 8. Telegraph test room before the 
advent of rack-mounted equipment and tele- 
graph board answering 
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may become a sending station, and the re- 
ceiving devices of the various receiving sta- 
tions must be phased automatically to re- 
ceive properly signal waves arriving from 
any sender. This requirement led to the 
selection and development of the start 
stop system with its break circuit which 
permits any receiving station to interrupt 
the operation of the circuit and become a 
sending station. The requirements in- 
cluded also the provision of features for 
remotely controlling the power supply of 
unattended machines. 

The installation in 1917 for a press 
association of a start-stop page teletype- 
writer system on a circuit from New York 
to Boston, with a number of intermediate 
stations, is believed to be the pioneer long- 
line private-wire multistation teletype- 
writer circuit. This system had arrange- 
ments to permit breaking and fast inter- 
communication between stations. It 
formed the basis for the extensive develop- 
ment of long-distance start-stop private- 
wire teletypewriter service. _ 

Although the idea of a stationary paper 
carriage for page-printing telegraph ma- 
chines is not particularly new, the associa- 
tion of a moving type basket with a sta- 
tionary paper platen to obtain the ad- 
vantages of typebar action was first used 
in machines placed in service in 1921. This 
machine was known as the 10-A printer. 
This idea was developed later into a more 
satisfactory mechanism, known as the 
number 15 teletypewriter, shown in Figure 
6, which was made available in 1930. 
Since then about 65,000 typing units of 
this kind have been manufactured by the 
Teletype Corporation. 

The number 15 teletypewriter has met 
satisfactorily the requirements for a uni- 
versally applicable page-printing machine 
as evidenced by the fact that it is playing a 
major role in telegraphic communications 
of both the Army and Navy in this coun- 
try and also abroad, during the present 
war emergency. 

The telegraph industry generally has 
adopted the use of capital letters instead 
of the usual combination of capitals and 
small letters. This has permitted the 
standardization of a five-unit selecting 
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code, which gives 32 code combinations, 
A teletypewriter having a six-unit code 
with 64 combination possibilities and hav- 
ing capitals and small letters has been 
available for some time, but little use has 
been made of it except for special services 
due to the added complexity of the ma- 
chine and less efficient use of the telegraph 
circuits. 

In addition to the number 15 teletype- 
writer, many other teletypewriter mecha- 
nisms and auxiliaries have been devel<’ 
oped and made available to meet the re- 
quirements of various commercial users. 
Some of these devices are illustrated in the 
figures showing commercial applications. 
Some not shown include a complete line of 
radio-frequency suppression filters for ap- 
plication to the various teletypewriter 
apparatus units to permit their use in close 
proximity to sensitive radio receivers. 
There are also the start-stop regenerative 
repeater, a transmitter—distributor for 
sending accurate test message signals with- 
out the use of perforated tape, a test set for 
sending miscellaneous distorted signals for 
testing apparatus and lines, a two-channel 
start-stop transmitter—distributor for use 
on radio circuits, a less elaborate page tele- 
typewriter for limited applications where 
all of the service features of the number 15 
are not required, and nonrecording selec- 
tors for automatic-switching purposes. _ 

One of the latest mechanisms auto- 
matically records incoming signals in per- 
forated as well as typed form for easy 
reading and has an associated transmitter 
mechanism mounted on a pivoted arm. 
This method of mounting the transmitter 
permits it to step along the tape char- 
acter by character and transmit the last 
character recorded by the perforator. 
This reperforator—transmitter, which also 
has the unique feature of typing over the 
perforations, these being hinged lids, is 


shown in Figure 7. Either the reperfo- 


Figure 9. Voice-frequency carrier-telegraph- 
channel terminals 


Six channels on each bay—three bays form an 
18-channel system terminal f 


Figure 10. Operating positions and face 
equipment of widely used type of telegraph 
test and service board 


trator or the transmitter may be run at 
either 60 or 75 speed, and the reperforator 
and the transmitter may be operated at 
different speeds in a combined unit. The 
transmitter also has a group of contacts 
to provide for reading certain characters 
from the tape for control of switching 
operations. 


Improvement in 
Equipment Arrangements 


Within the past 20 years revolutionary 
changes have been made in the mechanical 
construction and arrangement of the tele- 
graph equipment installed in test and re- 
peater offices. The contrast between the 
old and new arrangements is brought out 
in a striking manner by Figures 8 to 11. 
The first of these shows the appearance of 
a large test room about 25 years ago. The 
mahogany table in the foreground carries 
12 d-c ground-return bridge polar-duplex 
repeaters; the table immediately in the 
rear mounts a similar group of duplex re- 
peaters, and in addition six single-line re- 
peaters on shelves above them. At the 
left may be seen the telegraph board which 
was provided primarily for making tem- 
porary rearrangement of line circuits and 
patrons’ loops by means of patching cords. 
At the upper right is shown a telegraph 
operator’s position on an elevated plat- 
form; this man sent and received over 
auxiliary facilities, known as test wires, 
short messages relating to the mainte- 
nance and restoration of telegraph service. 
Communication between him and the 


telegraph repeater attendants was carried 


out by shouting loudly so as to, be heard 
through the din of many clicking sounders. 
It will be noted that a comparatively large 
staff is on duty. 
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Figure 9 is a view, recently taken in a 
modern office, of voice-frequency carrier 
telegraph terminal equipment. It will be 
noted that the-apparatus is mounted on 
standard telephone-type racks, these being 
11 feet 6 inches in height. A total of six 
or eight channel terminals may be 
mounted in each bay, 19!/, inches in 
width. A monitoring set is furnished for 
communication from the carrier telegraph 
equipment with patrons or other repeater 
offices, One such set being sufficient for 
serving 50 or more channel terminals. The 
monitoring sets normally are disconnected, 
so that no sounder is in operation. The re- 
lays are jack mounted, adjusted at com- 
paratively long intervals at a central point, 
and replaced in case of difficulty rather 
than being adjusted while in operation. 

Modern telegraph test and _ service 
boards are illustrated by Figures 10 and 
11. The equipment shown by Figure 10 
is rack mounted; that by Figure 11 is 
later in design, more efficient and of a 
switchboard type. At each board position 
a meter and jacks are provided, so that the 
attendant may make connection to a trans- 
mission measuring set and quickly deter- 
mine the quality of teletypewriter signals 
on working circuits. Teletypewriters at 
each position permit communication with 
subscribers and with other offices when 
that method of communication is desir- 
able. Monitoring teletypewriters, which 
are not shown, are generally grouped at a 
central point. 

The new telegraph repeater arrange- 
ments are not only cheaper, but, because 
of the improved design and the use of 
manufactured assemblies, they have ef- 
fected large savings in floor space, installa- 
tion labor, and time. The test rooms are 
not only quiet, but also, with the new test 
and service boards, it has been found 
possible to maintain the service at even 
higher standards with a much smaller 
force. The reduction in the number of 
d-c ground-return circuits, the preponder- 
ance of carrier telegraph and widespread 
usage of circuits in cables, many of which 
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are underground, as well as the use: of 
better equipment and improved operating 
methods, have brought about improve- 
ments in spite of increases in operating 
speeds, more stringent service require- 
ments, and the greater complexity of cir- 
cuit layouts. 


Private-Line Telegraph Systems 


Probably the most outstanding change 
over the years in the private-line tele- 
graph system is the application of a multi- 
tude of new ideas and new plant facilities 
for the improvement of the over-all sta- 
bility of these networks. These improve- 
ments are not exclusively telegraph, but 
many of them have become available to 
telegraph as a result of its association of 
the same plant with telephony. Of course, 
the most outstanding example is the use 
of the extensive telephone cable plant for 
telegraphy. The requirements as regards 
speed, distance, and complexity have be- 
come more and more severe, but in spite 
of this there has been a continual improve- 
ment in the reliability and continuity of 
the service rendered. Many of the im- 
provements have been presented to the 
Institute as they have been made, and it 
will suffice here merely to refer to a few of 
the more important developments. 

In connection with the carrier tele- 
graph developments, level compensators 
were applied which keep the output of each 
carrier channel practically constant with 
over-all changes in level on the circuit as 
large as +10 decibels. Also, in connec- 
tion with carrier, drainage arrangements*” 
were designed after much experimenting 
to reduce the effects of lightning. High- 
frequency telegraph systems on open-wire 
and voice-frequency telegraph systems 
operating on carrier telephone channels, 
both type C and type J, are subject to 


Figure 11. Operating positions and face 
equipment of a new form of telegraph test and 
service board 
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hits occasioned by lightning and other 
disturbances under the general name 
of static. Drainage has been applied 
to practically all carrier telegraph on 
open wires and has been effective in %e 
improving the telegraph service by a 
reducing the hits which otherwise 4 4% 
would have been experienced by 80 
or 90 per cent. : 

The change from open wire to x, 
cables, which is continuously being & 
made in the telephone plant, of course, 
has improved the stability of the 0% 
telegraph facilities. This applies to 
the coaxial cables as well as to the 
usual small-gauge copper-conductor 
cables. The use of this plant has 
resulted in a service largely impervi- 
ous to storm and weather. The im- 
provement in the regulation of power- 
plant voltages has had a marked 
effect in the improvement in tele- 
graph circuit stability. Practically 
all power plants used are equipped 
with storage-battery reserves, and the 
voltage is held within +4 per cent of 
the nominal voltage or better. The 
storage-battery reserve, of course, 
provides continuity and in many cases 
a further assurance of continuity is 
obtained by the. provision of emer- 
gency gas or Diesel-engine generating 
equipment. Mobile generating units 
are strategically located to protect 
plants not having permanently in- 
stalled emergency equipments. These 
developments practically have elimi- 
nated telegraph circuit interruptions 
because of failures of the commercial 
power supply. 

The application of the start-stop 
regenerative repeater throughout the 
telegraph plant has done away with 
any practical limitation on the length wz 
or complexity of telegraph networks “S 
which can be operated satisfactorily. 

Improvements in operating meth- 
ods have kept pace with improve- 
ments in facilities. Under what is 
known as the telegraph-board answer- 
ing method of operation, the great 
majority of work in telegraph test 
rooms is performed by attendants 
seated at the telegraph testboards 
or service boards. 
Under this method of 
operation an attend- 
ant has at his position 
facilities for communi- 
cating quickly with 
customers and with 
attendants in other 
offices. He also has 
facilities for locating 
troubles and for 
quickly restoring in- 
terrupted services by 
patching out defec- 
tive parts of circuits. 
Communications be- 
tween attendants in 
different cities are 
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Figure 13. 
munication center for 
company 


Private-line teletypewriter com- 
commercial-airline 


handled over a network of ring-down inter- 
office communication channels. These 
channels are arranged so that an attendant 
at one office may communicate directly 
with the attendant at a distant office 
handling the circuit or facility involved. 
As a result of these improvements in 
stability and continuity, it is now possible 
to operate nationwide teletypewriter cir- 
cuits such as that for a press association 
shown in Figure 12. This service is oper- 
ated at a speed of 60 words per minute, 24 
hours per day, seven days per week. 
Large teletypewriter systems involving 
many individual circuits may require 
arrangements for readily transferring 
messages between the various circuits. 
One method of handling this transfer is by 
having the messages received in perforated 
tape form and carrying this tape from the 
teceiver to the transmitter for retrans- 
mission over the outgoing circuit. Figures 
13 and 14 show two such relay office in- 
stallations for large industrial businesses. 
As an example of recent developments 
to meet the needs of modern business con- 
cerns, a brief description will be given of a 
fully automatic message switching system 
(Figures 15 and 16 show two such in- 
stallations). These concerns have re- 
quirements for handling a large volume of 
short messages between all of the various 
units of these widespread organizations. 
Since the distance between the various 
points is large, it is important to use the 
intercity facilities efficiently; yet it is im- 
portant not to have an appreciable delay 
in the handling of the traffic. To meet 
these special requirements a fully auto- 
matic message switching system was de- 
signed. This system is shown diagram- 
matically in Figure 17 and consists essen- 
tially of a number of multistation circutts, 
some of which are operated on a full- 
duplex basis, that is, in both directions 
simultaneously, and others on a_half- 
duplex basis, that is, in one direction at a 
time. Some operate at 60 words per min- 
ute and others at 75 words pereminute. 
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Each station on the system prepares its 
traffic in the form of a perforated tape. 
Since there are a number of stations on 
each circuit, arrangements are provided 
for automatically starting each station in 
rotation, the traffic from each station 
thereby being sent to the automatic switch- 
ing office. Each message is preceded by 
certain characters which form a code to 
control the switching equipment in the 
switching office, so that each message will 
be switched automatically across the office, 
retransmitted on the proper circuit, and 
received at the designated distant station 
without attention or handling by opera- 
tors at the switching or relay office. 

Since the messages are short and it is 
important to keep the long-haul circuits 
loaded to capacity, the transferring of the 
messages from one circuit to another at 
the switching office is accomplished by 
storing the messages in perforated tape, 
automatically transmitting them across 
the office to the proper outgoing line over 
intraoffice trunks having twice the ca- 
pacity of the highest-speed intercity line 
circuit, and then, as the sending circuit 
becomes available, retransmitting them 
to the proper destination. Storage is pro- 
vided at both the incoming and outgoing 
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Figure 14. Teletypewriter operating room of 

a large industrial concern, illustrating arrange- 

ments for quickly handling and relaying 
messages received in perforated-tape form 


lines, primarily to permit operating all 
cross-office circuits at one common speed, 
so that intercity lines may operate at 
various speeds as desired. Storage at the 
incoming line also permits this line to 
operate continuously without interrup- 
tion even though cross-office paths may 
be momentarily busy. A relatively high 
capacity for accepting and storing mes- 
sages at the outgoing lines tends to speed 
up the cross-office handling and keeps 
storage at the incoming lines to a mini- 
mum. It also permits any outgoing line 
to be shut down temporarily (as required, 


Figure 15. Portion of teletypewriter opera- 

ting room of a large industrial concern illus- 

trating arrangements for handling and auto- 

matically relaying messages received in tape 
form 


This is believed to be the first installation of 
equipment for automatically switching mes- 
sages among a group of circuits 
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Figure 16. Teletypewriter operating room 

of a large industrial concern, illustrating a late 

type of equipment for automatically switching 
messages 


Machines in right foreground are for order- 

writing purposes, including the preparation 

of tapes for automatic transmission through 

other transmitters connected to the switching 
system 


for example, in half-duplex operation), 
without delaying the progress of other 
messages in the office. 

In the cross-office arrangements two 
types of intercept circuits are used as 
shown in Figure 17. One, known as the 
miscellaneous, serves to intercept and 
record on a typing reperforator all mes- 
sages having obviously incorrect directing 
codes, such as codes not assigned for use 
inthe system. The other, known as willful 
intercept, may be used for intercepting 
and recording on a reperforator any mes- 
sage which may require special handling. 
This is valuable in case a receiving station 
is closed for certain periods or is tempo- 
rarily out of order. 

One installation employs the typing 
reperforator—transmitter arrangement pre- 
viously described. In the normal per- 
forator-transmitter combination, if the 
perforator stops, a certain amount of 
traffic is stored between the perforator and 
the transmitter, since it is necessary to 
have these two units some inches apart to 
allow for a loop of tape between them. 
This necessitates tape feed-out arrange- 
ments on the perforator to get this stored 
message out of the perforator for retrans- 
mission in cases where no message imme- 
diately follows on the perforator. With 
this mechanism, however, when the per- 
forator is continuously receiving traffic at 
a rate faster than it is being transmitted, 
the transmitter will be a few inches from 
the perforating point so that a loop of tape 
may form between the two. Arrange- 
ments are provided, so that, if necessary, 
a large amount of tape may be stored at 
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this point without becoming snarled when 
it feeds out. If the perforator stops, the 
transmitter will continue to feed the per- 
forated tape until it becomes taut be- 


’ tween the perforator and the transmitter 


and then will move up towards the per- 
forator until it has sent the last character 
perforated in the tape. This combination 
sometimes has been referred to as the 
“climbing-up-the-tape” transmitter, With 
this arrangement, no special feed out is 
required, the transmitting tape will not 
have blank lengths in it which are neces- 
sary when tape feed-out arrangements are 
used, and considerable circuit time will 
be saved. Figure 18 shows two typing 
reperforator—transmitters mounted in a 
cabinet. 
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A most useful application of private; 


line teletypewriter service has been made 
by various city, county, and state police 
organizations.** Special switchboards have 
been developed for this service, and the 
teletypewriter is now a familiar sight in 
hundreds of police offices. Alarms may 
be spread over wide areas with great speed 
and the day-to-day routine exchange of 
police information can be handled effi- 
ciently and speedily. ‘ 

Figure 19 shows an interesting applica- 
tion of teletypewriters for relaying radio- 
telephone messages from airplanes to land 
wires. 

Another interesting development is the 
teletypesetter which provides for auto- 
matically setting type from a perforated 
tape which may be prepared either locally 
or made automatically from signals re- 
ceived over a telegraph circuit. For ex- 
ample, copy material for a well-known 
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Figure 17. Schematic diagram showing func- 


tional arrangement of the various elements of 
a fully automatic message-switching system 


magazine is assembled at New York, 
edited, punched in tape, and transmitted 
over telegraph circuits to Philadelphia 
and Chicago where it is received in per- 
forated tape which is then used for the 
automatic control of typesetting machines 
at two separate printing plants. The six- 
unit selecting code is used, and teletype- 
writers similar to the number 15, but ar- 
ranged to accept this code and type both 
capital and small letters, have been pro- 
vided to supply page copy for checking 
purposes. — ae i 


AIEE TRANSACTIONS 
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Figure 18. Two typing reperforator—trans- 

mitters shown mounted in a cabinet with 

special tape bins and tape winders used in 
automatic switching office 


Teletypewriter Exchange System 
(TWX) 


Teletypewriter exchange service, or 
TWX, is a natural outgrowth of private- 
line service in which a need had developed 


Figure 20. Combined inward, outward, and 
through TWX switchboard line-up at New 
York 


1944, VOLUME 63 


Figure 19. Radiotelephone and private-line 
teletypewriter operating positions of a com- 
mercial-airline company at a large airport 


for short periods of usage, even less than 
one hour. Prior to the offering of a public 
teletypewriter exchange service, consider- 
able experience had been gained with tele- 
typewriter switching, both automatic and 
manual, for police and other individual 
private-line customers. There was also, 
of course, a background of experience in 
methods and means for the switching of 
telephone facilities. 

The teletypewriter exchange system! 
includes machines installed at convenient 
locations on subscribers’ premises, to- 
gether with switchboards** placed in tele- 
phone-company offices and interconnect- 
ing circuits, local and intercity. ‘A nation- 
wide directory issued periodically, and in- 
cluding a classified section, lists all of the 
subscribers with their respective TWX 
numbers, Each nearby TWX station is 
generally connected to a teletypewriter 
switchboard over a pair of wires. In the 
case of a remote station, a composited or 
simplexed grounded circuit usually is used. 

By the aforementioned means, instru- 
mentalities are provided for instantaneous 
to-and-fro typewritten communication be- 
tween the parties connected. It is a 24- 
hour service seven days per week, and the 
calling period for any connection is timed 
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by means of clocks with a three-minute 
initial period the same as in telephone 
practice. Since any teletypewriter may 
be connected at some time to any other 
teletypewriter in the system, it is neces- 
sary that these machines operate at the 
same speed, and a standard speed slightly 
over 60 words per minute was selected and 
made uniform throughout the system. 
Furthermore, keyboards also must be uni- 
form, and a keyboard having numerals 
and fractions in the upper case was selected 
as the standard for 7WX purposes. 

After a TWX connection is established, 
subscribers type back and forth, sending 
messages and receiving replies. Under 
these circumstances a sender is certain 
that his communication has been received, 
sitice direct acknowledgment is obtained. 
If a subscriber desires to receive messages 
when his station is not attended, special 
arrangements are provided to permit the 
switchboard operator to start and stop 
the station teletypewriter. A noteworthy 
feature of TWX system is the provision of 
arrangements for furnishing conference 
connections which include a number of 
teletypewriter stations, so that each may 
send and all receive the communications 
over the network. This is especially useful 
in making simultaneous announcements 
or issuing simultaneous orders to a number 
of points. In TWX service the written 
copy is valuable for record purposes. 

The telegraph-exchange idea is old, but 
it was not until thoroughly reliable tele- 
typewriters and intercity circuits were 
available that it could become a practical 
large-scale system. 

The TWX system has grown to a point 
where there are today something over 
16,000 stations which are connected to 183 
switching points with positions for some- 
thing over 800 TWX operators. “About 
1,300,000 miles of telegraph circuits are 
employed in this system and approxi- 
mately 14,000,000 subscriber connections 
a year are being handled. Figures 20-23 
show typical TWX switchboard installa- 
tions. 

The general features of TWX service 
have been covered in various papers pre- 


Outward TWX switchboard line- 
up at New York 


Figure 21. 
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Figure 22. TWX and telephone operating 

room illustrating a number-3A TWX switch- 

board installed adjacent to a telephone 
switchboard 


sented to the AIEE,!**® but there are cer- 
tain recent developments which will be 
described briefly. 


AUTOMATIC CONCENTRATING UNITS 


Since TWX service is offered on a na- 
tional basis, it becomes necessary to in- 
clude subscribers who are at remote points. 
This situation is illustrated in Figure 24 
which shows the long loops connecting out- 
lying subscribers to the TWX _ switch- 
board in Denver. In certain cases there 
are a number of these remote subscribers 
grouped in a particular locality where it 


Figure 23. TWX operating room illustrating 


a small (number 5) TWX _ switchboard for 
through and terminal business 


would not be economical to establish a 
switching point but possible to concentrate 
the connections to these stations over 


trunks. For this purpose there has been 
developed an automatic concentrating 
unit which permits an operator at a 
manual TWX switchboard to connect to 
an idle trunk terminating at the unit and 
select a particular station at the outlying 
point by typing the number of that station 
on her teletypewriter keyboard. The sta- 
tion selected is rung automatically, or, if 
it is equipped for unattended service, the 
machine also may be started automati- 
cally. A subscriber at the concentrator 
point originates a call by operating a 
switch which causes the automatic selec- 
tion of an idle trunk to the manual office. 
If all trunks are busy, a special character 
is received by the calling subscriber’s ma- 
chine. On an inward call, if the sub- 
scriber’s line is busy, a special character 
is typed on the TWX operator’s teletype- 
writer. After a connection is established, 
recall and disconnect signals, originated 
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at the station, appear on the associated 
cord circuit of the manual switchboard. 
Figure 25 shows schematically the func- 
tional arrangement of various elements of 
this system, The advantage of the unit is 
that manual work is transferred to a 
switching point where there are sufficient 
operators to make possible the savings 
which result from teamwork and over- 
lapping operations. 


SWITCHING EQUIPMENT FOR RAPID 
INSTALLATION 


ve 


An interesting development in connec- 
tion with the engineering of the TWX sys- 
tem to meet wartime conditions is the pro- 
vision of certain plug-connected switch- 
boards which have been introduced into 
the plant and which are so arranged as to 
be capable of being quickly disconnected 
and reinstalled at another point to meet 
possible emergency conditions. All equip- 
ment units are shop wired and fitted with 
multiple contacts, jacks, and plugs for 
rapid installation. Only primary power 
supply, subscriber’s lines, and trunk con- 
ductors require soldered connections at 
the time of installation. Figure 26 shows 
a three-section installation of this plug- 
connected switchboard. 

When the TWX system is considered as 
it is today, the records indicate that, in 
spite of the handicap of large overloads, 
it has maintained a high standard of serv- 
ice and has been a real contribution to the 
wartime communications of the Armed 
Forces and other government agencies, 
and to the industrial organizations of the 
country. 

As mentioned earlier, the systems dis- 
cussed in this presentation provide ap- 
proximately 4,000,000 miles of telegraph 


Figure 24. Map illustrating long loops connecting outlying TWX 
subscribers to the Denver switchboard 
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circuit and serve more than 34,000 sta- 


tions. The use which is made of these 
facilities by governmental agencies, press 
B: associations, industrial concerns, and fi- 
; nancial institutions is one measure of their 
__-yalue; it may be said that there is no 


similar development in any other country 
that even approaches the private-wire 
telegraph and teletypewriter exchange 
systems in America, either in magnitude 
of the plant involved, in traffic handled, or 
in over-all service rendered. 
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Developments in the Field of Cable and 


Radiotelegraph Communications 


HARADEN PRATT 


FELLOW AIEE 


OUR record-communication operating 

organizations constitute the far-flung 
system of the International Telephone 
and Telegraph Corporation which pro- 
vides telegraphic connections between 
the continental United States and the 
outside world. These companies are: 


All America Cables and Radio, Inc. 

The Commercial Cable Company 

The Commercial Pacific Cable Company 
The Mackay Radio and Telegraph Company 
and operate as a group under the manage- 
ment of the American Cable and Radio 


Corporation. A brief historical review 
of each company follows. 


‘ 


All America Cables and Radio, Inc. 


It was as early as 1865, at the termi- 
nation of our Civil War, that the first 
American company was formed to con- 
nect the United States by cable with 
our neighbors to the south. The com- 
pany was the International Ocean Tele- 
graph Company. It laid a cable between 
Punta Rassa, Fla., and Havana via Key 
West, which was first opened to the public 
in 1866. It is interesting to recall that 
the first tariff over this short cable was 
ten dollars for a message of ten words 
and one dollar for each word in excess. 

The leading spirit of this enterprise 
was James A. Scrymser, who later with- 
drew from it. In 1878 control of the 
company was obtained by Jay Gould, 
and the capital was increased from 
$1,500,000 to $3,000,000. The Western 
Union Telegraph Company then leased 
the International Ocean Telegraph Com- 
pany for 99 years and guaranteed six 
per cent on the increased capital. 

Although Mr. Scrymser’s part in the 
International Ocean Telegraph Company 
ceased when its control passed into other 
hands, his interest in cable communica- 
tion between the United States and the 
other American republics was to continue 
throughout a long and active life. He 
organized the Mexican Telegraph Com- 
pany, which was formed in 1878, as well 
as the Central and South American 
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Telegraph Company, which opened, its 
lines to the public in 1882. These were 
the foundations upon which the All 
America Cables and Radio, Inc., system 
of today was built. 


The Mexican Telegraph Company was 
created with a view to meeting the inter- 
national telegraph requirements of 
Mexico. The first cable terminus in the 
United States was at Brownsville, Tex., 
and the cable was laid in 1881 to Vera 
Cruz and Coatzalcoalcos in Mexico. 
From these points landlines were con- 
structed to Mexico City and Salina Cruz, 
respectively. The Central and South 
American Telegraph Company’s first 
cable was laid in 1882 south from Salina 
Cruz, Mexico, through the republics of 
Central America and thence down the 
west coast of South America as far as 
Chorillos near Lima, Peru. In connec- 
tion with this extension, two facts are 
worth recording. In laying its lines 
through the Central American area, 
where population in comparison with the 
large South American cities’ was small 
and where the volume of traffic was rela- 
tively inconsiderable, the Central Ameri- 
can republics were provided with excel- 
lent international telegraph facilities at 
a comparatively early date, and this fact 
cannot fail to have been a most favorable 
factor in the development of their foreign 
trade. The other matter for which the 
advent of the Central and South American 
Telegraph Company is responsible is the 
reduction in rates which the extension of 
its lines to Lima in 1882 rendered possible. 
Prior to 1882 the rate between the 
United States and the Argentine Re- 
public—to give a single example—was 
$7.50 per word, and the service was by 
way of Europe. In 1882, via the Central 
and South American Telegraph Com- 
pany’s lines to Lima and over connecting 
lines beyond Lima, a rate of $1.85 per 
word was established between the United 
States and the Argentine Republic—a 
most drastic reduction, the advantages of 
which to commerce in general and the ~ 
users of telegraph communications in 
particular are obvious. Among such 
advantages was the existence of a com- 
petitive service between South America 
and Europe via the United States, In- 
numerable reductions of the basic tariffs 
have been introduced since then as well 
as the cheaper classifications of service 
now familiar to all. 

In 1891, following the termination of a 
traffic agreement with the West Coast 
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of America Telegraph Company, a cable 
was laid from Chorillos, Peru, to Val- 
paraiso, Chile by way of Iquique, so that 
thenceforth the companies were able to 
serve the entire west coast of South 
America over their own lines. There 
still remained, however, the need for an 
independent connection between the 
United States and the east coast, and to 
secure this the Transandine Telegraph 
Company, which operated 1,200 miles of 
landlines between Chile and Argentina, 
was purchased in 1891, The addition 
of this important link made possible the 
inauguration of a through cable service 
from Galveston to Buenos Aires and 
established the foundation for the ulti- 
mate extension of the system to Uruguay 
and Brazil in 1920. 

It is not the purpose of this paper to 
enumerate the various cables laid or the 
points which they connected. 

In 1917 the name of the Central and 
South American Telegraph Company 
was changed to All America Cables, Inc.; 
in 1926 All America Cables, Inc., sold a 
majority interest in the Mexican Tele- 
graph Company to the Western Union 
Telegraph Company. 

The company’s principal radiotelegraph 
and radiotelephone stations are at Lima, 
Peru, and Bogota, Colombia. Smaller 
tadiotelegraph stations are operated at 
other points in Central and South Amer- 
ica. It owns or operates under lease 
29,208 nautical miles of submarine or 
subfluvial cable and 3,577 statute miles 
of telegraph landlines in connection there- 
with. It maintains one or more offices 
at 68 different points in 24 countries or 
islands of the Western Hemisphere. 

In 1927 All America Cables, Inc., be- 
came an associated company of Inter- 
national Telephone and Telegraph Cor- 


-poration, and in 1938 the name was 


changed to All America Cables and Radio, 


Ince, 


The Commercial Cable and Com- 
mercial Pacific Cable Companies 


In the beginning of the 1880's, the 
telegraph facilities between the United 
States and Europe were preponderantly 
foreign and included the cables of the 
Anglo American Telegraph Company, 
Ltd., the Direct United States Telegraph 
Company, Ltd., both British, and those 
of the French Cable Company. The 
American Telegraph and Cable Com- 
pany had two cables leased by Western 
Union Telegraph Company. All of these 
companies had entered into an agreement 
for pooling their receipts and fixing rates. 

In order to break this foreign monopoly 
of communications and to enable Ameri- 
can interests to benefit from more 
reasonable rates, John W. Mackay and 
James Gordon Bennett entered into a 
partnership which resulted in the forma- 
tion of The Commercial Cable Company 


and the laying of its first two cables in 


i 


1884 between Canso, N. S., Canada and 
Waterville, Ireland, with extensions to 
the United States on one side and to 
England and France on the other side. 
The reduced rates offered by The Com- 
mercial Cable Company resulted in a 
prolonged-rate war between that com- 
pany and the foreign-controlled pool, 
which theretofore had maintained a 
charge of 50 cents per word across the 
Atlantic ocean. Despite the pressure 
brought to bear on it to join the existing 
pool and to maintain the higher rates, 
The Commercial Cable Company in- 
sisted on applying lower rates with the 
result that 25 cents a word was finally 
adopted by all companies. 

In 1894 the third main cable was laid 
across the Atlantic, and subsequently 
three other transatlantic cables were 
added to The Commercial Cable Com- 
pany’s system, together with a number 
of coastal cables on the American sea- 
board and on the European side, These 
provided an adequate network which 
gave the company not only an efficient 
outlet for its cables on both sides of the 
Atlantic, but also provided alternate 
routes in case of interruption. 

During the first years of this century, 
The Commercial Cable Company moved 
to the Pacific. The Commercial Pacific 
Cable Company was formed, and, after 
formidable difficulties had been overcome, 
a cable was laid from San Francisco to 
Honolulu in 1902 and thence to Midway 
Island, Guam, and Manila, with exten- 
sions to China and Japan. Some idea 
of the physical obstacles encountered 
may be formed from the fact that not 
only was the cable longer than any pre- 
viously laid (for example, the distance 
between San Francisco and Shanghai 
is in the neighborhood of 9,000 miles), 
but also, greater depths, reaching over 
5,000 fathoms, or more than 5!/, miles, 
were met than any in which cables had 
ever been laid. The cable has been 
raised successfully for repairs from a depth 
of over 4,000 fathoms. With the com- 
pletion of the Shanghai extension in 
1906, telegraphic encirclement of the 
globe was achieved. On July 4 of that 
year, President Theodore Roosevelt and 
Clarence H. Mackay, president of The 
Commercial Cable Company, exchanged 
the first telegraph messages that ever 
traveled entirely around the world, 
The message from President Roosevelt 
was delivered to Mr. Mackay nine 
minutes after it was filed. 

The inauguration of service over the 
Pacific cable resulted in immediate rate 
reductions between San Francisco and 
China from $1.72 per word via the 
‘Atlantic to $1.10 via Commerical Pacific 
Cable Company; the Philippines’ from 
$2.47 to $1.00 per word; and Japan from 
$1.88 to $1.21 per word. Subsequently, 
these have undergone further substantial 
reductions. 

In the following years, The Commercial 
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Cable Company expanded its communica- 
tion network in the Atlantic to 23,177 
miles and in the Pacific to 10,068 miles— 
a total of 33,245 miles of submarine 
cables. It established its own operating 
stations in various strategic points 
providing direct connections between 
New York and London, Paris, Antwerp, 
Brussels, Rotterdam and other cities. 
It has, at present, one or more cable 
offices in 16 of the most important points 
in Great Britain and Ireland. 

In 1928 The Commercial Cable Com- 
pany became an associated company of 
International Telephone and Telegraph 
Corporation. 


TECHNICAL DEVELOPMENTS IN THE 
OPERATION OF CABLES 


Submarine cables always have been 
very expensive ventures, and great 
hazards were involved in the beginning, 
when the difficulties were still unknown. 
After a few cables had been laid the 
conditions and risks limiting them began 
to be known, but the general engineering 
in connection with the first long cables 
was so sound that their type since has 
been altered very little. The early 
technique of operating cables was in 
the hands of a small group of men who 
were not engineers nor scientists, but who 
merely tried hard to make the most of 
what was available. 

In 1858 Sir William Thomson intro- 
duced the first means of receiving the 
very weak signals arriving over long 
cables using a mirror instrument, which 
was a form of reflecting galvanometer, 
and the signals were read from the move- 
ments of the spot of light. Sir William 
Thomson also made the first improvement 
on this method of reception when he 
invented the siphon recorder, in 1867, 
which recorded the signals on a strip of 
paper in the form of a wavy line of ink, 
This instrument gradually supplanted the 
mirror on all long cable sections, so that 
when the first cables of the All America 
Company system were laid in 1881, the 
siphon recorder naturally was installed 
as the receiving instrument. 

To prevent friction on the recorder 
paper, the siphon was maintained a short 
distance from the surface of the paper, 
and the ink was electrified, which caused 
it to spurt in dots onto the paper. A 
great improvement was made in 1884, 
when one of the All America Company 
staff, G. F. Pescod, devised a method of 
mechanically vibrating the siphon giving 
a fine dotted line to the record and still 
overcoming the paper friction. This 
system of mechanical vibration soon was 
adopted by every “recorder” telegraph 
station throughout the world. 

As the All America Company system 
to South America was made up of a long 
series of cables forming a chain, linking 
the cables by relay obviously was neces- 
sary. Successive stages of development 
over the years has brought about the 
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present-day fully automatic-synchronous- 
regenerated relay chain. 

The first method employed the human 
relay, where the operator at the first 
station sent his message by hand key. 
At the other end of the cable the receiving 
operator received the message from the 
tape, and it was retransmitted by hand. 
This process was repeated until the mes- 
sage reached its destination. With the 
“human-relay” chain, the transmission 
time factor was good; however, there 
were the limitations in the rate of sending 
and the human element which introduced 
errors. Development was concentrated 
in efforts to overcome these two adverse 
elements. 

To increase the speed of sending mes- 
sages, the use of automatic cable trans- 
mitters was adopted as these became 
available on the market. In the early 
days, the paper transmitting tape was 
perforated by the hand-operated “stick” 
punch, which imposed a limit on the trans- 
mitting speed per operator, as each 
signaling hole in the tape had to be 
punched individually. This limit was 
raised by the keyboard perforator, which 
punched a complete letter group of holes 
with one depression of a key on a key- 
board similar to that of a typewriter. 

The speed problem also depended on 
conditions at the receiving end. The 
amplitude of the incoming signal depends 
on the electrical constants of the cable 
and so is a fixed quantity for given sending 
conditions. To care for the smaller 
amplitudes associated with the higher 
sending speeds, magnifiers were used as 
they became available. The first of 
these, that was experimented with, were 
light-sensitive cells, but subsequently 
the familiar Heurtley magnifier was 
adopted which depends for its action on 
the change of resistance with temperature 
of a very fine platinum wire. As might 
be expected, electronic-valve methods 
constitute the ultimate in magnifiers, 
but these, as yet, have not been adopted 
by this system. 

Since the start of the system in 1881, 
these cables have been duplexed, per- 
mitting simultaneous operation in both 
directions, and every speed increase has 
called for improvements in the “‘balance’’ 
involved in the proper adjustment of the 
special circuits used. This is where long 
experience and individual skill give re- 
sults. The ability to obtain a good 
balance is still largely a trial-and-error 
empirical problem. 

Progress on the problem of reducing 
the human element paralleled the efforts 
to increase the speed of transmission, 
The first thing to be done was to obtain 
a cable relay that was reliable, and this 
was possible only after automatic trans- 
mission had been installed at all sending 
stations. The Muirhead gold-wire relay 
proved the most suitable after it had 
been changed somewhat from the original 
design. First there were single relays 
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between two cables, and then it was 
possible to extend this, linking two and 
finally three cables in tandem to form a 
chain, 

Each relay, however, retained and 
passed along some of the distortion accu- 
mulated on previous links. To over- 
come this handicap we developed an 
automatic reperforator to punch a new 
transmitting tape automatically from the 
relayed signals. This gave the means 
of setting up complete chains from station 
of origin to station of destination without 
any human retransmission, but at the 
sacrifice of introducing a small time lag 
at each reperforating point. This step 
forward emphasized the disadvantages 
of the variability of the transmitter 
speed which imposed a limit to the 
stability of working. , This problem was 
solved by making use of tuning forks to 
control the speed of the automatic trans- 
mitter. 

With the advent of the tuning-fork 
speed control came another possibility, 
which was taken advaiitage of by the 
development of the synchronous re- 
generator, whereby a new signal could 
be regenerated and sent directly into the 
next cable section as a perfect signal 
instead of punching a whole new tape. 
Thus, the accumulated distortion of the 
relays was eliminated, as well as the time 
lag due to punching a new tape. 

Thus was evolved the achievement of 
sending messages automatically from one 
end of the system to the other without 
human intervention at intermediate 
points. To take care of branching 
traffic, it is possible to reperforate auto- 
matically a new transmitting tape at the 
appropriate point. The human-error fac- 
tor thus was reduced to the original 
sender and the ultimate receiver. Of 
these two, only the human receiver could 
be eliminated. This was done by the 
development of an automatic printer 
method which takes the signals coming 
from the cable and automatically records 
them as regular printed characters on a 
continuous paper tape, or preferably as 
printed characters in page form ready for 
delivery to the customer. 

While landline telegraphs were de- 
veloping carrier transmission, this prin- 
ciple was not neglected by the cable 
companies, and a form of higher- 
frequency transmission was superimposed 
on short cables in order to make use of 
the extra carrying capacity which they 
had in excess of that of the long cables 
with which they were linked. 

Because of advances in methods of 
operation on the old cables and to basic 
cable design which permitted higher 
speeds on some of the new cables, it was 
found possible in some cases to secure 
transmission speeds in excess of the 
capacity of one operator to transmit or 
to receive, and, therefore, methods for 
making available more than one channel 
per cable were introduced and adopted. 
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An interesting phase of long automatic 
chains has been the development’ of 
“selectors,” whereby the sending station 
can call the attention of any desired 
station to a particular circuit or auto- 


matically can start up an automatic 


reperforator and punch a new tape at 
any required point. 

While radiotelegraphy over long dis- 
tances was making use of long waves 
(10,000 to 30,000 meters—a system which 
involved very expensive terminal installa- 
tions at each end), the cable companies 
showed very little interest in adopting 
radio methods, although The Commercial 


Cable Company in 1921 acquired control - 


of the Radio Communications Company, 
Inc. When short-wave transmission was 
demonstrated as practical, the Mackay 
Company, at that time the parent com- 
pany of The Commercial Cable Com- 
pany, acquired the communication sys- 
tem of the Federal Telegraph Company 
of California, which, with the Radio 
Communications Company referred to 
previously, led to the formation of the 
Mackay Radio and Telegraph Company. 
Meanwhile, All America Cables, Inc. 
acquired radio concessions in various 
countries and installed at first experi- 
mental and later commercial radio 
stations to parallel or supplement their 
cable links. 


The Mackay Radio and Telegraph 
Company 


The Federal Telegraph Company com- 
menced activities in California about 
1909, having been organized by a group 
of Stanford University men who had 
secured rights to the patents of Poulsen 
and Pedersen of Copenhagen, Denmark. 
At that time the only workable method 
of radio communication was by the use of 
damped waves generated by the spark 
type of equipment. 
inherently - inefficient, and the power 
available at the transmitter could be 
utilized only partially. Practical appli- 
cation was confined chiefly to communica- 
tion with ships at sea. The use of radio 
for point-to-point telegraph was very 
limited, mainly because of the inability 
to cover long distances reliably, par- 
ticularly in the daytime, such reliability 
being necessary to compete with other 
established communication systems. 

The Danish inventors had developed 
a type of high-frequency generator em- 
ploying an electric arc in an atmosphere 
of hydrogen which made possible the 
first successful method of communication 
with sustained or undamped waves. 
This gave the Federal Telegraph Com- 
pany a tremendous advantage over others, 
because this method enabled all the avail- 
able power to be concentrated efficiently 
in a single wave and also permitted the 
full effective use of newly discovered 


This method was 


methods of reception which were not — 
particularly applicable to the damped- ~ 
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wave spark type of system. Although 
some of the advantages of sustained-wave 
transmission were known prior to the 
advent of the Poulsen arc, there was no 
way of using that method for commercial 
systems, because the only instrumen- 
talities available for generating the re- 
quired currents were incapable of develop- 
ing any appreciable power. The Poulsen 
arc, however, provided a means of 
generating plenty of power with a rela- 
tively ‘simple apparatus not involving 
intricate nor unstable features. 

The Federal Telegraph Company 
promptly established commercial radio- 
telegraph services between San Francisco, 
Los Angeles, San Diego, and Portland, 
Oreg., in 1911 and between San Francisco 
and Honolulu in 1912. Wave lengths 
of the order of 3,000 to 10,000 meters 
were used, and competition began for 
business with the existing landline tele- 
graph and cable companies at lower 
rates. This business grew to such a 
point in 1915, that additional facilities 
were added for the purpose of providing 
duplex operation, and extra transmitting 
and receiving stations at San Francisco 
and Los Angeles were created to increase 
the number of channels. The immediate 
success of the long-distance transocean 
circuit between San Francisco and 
Honolulu in 1912 encouraged the Federal 
Telegraph Company and the Navy De- 
partment to install a Federal Telegraph 
Company are transmitter at the Navy 
Department’s radio station at Arlington, 
Va., in 1912. As a result of this, the 
Arlington station was able to com- 
municate with the San Francisco and 
Honolulu stations during daylight hours, 
a feat never before accomplished. The 
success of these and other trials caused 
the Navy Department to adopt the 
Federal Telegraph Company arc system 
as standard for its service. An extensive 
construction program was started in 
1913, which covered a chain of high- 
power Navy radio stations, connecting 
Washington, D. C., with the Canal Zone, 
California, Hawaii, the Philippines, and 
Puerto Rico, ranging in power from 
100-500 kw, together with a secondary 
system of medium-power equipments 
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at all important naval establishments on 
United States territory and on ships of 
the fleet. The climax to this develop- 
ment was reached with the construction 
of the large radio station built near 
Bordeaux, France, during World War I 
for which the Federal Telegraph Com- 
pany supplied two transmitters of 1,000 
kw each. 

In 1914 the Federal Telegraph Com- 
pany entered the marine radio field at 
San Francisco, which enabled ships 
plying the Pacific to secure daylight 
communication over ‘tremendous dis- 
tances that theretofore had been impos- 
sible. 

Following World War I, in 1921, the 
company constructed a new communica- 
tion system for itself along the Pacific 
Coast, equipped for three complete 
duplex telegraph channels between San 
Francisco and Portland and three be- 
tween San Francisco and Los Angeles, 
together with other innovations, includ- 
ing remote receiving stations. This 
enabled terminals for both sending and 
receiving messages to be set up and 
operated in downtown business offices 
in the respective cities, which eliminated 
the time and expense of handling mes- 
sages between these city centers and the 
radio stations which had to be located 
on the outskirts. An example of such 
direct handling was the service given for 
many years between the floors of the 
San Francisco and Los Angeles stock 
exchanges where traders could get buy- 
and-sell order messages delivered in a 
matter of seconds. 

This point-to-point service continued 
with the original domestic-rate schedules 
established in 1911, which were similar 
to those offered by the land-wire systems, 
except that 15 words were permitted as 
a minimum instead of the usual 10, and 
60 words instead of 50 for day and night 
letters. This general rate schedule con- 
tinued until domestic radiotelegraph 
operations were discontinued in 1942 
because of the war. 

As has been stated, Mackay Radio 
and Telegraph Company acquired the 
system of the Federal Telegraph Com- 
pany in 1927. Not long after that it 
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also purchased the entire Federal Tele- 
graph Company, thereby securing its 
manufacturing facilities and other assets, 
which today have grown to become the 
Federal Telephone and Radio Corpora- 
tion with factories located in New Jersey 
and development and research labora- 
tories in New York City. 

Since 1927 Mackay Radio Company, 
with Federal Telegraph Company as its 
manufacturer, embarked on an extensive 
reconstruction program coupled with 
new construction employing the newly 
found technique of short-wave transmis- 
sion and expanded its service to many 
other American cities and internationally 
to important points in Europe, Africa, 
Central and South America, New Zea- 
land, Australia, and the Orient, so that 
it now directly serves 28 points beyond 
the continental United States. It also 
has built up an extensive ship-to-shore 
radiotelegraph service having seven radio 
stations along the United States coasts 
and service contracts covering radio 
facilities on 1,100 American vessels, 
with service depots in 17 United States 
ports, and world-wide service arrange- 
ments with associated companies. 

Improved technical means have pro- 
gressed as this communication system 
has developed, making possible higher 
transmission speeds, more effective direc- 
tive antennas, and refinements in appa- 
ratus details made available through 
advances in the radio sciences. Auto- 
matic-relay methods for connecting radio- 
telegraph circuits together also have 
been employed regularly. Transmission 
speeds as high as 500 words per minute 
have been employed successfully over 
long-distance circuits. A service for the 
transmission of pictures and facsimile 
material has been provided. With the 
advent of very high-frequency wave 
generation and detection technique in 
recent years, radio-control facilities, em- 
ploying these very short waves, have 
been established between the radio- 
terminal offices in city centers and the 
outlying radio-transmitting and receiv- 
ing stations associated with them, which 
radio connections are now used to a 
large extent in place of wire lines. 
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HE general principles employed in 

the analysis of rectifier circuits have 
been quite fully covered in the literature 
and are now well understood. However, 
there is not available a complete analysis 
giving the essential formulas in a sys- 
tematic and unified form readily usable 
by the engineer. It is the purpose of this 
paper to present such a treatment. 

A large variety of rectifier circuits 
has been devised. The analysis of many 
of the different types of circuits and the 
determination of their operating character- 
istics are greatly facilitated by the circuit 
simplifications embodied in the concepts 
of 


1. A rectifying element. 
2. Simple, multiple, and cascade rectifiers. 
3. Single-way and double-way rectifiers. 


4. The reactance factor. 


By the application of these ideas a stand- 
ardized procedure for the analysis of 
rectifier circuits has been developed. 
This method is illustrated by the analysis. 

In the interest of brevity many parts 
of the analysis are presented by a state- 
ment of the principles which apply and 
the expressions which may be derived. 
In such cases reference is made to stand- 
ard texts for detailed derivation of 
formulas, discussion of principle, and 
validity of assumption. 


General Considerations 


Procedure. The analysis is divided 
into three parts in order to simplify the 
mathematical treatment and show the 
action more clearly. Wave forms for all 
three cases are shown on Figure 1. 


Case I shows the rectifier action with no 
overlap. The effect of transformer react- 
ance is neglected, and it is assumed that the 
current transfer from anode to anode takes 
place instantaneously. The anode current 
waves are assumed rectangular in form, and 
the wave forms in this case are generally 
referred to as the theoretical wave forms. 


Case II shows the action with overlap and 
introduces the effect of transformer react- 
ance in modifying the relations developed in 
case I, : 
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Case III shows the effect of both phase con- 
trol and overlap upon the rectifier action 
and characteristics. 


The analysis is carried through using 
the delta—double-wye circuit as an ex- 
ample, as this circuit is more widely used 
and better understood than any other. 
Also, its analysis involves all of the fea- 
tures found in most rectifier circuits. 

Mode of Operation. In general, 
several modes of operation are possible for 
any rectifier circuit, the various modes 
differing in the shape of the anode cur- 
rent waves. The mode of operation is 
determined by the constants of the a-c 
and d-c circuits. For example, if the d-c 
circuit is noninductive and the rectifier 
supplies a load with a high counter 
electromotive force or operates with a 
large amount of phase control, the load 
current may be discontinuous. Under 
these conditions the anode current wave 
may’ be either round-topped or approxi- 
mately triangular in form. If the d-c 
circuit is highly inductive the load current 
is constant and the anode current waves 
are flat topped. Again, under short-cir- 
cuit conditions, each anode may carry 
current for approximately 180 degrees 
with a current wave which is approxi- 
mately sinusoidal. These are some of the 
more common modes of operation. 

In order to facilitate analysis it is 
generally assumed that the d-c load sup- 
plied by the rectifier is highly inductive. 
This condition is usually quite closely 
approximated in service and will be called 
the normal mode of operation. 

Assumptions. In this analysis it is 
assumed that the rectifier is operating in 
the normal mode with a highly inductive 
d-c load except where specifically stated 
otherwise. The a-c circuit is assumed 
balanced with the a-c phase voltages 
equal in magnitude, 120 degrees apart 
in phase, and sinusoidal in form. The 
interphase-transformer exciting current 
is assumed negligible. Further assump- 
tions will be noted as they arise. 

A list of rectifier symbols is included in 
the appendix. 


Analysis of Theoretical Case 


Direct VOLTAGE 


The delta—double- -wye is a multiple 
single-way rectifier circuit, consisting of 
two simple rectifiers, each having three 
rectifying elements (or anodes). Three 
of the rectifying elements and the odd- 
numbered transformer secondary wind- 
ings to which they are connected form 
one simple rectifier, while the other three 
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rectifying elements together with. the 
windings of the even-numbered wye form 
another simple rectifier. These two 
simple rectifiers have the same average 
direct-voltage output and operate in mul- 
tiple on a common output circuit. How- 
ever, their instantaneous direct voltages 
are unequal, as the voltages of the vari- 
ous windings are out of phase. The 
interphase transformer permits parallel 
operation as it furnishes the necessary 
equalizing voltage. if 

A graphic analysis such as that in 
Figure 1 is often helpful in studies of the 
circuit action and may be readily con- 
structed as follows: Starting with the 
transformer secondary line-to-neutral 
voltages, the direct voltage of anode 1 is 
shown by the segment of the secondary- 
voltage curve bounded by the shaded 
area. Each rectifying element conducts 
current for 120 degrees and the output 
voltage of the simple rectifier comprising 
anodes 1, 3, and 5 consists of three such 
voltage waves per cycle. The direct- 
voltage wave of anodes 2, 4, and 6 is 
similar in form but displaced 60 degrees 
in phase. The direct voltage of the mul- 
tiple rectifier at any instant is equal to 
the average of the voltages of the two 
simple rectifiers at that instant, and its 
instantaneous direct-voltage wave is 
obtained by plotting the locus of the 
instantaneous average values throughout 
the cycle. The average direct voltage is 
a line drawn through the mean of these 
average values. 

The general equation for the average 
direct voltage of a simple rectifier having 
any number of phases is readily derived 
from the voltage wave of a single rectify- 
ing element by integration.? Referring 
to Figure 2, the average value of the di- 
rect voltage of anode 1 is 


7) +x/p 
4/2E; cos 6d@ (1) 


—«/p 


Performing the integration the general 
equation is obtained: 


=V2 2, © sin (2) 


where 


Eao=theoretical direct voltage (average di- 
rect voltage assuming no overlap, no 
phase control, and zero arc drop) 

E;=rms value of transformer-secondary 
line-to-neutral voltage 

p=number of secondary phases in the 
simple rectifier 


For the delta—double-wye circuit in 
the normal mode of operation p=3 and =~ 


3/3 
Eao= 
arv/2 


Normally the delta—double-wye circuit 
operates as two simple rectifiers in mul- 
tiple with the interphase transformer | 
excited. At light load when the load cur- 


E,=1.17E, (3) 
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rent is not sufficient to excite the inter- 
phase transformer, the circuit operates 
as one simple rectifier with p=6 and a 
higher value of direct voltage is obtained 
as will be found by substituting in equa- 
tion 2. The rise in voltage at light load 
which is characteristic of many rectifier 
circuits is due to a change in mode of 
operation of this nature. 

The voltage E,, enters directly in many 
of the mathematical expressions applying 
to the circuit action and for convenience 
will be referred to hereafter as the theo- 
retical direct voltage. This voltage is 
used as a base for calculating per unit 
voltages inasmuch as its use permits con- 
siderable mathematical simplification. 

Ripple in Direct Voltage. The load 
current is carried by the various anodes 
in succession, the anodes, one in each 
simple rectifier, having the highest posi- 
tive voltage carrying the current at any 
instant. The direct-voltage wave is, 
therefore, formed by a succession of seg- 
ments of positive sine waves and has a 
tipple whose form is repeated six times 
during each cycle of alternating supply 
voltage as shown in Figure 3. The magni- 
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tude and character of this ripple may be 
described in a variety of ways,’ the choice 
of which depends upon the use to be made 
of the information. 

The rms value of the ripple voltage may 
be calculated directly by integration of 
the difference between instantaneous and 
average values of the direct-voltage wave. 
In the theoretical case, where g is the 
number of phases of an equivalent simple 
rectifier, 


Rims ripple voltage = 
qetfa- ; 
Eso is q ae cos 6—1 | dé 
q sin — 
0 
(4) 


In the delta-double-wye rectifier g=6, 
and 


Rms ripple voltage =0.0418E 4, (5) 


The average value of the ripple voltage 
may be calculated in a similar manner. 
The rms and average values of the ripple 
voltage may be measured directly by 
means of suitable a-c voltmeters con- 
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nected across the smoothing reactor in 
the rectifier output circuit. 

The ripple voltage may also be re- 
solved into its harmonic components.‘ 
An analysis of the theoretical direct- 
voltage wave shows that, besides the d-c 
component, it contains harmonic com- 
ponents the frequencies of which are mq 
times the a-c system frequency. The 
theoretical direct voltage may be repre- 
presented by the Fourier series: 


¢=Eao +h: cos g@ +b cos 2g0-+b; cos 396... + 
bn cos mgd+... (6) 


where 


e=instantaneous direct voltage 
Eq. =theoretical direct voltage 
by, b2, etc. =amplitude of harmonic compo- 
nents 
q=number of phases of the equivalent 
simple rectifier having the same wave 
shape | 
m=1, 2, 3, etc., order of harmonics 
@=angle measured from crest of voltage 
wave, see Figure 3 


The amplitude of any one of the har- 
monics is 


Edo (7) 


= 
3 


~ mg? —1 


The telephone influence factor’ is a 
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further measure of the magnitude of the 
ripple in the direct output voltage. This 
factor provides a convenient over-all 
index of the influence of a complex volt- 
age or current wave on noise induction 
in telephone circuits. In the calculation 
of the telephone influence factor each har- 
monic is weighted in accordance with a 
standard frequency-weighting character- 
istic. The telephone influence factor for 
the theoretical direct-voltage wave of a 
delta—double-wye rectifier has a value of 
63 with weighting factors per Edison 
Electric Institute ‘Report on Rectifier 
Wave Shape,” publication £1, April 1937. 


ALTERNATING CURRENTS 


In the theoretical case each rectifying 
element of the delta-double-wye circuit 
conducts current for 120 degrees. The 
currents in each of the rectifying elements 
(anodes) and the transformer secondary 
windings are as shown in Figure 1. As 
the load current, J, is shared equally by 
the anodes, the average anode current is 


i, 
Average anode current ee =0.167Ig (8) 


The rms value of the transformer sec- 
ondary-coil current and the primary coil 
and line currents may be calculated 
readily from the current waves by in- 
tegration using the general formula 


Rms current = \: i dt (9) 
E 
0 


where 


1 =the instantaneous current 
t=time 
T =interval of integration 


The rms anode current, J,, in the delta— 
double-wye circuit is 


(10) 


3 


GK) 


area 
Figure 2. Direct-voltage wave of a simple 
rectifier 


N 
IS 


In order to satisfy the magnetomotive 
force relations for transformer operation 
there can be no unidirectional component 
of primary current, and the instantane- 
ous primary and secondary ampere turns 
on any leg of the transformer must be 
equal and opposite (neglecting magne- 
tizing current). Applying this rule, the 
wave form of the transformer primary- 
coil currents may be determined graphi- 
cally as shown in Figure 1. The trans- 
former primary-coil current in each 


1050 


phase is equal to the sum of the currents 
in the secondary coils which lay in the 
same phase, making proper correction 
for turn ratio. The rms primary-coil 
current I, is 


(11) 


E,=transformer secondary line-to-neu- 
tral voltage in rms volts 
Ex=transformer primary 
voltage in rms volts 
I,=d-c load current in average amperes 
E;/Ez, =turn ratio 


line-to-line 


The instantaneous primary line current 
at any primary terminal is equal to the 
sum of the currents in the two primary 
coils connected to that terminal, and the 
rms primary line current, Jz, is 

Iq Es Es 
I5p=— = =0-04-— , 
= /2 Et si Ex, 
HARMONICS IN ALTERNATING LINE 
CURRENT 


(12) 


If the theoretical primary line current 
of the delta-double-wye rectifier is ana- 
lyzed for its harmonic components,® it is 
found that it may be represented by the 
following Fourier series: 


: E,\ . de, Le 
= SIT a a 50 sin 76+ 


1 1 1 
— sin 110+ — si 2 Soe St rts 
rT sin 73 sin 136 i sin m@ ] 


(13) 
where 


17=instantaneous primary line current 
I,=average load current 
E,/Er=turn ratio 
m=nq=+1, 5,7, etc. 
6=angle measured from beginning of 
positive current wave 


The telephone influence factor for the 
theoretical primary line current has a 
value of 975. 


PRIMARY AND SECONDARY 
VOLT-AMPERES 


From the foregoing relations between 
output and input voltages and currents, 
the volt-ampere loadings of the trans- 
former windings can be readily deter- 
mined in terms of the d-c power output of 


the rectifier.’ The primary volt-amperes 
are 


Tv 
3ExI, > 3 Eaola = 1.047E a Ig (14) 


and the secondary volt-amperes are 


6E,I,= v25 Eola =148E aol (15) 

In the delta-double-wye circuit the 
primary volt-amperes and the line volt- 
amperes are equal. However, where two 
rectifier circuits differing in phase operate 
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in parallel from the same a-c line, as for _ 
example, a delta-double-wye anda ‘wye- 
double-wye, the total line volt-aniperes 
will not equal the sum of the separate 
line voltsamperes for the two circuits. 
In such cases the total line volt-amperes 
will be less than the sum of the separate 
line volt-amperes because of the improve- 
ment in wave shape obtained by the 
phase displacement. 


POWER FACTOR Re 


The rectifier power factor is defined as 
the ratio of the power input to the input 
volt-amperes.8 Assuming zero trans- 
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Figure 3. Direct-voltage wave of a delta— 
double-wye rectifier 
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Figure 4. Commutation in a simple rectifier 


former magnetizing current, and substi- 
tuting the relations already determined 
between output and input and currents, 
the power factor in the theoretical case is 


8 
Pf =—=0.955 (16) 
wv 


INTERPHASE-TRANSFORMER VOLTAGE 


The voltage which appears across the 
interphase transformer may be readily 
determined from the transformer-second- 
ary line-to-neutral voltages, since its 
instantaneous value is equal to the 
difference in output voltage of the two 
simple rectifiers. It is nearly triangu- 
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lar in form and has a fundamental com- 
ponent three times the supply-line fre- 
quency. The rms voltage across the 
interphase transformer in the theoretical 
case is 


Rims interphase voltage 


6 = 
a if [+/2E, sin 0]?d0=0.415E, (17) 


The flux density in the case of the in- 
terphage transformer depends upon the 
average voltage rather than the rms 
voltage, The average voltage across the 
interphase transformer is 


Average interphase transformer voltage 


6 (= 
= f° /2E; sin 6d0=0.361E, (18) 
wv 
0 


VOLTAGE AcROss RECTIFYING ELEMENT 


The duty on the rectifying element 
arises from both the passage of current 
during the conducting period and the 
application of inverse voltage during the 
idle period. It is desired therefore to 
_know the form and magnitude of the 
inverse-voltage wave. The inverse volt- 
age on an anode at any instant is equal 
to the voltage between it and whichever 
other anode is conducting current at that 
instant. The inverse-voltage wave form 
is readily constructed from the secondary- 
voltage waves as shown in Figure 1. 
The value of the peak inverse voltage epiis 


epi= V6E; (19) 


2 
=F Bao =2.094E ay (20) 


Analysis With Overlap 


The reactance of the rectifier trans- 
former, a-c supply system, and other a-c 
circuit elements prevents the instan- 
taneous transfer of current from anode to 
anode in a rectifier. Due to the presence 
of this reactance, a definite time interval 
is required for commutation. The length 
of this interval is usually measured in 
electrical degrees and is referred to as the 
angle of overlap wu. 

The voltage and current wave forms of 
the rectifier are modified by the overlap, 
as are also the formulas which apply. 
The wave forms with overlap are shown 
on Figure 1 under case II. The overlap- 
ping of the anode firing periods results in 
a reduction in the rectifier output voltage 
and determines the regulation, power 
factor, harmonics in a-c input and d-c 
output wave forms, and many other char- 
acteristics. 


- COMMUTATING VOLTAGE 


In a simple rectifier without phase con- 
trol, commutation begins at the instant 
that the voltages on the anode which is 


firing and on the anode which fires next’ 


in order become equal. (See Figure 4.) 
Choosing this time as a reference point, 
the voltage difference between the two 
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U =ANGLE OF OVERLAP (DEG) 


° 0.10 0.20 0.30 0.40 
fore REACTANCE FACTOR 
Figure 5. Angle of overlap—characteristic 
curves 
pee Xe 
cos (u+a)=cos a—0.816 ce 
Ss 


anodes during the commutation interval 
which follows (that is, the commutating 
voltage e,) is 


= 2~/2E, sin 5 sin wf (21) 


where 


E;=rms value of transformer secondary 
line-to-neutral voltage 
p=the number of phases in each simple 
rectifier 
w=2rf 
f=frequency of a-c system 


In the delta-double-wye circuit p=3 
and the commutating voltage is therefore 


Co = V3 2E; sin wt (22) 
COMMUTATING REACTANCE 


The commutating reactance is the re- 
actance which effectively opposes normal 
current transfer between anodes which 
conduct consecutively. The simplest 
case is obtained when all the reactance is 
located in the leads between the trans- 
former secondary windings and the recti- 
fier anodes. In this case the commutating 
reactance (or line-to-neutral commutating 
reactance, as it is sometimes termed) is 
the reactance in series with one second- 
ary phase. This is the reactance which 
appears in the formulas which follow. 

The complete commutating circuit 
includes all the reactance from line to 
line (anode to anode). In the simple 
case where all the reactance is located in 
the leads between the transformer sec- 
ondary windings and the rectifier anodes, 
the line-to-line commutating reactance is 
equal to twice the line-to-neutral com- 
mutating reactance. Measurements or 
calculations of commutating reactance 
made on both line-to-line and line-to- 
neutral basis may show other than a two- 
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to-one relationship between the two 
values in cases where the reactance is 
located in the transformer windings and 
there is mutual coupling between the 
two secondary windings involved. Inas- 
much as the current transfer is opposed 
by the reactance from line to line, meas- 
urements and calculations are made on 
this basis. The value of ‘the line-to- 
neutral commutating reactance X, is 
then assumed to be one half of the line-to- 
line value. 

In the actual rectifier circuit the re- 
actance is usually distributed in various 
parts of the circuit, such as the trans- 
former secondary windings, primary 
windings, and the a-c supply system. 
For purposes of calculation these react- 
ances usually may all be lumped in the 
secondary by employing suitable trans- 
formations to determine the equivalent 
commutating reactance due to trans- 
former primary and a-c supply react- 
ances. 


COMMUTATION 


Expressions for the anode currents dur- 
ing the commutation period may be de- 
rived by drawing the diagram of the com- 
mutation circuit, applying Kirchhoff’s 
laws to obtain the relations between the 
voltages and currents, and then solving 
the resulting equations.® 

The commutation circuit and the volt- 
age and current relations during com- 
mutation of a simple rectifier are shown 
on Figure 4. In this diagram it is as- 
sumed that anode 1 carries the full direct 
current, J,, which is to be commutated 
and that transfer of this current to anode 
2 begins at the instant voltages e,; and 
é, are equal. Applying Kirchhoff’s sec- 
ond law to the commutation circuit 
formed by phases 1 and 2, 


(23) 


Since 7;+2=J, by Kirchhoff’s first law 
and ¢—¢,;=é,, the commutating voltage 
of equation 21, this relation reduces to 
the following forms by substitution: 


=—2f— 24 
& di (24) 
diz 
= PUES 25 
ee di (25) 


Solving these equations by integration, 
the anode currents during commutation 
are 


ty ee ee (1— cos wt) (26) 
Xe 
and 
Es EILEEN eee (27) 
Xe 
where 
Xe=oL 
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The term commutating current is fre- 
quently applied to the circulating cur- 
rent which flows in the commutating cir- 
cuit during the commutation period and 
which may be considered to be superposed 
on the currents existing before commu- 
tation. The assumption of such a cir- 
culating current is frequently useful 
in the mathematical analysis of rectifier 
circuits. The commutating current is 
equal to current in anode 2 as given by 
equation 27. As shown on Figure 4 it 
consists of a d-c component 
4/2 Ey sin r/p 

Xe 
and a sinusoidal component 
—/2 E, sin r/p 
Re eet ee oe COS Gib 
Xe 


which lags the commutating voltage e, 
by 90 degrees, since the circuit is assumed 
to be only reactive. 


ANGLE OF OVERLAP 


The angle of overlap without phase 
control ~ may be determined directly 
from the expression for the anode cur- 
rent and is given by the relation 


IX, 


a a 
/2E; Ss 


cos 4=1— (28) 


The foregoing relations for commutating 
voltage, commutating current, and angle 
of overlap apply for simple rectifiers where 
only two phases are commutating at one 
time. These expressions must be modified 
in the case of simple rectifiers when the 
commutating time is so long that more 
than two phases take part in the com- 
mutation. Modification is also required 
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in the case of multiple rectifiers where 
two or more simple rectifiers operate in 
parallel with interconnected commutating 
circuits and commutations involve more 
than two anodes. In the latter case, if 
the simple rectifiers are in phase so that 
commutations take place simultaneously, 
the foregoing formulas may be applied 
by considering the total commutating 
current. If the simple rectifiers are out 
of phase and the commutations overlap, 
but are not simultaneous, the calculation 
becomes more complex. 

Considering the double-wye rectifier, 
the foregoing equations apply for angles 


6 TH. HARMONIC — SOLID CURVES 
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Figure 7. Amplitude of 6th and 12th 


harmonic voltages in direct-voltage wave— 
characteristic curves 
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of overlap up to 60 degrees. With a 
greater angle of overlap, commutations 
on the two wyes overlap. (See references 
5 and 6.) The relation between angle 
of overlap and the rectifier load as cal- 
culated from equation 28 is shown graphi- 
cally on Figure 5. The rectifier load is 
expressed in terms of the quantity 
I,X,/Es, which is proportional to the load 
current. 


REACTANCE FACTOR 


The quantity 1,.X,/E, has been named 
the “reactance factor.”! It may be de- 
fined as the per unit commutating react- 
ance. Many of the rectifier character- 
istics, such as regulation, harmonics in a-c 
input and d-c output wave forms, power 
factor, and so forth, are functions of the 
angle of overlap. Inasmuch as the re- 
actance factor I,X,/E, enters directly 
in the determination of the overlap, and 
may be calculated readily from the cir- 
cuit constants, it provides a convenient 
quantity for indicating the functional 
relations between the rectifier character- 
istics and the circuit constants. 
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The use of per unit quantities greatly 


facilitates the calculation of rectifier/cir- 


cuits. One set of characteristic curves 
may be prepared covering each type of 
rectifier circuit if the circuit constants are 
represented. by the reactance factor 
I,.X,/E; and the rectifier characteristics 
are expressed in per unit. Then, to ob- 
tain information regarding any particular 
circuit its reactance factor is first cal- 
culated from the specific circuit con- 
stants. Reference is next made to ,the 
characteristic curves and the correspond- 
ing per unit value of the desired character- 
istic determined. Finally, the numerical 
value may be calculated by multiplying 
this per unit value by the base value. 


COMMUTATING REACTANCE DROP 
(OvERLAP Drop) 


The drop in direct voltage due to over- 
lap arises from the inductive voltage pro- 
duced by the commutating current. 
The instantaneous inductive-voltage drop 
ex during the commutation period is 

diz 
Varig) 


(29) 
and subtracts from the transformer 
secondary voltage as shown by the 
shaded area in Figure 4. The average 
direct-voltage drop E, due to the in- 
ductive voltage during commutation may 
be calculated by integration of the in- 
ductive voltage drop ez over the angle wv. 


Bene eid (wt) 
2x J, 


By substitution equation 380 may also 
be written 


Te 
Ena las f dis 
eee 


Performing the integration and making 
proper substitutions, the following ex- 
pression for the voltage drop caused by 
the commutating reactance is obtained: 


+I Xb 
2r 


(30) 


(31) 


E, (32) 


where 


E,=the average direct-voltage drop due to 
overlap 
I,=the direct current commutated 
X,=line-to-neutral commutating reactance 
in ohms 
p=the number of phases in the simple 
rectifier 


The relations between the commutating 
reactance drop and the other circuit fac- 
tors may be expressed in various forms 
by substituting from the different equa- 
tions. One of the more useful relations 
is that for the angle of overlap expressed 
jn terms of the overlap drop: ; 


cos u fe eat a 
suis 1——— 
Eu 


(33) 
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RESISTANCE DRop 


The drop in direct voltage due to copper 
losses may be calculated directly from the 
losses as follows: 


(34) 


where 


E, =average direct-voltage drop due to re- 
sistance 
W, =to ‘ copper loss in watts 
Iy=4d-c load current 


Arc Drop 


The are drop E, subtracts directly from 
the theoretical direct voltage Ego. 


Direct VOLTAGE UNDER LOAD 


The rectifier direct voltage under load 
without phase control Eg may be ex- 
pressed in terms of the theoretical direct 
voltage less the voltage drops as follows: 


=i, 2.—E,—E, (38) 
or 
IX W, 
Eq= By Ea (36) 
T Ia 


AMPLITUDE IN (PER -UNIT) 


0 1 0.2 03 04 
1 REAGTANCE FACTOR 


Figure 8. Amplitude of 18th (top) and 
24th (bottom) harmonic voltages in direct- 
voltage wave—characteristic curves 
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This equation is the one generally used 
in calculating rectifier regulation. It is 
frequently convenient to express the volt- 
ages in per unit values and the commu- 
tating reactance drop as a function of the 
reactance factor. Equation 36 then be- 


comes 

a if W, E 
ej CoS ee (37) 
Ea co Drs Te ao- sede 


The general equation for the average 
direct voltage with overlap may also be 
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derived from the voltage wave of a single 
rectifying element by integration in the 
same manner as in the case with no over- 
lap, equation 2. Neglecting resistance 
drop and arc drop, and assuming no phase 
control, the resulting equation after per- 
forming the integration is 


ue a a | 
Eqy= V2E,e sin H€ +5 cos u) (38) 
which may also be written 
pe u 
Ea =2uA3+3 cos u) = Bao cos'S (39) 


These relations, while simple in form, re- 
quire the determination of the angle of 
overlap and are not as useful as those 
given by equations 35, 36, and 37. 

The inherent direct-voltage regulation 
curve for a rectifier deviates only slightly 
from a straight line as the voltage drops 
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E, and E, are directly proportional to 
load current while the are drop &, is 
essentially constant. 


RIPPLE IN DirREcCT VOLTAGE 


As in the theoretical case, the magni- 
tude and character of the ripple in the 
direct voltage of a rectifier operating with 
overlap may be described in terms of 


1. Rms and average values. 
2. Harmonic components. 


8. Telephone influence factor. 


The rms and average values of the 
ripple voltage with overlap may be cal- 
culated in the same way asin the theo- 
retical case. The rms values are plotted as 
a function of the reactance factor on 
Figure 6. 

If the ripple voltage of the rectifier 
with overlap is resolved into its harmonic 
components, the Fourier series will con- 
tain both sine and cosine components, 
as the voltage wave is unsymmetrical 
when overlapping occurs.!° The general 
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equations which apply are given in Ap- 
pendix I. The amplitudes of the first 
four harmonics are shown on Figures 7 
and 8. 

The variation in telephone influence 
factor of the rectifier direct voltage with 
reactance factor, taking into account 
only the first four harmonics, is shown on 
Figure 9. 


ALTERNATING CURRENTS 


The effect of overlap is to increase the 
period of conduction without altering the 
maximum or average value of the anode 
current. As a result, the rms values of 
the currents in the transformer and a-c 
supply circuits are decreased. The rms 
current with overlapping may be calcu- 
lated from the values previously calcu- 
lated for the case with no overlap by 
multiplying these values by the proper 
overlap factor." 

The overlap factor for correcting the 
rms value of the a-c wave in a rectifier 
circuit has the general form 


Overlap factor = VA 1—cf(u) (40) 


where 


c=constant whose value depends upon 
type or part of circuit 
(u) =function of angle of overlap 


The value of the function f(w) is given 
by the following expression: 
a[s u(2+ cos u) —u(1+2 cos 3] 


ae (1— cos u)? 


F(u) 
(41) 


and values are shown on Figure 10. 
For the delta—double-wye circuit the 
constant c=3 and the overlap factor is 


Ve 3f(u) for all parts of the a-c circuit. 
The variation in overlap factor and re- 
actance factor is shown on Figure 11. 
Usually no correction is made for overlap 
in calculating the rms currents in rectifier 
transformers as the amount of correction 
is too small to warrant the additional 
work and if no correction is made for 
overlap the calculated currents provide a 
small margin which may be considered to 
be a safety factor.12 However, the over- 
lap factor must be taken into account in 
the calculation of power factor if accuracy 
is desired. 


Harmonics IN A-C LINE CURRENT 


Analytical expressions which include 
the effect of overlapping may be set up 
for the a-c waves in the rectifier circuit.'* 
From these, the harmonics in the a-c line 
current may be calculated. The equa- 
tions which apply are given in Appendix 
II. 

The amplitudes of the first eight har- 
monics as calculated from the above 
formulas are shown on Figures 12, 13, 14, 
and 15. The actual magnitudes of the 
various harmonics for the delta—double- 
wye connection with overlap can be calcu- | 
lated by multiplying the value of the 
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fundamental with no overlap given in 
equation 13 by the per unit values given 
on the foregoing curves. 

The variation in telephone influence 
factor of the rectifier a-c line current with 
reactance factor is shown on Figure 16. 
This curve includes the effect of only the 
first eight harmonics. 


PRIMARY AND SECONDARY VOLT-AMPERES 


The primary and secondary volt-am- 
peres are usually calculated only for the 
case with no overlap. These values are 


& ANGLE OF Bi 
RETARD 
(deg)a A | 


VALUE OF FUNCTION f(u,a) 


ie} 
u* ANGLE OF OVERLAP (DEG) 


Figure 10. Walues of f(u, a) 


sin u[2-+cos(u+2a)]— 
1 u[1+2cosacos(u+a)] 
fu, a) = 


[cos a— cos(u+a)]? 


generally used only for making rough 
comparisons of the different types of cir- 
cuits and the overlap corrections are not 
large enough to warrant their application. 


POWER FacToR 


The power factor for the delta—double- 
wye connection with overlap may be 
derived by substituting the value for the 
voltage and current with overlap in the 
ratio input power to input volt-amperes. 


Eq’ Ta 
\/3EtI, 


Seyi ee ( ze ) (42) 

* V1—3f(u) \ Eao 
In this equation the effect of resistance 
drop E,, arc drop Ey, and transformer 
magnetizing current J, is neglected except 
that the resistance and are drops may be 
assumed to be a part of the load so that 


Ea’ =E;t+E,tEa 


Power factor = 


If the rms value of the fundamental 
component of a-c line current is J,, and 
the phase angle between the line-to- 
neutral voltage and J, is ¢, then the power 
factor is: 


V/3EzI; cos } 


Power factor = -—————__—_ 
/3ExIt 


(43) 


where 


Ez, =rms value of line-to-line voltage 
Jz =1ms value of a-c line current 
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This equation shows that the power 
factor is the product of two factors; 
namely, the displacement factor, cos ¢, 
and the distortion factor, J;/Jz. The dis- 
placement factor may be calculated from 
the expressions for the fundamental com- 
ponents of the a-c line current (see 
Appendix II, equations 73 and 77). 

a sin? u 


1 
cos ¢=—= 
a V/ 42+ sin? u— 2usin u cos u(44) 


The distortion factor is most readily 
calculated from equations 42 and 44. The 
power factor, displacement, and distor- 
tion factors for the delta—-double-wyerecti- 
fier are shown on Figure 17. 


INTERPHASE TRANSFORMER VOLTAGE 


The interphase-transformer voltage 
wave form is changed and the rms and 
average values increased by the overlap. 
The formulas for calculating the voltages 


1,00 

|_| | 
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o.oal ERT ER RRRRREM Ree 
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x 
a REACTANCE FACTOR 


Overlap factor—characteristic 
curve 


Figure 11. 


p=3 
Overlap factor =~/1 —3Ku, a) 


with overlap are quite involved and will 
not be given here. The per unit values 
of rms and average voltage across the 
interphase as a function of the reactance 
factor are shown on Figure 18. 


VOLTAGE ACROSS RECTIFYING ELEMENT 


The peak inverse voltage remains the 
same with overlap as in the case with no 
overlap. 


DETERMINATION OF COMMUTATING 
REACTANCE DUE TO MAIN 
TRANSFORMER 


The commutating reactance due to the 
main transformer may be determined 
directly by test. The usual method em- 
ployed in making this test is to short- 
circuit the primary windings and apply a 
single-phase sinusoidal voltage of normal 
frequency between two secondary anode 
leads between which a transfer of current 
occurs during commutation. For the 
delta-double-wye circuit, the current in 
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the secondary is held at a value obtained 
by dividing the primary kilovolt-amperes 
per phase by two times the secondary 
line-to-neutral voltage,* and the imped- 
ance voltage drop between the two 
secondary terminals is measured. The 
anode-to-anode commutating reactance 
is obtained by dividing the measured im- 
pedance voltage by the applied current. 


The commutating reactance anode-to- 


neutral is half of this value. 
It is frequently desired to calculate the 


FUNDAMENTAL 
m= 


AMPLITUDE (IN PER-UNIT) 


ALAA BAL | 


LH 
| 


ig% REACTANCE FACTOR 
$s 


Figure 12. Amplitude of fundamental and 
fifth and seventh harmonics in a-c line current— 
characteristic curves 


Per unit base is amplitude of Fundamental with 
no overlap 


commutating reactance from the short- 
circuit reactance (impedance volts) of the 
transformer as measured by three-phase 
short-circuit test. This may be done 
with fair accuracy in some cases where 
the transformer core and coil arrange- 
ment permits. In other cases the trans- 
former construction is more complex and 
results in a configuration of the leakage 
flux paths for the single-phase short- 
circuit test (commutating reactance test) 
different from that for the standard three- 
phase short-circuit test and so introduces 
other factors into the relations between 
the two reactances. ; 

In the case of the delta-double-wye 
circuit the commutating reactance X, in 
ohms (anode-to-neutral) is 


SHY x 
eae es 
V/3ELI, — 


where 


Xo= (45) 


E;=rms value of transformer secondary to 
neutral voltage 

4/3Ex1I1, =transformer volt-amperes 

Xp=per unit reactance of transformer ex- 
pressed on base of transformer volt-am- 


peres at rated load (base values should 


be used for other terms) 


* Conventional value. If this value is held, pri- 
mary current will not exceed rating. ; 


AIEE TRANSACTIONS 


\ 


This equation is based on the assumption 
that the two secondary windings on each 
leg are perfectly interlaced. 

It is frequently convenient to use equa- 
tion 45 in a different form, expressing the 
reactance in terms of the base value of 
direct current J, instead of the trans- 
former volt-amperes. By substitution of 
the value of transformer volt-amperes 
given by equation 14, the commutating 
reactance due to the transformer becomes 


\h 
_V6Ey y 
c FZ ly 
Iq 


x (46) 


TRANSFORMATION OF LINE REACTANCE 


TO COMMUTATING REACTANCE 


The equivalent commutating reactance 
X,, in ohms anode to neutral, due to re- 
actance of the a-c line Xz, in ohms per 


Il TH. HARMONIC ~SOLIO CURVES 
13 TH.HARMONIC- DOTTED CURVES 
SSR 
rN ao 
N! 
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g 8 


es REACTANCE FACTOR 


Figure 13. Amplitude of 11th and 13th 
harmonics in a-c line current—characteristic 
curves 


p=3 q=6 
Per unit base is amplitude of fundamental with 
no overlap 


line, may be calculated by means of the 
transformation, 


ara e 
aia isa— |) LX. 
¥ ie) ‘ 


_ where 


(47) 


E;/Ex=turn ratio 


REACTANCE FACTOR IN TERMS OF 
TRANSFORMER AND LINE REACTANCE 


The reactance factor for the delta— 
double-wye circuit may be determined 
directly from the per unit transformer and 
line reactances, X7 and Xz, respectively, 
by the transformation. 


TX, _ V3 
s MYA Oy +¥s) 1.205% +X) (48) 


D-C SHortT-Circuir CURRENT 


The short-circuit current which flows 
when the d-c terminals of the rectifier are 
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short-circuited depends upon the value 
of the a-c circuit reactances and their dis- 
tribution. In most installations with a 
delta-double-wye transformer the reac- 
tance may be considered to be located in 
the primary, as the secondary windings 
are usually interlaced and the reactance 
in the anode leads is inappreciable. In 
this case each anode may be assumed to 
conduct current for only 180 degrees and 
of sinusoidal form so that the transformer 
primary current is the same as would be 
obtained if a three-phase short circuit 
were applied to one secondary wye. The 


8 


IN PER-UNIT) 


° 


oe ( 


AMPLIT! 


0-2 0.3 
zy, 
See REACTANCE FACTOR 


Figure 14. Amplitude of 17th and 19th 
harmonics in a-c line current—characteristic 
curves 
p=3 q=6 
Per unit base is amplitude of fundamental with 
no overlap 


sustained d-c short-circuit current in 
average amperes is then 


2/2 /3ELIt 


jee Sap 49 
ee E(Xp+Xz) ) 
or 

In/S. da c 
Fe node Mca iy |, Soe wala 


(Xp+Xz) 


where the various quantities have the 
same values as in equations 45 and 46. 


Analysis With Phase Control and 
Overlap 


When the rectifier is operated with the 
firing retarded by phase control (ob- 
tained by means of either grids or igni- 
tors), the voltage and current wave form 
and circuit characteristics, derived for the 
case with overlap, undergo further modi- 
fications. The wave forms with both 
phase control and overlap are shown on 
Figure 1 under case III. The equations 
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giving the rectifier characteristics under 
these conditions will be derived by intro- 
ducing the additional factor of phase 
angle a in the expressions already de- 
rived for the characteristics with the 
angle of overlap. 


COMMUTATING VOLTAGE 


The commutating voltage in the case 
of a simple rectifier operating with phase 
control is the same as in the case without 
phase control except that commutation 
is not permitted to start at the instant 
that the voltages (on the anode which is 
firing, and on the anode which fires next 
in order) become equal. By the action 
of the phase control, the firing of the 
main anode is delayed by a time interval 
equal to the angle of phase retard and 
commutation does not start until a de- 


'D HARMONIC 
m=23 


IoX, 
es REACTANCE FACTOR 


Figure 15. Amplitude of 23d and 25th 
harmonics in a-c line current—characteristic 


curves 
p=3 q=6 
Per unit base is amplitude of fundamental with 
no overlap 


grees after the point at which the anode 
voltages are equal. The commutating 
voltage, measuring time from the instant 
that commutation begins, is given by the 
equation: 


6, =2/2E, sin F sin (w+) (51) 


COMMUTATING REACTANCE 


The reactance which is effective in the 
commutating circuit when operating with 
phase control is the same as for the case 
with a simple rectifier operating with 
overlap. 


COMMUTATING CURRENT 


The expression for the anode current 
during the commutation period, when 
operating with phase control, may be 
derived in the same manner as for the 
simple case with overlap. The commu- 
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tating current is the current which flows 
in anode 2 during the commutation period 
at the beginning of conduction, and is 
given by the following equation: 


Gan ET a— cos (wt+a)] (52) 
¢ 


ANGLE OF OVERLAP 

The angle of overlap with phase control 
follows directly from the equation for the 
commutating current and is 


IX ¢ 


cos (u+a) = cos a— (53) 


Se \/2E, sin . 


It will be noted that this expression for 
the angle of overlap with phase control 
reduces to that for the simple rectifier 
with overlap when the angle of retard a 
is equal to zero. Also, that the reactance 
factor IpX¢/E; enters in this equation in 
the same manner as for the overlap equa- 
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Figure 16. Telephone influence factor for 
a-c line current—characteristic curves 
p=3 q=6 
Harmonics 1, 5, 7, 11, 13, 17, 19, 23, and 
95; weighting factor per reference 5 


tion without phase control. The relation 
between the angle of overlap and the 
reactance factor for various angles of re- 
tard as calculated from equation 53 is 
shown graphically on Figure 5. 


COMMUTATING REACTANCE DRop 
(OvERLAP Drop) 


The drop in direct voltage due to over- 
lap with phase control may be calculated 
in the same manner as for the case of the 
simple'rectifier without phase control, and 
is found to be the same as is given in 
equation 32, namely 


TX cb 


Ee 
anor 


This fact shows that the voltage drop due 
to the transformer reactance (overlapping) 
is independent of the use of phase control. 
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RESISTANCE AND ARC DROPS 


The resistance and arc drops, when 
operating with phase control, are sub- 
stantially the same as for the case of the 
simple rectifier with overlap. The only 
appreciable change in the resistance drop 
is that due to the increased losses in the 
interphase transformer, resulting from 
the higher voltage impressed across it 
when operating with phase control. 


Direct VOLTAGE UNDER LOAD 


The direct voltage of the rectifier when 
operating with phase control and overlap 
is 


Eag=Eao cos a—E,—E,—E, (54) 
or 
TX pare ae 
Hyg=E go: Cos a— er ie —E, (55) 
or in per unit values 
Eq eee oo: ¢ 
Pi ia SS dee 
ae 2/2sin- * 
W, 
oS) 
Lala Eto 


The general equation for the average 
direct voltage with phase control and 
overlap may be derived directly from the 
voltage wave by integration as with 
equation 2, and is 


~ p . m cose. cos (u+a) 
=+/2E,- | ae ee | 
Ea #;- sin 3 + 9 (57) 


This equation is equal to equation 54 or 55 
if resistance drop and are drop are neg- 
lected. 


RIPPLE IN DIRECT VOLTAGE 


As in the two previous cases, the mag- 
nitude and character of the ripple in the 


direct voltage may be described in terms 
of: 


1. Rms and average values. 
2. Harmonic components. 


3. Telephone influence factor. 


The rms values of the ripple voltage 
with both phase control and overlap are 
shown on Figure 6. 

The equations for the amplitude of the 
harmonic components of the ripple volt- 
age with phase control are given in 
Appendix I, and the values for the first 
four harmonics are given on Figures 7 
and 8. 

The telephone influence factor of the 
rectifier direct voltage with various 
amounts of phase control is shown on 
Figure 9. 


ALTERNATING CURRENTS 


When the rectifier is operated with 
phase control the angle of overlap is re- 
duced because a higher voltage is avail- 
able for forcing commutation. As a re- 
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sult the rms values of the currents in the 
transformer and a-c supply circuits will 
lie between those obtained in the /theo- 
retical case (no overlap) and those for the 
case with overlap but no phase control. 
The overlap factor for correcting the rms 
value of the a-c wave with both phase 
control and overlap has the general form 


Overlap factor = Vv 1—cf(u, a) (58) 


where 


rr 


c=constant whose value depends upon 


type or part of circuit (see equation 40) 
(4, «)=function of angles of overlap and 
phase retard 


The value of the function f(u, e) is 
given by the following expression 


sin u(2-+cos (4+2e)) — 
_ 1] u(1+2cose@ cos (u+e)) 
F(u, a) ae (cos a—cos (4+a))? 
(59) 


and values are shown on Figure 10. 

As in the case with overlap only, the 
constant c=3 for all parts of the delta— 
double-wye circuit. The values of the 
overlap factor for various amounts of 
phase retard are shown on Figure 11. 


HARMONICS IN A-C LINE CURRENT 


The equations for the harmonics in the 
a-c line current when operating with 
phase control and overlap are given in 
Appendix II and the values for the first 
eight harmonics are shown on Figures 12, 
13, 14, and 15. 


The variation in telephone influence . 


factor of the rectifier a-c line current with 
phase control is shown on Figure 16. 
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Figure 17. Power factor without phase con- 


trol—characteristic curves 
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“The expression for the power factor 
_with both phase control and overlap is 
similar to that when operating with 
overlap only, and is as follows: | 


3 1 ie 
cs = | (60 
: 7 V/1—3f(u, a) (cos ma ty 


INTERPHASE-TRANSFORMER VOLTAGE 


The voltage across the interphase trans- 
formet\is increased with the application 
of phase control. The rms and average 
voltages across the interphase trans- 
former for various values of phase con- 
trol are shown on Figure 18. 


VOLTAGE Across RECTIFYING ELEMENT 


The peak inverse voltage remains the 
same when operating with both phase 
control and overlap as in the theoretical 
case as long as (uw+a) is less than 90 
degrees. : 


Conclusions 


The foregoing analysis was originally 
undertaken because of the need for a 
reference text giving the complete analy- 
sis of a typical rectifier circuit. The 
analytic procedure which has been out- 
. lined was developed in the course of its 
preparation. 

The purposes of this paper have been 
to: 

1. Describe in concise form the methods 
used in analyzing rectifier circuits. 


2. Illustrate the application of new circuit 
concepts. 


38. Provide a standard procedure for the 
analysis of all types of rectifier circuits. 


4, Provide a standard form for the pres- 
entation of rectifier characteristics. 


5. Present a comprehensive set of charac- 
teristic curves for the delta—double-wye 
rectifier. 


It is hoped that the material presented 
in the paper will be found useful by de- 
sign, application, and operating engineers 
and that the methods may be extended 
to cover the other rectifier circuits in 
common use. 


Appendix |. Harmonics in 
Direct Voltage 


The general equation for the direct-volt- 
age wave with phase control and overlap is 


e=Eq4+a; sin g9+a; sin 2g0-+a; sin 8g0+... 
+a sin mgd+... +: cos gd-+b: cos 2g@-+ 
bs cos 3g0+... +b cosmgo+... (61) 


where 


¢=instantaneous direct voltage 

Eq=average direct voltage 

Qj, dz, etc. =amplitude of sine components 

by, bs, etc. =amplitude of cosine components 

q=number of phases of equivalent simple 
rectifier having same wave shape 
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Figure 18. Rms and average voltage across 
interphase transformer—third harmonic 
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Per unit base is transformer secondary-to- 
neutral voltage E, 
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Figure 19. Transformation of wave shape of 
rectifier a-c line current 


Figure 20. Wave form of a-c line current on 
delta-six-phase-star circuit 


(a) Theoretical 
(6) With phase control and overlap 


m=1, 2, 8, etc., order of harmonic 
6=angle measured from instant transfer be- 


gins 


The amplitude of the sine components is 


Eao 
dn = 2 cos mmr X 


[= (mq+1)(u+ea)+sin (mg+ a _ 
: mgq+l1 
sin (mqg—1)(u+a)+ sin mars (62) 
mgq—1 


Christensen, Willis, Herskind—Rectifier Circuits 


and of the cosine components 


E 
ye = cos mr X 


E (mqg+1)(u+a)+ cos(mg+l)a_ 
mg+1 

cos (mq—1)(u+a)+cos eal (63) 
mgq—1 


In the case with overlap only (no phase 
control) these expressions reduce to 


Take 
Om = ar cos mm X 


= (mg+1)u_sin(mg— | (64) 
mg+1 mgq—1 


and 


E, 
b= cos mm X 


E (mg+1)u_cos(mg—l)u_ 2 | 
mg+1 mg?—1 
; (65) 


mg—1 


The amplitude of the resultant of the 
various harmonics is 


Cn = AV dm? 0m" 


Appendix Il. Harmonics in A-C 


Line Current 


The a-c line current of a rectifier having 
six phases may be represented by the follow- 
ing Fourier series: 


i=, sin +45 sin 50-+a, sin 79-+a sin 116+ 
a3 in 130... +am sin m0... +b, cos 8+ 
bs cos 50-+b; cos 70+by cos 110+)i3X 
cos 130... +b, cos mb... (66) 


where 


4=instantaneous primary line current 

a4, Qs, G7, etc. =amplitude of sine components 

bi, bs, b7, ete. =amplitude of cosine compo- 
nents 

m=nq=+1 order of harmonic where 
=integer 1, 2, 3, etc. 

q=number of phases of equivalent simple 
rectifier having wave shape with same 
harmonic composition 

@=angle measured from reference point 
coinciding with beginning of line-to- 
neutral voltage wave 


It can be shown by analysis that the har- 
monic composition of the a-c line currents in 
the various rectifier circuits having an equal 
number of secondary phases is the same if 
certain assumptions as to the shape of the 
current in each secondary phase are made.!* 
The necessary assumptions in order that the 
per unit values of the harmonics for different 
connections be the same are that 


1. The anode current waves are flat-topped. 
2. The angles of overlap are equal. 


3. The commutations do not overlap. 


While the shape of the a-c line current wave 
may be different for the various rectifier 
circuits having the same number of second- 
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ary phases, the magnitudes of the harmonics 
will be equal if the foregoing conditions are 
fulfilled. The difference in wave shape arises 
from differences in phase relations between 
harmonics. In general, the wave obtained 
when using one circuit may be changed to 
that obtained with a different circuit by 
means of a suitable transformation. An 
example is the delta-six-phase-star circuit 
shown on Figure 19 and the delta—wye trans- 
formation from the delta-six—phase-star 
wave shape to the delta-double-wye wave 
shape. Taking advantage of these relation- 
ships to simplify the analysis of rectifier 
wave shapes, calculations of the magnitude 
of the harmonics in the a-c line current of 
all six-phase rectifier circuits are based on 
analyses made on the delta-six-phase-star 
connection. 

The coefficients of the Fourier series, 
equation 66, for the delta-six-phase-star 
connection operating with both phase con- 
trol and overlap, and with the angle @ 
measured from a reference point coinciding 
with the beginning of the line-to-neutral 
voltage wave (see Figure 20), are given by 
the following formulas. The coefficients of 
the fundamental components are 


Z {cos a+ cos (uta) ] 


a= (67) 
Tv 

5, = WOT Sn (2u+2a)— sin 2a—2u (68) 
T 2[cos a— cos (u+a)] 


and the coefficients of the higher harmonics 
are 


4] sin (m7/3) 


T “‘m(m?—1) [cos a— cos (u+a) ] 


Lm = 


[cos a cos ma— cos (u+a)X 
cos m(u+ea)+m sin a sin ma— 


m sin (u+a) sin m(uta)] (69) 


4q sin (m7/3) 
Dea 


Ae ‘m(m?—1) [cos a— cos (uta) | 


{cos asin ma— cos (uta) * 
sin m (u+a)—msin a cos ma+ 
msin (u+a) cos m(u+a) | 


(70) 


In these equations, J=peak value of a-c 
line current wave in delta-six-phase-star 
connection. 

The amplitude of the resultant of the 
fundamental is 


qQa= Var+b? 
el 1 | 
ra x 


ma Lcos a — cos (uta) 


Vu?—u sin (2u+2a)+u sin 2a+ sin? u 
(71) 


and the amplitude of the resultant of each 
of the higher harmonics is 


on >= V dn? +b mn? 
4I sin (m7/3) 
x m(m?—1) [cos a— cos (uta) i: 
|[cos? a+ cos? (uta) +m? sin? a+ 
m sin? (u-+a)—2 cos aX 
cos (u+a) cos mu—2Qm sin u 
sin mu —2m? sin asin (ut+a)X 
cos mu} 
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(72) 


When operating with overlap only (no 
phase control) these expressions reduce to 


I 
a= [1+cos u] (73) 
v 
pa E u& COS a=] (74) 
T 1— cos u 


47| 1— cos ucos mu —m sin u sin mu y 
an = 
T m(m?2—1)(1— cos u) 


sin (m7/3) 


41} —cos usin mu+m sin u cos mu 
b1n= x 


m(m2—1)(1— cos u) 


(75) 


sin (mm/3) (76) 


_V3I 1 


Cy ———— v/u?—u sin 2u+sin? u 
x 1—cosu 
(77) 
4] sin (m 1/3) 
Cm => . 5 
a m(m?—1)(1— cos x) 
{1+cos? u+m? sin?u—* 
2 cos u cos mu—2m sin u sin mu] 
(78) 


The amplitude of the fundamental of 
the theoretical a-c line current wave is 


_ 2/3 


Tv 


ay 


b,=0 


All amplitudes may be expressed in per unit, 
using the amplitude of the fundamental with 
no overlap as a base. To obtain per unit 
values, divide these equations by (24/3/) /x. 


Appendix Ill. Rectifier Symbols 


u=angle of overlap (commutating 
angle) 
a=phase-control angle (the angle by 
which the start of conduction is 
retarded or advanced from the 
normal starting time by phase con- 
trol) 
f=frequency of a-c power supply 
p=number of phases in a simple 
rectifier 
qg=number of phases in an equivalent 
simple rectifier having the same 
primary wave shape as the multi- 
ple rectifier 
E;=transformer secondary 
neutral voltage in rms volts 
Ex =primary line-to-line voltage in rms 
volts 
Eao= theoretical direct voltage (average 
direct voltage assuming no over- 
lap, no phase control, and zero are 
drop) 
Eq=average direct voltage under load 
E,=direct-voltage drop due to loss in 
the rectifying elements (are drop 
in volts) 
E, =direct-voltage drop due to copper 
losses 


line-to- 


Christensen, Willis, Herskind—Rectifier Circuits 


\ 


E,=direct-voltage drop caused by 


commutating reactance rb 
€pi = peak inverse voltage /} 

Iq=d-c load current supplied by the 
rectifier in average amperes 

I,=direct current commutated be- 
tween two rectifying elements 
which conduct consecutively 

I=a-c line current (crest value) 
ZI,=coil current of transformer d-c 
winding in rms amperes > 

I,=coil current of transformer ,a-c 
winding in rms amperes 

I, =a-c line current in rms amperes 

J,=transformer exciting current in 
rms amperes 

Q@m =amplitude of sine term of Fourier 
expansion for mth harmonic 
(crest value) 

b», =amplitude of cosine term of Four- 
ier expansion for mth harmonic 
(crest value) 

Cm =amplitude of resultant of Fourier 
expansion for mth harmonic (crest 
value) 

m=order of harmonic=nq+1 where 
n=integer 1, 2, 3, etc. 

X»=per unit reactance of transformer, 
expressed on base of transformer 
volt-amperes at rated load 

X;,=per unit reactance of supply line, 
expressed on base of transformer 
volt-amperes at rated load 

Xz, =ohms reactance of supply line (per 
line) 

X;,=commutating reactance 
neutral in ohms 

Lqa=inductance of d-c 
henrys 

VEN ISS =reactance factor 


line-to- 


reactor in 
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The Electronic Converter for Exchange 


of Power 


F. W. CRAMER 
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Synopsis: The installation of the first 
20,000-kw electronic power converter was 
made in December 1943 at the Edgar 
Thompson plant of the Carnegie-Illinois 
Steel Corporation to exchange power be- 
tween their 25-cycle 44-kv and 60-cycle 69- 
ky systems, the latter being connected to a 
large public utility. The converter oper- 
ates in parallel on both systems with normal 
generators. This type of converter was 
selected to obtain its ease and simplicity of 
control, low contributions to faults, light 
weight of indoor equipment, high efficiency, 
and ability to transfer a fixed value of power 
regardless of departure from normal fre- 
quency ratio between the two systems. 
The converter may have its power output 
controlled manually or by a power regulator 
or may reduce the demands for power taken 
from the 60-cycle utility system. Controls 
also may be supplied to a typical electronic 
converter to cause it to share the total load 
of the receiving system in a predetermined 
proportion with prime movers. Inherently 
transferring power in a preselected direction 
in relation to the departure from normal 
voltage ratios of the two systems, automatic 
phase control of grid excitation rapidly com- 
pensates for changes in this ratio. The 
reactive kilovolt-amperes needed for com- 
mutation, harmonics, and transformer mag- 
netizing current of both rectifier and in- 
verter is supplied by the synchronous ma- 
chinery in the steel company’s systems. 
Faults such as arc-backs and ‘‘shoot- 
throughs”’ in the electronic equipment are 
suppressed in a very short time period. The 
rectifier cannot furnish current to a fault in 
its supply system. The inverter can supply 
only a small increase over load current to a 
fault in the receiving system. When the 
fault in the receiving system depresses its 
voltage below commutating limits, the in- 
verter instantly ceases to commutate and 
consequently furnishes no current to the 
fault. After release of the fault from the 
receiving system, the converter will pick up 
load in a maximum of four-tenths second. 
Distinguishing characteristics of conven- 
tional rotating converters are compared 
with those of the electronic converter. The 
operating characteristics of the rectifier and 
the inverter are explained, and expressions 
are given for their power factors and arc 
drop. Characteristic power factors, reac- 
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mittees on industrial power applications, and power 
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the AIEE summer technical meeting, St. Louis, 
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tive kilovolt-amperes, and efficiency are 
shown in charts, and a description of opera- 
tion under fault conditions is given. De- 
tails of the installation, including circuit 
diagram, specification of major apparatus, 
and floor space, are included. 

The authors conclude that the electronic 
converter is suitable for controlling power 
flow between systems of like or dissimilar 
frequency and voltage or for furnishing 
power to isolated loads which have sufficient 
synchronous capacity for commutation at 
fixed or variable frequencies. When re- 
quired, the d-c link between rectifier and 
inverter may be lengthened to the classifica- 
tion of a transmission system. Intercon- 
nection of systems may be accomplished in a 
number of different ways, each having cer- 
tain characteristics. The electronic con- 
verter may prove advantageous in some 
instances; rotating converters will be more 
advantageous in other instances. 


HE interconnection of electric power 

systems involves many considera- 
tions—one major operating considera- 
tion being the control of power flow. 
This and associated papers®* !! discuss a 
controlled electronic means of power in- 
terchange, known in principle for some 
time. 

Since August 1936 the principles of 
electronic rectification of alternating to 
direct current, transmission of direct cur- 
rent, and electronic inversion from direct 
to alternating current have been put into 
commercial use in amounts up to 5,250 
kw in a pilot plant,'? jointly owned by 
the New York Power and Light Corpora- 
tion and the General Electric Company. 

A group of Carnegie-Illinois Steel Cor- 
poration engineers, led by one of the co- 
authors, made a thorough review of elec- 
tronic-converter developments in 1940- 
41, as a result of which the General Elec- 
tric Company was asked to undertake 
the manufacture and installation of two 
10,000-kw electronic converters to trans- 
fer power, reversibly, between Carnegie- 
Illinois Steel Corporation’s 25-cycle 44-kv 
and 60-cycle 69-kyv systems, each having 
its own generators. Their 60-cycle plants 
are connected to the system of a public 
utility having over 60,000 kw in genera- 
tors. The steel company’s 25-cycle sys- 
tem has over 125,000 kw in generators. 
(See Figure 1.) During December 1943 
the first 10,000-kw converter was put 
into operation; after a few weeks’ inter- 
val, the second unit was put into opera- 
tion. 

The preference given to an electronic 
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converter for the Carnegie plant depended 
not only on the benefits of less material 
and shorter production time, but also 
on its particular electrical and physical 
characteristics. 


Power-System Interconnection 


The Carnegie electronic converter de- 
scribed herein becomes better understood 
if the general problem of system inter- 
connection and the technical features of 
various types of interconnection are 
briefly reviewed. In giving the charac- 
teristics of various power converters, no 
attempt is made to draw conclusions as to 
the generally preferred type or as to the 
relative economics of various types. To 
draw such conclusions would require 
each case to have its engineering specifi- 
cations clearly defined, after which an 
economic comparison of suitable types 
could be made. The results of such a 
comparison ‘would show which type is 
best suited to the case. 

The reader’s attention is called to the 
characteristics of various types of con- 
verters, given herein, to explain more 
clearly the features of the electronic con- 
verter. In the opinion of the authors the 
electronic converter will not take the 
place of rotating converters in all cases. 


OBJECTIVES OF POWER-SYSTEM 
INTERCONNECTION 


Numerous electric power systems now 
extend widely from energy sources until 
their lines have become geographically 
continuous or even overlapping. Some 
depend on source energy which varies in 
availability seasonally and from day to 
day. Others depend on transported fuel, 
the reliability of which is not always 
within the control of the user. Inherent 
economies of the supply system are often 
in favor of one system over another. In 
a given time period one system may have 
a power surplus without market and dur- 
ing another period may have to resort to 
higher-cost sources to meet requirements. 
During these periodsaneighboring system 
may assist to the mutual benefit of both. 


CONVENTIONAL MertTHops USED TO 
INTERCONNECT SYSTEMS AND MBANS 
ADOPTED TO CONTROL TRUE POWER 
AND REACTIVE FLow 


Systems of like frequency use direct 
conductors or constant-potential trans- 
formers to effect interconnection. Re- 
active current through the intercon- 
nection may be controlled by variable- 
ratio transformers and by the synchro- 
nous machines of the systems. Power 
flow is controlled by relative prime-mover- 
governor adjustment. Power may flow 
in either direction, 

Systems of dissimilar frequency gen- 
erally have used rotating frequency con- 
verters of various types. The synchro- 
nous-synchronous type requires the fre- 
quency ratio of the two systems to remain 
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fixed and the converter to have sufficient 
torque to maintain this ratio. 

Converters which utilize the inherent 
slip of machines designed on the induc- 
tion principle permit the frequency ratio 
of the two systems to depart from normal 
by the amount of the slip incorporated 
in the machine design with flow of power 
a consequent result. Variable-ratio fre- 
quency converters diminish the need for 
modifying the relative prime-mover-gov- 
ernor adjustment of the two systems to 
maintain a constant power flow. The 
wider the designed frequency ratio of this 
converter, the more material must be 
used; 

Both the synchronous-synchronous and 
Scherbius induction-synchronous con- 
verters have the desirable characteristics 
of controlling reactive current to both 
systems and of furnishing power to inde- 
pendent inductive loads from machines 
of both frequencies. The simple but 
little used induction-induction converter 
must get its a-c excitation from the two 
systems. 
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Figure 1. Electronic-converter interconnec- 


tion of 60-cycle and 25-cycle systems 
~—-~ -25-cycle system ————60-cycle system 


Power flow may be in either direction 
through all of the rotating types of con- 
verters mentioned. 

In summary, then, it may be said that 
the distinguishing characteristics of ro- 
tating converters are: 


1. Power is transmitted through the con- 
verter as a function of frequency and may be 
controlled by the use of certain variable- 
frequency-ratio converters. 


2. Synchronous-synchronous and Scher- 
bius types of rotating converters have the 
ability to supply and control overexcited re- 
active current to the systems to which they 
are connected. 


3. The same types can furnish power to 
independent inductive or capacitive loads. 
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4, All rotating types are sources of short 
circuit currents, the system being relieved 
of the fault in the opening time of conven- 
tional circuit breakers. 

5. These types of rotating converters resist 
a change in voltage due to disturbances and 
are capable of carrying a temporary over- 
load, and therefore are a factor in improving 
the voltage and the stability of a system. 


Tue ELECTRONIC POWER CONVERTER 
AS A Mpans OF INTERCONNECTING 
SySTPMS AND CONTROLLING POWER 
FLow 


The electronic power converter is also a 
means of interconnecting two electric sys- 
tems. In its form, as discussed in this 
paper, it rectifies alternating to direct cur- 
rent at the supply end and then inverts 
direct to alternating current at the re- 
ceiving end. Except for minor auxiliaries, 
such as water-circulating pumps, small 
Amplidynes, and servomotor controls, 
it is a completely static equipment. Ex- 
citation for commutation, and so forth, is 
supplied by synchronous apparatus. 


PRR 

BS C5 C5052 
tee 

ESSER 


LOAD REMAINING ON SYSTEM “A” 
PRIME MOVERS 


TIME — SECONDS 


TOTAL LOAD 


LOAD 


s 


~ —_ 
SYSTEM “B”— BASE LOAD 


TIME —SECONDS 
Figure 2. When the direction of power flow 
is from system B to system A, a uniform 
amount of power (crosshatched) may be 
transferred from system A by the electronic 


converter and added (dotted) to the load of 


system B 


When electronic apparatus is used to 
convert a-c power to d-c power it is called 
a rectifier. The same apparatus can be 
used to reconvert d-c power to a-c power 
by means of simple adjustments of its 
control; when so operated it is called an 
inverter. That portion of the system in 
which d-c power flows is called the d-c 
link. The combination has been termed a 
converter. The d-c link may be length- 
ened, until ultimately it might be termed 
a d-c power transmission system. 

The electronic converter affords a 
means of controlling power flow between 
the two otherwise independent systems 
which it connects. The direction of 
power flow is determined by the phase 
angle of the grid excitation. When no in- 
tentional internal electronic controls in- 
tervene, the direct voltages of rectifier 
and inverter bear direct relations to the 
alternating voltages of the supply and 
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receiving systems. Insofar as this rela- 
tionship is concerned, a similar character- 
istic occurs in a synchronous rotating con- 
verter. Power flow in anelectronic con- 
verter depends on the relative magnitude 
of the direct voltages of the supply or 
rectifier end’and inverter or receiving end. 
Current, and therefore power, flows 
through the d-c link when anything tends 
to raise the rectifier voltage above the 
inverter countervoltage. Why this is true 
is discussed later under ‘“‘Operation’?.and | 
“‘Characteristics.” 

The relative levels of direct voltage may 
be varied by ‘‘phase control.’”’ The direc- 
tion of power flow may be reversed by a 
simple operation in the control circuits. 
The conclusion to be reached from these 
statements is that, with phase-angle con- 
trols set for power flow in one direction 
and with the phase angle of grid excita- 
tion fixed, power will flow through the 
converter when the voltage of the system 
supplying the rectifier is relatively higher 
than the voltage of the system supplied 
by the inverter. 


LOAD 


LOAD REMAINING ON SYSTEM ‘A’ 
PRIME MOVERS 


TIME —SECONDS 


TOTAL LOAD 


LOAD 


SYSTEM “B”— 
BASE LOAD 


TIME — SECONDS 


Figure 3. Demand control applied to the 

electronic converter removes peaks (cross- 

hatched) from system A and places them 
(dotted) on system B 


~ 


If a-c system loads and transmission 
losses were constituted of power-current 
components only, the power output of the 
converter would be approximately pro- 
portional to current. Current control of 
the converter then would constitute con- 
trol of power output. However, reactive — 
and capacitive system currents affect sys- 
tem voltages and, therefore, affect input 
and output current of the converter. Con- 
sequently, to control the output of an elec- 
tronic converter in terms of power, a 
watt-sensitive regulator may be, and in 
this installation is, used to hold the power 
output at a constant level. In summary — 
then, the phase-control setting determines — 
ampere output of the converter regardless 
of frequency variations, and a power 
regulator determines watt output regard- 
less of; both frequency yariation and 
voltage-ratio variation of the two con- 
nected systems. E TN 
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Figure 4. Electronic 

converter controlled 
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prime movers 
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Since an electronic converter charac- 
teristically forms a controlled power 
interconnection, it is possible to provide 
controls responsive to other signals. 
Summarizing those that appear useful, 
controls are available for: 


1. Constant power output to one system 
(see Figure 2). 

2. Convenient reversibility of power out- 
put in response to a predetermined signal. 


3. Power output in response to the require- 
ments of a specified portion of a general load 
(see Figure 3). 


4, Power output in response to the varia- 
tions in total load of one system and in a 
predetermined ratio to the power supplied 
by other prime sources of that system (see 
Figure 4), 

5. Power output required to maintain the 
desired frequency of one system or with fre- 
quency-regulation characteristics suitable 
for parallel operation with prime movers (see 
Figure 4). 


The function of rectifier and inverter 
commutation, as explained later, requires 
overexcited reactive current. Such cur- 
rent must be supplied by the overexcited 
rotating machines of each system and in 
amounts proportional to the power trans- 
fer. 


_ DISTINGUISHING CHARACTERISTICS 


The characteristics of an electronic 
converter which distinguish it from other 
types of converters are given in outline 
here and are discussed in further detail 
in companion papers: 


1. Current, without respect to frequency, 
is transmitted through the converter as a 
function of the departure from the designed 
ratio of output to input voltages; however, 
addition of a power-sensitive regulator com- 
pensates for variations in voltage, so giving 
the converter a constant power output. 


2. The frequency of the interconnected 
systems and the changes in frequency of the 
systems are nullified by the conversion of 
alternating to direct current. Such a con- 
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verter is a nonsynchronous tie between two 
systems. Further, all current transferred 
in the d-c link at the direct potential then 
existing is true power, without reactive cur- 
rents. 


3. Overexcited reactive current must be 
supplied by external sources. 


4. The efficiency of the electronic converter 
is well maintained throughout its load range 
and is relatively higher than that of rotating 
frequency converters. Losses associated 
with the supply of overexcited kilovolt- 
amperes for commutation, and so forth, vary 
with each case and tend to increase the 
losses chargeable to the electronic converter. 


5. When the necessary reactive kilovolt- 
amperes is supplied to the converter and its 
source is a synchronous machine, the elec- 
tronic converter can supply power in multi- 
ple with synchronous generators or to an 
independent load and be subjected to fre- 
quency control at a fixed value or over a 
specified variable frequency range. 


6. Fault control: 


Internal Faults. Fault-suppression features, in- 
corporated in the auxiliaries, make it possible to 
control excess power flow to individual internal- 
electronic equipment faults without resorting to 
the use of main circuit breakers. 


Supply-Circuit Faults. No current can flow from 
the converter to a fault in the system supplying the 
rectifier. 


Receiving-System Faults. Loads and faults on the 
receiving system cause the output regulators to 
tend to restore output to the preselected level. These 
regulators are extremely fast and therefore will tend 
to limit the converter output under receiving-sys- 
tem voltage depressions occurring at a rate slower 
than the speed at which the restoring controls can 
operate. The current that the inverter can supply 
to a fault in the receiving system is limited by the 
commutating ability of the converter at the par- 
ticular margin in phase-angle setting established 
for the installation. For all practical purposes the 
current will rise to a maximum of 2.6 times nor- 
mal load when the receiving-system voltage is ap- 
preciably depressed suddenly. Beyond this limit, 
the inverter will fail to commutate; this means 
it will contribute no current to a disturbance which 
causes a sudden depression in voltage below the 
limit of commutation. 

Normal current can be restored, after the fault 
has been cleared, ina minimum of 4/100 second and a 
maximum of 4/19 second without the necessity for 
disconnecting the converter from the systems. 


7. Weights, dimensions, and foundations 
of the equipment immediately involved in 
converting power from one system to an- 
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other of different frequency are less for the 
electronic converter (excluding these ele- 
ments contributed by the synchronous 
equipment required for commutation, and 
so forth) than for the rotating converter. 


. Transformers are required by the electronic 


converter to insulate d-c from a-c systems 
and to obtain multiphase operation from a 
three-phase system. This addition gener- 
ally can be expected to increase the weights 
and dimensions of the complete electronic 
converter above those for the rotating 
equipment. Foundation dimensions will 
vary with the particular location. Where 
both types of converters require transform- 
ers to raise potentials above those which can 
be withstood by rotating converters, these 
physical factors will be in favor of the 
electronic converter. 


Table I summarizes for comparison 
the distinguishing characteristics of sev- 
eral types of system interconnecting 
means insofar as power flow, voltage 
and reactive current are concerned. 


Explanation of Electronic-Converter 
Operation 


Operation of power rectifiers is) well 
understood, but inverted rectifiers are 
relatively new. By extending the princi- 
ples of rectification, a quick grasp of in- 
version may be obtained. A simple un- 
derlying rule for both follows: 


Providing adequate cathode electron emis- 
sion is available and these electrons are not 
blocked by negative grids, only the anode or 
anodes most positive in the circuit will con- 
duct current. 


Refer to Figure 5 for illustration of the 
operating principles of an electronic con- 
verter. While the particular circuit shown 
in the illustration seldom would be used 
in practice, its operation is basically typi- 
cal of practical converters and its sim- 
plicity facilitates explanation. 

The circuit consists of two duplicate © 
simple rectifiers, one designated rectifier, 
the other inverter. It may be assumed 
that the rectifier and inverter trans- 
formers are also duplicates and that the 
two a-c systems operate at the same volt- 
age and frequency. The d-c link in- 
cludes the electronic rectifiers, d-c inter- 
connections, and d-c reactor. The d-c 
reactor may be regarded as an infinite 
inductance suppressing all ripple in the 
direct current for purposes of this discus- 
sion. Direct current, because of the 
rectifying property of both rectifier and 
inverter, always flows in the same direc- 
tion through the electronic devices and d-c 
link, regardless of direction of power flow. 


PRINCIPLES OF RECTIFIER OPERATION 


A brief review of rectifier principles 
leads to the discussion of inverter princi- 
ples. Figure 5B shows the succession of 
positive-half-wave voltages applied to 
the three electronic devices. For the 
ideal reactanceless case, current transfer 
would be instantaneous, and each rectifier 
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Table |. Distinguishing Characteristics of Various Methods of System Interconnection 


<== 


Copper-Conductor 
Interconnection 


Electronic Converter 


a 


Variable- ;) 
Variable-Ratio- f Frequency-Ratio 
Transformer Synchronous-Syn- Induction-Induction Converter 
Interconnection chronous Converter Converter (Scherbius Type) 


Power flow is a Voltage ratio 


function of 


Power flow is con- Adjusting phase-angle 


trolled by firing of converter adjustment adjustment 
Voltage is main- Synchronous machines Synchronous machines Synchronous machines Converter 
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Voltage phase angle 


Prime-mover governor 


Voltage phase angle 


Prime-mover governor 


Voltage phase angle 


Prime-mover governor 
adjustment 


Converter variable 
frequency ratio 


Relative system fre- 
quencies 


Prime-mover governor Adjusting slip of 


adjustment induction ma- 
chine 
Synchronous machines Converter on 
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device in turn would conduct all the di- 
rect current after the intersection of its 
positive-half-wave voltage with the pre- 
ceding positive half wave. Conduction 
periods are 120 electrical degrees, because 
each phase voltage is more positive than 
any other for such an interval. 

Since practical circuits have reactance, 
current transfer or commutation cannot 
be instantaneous. During the commu- 
tating period, two phase voltages must 
remain equal, and direct voltage is equal 
to the average of the two phase voltages. 
Figure 5C shows the effect of this com- 
mutation on the direct output voltage. 
The average value of the direct voltage in 
Figure 5C is lowered because of the area 


. above the notch lost during commutation, 


‘Lhis notch increases in area in proportion 
to the amount of reactance and direct 
current, and therefore the direct-voltage— 
load characteristic of a rectifier droops. 
When ‘negatively energized grids are 
interposed) between anodes and cathodes 
of mercury-are rectifiers, or the instant of 
cathode ewnission is controlled, it is pos- 
sible to prevent an anode from conduct- 
ing current even when it becomes most 
positive. By properly timing the phase 
position of positive grid-excitation im- 
pulses, or the ignition of mercury-pool 
cathode spots with respect to applied 
anode voltage, current conduction can be 
controlled as desired. This action is 
called phase control and is illustrated 
in Figure 5D. The notches of lost volt- 
age are larger than shown in Figure 5C, 
so the average direct voltage is controlled 
to a lower value. Many simple methods 
have been developed for smoothly ad- 
justing the angle of phase control, and 
consequently the direct voltage. 


PRINCIPLES OF INVERTER OPERATION 


The choice of the word “‘inverter’’ to 
name the apparatus that changes d-c 
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power to a-c power was apt, as an inverted 
similarity of the direct-voltage wave 
shapes will be noted in Figure 5E-G. 

The d-c side of the inverter should be 
regarded as imposing a direct counter- 
voltage to that of the rectifier. Conse- 
quently, for inverters the transformer 
neutral is the positive terminal and the 
cathode is the negative, as contrasted to 
the polarity for the rectifier (see Figure 
5A). 

Since inverters impose direct counter 
voltage, conduction of current in each 
phase occurs during the negative-half- 
wave crests (see Figure 5E). For the 
ideal reactanceless case and no phase 
control, instantaneous current commuta- 
tion would be timed at the intersections 
of the successive negative half waves. 
The action of an inverter then is to chop 
d-c power into blocks, sort them out, and 
direct them into the correct transformer 
secondary winding at the right time to 
deliver a-c power to the system. 

For inverter operation, commutation 
must be completed before the intersec- 
tion of the negative half waves instead of 
after the intersection, as in rectification 
(see Figure 5F). If current were allowed 
to flow in any phase after its negative- 
half-wave voltage intersection with that 
of its successor, the former phase would 
steal back the current from its successor 
becatse the former has higher positive 
voltage. Such an event would constitute 
a commutation failure, and inversion 
would cease. Inverter direct counter- 
voltage then would disappear quickly, 
causing the inverter to short-circuit the 
rectifier. 

Since commutation occtirs when the 
transformer phase voltages are negative 
and must be completed prior to the volt- 
age intersections instead of later, phase 
control of conduction is mandatory for 
inverters. The angle of phase control for 
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inverter operation, as compared to its 
position for rectifier operations, must be 
retarded to a suitable instant preceding 
the intersection of the negative half waves. 
Phase position of the angle for inversion 
is roughly 120-150 electrical degrees later 
than for full rectification voltage. 
Generally, the angle of phase control 


for rectifiers is stated in terms of retard, 


zero angle meaning that conduction 
starts at the positive-half-wave intersec- 
tions. Inverter angle of phase control is 
stated in terms of angle of advance, zero 
meaning that conduction starts at the 
negative-half-wave intersections. 

When the angle of advance of inverter 
phase control is just sufficient for com- 
plete current commutation, the direct 
countervoltage will be as indicated by the 
heavy line in Figure 5F. Had the same 
angle of advance been chosen for a react- 
anceless circuit, permitting an assump- 
tion of instantaneous current transfer, the 
voltage loss would have been greater than 
that shown in Figure 5F. For such an 
hypothetical case and considering phases 
X», and X3, all the area from the start of 
current conduction in phase X2 to the 


intersection of the negative half waves 


X,; and X». would have been lost. This 
loss would represent reduction in direct 
inverter countervoltage. Therefore, for 
inverter operation, the commutation re- 
actance increases the direct voltage above 
the value which would be obtained for 
the same angle of advance with no react- 
ance. For instance, the area between 
phase voltage X, and the heavy line 
tracing direct countervoltage during com- 
mutation in Figure 5F is additive direct 
countervoltage. 
creases with increased load, the d-c regu- 
lation curves for inverters rise with in- 
creasing load. 


Reliable inverter operation demands. 


successful commutation at all times. A 


& 


op ae 


Since this area in- 
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Figure 5. Operating principles of an electronic converter 


Direct output voltage in B (heavy line) is 
envelope of successive a-c positive half-waves 


Direct output voltage is heavy line in C and D 


more liberal angle of advance than illus- 
trated in Figure 5F, providing a margin 
of angle for deionization and various 
other requirements which are explained 
in other parts of this and the companion 
papers, is desirable. Figure 5G illus- 
trates the effect of selecting an angle of 


* advance for inverter operation which has 


+ 


a large margin; that is, the alternating 
countervoltage of the inverter (heavy 
line) is reduced. 

When the direct countervoltage is 
lowered, by advancing the angle of phase 
control, more power is transferred through 
the converter. Control of power flow 
through the converter is therefore re- 
sponsive to phase control of either recti- 
fier or inverter. Advancing the angle of 
the rectifier increases direct applied volt- 
age and advancing the angle of inverter 
decreases direct countervoltage. Either 
causes more d-c power to flow. 

Study of Figure 5G shows that the 
phase position of the current is ahead of 
the phase voltage. This means that a 
portion of the load on the receiving a-c 
system must consist of electrical appa- 
ratus that can accept current which leads 
voltage. Such apparatus as capacitors or 
overexcited synchronous machinery are 
the only types that fulfill this require- 
ment. Therefore, a requirement to the 
use of electronic converters is that the 
supply and receiving a-c systems must 
supply leading reactive volt-amperes not 
only to their own inductive loads, but 
also to the converter. 

Another requirement of the receiving 
a-c system is that it must provide a pat- 
tern of alternating voltage. Study of the 
wave forms for inversion, Figure 5E-G, 
shows that phase voltages must be ap- 
plied to commutate the current. Such 
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Direct countervoltage in E (heavy line) is 
envelope of successive a-c negative half-waves 


Direct countervoltage is heavy line in F and G 


alternating voltage may be provided by 
either an a-c generator, or an overexcited 
synchronous machine floating on the re- 
ceiving a-c system. The inverter, which 
is the subject of this paper, was not speci- 
fied to furnish power to a load independ- 
ent of prime movers. An electronic con- 
verter may be adapted to stub-end feed, 
but a converter for this purposed would 
include modifications to the design herein 
described. 


POWER FLOw IN EITHER DIRECTION 


Providing the foregoing requirements 
for a receiving system are met, it is pos- 
sible to transfer power in either direction. 
If both electronic elements are identical, 
reversal of action of the unit designated 
rectifier to that of an inverter and in- 
verter to that of a rectifier (Figure 5A) 
is brought about by readjusting the an- 
gles of phase control to proper positions. 
This adjustment can be made instantly, 
when desired, by throwover contactors 
in the control circuit. 


Operating Characteristics 


Electronic converters have operating 
characteristics peculiarly different from 
other conventional apparatus, and these 
characteristics should be well understood 
by application and operating engineers. 


WAVE SHAPE 


It is well known that mercury-are 
power rectifiers produce harmonics in the 
a-c and d-c systems. The number and 
magnitude of these harmonics depend 
upon the number of phases, reactance, 
load, and amount of phase control. Har- 
monics and wave distortion for inverters 
are the same as for rectifiers and depend 
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upon the same factors. Treatment of 
the problem is well understood for recti- 
fiers, and in general the same treatment 
applies for inverters. Wave distortion 
can be reduced by means of phase multi- 
plication, proper co-ordination with the 
a-c systems, or addition of filters. It is 
beyond the scope of this paper to discuss 
the details of such treatment as they are 
covered fully in other literature.* Wave 
shapes obtained on the high-voltage sides 
of 60- and 25-cycle transformers with 
power flowing from the 60- to the 25-cy- 
cle systems are shown in the oscillograms 
of Figure 6. 


DIRECT-VOLTAGE RBGULATION 


Figure 7 shows the direct-voltage-regu- 
lation characteristics of a rectifier and 
inverter combination when the rectifier 
and inverter transformers have the same 
secondary voltages and reactances. In 
the right quadrant is plotted the typical 
drooping .rectifier-regulation characteris- 
tic, and in the left, the rising inverter 
curve. Similarity of these curves to 
those of d-c generators and motors, re- 
spectively, may be noted. 

The curves drawn through 100 per 
cent direct voltage represent the maxi- 
mum voltage level obtainable with zero- 
angle phase control. Such high direct 
countervoltage can be obtained for the 


Figure 6. Voltage and current oscillograms 

on high-voltage side of electronic converter 

operating with power flowing from 60-cycle 
to 25-cycle system 


A—25-cycle voltage, one inverter operating 


12 phase 

B—925-cycle current, one inverter operating 12 

phase 

C—60-cycle voltage, one rectifier operating 
12 phase 

D—60-cycle current, one rectifier operating 
12 phase 

E—60-cycle voltage, two rectifiers operating 
24 phase 

F—60-cycle current, two rectifiers operating 
24 phase 


a, b, c, d, e, f, designate the same waves as A, 
B, C, D, E, F, except that the latter were taken 
with a slower film speed 
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THEORETICAL LOAD 
COMMUTATING LIMITS 


PER CENT DIRECT VOLTS 


FW ot ie Sh ale Slee 
INVERTER LOAD RECTIFIER LOAD 
Figure 7. Direct-voltage regulation charac- 
teristics of rectifier and inverter 


inverter in theory only. Successful com- 
mutation of a practical inverter requires 
an appreciably advanced angle of phase 
control. Also the inverter direct counter- 
‘voltage must tend to be lower than the 
rectifier voltage to cause d-c power to 
flow. 

If inverter-regulation curves corre- 
sponding to angle of phase control are 
replotted in the rectifier quadrant, the 
point where they intersect the 100 per 
cent rectifier-voltage curve determines 
the load at which inverter commutation 
theoretically fails because of insufficient 
angle of advance. Practically, the upper 
limit is appreciably lower because a mar- 
gin angle for deionization is required. If 
the direct-voltage level of the rectifier is 
reduced by its phase control or by a 
change in its transformer ratio, inverter 
countervoltage must be lowered and con- 
sequently the inverter angle advanced to 
maintain the same power flow. This in- 
crease in angle represents a margin for 
deionization and successful commutation. 
Reduction of rectifier voltage by means 
of either phase control or a change in 
transformer turn ratio or both commonly 
are used to force the necessary operating- 
angle margin upon the inverter. 


Power FAcToR AND REACTIVE 
REQUIREMENTS 


There are three reactive components 
which cause the inherently lagging power 
factors of both rectifiers and inverters. 
The most important is the displacement 
of current phase position from voltage 
position caused by the combination of 
commutation and phase control. .Har- 
monics produced by rectifiers and invert- 
ers also increase the kilovolt-amperes of 
the systems. The extra heating effect 
of harmonics should be weighted and in- 
cluded in over-all power-factor calcula- 
tions. There are many rectifier circuits, 
and each has its own characteristic har- 
monics.4 The third reactive contribu- 
tion which lowers power factor is the mag- 
netizing requirement for the main trans- 
formers. In the following discussion of 
power factor and reactive requirements, 
this last factor is not included as it is 
usually negligible above one-quarter load. 
Transformer-magnetizing current gradu- 
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ally reduces the power factor to a very 
low value in the region near zero load. 
Power factor of a rectifier has the form 


reer x __.( zs) 
cos a— = 
wy 1 —CR(ua) Euo 
(Equation 8 of Appendix.) 


The inverter power factor is given by the 
relation 


pf = eee (cos 8 +-- =) 


Eo 
(Equation 4 of appendix.) 


K and C, as usual in these relations, are con- 
stants for the particular rectifier circuit, 

nis the commutating angle. 

«and @ are the angles of rectifier retard and 
inverter advance respectively, 

Ey, is the voltage change due to commutating 
reactance, 

Ea is the theoretical direct voltage. 

F, and Fy are mathematical expressions. 
The relations given in equations 3 and 

4 are derived in the appendix, If similar 

rectifier and inverter circuits and trans- 

former constants and equal voltage levels 

are assumed for the rectifier and inverter 

systems, it may be shown (see appendix) 

that 


Pf (inverter) 


=pf (rectifier) = Mic Cua) x 
wy eka 


(per cent conversion loss) 


(Equation 14 of appendix.) 


POWER FACTOR WITH SUFFICIENT 
ANGLE FOR DEIONIZATION ONLY 


POWER FACTOR WITH MARGIN 
TO COMMUTATE LOAD WITH 
sae hala DIFFERENCE 


PER CENT POWER FACTOR 


Figure 8. Power factor of a typical electronic 
converter having identical 12-phase trans- 
formers and losses of 5.5 to 6.8 per cent 


Duplicate transformers each: 12-phase dou- 
ble-way, 15. per cent reactance assumed, 
angle for deionization 5 degrees 
Rectifier 


—-—-—-~Inverter 


Equation 14 means that providing the 
previous conditions of similarity for rec- 
tifier and inverter operation are met, a 


good rule of thumb for estimating power 
factor is: 


The power factor of the inverter is lower 
than the power factor of the rectifier by 


approximately the per cent of the conver- 
sion losses, 


It will be noted that the frequency pa- 
rameter did not enter the foregoing ex- 
pressions. Therefore, again providing 
the same conditions of similarity are met, 
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REACTIVE WITH MARGIN TO 
COMMUTATE LOAD WITH 
5% VOLTAGE DIFFERENCE Py 
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REACTIVE KVA IN PER CENT OF FULL LOAD KW 


Figure 9. Reactive kilovolt-amperes of a 

typical electronic converter having identical 

12-phase transformers and losses of 5.8 to 6.8 
per cent 


Duplicate transformers each: 12-phase dou- 
ble-way, 15 per cent reactance assumed, 
angle for deionization 5 per cent 


Rectifier —-~--~TInverter 


differences in system frequencies do not 
affect power factor. 

Power-factor and reactive-kilovolt-am- 
pere characteristics of a typical converter 
having identical 12-phase transformers 
and losses of 5.5 to 6.8 per cent (depend-— 
ing on angle of phase control) are illus- 
trated by Figures 8 and 9, respectively. 


Power factor and reactive kilovolt- 
amperes are shown for four different 


operating conditions. 

Optimum power factor, when both 
varying voltage ratio and reversals of 
power flow must be provided for, may be 
obtained by selecting stiitable transformer 
voltage ratios and then using phase con- 
trol as a refinement for any single turn 
ratio. When control by transformer ratio 
is not used and phase control is the sole 
means, sufficient total angle for three 
separate requirements must be available, 
namely; 


1. Sufficient angle for com of 
current, plus 


2. Sufficient angle for tube deionization, 
plus 


3. Margin angle for expected transient 
voltage departures from normal on the two 
a-c systems which would cause correspond- 
ing load changes 


Margin angle for transient voltage 
changes, having been provided, phase 
control will compensate for normal volt- 
age changes. jis 


EFFICIENCIES 


Per cent losses increase when con- 
verters operate with lower power factor. 
With lower power factor, the direct volt- 
age is proportionately lower.’ For the 


AIEE TRANSACTIONS 
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same kilowatt output at lower voltage, 
the current is increased and some of the 
‘transformer losses increase in proportion 
to the square of the current. The effects 
of these extra losses on inverter power fac- 
tor were included in the results illus- 
trated in Figures 8 and 9. 

Losses for the electronic portion of 
such converters depend somewhat upon 
the direct-voltage level selected. Percent 
are loss in the rectifiers is expressed as 
(Eo/Eao) 100, where EH, is the arc-loss 
voltage and Ey, is the theoretical direct 
voltage. Therefore, increasing the direct- 
voltage level decreases the per cent losses. 
Direct-voltage levels sufficiently high to 
keep the total arc losses less than one 
per cent may be selected using available 
power tubes. 

Figure 10 illustrates the efficiency of a 
typical electronic power converter where 
the direct-voltage level is selected high 
enough to keep are losses approximately 
one per cent. Higher efficiency, as com- 
pared to other forms of conversion, is a 
distinguishing characteristic of this type 
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Figure 10. Efficiency of a typical electronic 
converter having a d-c level corresponding to 
one per cent arc loss 


converter. The illustration shows that 
for the lower power factors, where the 
inverter is set for a large margin angle to 
commutate load fluctuation produced by 
‘voltage variations, the efficiency is re- 
duced over one per cent. 


‘CONTROL OF ELECTRONIC DISTURBANCES 


There are certain internal fault condi- 
tions associated with rectifiers and in- 
verters which produce high current in the 
circuits. Arc-backs® are the characteris- 
tic type of internal fault of the rectifier. 
Commutation failures caused by ‘‘shoot- 
through” (failure of grids to prevent con- 
duction during positive half waves) or 
lack of sufficient inverter angle sometimes 
happen and are the characteristic types of 
faults of the inverter circuit. Both recti- 
fier arc-backs and inverter commutation 
failures cause high currents in the recti- 
fier circuits and a-c supply lines feeding 
the rectifier. Inverter commutation 
failures, because they short-circuit the 
rectifier, produce high direct current in 
the d-c link, 

Control of both kinds of disturbances 
should be by means of ignition and grid 
excitation in the rectifier tubes. High- 
speed relays and contactors may be 
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Table Il. Major Apparatus of One 10,000- 


Kw Electronic Converter 


Frequency, Cycles 


25 : 60 
Nominal circuit 
voltage ......0.6 44,000... 69,000 
Insulation level . 69,000... 115,000 
Oil circuit breaker 
LYPCc maa ees F K339-1,000. . . 7 K-339-1,500 
Volts AXp 69,000... 115,000 
Amperes........ 600... 1,200 
Interrupting 
megavolt- 
amperes...... 1,000... 1,500 
Power transformer 
DY POisca anne HTD HTD 
Kilovolt- 
amperes, 
continuous 
(A51C) Soeeeents 13,120 13,120 
Kilovolt- 
amperes, 2 
hoties' 13 coe ass 16,400... 16,400 
Kilovolt- 
amperes, 1 
minute....... 26,240 26,240 
Voltage, high.... 44,000 69,000 
Voltage, low.... 12,970 12,970 


Connections, 
high voltage. . Delta and wye... Delta and wye 
Connections, 
low voltage... 
Taps, high 
voltage 
Above nor- 
mal, per 


Zigzag... Zigzag 


1-21/, 


mal, per 
CONG ea. is 2-5... 
Electronic con- 
verter 
TY PGin sua siekorey 
Kilowatts, 
continuous... 
Kilowatts, 2 


3-2/1 


6-RP-42A1... 6-RP-42A1 


10,000... 10,000 


12,500... 12,500 


20,000... 20,000 
nating tee estes 

Voltage, direct.. 

Amperes, con- 
tinuous, di- 
POCE  atacatetel Rieus 340... 340 


12,970 
29,400 


GL-506... GL-506 

Tubes, type..... Pentode igni-...Pentode igni- 
tron tron 

Number...... EAGaivie 12 


average.... 150... 150 
Peak inverse 
voltage..... 
D-c reactor 
“DYDE siete noecerasataisistereredy aie Y-3426A 
iC 


20,000... 20,000 


12,730 


tINUOUS. fo osc eieae'e ats 420 
Amperes, 2 : 
hours (60 C).......... 553 
Heat exchanger 
LY DC weietiste aie c wie Siclefeveliie +... Water to water 
95 F max water required at 
100 per cent converter 
Noad tise oe ieiseie Lisigisisiys .....45 gpm 
Auxiliary power 
transformer 
"Oy DOs ta nes sislace pnt oO Bane iets Sear yes pina wine, HT 


Voltage, high...44,000 ........ 2 eese.+ 69,000 
Voltage, low. ...240/480..........0.eeeuee 480 

Panels and control equipment for excitation, regula- 
tion, switching, metering, and relaying. 


closed instantly when the high current is 
detected. The contactors stop ignition 
and bias the grids off in the rectifier. Such 
action is known as arc suppression’ and 
reduces the rectifier alternating and 
direct currents to zero in a small fraction 
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of a second, whereupon the suppression 
is removed and operation is resumed im- 
mediately. 

This action is so fast that it is not neces- 
sary to disconnect the converter and re- 
start it in service later as is common with 
conventional low-voltage power rectifiers. 


EFFECT OF EXTERNAL FAULTS 


The behavior of electronic converters, 
when there are faults on the two a-c sys- 
tems to which they are connected, is pe- 
culiarly different from that of other types 
of converters. When disturbances oc- 
curring in the supplying a-c system pro- 
duce voltage dips, the dips cause reduc- 
tion in power flow to the receiving sys- 
tem. The electronic tubes are unidirec- 
tional-current devices. The direct cur- 
rent will not reverse, and, even if the sup- 
ply system voltage falls to zero, the con-. 
verter will not reverse direction and feed 
power to the fault. Power flow can re- 
verse only when the phase control is in- 
tentionally readjusted. 

When the receiving-system voltage 
drops because of system faults, but not 
enough to cause inverter commutation 
failure, there is a moderate increase in 
power output. For instance, if the volt- 
age reduction did not exceed five per cent 
and the direct voltage regulation of the 
rectifier and inverter were ten per cent, 
the load would be increased 50 per cent if 
the converter were carrying full load. A 
watt regulator restores the previous load 
within a few seconds, even if ‘the lower 


deg 


69-KV 60-CYCLE SYSTEM 


44-KV 25-CYCLE SYSTEM 


Figure 11. Main power diagram of the two 
10,000-kw electronic converters 
R—Rectifier 
{—Inverter 
L—D-c reactor 
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Table Ill. Area, Dimensions, and Weights of 
Indoor Equipment of Two 10,000-Kw Elec- 
tronic Converters 


Square 


Feet Pounds 


Floor area devoted to outdoor 
high-voltage gear, transform- 
ers, and d-c reactors.......... 15,160 
Floor area devoted to control.... 3,024... 65,000 
Electronic converters............ 3,024. ..135,000 
Pounds per kilowatt of 
(OCS Rog) ns Aer aiauic OG cade ato Mme 3.25 
Rlectronic converter. ci.0b 0 few ea cles 6.75 


voltage persists. If, however, receiving- 
system disturbances reduce the voltage 
so much that the increased load causes 
commutation failure, delivery of power 
from the converter will stop. As pre- 
viously stated, the maximum current 
supplied by the inverter to the receiving 
system is about 2.6 times normal. In so 
doing, they of themselves do not assist in 
maintaining system voltages for heavy 
load changes or disturbances; yet the 
synchronous capacity required for their 
excitation does tend to support system 
voltage. Provided system faults are 
cleared by circuit breakers within one to 
three seconds, the converter will fully 
protect itself by means of its own internal 
arce-suppression control and its power cir- 
cuit breakers may remain closed. Arc- 
suppression control is backed up by pro- 
tective relays which have time delay. 
Therefore, the converter need only be dis- 


connected when serious disturbances per- 
sist. 


SELECTION OF CIRCUITS AND ELECTRONIC 
DEVICES 


There are two kinds of rectifiers of 
suitable rating and characteristics and 
many circuits which may be selected for 
stich converters. Either conventional 
pumped rectifiers or sealed rectifiers may 
be used. The pumped type in its present 
form, however, has some disadvantages. 
For equipment ratings of the order of 
those discussed in this paper, the operat- 
ing-voltage levels of available pumped 
rectifiers are lower than those of sealed 
rectifiers, with consequent lower effi- 
ciency. Economy of vacuum pumps 
dictates that as much rectifier capacity as 
possible be connected to a single exhaust 
system. This requirement tends to limit 
the selection of rectifier circuits for 
pumped rectifiers to single-way (half- 
wave) types. 

The simplest and most economical cir- 
cuits from the standpoint of transformer 
kilovolt-ampere utilization, are double- 
way (full-wave) combinations. Sealed 
single-anode rectifiers are suited ideally to 
the latter circuits. A 200-ampere 20,000- 
volt stainless-steel water-cooled pen- 
tode ignitron tube is described in a com- 
panion. paper.® Selection of sealed rec- 
tifiers also eliminates occasional compli- 
cated repairs to rectifiers on the user’s 
premises. If a sealed rectifier ever is in- 
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Table IV. Results of Operation 
a 


Unit 1 Unit 


Kilowatt-hours produced. .. . 18,220,000. .5,430,000 
Kilowatts carried, maxi- 


mum 
20,000.. 20,000 
12,500.. 12,500 
12,500 
Load factor based on con- 
tinuous rating, per cent... 68... 48 


re 


volved in trouble, the user simply re- 
places it and returns it to the factory 
where suitable factory conditions and ex- 
pert personnel are available for rework. 
When the pumped type is in trouble, lo- 
cal repairs sometimes involve long service 
outages and often must be made under 
undesirable atmospheric conditions. Ex- 
perience with tube life has been so satis- 
factory that choice of sealed single-anode 
metal rectifiers good for operating volt- 
ages as high as 15,000—20,000 volts is 
sound. 


Description of the 20,000-Kw 
Electronic Power Converter 


An electronic converter rated 20,000 
kw, which interconnects the Carnegie- 
Illinois Steel Corporation’s 69,000-volt 


Figure 12. Cross-section elevation of the 
20,000-kw electronic-converter station at the 
Carnegie-lIllinois Steel Corporation 
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60-cycle system and its 44,000-volt 25- 
cycle $ystem, was placed in service during 
December 1943. It is designed for con- 
trolling any desired constant flow of 
power within its rating in either direction. 
Specified for industrial service, it is capa- 
ble of carrying 125 per cent load for two 
hours and 200 per cent load for one min- 
ute. 


Figure 13. Charts illustrating effects of man- 
ual resetting of automatic constant-power con- 
trol including power reversal 


All charts taken between 7:00 and 8:00 
p.m., April 4, 1944 
(a)—Changes in load by manually adjusting 
kilowatt ‘regulator for constant load to 25- 
cycle system, zero load, and reversing direc- 
tion to supply load to 60-cycle system 

(b)—69-kv 60-cycle system voltage 
(c)—44-kv 25-cycle system voltage 

- (d)—69-kv 60-cycle system frequency 
(e)—44-kv 25-cycle system frequency 
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* 95-cycle 


Main Power-Circuit DIAGRAM 


Figure 11 shows the main power dia- 
gram. The 20,000-kw installation is 
composed of two “10,000-kw identical 
units. The units may be operated in par- 
allel, or when power requirements are 
within the capacity of one 10,000-kw set 
either may be operated singly. 

Both the 60- and 25-cyle transformers 
are alike in design, except for frequency 
and primary voltage. Transformer con- 
nections for each 10,000-kw unit are ar- 
ranged for 12-phase operation. The 
secondary windings are zigzagged for a 
phase displacement of +71/» electrical 
degrees. One 10,000-kw unit is inter- 
nally connected for +-71/2 degrees and the 
other for —71!/, degrees. Therefore, 
when both units are in service, the com- 
bination operates as a 24-phase unit. This 
phase multiplication reduces wave dis- 
tortion and prevents interference with 
communication circuits. 

The single-anode pentode ignitron 
tubes are connected in eight three-phase 
double-way (full-wave) six-tube circuits. 
Rectifiers and inverters of each 10,000- 
kw unit are staggered in the series d-c 
link. When one of the neutrals of the 
transformer wye is grounded, this stag- 
gered arrangement of rectifiers and in- 
verters reduces insulation-to-ground re- 
quirements as compared with connecting 
two rectifiers in series and then the two 
inverters in series. If it had not been 
desirable for operating reasons to have 
two separate individually operable 10,000- 
kw units, all eight six-tube groups could 
have been connected in series in one d-c 
link. Such connections would compel 
operation as a single 20,000-kw unit but 
would point the way to increased kilowatt 
ratings, using multiplication of the same 
elements of apparatus employed in this 
typical installation. 


Figure 14. Elec- 

tronic converter and 

control installed in 
brick housing 


60-cycle switching 
and lines at left, and 
switching 
and lines at right of 
structure 
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It will be noted that there are no power 
circuit breakers in the d-c circuit. The 
a-c circuit breakers were the only ones 
required. 


PHYSICAL ARRANGEMENT 


Figure 12 shows a cross section of the 
complete 20,000-kw converter installa- 
tion. Converter and control equipment 
are housed in a windowless air-condi- 
tioned building, the first floor of which is 
located above the main transformers. 
Ordinary steel columns support the 
weight of the building, all indoor appara- 
tus, and some of the high-voltage gear. 
This arrangement was used because the 
location is in a flood area and because 
ground space was extremely restricted. 
The main transformers are mounted with 
their bases at ground level. Accessories 
such as thermometers and liquid-level 
gauges, were installed high enough on the 
transformers to be above flood level. 
The light weight of the electronic equip- 
ment proved an advantage in this instal- 
lation. Its adaptability to mounting on 
ordinary flat floor surfaces also simplified 
and reduced installation costs as com- 
pared to other available converter equip- 
ments. These features may be regarded 
as additional distinguishing characteris- 
tics of electronic-type converters. 


COOLING REQUIREMENTS 


All the apparatus except the electronic 
tubes is cooled by natural ventilation. 
The tubes have water jackets, and their 
losses are removed by recirculating water. 
Each 10,000-kw unit has a complete re- 
circulating cooling system, including suit- 
able motor-driven __ water-circulating 
pumps and water-to-water heat exchang- 
ers. The two heat exchangers are 
grounded and either distilled or treated 
distilled water may be used as a recir- 
culating coolant. Raw water from the 
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plant water system passes through the 
heat exchanger in proper quantity, con- 
trolled by thermostatically operated wa- 
ter valves, to remove the losses and hold 
the proper temperature. 

There are no windows in the building. 
Ventilation is provided by a motor-driven 
blower which passes incoming air 
through a dust filter. 


SUPERVISION AND CONTROL 


This installation was designed for un- 
attended operation. It is located near a 
power station where electrical operators 
are on duty. Two duplicate operator’s 
panels were provided, one located in the 
converter building and the other in the 
power station. The panel at the converter 
station has permissive switches which 
transfer complete functional control to 
the power station when desirable. An 
operator in the power station can per- 
form the following operations: 


1. Open and close all four power circuit 
breakers. 


2. Select direction of power flow. 


8. Place either or both 10,000-kw units in 
operation. 


4. Select one of three types of operation: 


A. Manual control of desired power flow. 
B. Automatic constant-watt control of power flow. 


C. Control of power through the converter tend- 
ing to hold constant rate of purchased 60-cycle 
power. 


5. Adjust magnitude of power transferred 
using either type-A or type-B control. 
6. Observe certain abnormal conditions 


existing at the converter station by means of 
annunciators and alarms. 


7. Remove either or both units from 
service. 


It is necessary for an operator to go to 
the converter station to prepare the 
equipment for service after a complete 


Figure 15. Converter-tube-assembly enclo- 
sures for rectifiers-inverters—view through 
center aisle 
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shutdown. Control for converter auxil- 
iaries is located at the building. ,Opera- 
tion of high-voltage disconnecting 
switches must be done at the station. 
Anode-line disconnecting switches, lo- 
cated on the first floor of the converter 
building, must be operated manually. 

All indoor control equipment, includ- 
ing the local operator’s panel, is located 
on the first floor. The only apparatus on 
the second floor are the four large tube 
enclosures, each housing 12 tubes, and an 
enclosure where three spare tubes may be 
stored. i 

One section of the local operating panel 
mounts a cathode-ray oscillograph and 
transient indicators. These test instru- 
ments are desirable when it is necessary 
to locate internal faults or pick out any 
tube which may not be operating prop- 
erly. 


Results of Operation S 


The first 10,000-kw unit was energized 
initially on December 6, 1943, and the 
second unit on February 15, 1944. The 
results of operation are given in Table 
IV for the period after trial runs were 
completed until April 4, 1944. Except 
during trial periods, normal operation of 
both converters has been directed by the 
Carnegie-Illinois Steel Corporation load 
dispatcher who designated constant 
power flow under automatic control from 
the 60- to the 25-cycle system and at 
various loadings, dependent upon system 
requirements. 

Charts taken on conventional curve- 
drawing instruments are reproduced in 
Figure 13. By comparing the various 
charts it will be noted that when the load 
to the 25-cycle system was reduced to 
zero and reversed to the 60-cycle system, 
at 7:40 p.m., the 25-cycle-system fre- 
quency fell off and then steadied as the 
well-loaded prime movers of that system 
picked upload. The change in loading on 
the 60-cycle system due to this operation 
was so small in relation to other circum- 
stances that the 60-cycle frequency and 
voltage do not appear to have been af- 
fected. There is, however, a slight rise in 
25-cycle voltage noted at about eight 
p.m. which may be attributed to the re- 
duction in 25-cycle system loading 
through the converter at that time. Of 


Figure 16. Unit 

heat exchanger for 

two 10,000-kw con- 
verters 
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particular note is the constancy ¢ of Hh 
load through the converter in relation to 
the changes taking place in the frequency 
and voltage ratios of the two systems. 


General Applications for the 
Electronic Converter 


In summary, it may be said that hay- 
ing the characteristics mentioned and one 
or more of the controls which fit the casé, 
the electronic converter is suitable for: 


A. Controlling power between systems of 
like frequency. 


B. Converting power from a system of one 
frequency to that of another frequency. 


C. Furnishing power to an independent 
load at like or dissimilar frequency to that 
of the source system. 


D. Producing direct current for transmis- 
sion from the source rectifier to the output 
inverter. 


In these several applications the con- 
trol of power flow may be concentrated 
at one point, is exceedingly simple, and 
is readily amenable to a variety of super- 
imposed response systems. With the 
converter under constant-load control 
and with voltage regulators in operation 
on synchronous machines of both sys- 
tems, load changes on one system are not 


reflected through the converter to the 


other system. 

The ability of the converter to sup- 
press excess current to internal electronic 
faults and external system faults and to 
restore power under normal conditions 
after an elapsed time of not over four- 
tenths second after fault release reduces 
fault damage, duty, and the stresses on 
equipment and circuit breakers below ex- 
tents created by corresponding-size ro- 
tating equipment. 

Certain systems are subjected to ie 
load variations having repetitive char- 
acteristics. Some of these systems main- 
tain their frequency within relatively 
close limits while others allow a wider 
variation. Whether this wider variation 


is intentional or not, the result is a release 
of flywheel inertia energy during load in- 
creases, which reduces the rates at which 
fuel and, steam supply are increased. 
Upon release of load, the frequency is 
raised by the prime movers, thus restor- 


“ 


1 
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ing energy to the flywheel. The elec- 
tronic converter is especially adapted to 
interconnection of such systems with 
others of more rigid frequency since the 
margin in overload and pull-out torque 
normally required in rotating converters 
_to absorb frequency variations in the in- 
terconnected systems is not required. 


(i 
Appendix. Expressions for 
Rectifier and Inverter Power Factor 


The power factor of a rectifier takes the 
following form: 


Ey 
At CFi(ux) 


Constants K and C are the characteristics 

of the type of circuit used. 

F,(ue) is function of angle of commutation 
and angle of retard. 

Ea/Eaeis the ratio of rectifier direct voltage 
at load to its no-load direct voltage with- 
out retarded phase control. 

a is angle of retard of phase control. 


Ea IOP, 
CGS ig ; 2 
Eas aa Eu ( ) 


where E, is direct volts regulation due to 
reactance. 


* pf =—_ (ce a) (3) 
mane V1=CFi(ua) Eao 


Similarly the inverter power factor may 
be expressed in the same form.® 


ie ; (cos B+ 2) (4) 
V1—CFi(ub) Exo 


where 6 is angle of advance of phase control 
and F;(uf8) is function of angle of commu- 
tation and angle of advance. 

The direct voltages of the rectifier and 
inverter must be equal for any load as they 
are connected together and electrically 
oppose each other in the same circuit. Ex- 
pressions for direct voltage of rectifiers and 
inverters have the following form: 


Pf= 


P 
E, (rectifier) “(v2 ~ sin z) x 
v 


1XP 


Cos a— “5 — Bare (5) 
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where: 


Eq=actual direct voltage 
E=transformer-secondary volts, 
neutral (rms) 
P= 


anode 


360 


degrees conduction—degrees commutation 
=number phases per rectifier 
I=load current commutated 
X =commutating reactance 
Fare = rectifier arc drop 
W,7=transformer resistance loss 


and 


P 
Eq(inverter) -(v2E — sin ) > 
Tv 


Dag W. 
° cos B+ nil acura (6) 


P 
»/2E — sin pa Ew (for both rectifier and 
‘g inverter) (7) 


since Eq(rectifier) = Eg(inverter) 


1xXP 
Eao cos es eines eg a 


W: 
Eare— —f = Eqo cos B+ 
us ye 


1xP Wr 
On + Earet+ T (8) 


if it is assumed that the converters are 
identical, that is, same type tubes, trans- 
former reactances, losses, secondary volt- 
ages, and that the alternating voltage levels 
of the two systems are normal. 

From this expression 


PIX Ea , Wr 
wEgo Eq Eal 


(9) 


cos B= cos a— 


PIX * 


aEao 


Ez 
Eao 


cos B= cos a—2 


E, [= Wr ] 
=) 10 
Eao Ea Tz AI ( ) 


From equation 4 
Ez 


K 
pf (inverter) -—————————.. —— 
K 
V 1—CF,(u8) 


Pf (inverter) = nth Ga aS x 
— CF, (u 


(cos zs) wee ee x 
Beta Nas oe 
Ew) V1=CPi(u8) 

| [+e] (a1) 


cos B= 
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= i 5 
i—CFiub) 1 —CRiua) (approximately) 
(12) 
o| 2 We t loss of t 
pee 1L AEE | Bae re 
En | Egl per cent loss of converter 
(13) 
By substitution in equations 3, 12, and 13 
: s K 
Pf (inverter) =pf (rectifier) -—j—————— 
V1—CFi(us) 


(per cent conversion loss) (14) 


This means that providing the foregoing 
conditions of similarity for rectifier and in- 
verter are met, a good rule of thumb for 
estimating power factoris: Power factor of 
inverter is lower than power factor of recti- 
fier by the amount of the per cent of the 
converter transformer and electronic losses. 
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Design of an Electronic Frequency Changer 


C. H. WILLIS 


FELLOW AIEE 


E. F. CHRISTENSEN 


ASSOCIATE AIEE 


HIS paper discusses the circuit ar- 

rangement and design features of an 
electronic-frequency-changer station for 
interchanging power between the Car- 
negie-Illinois Steel Corporation’s 25- 
cycle system and their 60-cycle system. 
The transfer of power by rectification 
and inversion has been discussed in a 
companion paper by Cramer, Morton 
and Darling.! The reader should consult 
their paper to obtain a clear picture of 
the power flow from alternating to direct 
current in the rectifier and from direct 
to alternating current in the inverter. 
The operating requirements as presented 
in the Cramer, Morton and Darling paper 
may be summarized as follows: 


1. The direction of power flow must be re- 
versible at will. 


2. Theload must be independent of system 
frequency and small variations in system 
voltage. 


3. It must be possible to adjust the load to 


any desired value for either direction of 
power flow. 


In addition to the operating control, the 
frequency changer must be able to clear 
faults in the electronic tubes rapidly and 
without breaker operation to give a mini- 
mum power disturbance. 

The frequency-changer station herein 
described has a continuous capacity of 
20,000 kw in two similar units of 10,000 
kweach. Operation at 125 per cent load 
for one hour and 200 per cent load for 
one minute is permitted. The single-line 
circuit diagram in Figure 1 shows the 
power circuit for one 10,000-kw unit. 


Power Transformers 


The power transformers are required 
for each 10,000-kw unit as shown at 7) 
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and T, of Figure 1. 7; is connected to 
the 44-kv 25-cycle system, and 7» is con- 
nected to the 69-kv 60-cycle system. 
These rectifier-inverter transformers each 
are rated 13,120 kva 45 degree centigrade 
winding rise, continuous, and are suitable 
for 125 per cent load for two hours and 
200 per cent load for one minute. The 
25-cycle transformer is inherently larger 
in size than the 60-cycle unit; otherwise, 
the general construction and electrical 
characteristics of the two machines are 
the same. The 60-cycle transformer is 
provided with four 2'/, per cent primary- 
voltage taps, and the 25-cycle unit with 
four five per cent primary-voltage taps, 
brought to ratio adjusters for no-load 
operation. The secondary winding of 
each transformer is rated 12,970 volts 
phase-to-phase. 

These transformers are designed to 
give 12-phase operation for each 10,000- 
kw frequency-changer unit and an over- 
all 24-phase relationship for the complete 
20,000-kw installation. Since double- 
way rectification is used, a six-phase 
anode firing relationship is obtained from 
each three-phase secondary winding. 
Therefore, a 12-phase wave form can be 
obtained by using two three-phase sec- 
ondary windings displaced from each 
other by 30 degrees. In this installa- 
tion the 30-degree displacement between 
the secondary windings is obtained by 
using two three-phase cores (see Figure 2) 
for each 13,120-kva unit with the primary 
winding connected in delta on one of the 
cores and in wye on the other. The 
delta and wye primary windings are con- 
nected in parallel inside the transformer 
case, and ‘the line leads are brought out 
through a single set of high-voltage cover 
bushings. 

A 15-degree phase displacement is re- 
quired between the two 10,000-kw fre- 


. 
quency-changer sets in order to obtain 
an over-all 24-phase relationship from 
the 20,000-kw installation. This is ob- 
tained by using a three-phase zigzag 
secondary winding on each transformer 
core which can be connected for either 
71/. degrees leading or 71/) degrees lag- 
ging phase shift by means of a terminal 
board inside the transformer case. By 
connecting all of the transformer wind- 
ings on one of the 10,000-kv sets 7*/2 
degrees leading, and the windings on the - 
other set 7!/, degrees lagging, an over-all 
24-phase relationship is obtained. 

Oversized bushings are used on the 
transformers because of atmospheric 
conditions around a steel mill. The 
primary windings are insulated to corre- 
spond to rated line voltage and are pro- 
vided with electrostatic shielding at the 
line ends to protect against voltage surges 
on the power system. The insulation 
level of the secondary windings is co- 
ordinated with that of the frequency 
changer. The continuous disk type of 
winding is used for both the primary and 
secondary coils. This type of winding es- 
pecially is suited for this application, as 
it can be adequately insulated and it has 
exceptional mechanical strength. 


Current-Limiting Reactors 


The reactors shown in the a-c lines of 
Figure 3 are provided to limit the fault 
currents during are-back or a short cir- 
cuit on the d-c bus. Two of these three- 
phase air-core reactors are mounted 
inside each transformer case, one for each 
three-phase secondary winding. Each 
three-phase reactor has four windings ar- 
ranged in a vertical stack, the two middle 
windings being used for twa of the 
phases, with the top and bottom windings 
connected in series to constitute the third 
phase. This arrangement is used to ob- 
tain balanced mutual reactance among 
all three phases. Each reactor is en- 
closed in a copper flux shield (see Figure 
2) to confine the flux and thus prevent 
stray heating and nonlinear-reactance 
characteristics due to adjacent magnetic 
material. 

The rectifier-inverter transformers are 
located outdoors, beneath the structure 
housing the electronic-frequency-changer 


Figure 1. Single-line | 
diagram of power cir- 


cuit for 10,000-kw 
unit of electronic 
frequency changer 
OC REACTOR | DELTA 
44 KV. WYE 69 KV. | 
25 CYCLE 60 CYCLE 
SYSTEM SYSTEM 


Iz GRID 
POWER 
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Limi- 


equipment and control apparatus. 
tations in the amount of floor space 
and height available for the transformers 
and a-c reactors made it imperative that 
the over-all dimensions be kept to a 
minimum, consistent with the ratings of 
the apparatus. It was found that by 
mounting the a-c reactors inside the 
transformer case, instead of in a separate 
tank which is the usual practice, a con- 
siderable saving could be made in over-all 
floor space, number of cover bushing, and 
number of external interconnections re- 
quired for the installation. Each of 
the 13,120-kva 25-cycle transformers 
with built-in a-c reactors for this in- 
stallation has an over-all floor space of 
171/. feet by 231/, feet, and an over-all 
height of 20 feet, and weighs approxi- 
mately 280,000 pounds complete with 
oil. 


D-C Reactors 


One double-winding d-c reactor is used 
for each 10,000-kw frequency changer. 
Each winding is connected in series with 
the d-c bus between a rectifier and in- 
verter unit as shown in Figure 1. The 
reactors are oil-immersed, assembled in 
a rectangular tank with the four line 
leads brought out through cover bushings. 


Tube Cubicles 


Four tube groups, G, through G;, are 
' shown in Figure 1. Each tube group is 
connected to a three-phase transformer 
secondary winding, two to the 60-cycle 
transformer and two to the 25-cycle trans- 
former, respectively. The tube groups 
are connected in series by the d-c link 
‘which includes the d-c reactor. The 
alternate arrangement of the 25- and 60- 
cycle tube groups in the d-c loop mini- 
mizes the voltage level because the 60- 
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three-phase 


Figure 2. Assembled 
core and coils for oil- 
immersed _ shielded- 
winding mercury-are 
rectifier—inverter trans- 
former with shielded 


reactor, 44,000 to 
12,970 zigzag volts, 
25 cycles 


For use with 10,000- 
kw 15,000-volt d-c 
_ electronic frequency 
changer. High-volt- 
age-side view. For 
the Carnegie-Illinois 
Steel Corporation 


and 25-cycle halves function oppositely 
at all times—one serving as rectifier to 
give direct voltage, the other serving as 
inverter to absorb the direct voltage. 
The insulation stress of the transformer 
secondary windings and d-c link is further 
reduced by grounding the neutral of one 
of the transformer secondary windings. 
By this arrangement the insulation stress 
is only half the direct voltage of one tube 
group, although the effective operating 
voltage is twice the direct voltage of one 
tube group. There are six tubes in each 
tube group (24 tubes for one 10,000-kw 
unit) arranged in a three-phase double- 
way circuit as shown in Figure 3. 

The two 60-cycle tube groups are en- 
closed in one cubicle, and the two 25- 
cycle tube groups are in another. Two 
cubicles are required for each 10,000-kw 
unit. Each enclosure completely sur- 
rounds 12 tubes, with a door and window 
in front of each tube for easy access 
and visibility. Figure 4 shows an in- 
terior view of one tube enclosure taken 
through an open door. The tube cubi- 
cles are about 10 feet wide, 20 feet long, 
and 14 feet high. Tubes which are 180 
degrees apart in phase position are 
mounted back to back with the cathode 
of one tube connected to the anode of 
the other. The lines from the secondary 
winding of the transformer come from 


PRIMARY — 
Figure 3. Circuit dia- 


gram for six tube 
groups arranged in 
double- 


way circuit 


qT, 


PRIMARY — 


Arrows show path of 
arc-back currents 
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one side and drop down to make connec- 
tion. The tubes, together with a box 
for ignitor and grid-control apparatus, 
are mounted on a platform insulated 
from ground. Water for cooling the 
tubes is brought to the tube through a 
porcelain insulating coil, which gives a 
length of water column sufficient to with- 
stand the voltage appearing from tube 
to ground. On top of the grid box is 
mounted the potential-dividing-resistor 
rack which keeps the intermediate anode 
at a potential halfway between anode and 
cathode. On the back of the grid box 
is mounted the filter capacitor which 
connects to the filter resistor located in 
the top of the cubicle. There is one 
filter capacitor and resistance for each 
tube. Insulating transformers standing 
in the center of the cubicle provide means 
for bringing the ignitor pulses and grid- 
control voltages up to the high-potential 
level of the tubes and grid box. 


R-C Filters 


The resistance-capacitance filter con- 
nected across each tube serves to damp 
the oscillations caused by commutation. 
When a tube fires, the positive voltage 
across the tube suddenly drops to zero. 
Likewise, when a tube stops conducting, 
a high negative voltage rapidly is im- 
pressed on the tube. These sudden 
voltage changes cause oscillation in a 
circuit containing inductance, stray ca- 
pacitance, and very little resistance. The 
oscillations produced by the voltage 
shocks increase the stress on the tubes. 
This added voltage is especially serious 
in the interval immediately following 
commutation. However, if additional 
capacitance be added across the source 
of the shock voltages with sufficient 
resistance in series to damp the system 
rapidly, the magnitude and duration of 
the objectionable oscillations will be re- 
duced. By damping the oscillations the 
radio and telephone interference is also 
reduced. The resistance-capacitance fil- 
ter across the tubes also will serve to 
absorb the inductive discharge which 
sometimes is associated with an arc-back. 
In this way the filters will prevent the 
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Figure 4. Two 10,000-kw electronic power 

converters transfer power betweenthe Carnegie- 

Illinois Steel Corporation's 25-cycle 44-ky 
and their 60-cycle 69-kv systems 


Twelve-tube electronic converter enclosure. 
Interior view. Center: type GL-506, pentode 
ignitron rectifier—inverter tube mounted front 
of grid-control equipment on insulated plat- 
form. Additional grid control at left rear. 
Excitation insulating transformer below 


high-voltage surges sometimes encoun- 
tered in rectifier operation. 


Three-Phase Double-Way Circuit 


The three-phase double-way circuit 
shown in Figure 3 was chosen because of 
its high apparatus economy and good 
operating characteristics. The no-load 
direct voltage E, (neglecting are drop) for 
the three-phase double-way circuit is 

(OVE 1 a5n, (1) 

is 
Here Ez represents the effective value of 
the alternating line-to-line voltage sup- 
plied to the tubes. An alternating line 
voltage of 12,970 volts has been chosen, 
giving a direct no-load voltage of 17,500 
volts for both the 25- and 60-cycle sides. 

The direct voltage may be varied by 
grid control of the tubes in the rectifier 
or inverter. If a represents the angle 
by which the grids of the rectifier are 
retarded, the theoretical direct voltage 
Eq, of the rectifier will be 
Eqp=Ep Cos @& (2A) 


In inverter operation the grids may 
be advanced by the angle @, and the cor- 


responding theoretical counter electro- 
motive force Ej will be ; 


Eio=Ep cos B (2B) 


The current-limiting reactance to- 
gether with the leakage reactance of the 
transformers causes a reduction of the 
direct voltage when operating as a recti- 
fier and an increase in the direct counter- 
voltage when operating as an inverter. 
Curves showing the voltage character- 
istics are given in the Cramer—Morton— 
Darling paper. The direct voltage 
change, E,, drop for a rectifier or rise for 
an inverter is given for the three-phase 
double-way circuit by the relation 


E;= 1/oX1/,11/,Eo (3) 


Here E, represents the no-load direct 
voltage, X1/, represents the per unit re- 
actance, and J1/, represents the per unit 
load current. (Relation 3 does not hold 
when the voltage change due to react- 
ance exceeds one quarter of the no- 
load voltage.) 

If the theoretical direct voltage is 
corrected for tube are drop Eg, reactance 
drop £,, and for transformer copper 
losses, the output direct voltage of the 
rectifier 4, will be 


Ege=Ep cos a—2Eq—I1/,(Ry/,+1/2X1/,)Eo 
(4) 


Here R1y, represents the per unit trans- 
former resistance. 

A similar relation for the inverter volt- 
age Hj, is obtained by adding the arc 
voltage and the resistance and reactance 
voltages to the theoretical direct voltage 
Evo: 


Egc= Ey cos B+2Eq+I1/,(Ri/,+3/2X1/,) Eo 
(5) 
The 25- and 60-cycle transformers will 


be assumed to have equal copper losses, 
and the current-limiting reactances also 


wal 


should be equal for reversible operation. 
The load current and direct voltage mtist 
be the same for the rectifier and inverter. 
These simplifying conditions give ' 
‘a \ 

cos a— cos B 13, 6 


+i = 
a Xy,+2Ry, 


The arc-drop loss in the tubes 4H,/E, 
will be less than one per cent of the load 
at any load. Equation 6 shows that the 
angle of inverter advance 6 must be 
greater than the angle of rectifier re- 
tard a. Increasing 6 or decreasing a 
will raise the load. In practice, it is 
desirable to control a to regulate the 
load flow to the desired value. In the 
case of a low voltage on the rectifier 
side or high voltage on the inverter side, 
it may be impossible to obtain the de- 
sired load by reducing a to zero. It 
then will be necessary to transfer the 
function of load control to the inverter 
and increase 6 to obtain the desired load. 
For normal-voltage levels and loads, the 
load will be controlled by the rectifier 
grids for both directions of power flow. 
The inverter grids will be adjusted to 
provide an ample deionization time. 
The deionization time required will be 
discussed next. 


Inverter Deionization Time 


One of the important differences be- 
tween grid-controlled gas tubes (such as. 
the mercury-vapor tube) and a high- 
vacuum-type tube is the fact that a nega- 
tive grid voltage does not reduce the cur- 
rent flowing in the gas tube. The grid 


however can prevent the current from 
starting. The failure of a negative grid 
in interrupting current arises from the 
fact that the negative grid will be neu- 
tralized by a positive-ion sheath if the 
tube is carrying current. 


If the tube 
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Figure 5. Current and voltage relations during 
inverter commutation 
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’ is not already carrying current, there are 
no positive ions to form a sheath, and 
the negative grid can function to prevent 
conduction. The inability of gas tubes 
to cut off current should not be con- 
sidered a limitation but rather an ad- 
vantage, because the current through a 
tube decreases normally to zero and then 
ceases, whereas, if the tube were able to 
cut, the current off, it would be likely to 
induce high voltages in inductances in- 
cluded in the circuit 

When a gas tube is conducting it con- 
tains a plasma of positive ions. 
plasma of positive ions requires a small 
time to disappear or deionize. It is 
therefore evident that the grid of a gas 
tube is not able to gain control (prevent 
current conduction) until a short interval 
‘has elapsed after conduction. This in- 
terval required for regaining control is 
called the deionization time. This should 
not be interpreted as meaning that no 
positive ions remain in the tube after the 
deionization time, but rather that their 
density is such that they do not inter- 
fere with the function of a negative grid. 
(The deionization time probably could be 
described more accurately as control 
time) The deionization time of the 
tubes is discussed in the paper by Steiner, 
Zehner, and Zuvers.? 


Inverter Commutation 


During the deionization time the anode 
of the tube must be held negative to 
prevent conduction. The duration of 
the negative-anode voltage may exceed 
the deionization time required by the 
tube, but the deionization time sets a 
minimum duration for the negative- 
anode voltage. Figure 5 shows how the 
negative-anode voltage, following con- 
duction, is obtained. The line-to-neu- 
_ tral voltages applied to the tube group 
are shown in 5A. The anode-to-cathode 
voltage and the current of a tube are 
shown in 5B and 5C, respectively. The 
voltage between the lines to which tubes 
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1+ and 2+ are connected is shown in 5D. 
Inverter operation is indicated by the 
fact that the line-to-neutral voltage for 
tube 1+ is negative during the interval 
when this tube is carrying current. 
Commutation from tube 1+ to tube 2+ 
begins at the instant 6; in Figure 5 when 
tube 2+ is fired by its grid. This tube 
must be fired before its line-to-neutral 
voltage equals that of tube 1+ which 
occurs at 67. The angle by which the 
grid is fired ahead of 0, is called the 
angle of grid advance. When tube 2+ is 
fired ahead of 0; the current transfers 
from tube 1+ to tube 2+ because the 
counter electromotive force in the phase 
of tube 2+ is lower than that of tube 1+. 


Figure 6. Inverter 
power factor and grid 
advance angle for con- 
stant deionization time 
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Figure 7. Circuit dia- 

gram of — phase-shift 

net work for grid con- 
trol 


The voltage difference of tubes 1+ and 
2+ is the commutating voltage. The 
action is quite similar to commutation 
in a d-c motor when the brushes are 
shifted against the direction of rotation. 
In Figure 5 the grids are assumed to be 
advanced 30 degrees (4; to 67). 

During commutation from tube 1+ 
to tube 2+ the a-c lines to those tubes 
are short-circuited, and the commutating 
voltage (difference between phase volt- 
ages) is absorbed in the line reactors. 
This effect is shown by the notches in 
the voltage waves. The angle of com- 
mutation, 6; to 6, is here assumed to be 
15 degrees. If the commutating voltage 
persists after the current has been trans- 
ferred to tube 2+, the remaining com- 
mutating voltage will be in a direction 
to reverse the current through tube 1+ 
and will appear as a negative voltage 
across the tube (see 5B between @. and 
0;). The negative-anode voltage which 
disappears at 6; can be seen clearly in the 
line-to-line voltage of 5D between 6, and 
@;, During this interval the tube must 
deionize, because at 0; positive voltage 
will be impressed, and a loss of control 
will result if the tube has not regained 
control. 


Inverter Operation 


It is evident that the angle of grid 
advance 6; to 0; which was represented 
by 8 in equation 2B equals the com- 
mutating angle 6; to 0 plus the available 
deionization time 0; to 4;. Writing this 
in the form of an equation where y rep- 
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Figure 8. Curve of phase-shift angle with d-c 
saturating current in phase-shift reactors 


resents the commutating angle 6; to 05 
and M represents the available deioniza- 
tion angle or margin angle, 6 to 07 gives 


B=n+M (7) 


The angle M (0, to 67) has been called 
the ‘‘margin angle,’’ because it is usually 
larger than the minimum required for 
deionization and provides a safety factor 
in commutation. If the voltage drops or 
the load increases without a correspond- 
ing increase in the angle of advance, the 
margin angle will be absorbed partly 
by the greater commutating angle with- 
out resulting in insufficient commutation 
or deionization time. 

The equivalent power-factor angle of 
the inverter depends on the angle be- 
tween the center of the current wave 0; 
and the center of the voltage wave 0, 
(see Figure 5). The center of moment 
of the current wave should be used for 
accuracy. If the rate of current transfer 
during commutation be assumed con- 
stant, the power-factor angle @ is ap- 
proximately 


9="/ou+M (8) 


The angle 6 represents the phase angle 
between the fundamental component 
of the current and the voltage. The 
effect of the current harmonics is neg- 
lected in equation 8. The power factor 
as determined by effective current and 
voltage readings which includes har- 
monics will be approximately 


Power factor =0.955 cos (1/2+ M) (9) 


The factor 0.955 assumes a rectangular 
wave shape of current. For precise calcu- 
lations this should be corrected by the 
overlap factor.’ 

Equation 9 shows that a large margin 
angle will result in a low power factor of 
operation. It therefore is desirable to 
keep the margin angle as small as pos- 
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sible. From equation 7 it is evident that 
6, the angle of advance, must be in- 
creased with load to maintain a con- 
stant margin angle, because the angle of 
commutation p will increase with load. 
Increasing 6 however will cause a greater 
load as shown by equation 6. Asa result 
it is found that increasing the inverter load 
angle, while holding the rectifier grids 
fixed results in a larger load with an ap- 
proximately constant margin angle. The 
curves in Figure 6 show a typical relation 
between inverter grid advance and load 
for a constant margin angle. The cor- 
responding inverter power factor is also 
shown in Figure 6. 


Phase-Shift Circuit 


The phase-shift circuit now may be 
considered in the light of the previous dis- 
cussion. The inverter grid angle must 
be varied with load to maintain a safe 
margin angle. The rectifier grids should 
be controlled to maintain the desired 
load. When changing from rectifier to 
inverter operation for reverse power flow 
the phase position of the grid voltage 
must be shifted by approximately 150 
degrees. These functions are performed 
by the phase-shift network shown in 
Figure 7. 

Power for the grid and ignitor circuits 
is furnished by an auxiliary power trans- 
former connected to the high-voltage 
lines as indicated in Figure 1. Details 
of the switchgear are described in the 
paper by Gittings and Bateman. It will 
be assumed here that three-phase 480-volt 
grid power will be delivered to lines A, 
B, and C of Figure 7. These a-clines are 
connected through d-c saturated reactors 
Xj to X¢ inclusive to two six-pole contac- 
tors Rand J. The R contactor is closed 
for rectifier operation and the 7 con- 
tactor for inverter operation. These 
contactors introduce the grid phase shift 
necessary for reversing the power flow. 
Suitable interlocks prevent simultane- 
ous closing of the R and J contactors. 
These contactors connect the three-phase 


a-c lines to a 12-phase network N12 also 
shown in Figure 7. HW 
Assume that the R contactor is closed. 

Each a-c line then will be connected 
through the d-c saturated reactors to 
two points on the 12-phase network. 
Thus line B is connected through reactor 
X3 to point r on the 12-phase network, 
and also line B is connected through re- 
actor X,4 to point s. Points r and s are 
separated by an angle of 90 degrees on the | 
network, In a similar manner line A ‘is 
connected to points p and g through 
reactors 1 and 2, respectively, and line C 
is connected through reactors 5 and 6 to 
points ¢ and wu. If the odd-numbered 
reactors are fully saturated and the - 
even-numbered reactors unsaturated, 
lines A, B, and C are closely connected 
to points p, 7, and t, respectively. Re- 
versing the saturation of the reactors, so 
that the odd-numbered reactors are un- 
saturated and the even-numbered reac- 
tors are saturated, shifts the lines A, 
B, and C to points q, s, and u, respec- 
tively. Itis therefore evident that the 12- 
phase network can be given a 90-degree 
phase shift by reversing the saturation 
of the d-c reactors. Fortunately this 
shift is fairly continuous with saturating 
current as is shown in Figure 8 which 
gives a curve of the angle of phase shift 
versus direct saturating current. The 
voltage variation of the 12-phase net- 
work need not exceed ten per cent over a 
phase-shift range of 90 degrees. The 
time required for a complete phase shift 
of 90 degrees need not exceed 0.1 second 
for a 60-cycle network. Each 10,000- 
kw unit has one 60-cycle and one 25- 
cycle phase-shift unit. All tube-control 
power, grids, ignitors, holding anodes, 
and so on, for two-tube groups is fur- 
nished by one 12-phase network. When 
the R contactor is closed, the saturating 
reactors span an angle of 90 degrees, and 
the grids may be advanced continuously 
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through an angle of 90 degrees, beginning 
at cutoff or 90 degrees grid retard for 
rectifier operation. When the J con- 
tactor is closed, the saturating reactors 
span an angle of only about 60 degrees, 
and the grids may be advanced continu- 
ously through an angle of 50 degrees be- 
ginning at about 20 degrees advance for 
inverter operation. Taps on the 12- 
phase network give easy adjustment of 
the range and limits of phase shift for 
both rectifier and inverter operation. 

Each d-c saturated reactor has two 
saturating windings as shown in Figure 7. 
One winding may be called the presaturat- 
ing winding, and the other the saturating 
winding. The six presaturating windings 
are all connected in series and supplied 
with direct current from a constant- 
potential rectifier of the dry-plate type. 
The saturating windings also are con- 
‘nected in series, but the polarity of the 
windings on the odd-numbered reactors is 
opposite to that of the even-numbered 
reactors. A direct current through the 
saturating windings affects the odd and 
even reactors oppositely, increasing the 
saturation of one by aiding the presatur- 
ating winding, and decreasing the satura- 
tion of the other by opposing the 
presaturating winding. It is thus pos- 
sible to shift the grids through the avail- 
able range by reversing the current in 
the saturating windings. For each value 
of saturating current there is a corre- 
sponding phase position of the 12-phase 
network. Shifting the 12-phase net- 
work by d-c saturation shifts the operat- 
ing phase of two six-tube groups without 
disturbing their 12-phase relation, nor 
does it disturb the timing of ignitors, 
grids, and holding anodes for any tube. 
The current for the saturating winding is 
supplied by an Amplidyne. The con- 
trol field of the Amplidyne is varied to 
give the desired grid shift. 


Phase-Shift Amplidynes 


The Amplidyne armature is connected 
permanently to the saturating winding 
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of the reactors. The excitation for the 
Amplidyne control field is changed si- 
multaneously with the R and J contactors 
when shifting from rectifier to inverter 
operation or the reverse. In rectifier 
operation the grids normally are re- 
tarded 80 degrees, and the Amplidyne 
current serves to advance the grid 
phase angle, until the desired load is 
obtained. Here the Amplidyne serves 
as a current regulator balancing the load 
current against a reference signal. A 
measure of the load current is secured by 
rectifying the secondary current of the 
a-c line current transformers to give a di- 
rect current proportional to the alternat- 
ing load current of the rectifier. Passing 
this rectified current-transformer current 
through a resistance gives a direct volt- 
age proportional to the alternating load 
current, which may be called the load 
voltage E;. This load voltage will op- 
pose a second direct voltage EH, which 
may be called the reference voltage. The 
difference between the reference voltage 
and the load voltage will act on the con- 
trol field of the Amplidyne as shown in 
Figure 9. If the load is lower than de- 
sired, the reference voltage F, will ex- 
ceed the load voltage EF, and will excite 
the Amplidyne in a direction to advance 
the rectifier grids. If the load be 
greater than required, the reverse action 
will take place, and the rectifier grids 
will be retarded to reduce the load cur- 
rent. 

The reference voltage E, is obtained 
by rectifying the output of a three-phase 
induction voltage regulator. This in- 
duction regulator is motor-driven in re- 
sponse to the several methods of regu- 
lating the load, that is, manual, watt 
regulator, and so on, as described in 
the Cramer—Morton—Darling paper. The 
motor drive for the load-regulating 
induction device is described in the 
paper by Gittings and Bateman. 

Upon changing to inverter operation, 
the excitation signal for the phase-shift 
Amplidyne is changed to a circuit as 
shown in Figure 10. Here a voltage E, 
proportional to the Amplidyne current 
is balanced against the reference voltage. 
When the reference voltage calls for a 
larger load, it also will act through the 
Amplidyne and phase-shift circuit to 
advance the inverter grids. In this way, 
the inverter grids are advanced to main- 
tain an approximately constant-margin 
angle. The Amplidyne control circuit 
as shown in Figures 9 and 10 represents 
only the essential operating functions of 
the Amplidyne control. Additional fea- 
tures provide correction for voltage-level 
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differences between the two systems, 
phase unbalance in the inverter, and 
transfer control when the rectifier is un- 
able to attain the desired load. These 
complications have been omitted for 
simplicity. 


Ignitor Circuit 


In the pentode ignitron tubes used in 
this installation, the cathode spot must 
be started each cycle by means of an 
ignitor. A magnetic-firing circuit of the 
type described in a paper on sealed-tube 
ignitron rectifiers by M. M. Morack and 
H. C. Steiner‘ is used to fire the ignitors. 
Figure 11 shows the circuit diagram of 
the firing circuit. The usual provision . 
for phase-shifting the ignitor circuit may 
be omitted here, as the entire 12-phase 
network supplying the ignitor power is 
shifted through the desired angle. A 
Nicaloi core reactor VLLZ is shunted 
across the circuit immediately following 
the first linear reactor. This reactor is 
designed to operate somewhat above 
saturation and reduces the voltage ap- 
plied to the rest of the circuit because of 
the reactive current drawn. Since the 
Nicaloi saturates sharply, it will tend to 
hold a constant voltage. This means 
the input voltage may be varied over 
wide limits without affecting the success- 
ful operation of the firing circuit. The 
part of the circuit from the input to the 
ignitor insulating transformer J/JT is 
mounted at ground potential. The in- 
sulating transformer is used to transfer 
the ignitor firing peaks up to the high- 
potential level of the tubes. The ig- 
nitors of two tubes which are 180 degrees 
apart in phase position are fired by one 
firing circuit. Since this firing circuit 
furnishes current for only 18 degrees 
after the ignitor fires, a holding anode is 
used to maintain the cathode spot after 
the ignitor starts it. This holding 
anode is shown in the grid circuit of 
Figure 12, as HA;. 


Grid Circuit ° 


The grid circuit performs two principal 
functions: it provides a negative bias 
for the grid at all times except when the 
tube is to be’ conducting, and it fur- 
nishes a sharp positive firing voltage at 
the time that the tube should start con- 
duction. In addition to these two 
functions, the grid circuit furnishes power 
for the holding anode and for the heater 
for the main anode. The grid-insulating 
transformer GIT in Figure 12 isolates the 
grid circuit from ground potential, in the 
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same manner that JIT isolates the igniter 
circuit in Figure 11. Two tubes which 
are 180 degrees apart in phase position 
are served by GIT. The input for the 
grid-insulating transformer comes from 
the 12-phase network at a suitable phase 
position. The anode heater, Af of 
Figure 12 and the holding-anode trans- 
former HAT of Figure 12 are connected 
directly to the grid-insulating trans- 
former. Negative bias for the grid is 
supplied by a biphase double-way recti- 
fier BR connected to the grid-bias trans- 
former GBT. A large capacitor C and a 
Thyrite resistor TR tend to filter and 
regulate the grid bias. 

For a phase-commutated inverter, 
accurate firing is essential, since a small 
error in the firing point will mean a 
much greater change in the margin angle. 
Peaking transformers which give a steep 
rise of voltage are used for firing the grids 
to insure accuracy.’ The positive volt- 
age impressed on the grids must exceed 
the negative grid-bias voltage before 
the grid will be fired. The peaking-trans- 
former voltage rises so rapidly that 
there is a negligible error in grid firing 
even if one tube requires a greater posi- 
tive grid voltage than another. 

An undesirable situation arises if the 
ignitor fails to fire and a cathode spot is 
not produced. It has been observed 
that, when the grid is made positive with 
no cathode spot available, the residual 
ionization may form a cathode spot by 
bombardment. This condition is dis- 
cussed in the paper by Steiner, Zehner 
and Zuvers. 

In the grid circuit of Figure 12 the 
firing impulse from the peaking trans- 
former is introduced in the grid circuit 
through the grid-coupling transformer. 
The holding anode HAs is included in 
the circuit connecting the peaking trans- 
former and the grid-coupling transformer. 
In this way the positive firing impulse of 
the peaking transformer is impressed on 
the grid only if there is a cathode spot in 
the tube to complete the circuit through 


HOLDING ANODE a 
CIRCUIT 


« 


Sn oe 
ERs 
hy 


the holding anode HA». Failure to form 
a cathode spot in the tube prevents the 
positive firing voltage from being im- 
pressed on the grid. This interlocking 
of the grid action with a cathode spot 
makes it possible to block the operation 
of the tube by removing the ignitor firing 
impulse. This is discussed under ignitor 
blocking to remove fault currents in the 
rectifier. 

At every instant the direct current 
passes through four rectifier and four 
inverter tubes in series. It is therefore 
obvious that all eight tubes must be 
ready to start conduction, that is, have 
a positive grid voltage, at the same time. 
Since the tubes in one rectifier or one in- 
verter fire 60 degrees apart, and the two 
rectifiers or inverters are displaced 30 de- 
grees in phase position, some grids must 
remain energized for at least 90 degrees. 
For purposes of symmetry, all grids re- 
main positive about 100 degrees. The 
duration of the positive-voltage wave is 
determined by the peaker design. One 
peaking transformer supplies the firing 
impulse for both the control and shield 
grids. A resistor is placed in series 
with the shield grid to make sure that 
the control grid also will fire after the 
shield grid is conducting. Any current 
into the shield grid will cause a po- 
tential between the two grids in a direc- 
tion to draw ionization up to the con- 
trol grid. The ignitor is fired ahead of 
the grid so that, even with a hard 
firing ignitor, the grid will become posi- 
tive after the ignitor has fired and the 
grid will initiate conduction in the tube. 
A voltmeter to measure the bias voltage 
and an ammeter to measure the holding- 
anode current are provided in each grid 
circuit to facilitate checking the opera- 
tion. 


Rectifier Faults—Arc-Back 


An arc-back is the failure of a rectifier 
tube to hold off negative anode-to-cathode 
voltage during the inverse part of the 
cycle. :When a tube arcs back, a cathode 
spot is formed on the anode with the 
result that the rectifier tube will carry 


Figure 12 (left). Grid 
and _holding-anode 
circuit 
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current in the reverse direction. It 
loses its rectifying properties for the 
duration of the arc-back. In the three- 
phase double-way circuit, the only tubes 
that furnish current to the tube which has 
arced back are the two tubes connected 
to the same d-c bus and to the other two 
phases of the transformer. The are-back 
currents are shown by the arrows in Fig- 
ure 3. 

Suppose tube 1+ arcs back near the 
start of the time during which it is holding 
off inverse voltage. Tube 2+ will be 
conducting, since the transformer volt- 
age on phase 2 is most positive. Since 
tube 1+ had negative anode-to-cathode 
voltage before it arced back, the voltage 
of the transformer will make current flow 
in the reverse direction on through tube 
1+, into phase 1 of the transformer, out 
of phase 2 and through tube 2+ in the 
forward direction. The are-back cur- 
rent will be limited largely by the trans- 
former and a-c line reactance. When 
phase 3 becomes more positive than 
phase 2, and tube 3+ fires, the current 
will transfer from tube 2+ to tube 3+, 
still flowing in the reverse direction 
through tube 1+. Tube 3+ will carry 
the current until tube 2+ again fires or 
until the arc-back current falls to zero. 
During the time when phase 1 is most 
positive, and tube 1+ normally would be 
conducting in the forward direction, the 
transformer voltage on phases 1 and 38 is 
in the direction to reduce the are-back 
current. When the rectifier is running 
with a little phase retard, the arc-back 
current generally goes out before tube 
2+ fires again. Tube 1+ regains its 
ability to stand inverse voltage, and 
load again is carried with only a one- 
cycle interruption. The greater severity 
of are-backs in installations where there 
are several rectifiers in parallel is due to 
the fact that the parallel rectifiers also 
furnish current to the tube which has 
arced back. This gives a much higher 
arc-back current, which will not go to 
zero until the circuit is opened, generally 
by anode breakers. 


Ignitor Blocking 


Occasionally, the tube which arced 
back cannot hold off negative voltage on 
the next cycle, because of high gas pres- 
sure around the anode, or a hot spot on 


Figure 13. Three-phase double-way inverter 
circuit showing normal current flow 


_ back each cycle. 


the anode, and it will continue to arc- 
Recovery from this 
multiple arc-back ‘condition is obtained 
by blocking the ignitors on all tubes, 
thereby preventing the two other tubes 
on the same rectifier from furnishing any 
current to the tube which arced back. 
The ignitors are blocked for a time long 
enough to enable the tube which arced 
back to regain control. The ignitors 
are blocked by the ignitor blocking con- 
tactor JBC shown in Figure 11. When 
this contactor closes, it short-circuits 
the ignitor firing impulses to the entire 
tube group. The ignitor blocking con- 
tactor is operated by an instantaneous 
overcutrent relay in the a-c-lines. The 
are-back current flowing in these lines 
initiates the ignitor blocking sequence. 
When the alternating line current has 
fallen to the relay dropout value the 
ignitor impulses are restored. The arc- 
back current is interrupted in about 0.05 
second, and normal power operation may 
be resumed in about 0.2 second. 


Inverter Faults 


The inverter furnishes a counter 
electromotive force, which is in the wrong 
direction to produce current through the 
d-c circuit. Current must be forced 
against the counter electromotive force of 
the inverter by a slightly higher rectifier 
voltage. Figure 13 shows current paths 
when current is being carried by tubes 
3+ and 1—. Current flows through 


tube 1—, through phases 1 and 3 of the 


voltage of the transformer, and through 
tube 8+. The tubes are fired in the se- 
quence 1--; 3$—,.2--, 1—, 3-+-,.2—)‘so-as 
always to present a transformer voltage 
opposing the rectifier direct voltage and 
opposing the flow of current. Power is 
absorbed by the inverter transformer 
and fed into the receiving system when 
current is forced through the trans- 
former windings in opposition to their 
instantaneous voltage. : 

While tube 1— is conducting, tube 1+ 
has a positive-anode-to-cathode voltage 
equal to the direct voltage minus the 
are drop of tube 1—. During the major 
part of the nonconducting portion of the 
cycle, an inverter tube must hold off 
positive voltage. If, while tube 1— is 
conducting, tube 1+ fails to hold off 
positive voltage—that is, becomes con- 
ducting in the forward direction—then 
tubes 1+ and 1— both are conducting; 
this allows the rectifier current to pass 
through two tubes without opposition, 
from the transformer counter electro- 
motive force. This condition frequently 
is called a ‘‘loss of control’? and con- 
stitutes a short-circuit on the d-c lines. 
This is the characteristic inverter fault. 
Whatever initiates an inverter fault, tube 
failure, misfire, or insufficient deioniza- 
tion time, the immediate result is a short 
circuit on the d-c lines. This fault 
fortunately is not reflected into the in- 
verter power system because of the 
phase position of the inverter grids. The 
inverter will continue to try to commu- 
tate the direct short-circuit current, 
but this will not result in abnormally high 


When the direct current drops to a normal 
load value, the inverter will be able to 
commutate this current and will resume 
operation. 

It should be evident from this discus- 
sion that the only condition required to 
resume operation after an inverter loss 
of control is to reduce the direct short- 
circuit current. This may be accom- 
plished, as in the case of an arc-back, by 
blocking the rectifier ignitors. Either 
are-back or inverter loss of control will 
be cleared successfully by the ignitor 
blocking, and operation will be re- 
sumed if there are no persistent tube 
faults. 

The oscillograms shown in Figure 14 
give the currents taken during an inverter 
loss of control caused by short-circuiting 
an inverter ignitor to make a misfire. 
The alternating currents shown are those 
in the secondary winding of the main 
transformers. Each trace shows the 
currents in the plus and minus tubes on 
that phase. The arrow points to the: 
location of the misfire on the 14 tube, 
which caused tube 3+ to continue to 
carry current until tube 3— fired. At 
this time tubes 3+ and 3— were con- 
ducting simultaneously and caused a 
short circuit on the rectifier. The 60- 
cycle rectifier overcurrent was reduced 
to zero in two cycles as shown in the 
oscillogram. Meanwhile tubes 1-++ and 
1— were trying to commutate the direct 
current away from 3+ and 3— but with- 
out success. After the fault was cleared, 
there was a delay of several cycles before 
the frequency changer resumed operation 


transformer against the instantaneous 


currents in the inverter transformer. under load. 


Figure 14 (left). Direct and alternating currents 
during ‘inverter shoot-through produced by 
causing an ignitor misfire in the inverter 


Figure 15 (right). Test panel for convener 


Indicating Selsyn for phase position of excita- 
tion at top. Cathode-ray oscilloscope and 
selective switches for tube current and voltage 
in center. Fault-indicating counter-at bottom 
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Transient Indicator 


In an installation containing 48 tubes 
it is desirable to have testing equipment 
to determine which tube or tube circuit is 
involved if rectifier arc-back or inverter 
loss of control occurs. When a fault oc- 
curs, the first disturbance in the tube 
voltages will appear across the group of 
tubes that initiated the fault. By 
proper connection of a circuit to pick up 
this voltage disturbance, the origin of 
the fault is located in a group of three 
tubes:- Another part of the indicator 
locates the approximate phase positon in 
the cycle at which the fault occurred. 
Still another part of the indicator, which 
utilizes the transformer currents, indicates 
whether or not the fault was an arc-back. 
Counters are used to record the informa- 
tion obtained by the transient indicator 
which is automatically reset. 


Grid-Phase-Position Selsyns 


During operation, it is desirable to be 
able to tell quickly and easily the firing 
point of the rectifier and inverter tubes 
with respect to their anode voltages. 
This gives a quick check that the excita- 
tion controls are functioning correctly. 
This information is provided by means of 
indicating Selsyns, connected to the 
phase-shift network which is shifted in 
phase position to vary the firing point 
of the tubes. This voltage of varying 
phase position from the network is con- 
nected to the rotor of the Selsyn. A 
voltage fixed in phase position is con- 
nected to the stator. Thus, as the net- 
work voltage assumes a given phase posi- 
tion, the rotor will assume a given angular 
position with respect to the stator. As 
the rotor voltage varies in phase position, 
the rotor will vary correspondingly in 
angular position, and a direct indication of 
the firing point of the tubes will be given. 
The Selsyn scale has a range of 180 de- 
grees, covering both rectifier and inverter 
operation. The rectifier section covers 
90 degrees, the range from full to zero 
direct voltage, and is marked in degrees 
retard. The inverter range covers 90 
degrees and is marked in degrees advance. 
These indicating Selsyns are shown at the 
top of Figure 15. 


Equipment for Observing Tube 
Voltages and Currents 


Because of the new features, of this 
installation, it was felt that means should 
be available for observing the tube volt- 
ages and currents during operation. Cur- 
rent and potential transformers are con- 
nected to the main-transformer secondary 
lines to furnish the desired information. 
The voltage drop across a resistor in the 
current-transformer secondary circuit is 
used to represent the current. A cathode- 
ray oscillograph is mounted in the main 
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A Method of Approach to the V 


Consideration of Power- Distribution- 


System Costs 


O. B. FALLS, JR. a 
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HE design of the various component 

parts of a power-distribution system to 
obtain low cost has been discussed at 
length in many published articles. These 
have, in general, considered either specific 
parts of the system only, or all parts of the 
system but for only one specific set of con- 
ditions, such as load density, system volt- 
ages, continuity of service, ‘and so forth. 
It is the purpose of this paper to present a 
generalized method of approach to the 
consideration of power-distribution-sys- 
tem costs for various combinations of con- 
ditions when considering collectively the 
costs of each of the three basic elements 
which make up the so-called distribution 
system. These elements are: 


1. The subtransmission circuits supplying 
the distribution substations. 


2. The substations which transform from 
the subtransmission to the primary voltage. 


. 3. The primary distribution system. 


It has been found that consideration of 
the cost of any one of these parts without 
reference to the others may lead to erro- 


Paper 44-119, recommended by the AIEE com- 
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presentation at the AIEE summer technical meet- 
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neous conclusions as to the best. over-all 
system from a cost standpoint. That is, 
the use of the minimum-cost design for 
one part may require expenditures for the 
other parts of the system which result in 


an over-all system cost higher than neces- — 


sary if all parts are reviewed jointly and 
designs evaluated on an over-all basis. 
It is believed that this kind of approach, 
wherein all elements of the system are in- 
cluded, is one which will give a complete 
picture of system costs. 


Scope and Method of Approach 


In making any specific system analysis 
of this type all costs should be included as 
they apply to the particular system under 
consideration. These should include cost 
of equipment and lines, installation based 
on local labor and material costs, real es- 
tate, losses, maintenance, and operation. 
In order to present this method of ap- 
proach, however, a rather generalized sys- 
tem was analyzed on the basis of : 


I. Actual investment: involved in the 
original system cost. 


II. Evaluated losses in each system. 


III. Possible deferment of system invest- 
ment by using small substation sizes. 


Hypothetical systems utilizing modern 
design principles were assumed and al- 
though rather liberally generalized were 
laid out in detail from the subtransmission 
to the secondary distribution circuits. 
Estimated installed cost figures were used 
for all equipment and lines, and losses 


switchboard for observing all currents 
and voltages. The cathode-ray oscillo- 
graph and selective switches are shown in 
the center of Figure 15. Selective switches 
permit convenient connection to any cur- 
rent or voltage. The typical line-to-line 
secondary voltage for inverter operation 
is shown in 5D. The points where the 


sine wave crosses the axis are points where 


two phase voltages are equal. For in- 
verter operation, these represent the fully 
retarded points. Each zero point cor- 
responds to one of the two tubes which 
operate 180 degrees apart. For rectifier 
operation, the maximum voltage or fully 
advanced point is 180 degrees advanced 
from the fully retarded inverter point for 
that same tube. 
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Figure 1. Typical one-line diagrams illus- 

trating five basic systems analyzed and show- 

ing connections to subtransmission and dis- 
tribution circuits 


Simple radial 

High-voltage selective 

Low-voltage selective 
High-voltage-low-voltage selective 
Primary network 


MOQOP> 


Figure 2. Substation locations and 4.16-kv 
feeder layout 


All circuits are 4/0 conductor except 500,000 
circular mils where cable is used for primary 
network, Construction is three-phase, four- 
wire for overhead with three feet equivalent 
delta spacing; for underground, three-con- 
ductor cable with separate neutral conductor. 
Mileage figures are total for circuits shown. 
Area 16 square miles 


(1)= 20000 KVA SUB (2)- |0000 KVA SUBS 


{ fs 
FEEDER AREAZ 


FEEDER Le 


SUB- 
STATION 


(8)-3000 KVA SUBS 


were evaluated on the basis of a kilowatt- 
hour charge without a demand charge. 
All system investment and loss evalua- 
tions were reduced for comparison pur- 
poses to terms of dollars per kilovolt-am- 
pere of system load. 

There are a number of factors which 
must be considered when studying an 
electric-utility distribution system to de- 
termine the most economical type of sys- 
tem to use to serve a given load area. 
The more important of these factors are: 


1. Voltage conditions required within the 
area. : 
2. Degree of service continuity required. 


8. Size of load area and load density (pres- 
ent as well as future). 


4. Subtransmission voltages available. 


5. Whether subtransmission and/or pri- 


ary circuits are overhead or underground 


6. Size of substation to be used. 


All of these factors and the relative ef- 
fects of each on the over-all economics of 
distribution-system design were analyzed. 
Secondary networks or primary distribu- 
tion voltages above 4.16 kv were not 
considered. 


Conclusions 


The method used shows that invest- 
ment in subtransmission circuits, substa- 
tions and distribution circuits, and defer- 
ment of system investment must all be 
considered. Quite a wide change in 
many of the variable quantities will not 
change the general conclusion that small 
substations, 5,000 kva and below, are 
more economical in most cases than the 
large substations from 10,000 to 20,000 
kva.. However, the number of possible 
variations is such as to require a thorough 
study of a specific system in order to ob- 
tain the correct answer as to the most 
economical system or size of substation to 
be used. 

A number of specific assumptions were 
made and this should be kept clearly in 
mind in considering the following rather 
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general conclusions. It is true that the 
results of an analysis of this kind are in- 
dicative only and that the correct answer 
for a specific system can be determined 
only after a study of that system; never- 
theless, it is believed that this type of gen- 
eralized study will allow the establishment 
of bench marks which can be quite useful. 
Certain definite substation sizes involv- 
ing standard transformer ratings were 
used. Results are plotted in terms of 
these substation sizes and correct values 
for other sizes cannot be obtained by in- 
terpolation of the values shown. 


1. The simple radial system (Figure 1A) 
using substations rated 1,500 to 3,000 kva is 
the most economical. 


2. Where a degree of reliability better than 


~ that obtainable with the simple radial sys- 


tem (Figure 1A) is required, the primary 
network (Figure 1E) is the most economical 
system in‘most cases. 


8. For the primary network, substations 
rated 3,000 kva to 5,000 kva will be the 
most economical, the smaller sizes in general 
being more applicable to overhead subtrans- 
mission and the larger sizes to underground 
subtransmission. 


4. For any particular system type other 
than the simple radial or primary network, 
the most economical unit is 3,000 to 5,000 
kva where subtransmission is overhead and 
5,000 to 20,000 kva where subtransmission 
is underground. Lighter load densities 
(about 1,500 kva per square mile or less) 
and systems with lesser degrees of duplica- 


Figure 3. Substation locations and sub- 
transmission layout for four 13.8-kv circuits 


Duplicate circuits to each substation. Typical 
for systems B, C, and D of Figure 1 


= 


Circuit Miles 


Tota] Load Wire Size 
on Each 1,500 Kva Per 

Substation Overhead Underground Square Mile 

20,000 kva..... AfOnrartean ek AO vapors 8 

10,000 kva..... A Oke Saaccce Salk AOO MR aeiterresan 4 

TO, O0Gleva sc nelee (Own kev eas SOO smranctehene erore 2 
5,000kva..... 4/00 ee HOO aber 6 
5,000 kva..... Sado A ares BOO scsersnitanrele 8 
3,000 kva..... ASO Saves BOO wre eisreieoeve 4 
3,000 kva..... O/Opas. kes SOO... Wee ties 8 
3,000 kva..... Niveremenseae WON cath sso de 8 
1,500 kva..... ASO An geass AQ OI sta tester chcks 2 
4,500 kva..... 9/0 een BOON ae 6 
1,500kva....% Bakes ercrach S/O Avs eWeek 8 
1,500 kva..... Ase mre repeats Ae datens ete cede 16 


(2)- 10000 KVA SUBS 


, [4)- 5000 KVA SUSS 
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(16)-1500 KVA SUBS 
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Figure 4. Substation locations and sub- 
transmission layout for four 13.8-ky circuits 
supplying primary network. Shows _ inter- 
lacing of circuits where large number of units 


is used 

Total Load Wire Size Circuit Miles 

on Each 41,500 Kva Per 
Substation Overhead Underground Square Mile 
5,000kva...... 4JOmeeiiatels SOO des ehhere 8 
3,000kva...... AOR er sels bie “80 } rrartege Oe 4 
3,000 kva.....- el uaeeetetarete tat « VAG) A eeu. baad 16 
1,500 kva.....- ALO ierdlet dace AGO Wiesteracchamets 10 
1,500 kva.....- Ais tera haseratet Ooh ee Aten 20 


tion in general will indicate selection of the 
smaller sizes, whereas, higher load densities 
(about 1,500 kva per square mile and more) 
and systems with greater degrees of duplica- 
tion will indicate selection of the larger sizes. 


5. Where a range of sizes is given in the 
foregoing cases, the use of underground 
cable for all or a part of the distribution 
feeders indicates the use of the smaller sizes 
of units. 


6. The use of a higher subtransmission 
voltage tends to increase the optimum sub- 
station size, particularly where underground 
subtransmission is necessary. 


7. Fora given load area, the optimum sub- 
station size will change very little as the 
load density within the area increases. 
Generally, however, where systems with 
greater degrees of duplication are involved, 
there may be a change in this optimum size 
in the ratio of 1:2 in changing from 500 to 
10,000 kva per square mile. This would 
indicate the advisability, in some cases, of 
starting a system with, for example, 3,000- 
kva units and changing the size to 5,000 kva 
as the load density increases. 


8. As the shape of the load area departs 
from a square, the cost of any system using 
larger substations increases, thus tending to 
justify the use of smaller substations. 


9. Regardless of the type of system, there 
will be a decrease in over-all system losses 
as smaller sizes of substations are used. 
Loss evaluations, however, will not affect 
appreciably the optimum size of substation 
selected only on a system-investment basis. 


10. The use of the smaller substation sizes 
not only may result in a lower total invest- 
ment in the ultimate system but also may 
allow the deferment of sizable blocks of 
system investment for as many as several 
years at a time and result in a considerable 
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saving in fixed charges and carrying charges 
oninvestment. Consideration of this factor 
favors the use of smaller substation sizes 
than those determined from only a system- 
investment basis. 


Factors Considered 


The various factors involved in the de- 
sign of a distribution system just listed 
are discussed in detail in the Appendix. 
Briefly, however, Figure 1 illustrates the 
five basic types of systems covered, and 
Figure 2 shows the assumed substation 
locations and layout of the 4.16-kv distri- 
bution circuits common to the five sys- 
tems. Figures 3 and 4 are illustrative of 
the subtransmission circuit layouts for 
the basic systems. For further details, re- 
fer to the appendix. 


I—System Investment 


As pointed out previously’, considera- 
tion of only one part of the system may 
lead to erroneous conclusions as to the 
most economical type of system or sub- 
station size to use. For example, if only 
substation costs are considered it will be 
found that as the size of the substation is 
increased, the ‘‘dollars investment per 
kilovolt-ampere of total substation load”’ 
will decrease, assuming the substations 
are fully loaded. This is illustrated in 
Figure 5 and such consideration might 
lead to the assumption that the larger the 
substation size the lower the system cost. 
Likewise, if reference is made only to the 
subtransmission circuit costs (Figure 6), 
the same conclusion might be reached; 
since as the larger substation sizes are 
used, the mileage of subtransmission cir- 
cuits and, therefore, the cost decreases. 

On the other hand, if only the 4.16-kv 
circuits are considered, it can be seen from 
Figure 7 that as smaller substation sizes 
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DOLLARS INVESTMENT PER KVA OF TOTAL 
SUBSTATION LOAD 


TOTAL LOAD’ PER SUBSTATION 


Figure 5. Investment (installed) in 13.8-ky to 

4.16-kvy substations to serve 20,000 kva 

including high-voltage switchgear (if any), 

transformers, low-voltage switchgear, and 
regulating equipment 


Curve designations refer to systems of Figure 1 
Feeder regulators and reactors 
—--— Bus regulation 
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DOLLARS INVESTMENT PER KVA OF TOTAL 
SUBSTATION LOAD 


TOTAL LOAD PER SUBSTATION 


Figure 6. Investment (installed) in 13.8-kv 

underground subtransmission system serving 

area shown in Figures 2, 3, and 4 having load 
density of 1,500 kva per square mile 


Includes cable, ducts, and manholes. Curve 
designations refer to systems of Figure 1 


are used there is a decrease in the dollars 
investment per kilovolt-ampere of total 
load carried, and therefore the conclusion 
might be that the smallest size substation 
would produce the most economical sys- 
tem. When, however, all three of these 
factors are considered collectively, an en- 
tirely different picture is obtained. 

It should be noted here that as load 
density increases, the substation cost be- 
comes predominant and the circuit cost, 
whether underground or overhead, be- 


comes subordinate in the total-system . 


cost. Therefore, savings in length of low- 
voltage high-current primary distribution 
lines becomes smaller and shows up to a 
lesser degree in the over-all cost. The 
converse of this is true as the load density 
becomes lighter. ; 


In order to determine just how the 
various cost elements added up, total 


cost figures were prepared for each of the 
various combinations of factors enumer- 
ated previously, such as load density, cir- 
cuit voltages, and so forth. These in- 
cluded the estimated installed cost of all 
substations, subtransmission, and main 


primary circuits within the load area. — 


They did not include the cost of the pri- 
mary laterals, distribution transformers, 
or secondary circuits, although this cost is 
discussed. Also, the cost figures did not 
include real estate, operation, or mainte- 
nance. In a practical system study this 
latter group of costs definitely should be 
included, although they are not included 
herein because of their’ highly variable 
nature. The total-cost figures then were 


plotted as illustrated in Figures 9, 10, and > 
| 


sy, ° : 

In general, the results of this analysis 
show that the use of substations either too 
small to too large may result in excessive 
system investment. The use of small sub- 
stations may increase considerably the 


length of subtransmission circuits to feed — 


the several smaller substations. If, how- 
ever, there are circuits already passing 
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through the area it is possible that some 
of the stations may be tapped directly to 
those lines without requiring any appre- 
ciable length of new circuit. This, of 
course, would favor the use of smaller 
stations. 

Figures 9, 10, and 11 by no means cover 
all the cases analyzed. They are suffi- 
ciently indicative, however, to illustrate 
the results which would be obtained in a 
practical case as well as the results of this 
method of approach. In general, these 
charts are self-explanatory and therefore 
will not be discussed further in detail. A 
close analysis of these charts, however, 
will bring out a number of additional in- 
teresting points not covered in the conclu- 
sions. 

Inspection of any one of the various sets 
of curves shown in these charts discloses 
that in most cases there is a minimum 
point in the investment curve as the size 
of substations is varied. Where a mini- 
mum has not been obtained, there is usu- 
ally a limitation imposed by available 
equipment. For example, in several 
eases, it will be noted that for the high- 
voltage-low-voltage selective system D, 
the curve is continuing a downward 
trend at a 20,000-kva substation. Sub- 
stations larger than this were not con- 
sidered since circuit breakers of adequate 
interrupting capacity at 4.16 kv become 
quite expensive. 

In Figure 9, it is seen that for the simple 
radial A and primary-network EF systems, 
the optimum size of substation does not 
change as the load density increases. On 
the other hand, for the other systems in- 
volving varying degrees of duplication of 
facilities, the optimum size of substation 
increases as the load density increases but 
the total system cost may be greater than 
could be obtained through the use of the 
primary-network or simple radial systems. 

A comparison for any given set of con- 
ditions shows that as the load density in- 
creases, there is only a slight decrease in 
investment in those parts of the system in- 
cluded. This is not an entirely true pic- 
ture since the cost per kilovolt-ampere of 
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Figure 7. Investment (installed) in express 

feeders in 4.16-ky distribution system serving 

area shown in Figure 2 having load density of 
1,500 kva per square mile 
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Figure 8. Distribution-system investment 
(installed) 
Curve 1 shows .investment in distribution 


transformers and accessories, lightning arresters, 
and fuse cutouts. Average peak load per 
transformer, 125 per cent of rating. Curve 2 
shows investment in primary and secondary 
conductors, poles, fixtures, sectionalizing 
cutouts, and miscellaneous items. Service 
entrance conductors and meters not included. 
Curve 3 shows sum of curves 1 and 2 


the primary laterals, distribution trans- 
formers, and secondary circuits shows a 
sharp decrease with increasing load dens- 
ity. This is shown in Figure 8 and the 
values thereon for the various load densi- 
ties should be added directly to the corre- 
sponding set of curves in Figure 9. For 
example, the dollar investment scale of 
Figure 9 should be increased by about 
$55 for the 1,500 kva per square mile 
case, but only by about $38 for the case 
of 3,000 kva per square mile. 

Figure 10 illustrates that, all other con- 
ditions being the same, the use of under- 
ground construction for the primary cir- 
cuits dictates the use of smaller substa- 
tions and the use of underground construc- 


LOAD DENSITY 
500 KVA PER 
D. SQUARE MILE 


LOAD DENSITY 
1500 KVA PER 
SQUARE MILE 


tion for the subtransmission circuits, in 
general, dictates the use of somewhat 
larger substations. 

Figure 11 shows how if 34.5 kv is used 
for subtransmission, there is very little 
increase in the system cost over that ob- 
taining if 13.8 kv is used, as long as con- 
struction is overhead, whereas, if the con- 
struction is underground this increase in 
cost is quite pronounced, particularly 
where duplicate facilities are required. 


EFFECT OF LOCATION OF 
SUBTRANSMISSION SOURCE 


Only the subtransmission circuits 
within the area have been considered, but 
if in a practical case the source is at some 
distance from the area, the entire cost of 
these circuits should be included. For 
the generalized case, it can be seen read= 
ily that, if the entire length of these cir- 
cuits are included, there will be no effect 
on the selection of the minimum economi- 
cal size since any additional cost for those 
circuits will be constant regardless of the 
size of substation used. 

It was assumed in the hypothetical 
cases that the subtransmission circuits 
entered from two opposite sides of the 
square area. If all the circuits entered 
from one side, there would be a slight in- 
crease in cost for certain of the cases stud- 
ied, and the effect would be such as to re- 
duce the optimum substation size. 


EFFECT OF SHAPE OF AREA 


If instead of the square (4x4) shape 
there were assumed a long narrow (2x8) 
shape, there would be an increase in sub- 
transmission costs but no change in the 
distribution feeder costs in all cases, ex- 
cept for the 20,000-kva substation. For 
this case, the subtransmission circuits will 
be the same, but there will be an increase 
in distribution feeder costs resulting in an 
increase in the over-all costs. 

Comparing corresponding costs for a 
rectangular and square area shows that 
the larger sizes of substation in general 
will have a greater per cent increase in to- 
tal system investment than the smaller 
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Figure 9. Effect of load density on substation size 
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primary 4.16-kv overhead. Curve designations refer 


to systems of Figure 1 


Falls—Consideration of Power-Distribution System Costs 


1081 


Ne turin 
SUBTRANSMISSION SUBTRANSMISSION 5, SUBTRANSMISSION SUBTRANSMISSION 
OVERHEAD OVERHEAD UNDERGROUND °K UNDERGROUND 
70 PRIMARY PRIMARY PRIMARY PRIMARY 
OVERHEAD UNDERGROUND OVERHEAD UNDERGROUND 
60 
D D cc c 
: ‘ RS 
4o}-¢ c \ ee 


F 


| | 


Se 


DOLLARS INVESTMENT PER KVA OF LOAD 


oO Oo Oo ° ome) fo} fo} ° 
(oe) fo} [o} fo} fo} fe) 
ape wel Acwepeiol Ua NSikh, Pome Men = Beers: 
= Oo w fo} (<¥ 77 w co} 
CPS S 

TOTAL LOAD 


Figure 10. Effect of types of circuit con- 
struction on total system investment (installed) 
and size of substation 


Load density 1,500 kva per square mile. 
Subtransmission 13.8 kv and distribution 4.16 


kv. Curve designations refer to systems of 
Figure 1 
sizes. The trend is the same whether cir- 


cuit construction is overhead or under- 
ground, but is decidedly more pronounced 
in the latter case. Also, the trend is more 
pronounced where the subtransmission 
circuits are duplicated, or where a higher 
subtransmission voltage is used. Whether 
the subtransmission circuits enter the area 


Figure 11. Effect of subtransmission-circuit 
voltage on size of substation and total system 
investment 


Curve designations refer to systems of Figure 1 
Primary network is overhead 

Load density is 1,500 kva per square mile 
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from the narrow or long side, the trend is 
the same but the increase will be slightly 
greater for the former case. Practical ex- 
perience in laying out a number of actual 
systems corroborates the fact that, as the 
load-area shape departs from a square, the 
use of smaller substation sizes results in 
lower cost as wellas a more flexible system. 


II—Losses 


The losses for those parts of the system 
referred to in part I include core losses, 
cable dielectric losses, and all copper los- 
ses. The charge was assumed to be $100 
per kilowatt for the variable losses and 
$350 per kilowatt for the constant losses. 

Losses were considered only for the low- 
voltage selective (Figure 1C) and the pri- 
mary network (Figure 1E) systems. 
Losses for the high-voltage—low-voltage 
selective (Figure 1D) system will be the 
same and for the high-voltage selective 
system (Figure 1B) will be only slightly 
higher than for the low-voltage selective 
(Figure 1C) system. The results for two 
of the cases shown in Figure 12 are typi- 
cal. This part of the study shows the ex- 
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pected result of a decrease in losses as 
smaller units and higher load densities 
are involved. 

There appears to be no appreciable dif- 
ference in loss evaluation, between the 
two types of systems analyzed, for the 
same substation sizes. In general, how- 
ever, the losses for the primary network 
are slightly less, particularly for the 
higher subtransmission voltages. This 
would indicate that regardless of the type 
of system assumed, smaller substations 
should be selected than would otherwise 
be the case if only system investment was 
considered. Regardless of this, if the loss 
evaluation and system investment are 
combined, as shown by the typical case in 
Figure 13, the optimum size of substation 
will not change from that selected on the 
basis of system investment. A higher 
evaluation of losses than used herein, 
though, might require modification of this 
conclusion for certain cases. 


I1I—Deferred System Investment 


The use of smaller sizes of substations 
allows the total installed substation ca- 
pacity to follow more closely an actual 
load-growth curve as illustrated for three 
cases in Figure 14. Each of these systems 
has the same ultimate installed trans- 
former and circuit capacity and at any 
particular time has the same load carry- 
ing ability. For the one large substation, 
the high-voltage-low-voltage selective 
system is assumed. Where 3,000-kva or 
1,500-kva substations are used, a primary 
network is assumed. 

It is readily apparent from this chart 
that the 1,500-kva substation will give 
the most flexible system from the stand- 
point of ability to meet changing load 
conditions. However, from the stand- 
point of system investment or operating 
expenses including overhead, carrying 
charges on investment, interest, taxes, 
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Low-voltage selective (C) 


~—-— Primary network (E) 


49-12 


34.5 KV SUBTRANSMISSION -OH 


© 


50 


KVA/SOQ MI 


30 


DOLLARS INVESTMENT PER KVA OF TOTAL 
SUBSTATION LOAD 


EVALUATED SYSTEM LOSSES 
DOLLARS PER KVA OF LOAD #% 


TOTAL LOAD PER SUBSTATION 


1082 


Falls—Consideration of Power-Distribution-System Costs 


TOTAL LOAD PER SUBSTATION 


AIEE TRANSACTIONS 


/ 


1500 KVA/SO Mi 3000 KVA/SO MI 


DOLLARS PER KVA OF LOAD 


TOTAL LOAD PER SUBSTATION 


Figure 13. System losses plus total invest- 
ment 


Subtransmission 13.8-kv overhead. Primary 
4.16-kv overhead. Curve designations refer 
to systems of Figure 1 

—— System investment only 
—-—-— System investment plus evaluated losses 


insurance, and so forth, the use of units 
rated as low as 1,500 kva may not give 
the maximum saving. Figure 15 shows 
the accumulated investment over a period 
of 14 years for the three systems referred 
to in Figure 14. From this it can be seen 
that the accumulated investment for a 
primary network system using 1,500-kva 
units is somewhat less than that obtained 
for one large substation, whereas if 3,000- 
kva units are used, a much larger reduc- 
tion can be expected. This rather large 
reduction in accumulated investment is 
due mainly to reduction in length of 
subtransmission circuit and decrease in 
cost per kilovolt-ampere of the transformer 
as larger sizes are used. In this connec- 
tion, practical experience has shown that 
a generalized study of this type tends to 
favor the larger substation from the 
standpoint of the amount of 4.16-kv feeder 
required. In the practical case, therefore, 
there very likely will be a relatively 
greater saving shown for the smaller sub- 
stations than it is possible to show here. 


Figure 14. Illustrating how use of small sub- 
stations permits following load curve more 
closely 


If carrying charges or fixed charges are 
considered, practical experience has shown 
that the best basis of comparison is to re- 
fer all these charges, to be accrued over a 
term of years, to ‘‘present-day”’ values. 
This gives a common basis of comparison. 
To illustrate the savings possible when 
using small substations, the charges at 12 
per cent for the expenditures shown in 
Figure 15 were converted to ‘‘present- 
day”’ values using an interest rate of three 
per cent with the following results. For 
the system using: : 


(a). One large substation—$658,000. 
(b). 3,000-kva units—$427,000. 
(c). 1,500-kva units—$630,000. 


Furthermore, if large substations are used 
and load or load growth is overestimated 
at the time the substation is installed, the 
substation equipment never may be used 
to its full capacity. However, the charges 
on the investment will continue even 
though the original investment is not re- 
turning its proper revenue. If the load 
growth is underestimated, system invest- 
ment costs and, therefore, operating 
charges may be increased because of the 
difficulty of locating and building large 
substations economically in a short time. 


Appendix 


Factors Considered 


1. Loap ARBA AND DENSITY 


Load densities of 500 to 10,000 kva per 
square mile were used. The approximate 
range of 500 to 3,000 kva per square mile 
applies generally to areas where the system 
types being studied would be used. The 
lower values apply to the more lightly 
loaded suburban areas and the higher values 
to the more heavily populated residential 
areas in which there also may be some com- 
mercial load. 

For areas having load densities less than 
500 kva per square mile it is probable that a 
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simple radial system is the only type which 
could be justified. For load densities above 
about 3,000 kva a secondary network should 
be considered. Purely from a cost stand- 
point, secondary networks usually cannot be 
justified at load densities this low. How- 
ever, when this value has been reached, 
serious consideration should be given to 
starting a secondary network in order to 
keep to a minimum the facilities to be 
scrapped or changed over when the higher 
load densities actually are obtained. AlI- 
though the cases will be rare, a load density 
of 10,000 kva per square mile was studied 
since it is possible to find such areas wherein 
it would not be possible to justify a second- 
ary network. 

For the basic study a large square load 
area was assumed. This was divided into 
16 smaller square areas each of which was 
large enough to pick up approximately 
1,500 kva of load, an average loading for a 
4.16-kv feeder. All loads were assumed to 
be uniformly distributed over the area with 
the load center at the center of the area and 
the load uniformly distributed along the 
laterals and branches of the distribution 
system. 


2. Crrcurr VOLTAGES 


In all cases the primary distribution volt- 
age was assumed to be 4.16 ky, since it is the 
predominant distribution voltage. The use 
of a higher or lower voltage would tend to 
result in optimum substation sizes larger or 
smaller, respectively, than those determined 
by this study. 

Subtransmission circuits of 138.8 kv and 
34.5 kv were selected, since it was felt that, 


Figure 15. Illustrating how use of small sub- 
stations makes possible savings by deferment 
of system investment 


Investment values are based on curves of 

Figure 14 and include subtransmission-source 

switching equipment, subtransmission lines 

from source three miles from edge of area, 

substations, and main primary circuits, but do 

not include primary laterals, distribution trans- 

formers, secondaries, service entrances, or 
meters 
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in the majority of cases, voltages falling 
within these limits would be used to supply 
substations stepping down to 4.16 kv. 


38. VOLTAGE CONDITIONS 


The 4.16-kv system was designed so that 
the voltage difference between the first and 
last transformer within any substation area 
would not exceed about three per cent. 
From a voltage standpoint the worst case 
considered was for a load density of 500 kva 
per square mile, where one 3,000-kva sub- 
station having bus regulation was used to 
serve a total of six square miles. In this 
case, the requirement of three per cent volt- 
age difference was not met completely. Ina 
practical case, however, it probably would 
be cheaper to use bus regulation and small 
pole-mounted regulatorsto obtain the proper 
voltage conditions than it would be to use 
feeder regulators at the station. For all 
other conditions, this voltage requirement 
was met and in some cases was actually less 
than three per cent. This reduction is in- 
herent, however, with the particular system 
design and does not represent any increase 
in system investment. 

It was assumed that from the load center 
of each of the small areas there would radiate 
a few medium-size wires (1/0) and to them 
would be attached smaller (number 2) 
branch or lateral wires. Distribution trans- 
formers were connected to both of these. 

All voltage-drop calculations were made 
on the basis of normal peak-load conditions 
at 0.9 power factor with all feeders in opera- 
tion. Under an emergency causing over- 
loads on any portions of the system, it was 
assumed that it would be allowable to let 
the voltage sag. 

The distribution system within the load 
area (including laterals, transformers, and 
secondary circuits) will remain the same for 
all cases involving the same load density, 
regardless of size of substation or type of 
system used, if it is assumed that regulating 
equipment is available to maintain approxi- 
mately rated voltage at the load center of 
the area. Therefore, when comparing 
various system designs on a common load- 
density basis the cost of the distribution sys- 
tem within the individual load areas was not 
included. When studying the cost of any 
specific system as the load density within 
the given area increases, it would be neces- 
sary, since there would be a very sharp de- 
crease in cost per kilovolt-ampere of load as 
the load density increased, to include the 
costs of the primary laterals, transformers, 
and secondaries. This is shown quite 
clearly in Figure 8. 

It should be noted that the three per cent 
used in this analysis is not necessarily rigid 
but is a figure commonly used in the indus- 
try. The use of a higher or lower value 
merely would decrease or increase, respec- 
tively, the investment of that part of the 
system referred to in Figure 8. 


4. Service Continuiry—Tyres or 
Systems 


The degree of service continuity actually 
obtained on any one system is directly 
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affected by the degree to which the various 
parts are duplicated. Local conditions as 
to customer’s requirements for continuity of 
service, line construction through congested 
areas, and so forth, all contribute to the fact 
that in actual practice there are quite widely 
varying ideas and practices as to the actual 
requirements for duplication of service. In 
order to determine the extent to which 
duplication of the various portions of the 
system contribute to the over-all invest- 
ment five basic types of systems with 
various degrees of duplication were studied. 
These systems are illustrated in Figure 1. 


The primary network represents the high- 
est degree of continuity of service which can 
be obtained since even a low voltage bus 
failure will not cause an outage on the 
primary distribution circuits. 


Figure 2 shows the only portions of 4.16- 
ky circuits included in the basic part of this 
analysis. This layout is the same for each 
of the five types of systems analyzed, and 
the feeders may be either overhead or under- 
ground as assumed in the study. All other 
parts of the circuits not shown in Figure 2 
are assumed to be overhead: 


Figures 3 and 4 show layouts typical of 
the subtransmission circuits made for each 
of the systems of Figure 1. In all but one 
case, four 13.8-kv and three 34.5-kv circuits 
were used. For the simple radial system 
(A) only two 34.5-kv feeders were required 
to carry the normal load where no overloads 
could be incurred. It was assumed that 
each 13.8-ky circuit could be loaded to about 
8,000 kva and each 34.5-kv circuit to about 
12,000 kva under emergency conditions with 
one circuit being out of service. 


For the primary network the interconnec- 
tions between substations could be made by 
tying together the laterals which were 
assumed to radiate from the centers of the 
load areas. As pointed out previously, 
these laterals were assumed to be 1/0 con- 
ductors. In this case, however, 4/0 con- 
ductors were assumed with the length of cir- 
cuit remaining the same and the proper cost 
applied. In actual practice, some re- 
arrangement and possible additional lengths 
of circuits may be required in order to make 
these connections between stations, but, in 
general, these should not be enough to be 
significant. 

5. SUBSTATION SIZE AND EQUIPMENT 

RATINGS 


Various sizes of substations to serve the 
load area were assumed as shown in Figure 2. 
Where no duplication of transformer capac- 
ity was assumed (systems A and B), the 
kilovolt-ampere ratings of the transformers 
are as shown in Figure 2. In those cases 
where spare transformer capacity was 
available (systems C, D, and E) transformers 
were selected having a normal kilovolt- 
ampere rating such that with one trans- 
former or subtransmission circuit out of 
service, the remaining transformer or trans- 
formers would be required to carry a load of 
1.35 times normal rating. In determining 
the substation loads, a diversity factor of 1.2 
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was used where four or more feeders were 
involved. Although lower diversity fa¢tor 
would require a greater substation capacity, 
fans for forced-air cooling of the transform- 
ers to obtain greater load carrying ability 
could be installed for negligible additional 
cost. 

If the subtransmission circuits for the 
primary network are interlaced to the 
maximum degree (Figure 4) the minimum 
overload (about 35 per cent) will be imposed 
on the other substations with one line or 
transformer out of service. With a lesser 
degree of interlacing the overloads, in 
general, will exceed 35 per cent and require 
larger normal ratings of substations just to 
carry the overloads. This actually may 
result in a more economical system however, 
since subtransmission circuits may be quite 
costly, particularly if of underground con- 
struction, whereas the incremental trans- 
former cost is quite low. 

Circuit breakers of adequate interrupting 
ability were selected on the assumption that 
there would be available approximately 
125,000 kva of short-circuit capacity per 
13.8-ky feeder and approximately 250,000 
kva of short-circuit capacity per 34.5-kv 
feeder. Feeder circuit breakers were 
selected on the basis of automatic reclosing. 

In all substations required to carry a 
normal load of 5,000 kva or more, involving 
four or more feeder positions from one bus, 
individual feeder regulation was assumed. 
The reason for this is that where approxi- 
mately four or more feeders are connected 
to the same bus, the diversity in loading be- 
tween feeders is generally such that it would 
not be possible to maintan proper voltage 
conditions within the substation area if bus 
regulation were used. Bus regulation was 
incorporated only in substations designed to 
carry 3,000 kva of load or less involving two 
feeders or less. 

In a practical case, there may be some 
question as to the ability to maintain good 
voltage conditions on even two feeders with 
bus regulation without some means of sup- 
plementary regulation, particularly at the 
lighter load densities. On the other hand 
it is entirely possible that a part of the 
range of voltage control required could be 
incorporated as bus regulation in some of the 
larger sizes of substations, and individual 
feeder regulators could be used for some or 
all of the feeders; these regulators having 
something less than the total required range 
of control. For such cases, the over-all cost 
figures might indicate an increase in the 
optimum substation size. At the higher 
load densities, particularly where the 4.16-kv 
system is underground, it is possible that as 
many as four or more feeders could be regu- 
lated from one bus. 

In all cases whether feeder or bus regula- 
tion was used, sufficient range of voltage 
control was included to maintain rated volt- - 
age at the center of the individual feeder 
load areas. Where feeder regulators were 
used, it was necessary to assume the use of 
reactors in order to limit the short-circuit 
duty on the regulators to 25 times their 
normal current rating. 
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HE use of radiation as a means of es- 

tablishing comfort conditions in an 
occupied space is not a new idea to the 
electrical engineer. Small incandescent 
electric heaters have long been used as ra- 
diant sources capable of providing spot 
heating with a minimum time lag and of 
achieving a locally comfortable environ- 
ment in a space where the air temperature 
is lower than 70 degrees Fahrenheit. 
With respect to both of these character- 
istics such heating units resemble the 
open fireplace and are subject to its dis- 
advantages as well as its advantages. 
On the negative side must be considered 
the high intensity of the source with con- 
sequent difficulty in obtaining a satis- 
factory uniformity of heating effect. 

Radiant panel heating is, basically, an 
adaptation of the incandescent source 
method, but it is designed largely to over- 
come the disadvantages of the latter sys- 
tem while retaining, in large measure, its 
desirable features. A heating panel can 
be visualized as a radiant source of large 
area operating at low temperature; thus 
it can be distributed throughout the oc- 
cupied space in a manner which will pro- 

vide uniform irradiation of the occupants 
without hazard of exposure to high local 
intensities. 

Aside from its attraction as a possible 
means of strengthening the competitive 
position of electricity as a space-heating 
energy source, panel heating affords spe- 
cific advantages over convective systems 
which have led to its rapid adoption both 
in the United States and throughout 
Europe. In the ten years preceding the 
war over 3,000 installations—of all types 
—were made in European countries, 
while the growth of interest in this coun- 
try is indicated by the fact that there was 
a total of five installations in 1938 and 
close to 200 by 1941. This rapid growth 
of interest suggests the possibility of 
striking and rapid developments in the 
panel method following the war. 
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The advantages claimed for panel 
heating come under, the three general 
headings of comfort, aesthetics, and econ- 
omy. The reduced air temperature fre- 
quently realized with a panel system (ten 
degrees Fahrenheit for the example 
worked in this paper) leads to a greater 
feeling of “freshness,” provides a higher 
indoor relative humidity (corresponding 
to a fixed absolute humidity), and reduces 
the shock effect—with its accompanying 
health hazard. This occurs when a sud- 
den temperature change takes place in 
the inhaled air passing over the mucous 
membranes of the nose as when one en- 
ters or leaves a heated space. Aestheti- 
cally, panels have a marked architectural 
advantage, as they can be made an inte- 
gral part of the structure, and thus do not 
occupy space otherwise useful nor inter- 
fere with the decorative scheme. In 
most installations low-temperature panels 
form an integral part of the ceiling and 
are subject to the same decorative treat- 
ment as the unheated part; they are 
therefore invisible. From the standpoint 
of operating economy, the lower air 
temperature means a reduced energy re- 
quirement for heating the ventilation air. 
For spaces having a high ventilation rate 
(over five air changes per hour), this 
factor will lead to a very real reduction 
in operating cost. Transmission losses 
vary with the type of structure and may 
be either greater or less than for convec- 
tive heating. In general, however, data 
from existing installations suggest that, 
on the average, an over-all operating 
saving of not less than ten per cent can 
be expected. Based on experience with 
some 500 multistory installations Eng- 
lish contractors will guarantee a 30 per 
cent saving, but in’terms of American 
experience this figure appears unduly op- 
timistic. 


Electricity as a Panel Energy Source 


On a direct Btu basis, electricity cannot 
compete easily with other energy sources 
for the purpose of space heating. To im- 
prove its competitive position, means 
therefore must be found for making one 
unit of electric energy provide a heating 
effect in excess of that obtained from an 
equal quantity of energy in some other 
form. One method of doing this is to use 
a heat pump, thereby obtaining four or 
five kilowatts of heating effect for each 
kilowatt expended in electric power. 
Another method is to accomplish the ob- 
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jective of space heating without actually 
raising the temperature of the space to 
the usually accepted value. Radiant 
heating—by offsetting normal body heat 
loss with a direct irradiation component— 
permits realization of optimum comfort in 
a space having a reduced air temperature 
and thereby accomplishes space ‘“‘heat- 
ing” with a total energy input which is 
usually substantially less than that 
needed for an equivalent convective sys- 
tem of conventional design. 

Further, the surface temperature of 
space-heating panels rarely exceeds 100 
to 120 degrees Fahrenheit, so that, even 
in installations where sinuous coils are 
used with hot water as the heating me- 
dium, the first cost of thermal storage is 
reduced to a point which strengthens 
the competitive position of electricity asa 
primary energy source. If 210 degrees 
Fahrenheit is taken as the maximum stor- 
age temptrature in a system without hy- 
drostatic head, the size of the thermal 
storage tanks for a panel system with 
100 degrees Fahrenheit circulating fluid 
would be less than 30 per cent as great as 
would be required for a radiator system 
circulating hot water at 180 degrees Fahr- 
enheit. Thus with panel heating electric 
thermal storage can be installed at 
greatly reduced first cost. The total en- 
ergy requirement for such a system is, of 
course, no less than for direct electric 
panels, but the opportunity of utilizing 
off-peak energy exclusively will permit ap- 
plication of a more favorable rate sched- 
ule and elimination of the’ demand 
charge. Over 250,000 kw of electric 
thermal-storage systems are now in- 
stalled, including systems having sea- 
sonal power requirements in excess of 
2,000,000 kilowatt-hours. As a first ap- 
proximation 200 kw can be taken as the 
minimum size of economically feasible 
thermal-storage system. 

Off-peak electric thermal storage is 
equally as attractive to the utility as it is 
to the consumer. With electric boilers 
operating only during the night hours, 
such systems afford a favorable load lead- 
ing to an improved station load factor. 
When indirect thermal storage is con- 
sidered in conjunction with use of an elec- 
trically operated heat pump, the optimum 
condition of a nonseasonal 100 per cent 
off-peak load appears,as a distinct pos- 
sibility. Considering also that the lower 
permissible winter surface temperature 
and higher summer surface temperature 
of the panel system give a distinctly 
higher coefficient of performance than 
could be obtained from a heat pump oper- 
ating on a conventional all-year condi- 
tioning system, the very favorable posi- 
tion of electricity as the energy source be- 
comes evident. Three multistory build- 
ings have been equipped with all-year 
panel systems, but none of these utilizes 
either a heat pump or thermal storage. 

When the first cost of a heat pump, of 
thermal storage, or of stored cooling 


1085 


effect is being estimated, the reduced- 
operating-temperature range of the panel 
system must be given consideration, as 
the size of equipment for all three of 
these purposes is likely to be much less 
than otherwise would be needed. 

European practice has been to use 
immersion-heated electric boilers for loads 
up to 400 kw and electrode type—operat- 
ing at around 10,000 volts—for greater 
loads. The ‘“‘Underground” Administra- 
tion Building in London uses two immer- 
sion-heated boilers to raise 16,000 gallons 
of water to 270 degrees Fahrenheit (cor- 
responding to the hydrostatic head of 
the ten-story building); the boilers oper- 
ate for the 12-hour period starting at 7 
p.m. and store 23,000,000 Btu for use 
during the subsequent 12-hour period 
during which no electric energy is re- 
ceived. 


Types of Electric-Heating Panels 


All of the preceding discussion has been 
with respect to low-temperature space- 
heating panels. While units of this type 
constitute the field of greatest interest 
and afford the greatest potential electric 
load, nonetheless completeness requires 
a brief mention of the other two classifi- 
cations of electrically heated panels that 
are nowinuse. These are: 


1. High-Temperature Units. Detach- 
able ‘“‘package’’-type unit panels designed 
for auxiliary service are used widely in 
Europe. Many methods of construction 
are employed, but the average panel of this 
type has a rating of from 250 to 500 watts 
per square foot and operates with a surface 
temperature between 300 and 600 degrees 
Fahrenheit. Usually resistance wiring is 
embedded in some form of baked-clay slab, 
the heating surface being flat and of a dark 
color. Because of the relatively high in- 
tensity, panels of this kind are likely to 
cause serious nonuniformity in heating effect 
and may cause discomfort to the occupants 
if used in a room having a ceiling height of 
less than ten feet. Their principal applica- 
tion is in establishing local zones of comfort 
within a large working space—as a factory 
or large garage—in which the general tem- 
perature level is oo low for comfort. 


2. Medium-Temperature Units. These 
panels are also of the detachable type, are 
subject to the same limitations as high 
temperature units, and have the same use- 
fulness as auxiliary localized heat sources. 
Average rating is from 80 to 180 watts per 
square foot with a surface temperature be- 
tween 150 and 250 dégrees Fahrenheit. 
One commonly used unit of this type con- 
sists of a blackened sheet-metal radiating 
surface backed with resistance wiring on an 
insulating base. 


Many varieties of panels of the low- 
temperature space-heating type have 
been used, and a number of kinds has 
gained extensive practical application. 
The average surface temperature is be- 
tween 95 and 100 degrees Fahrenheit 
with a rating of 15 to 20 watts per square 
foot. One panel of this type which has 
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been used in close to 200 installations in 
England consists of a thin (1/1.-inch) di- 
electric fabric with integral resistance 
wiring rated at one watt per lineal foot 
of wire and 16 watts per square foot of 
panel. The fabric is made in rolls up to 
100 feet in length and of either 20 or 40 
inches wide. Each two-foot section is 
heated by a single nickel-copper resist- 
ance wire connected at the sides of the 
fabric to stranded copper bus bars which 
are looped at intervals of two feet. This 
permits cutting the fabric to any desired 
multiple of two feet. After the fabric is 
cut, the tabs formed by the broken sides 
of the bus-bar loops are extracted from 
the fabric and used to connect to the 
source of power. The very low load on 
the resistance wiring is said to provide 
ample protection against failure, but if a 
wire does fail it makes inoperative a two 
foot length of panel. The largest instal- 
lation of this type is rated at 300 kw. 
In passing, it is interesting to note that 
the first-class lounge on the Queen Mary is 
so equipped. 

A complete electric-fabric-panel sys- 
tem of the type described has been in- 
stalled in one of the experimental air- 
conditioning rooms at the University of 
California and is now being studied as one 
project of a comprehensive research pro- 
gram on radiant panel heating. 


Analogy Between Lighting and 
Panel Heating 


The fundamental objective in the de- 
sign of a panel-heating system is to pro- 
vide a uniform irradiation of the occu- 
pants sufficient to compensate for the 
greater convective heat loss which they 
experience as a result of lowered air tem- 
perature. While the design problem is 
basically one of establishing a heat bal- 
ance, it is in many respects surprisingly 
analogous to the type of problem with 
which the electrical engineer comes in 
contact when designing a lighting system. 
Both problems are concerned with radiant 
transfer, and, though the section of the 
spectroradiometric curve, which is im- 
portant to panel heating, occurs at a 
much longer range of wave lengths than 
that for light, the mechanism of trans- 
mission and the reflection and distribu- 
tion problems associated with the energy 
transfer are the same in each case. 

In illumination problems the designer 
must provide a sufficiently powerful light 
source to maintain the requisite illumina- 
tion on the working plane and must dis- 
tribute the luminaires in such a manner as 
to avoid glare, bright spots, and shadows. 
The panel designer has analogous prob- 
lems in that he must provide a sufficiently 
powerful heat (infrared-radiation) source 
to maintain the requisite irradiation in 
the occupied region and must distribute 
the panels in such a manner as to avoid 
high-intensity “‘hot” spots and “cold” 
shadows. The remarkable similarity be- 
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tween illumination and panel heating is 
particularly helpful to the electrical ep 
gineer as it permits him to apply to panel 
design most of the equations and all of 
the shape-factor data which are included 
in the standard. illuminating-engineering 
texts and references. 

With respect to the distribution prob- 
lem, panel design requires more data and 
a more complex treatment than is needed 
in illumination. In lighting design the 
problem is to provide uniform illumina* 
tion on a flat working plane while with 
radiant heating the objective is to uni- 
formly irradiate a human of varying and 
complex surface as he moves with respect 
to the fixed source. The analogy between 
the two types of problem can be extended 
however to include the typical case of 
providing a local region of greater illu- 
mination (or infrared irradiation) in a 
large enclosure for which the general 
level of illumination (or heating) is in- 
adequate. The similarity between these 
two problems is of even greater interest 
when one remembers that the need for a 
greater intensity of localized lighting is 
likely to occur at the same point for 
which greater heating will be needed; — 
thus the possibility of developing electric 
panel heating to correlate with the light- 
ing is immediately suggested. 

The use of properly selected wall-sur- 
facing materials and colors can increase 
greatly the efficiency of a lighting system; 
similarly, the use of surfacing materials 
having a high reflectivity for infrared ra- 
diation will improve the distribution in a 
panel-heated room. and—if materials of 
very high reflectivity were commercially 
available—would reduce the required 
energy input. Care must be exercised, 
however, in applying the reflection an- 
alogy to panel heating. Materials which 
have a very high reflectivity when irra- 
diated with energy having the wave- 
length range of light may be almost com- 
pletely ineffective as reflectors of infra-red- 
heating rays. Thus silver-backed mirror 
walls would improve lighting efficiency 
but would not better the efficiency of 
a panel-heating system appreciably. 

One additional characteristic of light- 
ing systems which is theoretically pos- 
sible with panel heating, but which no 
commercial system has yet achieved, is 
immediacy of response. If an electrically | 
heated panel could be developed having 
inappreciable thermal capacity the sur- 
face temperature would be raised as 
soon as the panel was, energized. The 
desirability of such a system needs no 
comment, but no satisfactory method 
has so far been developed for reducing the 
thermal capacity and hence obviating the 
lag in response that is found with existing 
panels. As this difficulty is overcome, 
more rapid and precise control of all- 
year panel systems will follow, and the 
energy loss associated with the passing of 
heat into or out of storage in the panel 
will be reduced. \ u : 
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Panel-Design Procedure 


THE DBPSIGN PROBLEM 


Basically, the first step in the design of 
a radiant-heating system is to determine 
the amount of panel surface required and 
the temperature at which it must. oper- 
ate; in most installations the maximum 
allowable panel temperature is a design 
constant, and the problem therefore re- 
solves itself to the determination of the 
necessary area of panel. Once the panel 
area is fixed, the second design step is to 
distribute that area throughout the 
heated space in such a manner as to pro- 
vide uniformity of heating effect for all 
positions which the occupants may take 
within the enclosure. 

The first two steps in the design pro- 
cedure, as previously listed, are com- 
pletely independent of the type of panel 
used and of the heating medium; they 
are the same for electric, steam, hot wa- 
ter, or direct gas-fired panels. These also 
are the most difficult steps and the ones 
which can most readily be responsible 
for an ineffective or inoperative system. 
The first step can be carried out by a ra- 
tional analysis which, though not simple, 
is yet straightforward. Since this part 
of the design is of the greatest importance 
and is basic to all else, a detailed ana- 
lytical procedure accompanied by a rep- 
resentative numerical example will be 
presented in a following section. 

The second design step, distribution 
analysis, does not admit of a rational 
treatment, but can be carried out either 
in terms of experience with other simi- 
lar installations or by application of the 
fundamental experimental data, avail- 
able in the literature,‘ on the shape factor 
of a person with respect to a panel. 
Standard ceiling-panel patterns have 
been recommended for different ceiling 
heights, and it is suggested that these be 
used or that a complete graphical analy- 
sis of the particular installation be made 
in terms of the experimental shape-factor 
curves. This step will not be considered 
further in this paper. 

The third and last design step—de- 
veloping a type of panel which will permit 
bringing the requisite amount of energy 
from the source to the panel surface—is 
essentially a problem of commercial de- 
sign. Innumerable methods have been 
used, the procedure varying with the 
panel temperature and with the medium 
used for heating. In electrically ener- 


‘gized panels the principal problems are to 


provide sufficient facing material to in- 
sure adequate heat diffusion and conse- 
quent uniformity of panel-surface tem- 
perature, and yet not to allow the thermal 
capacity of the panel to become great 
enough to cause delayed response to 
load changes. This entire problem is one 
involving highly competitive commercial 
design and will not be considered further 


_in this paper. 


In the sections which follow, the com- 
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plete analytical procedure will be de-. 


veloped for carrying out the rational de- 
sign of a panel-heating system. Equa- 


~ tions will be established for evaluating the 


surface temperatures throughout a ra- 
diant-heated room for equilibrium condi- 
tions, the necessary temperature of a 
panel of fixed area will be calculated and, 
the required maximum energy input of the 
heating plant will be determined. Since 
ceiling panels are much more effective 
in transferring a large fraction of energy 
by radiation than are either wall or floor 
panels, the analysis will be restricted to 
units of this type; extension of the pro- 
cedure to either wall or floor panels is 
simple, however, as it requires merely an 
adjustment in the values of the film coef- 
ficients of heat transfer. 

The rational procedure involves setting 
up a sufficient number of independent 
heat-balance equations to permit a si- 
multaneous solution leading to evalua- 
tion of the air temperature and of all sur- 
face temperatures within the heated en- 
closure. This is done by writing balance 
equations on the ventilation air and on 
each unheated type of surface which 
exists in the room; a last equation, de- 
termined empirically from considerations 
of individual comfort, permits simultane- 
ous solution of the group. Since the 
basis of the entire procedure is the equa- 
tion for a heat balance on a surface, this 
equation will be developed and discussed 
in detail, in the section immediately 
following. 


HEAT BALANCE ON A UNIPLANAR SURFACE 


To establish a heat balance on a sur- 
face subject to steady-state energy ex- 
change, the net heat flow to the surface 
from the surround on one side must be 
equal to the net heat loss to the surround 
on the other. Since the mean radiant 
temperature (average weighted inside 
surface temperature) of a panel-heated 
room exceeds the inside air temperature, 
a reasonable starting assumption is that 
the inside surface receives energy by ra- 
diation from its enclosing surfaces, loses 
energy by convection to the inside air, 
and loses energy by conduction through 
the solid material (as wall, floor, ceiling, 
or glass) of which the surface in question 
is the inside face. If this assumption is 
incorrect, the results of the analysis still 
will be valid, provided only that the as- 
sumed temperature relationships are 
used consistently when establishing heat 
balances on all surfaces of the enclosure. 

If we consider a surface, s, for which 
the balance is to be written and evaluate 
the net radiant transfer to s from any 
other surface, 1, which s ‘‘sees,”’ the basic 
radiation equation! is 


| sf [= cos ¢1 cos ¢,dA,dA, 
qRis =9| @ ib 
1S - phd Oy ar? 
doe T;* cos $1 cos 6dA a 
es ; 
As J Aj ie 
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where 


gris =net direct radiant transfer (g, Btu per 
hour) from,surface 1 to surface s 
o=Stefan-Baltzman constant=0.172X 
1078 
T =temperature, degrees Fahrenheit abso- 
lute, at a point on the surface 
e=emissivity 
r=distance between centers of the two 
surfaces 
#=angle between line 7 and a normal to 
the surface 
A =area, square feet 


Because of change of distance and po- 
sition of each point of one surface with 
respect to any other surface, the tempera- 
ture is a point function. In practice, 
however, but small error is introduced 
into the analysis by considering that the 
variation of temperature from point to 
point, on a given surface, is negligible. 
Further simplification can be realized if 
the emissivities of the source and receiver 
are the same. Introducing these condi- 
tions into equation 1 gives 


Ts") X 
he eee (2) 
1 JAS as 


The fundamental weakness of equation 
2 is that it evaluates only that fraction of 
the total radiant exchange from 1 to s 
which is due to direct exchange of energy 
emitted by these two surfaces. - Addi- 
tional transfer will occur as a result of 
interreflections from other surfaces form- 
ing the enclosure and from rereflections 
between 1 and s of energy originally 
emitted by 1 and eventually absorbed by 
s. Precise evaluation of reflected com- 
ponent of radiant exchange is complex 
and time-consuming.” An approximate 
method of correcting equation 2 is to 
treat the transfer surfaces as though they _ 
were perfect emitters and perfect re- 
ceivers: that is, to assume e = 1.0. For 
surfaces of the type usually found in 
panel-heated spaces, this assumption is 
well justified, as the actual emissivities 
are likely to be greater than 0.9, and, 
since the transfer surfaces form part of an 
enclosure, the effective emissivity—due 
to interreflections and rereflections—will 
exceed the actual value. ; 

Further simplification of equation 2 is 
obtained by noting that the term under 
the double integral is a function only of 
the geometry of the system and can be 
evaluated in terms of the shape, size, and 
relative position of the two surfaces. 
By definition, the shape factor of surface 
s with respect to 1 is 


1 cos ¢; cos ¢; dA; dAs 
Fs, Ap D (3) 
1 Ay,/ A2 Tr 


and is numerically equal to the fraction of 
energy received at s of that emitted by 1. 
Similarly F,,; can be evaluated, and, by , 


Gris = eo(T\*— 


. A 
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inspection of the defining equations, the 
reciprocity theorem is obtained: 


Fu A,=Fi; As (4) 


In terms of shape factor and for bodies 
which are perfect emitters and receivers, 
equation 2 now becomes 


gris =o(Ti4§—T;*) Fis As (5) 


A disadvantage of this equation is the 
fourth-power exponent on the tempera- 
tures. Basically, the exponential rela- 
tionship is needed for a rational expres- 
sion, but a satisfactory first-power ex- 
pression—adequate for panel-heating 
problems—can be obtained by noting 
that in the usual range of temperatures 


o(Ty4— —T, 4) 
rae: 


and this permits rewriting equation 5: 
Qkis=1.08(—ts) Fis As (6) 


where ¢ is the surface temperature in de- 
grees Fahrenheit. 

The net radiant transfer to s from all 
of the different surfaces constituting the 
enclosure is then 


QRs = Ris + IRast - -- + Rns 
=1.08A5[Fis(h —ts) + Pos(te—ts) + 
-- +Frs(ta—ts) ] (7) 


The loss of energy from s to the room 
air can be evaluated by Newton’s law 
of cooling: 


Vs =hs(ts—ta)As (8) 


where gy is the convective heat loss, 
Btu per hour and + is the film coefficient 
of heat transfer, Btu per hour (square 
feet) (degrees Fahrenheit). 

Heat loss from the surface through the 
structural material to the outside air is 
given by the equation: 


gcs= CA s(ts—to) (9) 


where fp is the outside air temperature and 
C, is the conductance measured from sur- 
face s to the outside air. In most prob- 
lems the over-all coefficient of heat trans- 
fer, U (from inside air to outside air) is 
known or can be obtained directly from 
a handbook; in that event the conductance 
can be calculated from the equation: 


(10) 


Now if we write the heat-balance equa- 
tion! for surface s, 


qRs =QVstQes 


or substitute from equations, 7, 8, 9, 


1.08[Fis(—ts) +... + Frs(tn—t,)] 
=g(ts—te) + Cs(ts— Eo) (11) 
and 
1.08[Fisht+...+Fpstn|tAstot+ Coto 
LOS Ree phate hee C; 


(12) 


s= 
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Equation 12 is the fundamental heat- 
balance equation which is used as a basis 
of the analytical procedure for panel de- 
sign. For all practical problems, however, 
it can be further simplified to one of two 
special forms. If surface s is uniplanar, 
the sum of the shape factors appearing 
in the denominator must be equal to 
unity (since 100 per cent of energy emitted 
by s is received by the enclosure); 
equation 12 reduces to 


1.08( Fish +...+Frsts) thsta+ Coto 


(12a) 
1.08+4.+(C, 


s= 


while if s is not uniplanar it possesses a 
shape factor with respect to itself, Fs, 
and the sum of shape factors, 


Fyot...+Fns=l—Fss 
and so 


AOS CH iaeeeie tal heb tee, 
1.08(1— Fes) ths t+ Ce 


OS (12b) 
Equations 12a and 12b, with minor 
variations, provide the prototypes for all 
of the surface heat-balance equations re- 
quired in the panel-design procedure. 


Heat BALANCE ON A PANEL-HPATED 
Room 


In the previous section an equation was 
established which gives the temperature 
of a surface as a function of the tempera- 
tures of all surrounding surfaces, the 
inside air and the outside air. Thus, fora 
problem in which only the outside-air 
temperature is known, numerical deter- 
mination of any surface temperature re- 
quires simultaneous solution of a set of 
independent heat-balance equations, the 
number of equations exceeding by one the 
number of different surfaces making up 
the enclosure. One independent equa- 
tion can be written for each type of sur- 
face except the heating panel, and an 
equation likewise can be written for the 
ventilation air asit passes through the 
room. 

There remains, then, need for one ad- 
ditional equation. This last equation can 
be established from a consideration of the 
relationship which must exist between 
the inside-air temperature and the 
weighted average inside-surface tem- 
perature (mean radiant temperature) if 
comfort conditions are to exist within the 
room. Usually, differences in surface 
temperatures are not great, and the 
mean radiant temperature can be evalu- 
ated approximately as the average sur- 
face temperature. Since adequate and 
comprehensive experimental data are 
lacking, it is suggested that the comfort 
relationship be based on the condition 
that a one-degree-Fahrenheit change in 
mean radiant temperature is compensated 
for by a one-degree-Fahrenheit change, 
opposite in direction, of the inside-air 
temperature. Considering also that com- 
fort would be realized in a room with air 
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and walls at 70 degrees Fahrenheit, the 
comfort equation can then be written; 


_bAstbAittydgttodut todd (13) 
AytAit4A,tAwtAp 


where the subscripts f, 1, g, w, p represent 
floor, inside partition, window, wall, and 
panel surfaces. As written, equation 13 
is for a room in which the entire ceiling 
is occupied by the heating panel; if this 
condition were not met (as, usually, -it 
would not be) an additional term would 
be needed to represent the unheated ceil- 
ing surface. 

The equation for a heat balance on the 
ventilation air can be written by consid- 
ering that W pounds per hour of outside 
air are heated to room temperature as a 
result of convection from the inside sur- 
faces: 


fg = 140 


0.24 W(ta—te) =p (tp—ta) Apt 
hig(tg— tg)A ot hey (ty — ta)Awt 
hiy(ty—ta)AgtIa(ti- ta) At 
or 
= 


hptpA pthigtgA g=hwtwA w= 
hytyAy= hit;A; +0 ‘ 24 Wt. 
Hipp thigAg = hap yp =hyAy-+hyA,+0.24W 
(14) 


For a room having two adjoining ex- 
terior walls, each containing window area, 
and a ceiling entirely covered with panel, 
the surface heat-balance equations would 
be (by analogy with equations 12a and 
126 and with subscripts as previously de- 
fined) 


ty= 
1 08 ( Figtit- Frptp+ Fostg+ Fuytw) +hyta+ Cyto 
1.08-+hy+ Cy 
(15) 
1.08(Fyaoty+ Firoti+ Fpwotp + Forty) 
throat + Croto 
ty = SS 
a 1.08(1— Fron) +ho+ Cw ( r 
tg= 


1.08(Fingtro+ Fgtyt Figti + Footy) +ligtat Coto 
1.08(1— Fy) +hg+Cy 


(17) 


i= 
1. 08( Foitg+ Fryite+ Fritg+ Foitp) +hitat+ Cito 
1.0811 — Fig) thi +; 
(18) 


Six simultaneous equations now have 
been established (13, 14, 15, 16, 17, 18) 
the solution of which will determine the 
six unknown temperatures (fg, tp, hy, 
ty, tw, ty) thereby fixing the necessary panel 
temperature and permitting calculation 
of the required energy input to the sys- 
tem. In many problems the panel tem- 
perature is fixed as a design constant in 
which case the panel area, A, replaces 
t,asanunknown. Note, however, that for 
this case there must be seven equations 
and seven unknowns as some unheated 
ceiling surface, at unknown tempera- 
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ture, will exist. The area of unheated 
ceiling likewise is unknown, but can be 
readily expressed as the total ceiling area 
minus the panel area. 


NUMERICAL EXAMPLE 


To show the application of the funda- 
mental design equations to a particular 
problem consider a room 20 by 20 by 10 
feet having two inside walls (U = 0), 


two adjoining exterior walls, (U = 0.25): 


each with a window (U = 1.13) 10 feet 
long by 5.68 feet high, the sill 21/2 feet 
above the floor, and the vertical center 
line of the window located on the center 
line of the wall. The floor (U = 0.25) is 
exposed to outside air. Outside-air 
temperature will be taken as zero degrees 
Fahrenheit, and ventilation at a rate of 
one air change per hour (4,000 cubic feet 
per hour giving W = 297 pounds per 
hour). The entire ceiling consists of the 
heating panel. Film coefficients can be 
taken as 0.4 for the panel; 0.7 for walls, 
partitions, and windows; 1.1 for the 
floor. The constants needed in solving 
the simultaneous equations are then 


lip =0.4 Pty =hy =i =0.7 ly =1.1 W=297 


ee Baar ied ‘ 


Uy (hwthp) 0.25 0.7+1.08 
=0.291 C;=0 


1 
ae 
1 


Orzo; 1T-+-1.08 


1 
C,= 
ose ak 1 


1.13 0.7+1.08 


=3.09 


A,=400 Ay=400 A;=400 A,=113.6 
Aw=286.4 


Determination of the shape factors can 
be accomplished analytically, but the 
computations are involved and tedious. 
In the present case all surfaces are square 
or rectangular and are in planes either 
parallel or normal to one another. Graphi- 
cal solutions for problems of this type 
are available in standard references,?:? 
and the numetical values tabulated 
in the following therefore have been ob- 
tained either directly or by interpolation 
from one or the other of these sources 
(or by application of equation 4): 


Fyx=0.3800 Fy=0.300 
Fyp=0.41 Fpy=0.41 
0326 Fyr=0.234 
- Fy =0.304 Fyr= 0.086 

Fy=0.150 

Fig=0.300 | F4=0.300 
Fig =0.253 Fy =0.072 
Fyp=0.228 Fy4=0.178 
Fry =0.108 

Feop=0.208 © Foy=0.290 
Fug=0.080 Fy» =0.032 
Fy =0.043 

Fop=0.092 — Fyg=0.325 - 
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A check on the accuracy of the shape 
factors can be obtained by noting that, 
for any surface, the sum should be equal 
to unity: 


Fro Fiwt Fow+ Foot Frow =1 
0.326+0.228+0.290+0.032+0.108 
=0.984 (Error=1.6 per cent) 


Similar check on the other surfaces will 
show the error is in no case greater than 
five per cent. 

Determination of Equilibrium Tempera- 
ture. Substituting the known terms 
into the six simultaneous equations gives: 
From equation 13, 


tg =140— 
400t,+400t; +113. 6t7 +286 . 4,.+400t, 
400+400+113.6+286.4+400 


tq =140—0. 25t,—0. 25t;—0. 25ty — 
: 0.071ty—0.179tr 


(13a) 
From equation 14, 


0.4t, 400+-0.7t, 113.6+-0.7ty 286.4+ 


1.1ty 400+-0.7t; 400 +0.24 K297 XO 


R= 
2" 0.4X400-+0.7 X113.6-40.7 X286.4+ 
1.1X400+0.7 X400+0.24 297 


tq =0,13tp +0.0645t, +0.163t+0.357t-+ 
0.227t; (14a) 
From equation 15, 


1.08(0.34-+0.41ty+0.086t,+ 
0.234by) +1.1tg+0 
1.08-+1.10-+0.283 


ty=0.132t,+-0.0378t)+0.103ty+ 
0.447t,+0.18t, 


t= 


(15a) 


From equation 16, 

1.08(0.326t,-+0.228t;+-0.290ty+ 

0.082t,) +0.7t,+0 
1.08(1 —0.108) +0.70-+0.291 


try =0.180t7-+0.1264,+-0.0176t)+ 
0.357tg+0.16tp 


t= 


(16a) 
From equation 17, 


1.08 (0.08, +0.304t,-+0.2534,+ 
0.325ty) +0.7tg +0 


t= 
| 1.08(1 — 0.043) +0.7+3.09 


tg =0.0179ti+0.068t,+-0.0566t;-+ 
0.145ta+0.0725tp 


(17a) 
From equation 18, 


/ 
1.08(0.072t,-+0.178l9-+-0.300t,-+ 
| 0.3ty) +0.7f4+0 


1.08(1—0.150)+0.7+0 


ty =0.048t, +0.1186t)+0.200t,+ 
0.432t,+0.2tp (18a) 


—— 


The six simultaneous equations are 
now in a form suitable for solution. 
If ¢;t— is eliminated: 

From equations 15a and 16a, 


0.1324+0. 03787 +0.103t,)-+0.447tq+ 
0. 18ty +5. 56tw»—0.700t;—0.0977t,— 
1. 98f,—0. 89tp 
0.8324,+0.1355t,—5. 46t +2. 43tq+ 
1.07t)=0 
t= —0. 16287 +6. 56 —2.92tg—1.29tp (A) 
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From equations 16a and 17a, 


5. 56l.—0. 700% —0.0977tg— 1. 98tg—0. 89tp 
=14.7t, —0.263t,—0.832t; — 2.13% — 1.068ty 
5.82ly+0.132t,—14.71t,+0.154g+ 
0.178ty =0 
tg=111.5fy —44.1ty — 1.138%q — 1.35tp (B) 


From equations 17a and 18a, 


14.7t, —0.263h —0.832t;—2.13tg—1.068tp = 
5.00; —0.240t,—0.593ty —2.16fq —tp14.94ty+ 
0.330t — 5.83¢;+0.03fg—0.068tp =0 

ty =2.56t) +0.0567t+0.0051 5ta—0.0116ty 
(C) 


From equations 18a and 14a, » 


5.00; — 0.240, —0.593t,» —2.16tg — 
ty =2.80tq —0.181t, — 0.457 ty — 
0.6364; —0.364t, 
5.64t; —0.059t, —0.136ty —4.96tq —0.636ty =0 
t;=0.01047t, +0.0241t, +0.880tg +0.1125t, 
(D) 
From eqtfations 14a and 13a, 


2.80tq —0.181t, —0.457 ty —0.636t;— 
0.364t, = 560 —4t, —t; typ —0.284, — 
0.716 typ 
6.8tg +0.103t, +0.259t,-+0.364t;-+ 
0.636t, — 560 =0 
t;=1,538—0.283t, —0.715t,)—18.7tq—1.75ty 
: (E) 


From the five equations, A, B, C, D, E, 
the temperature of inside-wall surface is 
now eliminated: 

From equations A and B, 


111. 7t)—50. 7 +1.78tg—0. 06ty =0 
ty =0.455ty—0.016tq+0. 00005ty (F) 


From equations B and C, 


108. 9,44. 2ty—1.143t,—1.34t, =0 


ty =0.406t,)+0.0105tg +0. 0128¢, (G) 


From equations C and D, 


2. 5dty +0. 0326t,.—0.875tg—0.1241ty =0 
ty = —0.0128%+0.343t2+0.0487tp  (H) 


From equations D and £, 


0. 2935t) +0. 738t)+19. 58fa+1. 86ty — 1,588 
ty = 5,240 —2. 52th, —66. 9tg—6. 35ty (I) 


The glass temperature, ¢,, can now be 
eliminated from the four equations; 
Joy Cy tab die 
From equations F and G, 


0.049t,, —0.027tg—0.0118t, =0 
tw=0.551tg+0.241ty (J) 


From equations G and H, 


0.407t»—0.332tg—0. 03641 =0 


typ =0.816tg +0. 09tp (K) 
From equations H and J, 

2.507 ty +67 . 243tg+6.399t,—5,240 

ty =2,090. 1-26. 82tqg—2. 55ty (L) 


The wall temperature can now be elimi- 
nated from equations J, K, and L:; 
From equations J and K, 


0.265tg—0.151tp=0 or tg=0.571tp * (M) 
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From equations K and L, 


2,090. 1—27.636t,—2.64t, =0 or 
tg=75.62—0.0956tp (N) 


If we eliminate f, and solve equations 
M and N for the equilibrium panel tem- 
perature, 


0.6666, =75.62 and t,=113.44 degrees 
Fahrenheit 


Then from equation M, 


tg =0.571X113.44=64.77 degrees Fahren- 
heit 


From K, 


ty =0.816 X64.77+0.09 X 113.44 =63.06 
degrees Fahrenheit 


From F, 


tj =0.455 X63.06—0.016 X64.77+ 
0.00005 X113.44=27.6 degrees Fahrenheit 


From A, 


t,= —0.162X27.6+6.56 X63 .06— 
2.92X64.77—1.29X1138.44=72.73 de- 
grees Fahrenheit 


From 18a, 


ty=5.00X72.73—0.240 X27.6—0.593 X 
63.06—2.16X64.77—113.44 = 66.30 
degrees Fahrenheit 


Mean radiant temperature =0.25 X66.3+ 
0.25X72.73+0.25X113.44+0.071X 
27.6+0.179X63.06=76.36 degrees Fahr- 

enheit 


Depression D, of air temperature below 
mean radiant temperature 


D=t,—mean radian temperature 
=76.36—64.77=11.59 degrees Fahrenheit 


Effective comfort equivalent temperature 
within the room, 


76.36 +64.77 : 
be Site peat =70.6 degrees Fahrenheit 
(19) 


(The foregoing numerical example has 
been carried out to 1/109 of a degree even 
though the design constants and the em- 
pirical comfort equation do not justify 
such accuracy; the reason for so extend- 
ing the work is to permit exact solution of 
the simultaneous equations.) 

Determination of Necessary Energy 
Input. Sufficient heat rust be sup- 
plied to the room to offset the conduction 
losses through exterior surfaces and the 
heat gain of the ventilation air. Since all 
equilibrium temperatures are now known, 
the required heat supply can be calculated 
readily from the equation: 


Op =0.24W (ta — to) + CwA w (trp —ty) + 
CoA g(tg—bo) +CyAs(ty—t,) (20) 


The heat loss from the rear of the panel 
will not be included as it will be assumed 
either that there is a heated space on the 
floor above or that the panel is backed 


1090 


with sufficient insulation to reduce the 
heat loss to a negligible amount. If 
we substitute into equation 20, 


Op=0.24X297(64.77 —0) +0.291 X 
286.463.06+3.09X113.6X27.6+ 
0.283 X400 X66 .3 =4,620 +5,260 +9,750 + 

7,530 =27,160 Btu per hour 


Comparison With Energy Input for 
Convective Heating. The panel-heating 
system designed in the previous sections 
would provide comfort in a room with air 
temperature of 64.8 degrees comparable 
to that which would be realized in a con- 
vection-heated inside room for which 
both air and surfaces are at 70.6 degrees 
Fahrenheit. For the room used in the 
example, or for any room having trans- 
mission losses, the surface temperatures 
would be lower than the air temperature 
if convective heating were used. Thus, 
to compare the energy requirements of 
the two systems on the basis of equal 
comfort, the relationship between mean 
radiant temperature and /, must be es- 
tablished for the room with convective 
heating, and the air temperature to be 
maintained in this room then must be 
adjusted to satisfy the equation, 


tg+mean radiant temperature 
2 


=70.6 (21) 


In this equation, mean radiant tempera- 
ture can be expressed as a function of t, 
by noting that for any section of wall, s, 
the surface temperature can be calculated 
from the resistance proportionality, 


and when fy = 0, 


Usta 


i= 
=| (22) 


Then if we use equation 22 to express 
all surface temperatures and substitute 
the resultant expression for mean radiant 
temperature into equation 21, 


AU A,U, A,Uy 
tat / = 
rt ( ep G + C a Ay deals 


why tpt Atay | 
2 


=70.6 (23) 


where A, is equal to the ceiling area (as- 
sumed, for comparison with panel room, 
to have negligible heat loss). Now if we 
det ASHE dite A, ai) Ae 


ta (* Yo , Ay Bass 
Cw Cy Cy 


+4ctAct4n) 


=141.247 (23a) 
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If we substitute known terms into equa- 


tion 28a, 1) 
286.40.25 1138.61.13 
im 0.291 3.09 
400 X0.25 
———*" + 400 +400 +1,600 
0.283 Bi ) 


=141.2X1,600 
giving fg = 74.3 degrees Fahrenheit. 


For comfort equal to that of the panel- 
heated room, the air temperature in the 
convective-heated room therefore must 
be 74.3 degrees Fahrenheit, almost ten 
degrees Fahrenheit greater than that 
needed with radiant heating. The load 
for convective heating can then be calcu- 
lated, 


Q.=(0.24W+ UyAw+ U,Ag+ U;Az) (ta —to) 
(0.24297 +0.25286.4+1.18X » 
113.6-+0.25 400) (74.3 —0) 
=74.3(71.5+71.9+128.5+100) 
=27,600 Btu per hour (24) 


ll 


Panel Performance Characteristics 


The room considered in the example 
has practically the same heat loss whether 
heated by a panel or by a convection sys- 
tem; the saving due to use of radiant 
heating, 1.6 per cent is negligible. Care 
should be exercised, however, in attempt- 
ing to generalize from the result of this 
one numerical example as the difference in 
energy requirements between the two 
types of system differ widely with the 
architectural. characteristics, ventilation 
rate, and outside design temperature of 
the installation. Frequently panel heat- 
ing affords a definite and important re- 
duction in energy requirements while in 
some cases there may be a slight loss. 
Because of this lack of consistent rela- 
tionship between radiant- and convective- 
heat loads, the most satisfactory proce- 
dure in designing a radiant installation is 
to use the rational heat-balance procedure 
even though it is tedious and time-con- 
suming. 

A point of particular interest with 
respect to comparative characteristics 
of heating systems is that a given load 
comparison is valid only for the specific 
design conditions used in the computa- 
tion. If we refer again to the 1.6 per 
cent saving due to panel heating of the 
room used in the example, this figure is 
true only for an outside-air temperature 
of zero degrees. As the outside tempera- 
ture varies, the respective loads of the 
two systems will not vary proportionally. 
Thus, in evaluating the true operating 
advantage of one type of system over the 
other, the energy requirements should be 
determined for a range of outside tempera- 
tures and the seasonal power require- 
ment obtained by summing the energy 
needs for all periods of operation. This 
condition represents a distinct variation 
in the performance of radiant systems 
and, if not given consideration, easily 


ATEE TRANSACTIONS 


may be responsible for an incorrect con- 


‘clusion as to the relative operating costs. 


Aside from the problem of calculating 
the energy requirements of a radiant sys- 
tem, the heat-balance analysis is the only 
method by which the relationship be- 
tween panel temperature and panel area 
can be evaluated. If we assume that the 
load on a given system is approximately 
determined by some other method and 
the maximum panel temperature is fixed 
by some structural limitation (as limit- 
ing temperature of a plaster ceiling), de- 
termination of the minimum panel area 
would still require establishing a heat 
balance on the system, as otherwise the 
rate of heat input to the room from one 
square foot of panel could not be estab- 
lished. This rate depends not merely on 
the room air temperature, but also on 
the temperatures and relative positions 
of the surrounding surfaces. For the 
room used in the example, 


oe Or 27,160 
®  Apltp—ts) 400(113.4—70.6) 


=1.58 


Btu per (hour) (square feet) (degrees Fahren- 


heit) (25) 
Based on 70 degrees Fahrenheit as the 
most commonly used equivalent tem- 
perature and 120 degrees Fahrenheit as 
a maximum panel temperature, the 
hourly maximum energy dissipation rate 
would appear to be of the order of 80 
Btu per (hour) (square feet). This figure 
may vary widely with the conditions of 
each problem, and the value shown can be 
used safely only as rough over-all check. 

Although intended asa radiant-heat 
source, the average panel dissipates a 
substantial fraction of its total energy 
output by convection. ‘Again if consider 
the room used in numeral example: 


Panel energy loss by convection 

=A p(tp—ta) 

=0.4400(113.4—64.8) =7,776 Btu per 
hour 


Cus 100 t =28.5 per cent 
= er cent = . en 
27. 160 alee Lis 


Thus a panel does not provide 100 per 
cent radiant heating, but it does transfer 
a larger fraction of energy by radiation 
than do most other heating systems. If 
surfacing materials having very high re- 
flectivities were commercially available 
and aesthetically acceptable, comfort 
could be maintained at a very low air 
temperature and with an energy input 
insignificantly small in comparison with 
that required at present. The probability 
of realizing such a high degree of operat- 
ing perfection is, from a practical point 
of view, remote, but the possibility does 
serve to indicate that a much more effec- 
tive approach to true radiant heating 


1944, VOLUME 63 


than has so far been realized may yet be 
attained. 

An acceptable criterion of panel per- 
formance, indicative of the extent to 
which the actual system approaches true 
radiant heating, is the depression, D, of 
room air temperature below the mean ra- 
diant temperature. A study of the funda- 
mental equations will show that D 
increases as the ventilation rate increases 
and as the thermal resistance and outside- 
air temperature decrease. Panel tem- 
perature has only a small effect on D, the 
depression increasing slightly with in- 
crease of panel temperature. Thus the 
effectiveness of panel heating, as judged 
by D, is greater in cold climates and for 
poorly insulated structures having high 
ventilation rates. This does not mean, of 
course, that insulation is undesirable; 
rather it indicates that the saving due to 
use of panels in general will be greater in 
structures which have a high heat loss. 

Selection of a maximum design panel 
temperature is dictated by considerations 
of uniformity of heating as well as by pos- 
sible structural limitations. A small high- 
temperature panel may dissipate an ade- 
quate amount of heat and yet fail to pro- 
vide occupancy comfort, because of the 
varying amount of irradiation experienced 
by the occupant in moving around the 
room. This problem requires a knowledge 
of the shape-factor variation of the hu- 
man body with respect to a moving point 
on the ceiling; experimental data on such 
factors and analyses of typical distribu- 
tion problems are available in the litera- 
ture. As a first approximation, fre- 
quently inaccurate, the panel surface 
can be distributed as a border around the 
periphery of the ceiling. Such a pattern 
will not always provide adequate uni- 
formity of irradiation, but, lacking the 
time or data required for a determination 
of the optimum pattern, it will assure 
more satisfactory results than would be 
attained if the entire panel surface were 
placed in one centrally located unit. 


Summary 


Radiant heating by means of low- 
temperature ceiling panels permits es- 
tablishing comfort in a room with lower 
air temperature—and therefore a greater 
feeling of freshness—than is possible with 
heating systems of conventional type. 
Because of the reduced air temperature, 
the energy loss due to heating of ventila- 
tion air is less than usual and, in some 
cases, the over-all heat requirement for 
the system may be substantially less than 
that of a corresponding convection sys- 
tem. 

Architecturally, panel heating is ad- 
vantageous, because there need be no 
visible evidence of the heating element. 


Raber, Hutchinson—Electric-Panel Space Heating 


When electrically energized panels are 
used, this advantage is increased, as 
neither stack, boiler, nor fuel storage is 
required, and the only visible evidence of 
a heating plant is the electric switch. 
Electric systems of many types have been 
used extensively, but need exists for a 
panel of this type which will combine good 
diffusion characteristics (to give a uni- 
form surface temperature) with minimum 
thermal capacity (to assure rapid re- 
sponse to load changes). 

The three steps which must be followed 
in designing a panel-heating system have 
been enumerated and discussed, and a 
detailed rational procedure has been pre- 
sented for carrying out the analysis lead- 
ing to determination of the required panel 
size (or operating temperature) and the 
energy requirement of the system. Limi- 
tations of the analysis result from failure 
to take into account interreflections and 
from possible inaccuracy in the physical 
constants used; the reflection limitation 
probably is not serious, as consideration 
of only the direct-radiation component 
should lead to a conservative result. 

The panel system is of particular inter- 
est to the electrical engineer, because it 
seems to afford an unusually effective 
means of improving the competitive po- 
sition of electricity as a primary energy 
source for space heating. Aside from di- 
rect electric panels, the lower operating 
temperature of panels using any heat- 
ing medium makes off-peak electrical 
thermal storage more practical—because 
of smaller equipment—than it is with con- 
ventional heating systems; over 250,000 
kw of such systems are nowinservice. Of 
even greater promise is the possibility 
of utilizing low-temperature panels with 
a heat pump for all-year-conditioning, the 
lower winter surface temperature and 
higher summer surface temperature lead- 
ing to an unusually high coefficient of 
performance. If an all-year heat-pump 
panel installation were combined with 
thermal storage, the potential market for 
off peak all-year electric energy would be 
great; such a potentiality is of as much 
interest to the utility—as a means of im- 
proving load factor—as it is to the con- 
sumer, 
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A Resonant-Cavity Method for 


Measuring Dielectric Properties at 


Ultrahigh Frequencies 


C. N. WORKS 


ASSOCIATE AIEE 


Synopsis: A re-entrant cylindrical cavity 
has been adapted to measure the dielectric 
constant and power factor of small disk 
samples of insulating materials. The meth- 
ods of measurement, mechanical details, and 
electric coupling and detecting circuits all 
are described. A single cavity can be 
utilized only over a frequency range of about 
1.5 ratio from lowest to highest frequency. 
Therefore, several different-sized cavities 
would be required to cover a range of fre- 
quency from 50 to 1,000 megacycles. An 
accuracy of +0.00005 in tan 6 and +1 per 
cent in dielectric constant may be obtained 
in routine measurements. Because the 
cavity has a very high Q( >2,000), it is much 
more sensitive to low-power-factor dielectric 
samples than any conventional coil-and- 
capacitor resonant circuit. 

The chief advantages of this method are 
that the operation of the apparatus is 
simple, very rapid, and similar to the 
susceptance variation technique now used 
at lower radio frequencies. Also, the in- 
volved computations usually found in other 
methods operative in this frequency range 
are eliminated. 


HE frequency range of 50 to 1,000 

megacycles always has proved a diffi- 
cult range in which to measure the di- 
electric constant and loss of solid ma- 
terials, because of residual lead and elec- 
trode inductance, resistance, and capaci- 
tance, and the difficulty of getting a solid 
sample to conform to the shape of the 
measuring device. Transmission-line 
methods of measuring a lumped imped- 
ance which have been treated recently 
by Hemple, Kaufman, Laville, Nergaard, 
Miller and Salzberg, and Chipman,! of 
course can be used to measure a dielectric 
sample considered as an impedance, but 
the problem remains here of attaching 
leads and electrodes to the dielectric so 
that they will not enter inte the measure- 
ments, or of correcting for them if they do. 
Coaxial-transmission-line methods, where 
a section of (usually resonant) coaxial line 
is filled with the dielectric, are rigorous 
and satisfactory, but they require well- 
machined annular samples of considerable 
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length, especially at the lower frequen- 
cies. Another method especially adapt- 
able to high-loss materials is that de- 
scribed by Wyman,‘ where the phase 
angle and capacitance of a dielectric 
sample in this frequency range are com- 
pared to that of a standard sample with a 
cathode-ray tube. Liquids can be meas- 
ured conveniently by filling a,coaxial line, 
and liquids surrounding a parallel trans- 
mission line have been measured by 
Drude.” Liquids also can be measured 
readily in small coil and capacitor resona- 
tors which are totally immersed.® 

At somewhat lower frequencies, below 
100 megacycles and down to several hun- 
dred kilocycles the susceptance-variation 
technique of Hartshorn and Ward® has 
the advantage of practically eliminating 
the effect of series lead and electrode in- 
ductance and resistance. This method 
using a coil and capacitor arrangement 
has been applied up to 100 megacycles. 
At this frequency the dimensions of the 
usual type of coil and capacitor needed 
to obtain resonance start to become un- 
usually small. The usual circuits, there- 
fore, must be modified. The coils used 
also have relatively low Q values, so 
that insertion of low-loss dielectrics into 
the capacitor lowers the Q values of the 
circuit only slightly. The sensitivity of 
the apparatus therefore is relatively poor, 
when measuring low-loss materials. The 
resonant-cavity method described in this 
paper obviates most, of these difficulties 
and has many advantages over the older 
methods, 


Theory of Measurements 


The transition of the coil and parallel- 
plate-capacitor resonant circuit at higher 
frequencies to a capacitor with a series of 
loops in parallel around it and from thence 
to a doubly (or singly) re-entrant closed 
cylinder is logical. This re-entrant cylin- 
der is now a closed cavity capable of 
being resonated. It also may be thought 
of as a short-circuited quarter-wave- 
length transmission line with a capacitor 
at the open end. The capacitor actually 
makes the physical length of the line less 
than one-quarter wave length. Cross 
sections of a singly re-entrant cavity and 
a doubly re-entrant cavity are shown in 
Figure 1. 

The dimensions of such cylinders, reso- 
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nant in the frequency range 50-1,000 
megacycles, are quite reasonable, their 
lengths varying from about two feet to 
two inches. This length is governed 
partly by the average capacitance at the 
end, and partly by the ratio of the radii of _ 
the inner and outer conductors. 


CAPACITANCE 


The dielectric under consideration is 
assumed to extend flush to the edges of 
the electrode posts and fill completely the 
space between the electrodes. This is not 
necessary, for the dielectric sample may be 
smaller than the area of the posts and 
may even have an air gap in series with it. 
In such cases standard equations for a 
combination of series and parallel dielec- 
trics (air and sample) may be used to 
obtain the values for the sample, after 
the over-all dielectric properties of the 
space between the electrodes have been 
determined. 

Let only that part of the apparatus 
which holds the dielectric be considered. 
The capacitance between the ends of the 
re-entrant cylindrical posts when the di- 
electric is in place is 


Cot+Cer 


These and all following symbols are de- 
fined in the appendix. 

When the dielectric is removed, and the ' 
gap between the electrodes (ends of the 
re-entrant posts) has been closed suffi- 
ciently so that the cavity is resonant 
again at the same frequency, we have 
capacitance between the electrodes equiva- 
lent to what we had before. This capaci- 
tance is given by the expression 


dC, 
Cos ate Cen et ast AS 


where (dC/dS) AS is the correction term 
for the small change in length of the co- 
axial line which necessarily takes place 
when one of the posts is extended inward 
to diminish the gap. 
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Figure 1B. Double re-entrant cavity 
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Now, since the circuit is resonant in 
each case, the following relation is true: 


dC 
Boe Cae Cost Ca AS (1) 


S 

The capacitance of the electrode ar- 
rangement of two parallel-cylinder faces 
is determined by calibration using an au- 
dio-frequency bridge. This calibration 
is carried out so that the difference be- 
tween the total interelectrode capacitance 
(including the fringing capacitance) at 
any two spacings of the gap is determined 
accurately. Thus from this calibration 
we know: 


(Cas ata Cen) zy (Cai ar Ce) 


Then we have, using equation 1: 


dC 
C2 = (Ca2+ Cea) 7 (Cai + Cer) +Cu TS AS 


(2) 


With the exception of the last term, this 
is the same expression as is used in the 
susceptance-variation method to obtain 
the capacitance of an unknown. It is 
subject to an approximation, which is 
valid only if the change in S, AS, to re- 
tune the cavity to resonance after the 
sample is removed, is small compared to 
S. We also have made the assumption 
that C,, the fringing capacitance with 
the sample at spacing 1, is the same as 
without the sample for the same spacing. 
The correction term for the change 
in length, (dC/dS)AS is usually less 
than five per cent of Cy, so that a 
small error in (dC/dS) AS has a second- 
order effect on the value of Cz. 

This correction term is derived as fol- 
lows: The resonant frequency of a short- 
circuited transmission line with a capaci- 
tor at one end is given by the equation: 

2rfS i 


Zita ——— = ——— 
é 


2nfC (3) 


The frequency characteristic of a re-en- 
trant resonant cavity for the general case 
where the radius is appreciable, compared 
to a quarter wave length has been treated 
in some detail by Hansen.* However, if 
‘the radius of the resonant cavity is not 
very large compared to a quarter wave 
length, its resonant frequency may be 
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obtained to a good approximation by 
considering it a short-circuited trans- 
mission line with a capacitor at one end. 
The dimensions of the cavities were so 
chosen that equation 3 is very nearly 
satisfied. In particular, care must be 
exercised in choosing the radius of the 
cavity so that it will not be a large frac- 
tion of the wave length. If this is not 
done, the correction term will be less ac- 
curate than desired. 

By differentiating equation 3 with re- 
spect to the gap distance S, the following 
expression for the correction term is ob- 
tained: 


2nf)? C2? b 
x _ Onf?Cr? 138 logy —X 
a 


(see ) AS (4) 


It has been found practical to plot graphs 
of this function versus AS for various 
values of f and C2, from which graphs in- 
terpolation can be made to obtain the 
correction term at any particular meas- 
urement. Such a series of curves is shown 
in Figure 7. ; 

The assumptions which have been 
made in this method of measurement are 
justified experimentally in the results 
which have been obtained for the dielec- 
tric constant. Measurements made on 
samples of various thicknesses of the 
same material agree well, and this would 
not be the case if these assumptions were 
not valid. Measurements made on ma- 
terials like polystyrene and quartz, which 
have very little change of dielectric con- 
stant over a wide range of frequency, 
agree well with lower- and higher-fre- 
quency measurements by independent 
methods and those of other experimenters. 


QrfS 
c 


DISSIPATION FACTOR 


It remains now to determine the dissi- 
pation factor tan 6, of the dielectric 
sample. Ina resonant circuit, the follow- 
ing relation holds: 


(5) 


where tan 6, is the dissipation factor of 
the empty cavity. Included in tan 6, are 
all the effects due to coupling elements, 
measuring elements, and the ohmic re- 
sistance of the inside surface of the cav- 


Tan 56 totaa=tan 6,+tan dp 


Figure 2. Measur- 
ing apparatus for use 
at 200 megacycles 


Left to right: galva- 
nometer, measuring 
cavity,microammeter, 
cavity Wwavemeter, 
t., oscillator 
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ity. Tan 6p would be the dissipation fac- 
tor of the sample being measured if the 
sample filled the whole cavity, but, since 
the sample does not fill the whole cavity, 
tan dp is less than the dissipation factor 
of the sample by a factor (C,/Cr). 

Then ; 


Tan 6p)=tan 5, — 

an op Eo) (ge 
From equation 5 and the relation be- 
tween tan 6p and tan 6, the following ex- 
pression is obtained: 


(6) 


Cr Cr 
Tan 6,=— tan dtotai—— tan 4, 
z Cz 
Equation 6 may also be written in its 
equivalent Q form: 


Oz Cz Or Cz Qo 
Now 

i A 
Pree 5 ed DAG (6b) 
Qo 2Cr Qr 2Cp 
whence 

AC, AC, 

= —-— 6c 

HAD 850 OCs (6c) 


Therefore, it is not necessary to know the 
total equivalent capacitance of our cir- 
cuit (cavity) if the Q values are measured 
by changing the capacitance in our cavity 
by a known amount. AC, and AC; are, 
respectively, the variation in capacitance 
necessary to detune from one half-power 
level of resonance to the other, when the 
cavity is empty (AC,) and when the 
cavity has dielectric in it (AC). 

In a conventional coil and capacitor 
circuit it is not difficult to detune from 
resonance to half power by changing the 
capacitance, for only an additional paral- 
lel vernier capacitor is necessary. In a 
re-entrant cavity it is more difficult, since 
the only variable capacitance is that be- 
tween the re-entrant ends. This may be 
varied readily when there is no dielectric 
in place, but complications enter when 
there is a dielectric sample between the 
re-entrant ends. Therefore, an indirect 
measurement of the AC value must be 
made. This can be accomplished readily 
if a value of dC/df is known. Then the 
frequency, f, may be varied to detune the 
cavity to half power from maximum reso- 
nant voltage. From a4f value, a cor- 
responding AC value may be obtained 
from a calibration chart. 

The dissipation factor of the empty 


cavity is generally but one tenth of the 


smallest value obtained with the usual 
circuit elements. This makes the device 


‘much more sensitive for measuring very 


low-loss dielectrics than the susceptance- 
variation circuit used by Hartshorn and 
Ward.® The theoretical Q of such a cav- 
ity will be of the order of magnitude of 
that of a resonant quarter-wave-length 
line of the same cross section. The ex- 
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pression for the Q of a coaxial line of this 
sort is 


ns rayios logeb/a or ” 
Q=44r-V/o/10b saaivs X10 (7) 


The optimum Q is obtained with a ratio 
of b/a equal to about 3.6. Because of cer- 
tain design features in the actual cavity, 
such as a bellows forming part of the inner 
conductor, and because of energy ab- 
sorbed by measuring probes and the ef- 
fect of the coupling-in loop, the theoreti- 
cal Q which can be as high as 10,000 never 
isreached. The authors usually obtained 
one quarter to one half of the theoretical 
Q for the empty cavity. 

A single-resonant cavity of this sort can 
be operated over a frequency range of 1.0 
to 1.5 times the lower frequency, using a 
practical value of capacitance in the 
space where the. dielectric is placed. 
Several different-sized cavities thus are 
necessary to measure dielectrics over the 
entire frequency range 50 to 1,000 mega- 
cycles. 


Description of Apparatus 


The apparatus in Figure 2, which oper- 
ates in the frequency range of 150 to 300 
megacycles, has been used by the authors 
for some time. Another apparatus ex- 
actly like this one except that the cavity 
and wavemeter are scaled down in size 
is in use in the frequency range of 400-600 
megacycles. Equipment to operate at 
higher and lower frequencies is planned. 
This equipment is convenient to use and 
requires little space. An advantage of 
this method over the coaxial-line method 
used by other experimenters is the small 
disk-shaped sample required and the ease 
of preparing the sample for measurement. 
The sample required is 11/2 inches or less 
in diameter and from 0.050 to one-quarter 
inch thick. Such a piece of material may 
be readily molded, cast, or machined, in 
the laboratory. The simple shape of the 
sample is of particular advantage in the 
case of ceramics. 

Figure 3 is a schematic-circuit diagram 
of the setup shown in Figure 2. The 
power supply which is mounted else- 
where is not shown in the picture. It is 
energized from a constant-voltage trans- 
former. The power supply is a conven- 
tional voltage-regulated supply delivering 
a maximum plate current of 80 milliam- 
peres at 450 volts and a filament current 
of 3.65 amperes alternating current at 
twovolts. The oscillator shown is a com- 
mercial model made by a well-known ra- 
dio manufacturer. Its frequency is con- 
tinuously variable from 150 to 600 mega- 
cycles. We also have constructed another 
oscillator which proved satisfactory. The 
attenuators shown in the circuit of Fig- 
ure 3 are required so that any change tak- 
ing place in either the cavity or wave- 
meter will not affect the frequency of the 
oscillator. From five to ten decibels 
has proved satisfactory, and, since the 
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Figure 3. Arrrange- i 
ment of apparatus 
for measurement of 
dielectric properties ; 

by the wavemeter | 


method ic ae ae ee ona 


frequency of the oscillator must be varied 
in making the measurement, attenuators 
which are frequency insensitive are re- 
quired. Because it is difficult to design 
and construct attenuators which are fre- 
quency insensitive at this frequency, it 
was decided to use long lengths of high- 
loss cable. Such long cables are frequency 
insensitive since they always present 
their characteristic impedance to the os- 
cillator. Coils of this cable were hung on 
the back of the table and therefore did not 
show in Figure 2. The re-entrant reso- 
nant cavity in which the material to be 
measured is placed is shown in Figures 
4 and 5. 

The exciting loop is made small and 
placed near the bottom where the current 
is amaximum. A small loop is used both 
to keep the Q high and to couple in only 
a small amount of energy. A strong field 
across the sample is not desired, because 
it is desired to avoid all heating of the 
sample. To determine the dielectric 
constant, the empty cavity must be 
tuned to the frequency to which the 
cavity with the sample between the elec- 
trodes was tuned. This is accomplished 
by varying the gap between the elec- 
trodes. Therefore, fine adjustmennt of 
this gap is required. This adjustment is 
obtained by means of the differential- 
screw assembly shown in Figure 6. 

To insure a positive contact all slide 
contacts are eliminated and a Sylphon 
bellows is used to connect the movable 
electrode with the top of the cavity. The 
face of the moving electrode is held rigid 
and parallel to the fixed electrode by the 
differential-screw assembly (Figure 6). 

The wavemeter is constructed exactly 
the same as the cavity of Figure 5, all 
dimensions being the same, except that 
the differential-screw assembly is shorter, 
since not so great a travel of the top elec- 
trode is required. Although any wave- 
meter capable of the required precision 
may be used, a wavemeter exactly the 
same as the cavity eliminates the need of 
a calibration curve. A slightly different 
method of coupling was used. A probe 
near the top of the cavity excites the 
cavity. This results in a higher Q than is 
obtained in the case of the other cavity. 
The Q of the wavemeter is about 4,000. 
This is desirable, because the wavemeter 
should tune as sharply as possible. 

When the wavemeter is tuned to reso- 
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nance, a very intense field is set up be- 
tween the two electrodes forming the re- 
entrant portion of the cavity; therefore, 
this device is very sensitive to any change 
in the position of the electrodes. A move- 
ment of less than 1/»40990 of an inch may 
be detected. In the case of power factors 
less than 0.0003 it is necessary to be able 
to read the position of the electrode to 
within 1/»40,900 of an inch to obtain an ac- 
curacy of five percent. This means that a 
fine-thread screw and a vernier capable of 
reading a very small part of a turn must 
be used. Since all backlash should be re~ 
moved from this screw, it is necessary to 
load it with a spring, and, since it is de- 
sirable to avoid using a very fine thread, 
a differential screw was used having 
screws with 20 threads per inch and 24 
threads per inch, which is equivalent to a 
screw of 120 threads per inch. The ver- 
nier dial on this assembly reads */3,000 of a 
turn which gives the position of the elec- 
trode to 1/o49,000 inch. 

The detector units for the wavemeter 
and cavity consist of two crystals in par- 
allel connected to a probe. ‘These crys- 
tals act as a full-wave rectifier. The de- 
tector assembly was designed to keep all 
shunt capacitance very small, so that the 
detector frequency is insensitive over a 
wide range of frequencies. The radio- 
frequency current is by-passed by large 
capacitors built into the detector hous- 
ing. The crystals operate on such a por- 
tion of their characteristic curve that the 
rectified current measured by an indicat- 
ing instrument connected to the detector 
reads a current proportional to 4? in 
the cavity. The length of the probe 
which projects into the cavity may be 
varied without disturbing the electric 
circuits of the detector. Other types of 
detectors such as a diode, bolometer, ot 
thermocouple may be used. A diode re- 
quires a power supply and is less sensitive 
and less stable than a crystal. It also is 
more frequency-sensitive and not as com- 
pact. The sensitivity of a bolometer or 
thermocouple is not nearly so good as that 
of a crystal and their use requires a bridge 
circuit of either the balanced or unbal- 
anced type. a 

The detector in the wavemeter is con- 
nected directly to a microammeter, while 
the detector in the cavity in which the 
sample is placed is connected to a sensi- 
tive galvanometer (Rubicon 3402) H.H, 
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sensitivity 0.005 microampere per milli- 
meter) through a shunt. The galvanome- 
ter shunt is a ladder network so ar- 
ranged that the crystal always sees the 
same impedance regardless of which shunt 
is in use and the critical damping resist- 
ance is always across the galvanometer. 


Calibration of Apparatus 


If the dissipation factor of the cavity 
without the sample is known for all po- 
sitions of the electrode, the work of meas- 
uring is cut in half. Therefore, it is ad- 
visable to obtain a curve of dissipation 
factor of the cavity without sample versus 
position of the electrode. Since the 
method of obtaining the dissipation fac- 
tor of the empty cavity is the same as 
that of obtaining the dissipation factor 
_ of the cavity with the sample in place, 

this will be treated under measurements. 
A further advantage is that, once the dis- 
sipation factor of the cavity without the 
sample is known, the entire measurement 
may be made at the resonant frequency 
by the ‘‘voltage method”’ (see equation 
13). 

The dissipation factor of the 200-mega- 
cycle cavity without.a sample was found 
to be nearly constant for all separations 
of the electrodes. To obtain the dielec- 
tric constant we must apply two cor- 


Interior view of the measuring 
cavity for use at 200 megacycles 


Figure 4. 


This cavity is ten inches long and six inches in 
diameter 


rection factors. For equation 2 we must 
obtain the value of (Cg. + Cx) — (Car + 
Cu) and (dC/dS) AS. Cq is calculated 
from the geometry of the electrodes. The 
value of (Cas + Ces) x (Ga + Ga) is 
obtained from the curve of capacitance 
versus separation of the electrodes as 
measured on an audio-frequency bridge. 
Because of stray capacitance in the cir- 
cuit which could not be determined ac- 
curately, the absolute value of the capaci- 
tance between electrodes could not be 
measured, but the value of capacitance 
by difference was obtained for various 
separations of the electrodes, which is 
expressed by (Cao + C2) — (Cat Ca). 
The fringing’ correction (Cg. — Ce) has 
been found to be about one percent or 
less with 11/,-inch electrodes used in the 
200-megacycle cavity shown in Figure 5. 

The value of (dC/dS) AS in equation 2 
is obtained from a curve of AC versus ASS, 
where AC = (dC/dS) AS, and AS is the 
change in .S, the length of the inner con- 
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DIFFERENTIAL SCREW 
ASSEMBLY CGSEE FIG. 6 
FOR DETAILS) 


Figure 5. There-entrant cavity for measuring 
dielectric properties of materials 


ductor, when the sample is removed and 
the cavity is again tuned to resonance at 
the same frequency. Such a curve is cal- 
culated from equation 4 for each value of 
frequency. By choosing values of fre- 
quency at convenient intervals over the 
frequency band covered by the cavity, a 
family of curves is obtained as shown in 
Figure 7. Interpolating between curves, 
the value of AC corresponding to AS may 
be found for any frequency at which a 
measurement is made. 

The resonant frequency versus elec- 
trode separation of the empty 200-mega- 
cycle cavity is shown in Figure 8. Since 
the wavemeter that was used in these 
measurements is identical with the meas- 
uring cavity, Figure 8 also is the resonant- 
frequency - versus - electrode - separation 
characteristic of the wavemeter. The 
wavemeter provides the data from which 
tan 6, is calculated and also indicates the 
frequency at which the measurements 
are made. This curve was obtained by 
heterodyning the oscillator which excites 
the cavity with a signal generator or os- 
cillator whose frequency is accurately 
known and measuring the beat frequency 
by a suitable device. If the wavemeter 
were not identical to the measuring cav- 
ity, then a curve of wavemeter reading 
versus electrode separation of the cavity 
when both were tuned simultaneously to 
the same frequency would be required. 

The crystal response was checked and 
found to obey the square law for the crys- 
tal current magnitude used in the measur- 
ing equipment. 


Methods of Measurement 


WAVEMETER METHOD 


With the apparatus arranged as shown 
in Figure 3, the top of the cavity is re- 
moved and a disk of dielectric material is 
placed between the electrodes. The 
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sample has the same diameter as the 
electrodes or less. It may be from 1/29- to. 
one-quarter-inch thick. A locking device 
assures that the top of the cavity always 
is replaced in the same position. The 
sample is centered between the electrodes 
by means of three rods which extend 
through equally spaced bushings in the 
side of the cavity. After the sample has 
been centered, the rods are withdrawn 
from the cavity. The top electrode then 
is brought into contact with the sample or, 
in the case of samples that are easily com- 
pressed, a known air gap is left in series 
with the sample. D, is designated as the 
separation of the electrodes, when the 
sample is in place as specified. 

The frequency of the oscillator is varied 
until the resonant frequency (maximum 
response) of the cavity is found and the 
wavemeter is tuned to this frequency and 
its reading noted. Then, the frequency of 
the oscillator is varied until the response 
of the cavity is reduced to half; the 
wavemeter is tuned to this frequency and 
its reading noted. .A corresponding 
measurement is made on the other side of 
the resonant frequency. The oscillator 
is set at the resonant frequency, and the 
sample is removed from the cavity. The 
cavity is retuned to resonance, and the 
electrode separation, D2, is noted. Unless 
a curve of dissipation factor of the cavity 
versus separation of electrodes has been 
obtained previously, the procedure of de- 
tuning to half power previously given for 
the cavity with the sample in place must 
be repeated for the cavity with the sample 
removed. : 

In the case when the sample fills the 
entire space between electrodes, the di- 
electric constant ; 


eC, [Cy (8) 


where C, is found from’ equation 2, and 
Cu is the calculated air capacitance of 
the sample. A rough value of «’ may be 
obtained from the relation 


é/=— (9) 


which is simply the ratio of the electrode 
separations with and without the sample. 
This approximate expression usually gives 
the dielectric constant to within five per 
cent but may be in error by as much as 
ten per cent, 

The dissipation factor tan dz is given by 
equation 6c. In equation 6c, we may 


place 

act eee (10) 

PA OPS 2D, 

and 

AGP: —D, (11) 

2C. 2D, 

Then from equations 6c, 10, and 11, 

D,'—D," Db oe 
6, = ——————— 12 

nk a SBD, 2D, (2) 
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Since only the electrode separations are 
required to solve this equation, it is a very 
convenient and rapid means of determin- 
ing the dissipation factor of a sample. 

The approximations for AC; and AC; 
in equations 10 and 11 introduce errors 
that usually are well within the precision 
with which D,’, D,’’, D2’, and D,’’ may 
be read, especially when measuring low- 
loss material. It should be noted that 
AC; and AC; are the differences of nearly 
equal quantities. However, when ma- 


Figure 6. The differential-screw assembly for 
the re-entrant cavity 


terials having high loss are being meas- 
ured and AC, is large, the terms C., — 
Ce, and (dC/dS) AS of equation 2 may be 
large. Then AC, should be found in the 
same way that C, is found from equation 
2. 
Since it is not possible to prepare all 
samples so that their opposite faces are 
absolutely parallel or the surfaces per- 
fectly smooth, there is an air gap between 
the electrodes and sample when the elec- 
trodes are brought into contact with the 
sample. The effect of this unavoidable 
air gap may be minimized in either of two 
ways. If it is possible to determine the 
size of the sample accurately, an air gap 
of known dimension may be placed in 
series with it. This method has the se- 
rious disadvantage, especially in the case 
of low-loss materials, of reducing the sen- 
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sitivity of the measurement, so that it 
may still be impossible to obtain the de- 
sired accuracy. The other way of mini- 
mizing the effect of irregularities in the 
sample is to place a thin metal foil of soft 
material over each face of the sample. 
This has been done at lower frequencies 
and was used in measurements in the 
150-300-megacycle range. Correction 
for the losses in the foil is made according 
to the method of Hartshorn.’ 


HETERODYNING METHOD 


The construction of a precise wave- 
meter involves considerable precision 
machine work, and is therefore an expen- 
sive operation. Therefore, it may be de- 
sirable to eliminate the wavemeter from 
the apparatus, and this eliminates the 
equipment shown inside the dotted line 
of Figure 3. This can be done if the fol- 
lowing equipment is available: a cali- 
brated oscillator or signal generator whose 
frequency or harmonics fall in the re- 
quired band, a mixer (usually a crystal), 
and a calibrated receiver or other suitable 
detector. The frequency of this signal 
generator must be stable and its fre- 
quency known to the precision desired for 
the value of tan 6,. 

The frequencies at the half-power 
points (fi’, fi’”) and at resonance (f,) of 
the measuring cavity with the sample in 
place are determined by beating the 
varied frequency of the oscillator feeding 
the measuring cavity against the fixed 
frequency of the second oscillator or sig- 
nal generator. The two oscillator fre- 
quencies are fed through a crystal mixer 
into a calibrated receiver which measures 
their beat frequency or difference fre- 
quency. The capacitances, C;’ and C,/’ 
(between the electrodes in the cavity) 
necessary to produce resonance at f;’ and 
fi’’ then are found after the sample has 
been removed. The frequencies at the 
half-power points (f2’, fo’’) and at reso- 
nance (still f;) with the sample removed 


are found by the same procedure. These’ 
correspond to capacitances C,’ and C,’/; 
Calculation of tan 6, then proceeds ac- 
cording to equations 6c or 10-12. 

There are several disadvantages to this 
method of measuring the frequency which 
make it more time-consuming than meas- 
urement by means of a wavemeter. If 
there is any instability in one of the ele- 
ments, it is difficult to determine which 
one is unstable, making adjustment te;, 
dious. At higher frequencies when a sig- , 
nal generator is used, it becomes difficult — 
to locate the beat frequencies, and, fi- 
nally, a suitable receiver, if not already 
at hand, is an expensive instrument, 


FREQUENCY-MODULATION METHOD OF 
DETERMINING THE DISSIPATION 
FACTOR OF A DIELECTRIC SAMPLE USING 
AN OSCILLOGRAPH ; 


With the equipment arranged as in Fig- 
ure 9, the saw-tooth wave from the sweep 
oscillator in the oscillograph is applied 
both to the horizontal deflecting plates 
and to a trigger circuit. The output of 
the trigger circuit, which is the deriva- 
tive of a saw-tooth wave, is fed to a per- 
manent-magnet loudspeaker, an integrat- 
ing device. A speaker with the cone re- 
moved was mounted on the frame of a 
coaxial-line ultrahigh-frequency oscilla- 
tor, similar in construction to one de- 
sctibed by Barrow.? The movement of 
the speaker diaphragm rod varies the 
capacitance in the grid circuit of the os- 
cillator and therefore varies the fre- 
quency by a small amount. The oscil- 
lator delivers a signal which is frequency- 
modulated in accordance with the saw- 
tooth sweep applied to the horizontal 
plates of the oscillograph. The modu- 
lated output of the oscillator is fed to a 
precision wavemeter and to the cavity 
containing the dielectric sample. The 


resonant cavity changes the frequency- 
modulated signal into an amplitude- 
modulated signal so that a resonance 
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“ \ 
curve appears on the screen of the oscillo- 
graph. 

When the precision wavemeter is tuned 
to the resonant frequency of the cavity, 
a pip appears on the resonance curve on 
the oscillograph screen because of the ab- 
sorption of power by the wavemeter. 
By adjusting the gain controls of the 
vettical and horizontal amplifiers, the 
resonance curve of the cavity is made to 
coincide with the universal resonance 
curve drawn on the screen of the oscillo- 
graph with its half-power points marked 
with vertical lines. The band width of 
the resonance curve now can be measured 
by running the wavemeter pip along this 
curve from one vertical line to the other. 
By noting the dial reading of the wave- 
meter when the pip coincides with each 
vertical line in each case (that is, sample 
in place and removed) the same formulas 
given in a previous section of this paper 
may be used to obtain tan dz, the dissipa- 
tion factor of the dielectric. 

The chief difficulty encountered in 
using this method is that the band width 
of the cavity is so narrow and the wave- 
meter pip of such considerable width in 
comparison that it is impossible to get an 
accurate measurement of the band width. 
The same difficulty occurs to a lesser ex- 
tent in the case of the cavity with the 
sample in place. However, it is possible 
to raise the Q of the wavemeter consider- 
ably and to lower the Q of the measuring 
cavity. This should overcome this diffi- 
culty. When this equipment is working 
properly, measurements may be made 
much faster than when using the first 
method described (varying the frequency 
manually to reduce the response to half 
on each side of resonance). However, it is 
not so fast nor convenient as the voltage 
method. 

Another disadvantage is the fact that 
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Figure 8. This curve shows the relation be- 
tween resonant frequency and the separation 
of the electrodes of the cavity 
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Figure 9. Arrangement of apparatus for meas- 
uring dielectric properties of materials by the 
frequency-modulation method 


introducing a capacitance into the grid 
circuit of the oscillator lowers its fre- 
quency so that it must be designed for a 
much higher frequency when its signal is 
modulated in this way. Also, in the case 
of high-loss material, it is difficult to 
modulate enough to obtain a sufficient 
portion of the resonance curve to make 
measurements. 


VOLTAGE MEetHop 


In this method the sample is placed in 
the cavity, the oscillator tuned to reso- 
nance, and the galvanometer reading 
noted. Then the sample is removed from 
the cavity, and the cavity tuned to reso- 
nance, the frequency remaining constant, 
and the galvanometer reading noted. 
The dielectric constant may be calculated 
in the usual manner, and the dissipation 
factor tan 6;, is calculated from the equa- 
tion: 


VV ACs 
Veo. 


It should be recalled that AC2/2C, is the 
dissipation factor of the empty cavity and 
its value is obtained before any measure- 
ments are made on samples, as explained 
in the section on calibration of apparatus. 
When the expression (V, — Vr)/Vr is 
less than unity, the absolute accuracy ob- 
tained is better than that of the other 
methods. 

Since this method is much faster and 
more convenient than the others, it is pre- 
ferred in most cases by the authors. The 
time required to make a measurement is 
practically the time required to place the 
sample in the cavity and then remove it, 
as the sample need remain only long 
enough for the galvanometer deflection to 
be read. . If the apparatus is to be used 
in the routine testing of samples that have 
similar dielectric properties, a wavemeter 
is not needed. However, if the apparatus 


Tan 6,= (13) 
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is to be used in the laboratory to test ma- 
terials having a wide range of dielectric 
properties, the use of a wavemeter is rec- 
ommended. 


Representative Measurements of 
Dielectrics 


The results of the measurement of a few 
typical dielectrics are given in Table I. 
The power factor of these materials var- 
ied from 4.7 to 0.01 per cent. These sam- 
ples also varied considerably in thickness. 
The measurements of various thicknesses 
of sample A of polystyrene show that 
the measurements are independent of the 
thickness of the sample. Samples were 
desiccated previous to measurement. 


Accuracy of Method 


The accuracy obtainable in this re-en- 
trant cavity method of measurement is 
about 0.00005 in tan 6, and about +1 
per cent with optimum-size sample, in di- 
electric constant. The sensitivity or ac- 
curacy of the re-entrant cavity as used in 
this method of measurement is limited 
largely by the precision and sensitivity 
of changing and measuring the change in 
separation and absolute separation of the 
electrodes. 

The accuracy of the dissipation-factor 
measurement rests upon the assumption 
that extension of the bellows with a fixed 
frequency in the cavity does not change 
the Q of the cavity. This assumption was 
substantiated by test measurements. 
The movement of the bellows is never 
more than 3/;5 inch and usually less than 
one-eighth inch. Measurement of the Q 
of the empty cavity varies only slightly 
with frequency (obtained by changing 
the gap separation), almost within the 
precision of measurement, and within the - 


‘predicted theoretical change. 


The accuracy of all the dielectric-loss 
measurements described in this report de- 
pends upon the assumption that the uni- 
versal resonance curve holds for our cav- 
ity as arranged with the coupling loop and 
feeding line. In other words the voltage 
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Table I. Typical Results of Measurements of 
Dielectric Properties at About 200 Megacycles 


<== 


Thick- Di- 
ness of electric Dissi- 
Sample Con- pation 
Material (inches) stant Factor 
Micarta number 254 
‘Seperetoan 0.150....3.72 ...0.047 
resin, paper filled 
Columbia resin C R-39...0.149....2.96 ...0.027 
Pure fused quartz....... 0.206....3.79 ...0.0001 
Polystyrene sample A...0.150....2.55 ...0.0003 
Polystyrene sample A...0.100....2.565.. .0.0003 
Polystyrene sample A...0.250....2.56 ...0.0003 
Polystyrene sample B...0.151....2.56 ...0.0005 
Polyvinylcarbazole..... OF115 55... 3'.06;.....070009 
Special styrene 
copolymer..........- 0.183....2.64 0.008 
High-tension porcelain. .0.186....5.90 ...0.010 
Zircon porcelain. ......- 0.178....9.5 ...0.0008 
Ultra steatites|..< fh . 0.215. ...5.23 ...0.0007 
Wheatites! Mfc 1.-)-)5 <i 0.247... ...5.45 0.0034 


variations in the cavity are assumed to 
correspond to frequency changes of the 
oscillator source, according to the reso- 
nance curve of the cavity, and are inde- 
pendent of coupling elements. The re- 
sponse of the cavity has been checked 
with the universal resonance curve and 
close agreement obtained. 


Summary 


A new method for measuring the dielec- 
tric properties of insulating materials in 
the 100- to 1,000-megacycle range has 
been developed. The theory and several 
methods of operation are described. The 
theory on which this method is based has 
been justified experimentally. Greater 
sensitivity and accuracy have been ob- 
tained than is possible by other methods 
operative in this frequency range. This 
method offers the following advantages: 


1. The samples required are of simple disk 
shape which are easily prepared. 


2. Both the measurements and the calcula- 
tions are simple, making possible rapid 
determinations of both dielectric constant 
and power factor. 


3. These characteristics make the appa- 
tatus suitable not only for laboratory use 
but also for production control where a rela- 
tively large number of samples may be in- 
volved. 


Appendix. Definition of Symbols 


A—Area of electrodes in the cavity in square 
inches. 

a—Outside radius of inner conductor of 
cavity in centimeters. 

6—Inside radius of outer conductor of 
cavity in centimeters. 

c—Velocity of light in 
second. 


centimeters per 


1098 


C—Capacitance between the ends of the 
re-entrant posts (electrodes) in the cavity 
at resonance. 

C,—Capacitance of sample being measured. 

Cr—Total equivalent capacitance of cavity 
considered as a resonant coil and capaci- 
tor, 

Cy,—Air capacitance, excluding fringing, be- 
tween parallel electrode faces at the 
separation existing when the sample is in 
place in the cavity. Unless there is an 
air gap between the sample and the elec- 
trodes, this is the calculated air capaci- 
tance of the sample. 

Cq—Air capacitance of the sample. This 
equals C,; if the sample has the same 
diameter as the electrodes, and is in 
contact with them. 

C..y—Fringing air capacitance with the elec- 
trode separation existing when the sample 
is in place in the cavity. 

Cy—Air capacitance, excluding fringing, 
between the parallel electrode faces at 
separation 2, when the sample has been 
removed and the cavity retuned to reso- 
nance by closing the electrode separation. 

C..—Fringing capacitance at separation 2. 

C.=Cyu+C.=approximately Cy, 

Co= Cao +Ceg=approximately Cg, 

Ci’, C,"—Capacitances between the elec- 
trodes of the empty cavity, or (ACQ\= 
C,'—C,") of an identical wavemeter, at 
fi’ and f,", respectively. 

C2’, C,”—Capacitances between the elec- 
trodes of empty cavity, or of (ACQ,;= 
C2'—C,") an identical wavemeter at fo’ 
and f.”, respectively. 

D;\—Separation of electrodes with the sample 
in the cavity. 

D.—Separation of electrodes when the 
sample has been removed and the cavity 
retuned to resonance. 

D,', D,”"—Separation of electrodes in the 
cavity or the wavemeter identical to the 
cavity when tuned to frequencies fi’, f,”. 

D,', D2"—Separation of electrodes of the 
cavity at the half-power points when the 
cavity is empty. 

6—Loss angle. 

f—Frequency of oscillation, 
second. 

(Q:=Q7)—Q of cavity with dielectric in- 
serted. 

(Q2=Q,)—Q of cavity when dielectric has 
been removed. 

S—Length of internal conductor of coaxial 
part of cavity in centimeters. 

AS—Change in S on retuning cavity to 
resonance after removing sample. This 
is the same as the change in separation of 
the electrodes. 

o—Conductivity of metal covering inside 
of cavity in mhos per centimeter (5.8% 
10° for copper). 

w—Angular frequency of oscillations. 

Zo—Characteristic impedance of coaxial 
part of cavity. 


cycles per 
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V,—Voltage of resonance with sample re: 
moved from cavity. 1) 

Vr—Voltage of resonance with sample in- 
serted. : 

Yo—Radius of electrode in centimeters. 

7;—Radius of sample in centimeters. 

f.’, fi" Frequency at the half-power points 
with the sample in the cavity. 

fo’, fo" —Frequency at the half-power points 
with the cavity empty. 


es =tan 6, =dissipation factor of the dielec~ 
rd 

’ tric sample&cos 6, the power factor 

Tan 6ép—Dissipation factor of dielectric 
which fills the entire cavity. 

Tan 6,—Dissipation factor of the empty 
cavity. 

e’— Dielectric constant. 

fi—Resonant frequency of cavity with 
sample inserted. 

E—Electric-field strength. 

Capacitance is in farads in all equations. 
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Selection of Prime Movers 


BERNHARDT G. A. SKROTZKI 
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Nae? . 
Synopsis: This paper attempts to clarify 
the effect of various controlling conditions 
on the magnitude of the evaluation con- 
stants used to select the optimum prime 
mover to be added to a system with a grow- 
ing load. A hypothetical load has been set 
up which is assumed to grow at a known 
constant rate. Fixing on a policy of equal- 
sized units, two-unit installed reserve, and 
one-unit operating reserve regardless of 
load magnitude the progress of the individual 
generating units from the base to the top of 
the load curve can be readily studied. With 
the fundamental mechanics of the problem 
delineated the effects of unit availability, 
unit life span, rate of load growth, load cycle, 
load factor, unit capacity, and system re- 
serve policy are analyzed. 

From this analysis certain principles are 
apparent, among the most important being: 


1. Historical data of past and present prime-mover 
experience are of very limited value. 


2. Evaluation constants for future prime movers 
are not fixed in magnitude and must be redeter- 
mined from time to time for each individual system. 


Having demonstrated the relative impor- 
tance of the various controlling conditions 
this work is concluded with a recommended 
procedure for determining the evaluation 
constants for any practical case. 


ROBLEMS of providing sources of 
| energy supply may be divided into 
two broad classes: 


1. Where the load in its chronological 
variations will remain at its initial level 
indefinitely into the future. 


2. Where the general load level will con- 
tinue to increase into the foreseeable future. 


In the first class the annual prime-mover - 


outputs remain essentially constant with 
the passage of time. In the second class 
experience has demonstrated that annual 
outputs of the individual prime movers 
increase during the early part of their 
lives and subsequently decrease. 

The difference in the behavior of the 
annual production rate of the prime 
movers in the two classes has a direct 
bearing on the economic techniques em- 
ployed in arriving at the optimum selec- 
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tion of equipment. This behavior is 
further modified by other controlling con- 
ditions. Those conditions common to 
both classes of problems are 

Availability of prime movers. 

Life span of individual units. 


System load cycle and load factor. 


Bw Oo 


Unit capacity and reserve policy. 


An additional controlling condition ap- 
plicable to the second class is 


5. Rate of system load growth. 


. Problems of the first class have been 
dealt with at length in the engineering 
literature. The thesis of this paper is the 
problem of the second class and the 
effects of the controlling conditions 
enumerated upon the economic selection 
of the prime movers. 

In the field of engineering economics 
there are probably as many ways of pre- 
senting the basic philosophy as there 
are authors on the subject. Since no 
particular author has been universally 
accepted as a standard authority the 
following brief review of evaluation 
theory is presented to avoid any ambi- 
guity that may arise due to the multitude 
of interpretations that may be applied 
to a given term. 


Economic Evaluation 


ConsTANT ANNUAL Costs 


The fundamental problem in the field 
of central energy supply is to produce the 
required energy at minimum total annual 
cost. That is, the selling cost or revenue 
must be kept at the lowest possible value 
compatible with reliability and quality. 


The total cost or revenue may be defined | 
as 


ReMi ati) tc+H (1) 


where 


R=revenue or total energy cost in dollars 
M=total investment in energy supply 
equipment in dollars 
4=total cost of money use expressed as an 
interest rate (decimal) 
n=useful life of equipment in years 
j=sum of tax and insurance rates (deci- 
mal) 
C=total operating costs in dollars 
H=general overhead costs in dollars . 


The fractional term in the brackets is 


Skrotzki—Selection of Prime Movers 


P= = Ae a 
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the uniform annual depreciation charge 
rate. The bracketed term is com- 
monly called the fixed charge rate, and 
letting this be represented by y, the 
equation is simplified to 


R=My+C+H (2) 


It is evident that y may be based on 
other methods of computing depreciation 
than the sinking-fund method assumed 
in equation 1. 

Basically the revenue is determined 
by the individual costs so that the prob- 
lem is reduced to finding the justifiable 
additional investment for one prime 
mover versus any other in order to arrive 
at maximum economy for the given in- 
stallation. Assuming that H remains 
constant regardless of the machine 
selected, it is evident that two machines 
aand b are equally desirable, if 


May+Ca= Myy+C, (3) 
This reduces to 

C,—C, 
M,—M,=—"—* (4) 


from which the optimum installation can 
be determined by comparison with the 
actual investments required for each 
machine. If the actual difference in in- 
vestments is greater than indicated by 
equation four machine b is the optimum . 
and vice versa. This method of compari- 
son will hold only where the annual 
operating costs C remain constant during 
the useful life of the machine. 


VARIABLE ANNUAL COSTS 


When the annual production rate and 
hence the annual operating costs C are 
expected to vary during the life of the 
machine they must be reduced to an 
equivalent constant annual cost C’. 
This is done by first finding the present 
worth P of the series of varying annual 
costs Ci, Co, C3,..., C, as follows: 


CQ Cy Cs Cr 


(5) 


The equivalent uniform annual cost is 
then 


a(1+2)” 
! = P——__——__ 
a+7-1 e 
and it follows that 
M,—M, Op! = Oa (7) 
y¥ 


Equations 4 and 7 are fundamental forms — 
for arriving at the economic prime mover 
for new systems of supply or for exten- 
sions in capacity of existing systems. 

As a matter of convenience it is gener- 
ally sufficiently precise to assume that 
the annual operating costs C are propor- 
tional to the annual number of units of 
production V where V may be pounds of 
steam, kilowatt-hours, gallons of water, 
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and so forth. Where this assumption 
holds, the calculations may be facilitated 
by letting the ratio of the equivalent uni- 
form annual quantities to the first year 
quantities be designated by 7, that is, 


i yr 

CoV 
Then 
C'=rQ (9) 


where y may be determined by use of the 
physical-quantities of production in equa- 
tions 5 and 6 and only the first-year 
operating cost need be calculated. By 
substitution of equation 9 in equation 7, 


Me My=- peony (10) 

Let 

va (11) 
y, 


where F is the justifiable investment 
factor referred to the first year’s annual 
operating cost. 

Finally 


Ma— My = F(Cyy— Cia) (12) 


REPLACEMENT OF OBSOLESCENT PLANT 


A third type of economic problem is 
the determination of the justifiable in- 
vestment to effect a known saving in 
operating costs. For purposes of sim- 
plification assume that the general over- 
head costs are unaffected by the replace- 
ment of part or all of the plant and fur- 
thermore that the revenue would also be 
unaffected. Then let, 


C,=annual operating cost of existing sys- 
tem, in dollars 

C,=annual operating cost of system with 
new equipment, in dollars 

T=annual taxes and insurance on associ- 
ated retirements, in dollars 


The saving in annual costs effected by 
the new equipment is 


S=G2C.+T (13) 


FIGURES ON AREAS 
DESIGNATE INDIVIDUAL 
PRIME MOVERS 
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Figure 1. Annual load-duration curves show- 
ing individual-prime-mover outputs at 100 per 
cent availability 


System peak load growing at a rate of 100 


units per year with a constant load factor 
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This saving will be offset by the fixed 
charges on the new equipment. It fol- 
lows that the maximum value of invest- 
ment that may be justified will be such 
that 


My=S (14) 
or the justifiable investment is 
a (15) 
y 


Usually the investment will not be under- 
taken unless its value is less than that 
determined by equation 15. Again this 
determination is only valid for the con- 
dition that the annual saving will be 
constant during the life of the new equip- 
ment. It is evident that if the annual 
production rate of the new equipment 
varies, the annual savings in operating 


‘cost will also vary and for the same as- 


sumption upon which equation 8 is 
written, it follows that: 


54 Vv’ 
fod ir G9) 
Then equation 15 may be written, 
M=FS, (17) 


The Capacity-Factor Characteristic 


VARIATION IN PRIME-MoveR ANNUAL 
OUTPUT 


An energy-supply system that is ex- 
periencing a steady growth in load will 
require successive additions of generat- 
ing units to meet the increased peak de- 
mands, Any one unit on such a system 
does not have a uniform annual produc- 
tion with increasing age. During the 
first few years of life, while serving on the 
base of the load curve, the annual output 
will increase slightly and then sub- 
sequently decrease when superseded as a 
base-load unit by new and usually more 
efficient units added to meet the increase 
n maximum energy demand. This varia- 
tion of annual output is most conveni- 
ently expressed by the capacity factor 
as a percentage, defined as follows: 


Capacity factor 
annual output 


~ 8,760 Xunit capacity X100 


(18) 


where the numerator and denominator 
are measured in the same numerical units. 

The variation of turbine-generator 
annual outputs or annual capacity factors 
with age was first pointed out by Peter 
Junkersfeld.1 Various organizations at 
about this time were collecting data on 
this item which showed that practically 
all units exhibited this characteristic as a 


general trend but that the magnitude of . 
the factors and their duration in age 


varied considerably from unit to unit. 

In this paper the plot of the annual 
capacity factors of a unit versus its age 
will be referred to as the capacity-factor 
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Figure 2. Variation of prime-mover annual 
capacity factor with system age 


Unit life unlimited and availability at 100 per 
cent ; 


characteristic. The shape of the char- 
acteristic is an important consideration 
in the economic evaluation of proposed 
equipment and it is necessary that the 
causes of its behavior be thoroughly 
understood. However, it must be em- 
phasized that historical data of the sort 
mentioned above cannot be used to 
evaluate the selection of a proposed unit. 
Every effort should be made to forecast 
the future conditions on the system to 
which the addition of the new unit is 
contemplated and from such data to 
deduce the future annual outputs or 
capacity factors of the new unit. 

Capacity factor being a convenient 
measure of annual output it may readily 
be used in place of the physical produc- 
tion quantities or annual operating costs 
in equations 5 and 6 to evaluate the ratio r 
for use in equations 11 and 16 and subse- 
quent justifiable investment factor F in 
equations 12 and 17. 


EFFECT OF LoapD GROWTH 


To study the effect of load growth on 
the capacity factors of the prime movers 
supplying that load the following assump- 
tions were made. A system during its 
growth maintains a constant shape of 
annual-load-duration curve as defined in 
Table I. 

A policy has been established that all 
units shall be of equal capacity, the in- 
stalled reserve shall be equal to the ca- 
pacity of two units, and the operating re- 


Table I. Annual Load Duration 
Per Cent of Per Cent of 
Peak Demand y 


Total Time 
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UNIT AGE -YEARS 
Figure 3. Variation of capacity-factor char- 
acteristic for successive units 


Unit life unlimited and availability at 100 per 
cent 


serve shall be maintained at a capacity 
of one unit. It is further assumed that 
the peak demand grows annually at an 
increment that is equal to the magnitude 
of the peak for the first year. 

This means that three units will be 
installed the first year and one unit per 
year will be installed thereafter to main- 
tain the installed reserve requirement. 
For the first three or four years of system 
life this high magnitude of installed re- 
serve is probably somewhat unrealistic for 
most practical situations, whereas after 
an extensive growth of several years this 
magnitude may not be sufficient. How- 
ever, by maintaining this condition con- 
stant for study purposes one variable is 
eliminated. 

For simplification it is assumed that 
the load carried by the active units is 
divided proportionally among them. 
Since all units are of equal size the load is 
divided equally. In many practical 
eases it will be found that the proper 
division of load based on. incremental 
costs is not much different from propor- 
tional loading. From an economy stand- 
point the effect of assuming this method 
of loading in this study is to underload 
the newer and presumably more efficient 
units and correspondingly overload the 
older and less efficient units. However, 
this effect is negligible compared to that 
of unit availability which is discussed 
later. 

The position on the load curves and 
magnitude of output of the prime movers 
for the 5th, 10th, and 15th years of system 
life is illustrated in Figure 1. Note that 
the unit availability is taken at 100 per 
cent. The fifth, sixth, and seventh units 
which are the base load units in the fifth 
year are active only during the intermedi- 
ate and peak loads in the tenth year. 
In the 15th year these units are rapidly 
approaching the classification of peak- 
load standby units. As the system 
grows, the number of base-load units in- 
creases; there are three in the 5th year, 
four in the 10th year, and five in the 15th 
year. Another important effect is the 


* The factors for the first three units are averaged 
on the assumption that they are of equal efficiency 
and will be rotated in use, 
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increased output of the base load units for 
the later years. 

These points are brought out to better 
advantage by Figures 2 and 3. The 
annual capacity factors of every fifth 
unit and the first three units* are plotted 
against the system age in Figure 2. 
unit serves at the base of the load curve 
for the first few years of its life and then 
gradually proceeds to decrease its genera- 
tion until it will be used only as a peak- 
load unit. Succeeding units serve the 
various levels of the load curve for longer 
periods than the preceding units. This 
is brought out by the capacity-factor 
characteristics plotted in Figure 3. The 
succeeding unit characteristics show a 
general increase in magnitude at a dimin- 
ishing rate of increase and an extension 
in the time served at the various levels of 
capacity factor. ; 

It will be readily apparent that the use 
of averaged historical data to determine 
the capacity-factor characteristic of a 
future unit on a given system is mislead- 
ing. For example, if the experience of 
the first ten units were averaged to deter- 
mine the capacity-factor characteristic 
of the 11th unit, insofar as that data 
would be available at the time the 11th 
unit would be required, the result would 
be radically different than that actually 
experienced by that unit. 


Unit AVAILABILITY 


Prime movers become unavailable for 
two reasons: 


1. For periodic inspection, maintenance, 
and overhaul. 


2. Accidental breakdowns. 


The former reason is ordinarily the major 
cause of unavailability. Obviously, the 
availability of a generating unit directly 
affects the magnitude of the capacity 
factor that may be developed. 

Assuming that all prime movers on the 
hypothetical system have equal avail- 
abilities the resulting effect on the ca- 
pacity-factor characteristic for the 20th 
unit is illustrated in Figure 4. The 
effect of increasing unavailability of all 
units is to tilt the characteristics, lowering 
the left end and raising the right end. 
When a unit is serving any level of the 
load curve which requires its operation 
daily its capacity factor will be decreased 
as a result of any extended unavail- 
ability. During the unavailable periods 
the next lower-efficiency unit serves in its 
place. This series of operating replace- 
ments follows through up to the peak- 
load stand-by units. In this manner it 
will be evident that the generation of the 
stand-by peak-load units will be materi- 
ally increased over the condition of 100 
pér cent availability of all units. It is 
assumed that at the time of the peak load 
no more than one unit is unavailable and 
that at no time the unavailable periods of 
several units combine to wipe out the 
required operating reserve. 
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PRIME-MovER USEFUL LIFE 


The useful life of a prime mover is 
generally determined by one of three 
principal factors: 


1. Wearing out of the equipment requiring 
unreasonable maintenance expenditures. 


2. Obsolescence due to increased efficiency 
of modern designs. 


8. Discontinuance of the enterprise which 
the units are serving. 


The useful life is only an estimate at best, 
requiring: 


1. Consideration of stamina of equipment 
relative to the severity of service to which 
it will be subjected. 


2. A guess as to the future advancement of 
the art. 


3. An estimate of the life of the enterprise. 


In the hypothetical system under study 
the number of installed units needed for 
any given year of the system life will be 
fixed regardless of the range of unit life. 
For instance, in the 18th year of system 
life the total number of installed units 
required will be 20 in order to maintain 
the required reserve. 

With the conception of a finite unit life 
it becomes possible to examine the prime- 
mover life capacity factor which is de- 
fined as, 


Life capacity factor = 
Total output during life 


total installed hours X unit capacity 
(19) 


where numerator and denominator are 
measured in the same units. It is mani- 
fest that the life capacity factor will be 
the average of the annual capacity factors 
of a given prime mover. 

Assuming a given equal life for all units 
in the hypothetical system it will be evi- 
dent that the first three units will expire 
and require replacement in the same year. 
The three replacement units will be ac- 
companied by an additional unit to take 
care of the increase in maximum energy 
demand. Thereafter, two units per year 
will have to be installed, one to replace 
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Figure 4. Change in capacity-factor charac- 
teristic of unit 20 with availabilities of all units 
at 80, 90, and 100 per cent 


Unit life unlimited 
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an expiring unit and the other to satisfy 
the load increase. Eventually the re- 
placements for the initial three units plus 
the accompanying unit for load growth, 
a total of four units, will expire and 
require replacement in one year plus in- 
stallation of an additional unit for growth. 
Thereafter three units per year will have 
to be installed, two to replace expiring 
units and one for growth. Thus definite 
steps are discernible in the development 
of the system which are marked by the 
increasing number of units installed per 
year for the same rate of load growth. 
This step effect will result in the units 
being accelerated in their progress to the 
top of the load curve. Assume a ten-year 
life span, then by reference to Figure 5 it 
will be evident that the first three units 
will expire after the tenth year. Then 
in the 11th year unit 4 will be idle, unit 5 
will assume the position occupied by 
unit 2, unit 6 replace unit 3, unit 7 re- 
place unit 4, and so forth, and new units 
13, 14, 15, and 16 will occupy the base of 
the load curve. A little study will show 
that the life capacity factor of unit 12 
suffers most from this transition period of 
the system development from the first 
to the second step. Whereas, with an 
indefinite unit life, unit 12 would remain 
on the base of the load curve for at least 
another three years after the tenth (see 
Figure 1) with the ten-year unit life it 
has been accelerated in the 11th year to a 
position comparable to that of unit 8 in 
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Figure 5. Comparison of annual prime-mover 

outputs in 10th and 11th years of system 

life with unit life span of ten years and avail- 
abilities of 100 per cent 
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Figure 6. Maximum and minimum capacity- 
factor characteristics for system development 
steps with units of ten-year life and availability 
of 90 per cent 
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the tenth year or well off the base of the 
load curve. The units preceding unit 12 
are also affected but to a lesser degree 
since they have served a greater portion 
of their life on the base of the curve. 
The life capacity factors of units 13 to 16 
are also considerably lowered. Pre- 
sumably all these units installed in the 
same year would be of equal efficiency 
and therefore rotated in actual operation 
whenever they are not all simultaneously 
needed in later years. By cross reference 
between Figures 1 and 5 it will become 
clear that in the 12th year unit 13 would 
be off the base of the curve, in the 13th 
year unit 14 would be off the base of the 
curve, and so forth. Hence on the aver- 
age, each of these units would spend 
only about 2.5 years on the base com- 
pared to the expected four years if they 
had been installed singly in successive 
years. 
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Figure 7. Capacity-factor characteristics for 

10, 20, and 30-year, and infinite lives of units 
installed in 18th system year 


Unit availability at 90 per cent 


The units whose life capacity factors 
will be affected least are the units that 
will be accelerated in position when they 
are already near the top of the load curve. 
These will be the units that are installed 
about midway of each step of the system 
development. A comparison of the capac- 
ity-factor characteristics for unit life of 
ten years in Figure 6 illustrates this. 
Units 1, 2, and 3 are the beginning of the 
first step in system development, unit 8 
is at the middle of the first step, unit 12 
at the end of the first step, units 25 and 26 
at the middle of the second step, units 33 
and 34 the end of the second step, and 
units 49, 50, and 51 the middle of the 
third step. The life capacity factors of 
the ‘“‘middle”’ units are higher than those 
of the units at the extremes of each 
step as will be indicated by inspection of 
their characteristics. 

The shape of the unit characteristics 
behave in the same general fashion re- 
gardless of magnitude of unit life. The 
appearance of the relative characteristics 
for lives of 10, 20, and 30 years and in- 
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Figure 8. Variation of life capacity factor for 
unit lives of 10, 20, and 30 years 


Unit availability at 90 per cent 
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Figure 9. Effect of availability on life capacity 
factor of successive units having 30-year life 


definite period of a unit installed in the 
18th year of system life is shown in 
Figure 7. In this illustration it should be 
noted that the unit is not installed in the 
same general location of system develop- 
ment for each life span, that is, for 30- 
year life the unit is installed past the 
middle of the first step; for 20-year life 
the unit is installed near the end of the 
first step; and for 10-year life the units 
are installed midway between middle 
and end of the second step. 

The variation in life capacity factor for 


the units being successively added to the — 


growing system is illustrated in Figure 8. 
Steps in system development are readily 
discernible in each of the unit life-ca- 
pacity-factor curves for 10-, 20-, and 30- 
year life spans. The plateau formed by 
the initial replacement units and accom- 
panying growth unit is prominently situ- 
ated at the beginning of each step. As 
principally shown by the 10-year life 
curve the life capacity factors of the 
units in the same relative location of 


each succeeding step of system develop- 


ment are increasing. This is due to the 
increasing ratio of total system load to 
total system capacity with time per- 
mitting better utilization of capacity. 

An unexpected effect of unit availa- 


bility is the resultant variation in the- 


unit life-capacity-factor curves shown in 


Figure 9 for a unit life span of 30 years. 


Whereas the implication of 100 per cent 
availability would lead to expectation of 
maximum utilization and therefore maxi- 


‘mum life-capacity factor, actually the re- 


verse is true within limits. A unit spends 
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Figure 10. Effect of system-load-growth rate 
on life capacity factor of units with 20-year 


life 
Availability at 90 per cent 
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Figure 11. Capacity-factor characteristics of 
units installed in 27th year of system life for 
base and half base load-growth rates 


Unit life of 20 years at 90 per cent availability 


roughly 25 per cent of its life on the base 
of the load curve. Whatever generation 
it loses during this initial phase by im- 
perfect availability is overbalanced by 
the generation it produces when serving 
as a stand-by replacement unit as a result 
of the unavailability of the succeeding 
‘units. 


RATE oF System LoAD GROWTH 


The rate of system load growth affects 
the shape of the individual prime-mover 
capacity-factor characteristic and the 
magnitude of the life capacity factor. 
This effect was investigated for the units 
having a 20-year life span with a system 
load growth one-half of the base rate of 
growth. For this condition it is mani- 
fest that units will have to be added 
only every second year compared to 
-every year for the base growth rate. The 
steps of system development in terms of 
number of years spanned is controlled 


Table Il. 


exclusively by the length of prime-mover 
life span. However, the number of units 
installed per step is governed by both the 
rate of growth and magnitude of unit life. 
This can be deduced directly from the 
given conditions, for which the results 
are listed in Table IJ. Comparing the 
columns for the various lives and growth 
rates it will be seen that the 10-year base 
rate and 20-year half rate are identical 
and also the 20-year base rate and 40- 
year half rate. This suggests that the 
life capacity factors for units in the same 
relative positions on the system develop- 
ment steps will be equal if the product 
of their years of unit life and relative 
system load growth rate are identical, 
for example, 30-year base-rate units will 
be equal in life capacity factors to those 
of 60-year half-rate units. 

The validity of this suggestion is borne 
out by the results of calculations illus- 
trated in Figure 10. For the 20-year 
half-rate units the curve of life capacity 
factor is slightly higher than that for the 
10-year base-rate units. As a specific 
example in the 27th year of system age 
units 37 and 38 are installed for the base 
rate of growth, whereas for the half-rate 
growth units 21 and 22 are installed. 
The life capacity factors for these pairs 
of units are respectively 45.3 per cent and 
44.7 per cent very nearly the same. The 
reason for this close agreement is shown 
in Figure 11 illustrating the capacity- 
factor characteristics for these units which 
lie very close to each other. The initial 
portion of the characteristic for the units 
on the base-growth system is higher than 
that for the half-rate growth system be- 
cause of the higher ratio of load to total 
installed capacity existing for the former 
condition. In the descending portion of 
the characteristic for the half-rate growth 
the jumps are caused by the increase in 
system load not being accompanied by 
increase in capacity. That is, the unit 
serves the same relative level of the load 
curve for two years in succession. 

Some energy-supply systems after a 
period of growth may mature in that no 
load growth can be expected in the fore- 
seeable future, resulting in the general 
load curve remaining constant in the 
succeeding years. For this circumstance, 
with an indefinite unit life, the capacity- 
factor characteristic of each unit would 
then be a horizontal line. However, for 
finite unit lives the units will be retired in 
the order of their installation, resulting in 
the familiar procession of the prime movers 
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from the base to the top of the load curve. 
Tf all the individual unit lives are uni- 
form in span of years and the capacities 
identical, then the capacity-factor char- 
acteristics will have the drooping shape. 
The life capacity factor of all units will 
be identical, with no system development 
steps appearing. 

On the basis of effects of wear the unit 
lives most likely would be uniform. 
Whenever an advance in the art of energy 
production has been realized some of the 
existing units will become obsolete and 
an acceleration in unit retirements and 
additions will result in varying unit lives. 
This will be reflected in the capacity- 
factor characteristics of the existing 
units by their earlier arrival at the status 
of peak-load units. 


Loap CYCLE AND LOAD FACTOR 


The nature of the load cycle and the 
magnitude of the load factor have a pro- 
nounced effect on the shape of the ca- 
pacity-factor characteristic. In Figure 12 
are shown four basic types of load cycles 
expressed as annual load-duration curves 
and the corresponding capacity-factor 
characteristic that may be expected of 
most units serving the load cycle. Figure 
12A is the simplest type of cycle conceiv- 
able, a constant load for all hours of the 
year. The load factor, of course, is 100 
per cent. If this load cycle grows at the 
same rate stipulated for the hypothetical 
system studied, the capacity-factor char- 
acteristic of most units would have the 
appearance shown in Figure 12A, a con- 
stantly rising curve with age concave 
downward, and in the last year of life 
dropping sharply because of only partial 
operation as a stand-by unit. 

The reason for the major trend is ap- 
parent from the following considerations. 
In the fifth year of system life seven units 
would be required. Assuming that all 
units will be rotated in use, the capacity 
factor of the units for the year would be 
5/7=0.714 or 71.4 percent. In the tenth 
year 12 units would be required and the 
capacity factor of all the units would be 
10/12=0.834 or 83.4 per cent. In the 
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Figure 12. Effect of load cycle on capacity- 
factor characteristic of a unit for given unit life, 

availability, and load-growth rate 
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Figure 13. Effect of change in load cycle at 
increasing load factor on a unit-capacity-factor 
characteristic 
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Figure 14. Effect of increasing unit capacity 
on system utilization factor at constant load- 
growth rate and ten-year unit life 


15th year 17 units would be required and 
their capacity factor would be 15/17= 
0.882 or 88.2 per cent. Thus the annual 
capacity factor of the seventh unit would 
be as follows: 


= — 


Annual 
Unit Age, Capacity Factor, 
Years Per Cent 


Obviously the capacity factor for the 
given conditions will never reach 100 per 
cent. The capacity factor increases with 
age because of the increasing ratio of peak 
load to capacity. It is evident that the 
two-unit installed-reserve policy would 
not be adequate to provide ample stand- 
by capacity at less than 100 per cent unit 
availability when a relatively large num- 
ber of units is installed. The installed 
reserve would be increased with time as 
dictated by the unit-availability experi- 
ence. It will generally be impossible to 
obtain an exact match between unit avail- 
ability and maximum utilization of ca- 
pacity with the result that in the last year 
of unit life, a unit will be only partially 
active because it is serving as a stand-by 
unit. 

Figure 12B is a load cycle where the 
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load remains constant but exists only 55 
per cent of the time, thus fixing the load 
factor at 55 per cent. The. correspond- 
ing effect on a unit capacity-factor char- 
acteristic compared to Figure 12A is to 
reduce the values to 55 per cent of the 100 
per cent load-factor cycle characteristic. 

Ariother shape of load cycle having the 
same peak load and load factor as Figure 
12B is shown in Figure 12C. For the 
major portion of time the load remains 
constant but rises to the peak for periods 
of brief duration. The unit capacity- 
factor characteristic will pass through 
three phases: 


1. When the unit is serving on the base of 
the load curve. 

2. When the unit is serving as a replace- 
ment unit for the outage periods of succeed- 
ing units and also on peak loads. 


8. When the unit is serving purely as a 
peak-load unit. 


> 


A load cycle of more common shape but 
having the same peak value and load fac- 
tor as the two foregoing cycles is illus- 
trated in Figure 12D. This is the 
general shape of the load cycle that has 
been chosen as the basis of this study. 
Reasons for the shape of the correspond- 
ing unit capacity-factor characteristic 
have already been discussed in connec- 
ton with Figures 1 to 5. 

Some energy-supply systems experi- 
ence an improvement in load factor with 
a growth in load. The consequent 
change in a unit capacity-factor char- 
acteristic will depend on the manner in 
which the improvement in load factor is 
brought about. Figure 13A is a load cycle 
and corresponding unit characteristic 
used as a base reference. If the improve- 
ment in load factor is brought about by 
increasing the number of hours of opera- 
tion near the peak load as in Figure 13B 
the capacity factor will be increased only 
when the unit is near the end of its life, 
that is, when it is serving as a peak-load 
stand-by unit. If the increased genera- 
tion occurs at the intermediate loads as 
in Figure 13C the level of the descending 
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Variation of ratio r for successive 
units with 30-year life 


Figure 15. 


Interest at eight per cent, and unit availabilities 
at 80, 90, and 100 per cent 
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portion of the unit characteristic will be’ 
raised. When the increased generation 
is brought about by raising the level 
of the minimum loads as in Figure 13D 
the base-load units serve for a longer 
period in that category with the result 
that the unit capacity-factor character- 
istic will be extended in time at the 
upper level in the early years and drop 
more sharply in the intermediate years. 


RELATIVE UNIT CAPACITIES AND 
RESERVE POLICY 


In practice it is very unlikely that the 
unit sizes would remain constant from 
the initial year of operation of a given 
system, especially for the constant rate 
of load growth assumed in this study. 
When completing the first step of system 
development as determined by individual- 
unit life span, four units must be installed 
in the initial year of the second step and 
two per year thereafter. For this circum- 
stance it will be propitious to install 
larger units to gain the advantages of 
compactness of plant, lower first cost 
per unit of capacity, and usually a reduc- 
tion in operating expenditures. These 
gains must be balanced against the dis- 
advantages of a single larger-unit forced 
outage crippling a greater amount of 
capacity, less efficiency at light loads, and 
the need of carrying a greater amount of 
reserve capacity which reduces the utili- 
zation of the system as a whole. 

A measure of the utilization of a sys- 
tem’s capacity is defined as, 


Utilization factor 


maximum demand 

SSemrEmie ee 0) et, 

installed capacity 
The reduction in utilization factor caused 
by increased unit capacity for the system 
with units having a ten-year life is illus- 
trated in Figure 14. The upper curve is 
for the condition of maintaining equal- 
sized units throughout. The lower dis- 
continuous curve corresponds to installa- 
tion of prime movers with relative capaci- 
ties of 100 in the first step, 200 in the 
second step, 300 in the third step, and so 
forth. For the assumed conditions it 
appears that the utilization factor will 
average about 82 per cent for system age 
greater than 50 years. 

A reduction in utilization following 
from increased unit size obviously must 
reduce the capacity factor of the prime 
movers involved. This is illustrated by 
the various conditions assumed in Table 
IIL. 

During the process of system growth 
and development, if the size or capacity 
of the units added is increased over the 
existing units the amount of reserve 
capacity that must be provided is in- 
creased. This results in lowering the 
generation and the capacity factors of the 
older units under the values that would 
have obtained if equal-sized units had 
been added. Thus the general effect on 
the capacity-factor characteristic of a 
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Table Ill. Example of Decrease in Capacity 
Factor Caused by Increase in Prime-Mover 


Capacity for a Constant Total Relative Load 
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* Based on one unit operating reserve. 


** Load divided in proportion to capacity. 


given unit would be to lower the curve for 
all years during which one or more sub- 
sequent larger units are in operation 
nearer the base of the load curve. 


Evaluation Factors 


INFLUENCE OF CAPACITY-FACTOR 
CHARACTERISTIC 


From the definition given in equations 
8 and 16 it is evident that the ratio 7 is 
largely dependent on the shape of the 
capacity-factor characteristic that is 
forecast for a contemplated prime mover. 
V’ is the weighted average of the annual 
capacity factors for the life of the unit. 
Here the present-worth factors of each 
year multiplied by the present-worth 
annuity factor corresponding to the life 
of the unit are the weighting elements. 
V, is then the capacity factor for the first 
year. 

V’ and the unit life capacity factor are 
directly commensurate since the latter is 
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Figure 16. Variation of justifiable-investment 
factor for successive units with 30-year life 


Interest at eight per cent, j at four per cent, and 
unit availabilities at 80, 90, and 100 per cent 
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the simple arithmetic average of the 
unit’s annual capacity factors. It follows 
that the behavior of r in general will 


‘pattern itself after the behavior of the 


unit life capacity factor as previously 
discussed. Whatever conditions influ- 
ence the life-capacity factor will have 
similar effects on the value of 7. In addi- 
tion the ratio is also dependent upon the 
value of the interest rate 1. 

Since the justifiable-investment factor 
F is dependent upon r as defined in equa- 
tion 11 it also is dependent upon the 
capacity-factor characteristic and its 
controlling conditions, as well as on the 
fixed charge rate y. 


Unit AVAILABILITY 


In Figure 15 is shown the variation in 
the ratio r for various unit availabilities 
for succeeding units having a uniform 
life span of 30 years when the interest 
rate is taken at eight per cent. Except- 
ing the first eight or ten units the curves 
exhibit the same trends and relative dis- 
tributions as the  life-capacity-factor 
curves of Figure 9. As the availability 
of all units decreases the value of r in- 
creases, indicating that the over-all utili- 
zation of a single unit increases. 

Effect of decreased availability on the 
first eight to ten unitsis unique. In the 
early years of their life while operating 
on the base of the load curve their initial 
annual capacity factors are relatively low 
(see Figure 3) but in their later years for 
lower availabilities of all units they 
generate a relatively greater amount of 
energy when acting on the intermediate 
loads or as peak-load stand-by units. 
For the first year of operation the initial 
annual capacity factors rise very rapidly 
with succeeding units, this determines the 
value of V; which accordingly will rise 
very rapidly in value for the first eight to 
ten unitsinturn. The relationship of the 
first-year capacity factor V, and the 
weighted life-capacity factor V’ is mark- 
edly affected by decreasing unit avail- 
ability causing a very rapid increase in 
the value of 7. For the units following 
the first ten the initial annual capacity 
factor Vi rises at a comparatively slow 
rate which allows the value of the 
weighted annual capacity factor V’ (or 
in effect the unit life capacity factor) to 
determine the trend of the r curves. 

Figure 16 shows the effect of unit avail- 
ability on the variation in justifiable in- 
vestment factor F for succeeding units of 
30-year life span, taking 7=8 per cent and 
j=('/2)4=4 per cent. Excepting the 
difference in ordinate values the curves 
are a duplicate in general appearance of 
the ¢ curves in Figure 15. From a study 
of Figure 16 it is manifest that within 
the limits of the availabilities shown 
more money can be justifiably invested 
in a given unit the less the availability 
of all the individual units. In particular, 
it is the possibility of improvement in 
availability of the future units not yet 
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Figure 17. Variation of ratio r for successive’ 
units with lives of 10, 20, and 30 years 


Interest at eight per cent and availability of 
90 per cent 
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Figure 18. Variation of justifiable-investment 


factor for successive units with unit lives of 
10, 20, and 30 years 


Interest at eight per cent, j at four per cent, 
and availability at 90 per cent 


actively under consideration that must be 
considered. As the future units improve 
in availability through decreased acci- 
dental outages and lesser need for inspec- 
tion and general overhaul outages the 
unit now being installed will have less 
opportunity to serve actively as a 
stand-by unit during such outages and 
therefore its life capacity factor will shrink. 
This circumstance would favor the pro- 
posals requiring less investment for a new 
unit being installed now. 

Expected availability of future units 
is an especially critical factor for a new 
energy-supply system that is expected to 
expand indefinitely in the future. If 
the expected availability is high a rela- 
tively cheap initial installation should be 
made because of the rapid relegation of 
this installation to peak-load service 
and very little operation as stand-by. 
Conversely, for a low availability a more 
expensive plant is justified because of 
its relatively great activity as a stand-by 
unit in the future. 


Unir Lire 


Variation in the ratio r for unit life 
spans of 10, 20, and 30 years is shown in 
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Figure 17 for a value of 7=0.08 and a unit 
availability of 90 per cent. Except for 
the first eight units the curves exhibit 
trends similar to the life-capacity-factor 
curves in Figure 8, though the curves are 
somewhat differently distributed in rela- 
tion to each other. In Figure 17 the 
curves have been smoothed; a point-by- 
point plot would exhibit the same 
plateaus as shown in Figure 8. However, 
the maximum deviation of any point from 
the smoothed curve is less than three per 
cent which is within a satisfactory order 
of precision for economic evaluations. 
Secondary cyclic variations that are 
quickly damped out are very marked in 
each of the curves in Figure 17 for the 
first eight units. These variations are 
discernible in the original plot of the 
points throughout the curve, but, being 
minor in magnitude after the eighth unit, 
the curves have been smoothed. As dis- 
cussed in the previous section of the 
paper these variations are purely a cir- 
cumstance dependent upon the relative 
variations in the capacity-factor quan- 
tities V; and V’ and the magnitude of 
unit availability. Beyond this they do 
not seem to have any great significance. 
Figure 18 illustrates the variation in 
the justifiable investment factor F for 
unit lives of 10, 20, and 30 years with 
availability at 90 per cent, 7=0.08, and 
j=('/2)i=0.04. The longer the life of the 
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Figure 19. Variation of justifiable-investment 
factor for successive units with unit lives of 10, 
20, and 30 years 


Interest at eight per cent, j at eight per cent, 
and availability at 90 per cent 
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Figure 20. Variation of ratio r for successive 
units with 20-year life at interest rates of four, 
six, and eight per cent 


Availability at 90 per cent 
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units the less the depreciation rate and 
the fixed-charge rate and the greater the 
investment that is justified. Accord- 
ingly the general level of the curves indi- 
cate this, the shortest life being at the 
bottom and the longest life at the top. 

Excluding the first half of the first 
step in system development for each 
curve it becomes evident that at or near 
the terminal points of each step the 
magnitude of justifiable investment is a 
minimum. This follows from the mini- 
mum utilization of the equipment caused 
by its acceleration in progress to the top 
of the load curve, that is, it serves a mini- 
mum of time as a base-load unit com- 
pared to other units on the system. The 
units installed at or near the middle of a 
step permit a maximum of justifiable 
investment because of the maximum util- 
ization made of their capacity during 
their life, that is, they serve for the maxi- 
mum possible length of time on the base 
of the load curve. 

For a new energy-supply system, 
the important influence of unit avail- 
ability has already been emphasized in 
referring to Figure 16. If 90 per cent is 
taken as a reasonable value of unit 
availability then from Figure 18, for the 
10- and 20-year life spans, the initial 
units enjoy the highest values of F. This 
is substantially true for the 30-year life 
span except for the rapid dip in value 
of F for the units 4, 5, 6, 7, and 8. How- 
ever, the value of F for these units is still 
higher than its magnitude at succeeding 
terminal points of system-development 
steps. If the availability becomes greater 
than 90 per cent the values of F will 
accordingly drop very markedly for the 
initial units. 


INVESTMENT CHARGES 


The investment charges as determined 
by the fixed charge rate are made up of 
three principal categories: 


1. Interest. 
2. Depreciation. 


3. Taxes and insurance. 


Depreciation as treated in this paper is 
principally determined by unit life. 
Though the 7 curves in Figure 17 are 
closely grouped, the corresponding F 
curves in Figure 18 are distinctly sepa- 
rated. This is caused by the difference in 
the depreciation rate for the different 
unit-life spans. 

The effect of taxes and insurance is 
shown in the comparison of Figures 18 
and 19. In the former the sum of the 
tax and insurance rates 7 is assumed to 
equal one-half the interest rate, in the 
latter the sum is equal to the interest rate. 
This doubling of the tax and insurance 
rate total causes a decrease in the justi- 
fiable investment for all lives and makes 
the curves draw closer together. This 
effect is in keeping with the general prin- 
ciple that the magnitude of the optimum 
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Figure 21. Variation of justifiable-investment 
factor for successive units with 20-year life at 
interest rates of four, six, and eight per cent 


Availability at 90 per cent and j at four per . 
cent 


investment is decreased as the annual 
expenditures directly incurred by the 
investment are increased. 

In Figure 20 the effect of the interest 
rate is shown in fixing the magnitude of 
the ratio r for succeeding units having a 
20-year life span and an availability of 
90 per cent. The curves are practically 
equidistant and the value of 7 rises as 
the interest rate increases. In Figure 21 
the corresponding effect on the justifiable 
investment factor F is shown for the 
same unit conditions. The curves are not 
equidistant and the progression is op- 
posite to that of the ratio 7. As the 
interest rate increases the factor F de- 
creases. This is in accord with the 
general principle that as the cost of money 
use increases the investment of the opti- 
mum plant decreases, other conditions 
remaining constant. 


RATE oF Loap GRowTH 


Effect of the rate of load growth on 
the life capacity factor has been illus- 
trated in Figure 10. The corresponding 
effect for the same conditions on the ratio 
y is shown in Figure 22. Coincidence of 
the development steps of the 10-year 
base-growth rate and the 20-year half- 
growth rate units is again in evidence, 
but, the difference in ordinate value of the 
two curves is much more marked. This 
carries over with increased accentuation 
in the difference of the factors F shown in 
Figure 23. The two 20-year life curves 
tend to oscillate about each other, but 
in general they both have appreciably 
greater values than for the ten-year life 
units. | 

For the given conditions the initial 
three units show the greatest variation 
of the value F (about 1 to 1.4) for the 
two load-growth rates. About 1 to 1.3 
is the maximum variation for later units, | 
specifically unit 22. For other propor- 
tions of the base-growth rate of the load 
with a given unit-life span it is evident 
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Figure 22. Effect of system-load-growth rate 
on ratio r for successive units with 20-year life 


Interest at eight per cent and availability at 90 
per cent 


that a net of curves fluctuating within 
the limits of the maximum and minimum 
values shown for the two given rates will 
exist. 


System Loap CycLe AND LoAp Factor 


Effects of load cycle and load factor 
on the capacity-factor characteristic of a 
unit have been illustrated in Figures 12 
and 18. Corresponding effect of the 
load cycle on the ratio r and factor F 
for successive units added to a growing 
system is shown in Figure 24. For the 
100 per cent-load-factor continuous load 
in Figure 24A the ratio 7 starts at some 
value less than 2.0 for the initial units 
installed, after which it drops rapidly 
for the next few units and then oscillates 
somewhat erratically about (but very 
close to) unity for the succeeding units. 
Fluctuations in the value of F follows the 
same trend as for 7 but of course the 
ordinate value will depend on the interest 
and fixed-charge rates. 

With the intermittent load of fixed 
magnitude in Figure 24B the ratio 7 and 
F behave identically with the trends in 
Figure 24A for the continuous constant 
load of same magnitude. This contrasts 
with the difference in the general magni- 
tude of the capacity-factor characteristic 
of any unit for the two loading conditions 
as shown in Figures 12A and 12B. The 
identity of y and F follows from the same 
shape of the capacity-factor character- 
istics. If the interest rate, unit life, 
availability, and fixed charge rate are 
the same for the two load cycles x and F 
will have identical ordinate values for 
each unit. 

For the load cycle in Figure 24C the 
variations in value of vy and F take on the 
characteristics of the fluctuations ex- 
hibited for the common shape of load 
curve as in Figure 24D which have been 
discussed at length. These variations 
are the direct result of load curves having 
more than one magnitude of load. The 
ordinate values of y and F in the latter 
two illustrations will depend upon the 
value of the controlling conditions cited 
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in the previous paragraph as well as the 
proportions of the load-duration curve. 
Figure 13 illustrates the effect of im- 
proving load factor on the capacity- 
factor characteristic of a given unit. 
From a study of this figure it is evident 
that the ratio 7 and the factor F will be 
increased to a maximum extent when 
improvement in load factor occurs by in- 
creasing the magnitude of the minimum 
load; the least increase will result from 
increased operation at the peak loads. 
This follows from the small weight given 
the annual capacity factors of a unit in 
the final years of its life as determined by 
the magnitude of the present worth fac- 
tors used in determining the ratio 7. 
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Figure 23. Effect of system-load-growth rate 
on justifiable-investment factor for successive 
units with 20-year life 


Interest at eight per cent, j at four per cent, 
and availability at 90 per cent 


Conversely, the extension of operation 
at relatively high capacity factors in the 
early years of a unit’s life will accordingly 
increase the magnitude of 7 and F. 


RELATIVE UNIT CAPACITIES AND 
RESERVE POLICY 


In the previous discussion it was 
demonstrated that an increase in unit 
capacity causes the operation of a 
greater amount of operating reserve (see 
Table III) and a lowering of all the ca- 
pacity factors of the unitsinvolved. Any 
lowering of a unit’s annual-capacity fac- 
tor after its first year of operation will 
lower the value of ry and F. Then for a 
new unit to be currently installed it will 
be necessary to estimate the time at 
which larger subsequent units may be 
installed and to discount accordingly the 
magnitude of the evaluation factors. 


Application to the Practical Case 


CONTROLLING FACTORS 


It is readily recognized that the as- 
sumption of values for the various con- 
trolling elements that must be made for 
an economic evaluation may vary widely 
from the magnitudes that are eventually 
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realized. In view of this insurmountable 
hazard the foregoing discussions may ap- 
pear to be only of academicinterest. How- 
ever, this situation is an inherent condi- 
tion of all new business ventures and 
usually it is only after a thoroughgoing 
study of all elements and probable future 
events prove favorable that ‘an enterprise 
is undertaken. As an aid to such thor- 
oughgoing study the subject of this 
paper is valuable for expanding systems of 
energy supply; since the relative impor- 
tance of the various controlling conditions 
have been clearly high lighted. 

Constancy of the various controlling 
conditions assumed in the study of the 
hypothetical system is highly unrealistic 
in most instances. However, this arti-~ 
ficial assumption is the only means avail- 
able to enable determination of cause and 
effect. General conclusions as to the 
practical.effect of the various controlling 
conditions are drawn in the following: 


(a). Unit Availability. At this writing 
the availability of. some types of prime 
movers seems to gpproximate 90 per cent. 
How close 100 per cent availability may be 
approached in the future is debatable. 
From Figure 16 it appears that for an 
established system the justifiable investment 
factor may increase by about five to nine per 
cent in magnitude when unit availability de- 
creases from 100 per cent to 90 per cent. 
Thus it is of small moment whether 90 per 
cent or 95 per cent is assumed for future 
unit availability because of the relatively 
small effect on the magnitude of F. How- 
ever, for the initial installations of a grow- 
ing system and those immediately following 
the unit availability is of primary impor- 
tance because of its effect on the activity of 
these units in their later life. The critical 
importance of availability seems to disap- 
pear when system-load-growth rate becomes 
about 15 per cent or less. 


(b). Unit-Life Span. The interplay of 
fixed unit-life span and uniform load growth 
causes certain predictable units to have 
either high or low investment factors F. 
In actual cases neither unit life span or load 
growth is uniform. In the past, unit life 
has more often been determined by obsoles- 
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(A) (B) (C) (D) 
Figure 24. Effect of load cycle on variations 
in r and F for successive units at given magni- 
tudes of availability, unit life, and fixed-charge 


rate 
L—Load r—V! 
U—Successive units Vv, 
T—Time F—Justifiable-investment factor 
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AVERAGE LIFE = 17.6 YEARS 


Figure 26 (right). Age as of 1° 
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Figure 25. Life span of steam-engine and 

turbine-driven generating units retired during 

the years of 1898 to 1943 on the-system of 

the Consolidated Edison Company of New 
York, Inc. 


cence rather than by the physical ability of 
existing equipment to carry on in service. 
The appendix exemplifies the wide range in 
prime-mover life that has been experienced 
on a large growing system. When a new 
unit is being considered for installation two 
elements of the situation should be critically 
examined: 


1. The physical condition of*the peak-load units to 
determine when they might need replacement due to 
deterioration. 


2. The possibility of advancement in the art 
making it worth while to install new equipment dur- 
ing the life of the contemplated unit. 


If new units for either cause seem likely then 
the justifiable investment factor will tend 
to be near a minimum value. If installa- 
tions succeeding the contemplated unit will 
be only for load growth, then the factor F 
will be near the maximum value. 


(c). System Load Cycle and Load Factor. 
The nature or shape of the load cycle is of 
primary importance in determining the 
capacity-factor characteristic of a unit, the 
flatter the shape of the load curve the nearer 
the capacity-factor characteristic approaches 
a horizontal line and the nearer the invest- 
ment factor F approaches 1/y. Again, the 
several initial and early units are the excep- 
tion for which the characteristics may be of 
a general rising trend and the values of F 
lie between 1/y and 2/y. An improvement 
in load factor causes a maximum increase 
in F if it is brought about by increasing the 
minimum loads of the load cycle; a mini- 
mum increase in F results if the load factor 
is improved by extended operation at the 
peak-load value. 


(d). Unit Capacity and Reserve Policy. 
The justifiable investment factor F of a 
unit under consideration will be decreased if 
during the life of that unit an increase in sub- 
sequent unit capacities or operating reserve 
is likely to occur. 


(e). Rate of System Load Growth. It seems 
probable that the most likely growth experi- 
ence will be one where there is none initially 
or only at a very small rate. The rate then 
increasingly accelerates till a condition of 
constant growth is reached for an extended 
period after which it tapers off to a small 
value or perhaps disappears altogether. The 
general range of magnitude of the factor Fis 
principally determined by the life span of 
the unit and the interest rate, but the rate of 
system load growth will determine where a 
given unit will be located in the range of 
values of F. 
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RECOMMENDED PROCEDURE FOR 
DETERMINATION OF EVALUATION 
FACTORS 


Direct application of the curves de- 
veloped in this study cannot be made to 
any practical case. They may only be 
used as a guide in estimating the effect of 
a change in initial assumptions on the 
answer desired. With the relative im- 
portance of the various factors established 
the following is a recommended pro- 
cedure for determining the value of the 
justifiable investment factor F for addi- 
tion of any prime mover to any system: 


1. Establish the present annual-load curve 
of the system. 


2. Forecast the peak load of the system for 
a period at least equal to the expected life 
span of the new unit by any rational means 
that are available. 


3. Forecast the load factor for the same 
period and determine at what levels the 
annual-load-curve shape is altered if the 
load factor changes. Also investigate the 
possibility of alterations in shape with a 
constant load factor. 


4. Review the operating- and installed- 
reserve-capacity policy to establish any 
changes that may be necessary with a higher 
load. 


5. Review the existing prime movers and 
determine the time at which they will have 
to be retired due to physical deterioration 
if this appears necessary. 


6. Estimate the likelihood of any advance- 
ment in the art that may justify replacing 
any of the present equipment due to obsoles- 
cence. 


7. Estimate the optimum capacity of the 
future units required in keeping with the 
load prediction and installed reserve policy. 


8. Estimate the availability of the future 
units. 
9. With the foregoing data in hand set up 


the load division among units for each year 
at 100 per cent availability. 


10. Tabulate the annual total output at 
100 per cent availability for each unit and 
each year under study. ‘ 


ll. Set up an adjusted tabulation from 
item 10 of unit annual output corrected to 
expected unit availabilities. 


12. From the annual outputs or capacity- 
factor characteristic determined in item 11 
for the unit under study find the ratio r. 


13. Knowing 7 and y determine F. 


Manifestly some of the recommended 
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estimations are mere guesses at best. 
However, some limitations on the reason- 
ableness of the guess will generally be 
apparent. In such circumstances it may 
very well be worthwhile to set up a study 
for each limit of the guess to arrive at 
the effect on the final answer. 


Appendix 


An example of the difficulty of predicting 
the actual life span of a prime mover is 
shown in the frequency chart of Figure 25. 
Here are the life spans of 58 units, steam- 
engine- and steam-turbine-driven genera- 
tors, classified according to the number of 
units having each nominal number of years 
of service. The range varies from a mini- 
mum of 4 years to a maximum of 36 years. 
Records are meager, but it is very likely that 
most if not all these units were retired be- 
cause of obsolescence rather than functional 
depreciation. This is certainly true of the 
units having very short lives, most of which 
were steam-engine-driven sets that were 
rapidly retired when the advantages of the 
steam-turbine were undeniable for central- 
station service. For these 58 units the aver- 
age life span was 17.6 years. Of interest is 


the following tabulation showing the in- 


creasing life span of the units with advancing 
time: 


Number of Average Life 

Period Units Retired Span, Years 
1898=191Ou Gee coien Gries ov ORR 5.0 
LOTI—1920 ac eee airy ster 21.) calic/ec ote 13.1 
1921-1980: css shiek 73 Seabee peeeeee 14.6 
VOSI=1943 27.1 Sidtaretaenens 25. scip st eine 24.6 
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Contrasting with these average life spans 
is the average age of the existing 61 units 
on this system which is 21.4 years. The 
range of ages varying from one to 87 years, 
as of January 1, 1944, is illustrated in 
Figure 26. The unusually large number of 
units of like ages, for example the 19- and 
22-year age groups, follows from the fact 
that the present system represents a con- 


solidation of at least five previously inde- 


pendent systems. These units were installed 
in the same year for load growth of these 
independent systems and were in no way 
economically interrelated at the time. 


} 
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HE growth in the use of electrically 

driven auxiliaries on shipboard has 
produced very large increases in the 
installed generating capacity. This fact 
together with the necessity for main- 
taining a high degree of reliability and 
continuity of service in shipboard power- 
distribution systems has emphasized the 
importance of providing adequate fault 
protection. Such protection is concerned 
primarily with the automatic isolation of 
a fault with minimum damage and with 
minimum disturbance to the remainder of 
the system. It is the purpose of this paper 
to develop some of the fundamental 
considerations in fault protection on 
shipboard and to establish the basic 
principles and methods for the selection 
and arrangement of the various protective 
devices to achieve a complete and co- 
ordinated protective system. The dis- 
cussion will be restricted to low-voltage 
(600 volts or less) a-c systems although 
many of the principles are also equally 
applicable to d-c systems, 

A typical shipboard power-distribution 
system is shown in Figure 1. It is essen- 
tially a radial-type system with provi- 
sions for interconnecting the power 
sources by means of bus-tie circuits 
between each main switchboard. Power 
is generated and distributed at 450 volts, 
three phase, 60 cycles. The system is 
delta-connected and ungrounded. When 
compared with the power-generation and 
distribution systems usually encountered 
in shore practice, the shipboard power 
system is evidently relatively simple and 
straightforward. Nevertheless the rela- 
tively close electric coupling between the 
generators and the loads, the high decre- 
ments in the short-circuit currents, and, 
particularly, the requirements of marine 
service have created a number of special 
problems in connection with the provision 
of an adequate protective system. More- 
over, it has been found that the con- 


ventional methods of protection for low- 


voltage power systems are either in- 
adequate or not suitable for shipboard 
application because of restrictions on 
space, complexity, and maintenance, and 


Paper 44-159, recommended by the AIEE com- 
mittees on marine transportation and protective 
devices for presentation at the AIEE summer 
technical meeting, St. Louis, Mo., June 26-30, 
1944. Manuscript submitted April 17, 1944; 
made available for printing May 20, 1944. 
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the need for a protective system with a 
high degree of reliability. 

In considering the problem of protec- 
tion on a low-voltage power-distribution 
system it is essential at the outset to 
recognize the distinction between the 
purposes of system fault protection and 
thermal overload protection. The former 
is concerned primarily with the isolation 
of faults from the system, that is, pro- 
tection of the system from experiencing 
interruptions of service due to faults on 
individual circuits or in apparatus, 
whereas the latter type of protection is 
directed towards preventing excessive 
temperature rise in apparatus due to over- 
loads. To some degree the two types of 
protection overlap in that an apparatus 
may be thermally damaged by the flow 
of fault current through it as in the case 
of a fault on the load side of a motor 
controller. However, it is essential to the 
development of a fault-protective system 
that the function of fault isolation remain 
uppermost. Thus generator circuit pro- 
tection should be concerned with the 
isolation of faults in the generator or 
generator cables and the minimizing of 
damage or fire hazard from bus faults 
and should not attempt to provide auto- 
matic thermal protection. The latter 
should be secured by relying on manual 
supervision to avoid excessive loading, 


Basic Requirements 


A fault-protective system for shipboard 
power-distribution systems should possess 
the following characteristics: 


1. High-speed clearing of faults. 


2. Selective operation under fault condi- 
tions. 


3. Maximum protection of electric appa- 
ratus and circuits. 

4. Adequate interrupting capacity in all 
circuit-interrupting devices. 

5. Adequate thermal capacity in all circuit 
protective devices. 


6. Simplicity of operation and ease of 
maintenance. 


Although many of these requirements are 
common to shore power systems it is 
desirable to review each of them with 
particular reference to conditions en- 
countered on shipboard. 


HIGH-SPEED CLEARING OF FAULTS 


High-speed operation of circuit pro- 
tective devices is essential, particularly 
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on all low-impedance faults, in order to 
minimize damage to the system and appa- 
ratus under fault currents of large magni- 
tude. On low-voltage systems of even 
moderate capacity the fault currents 
may be in the order of 25,000 amperes, 
while in some cases currents above 50,000 
amperes are possible. The large amount 
of energy which thus is liberated in the 
vicinity of a heavy fault constitutes a 
definite fire hazard. High-speed operation 
of the protective devices will reduce the 
likelihood of serious damage from this 
source. In addition, reducing the fault- 
clearing time to a minimum is also de- 
sirable to avoid excessive loss of load due 
to the low-voltage conditions existing 
during the presence of a fault. 
Low-voltage air circuit breakers have 
operating times of approximately one 
to three cycles depending on their rating 
and also ta,some degree on the magnitude 
of current flowing in those cases where 
the breaker is tripped by means of a 
series overcurrent coil. Fuses on the 
other hand are thermally actuated de- 
vices and therefore have operating times 
which are entirely a function of the fault 
current. Unless this current is 30 to 40 
times the ampere rating of the fuse its 
interrupting time may become excessive. 
For this reason the maximum fuse rating 
which may be used for fault protection 
is governed by the available short-circuit 
currents. On shipboard low-voltage 
power systems it is desirable to limit fuse 
protection to circuits where the fuse 
size required does not exceed 200 amperes. 


SELECTIVE OPERATION 


The maintenance of a high degree of 
service continuity is of vital importance 
on shipboard power-distribution systems. 
It is therefore essential that, insofar as 
practicable, only the circuit on which a 
fault occurs be disconnected automati- 
cally from the system, thus allowing the 
remaining circuits to continue in service 
without interruption. The _ selective 
operation thereby required of the various 
circuit protective devices is one of the 
major problems in the design of a pro- 
tective system and will be discussed in 
more detail later. 


MaAxIMUM PROTECTION 


High-impedance faults are quite likely 
to occur on shipboard power systems 
because of the relatively low voltages at 
which these systems operate. Although 
such faults will either burn clear or 
develop into low-impedance faults after 
a short time, nevertheless it is desirable 
that the protective system be designed 
to operate over a wide range of fault 
impedance. Moreover, in order to mini- 
mize damage to apparatus such as motor 
controllers and cables under fault condi- 
tions, the tripping characteristics of the 
circuit protective devices should be co- 
ordinated with the thermial characteris- 
tics of the circuit or apparatus. 
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ADEQUATE INTERRUPTING CAPACITY 


The large increases in generating ca- 
pacity on shipboard power systems makes 
the determination of the maximum short- 
circuit currents and the provision of 
interrupting devices of adequate capacity 
a major factor in the power-system design. 
Severe damage and fire may occur as the 
result of the failure of a circuit inter- 
rupter when operating at currents above 
its interrupting rating. Because of the 
restricted space available on shipboard, 
the use of backup protection is often 
necessary. This protection consists of 
connecting a circuit-interrupting device 
of adequate interrupting capacity ahead 
of other protective devices of insufficient 
rupturing ability to ensure clearing the 
maximum short-circuit current and to 
minimize damage to the latter devices. 
However, since backup protection necessi- 
tates loss of continuity of service and, in 
most cases, damage to the device pro- 
tected, its use should be restricted as 
much as possible. Furthermore, it should 
be noted that backup protection of a fuse 
by means of a circuit breaker is of limited 
value because of the extremely high-speed 
operation of the fuse at currents above 
its interrupting rating. 


ADEQUATE THERMAL CAPACITY 


Although not often taken into account 
in low-voltage practice, the short-time 
current rating of protective devices and 
switching equipment must be recognized 
if satisfactory system protection is to be 
secured. This factor is particularly im- 
portant in a protective system wherein 
the requirements for selective operation 
may result in the introduction of inten- 
tional time delay in the clearing of faults. 
Moreover, all interrupting devices have 
some inherent time delay before opening 
the circuit and thus impose a definite 
short-time duty on all apparatus. 


SIMPLICITY OF OPERATION AND EASE OF 
MAINTENANCE 


The exigencies of marine service do not 
permit the use of elaborate protective 
systems. The generally greater care re- 
quired to maintain such systems at maxi- 
mum operating effectiveness is neither 
possible nor desirable. For this reason 
and from considerations of optimum 
reliability it is preferable that all circuit 
protective devices be of the direct-acting 
types having all protective functions 
integral with the circuit interrupter and 
with minimum dependence on external 
devices. Thus the use of relays should 
be reduced to a minimum because of their 
usually greater complexity and the neces- 
sity of obtaining tripping energy from 
an external source. 


Methods of Securing Selective 
Operation 


It is evident from the foregoing dis- 
cussion that one of the principal con- 
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siderations associated with providing 
fault protection on shipboard power 
systems is that of securing selective 
operation of the various protective de- 
vices. Such operation is made difficult 
primarily by 


1. The relatively close electric coupling 
or lack of impedance between the various 
important sections of the power system. 


2. The high decrement of the short-circuit 
current output of the generators. 


The former condition is immediately 
clear from Figure 2 which shows the 
impedance of some of the principal ele- 
ments of a typical system. It is evident 
that a fault at point A or B draws ap- 
proximately as much current as a fault at 
point C. As a consequence there is no 
possibility of determining the location 
of the fault on the basis of the magnitude 
of current alone. The high-decrement 
factor existing in the short-circuit current 
of a typical generator for marine use is 
shown in Figure 3. This phenomenon 
makes securing selective operation com- 
bined with high-speed operation by means 
of conventional methods extremely diffi- 
cult if not impossible. 

There are several methods available 
for securing selective operation of circuit 
protective devices under conditions where 
differentiation between fault locations 
cannot be made on the basis of fault- 
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1. Current differential. 
2. Directional overcurrent. 


3. Inverse-time-delay overcurrent. 


CURRENT- DIFFERENTIAL PROTECTION 


Current-differential protection consists 
in balancing the currents flowing into 
and out of a given section of the power 
system or a given unit of apparatus. 
Figure 4 shows a typical current-differen- 
tial scheme consisting of an overcurrent 


Figure 3. Typical short-circuit current versus 
time curve of a-c generator for marine service 
equipped with automatic voltage regulator 
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relay and two current transformers, one 
transformer located at each end of the 
section to be protected. For external 
faults the secondary currents of the trans- 
formers are balanced and no current 
flows in the relay. When a fault occurs 
within the section the transformer cur- 
tents are unbalanced causing current flow 
through the relay which in turn trips the 
circuit breaker. This type of protection 
is inherently selective and can be operated 
without intentional time delay. 

It would seem at first glance that cur- 
tent-differential protection would be 
ideally suited for shipboard use. How- 
ever, there are a number of reasons 
which argue against its use as a general 


tule. First, to be effective in providing 
complete system protection current-differ- 
ential protection must be used for more 
than one section of the system. This fact 
is shown in Figure 5 where it is evident 
that in order to use differential protection 
on the bus tie or generator circuits it is 
also necessary to provide differential 
protection on the main-switchboard bus 
if bus faults are to be cleared. Since the 
latter are among the most common and 
the most damaging types of faults which 
occur on shipboard it is essential that 
they be included in the protective sys- 
tem. However, in general, while differen- 
tial protection has been used widely for 
this purpose in shore practice, the large 
number of feeder circuits.and consequent 
complexity of the control wiring incident 
to its use on shipboard make it unde- 
sirable for bus fault protection. Similarly, 
it is obvious that differential protection 
cannot be used on shipboard feeder 
circuits because of the excessive amount 
of external pilot wiring required to inter- 
connect the two ends of the circuit plus 
the large number of relays and resulting 
complexity and reduced reliability of such 
a system. 


DIRECTIONAL OVERCURRENT PROTECTION 


Directional overcurrent protection is 
applicable to loop circuits wherein power 
is supplied at only one point. In loop 
circuits where power is fed in alternately 
at several points such as occurs on ship- 
board bus-tie systems the use of direc- 
tional overcurrent protection becomes 
too complicated if not impossible. How- 
ever, this type of protection can be used 
to advantage on generator circuits to 
ensure isolation of faults in the generator 
or generator cables. In such applications 
a reverse-current relay can be used set 
at the minimum current and time per- 
missible to avoid false tripping due to 
synchronizing power transients. By this 
means selective operation between the 
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generator circuit breaker and other circuit 
breakers in the system for faults in the 
generator. circuit can be achieved with 
little difficulty. Whether or not such 
protection should be used depends largely 
on the likelihood of such faults occurring. 
In general, if the generator cable connec- 
tions are long, reverse-current protection 
of the generator circuit may prove to be 
desirable. 


INVERSE-TIME-DELAY OVERCURRENT 
PROTECTION 


The most commonly used method of 
securing selective operation of circuit 
protective devices on a low-voltage radial 
system under fault conditions is by means 


-- 


Figure 4 (left). Essential components 
of current-differential protection for a 
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of inverse-time-delay overcurrent trip 
devices. The latter have usually been 
fuses, induction-type relays, or circuit 
breakers equipped with oil-film dashpots. 
Each of these devices has definite limita- 
tions insofar as meeting all of the require- 
ments for fault protection set forth herein. 
Moreover these limitations exist both on 
shore installations and on shipboard. 

There are three major disadvantages 
in the use of fuses for circuit protection 
on shipboard: 


1. The necessity for fuse replacement 
following its operation in clearing a fault 
and the attendant delay in restoring service 
make it desirable to restrict their use to 
circuits of a nonvital nature. 


2. The lack of precision and consistency 
in the time-current characteristic of the 
ordinary fuse makes the proper co-ordination 
of several fuses connected in series extremely 
difficult. 


8. High-speed fault protection cannot be 
secured except on low-capacity circuits 
because of the inherently long time delay 
of fuses of large ampere rating and the high 
decrement on the generator short-circuit 
characteristic. 


If we refer to Figure 6, it is evident that, 
while the initial value of the short-circuit 
current, if, maintained, would have re- 
sulted in the fuse blowing in 0.10 second, 
the actual time to clear the fault is in- 
creased to 0.40 second. This slower speed 
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of operation is accentuated when several 
fuses are connected in series having in- 
creasing time delays. 

The chief disadvantages in the use of 
relays on shipboard for inverse-time-delay 
overcurrent protection are 


1. Securing a suitable source of tripping 
energy. 


2. Excessive switchboard space require- 
ments. 


These difficulties are also equally ap- 
plicable to the use of relays in the current- 
differential and directional overcurrent 
types of protection previously discussed. 
The extremely low voltages which are 
likely to exist under fault conditions 
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make it impossible to rely on the a-c 
system voltage for tripping the circuit 
breakers. For this reason it is necessary 
to use a separate voltage source for this 
purpose. Accordingly, when relays are 
used for circuit protection on shipboard, 
it has been customary to trip the circuit 
breaker by means of voltage from the 
generator exciter because of the relia- 
bility of this source. 

It is evident that the difficulties of 
providing a suitable source of tripping 
energy preclude the use of overcurrent 
relays on feeder circuits, particularly 
where more than one generator may be 
used to energize the switchboard as is 
usually the case on shipboard. More- 
over, the large number of relays generally 
required does not make them suitable 
for such an application in any case be- 
cause of space limitations. However, 
on bus-tie and more particularly on 
generator circuits overcurrent inverse- 
time-delay relays can be used without 
any of these difficulties and consequently 
they have had extensive use on ship- 
board for this purpose. 

Oil-film dashpots in conjunction with 
a direct-acting trip device actuated by a 
series overcurrent coil have been the 
standard method of securing inverse-time 
overcurrent protection on low-voltage 
air circuit breakers for many years. Such 
devices have the advantage of simplicity 
in that they require no external tripping 
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Figure 6. . Fault-clearing time of fuse as 
affected by decrement in generator short- 
circuit current 


source or current transformers. How- 
ever, they are not suitable for securing 
selective operation on shipboard power 
systems because an oil-film timer is 
inherently incapable of giving sufficiently 
accurate time delay to permit the co- 
ordination of the tripping characteristics 
of several circuit breakers connected in 
series. 

The essential elements of an oil-film 
time-delay device are shown schemati- 
cally in Figure 7 together with a typical 
time-current-characteristic curve. From 
a study of this figure it is evident that 
the variations in tripping time for current 
above 300 to 400 per cent of the pickup 
current are too great for reliable selective 
operation. Moreover the presence of a 
small amount of dirt in the dashpot or a 
scratch on the surfaces of the disks makes 
the performance extremely erratic, and 
as a result even greater departures from 
the nominal time delay shown by the 
curve of Figure 7 usually occur. 

There is an additional shortcoming of 
inverse-time-delay overcurrent protection 
over and above the mechanical and opera- 
tional deficiencies of the devices used 
and that is the unsuitability of the stand- 
ard time-current-characteristic curve of 
an inverse-time-delay device. This factor 
already has been mentioned briefly in 
connection with fuses, but it is considered 


1112 


fe) 
, 100 


worth while to analyze it more fully at 
this time. 


On shipboard power systems the locked- 
rotor currents of many of the motors are 
often equal to 50 to 100 per cent of the 
rated current of one generator and three 
or four times the rated current of the 
feeder to which the motor is connected. 
As a consequence, the time-current 
characteristic of the circuit protective 
device must bear a definite relationship 
to the starting current of the motors in 
order to avoid false tripping under start- 
ing conditions. Figure 8 shows the 
starting current of a typical induction 
motor as a function of time. To co- 
ordinate with this the time-current 
characteristic of a circuit protective 
device must be similar to either curve A 
or curve B, that is, it must introduce 
longer time delays at corresponding cur- 
rent values or must pick up at a current 
greater than the maximum value of the 
motor-starting current. Since the latter 
may become very large with respect to 
the normal load current of the circuit, 
it is usually undesirable to use the higher 
pickup setting shown in curve B, because 
of the possibility of failing to clear high- 
impedance faults. However, it is also 
evident that the characteristic of curve 
A results in excessively long clearing times 
at high values of fault current, particu- 
larly when considered in relation to the 
high decrement in the short-circuit 
characteristics of the generator as shown 
by curve C. It is evident, therefore, 
that the ideal inverse-time-current char- 
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acteristic is obtained by a device which 

gives the combined functions of curves 

A and B, in other words one introducing 
relatively long time delays at currents 

up to 300 to 400 per cent of the circuit 

rating and very short time delays for 

currents above this value. Finally, in 

order to provide backup protection at 

values of current above the interrupting 

rating of other circuit protective devices 

in the system and, because, of the limited 

short-time current rating of low-voltage 

air circuit breakers, the time-current 

characteristic must become instantaneous: 
at a definite current value. The charac- 

teristic curve of a device having these 

combined functions is illustrated in 

Figure 9. 

For convenience in identification and 
subsequent discussion of its application — 
the time-current curve of the direct- 
acting inverse-time-delay circuit-breaker 
overcurrent trip device shown in Figure 9 
and previously described has been di- 
vided into three types of protection: 


1. Time-Delay Overload Protection. 
This term applies to that portion of the 
curve wherein relatively long time delays 
are introduced at overcurrents of relatively 
small magnitude. It should be noted that 
it is directed towards high-impedance fault 
protection and not overload protection. 
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2. Time-Delay Short-Circuit Protection. 
This term applies to that portion of the 
characteristic covering the current range in 
which most short circuits will fall and in 
which the minimum time delay necessary 
for selective operation is provided. 


3. Instantaneous Short-Circuit Protection. 
This term applies to the provision for 
tripping the circuit breaker with no pur- 
posely introduced time delay and is needed 
primarily either for backup protection or to 
prevent exceeding the short time—current 
rating of the breaker. 


One further factor must be considered 
before satisfactory selective operation can 


INDUCTION MOTOR 
STARTING GURRENT 


TIME 


CURRENT 


be obtained when using inverse-time 
overcurrent trip devices of the direct- 
acting type on circuit breakers. This 
factor is that of the ability of the device 
to reset without tripping after the short 
circuit has been cleared’ by some other 
breaker in the circuit. The nature of this 
problem can be seen by reference to 
Figure 10A which shows the magnetic 
circuit consisting of a series overcurrent 
coil and armature for a typical direct- 
acting trip device. It is evident that some 
movement of the armature will be neces- 
sary in order to introduce time delay 
before tripping. The consequent re- 
duction in the length of the air gap in 
the magnetic circuit coupled with the 
inherent dissimilarity between the arma- 
ture and spring-pull characteristics means 
that less current is required to overcome 
the pull of the pickup spring, as shown 
in Figure 10B. Under short-circuit con- 
ditions, therefore, unless care is taken to 
ensure that the reduction in air gap while 
the fault current is flowing is sufficiently 
small the breaker still may follow through 
and trip because of load current even 
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though the breaker beyond has already 
cleared the fault. To minimize the change 
in air gap a suitable margin therefore must 
be provided between the time delays of 
successive breakers, and this should 
include the interrupting time of each 
circuit breaker, In the subsequent dis- 
cussion on the application of inverse- 
time overcurrent protection it should be 
understood that this factor of reset 
ability must be included in co-ordinating 
the protective devices. 


Figure 8 (left). In- 
verse-time overcurrent 
protection as affected 
by _induction-motor 
starting currents. and 
short - circuit - current 
decrement 
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tection, (2) high-speed fault clearing, 
and (3) selective operation in a manner 
necessitating no external tripping source 
or control wiring, and therefore repre- 
sents the maximum in simplicity and 
reliability. 


Application of Circuit Protective 
Devices 


In the application of circuit protective 
devices it is convenient to consider the 


TIME DELAY OVERLOAD PROTECTION 


Figure 9. Ideal time—current charac- 

teristic of direct-acting overcurrent trip 

device for low-voltage air circuit 
breakers 
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To summarize the foregoing discussion, 
it has been demonstrated that the con- 
ventional methods of securing selective 
operation in a circuit protective system 
have many shortcomings insofar as their 
application on shipboard is concerned. 
Current-differential protection offers 
little, if any, possibilities for shipboard 
use while directional overcurrent pro- 
tection must be limited to generator 
circuits. On the other hand, inverse- 
time-delay overcurrent protection offers 
the best opportunity for securing the 
desired results, but the limitations of the 
various devices generally used for this 
purpose are such that they either are not 
sufficiently reliable or must be restricted 
to definite parts of the system. Finally, 
it has been shown that a direct-acting 
inverse-time-delay overcurrent trip de- 
vice for air circuit breakers capable of 
giving accurate and consistent time 
delays of the type shown in Figure 9 
provides the most satisfactory solution to 
the problem of circuit protection on ship- 
board. Such a device fulfills the combined 
requirements of (1) maximum circuit pro- 
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B. Effect of change in air gap on reset 
Figure 10. Change in air gap of direct- 
acting overcurrent trip device during intro- 
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problem with regard to each of the basic 
types of circuits which occur on ship- 
board power systems. These circuits may 
be classified as follows: 


Individual load circuits. 
Feeder circuits. 

Bus-tie circuits. 

Individual generator circuits. 
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INDIVIDUAL LOAD-CrrRcuIT PROTECTION 


Individual load circuits are those 
which supply power to a single unit of 
power-eonsuming equipment such as a 
motor, transformer, and heater. In 
general, either. fuses or circuit breakers 
equipped with inverse-time-delay over- 
current and instantaneous short-circuit 
tripping may be used to protect such 
circuits. However, in view of the dis- 
advantages previously discussed, the use 
of fuses should be restricted insofar as 
possible to nonvital load circuits. 

Two major problems occur in the 
protection of individual load circuits. 
First, in order to secure maximum pro- 
tection of the circuit and also to secure 


selective operation with other circuit 
protective devices in the system it is 
essential that the circuit breaker or fuse 
operate to clear faults over a wide range 
of fault impedance and in minimum 
time. High-speed operation is particu- 
larly important from the standpoint of 
preventing damage to motor overload 
relays if they are of the thermal type. 
Second, the inverse-time overcurrent 
tripping characteristic of the circuit pro- 
tective device must be co-ordinated with 
that of the overload protective device 
and starting characteristics of the load. 
Furthermore, it should be noted that 
overload protection of circuits, that is, 
protection against overheating due to 
overloads of small magnitude for long 
periods of time is not essential in the 
circuit protective device. Such protec- 
tion is usually best provided by the 
control devices associated with the load. 

To meet the foregoing tequirements 
using fuses the fuse rating in general 
should be equal to 125 per cent of the 
circuit rating for all circuits except those 
supplying motors, in which case the fuse 
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Figure 11. Co-ordina- 


tion of protective de- 
vices on a_ single- 
motor-load circuit 
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Curve C—Circuit- 
breaker time—current 
characteristic 


Curve D—Fuse time— 
current characteristic 


Curve E—Circuit- 
breaker operating time 
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Figure 12. Typical transient current inrush 
on across-the-line start of 275-horsepower 
440-volt induction motor 
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rating should be approximately two 
thirds of the locked-rotor current. How- 
ever, in no case should the fuse size 
exceed 200 amperes. 

For circuit breakers, the inverse-time- 
delay overcurrent device should pick up 
at approximately 150 per cent of the cir- 
cuit rating and introduce sufficient time 
delay to prevent tripping under motor- 
starting conditions. The usual starting 
times of induction motors vary from 
one to ten seconds, depending on their 
size and the starting load and voltage 
conditions. The circuit-breaker instan- 
taneous short-circuit trip setting is 
governed primarily by the  starting- 
current transients of the load as shown 
later. 

Figure 11 shows the method of co- 
ordinating the protective devices for a 
typical motor load circuit using either 
a breaker or a fuse for circuit protection. 
In this particular example, the time 
delay of the circuit breaker and/or fuse 
is shown to be greater than that of the 
motor relay for the entire current range. 
This condition is not actually necessary 
except for currents below approximately 
200 per cent of motor rating providing 
that sufficient time delay is introduced to 
prevent tripping while the motor is 
starting. It will be noted that for cur- 
rents greater than 80 times the motor . 
rating the fuse is faster than the circuit 
breaker, whereas for lower values of fault 
current the instantaneous trip feature on 
the circuit breaker enables it to clear 
faults in less time than is required by the 
fuse. 

The chief limitation on the setting of the 
instantaneous trip device on the circuit 
breaker supplying a motor or transformer 
is the transient inrush current. When 
an induction motor is first energized a 
transient current flows which exceeds 
that determined by considering only the 
rms value of the applied voltage and the 
locked-rotor impedance of the motor. 
This transient current is similar to that 
which occurs when any highly inductive 
circuit is energized and is dependent on 
the point on the voltage wave at which 
the switch is closed and also on the degree 
of saturation in the magnetic circuit of 
the motor. Figure 12, taken from an 
oscillogram, shows the typical transient 
current which occurs when starting an 
induction motor across the-line. . 

As shown in the appendix, the total 
transient motor-starting current may be 
resolved into an a-c component and a 
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Figure 13. D-c offset factor as a function of 
circuit reactance-to-resistance ratio 


d-ccomponent. If saturation is neglected, 
the former is a constant with an rms value 
equal to the locked-rotor current. The 
latter is an exponential with an initial 
value dependent on the point on the 
voltage wave at which the switch is closed 
and decaying with a time constant deter- 
mined by the ratio of the locked-rotor 
reactance to locked-rotor resistance. 
Small air circuit breakers of the type 
commonly used on single-motor circuits 
for short-circuit protection are equipped 
with an instantaneous magnetic trip 
capable of being actuated by a half cycle 
or current. Moreover such circuit break- 
ers are calibrated by means of a symmet- 
rical alternating current having a speci- 
fied rms value. In order therefore to 
prevent false tripping by the motor- 
starting transient it is necessary that the 
peak value of the symmetrical current 


Figure 14. Oscillogram of transient inrush 

and counter electromotive force of 150-horse- 

power 440-volt three-phase induction motor 

during reduced-voltage starting with open 
transition 
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by which the breaker is calibrated exceed 
the peak value of the starting transient. 
From the appendix, the peak value of the 
maximum transient occurs at one-half 
cycle after the switch is closed and is 
given by 


tpeak = V2 Ipp(ite—7*/*) 


where 


(1) 


Iyp=steady-state locked-rotor current in 
rms amperes 
R=locked-rotor resistance in ohms 
X =locked-rotor reactance in ohms 


*, 


The value of the expression (1 
e—*®/X) is known as the d-c offset factor 
and is plotted in Figure 13 as a function 
of X/R and the motor locked-rotor power 
factor. Therms value of the symmetrical 
current at which the circuit-breaker 
magnetic trip should be calibrated may be 


Figure 15 (right). 
Counter - electromo- 
tive-force-versus-time 
curves for open-cir- 


determined by multiplying the motor 
locked-rotor current by this factor. In 
many cases it is desirable to include the 
effect of the supply-circuit impedance 
in determining the value of the transient. 
This can be done by adding it to the 
locked-rotor impedance of the motor and 
using the new values of X and R in 
equation 1. 

Because of saturation the actual peak 
value of the transient current in the 
first half cycle is greater than that 
obtained by the preceding calculations. 
Tests have shown that where the cal- 
culated peak value may be only 1.4 
times the peak value of the locked-rotor 
current the actual measured value was 
1.8. However, for typical induction- 
motor-starting power factors with some 
impedance in the supply circuit a d-c 
offset factor of 1.6 has been found satis- 
factory, particularly in view of the 
unlikelihodd of closing in at exactly the 
point on the voltage wave giving the 
maximum transient. 

For reduced-voltage starting with 
closed transition the factor of 1.6 also 
may be used to determine the maximum 
inrush current after first taking into 
account the reduction in starting current 
taken from the line. 

Where reduced-voltage motor-starting 
equipment is used having open transition 
from the reduced-voltage tap to full 
voltage, a transient current greater than 
that which occurs with across-the-line 
starting may flow. As shown in the 
appendix, this transient current is caused 
by the out-of-phase relationship which 
may exist between the counter electro- 
motive force of the motor and the line 
voltage at the time of reconnection. The 
existence of the motor counter electro- 
motive force may be explained briefly as 
follows. The initial voltage applied to the 
stator of the motor produces a rotating 


cuited induction mo- 
tors of various horse- 
power ratings 


% OF LINE VOLTAGE 


MOTOR COUNTER EMF — 
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magnetic field which cannot disappear 
instantly. Consequently, at the instant 
after the circuit to the motor is opened, 
the rotating field remains locked in step 
with the rotor and generates a voltage in 
the stator, the magnitude of which is de- 
pendent on the initial applied voltage and 
the amount of current drawn by the 
motor prior to opening the circuit.. The 
phase relation of this voltage with respect 


710 AMPERES PEAK 
INRUSH CURRENT WAVE 


IMPRESSED VOLTAGE WAVE 
450 VOLTS RMS 


to the line voltage is determined by the 
original amount of slip, the time required 
to transfer, and the deceleration of the 
rotor which occurs during the transition 
period. The counter electromotive force 
is produced by current induced in the 
rotor and therefore decays exponentially 
with a time constant equal to the ratio 
of the inductance to the resistance of the 
rotor circuit. 

Figure 14 taken from an oscillogram 
shows the decay in counter electromotive 
force and the transient inrush current 
obtained on a 150-horsepower induction 
motor during reduced-voltage starting 
with open transition. The counter 
electromotive force as a function of time 
for unloaded motors of various horse- 
power ratings is given in Figure 15. 

It is evident from the foregoing discus- 
sion and the analysis presented in the 
appendix that there is a large number 
of factors which determine the amount 
of the transient current which flows 
under reduced-voltage motor starting 
with open transition. However, on the 
basis of experience and tests it has been 
found that by setting the circuit breaker 
instantaneous trip at 1.8 times the locked- 
rotor current false tripping under starting 
conditions can be avoided. In general, 
because of the very high setting which 
thereby is required and the consequent 
loss in high-speed fault protection, it is 
desirable to avoid using open-transition 
reduced-voltage starting equipment on 
shipboard power systems. 

Figure 16 shows a typical exciting- 
current inrush to a transformer. While 
analogous to the transients of the induc- 
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tion motor it differs in one major respect 
in that the saturation of the magnetic 
circuit is the dominant factor rather than 
the exciting impedance. For a three- 
phase-delta bank an instantaneous trip 
setting of 12 times the full-load rating of 
the bank is recommended. Where fuses 
are used, their rating should be equal 
to not less than the full-load rating of the 
transformers. 


FEEDER CIRCUIT PROTECTION 


Feeder circuits are those supplying two 


or more individual load circuits and 


Figure 16. Oscillogram 
of transient exciting- 
current inrush of 25-kva 
single-phase 450/117- 
volt transformer 
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usually originate directly at the mgin 
switchboard. Such circuits introduce the 
first major step in the problem of securing 
selective operation and for this reason 
circuit breakers should be used in pref- 
erence to fuses. Figure 9 shows the 
tripping characteristics of a circuit 
breaker equipped with the direct-acting 
tripping device which has been described 
previously as incorporating the features 
necessary for circuit protection on ship- 
board, that is, time-delay overload, time- 
delay short circuit, and instantaneous 
short-circuit protective features. In ap- 
plying this breaker to a feeder circuit, the 
following principles may be used in the 
selection of the settings: 

1. Time-Delay Overload Protection. 
This protection should be directed towards 
achieving a maximum degree of high- 
impedance fault protection on the feeder 
circuit. However, the pickup current and 
time-delay settings must be such that the 
time-current characteristic lies above that 
due to any motor-starting or other inrush 
currents to the loads. In general, a pickup 
current setting equal to 150 per cent of the 
circuit rating with a time delay of 15-20 
seconds at 250 per cent of circuit rating is 
satisfactory. In any event, the setting niust 
be above that of the inverse time-current 
protective device on the largest individual 
load circuit being supplied. 


Figure 17, 
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2. Time-Delay Short-Circuit Protection. 
This protection is directed towards the 
high-speed clearing of low-impedance faults 
on the feeder circuit and at the same time 
selective operation with the individual load 
breakers or fuses. To do so it is necessary 
that the time delay of this protective device 
on the feeder breaker exceed the interrupt- 
ing time of the largest load breaker for any 
value of current in excess of the pickup 
current setting. In general this time delay 
should not be less than three cycles. In 
addition, the pickup current value should 
exceed if possible the highest instantaneous 
trip setting of any load breaker. However, 
this is not imperative since fault currents 
in this range are not likely to occur. 


3. Instantaneous Short-Circuit Protection. 
This protection is required wherever the 
short-time current rating of the feeder 
circuit breaker may be exceeded and also 
for backup protection of the load breakers 
or fuses if the maximum available short- 
circuit current exceeds the interrupting 
rating of the latter. Tests have shown that 
the instantaneous trip setting should be 
not more than 90 per cent of the interrupt- 
ing rating of the breaker to be protected. 


Bus-Tie Crrcuir PROTECTION 


Bus-tie circuits are those used to inter- 
connect the main switchboards. They 
present a problem similar to that of the 
feeder circuits except that in addition it is 
usually necessary to co-ordinate the 
settings with both the feeder and the 
generator circuit breakers. For example, 
the pickup current setting of the time- 
delay short-circuit protection should not 
exceed approximately 80 per cent of the 
pickup current setting of the same device 
on the generator circuit breaker. Further- 
more, the time-delay setting should be 
such that, for any value of current in 
excess of pickup, the time delay of the 
bus-tie circuit breaker exceeds the sum 
of the time delay and interrupting time of 
any feeder breaker. The instantaneous 
trip device should be set at the value 
determined by the short-time rating of 
the bus-tie breaker. 


GENERATOR CIRCUIT PROTECTION 


Generator circuit protection consists of 
three major parts: 


1. High-speed clearing of bus faults com- 
bined with selective operation with the bus 
tie and feeder circuit breakers. 

2. Clearing of faults in the generator and 
generator cables. 

8. Prevention of damage to the prime 
mover where two or more generators may 
be operated in parallel. 


In order to accomplish the first objec- 
tive it is necessary that the generator 
circuit breaker be equipped with inverse- 
time-delay overcurrent protection which 
can be co-ordinated with that of the bus 
tie and feeder circuits, The direct-acting 
overcurrent trip device previously de- 
scribed for use on the latter circuits 
also can be used for this purpose. How- 
ever, an overcurrent relay having the 
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Figure 18. Factors for 
converting rms value 
of symmetrical current 
to maximum rms 
‘asymmetrical and aver- 
age rms current in 
three phases 


K,—Ratio of average 
rms current in three 


phases at one-half 
cycle to rms value of 
symmetrical current 


Ko—Ratio of maximum 
rms asymmetrical cur- 
rent at one-half cycle 
to rms value of sym- 
metrical current 


proper characteristics also can be used 
in this connection, since little complica- 
tion is introduced by the requirement for 
a source of tripping energy. The latter 
can be obtained conveniently and re- 
liably from the generator exciter. The 
setting of the overcurrent device, whether 
a relay or a series overcurrent coil and 
time-delay device integral with the 
breaker, is governed entirely by the 
short-circuit current characteristic of the 
generator. Thus the pickup current 
setting of the time-delay short-circuit 
protective portion of the characteristic 
should not exceed approximately 80 
per cent of the sustained short-circuit 
current of the generator, taking into 
account the effect of the voltage regu- 
lator. The purpose of this setting is to 
ensure maximum speed in clearing bus 
faults. The time-delay setting should be 
such that for any value of current in ex- 
cess of pickup the time delay of the 
generator circuit breaker exceeds the sum 
of the time delay and the interrupting 
time of the bus tie and/or feeder circuit 
breakers, Where more than two gener- 
ators may be operated in parallel it is 
desirable also to provide an instantaneous 
trip on the generator circuit breaker in 
the event that its short-time current 
rating may be exceeded and also to assist 
in clearing heavy faults in the generator 
or generator cables. Where used, this 
setting should be not less than 120 per 
cent of the maximum asymmetrical rms 
short-circuit current of the generator. 
To prevent damage to the prime mover 
in installations where two or more gener- 
ators are to operate in parallel, a re- 
verse-power relay should be used and the 
circuit breaker tripped by means of an 
a-c shunt trip coil energized from the 
main bus. This type of trip coil is recom- 
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mended in order that tripping also may 
be secured in the event of loss of excita- 
tion. The principal problem in connec- 
tion with applying the reverse-power 
relay is to secure a setting sufficiently 
low to protect the prime mover but such 
that synchronizing power transients will 
not cattse false operation. A pickup 
setting equal to four per cent reverse 
power and a time delay of approximately 
ten seconds at 125 per cent of pickup is 
usually satisfactory for this purpose. 

It is evident that where all generators 
are of equal rating no selective operation 
between the generator circuit breakers 
for faults in the generator or generator 
cables can be secured by means of the, 
inverse-time overcurrent trip devices. 
For this reason it often may be desirable 
to use a reverse-current relay to accom- 
plish such protection on the generator 
circuit. However, this means another 
relay in addition to the reverse-power 
relay and, in some cases, the overcurrent 
relay, and represents therefore con- 
siderable complication and excessive space 
in the installation. Since the problem is 
similar to that occurring in a-c secondary- 
network systems, it would seem that a 
three-phase relay similar to the network 
master relay could be used for this pur- 
pose. The latter relay is capable of 
tripping both on reverse power and under 
fault conditions on the primary feeder 
supplying the network. Thus, it could 
be used for both reverse power and 
fault protection on generator circuits on 
shipboard, Although such an application 
has not as yet been made, it may be 
worthy of consideration in those cases 
where both reverse power and fault pro- 
tection is desired on the generator circuit. 

The foregoing discussion of the methods 
of securing circuit protection in each of 


ne iy / 


the several classes of circuits commonly 
encountered on shipboard power systems 
is summarized in Figure 17, which is a 
co-ordination chart showing the required 
tripping characteristics of all of the 
significant circuit breakers on a typical 
system. Two very important factors in 
the development of the protective system 
to give selective operation are evident 
from this chart, namely, the limitations 
on (1) the maximum current rating of 
any feeder and (2) the maximum motor- 
starting currents. Both of these factors 
tend to make securing selective operation 
together with maximum fault protection 
and high-speed operation of the pro- 
tective devices extremely difficult. Conse- 
quently, insofar as practicable, the maxi- 
mum feeder rating should not exceed 
approximately 50 per cent of the rating 
of the smallest generator, and the maxi- 
mum motor-starting current in general 
should be limited to 100 per cent of the 
generator rating. 

One further point should be mentioned 
in connection with Figure 17, and that 
is the curve showing the generator short- 
circuit current. It will be noted that the 
integrated value of this current has been 
plotted as a function of time rather than 
the instantaneous value. Both relays 
and direct-acting trip devices are re- 
sponsive to the total energy input. Conse- 
quently, by plotting the integrated value 
of the generator short-circuit current and 
noting its intersection with the charac- 
teristic curve of the protective device, 
it is possible to predict the time required 
to clear a fault; stich information is 
essential to the development of a co- 
ordinated protective system. 


Fault-Current Calculations 


An essential prerequisite to the de- 
velopment of a circuit protective system 
and the application of the various protec- 
tive devices is the determination of the 
system short-circuit currents. The as- 
sumption that on low-voltage systems 
these currents can be considered in- 
herently limited to relatively low values 
has been found by experience to be un- 
justified, particularly on large-capacity 
shipboard power systems where the cable 
sizes are large and their lengths short. 
Moreover, in calculating the fault cur- 
rents on shipboard low-voltage power- 
distribution systems it is necessary to 
determine not only the contribution of 
the synchronous generators and motors 
but also that of the induction motors 
which are connected to the system. For, 
although the short-circuit currents from 
the latter decay very rapidly, the high- 
speed operation and limited thermal ca- 
pacity of low-voltage air circuit breakers 
makes this component of the current an 


important factor in determining the 


interrupting duty on both breakers and 
fuses. 


It is necessary to calculate at least the 
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following fault currents in the design of 
the protective system: 


1. Maximum available rms short-circuit 
current (average of three phases). 


2. Maximum available rms asymmetrical 
short-circuit current. 


3. Maximum rms asymmetrical short- 


circuit current of each generator. 


4. Maximum sustained rms short-circuit 
current of each generator. 


The subsequent discussion and formulas 
are presented for convenience. The 
methods of calculating fault currents on 
low-voltage power systems are already 
well established,!:* and it is intended 
only to show in detail their application 
to the specific problems encountered 
on shipboard. The following definitions 
of terms apply to each of the formulas 
in which they appear: 


J,=rated generator current in amperes 
E,=rated line-to-neutral generator volt- 
age in volts 
I, =sustained 
generator 
Isvg =maximum available rms short-circuit 
current (average of three phases) 
Imax =Maximum available rms asymmetrical 
short-circuit current 
I,"=maximum rms asymmetrical short- 
circuit current of generators 
Zq" =equivalent system impedance in ohms 
per phase from generators to point of 
fault using subtransient reactances of 
generators 
Zq= equivalent system impedance in ohms 
per phase from generator to point of 
fault using synchronous reactances 
of generators 
Xq=generator synchronous reactance in 
ohms per phase 
Tysc= generator field current under sus- 
tained short-circuit conditions 
I= generator field current at no-load 
rated voltage 
Zm = equivalent system impedance in ohms 
per phase from connected induction 
motors to point of fault using locked- 
rotor impedance of motors 
K,=ratio of average three-phase rms cur- 
rent to rms symmetrical current from 
Figure 18 
K2=ratio of maximum rms asymmetrical 
to rms symmetrical current Figure 18 


short-circuit current of 


Maximum AVAILABLE Rms SHORT- 
Circuir CURRENT (AVERAGE OF 
THREE PHASES) 


For convenience in testing and applica- 
tion the interrupting rating of all low- 
voltage (600 volts or less) air circuit 
breakers is based on the average value of 
the maximum available rms short-circuit 
currents which occur in the three phases 
during the first cycle after inception of 
the short circuit. In making the calcula- 
tion, the current should be determined on 


the basis of the contribution of the maxi-_ 


mum expected paralleled generating ca- 
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pacity plus the contribution of the 
induction- and synchronous-motor load 
connected to the system at the time of 
fault. The, impedance should include 
the generator and motor subtransient 
reactances, armature resistances, and all 
significant circuit impedances (cables, 
circuit breakers, and bus work) up to the 
point of fault. The fault should be con- 
sidered to be a zero-impedance three- 
phase fault. All generators should be 
assumed to be operating at rated load and 
power factor prior to the short circuit. 
The fault current is given by 


0.70E, . KiEy 
Zm Za" 


Invg= (2) 
Maximum AVAILABLE Rus ASYMMETRI- 
CAL SHORT-CIRCUIT CURRENT 


This current is required in connection 
with the short-time current rating and 
mechanical strength of switches, cables, 
bus work, and circuit breakers, and has 
recently been proposed as the basis for 
the interrupting rating of fuses. This 
current should be calculated on the same 
basis as that described previously in con- 
nection with the average current. The 
asymmetrical short circuit-current may be 
determined as follows: 


_0.80E, , K2E, 


[ENS 
Zm Za" 


(3) 
Maximum ASYMMETRICAL SHORT-CIRCUIT 
CURRENT OF EACH GENERATOR 


This current value is needed in con- 
nection with prescribing the current 
range over which the inverse time- 
current characteristics of the overcurrent 
protective devices on the generator, bus 
tie, and feeder circuit breakers must be 
co-ordinated in order to maintain se- 
lective operation. It is also required with 
regard to the pickup setting of the in- 
stantaneous short-circuit trip on the 
generator circuit breaker. The current 
should be determined on the basis of the 
generator being short-circuited when 
operating at rated load and rated power 


factor. Hence it is obtained from 
” KE, 
I, =F," (4) 


Figure 19. Equivalent circuit of induction 
motor under across-the-line starting conditions 


rs—Stator resistance } 


Xs—Stator leakage reactance at rated frequency 
r,—Rotor resistance ; 
x;—Rotor leakage reactance at rated frequency 
Xm—Shunt reactance to include magnetizing 
current 
E—Applied voltage 
s—Stator current 
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Maximum SUSTAINED SHORT-CIRCUIT 
CURRENT OF EacH GENERATOR 


Because this current governs the pick- 
up current settings of the time-delay 
short-circuit trip devices on the generator 
and indirectly on the bus-tie and feeder 
circuit breakers, it is of major importance 
in the design of the circuit protective 
system from the standpoint of selective 
operation and fault-clearing time. The 
calculation should include the effect of 
the voltage regulator using the value of 
the field resistance with the field hot. 
Hence this current is given by 


Tod 
(#) (SCR) (Xa) (Nh) 


fo (5) 


Ig= Zi, 

In equations 2 and 3 of the foregoing 
calculations the factors of 0.7 and 0.8, 
used in determining the contribution of 
induction motors to the average and 
asymmetrical values, respectively, of 
the available short-circuit current, are 
necessary to take into account the decre- 
ments in the a-c and d-c components of 
the motor contribution during the first 
half cycle. They are used in order to 
avoid making a calculation for each motor 
individually. Accordingly, the factors 
were derived on the basis of reducing all 
of the connected induction motors to a 
single equivalent motor having a rating 
equal to the sum of the ratings of all the 
connected motors. This equivalent motor 
was assumed to have a short-circuit time 
constant of two cycles and an open-circuit 
time constant of 30 cycles. From Figure 
15 it will be noted that the latter corre- 
sponds to the time constant of motors of 
approximately 25 to 50 horsepower 
which is about the average motor size 
usually encountered on shipboard. 


Conclusions 


The growth in the capacity of the elec- 
tric plants installed on shipboard has 
created a need for more careful analysis of 
the fault currents and the methods of 
obtaining fault protection. Moreover, it 
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Figure 20. Transient 
current inrush for an 
RL series circuit 


has made it imperative and at the same 
time more difficult to provide circuit 
protective devices of adequate interrupt- 
ing capacity and capable of selective 
operation under fault conditions. 

The use of conventional relaying 
schemes for achieving selective operation 
on shipboard possesses a number of dis- 
advantages from the standpoint of space, 
complexity, and reliability. On the other 
hand, circuit breakers equipped with 
direct-acting tripping devices utilizing 
the inverse-time-current principle and 
capable of giving accurate time delays 
as described herein are believed to present * 
the best method of securing selective 
operation on shipboard power systems. 

It is considered that the application of 
circuit protective devices in accordance 
with the principles and methods pre- 
sented herein will result in a co-ordinated 
protective system possessing the following 
features which are essential to meeting 
the requirements of marine service: 


1. Adequate interrupting capacity. 

2. High-speed fault clearing. 

8. Selective operation. 

4. Maximum protection. 

5. Maximum simplicity and ease of 
maintenance. 


a 


Appendix. Analysis of Induction- 
Motor Switching Transients 


Across-the-Line Starting Transient 


The conventional equivalent circuit of 
an induction motor under starting condi- 
tions, rotor at rest, slip=1, is shown in 
Figure 19. The circuit is similar to that of 
a resistance and inductance in series and, 
assuming no saturation, the transient 
current then is given by the well-known 
formula: 


iV [sin (wi-+6—6)— 
en Ry /X sin (@—8)] (6) 
where 


xXx 
¢=tan7} R =power-factor angle of locked- 


rotor current 
¢=angle on voltage wave at which switch 
is closed 
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ZH=V (te+1y)*+ (5-+%,)? =locked - rotor 
impedance in ohms 
R=r,+7,=locked-rotor resistance in ohms 
X =x,+«x, =locked-rotor reactance in ohms 
t=time in cycles after closing circuit 
&,=rms value of line-to-neutral voltage 


Equation 6 is plotted in Figure 20, and 
as shown therein the total transient current 
can be resolved into an a-c component and 
a d-c component as follows: 


Ey 


sin (wi+¢—6) (7) 


Vac = 


V/2E, 
Zi 


sin (6—0)e~ 2" *e/X (8) 


From Figure 20 it is evident that the 
maximum value of the transient occurs 
when the d-c component is a maximum or, 
from equation 8, when the switch is closed 
at a point on the voltage wave such that 
¢—0=90 “degrees, 270 degrees, and so 
forth. Hence, if we let 6—@=90 degrees, 


V2Ei V2E; e7 2a R,/X 
Zz 


sin (wt+90°) — 


max = 


QE, QE. 

aM Ve ee ee LS (9) 
Z Wh, 

The peak value of the current wave occurs 

with cos wt=—1 or t=1/, cycle. Hence, 

2E 

ale ‘ (1te7**/x) (10) 

or 

peak = —V/2 Ing(1t+e7—**/*) (11) 

where 


Ey 
Inp=> =steady-state locked-rotor current 
Z in rms amperes 


Equation 11 is given as equation 1 in 
the text. 


Reduced-Voltage Starting With 
Open Transition 


The equivalent circuit of an induction 
motor connected to a_ reduced-voltage 
starter of the open-transition atutotrans- 
former type is shown in Figure 21. The 
initial starting transient in terms of the 
line current is obtained by substituting the 
voltage aE, for E, in equation 10, and multi- 
plying by the transformation ratio, a. Thus, 


| 
VRE pers 


peak = 


=a2/2 Tae (let-emtn >) (12) 


Ey 


Figure 21. Equivalent circuit of induction 
motor under reduced-voltage starting with 
open transition 
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Following starting, the steady-state condi- 
tion existing with the motor connected to 
the reduced-voltage tap (switch s, closed) 
is expressed by 


aE, —1,(1rs+jxs) =Emo (13) 


Then if it is assumed that the motor is 
started under no load and is brought up to 
very nearly synchronous speed on the 
reduced-voltage tap, the stator voltage drop 
becomes negligible and equation 9 reduces to 
ak, =Emo (14) 

The voltage Emo is a counter electromotive 
force which is generated in the stator under 
steady-state conditions by the resultant 
rotating field produced by currents J; and 
I,. When switch s; is opened the flux 
linkages with the rotor produced by this 
field cannot collapse immediately but are 
sustained at their initial value by a current 
induced in the rotor. Thus the field con- 
tinues to rotate locked in step with the 
rotor. The induced current in the rotor 
decays exponentially and, neglecting the 
small change in speed, the rotating field 
produced thereby generates a voltage in the 
stator during the transition period given by 


(15) 


En =motor terminal voltage at any instant 
following opening the line switch 


Xm Xp 5 2 : 
Tao! = =the open-circuit transient 
2nr, 
time constant of the rotor circuit in 
cycles 


t=time in cycles after opening switch 


At the instant switch s; is opened the 
countervoltage, E,, is very nearly 180 
degrees out of phase with the line voltage, 
£,. However, the initial slip and the de- 
celeration of the rotor during the transition 
period cause the motor voltage to change in 
phase relation with respect to the line volt- 
age. Hence by taking into account the 
decrease in magnitude given by equation 
15 and the change in phase position, the 
motor voltage during the interval when 
switch s; is open can be plotted in polar 
form as shown in Figure 22. The voltage 
difference between E,, and E then gives the 
voltage, Es2, which exists across the switch 
52 on the full-voltage tap. 

With the voltage Esp determined in the 
foregoing manner, the peak transient cur- 
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rent at one-half cycle is given by sub- 
stituting Es, in equation 10 and changing 
the impedance and time constants as 
follows: 


V/2 Ex 


ipesk =~ (1+-e77"'/*) (16) 
Zi 
where 
Z'= V ret (xs +%,)? 
R'=r, 
X= 05-1 Xy 
since 
PE SERPS Gl IE aa 
co LR=> 
then 
ipeak = 2 Ize me (1te—"*/*) (17) 
i 


It is evident from Figure 22 that the 
switch voltage, E;,, may have a large 
number of values depending on 


1. The initial voltage tap. 
2. The time of transfer. 

3. The initial motor slip. 
4 


. The amount of load or decelerating torque on 
the motor. 


In addition, whether or not the maximum 
transient occurs depends on the point on 
the voltage wave at which the switch, se, 
is closed. Thus, by using an 80 per cent 
voltage tap and assuming the motor voltage 
to have remained constant in magnitude 
but to have shifted 180 degrees in phase 
angle, it would be possible, theoretically, 
for the transient peak to equal 1.8 times the 
transient peak with across-the-line starting. 

It is difficult to establish the characteris- 
tics which an open transition starter should 
possess in order to minimize the transient, 
although it may be stated in general that, 
the shorter the transition time and the 
higher the voltage tap used, the smaller 
the transient current which will occur on 
transfer to full voltage. 

For the usual controller with a transition 
time of five to eight cycles and the normal 
conditions of starting under no load or light 
load, it is practicable to assume the switch 
voltage to be not greater than full line 
voltage. Then equation 17 can be modified 
as follows: 


; E j 
ipeak =\/2Itr = (1-+e77* 1X 
£, 

(18) 
=/2 Inr(1t+e77"/*) 
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The foregoing equation is identical ‘to 
equation 11 for across-the-line starting with 
the exception of the term in parenthesis 
wherein only the stator resistance is used 
in computing the damping factor of the d-c 
component. For the typical induction 
motor, where x;=0.08, x,=0.08, 7; =0.02, 


Figure 22. Relation between line voltage, 

motor voltage, and switch voltage for induc- 

tion-motor reduced-voltage starting with open 
transition 


6=Phase angle between line voltage and 
motor voltage 


and 7,=0.02 in per unit values, this be- 
comes, from Figure 13, equal to 1.6 instead 
of 1.4. Again saturation makes the actual 
transient current higher than that com- 
puted from equation 17; hence a factor of 
1.8 times the value of the locked-rotor cur- 
tent is recommended for determining the 
calibration point of the circuit breaker. 
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Synopsis: Results of a field survey and 
laboratory tests are presented in this paper 
showing the relationships between loading, 
conductor-temperature changes, movement 
in manholes and ducts, and sheath life for 
paper and lead cable. The record on under- 
ground 15-ky cable is included to emphasize 
the noninherent failures attributable to 
physical proportions of underground struc- 
tures. Improvements in modern cable have 
permitted operation at increasing tempera- 
tures with few inherent failures. 

The tests and operating experience indi- 
cate that unsatisfactory sheath life caused 
by fatigue of lead can result from cyclic 
movement of cable although operating at 
temperatures allowed in standard cable 
specifications. A method is outlined for 
computing sheath strains for given cable off- 
sets and movements at the duct mouth. 
Fairly reasonable estimates of sheath life 
can be prepared. 

The tests indicate also that snaking of 
cable within the ducts may impose severe 
cyclic strains on the lead and become the 
determining factor for optimum sheath life. 


ARKED improvement in quality of 
M impregnated-paper-insulated lead- 
covered cable has been accomplished in 
the past 25 years through excellent re- 
search and progress in the selection of 
component materials and the revision of 
production methods, The era of early 
development with its inherent failures 
caused by high-loss compounds, defective 
taping, sheath laminations, poor welds, 
and impurities trapped in the lead ap- 
parently has come to a close. This has 
been reflected in the small number of 
cable failures chargeable to inherent 
' defects in insulation and sheath, which 
in turn has encouraged the continuing 
trend toward higher conductor-tempera- 
ture limits and resulting increases in 
current-carrying capacities. Further- 
more, emergency ratings have been 
adopted within the past ten years to pro- 
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vide for operation at elevated tempera- 
tures for short periods in event of cable 
or equipment failures. Consequently, 
increasing amounts of cable are being 
loaded normally at values more nearly 
approaching the limits based on the 
regular Association of Edison Illuminat- 
ing Companies conductor temperatures.! 

Studies of operating records such as 
shown in Figure 1 reveal the shift of em- 
phasis from electrical performance of 
insulation to the mechanical perform- 
ance of the sheath. Already, lead-sheath 
deterioration caused by cable movement 
is responsible for five times as many 
failures on 700 miles of 15-kv three-con- 
ductor belted cable as resulted from in- 
sulation deterioration. This ratio never- 
theless increased to seven times for 22 
miles of generating-station tie lines which 
were operated for system-economy rea- 
sons at maximum capacity over a 17-year 
period, during a year and a half of which 
the cables were subjected to heavy over- 
loads. 

The predominant cause of cable-move- 
ment failures involves cracks in the lead 
sheath. This accounted for 46.6. per 
cent of all failures on the station tie lines, 
or over twice the percentage on the entire 
system. These cracks could not be 
charged against the manufacturer as 
inherent defects, but resulted from the 
physical proportions of the underground 
structures in which they operated. Fig- 
ure 2 is typical of these cracks as they 
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ELECTROLYSIS 
AND CORROSION 


occur along the sheath in the manhole at 
and near the cable-joint wipe. Cracks 
also occur in the sheath on the cable in- 
side the duct. Figure 3 clearly shows 
the unstrained longitudinal area C—C 
along the axis of the cable while the areas 
A-A and B-B are severely fatigued op- 
posite walls of the cable. The latter 
were subjected to the cyclic strains as 
the cable flexed with the typical snaking 
motion. Figure 4 is a photomicrograph 
showing the fatigue cracks in a section 
of the same sheath adjacent to the fault 
located near the center of a 200-foot run 
of the generating-station tie cables pre- 
viously mentioned. 

It was apparent that satisfactory opera- 
tion of paper and lead cable depended not 
only on limiting conductor temperatures, 
but also on establishing maximum daily 
ranges of temperature. However, in 
order to establish such a rating policy on 
a sound ba&is, it was necessary to evaluate 
the many factors that determine the 
time to fracture of the lead sheath on an 
operating cable. The discussion in this 
paper outlines the results to date of the 
field survey and laboratory tests which 
were conducted to secure reliable data 
on the following relationships: 


1. The amount of cable movement that 
occurs at the duct mouth with various daily 
ranges of conductor temperature. 

2. The number of movement cycles the 
lead sheath can withstand before sheath 
cracks appear. 

3. The nature and extent of cable snaking 
inside the duct. 


Cable Movement in Manholes 


About 350 measurements of longitudi- 
nal cable movement at the duct mouth 
were made using maximum-movement 
indicators similar to Figure 5. Records 
were made also on celluloid dials using 


Figure 1. Causes of cable failures on system 
and heavily loaded station-tie lines 


Classification of failures—350,000-circular- 
mil 15-kv three-conductor belted paper and 


lead cable 
Eight-year period 1936-43 
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Figure 2 Cracks in lead sheath and at joint 
wipe on cable in manhole 


graphic movement recorders. Cable 
lengths varied from 126 to 655 feet and 
involved a wide variety of loading on 
station tie lines, substation supply lines, 
and industrial feeders. 


MoveMENT VERSUS TEMPERATURE 
RANGE 


The practical effect in the field of 
changes in conductor temperature is 
shown in Figure 6. There is approxi- 
mately a linear relationship between 
cable movement and conductor-tempera- 
ture range. The movement is the sum 
of the measurements at both ends of a 
cable length and was plotted this way 
for comparison with the movement data 
from the laboratory duct-run tests. 
The ranges in conductor temperature were 
secured from computed hour-to-hour 
temperature changes, based on hourly 
load readings and taking into account 
the time constant of similar cable, as 
determined from actual tests. 

The curves were plotted using averages 
for a large number of sections. Divers 
field influences produced a spread of 
data which were evaluated in probability 
percentages. Thus, 300-foot sections of 
cable with a daily range of 20 degrees 
centigrade had 0,4 inch as the average of 
the total cable movements at both duct 
mouths. However, the subdiagram in 
Figure 6 shows that about 50 per cent 
of the sections surveyed had from 75 
to 125 per cent of this value, while about 
85 per cent had from 0 to 150 per cent. 

In applying the sheath-life data for 
design or rating purposes, it is necessary 
to know the amount of cable movement 
at one duct mouth, preferably the end 
of the section with the greater movement. 
Table I shows that the total movement is 
not generally divided equally at the two 
duct mouths. It is necessary therefore 
to produce a composite evaluation of the 
factors in Table I and in the subdiagram 
in Figure 6 in order to express properly 
the range of movements that may be 
found at one duct mouth for a given 
range of temperature. Such a tabulation 
for a 300-foot length would show for 
example that predetermined cable move- 
ment at one duct mouth equal to 100 per 
cent of the average total for both ends 
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Figure 3. Fatigue-crack areas A-A and B-B 

along longitudinal axis of cable on inside sur- 

face of lead sheath removed from middle of 
stretch 


Area C-C is not fatigued 


from the curve in Figure 6 produces a 
corresponding life or better for 86 per 
cent of the cases, The remaining 14 per 
cent would have movements from 100 
to 200 per cent of the average total with 
shorter resulting life of sheath. 

Figure 7 shows how the movement— 
temperature-range pattern may change 
from day to day on the same cable. The 
daily cycles of cable movement conse- 
quently vary from the weekly range. 
There appears to be no perceptible lag 
between cable movement and change in 
conductor temperature. 


TEMPERATURE RANGE VERSUS LOADING 


Table II demonstrates that it is in- 
appropriate to use directly computed 
maximum conductor-temperature rises 
above the duct-bank temperatures in 
ascertaining the daily cyclic cable move- 


Figure 4. Photo- 
micrograph of fa- 
tigue cracks 


ment in the study of sheath life. The 
typical daily load factor determines how 
much of this rise is effective as a daily 
range. 

The station tie lines had smaller daily 
and weekly temperature ranges than the 
substation supply lines, since they had a 
higher daily minimum load as reflected 
in their higher average load factor. The 
movements predicted from Figure 6 for 
such daily ranges consequently are rep- 
resentative of operating conditions. 
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Table I. Division of Total Duct-Mouth Move~ 


ment 


Per Cent of Total 


Movement Ap- 
Per Cent of pearing at One 
All Cases Duct Mouth 
15 
25 
3 
1 


Welle ele bissaverwee io. efetie Sette enone 81-90 Ks 


Anwa 


Total 100.0 (165 cable lengths) 


Cable-Sheath Life 


The factors that influence the life of 
cable sheath were investigated by tests. 
on 17 samples of three-conductor 350,000- 
circular mil 15-kv belted paper-insulated 
lead-covered cable in the dummy man- 
hole, shown in Figure 8. Life was ex- 
pressed as the number of cycles the cable 
could be moved, simulating expansion 
and contraction in service, until 
the typical circumferential lead-sheath 
fatigue cracks appeared. In every case 
the fracture developed near or at the edge 
of the joint wipe, although in, several 
cases cracks occurred also at the bend 
in the offset or at the duct mouth, These 
cracks had exactly the same appearance 
as those found in service. 

Table III contains the range of cable 
movements and widths of offsets tested. 
Life was expressed in years based on 
routine field load-survey data which 
showed that lines have about 275 cycles 
of normal loading per year. This allows 
for negligible cycles over weekends and 
holidays. All tests were conducted with — 
the dummy manhole adjusted to ten 
feet four inches in length. This gave 
a 52-inch-long offset, or distance from 
the duct mouth to a line drawn at right 
angles to the cable at the joint wipe. 
This is the dimension L’ in Figure 21 
and Appendix A. Movement of the 


cables for predetermined amounts at the 
duct mouths was secured by cross heads 
operated from a motor mechanism 
through a pair of cams. The heating 
equipment served only to maintain the 
sheath at a sustained elevated tempera- 
ture during each test run. 


7 
EVALUATION OF CABLE MOVEMENT IN 
TERMS OF UNIT STRAIN 


The cyclically repeated strains in the 
lead sheaths were evaluated on the basis 


‘ 
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_ of the deflection formula for a cantilever 
beam, derived in Appendix A. This per- 
mitted a study of the effect of cable move- 
ment on sheath life by eliminating the 
dimensions of the offset and the magni- 
tude of cable movement as independent 
variables. 

The data in the first group of tests in 
Table III are shown in curve I in Figure 


\'4 
COMPRESSION SPRING, 


MANHOLE 
WALL 


CANVAS STRAPS 


Figure 5. Maximum-movement indicator 


Maximum longitudinal movement during ob- 
servation interval equals sum of dimensions 
x and y 


9 to comprise practically a first-power 
relationship between computed unit 
strains and sheath life with sheath at 
room temperature. When the cables 
in the second group were tested, with 
elevated sheath temperatures to corre- 
spond to operation in heavily loaded duct 
banks, there was a pronounced scatter 
in the results. These were reflected in 
Curve II. The remaining tests in Table 
IIJ, each involving several variables, 
also are shown in Figure 9 as a matter of 
interest. 


Figure 6. Longitudinal cable movement at 

both duct mouths versus conductor-tempera- 

ture range and cable length based on field- 
survey data 
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Table Il. Variation of Conductor-Temperature Ranges With Load Factors 
Conductor Temperature Ranges and Rises Ratio to Computed 
———_—-———  _—___———. Week ly Max Rise 
Ratio Computed (Per Cent) 
Type Average Daily Weekly Daily/Weekly Weekly 
Supply Load Range Range Ranges Max Rise Daily Weekly 
Line Factor (Deg C) (Deg C) (Per Cent) (Deg C)* Range Range 


* Total rise of conductor temperature above duct-bank temperature is 27 degrees centigrade if 6,000-kva 
peak is sufficiently sustained on 15-ky three-conductor 350,000-circular-mil belted paper and lead cable 


with outside diameter of 2.5 inches. 


EFFECT OF LEAD-SHEATH TEMPERATURE 


Curves I and II in Figure 9 show the 
influence of temperature on lead fatigue. 
The lives of cable sheaths operating at 
temperatures ranging from 35 to 42 
degrees centigrade are about 70 per cent 
of the values at room temperature (18 to 
25 degrees). Since sheath-fatigue frac- 
tures occur in the duct where lead tem- 
peratures can exceed 60 degrees centi- 
grade, additional tests are necessary to 
explore this extended range. There is 
good reason to believe that such data 
will permit evaluation of a tempera- 
ture coefficient to be applied in a strain- 
life formula and also will serve to 
check the drop in life indicated by 
sample 4C. Such a loss in ability to 
withstand strain would be consistent 
with the great decrease in time to burst 
at elevated temperature.” 


CABLE MOVEMENT VERSUS SHEATH LIFE 


The sheath-life-versus-movement data 
can be used more conveniently in man- 
hole design and in cable rating in the 
form presented in Figure 10. These 
curves were constructed on the basis of 
the curve Iin Figure 9. Figure 10 would 
be applicable where cables operate in 
lightly loaded duct banks. The test 
points were plotted in these figures to 
show a reasonable agreement with the 
constructed curves. Such curves are 
applicable only to a specific-size cable and 
length of offset. Reasonably long life is 
indicated for cable movements of about 
0.2 inch in a manhole about ten feet long. 
Sheath life declines sharply with increase 
of movement to about 0.5 inch. 


In order to check the test results 
against the operating record of the 22 
miles of station tie cables, Figure 11 was 
prepared largely on the basis of the 
extrapolated portion of curve IJ in Figure 
9 to show the life for various movements 
in shorter manholes existing on these 
lines. Ath extremely rapid drop in life 
results for movements up to 0.3 inch. 
The 27-inch-long offset is representative 
of a large number of manholes where a 
considerable number of sheath cracks 
were reported. 


DISTRIBUTION OF STRAIN 


Measurements of the unit strain per 
cycle were made at points three inches 
apart along the cable in the dummy man- 
hole on six samples before fireproofing. 
This followed a method discussed in 
Appendix B. Figure 12 shows typical 
distributions of these strains for two 
widths of offset. Since the cables sub- 
sequently were fireproofed, there was no 
indication of the possible effect of the 
jacket of fireproofing in causing lower 
strains at the joint wipes and at the duct 
mouths as the tests progressed. 

Table IV shows that the computed 
unit strains compare very favorably with 


the averages of the measured maximum 


values at the two joint wipes where the 
peak strains generally occur. The com- 
puted strains thus are seen to be ade- 
quately representative to serve as a basis 


Figure 7. Comparison of cable movement 
(C) at one duct mouth with load (A) and 
computed conductor-temperature rise (B) 
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for evaluating the effect of cable move- 
ment and offset dimensions on sheath 
life. 


COMPARISON WITH RESULTS OF OTHER 
INVESTIGATORS 


Curve III in Figure 9 shows the effect 
of cyclic strains (computed by the method 
in Appendix A) on time to fracture of 
cable sheath at room temperature based 
on test results recently reported by 
the Commonwealth Edison Company.’ 
These data from their dummy-manhole 
tests are outlined in Table V and involve 
sheath lives about double those indicated 
in curve I. 
plained in part on the basis of the period 
and nature of the cycle of strain. In the 
Chicago tests a continuous 70-second 
cycle was used, while the Philadelphia 
test apparatus had a four-minute cycle. 
The latter consisted of 45 seconds to move 
the cable at both duct mouths from one 
extreme position to the other, and a 75- 
second rest interval at each of these ex- 
treme positions. It is possible that 
changes took place in the structure or 
alignment of the lead crystals during 
the rest periods and the different rates of 
movement which were reflected in re- 
duced sheath life equivalent to an increase 
in over-all cyclic strain. 
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The difference can be ex-_ 


Figure 8. Dummy- 
manhole test appa- 
ratus 


Joint-support rack in 

center foreground is 

moved along floor 

channel for large 

changes in width of 
offset 


This point of view is supported by the 
results of fracture tests recently pub- 
lised by the University of Illinois.‘ 
Figure 13 is a partial reproduction of their 
Figure 21. The comparable Chicago 
and Philadelphia test results in terms of 
cyclic sheath strains, both as measured 
at the point of maximum strain and as 
computed, have been added. The II- 
linois values of strain apply to lead strips 
repeatedly bent equidistant in both 
directions from a straight neutral posi- 
tion. These strains were evaluated for 
the point of fracture at either extreme 
position in the deflection and therefore 
were only one half of the total strain for 
a complete cycle. It is extremely inter- 
esting to note that the ratios of the 
comparable permissible strains for 5,000- 
cycle life to those for 10,000-cycle life, 
were about the same in the Chicago and 
Philadelphia tests (on the computed 
basis) as in the original University of 
Illinois curves. 

However, a daily load cycle (approxi- 
mately 0.0007 cycle per minute) sug- 
gests that an over-all curve in Figure 13 
must become asymptotic or be flatter 


Figure 9 (left). Sheath life 

versus per cent strain at joint 

wipe based on tests in dummy 
manhole 


Test } points correspond to 
sample numbers listed in Tables 
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Figure 10 (right). Sheath life 
versus cable movement at 
each duct mouth in moderately 
loaded ten-foot-four-inch-long 
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r ” 
originally as a result of rest periods// 
Otherwise, ridiculously low permissible 
strains would’ be indicated for actual 
operating conditions. 


LiFE INDICATED BY ‘TEST DATA VERSUS 
FAILURE RECORD 


Computed values of sheath life were 
found to be in close agreement with 
operating experience. About 34 per,, 
cent of all failures on the station tie 
lines were caused by sheath cracks in the 
manholes. About 14 per cent were near 
the joint wipes, and 12 per cent adjacent 
to the duct mouth. Comparable sys- 
tem figures were 17, 8, and 6 per cent. 
Sheath cracks occurred on about 200 out 


.of the 360 cable lengths in service on the 


tie lines. This reasonably confirms the 
survey and test data which support esti- 
mates of sheath cracks on 214 to 260 of 
these lengths for the actual offsets used. 
A complete summary of this analysis is 
outlined in Table VI. The listed actual 
offset lengths do not include the eight 
inches of bent cable in the duct which 
however were added in considering the 
effective lengths. The table also shows 
that many sections have long life although 
the weighted life of the line was com- 
puted at 15.7 to 20.1 years. Change in 
manhole length to ten feet indicated a 
weighted life of 27.3 years. 


Cable Performance Within Ducts 


Studies of cable movement in the duct 
were undertaken for two fundamental 
purposes. One was to determine the 
portion of the theoretical expansion that 
appeared at the duct mouths under con- 
trolled conditions. The other was to 
ascertain the nature and extent of snak- 
ing, together with the relative perform- 
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-ance of cable core and sheath while the 
cable is under compression during the 
heating cycle. The tests so far have 
been conducted on only one type of cable, 
although further study is contemplated 
to determine the relative ability of various 
cable constructions to accommodate their 
expansion with minimum duct-mouth 
movement and most uniformly distrib- 
uted snaking effects. 

A flat dummy duct bank 96 feet long 
was built in the laboratory using 4!/,-inch 
terra-cotta duct to explore these phe- 
nomena. All ducts were split so that the 
top of each section could be removed. 
The setup is shown in Figure 14. The 
cable was the same size tested in the 
dummy manhole. Sheath rings were cut 
in the south cable at 12-foot intervals 
in order to study any possible movement 
of the sheath relative to the core of the 
eable. The restraining forces on the two 
eables in parallel for the first four runs 
were 0, 200, 400, and 1,000 pounds. In 
the fifth run the restraining force was 
maintained just enough to prevent 
movement at the duct mouths. In each 
run the conductor temperatures were 
varied in steps of ten degrees centigrade 
from ambient temperature to 40 degrees 
centigrade above ambient temperature 
and back again. Readings were taken 
for each cable showing its position at 
six-foot intervals. A three-legged steel 
table shown in Figure 15 was moved 
along the duct bank to serve as bench 


Figure 11 (left). Com- 
puted curve showing 
sheath life versus 
cable movement at 
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each duct mouth in heavily loaded six-foot- 
two-inch- to seven-foot-six-inch-long manholes 


Room-temperature curve shows greater in- 
crease in sheath life than increase in offset 
length at elevated temperature 
three-conductor 350,000-circular-mil 
belted paper and lead cable 


‘ Figure 12 (right). 
sheath strain along cable sheath 
for one cycle in dummy manhole 


Table Ill. Cable-Sheath Life in the Dummy Manhole 
Width Cable Computed 
Sheath of Move- Life Strain at 
Sample Make Temp Offset ment Joint Wipe 
No. Cable (Deg C) (Inches) (Inches) Cycles Years (Per Cent) 
Cable at Room Temperature* 
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* Chemical lead sheath with one-half-inch sand-cement fireproofing. 


** Copper lead sheath with one-half-inch sand-cement fireproofing. 


+ Possibly chemical lead sheath with one-half-inch sand-cement fireproofing. 


t Chemical lead sheath with one-half-inch sand-cement fireproofing precracked before test run. 


@ Chemical lead sheath with asbestos cement (one-fourth-inch thick) over felted asbestos wrapping. 


@® Type lead sheath unknown; no fireproofing. 


All tests were conducted on 15-ky three-conductor 350,000-cireular-mil belted paper and lead cable with 


outside diameter of 2.24 inches. 


marks for the measurements. Also, at 
successive steps the width of each ring 
gap in the south-cable sheath was meas- 
ured. 


EFFECT OF RESTRAINT ON MOVEMENT AT 
Duct MoutH 


Figure 16 shows how the restraining 
force at the end of the cable had to be 


COMPRESSION 


Outside diameter= 


STRAIN-PER CENT 
° 


varied in order to maintain zero cable 
movement at the duct mouth with in- 
creasing and decreasing conductor tem- 
peratures. The apparent discontinuity 
in the cooling curve as it crossed the ab- 
scissa resulted from the continuing con- 
traction of the cable during the interval 
required to reverse connections to the 
dynamometer. The reversed force was 


Measurements below were made at tenth 
cycle and before fireproofing fi, 4 
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11.5 IN. OFFSET WIDTH 
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Figure 13. Comparison of strain data from 
tests by various investigators 


Per cent strain values apply for only one half 
of the range of cyclic movement 


needed to prevent the cable end from re- 
tracting into the duct. 

As long as the restraining forces main- 
tained at the duct mouth in the other 
test runs were small (compared with the 
values shown in Figure 16 to be required 
for complete restraint of each cable), 
there was little effect on longitudinal 
cable expansion. At 500 pounds restraint 
there was only a ten per cent drop in 
longitudinal movement noted in Figure 
17 below the values for zero restraint. 
The curves confirm the movement— 
temperature-range linearity of the field- 
survey data shown in Figure 6. The 
movement at the duct mouth of 0.32 inch 
for a 25-degree-centigrade rise with a 
restraint of 500 pounds per cable (curve 
IV) corresponds to 0.040 inch per degree 
for a 300-foot section. The comparable 


REGULATOR 


LOADING 
TRANSFORMER 


DYNAMOMETER 
Figure 14. Dummy-duct test setup 


X—Movement-measurement point 

T—Temperature-measurement — point—addi- 

tional point in center of each cable not 
shown 


unrestrained movement (0.39 inch on 
curve I) is 0.049 inch per degree while the 
theoretical bar value is 0.057. The 
equivalent field movement of 0.020 inch 
per degree reflects higher over-all re- 
straint comprising friction in the duct 
and reacting forces developed by the cable 
in the manhole, together with more ex- 
tensive snaking in the duct. 
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CABLE PERFORMANCE IN PARTIALLY 
RESTRAINED SECTION 


There was no unusual behavior of 
either cable inside the ducts with re- 
straining forces from zero to 500 pounds. 
The peak lateral deflection was only 0.27 
inch which indicated only a negligible 
amount of cable expansion in snaking. 
The longitudinal movements at the ob- 
servation points along the cable toward 
the duct mouth showed a steadily ac- 
cumulating motion. These restraining 
forces are of the same order of magnitude 
as shown in Figure 18 to be required to 
move the cable into the test manhole. 
This explains why no correlation could 


Figure 15. Cable-movement measuring table 


be established in the field survey between 
width of offset in the manhole and cable 
movements. 


CABLE PERFORMANCE IN A TOTALLY 
RESTRAINED SECTION 


When cable is totally restrained at the 
duct mouth, snaking is not uniformly 
distributed along the cable in the duct. 
Figure 19 shows that snaking can take 
place in a very short length of cable. 
The severe sheath strains measured at 
the location of the peak vertical move- 


Table IV. Correlation of Computed and Measured Sheath Strain 


Maximum Measured Strain in Per Cent 


Computed — Ratio 
Sheath Sheath Strain at Left Left Right Right Avg at Computed 
Test Life Temp Joint Wipe Duct Wipe at Wipe at Duct Joint to Avg 
No. (Years) (Deg C) (Per Cent) Mouth Joint Joint Mouth Wipes Measured 
ee, Wearertay Kae LO ses OsSTaea ae O; 089% ais 0728-257 < Q344* OV18)..... 510-86 inracres 0.86 
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eS er 3.4.25. tO er cc 0.59. ONGiiae OAD ns 0.40%... 5. OMA sa ay 0: 45c Soe 1.31 


Average# 1.25 
* Failed at this location. | 


** Flexible asbestos fireproofing. All others had rigid sand-cement fireproofing. 


# This average improves to 1.16 by ignoring test 4- B which has about same offset width as test 5-B. 


Table V. Commonwealth Edison Company Dummy-Manhole Tests 


Width Length Cable Computed Measured Ratio 
of of Move- Life Strain at Maximum Computed 
Sample Offset Offset ment Joint Wipe Strain to 
No.* (Inches)** (Inches) (Inches) Cycles Years (Per Cent)# (Per Cent) Measured 
VRAIS Gini 1 aD a5 AS tetarove O525r esr 323800). sl TOU OSes, ai 0.17 
De hie eaters LS cette 6 AS note ard On SO meee 115500. ae AUS. waste & 0.32 
ieee jae ten LD eae 48....0. OU7 5: ater 63800). ie ed fie ete e Ov4 Gis cc Rercemeres O. SS fee perenne 1,23 
Ate sce DO eR stris AS i: Meats TOO Rare 2,800 src, sk OD)... ere 0.60 
5 Lege Ocpenne ASS ha OU7B roma 3.1004: se eS Naanees 0.85 | 
Ox ste EMO ee ates AS erie OSes 10, 000).4.):) S624), «iontee 0.29 
Mieyevstatetars 19); One hivexe Soper OLB iaveternn cy k0, 0 haope 7 Con We a O3625 «severe 0°'65.:: stam 0.95 
Serena HOR O} iio oscsed 66.06 a0 ON 7B. sti 69008 we) ods eee 0.35 Wi 
Average 1.09 | 
* Designations in Figure 9. : _ 


** Duct mouth to normal at joint wipe. 


# ree on 2.44-inch outside diameter of 15-kv three-conductor 500,000-circular-mil belted paper and lead 
cable. 
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Table VI. Computations of Sheath Life on Station-Tie Cables in Various Manholes 
Normal Peak—6,000 Kva; Daily Range—14.7 Degrees Centigrade; Average Total Duct-Mouth Movement—0.26 Inch 


52-Inch-Long Offset (L’) 
10-Inch- Wide Offset 


35-Inch-Long Offset (L’) 
9.5-Inch-Wide Offset# 


27-Inch-Long Offset (L’) 
9.5-Inch-Wide Offset#\ 


Per Cent of Range of Weighted Weighted Weighted 
Per Cent Number Total Cable Movement Range of Average Life of Range of Average Life of Range of Average Life of 
of Total of Movement at at One Duct Life of Life of Each Life of Life of Each Life of Life of Each © 
Lengths Sections One Duct Mouth Group Group Group Group Group Group Group Group Group 
in Group* of Cable Mouth* (Inch) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) (Years) 
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* These percentages are a composite evaluation of the probability factors in Table I and in the subdiagram in Figure 6. 
# These columns are based on the curves in Figure 11. 
This table applies to 15-kv three-conductor 350,000-circular-mil belted paper and lead cable with outside diameter of 2.5 inches. 
ment are shown in Figure 20. Measure- on curve II of Figure 9 to indicate a them along the cable belt. It is sig- 


ments of strain using the dial-type mi- 
crometer described in Appendix Bshowed a 
maximum strain at 40 degrees centigrade 
of 1.3 percent. Within less than six feet 
the 21/,-inch-diameter cable rose about 
two inches to press against the top of the 
41/,-inch duct and then dropped to con- 
tact the bottom of the duct again. On 
the cooling cycle the deflection could 
not be removed from the cable although 
a force of about 350 pounds was applied 
at the duct mouth to pull the cable 
longitudinally back to its starting point. 
The peak strain at room temperature 
measured 0.35 per cent, indicating a 
change (cyclic strain) of 0.95 per cent for 
an operating range of 40 degrees centi- 
grade. Such a daily cyclic strain is seen 
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Figure 16. Force required to block cable 
movement at duct mouth of dummy duct 


15-kv three-conductor 350,000-circular-mil 

belted paper and lead cable in 42/4-inch terra- 
cotta duct 

Outside diameter of cable 2.24 inches 
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sheath life of about four years. This 
cyclic strain was far in excess of the 
values measured in the dummy-manhole 
tests. Such unit strain may have pro- 
duced the fatigue indicated in Figure 3. 


SNAKING VERSUS LONGITUDINAL 
FLPXIBILITY OF CABLE 


With total restraint at the duct mouths, 
the cables had only one large region of 
snaking for conductor temperature rises 
above 25 degrees centigrade. Thus, it is 
seen that cable movement in expansion 
tends to concentrate at the location 
where snaking first starts. Figure 19 
shows consistently accumulating incre- 
ments of longitudinal movement from 
the fixed ends of the cable toward this 
region of peak snaking. The ringed 
south cable however did not have a 
similar longitudinal movement. The 
widths of the sheath-ring gaps were 
reduced (0.17 inch for seven gaps) when 
a totally restraining force was maintained 
at 40 degrees centigrade rise, but they did 
not change for any conductor-tempera- 
ture rise at lower values of duct-mouth 
restraint. The radially expanded in- 
sulated conductors apparently gripped 
the sectionalized sheaths and carried 
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nificant that the ring gaps opened to their 
initial widths when the cable returned 
to room temperature. 

The movements at the duct mouths of 
the continuous sheath and ringed-sheath 
cables at zero restraint were 0.62 and 
0.59 inch, respectively, for a 40-degree- 
centigrade rise. The expansion at total 
restraint must have been absorbed in the 
compression of the copper, in snaking, 
and in radial expansion. A careful 
analysis of snaking along the cables seems 
to account for little more than 0.2 inch 
on the north cable and 0.1 inch on the 
south cable. Snaking therefore would 
seem to have accommodated no more 
than about one third of the normal longi- 
tudinal expansion of the cable at the duct 
mouth. On the other hand, cold ten- 
sion and compression tests indicated a 
degree of flexibility of the cables that 
apparently accounted for little more than 
one third of the zero-restraint expansion 
in radial expansion of the cable while 
under compression. It is therefore im- 
possible because of masking influences to 
define clearly from the present data in 
what exact proportions the component 
parts of the free expansion was distributed 
in snaking, radial expansion, or other 
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Figure 17. Movement 

versus temperature rise with 

various restraining forces at 

one end of cable with other 0 
end permanently fixed 
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masked phenomena under full restraint. 

The ringed south cable however ap- 
peared to have been rendered more 
flexible longitudinally since it must have 
expanded radially to account for the one 
tenth of an inch difference in longi- 
tudinal expansion from that of the north 
cable. Although too much weight can- 
not be placed upon these measurements 
because of their size and the manner 
in which the ring gaps could have opened, 
it is significant that the compressive force 
of total restraint did make the sheath 
move relative to the cable belt. 

It appears that a cable whose core is 
susceptible to a greater amount of radial 
expansion will produce less snaking in 
the stretch and also less movement at the 
duct mouth. Whether the resulting over- 
all changes in cyclic strains in the lead 
sheath will be beneficial remains to be 
ascertained by a careful weighting of all 
the factors. 


Conclusions 


1. Unsatisfactory performance of paper- 
insulated lead-covered cable can result from 
daily operation at temperatures within the 
limits in regular Association of Edison II- 
luminating Companies specifications. 


2. The rate at which sheath cracks occur 
varies through a wide range so that a high 
failure rate on a line does not indicate that 
the useful life of all of the associated cable 
has been expended. 


3. Cable movement at the duct mouth in- 
creases linearly with conductor-temperature 
rise and is the same for all cable lengths 
above 800 feet within a 25-degree-centigrade 
range. 


4. Total movement generally divided un- 
equally between the two ends of the cable. 
About 76 per cent of the cable sections had 
from 50 to 70 per cent of the total duct- 
mouth movement at one end. 


5. Cable movement at the end of a flat 
96-foot duct run showed little effect of re- 
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Figure 18. Force exerted by cable in offset 

in manhole in restraint of cable movement at 

duct mouth into a ten-foot-four-inch-long man- 
hole 


15-kv three-conductor 350,000-circular-mil 
belted paper and lead cable 
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straining forces at the duct mouth up to 
500 pounds per cable for conductor tem- 
perature ranges up to 40 degrees centigrade. 


6. Snaking of cable inside a flat 96-foot 
conduit run in the laboratory was negligible 
for conductor temperature rises up to 40 de- 
grees centigrade with restraining forces at 
the duct mouth less than 500 pounds per 
cable. 


7. Snaking of cable within the duct appears 
to account for only about one third of the 
equivalent zero-restraint movement at the 
duct mouth for a 40-degree centigrade rise in 
conductor temperature. 


8. The test data is inconclusive regarding 
the evaluation of the remainder of the theo- 
retical free expansion not taken up in snak- 
ing, but apparently absorbed in radial ex- 
pansion and other phenomena produced in 
the conductors by compression when the 
cable is fully restrained at the duct mouth. 


9. The desirability of securing more uni- 
form snaking of the cable in the duct and a 
reduction of cable movement at the duct 
mouth appears to justify further investiga- 
tion of the physical properties of various 
types of cable construction. 


10. Distortion of the cable core under com- 
pression and snaking in the middle of a cable 
section in excess of 300 feet in length account 
for failure of long lengths to expand at the 
duct mouths more than a 300-foot section 
within a 25-degree centigrade conductor- 
temperature range. 


11. Snaking of cable in the duct can occur 
in short enough lengths to cause substantial 
strains in the sheath with consequent reduc- 
tion of cable life. Deflections are vertical 
and sidewise, with practically no rotation 
of the cable. 
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12. Cable-sheath life in the manhole is im- 
proved by increase in length and width of 
the offset and by reduction of cable move- 
ment. 


‘ 
13. Cable-sheath life is reduced substan- 
tially by increase in lead temperature within 
the present normal operating range. 


14. There was not a sufficient number of 
samples of different kinds of lead represented 
in the dummy-manhole tests to warrant a 
conclusion regarding their effect on the 
strain-life relationship. 


15. Substantial agreement existed between 
the actual operating record of a group of 
station tie-line cables and the computed 
sheath life determined from the data secured 
in the field survey and the laboratory tests. 


16. The relationships between peak loads, 
daily load factors, cable movement, manhole 
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Figure 20, Measured sheath strains at loca- 
tion of peak snaking in dummy duct during 
and after a heat cycle 


Cable totally restrained at duct mouth 
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sizes, and sheath life have been sufficiently 
established for a major class of under- 
ground cable to warrant restricting the trend 
toward higher ratings by means of limits on 
daily cable movement, except where re- 
quired as a wartime expedient. 


Appendix A. Evaluation of 
Maximum Unit Strain in Cable 
Sheath 


The usual method of racking cable in a 
manhole, shown in Figure 21 (upper sketch), 
provides an offset of width F and length L’ 
which accommodates the movement result- 
ing from expansion and contraction of cable 
in the duct. When the cable in the duct 
moves into the manhole, the cable joint 
moves toward the side wall. It is assumed 
in this analysis that the axis of the joint in 
the expanded position will be parallel to its 
original (contracted) position. During this 
motion of cable ‘and joint, the cable in the 
offset will be bent. It is found on test that 
a greater reduction in radius of curvature 
takes place between points B and C. Since 
change in radius of curvature is a factor in 
the determination of strain (see Appendix 
B), attention is directed to the analysis of 
the amount of bending near the joint. 

The distance from the end wall to point A 
atwhich the bending starts is indicated as X. 
Therefore, the effective length of the offset is 
L, the sum of X and L’. Measurements in 
the laboratory showed that the distance X 
was nearly a constant which could be evalu- 
ated at about eight.inches. This value was 
used in the computations. 

To simplify the analysis the single-line 
analogy in the lower sketch of Figure 21 is 
assumed. The solid line ABC represents the 
original (contracted) position of the cable. 
(This refers to the equivalent straight section 
of cable, whose length is K, shown by the 
broken lines in the upper sketch.) The 
heavy dotted line AA’B’C’ represents the 
position of the cable in the expanded posi- 
tion where AA’ or WM is the longitudinal 
movement at the duct mouth. This is 
reasonably correct, since the instantaneous 
centers of rotation for incremental amounts 
of bending can be represented as being 
pivots. It is apparent in the upper sketch 
that, as the cable expands, the lead sheath 
facing the side wall of the manhole is in 
compression between the point Y and the 
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duct mouth and in tension between Y and 
the joint wipe. The analysis is confirmed by 
measurements of strain, which also show 
that the unit strain is zero at Y (approxi- 
mately the mid-point of the offset). 

The cable in the half of the offset adjacent 
to the joint wipe can be considered as a 
cantilever beam of length K/2 whose fixed 
supportisat C’. This satisfies the condition 
that the unit strain is maximum near the 
joint wipe. The force W producing the 
bending moment at C’ passes through D, 
which conforms with the zero unit-strain 
condition at points Y and Z on the sheath. 

If the cable joint could have moved from 
C to C’ without straining the lead sheath, 
it would have been necessary for the cable to 
move from its position ABC to a position 
EDC’, which would be parallel to ABC. 
The actual effect of the point A moving to 
the position A’ as far as strains in the sheath 
near the joint wipe is concerned is as if the 
cable moved through the angle EC’A’ 
around the point C’. 

In applying the cantilever-beam-deflec- 
tion formula to this movement of the cable- 
offset, the distance DC’ = K /2 represents the 
length of the beam and DB’ the deflection 
due to the force W applied as shown at the 
point D. The value of W is not material in 
this analysis, since it can be eliminated 
from the equation for unit strain. It is a 
component of the force actually operating 
along the axis of the cable causing the cable 
movement. 

Therefore: 


Deflection DB’ = W(DC’)3/3EI 
=WK3/24EI (1) 


where #=modulus of elasticity of the cable 
structure as a unit and J =moment of inertia 
of the cable 

The beam formula, of course, holds where 
the beam is made of an elastic material. 
Obviously, lead is not a truly elastic ma- 
terial, but it has been assumed that a piece of 
cable when bent will follow the elastic curve 
for which the cantilever formula was derived. 
This appears to be permissible, since the 
copper in the cable would establish the 
curvature, and the lead sheath merely would 
follow. It is not necessary to determine the 
magnitude of # and J, since they also will be 
eliminated from the final equation for unit 
strain. 

The radius of curvature R at any point 
along an elastic beam can be shown to be 
equal to EJ divided by the bending moment 
at the point for which R is determined. 


Schifreen—Cyclic Movement of Cable 


Since we are interested in the bending radius 
at point C’ resulting from the force W, the 
bending moment is equal to WK/2. Sub- 
stituting these values in equation 1, we have 


(2) 


It is shown in Appendix B that for a 
cable with outside radius 7 the per cent 
strain is equal to 100r/R. Substituting the 
value of R from equation 2 in this expres- 
sion, we have 


Per cent strain =1,200r(DB’)/K? 


R=K2?/(12DB’) 


(3) 


A further approximation for the sake of 
simplicity of the geometric relationship is 
made to the effect that the lines EDC’ and 
A’B’C’ remain straight as they are de- 
flected through the angle EC’A’. Since 
DC’ was already assumed to be equal to 
EC’/2, it follows that DB’=EA’/2. More- 
over, AA’=M; and EA =CC’'=G. 

If we solve the right triangles EAA’, 
A’'HC’ and AHC, 


EA’ =\/G?4 M2 =2DB’ (4) 
G=V/K?—(L—-M)—F (8) 
K?=L?4 F (6) 


Combining equations 3, 4, 5, and 6, we 
have 


Per cent strain = 


600\/arV F244 LM — F\/ PALL MP 


D+F 
(7) 
Appendix B. Direct Strain 
Measurements 


The instrument used to measure the bend- 
ing radius of the cable is shown in the upper 
part of Figure 22. The principle of opera- 


MICROMETER 


Figure 22. Determination of bending radius 
and strain in a bent cable using a dial microme- 


ter 
Strain =Ae/Ax 
By construction AX/R=Ae/r 


Strain=r/R 
Per cent strain=100r/R 
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HE need for increased system kilovar 

capacity coincident with electrically 
powering our national war effort rapidly 
with the minimum use of critical materials 
and production facilities has led to the 
installation of capacitors in banks of the 
order of 25,000 kva in various locations! 
in the United States. 

At present price levels,” the economic 
choice between a capacitor bank and a 
synchronous condenser favors the latter 
in a size range somewhat below this, the 
critical size depending largely on the 
evaluation of losses, but since the trend 
of the price ratio of these two equipments 
is in the direction of increasing the eco- 
nomical relative size of capacitor bank, 
it is worth while to compare it with a syn- 
chronous condenser from the standpoint 
of its effect on system stability, and at 
the same time to bear in mind other dif- 
ferences in performance of the two equip- 
ments. 
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This study therefore—in the main— 
compares the performance of a system 
using a large capacitor bank with that of 
the same system using a synchronous con- 
denser of the same rating at the same loca- 
tion. -Two general types of systems are 
studied. A comparison is made also in 
one type of system for the conditions of 


(a). Nokilovar supply in load areas. 
(b). Use of capacitors in load areas. 


(c). Use of synchronous condensers in load 
areas. 


Basically, it is recognized that either a 
capacitor or a condenser tends to or does 
reduce the excitation required on the 
generators on a system, in order to hold 
the necessary voltage levels. In the case 
of steady-state stability this is not par- 
ticularly important where load increases 
occur gradually enough that they may be 
readily followed by the generator voltage 
regulator, be it the operator or an auto- 
matic device. Where quick load swings 
cause unregulatable voltage dips, this 
reduction in excitation reduces somewhat 
the ultimate steady-state limit in a sys- 
tem operated near its steady-state power 
limit. The condenser’s ability to hold 
up the system voltage during these 
swings, thus raising the synchronizing 
power, counteracts this tendency to re- 
duction of power limit. The capacitor, 
on the other hand, abets the tendency by 
reducing the synchronizing power because 
it lets the voltage sag. It is shown, how- 


ever, that the difference between the two’ 
is small, hence the importance of this 
small difference depends to a great ex- 
tent on how near the steady-state limit 
the system is operating. 

In the case of transient stability, the 
relative limits between the two types of 
kilovar supply are measured in terms of 
critical switching time for a given set of 
conditions. The critical switching time 
is that time which equally weighs the, 
“fault-on’’ forces pulling the systems 
apart and the ‘‘fault-off’” forces pulling 
the systems together. (Refer Appendix— 
A Note on Factors Affecting Stability.) 
It is shown that for the type of systems 
and load characteristics studied the op- 
posite reactions of capacitors and con- 
densers on these two opposing forces have 
a small comparative effect in general on 
the critical switching times. 


Scope and Method of Analysis 


In making a study of this type it is 
necessary to get down to cases in the last 
analysis. The results then necessarily 
apply rigorously to only the cases chosen, 
and there are probably as many specific 
types of systems as regards detail as there 
are actual systems. There are two classi- 
fications, however, into one of which most 
systems fall, and as these two types were 
studied, it is felt that proper interpreta- 
tion of the results will present a reason- 
ably broad qualitative picture. 

The systems studied are defined as: 


Type 1. Noninterconnected system—com- 
prises a metropolitan-type system with 
steam generation in the load area, connected 
to a distant hydroelectric station with a 
large kilovar source at the receiving end 
of the transmission line (Figure 1). 


Type 2. ‘Interconnected system—com- 
prises, in principle, two large systems con- 
nected by a two-circuit transmission line 


tion is demonstrated in the lower part of the 
same figure. When His read on the microme- 
ter, the bending radius to the surface of 
the cable is A. The instrument is con- 
structed with C=~+/10 inches. Substitut- 
ing this in the relationship, A?=C?+ 
(A —H)?, and simplifying, we have 


A=5/H+4H/2 inches (8) 
It is necessary to add or subtract the out- 
side radius r to obtain the bending radius 
R to the axis of the cable when the instru- 
ment is used on the inside or outside of the 
bend of the cable. Thus, 
R=5/H+4H/2=r inches (9) 


Figure 22 also shows the derivation of the 
fundamental strain formula: 
Per cent strain=1007/R (10) 


This follows the analogy of a bent cable 
toa bent beam. The incremental elongation 
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of the lead on the outside radius of the 
sheath is shown related to an original 
infinitesimal straight length of cable which 
remains the length along the neutral axis 
after the cable is bent with a uniform bend- 
ing radius. This derivation is based on the 
assumption that a plane section through any 
point on the cable and extending through 
the center of the radius of curvature remains 
a plane after the cable has been bent. 
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Table |. Individual Machine Constants Based on Rating 
Hydroelectric Steam Condenser 
IRQUME Geis pee see 25,000:kva, VOID siete oe = 31,250 Kva):0. 8 pf... on we cine 50,000 and 75,000 kva 
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H (seconds).......... Ar Dy COne Oar Mate salaren so) stabs Bee Me Peiccen tetris: 1.9 
ERE Ss cies OZ ho MSE eee 0275) <4 ree e 0.7 


(4 Table Il. Effect on Critical Switching Time of Fault Location 


Kilovar Supply Kilovar Supply 


Critical Switching 


at Substation A in Load Area Three-Phase Fault Location Time, Cycles 
33-kv bus—substation Bw. se ee eee 46.4 
Capacitor, .......... Capacitoniates te nex. | 33-40 bas—substation Ao © a ec eis een 11.9 
Hydroelectric station high voltage............ 8.48 
33-kv bus=substation Buy fais ware vee cio e oo 
Condenser......7....: Capacitor. sce. | 83-kv bits—stibstation: Ay aja Sieint eal 12.6 
Hydroelectric station high voltage............ 8.1 
33-kEv bus—substation Bo kk ee detec aws o 
CAOACIEOL < ca.e's/s.010 sis Condenser..,..... }33-ky bus—substation-A | hase leo h mes ab ABS 
Hydroelectric station high voltage............ 7.53 
(33-kv bus—substation Bo + whe ee wc cee cc) 
Gondenser:.......-. Condenser........ }33-ky bus—substation A TCO T OO AUP tated 
Hydroelectric station high voltage............ 7.55 


with an intermediate switching station and 
kilovar source (Figures 11 and 12). 


For type 1 the effects on the transient 
stability limits of the hydroelectric- 
station inertia, transient reactance, initial 
load, fault-clearing times, supplying kilo- 
vars in the load area by capacitors or syn- 
chronous condensers, fault location, the 
size of receiving system, and the load 
characteristics are determined for either 
type of kilovar source of various ratings 
(condenser or capacitor) located at the 
receiving end step-down substation. The 
effect on steady-state stability of supply- 
ing kilovars in the load area by capacitors 
is also determined for the two types of 
kilovar sources at the step-down station. 

For type 2 the effects on the transient 
stability limits of the relative sizes of the 
two systems for either type and rating of 
intermediate kilovar source are deter- 
mined. Also, the effect on the steady- 
state limits of the type and rating of in- 
termediate kilovar source is studied. 

The a-c network analyzer was used in 
obtaining most of the results in this work, 
and the basic data pertains in general to 
60-cycle systems. Conventional methods 
of swing-curve calculation and the equal- 
area criterion® were used in determining 
critical fault-clearing times. This ap- 


33 KV 
1 12 MILES 


x’ 138 KV 
150 MILES 


12 MILES 


HYDRO 
STATION 


© SYNCHRONOUS CONDENSER 
4i# SUBSTATION CAPACITORS 
Ln EQUIVALENT LoaDs 


@ 4-25 MVA 1.0 P-F GENERATORS 
@ 5-25 MVA 8 P-F GENERATORS 
@ 4-25 MVA 8 P-F GENERATORS 


X FAULT LOCATIONS ©) votrace oF Equivatent system 


Figure 1. Schematic diagram of type-1 (non- 
interconnected) system studied 
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proach allowed several variables to be ex- 
plored efficiently. In obtaining the 
torque-angle data from the analyzer for 
the synchronous-condenser case, the con- 
denser was represented by a capacitor in 
series with a reactance equal to the tran- 
sient reactance of the machine, the volt- 
age back of transient reactance being 
maintained by cutting in more or less ca- 
pacitors as required. The accuracy of 
this method for the case at hand is estab- 
lished in the Appendix. In the case of the 
capacitors, the initial conditions were set 
up and the capacitor setting was then 
untouched as the torque-angle data were 
obtained. 


Table I gives the values and ranges of 
the parameters, and the machine ratings 
used in, determining network analyzer 
box settings for the type 1 system study. 
The operating data and design details of 
this system have been reported else- 
where,* wherein it is recorded that the 
steam-turbine generator operating power 
factor with the full complement of shunt 
capacitors in the distribution system is 
approximately 0.90 per unit. The steam 
generator power factor without capaci- 
tors was 0.76 per unit. The hydroelectric 
generators are operated at approximately 
1.0 power factor in all cases. 


Conclusions 


1. The difference between the effects on 
transient and steady-state stability of large 
capacitor banks and synchronous condensers 
is small. For the type 1 system studied 
constant-impedance loads and/or the longer 
critical switching times tend to favor the 
capacitor while the composite loads and/or 
shorter critical switching times tend to 
favor the condenser. 


2. Either type of kilovar supply in radial 
load areas tends to reduce stability when 
this results in a reduction of the excitation 
on the generators. 
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38. When installed at the junction points 
of interconnected systems neither syn- 
chronous condensers nor capacitors having a 
rating corresponding to the emergency kilo- 
var requirements have much effect on sta- 
bility. Appreciable improvement can be 
obtained with condensers if a rating greatly 
in excess of the kilovar requirements—thus 
presenting a low reactance—is used. 


4. The system voltages during a fault and 
during the swings following fault removal 
will be better maintained by a small amount 
when using a condenser than when using a 
capacitor. 


Noninterconnected System 
(Figure 1) 
TRANSIENT STABILITY 


Effect of Fault Location. Preliminary 
to exploring the several parameters for 
this system, critical switching times were 
calculated’ for faults in three different 
locations for definitely determining the 
fault location presenting the greatest 
stability problem. The results are listed 
in Table II for constant-impedance load 
and hydroelectric-generator unit parame- 
ters on their own rating of: 


H=4.5 seconds 

Xq’ =0.35 per unit 

Approximate hydroelectric load =90,000 kw 
Approximate steam load =200,000 kw 


For this type system, these data show 
that: 


(a). The most serious fault location is at 
the sending end of the high-voltage line. 


(b). The difference in critical switching | 
time between a capacitor and a condenser 
at substation A for either capacitors or 
condensers in the distribution areas is small. 


A three-phase fault at the hydroelectric 
end of the 138-kv line, causing loss of one 
line section, is used therefore as the stand- 
ard test for the rest of the comparison. 

Effect of Supplying Kilovars in the Load 
Areas. The effect on transient stability 
supplying part of the kilovar requirements 


Table Ill. Effect on Critical Switching Time of 
Supplying Kilovars in Load Areas 


Critical 
Switching 
Kilovar Supply at Kilovar Supply Time, 
Substation A in Load Areas Cycles 
75,000-kva condenser..None  ..... 8.9 
75,000-kvacapacitor...None  ..... 8.9 
50,000-kva condenser. .90,000 kva of 
capacitors ..... 8.1 
50,000-kva capacitor. .90,000 kva of 
capacitors ..... 8.48 
50,000-kva condenser. .90,000 kva of 
condensers ..... 7.55 
50,000-kva capacitor. ..90,000 kva of 
condensers ..... 7.53 


locally in the load areas is indicated by 
the data in Table III. These data com- 
pare the critical switching times required 
for either synchronous condensers or 
capacitors in the load areas with no cor- 
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(c). Inertia constant H=7.5 


Figure 2. Transient stability with impedance 
load and no distribution capacitors 


Effect of varying initial hydroelectric load in 
per unit of station rating and transient reactance 


rection at all in the load areas. The 


parameters for this case are: 


H=4.5 seconds 

Xa =D 

Approximate hydroelectric load =91,500 kw 

Approximate steam load = 200,000 kw 

Fault location—sending end of 138-kv high- 
voltage line. Constant-impedance load. 


Other comparisons for this case can be 
obtained by comparing the data in Fig- 
ures 2, 3, and 8. Figure 2 indicates the 
effect on critical switching times ‘of vary- 
ing the hydroelectric-generator parame- 
ters for the case of no kilovar supply in 
the load areas while Figure 3 gives the 
same information for approximately 
90,000 kva of capacitors installed in the 
distribution area.* Figure 8 gives similar 
data for a composite load characteristic. 

Effect of Hydroelectric-Generator Charac- 
teristics. It is generally good economi- 
cal practice to install hydroelectric units 
with inertia which is standard for the par- 
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(c). Inertia constant=7.5 


Figure 3. Transient stability with impedance 
load and distribution capacitors 


Effect of varying initial hydroelectric load in 
per unit of station rating and transient reactance 


ticular transient reactance specified, but 
with a combination giving the required 
stability characteristics. In this study, 
however, the individual parameters were 
varied in the interests of determining the 
effects of each, recognizing that in the 
last analysis the practice previously 
mentioned should apply. 

Critical, or required, switching times 
for the case of an impedance load charac- 
teristic without distribution capacitors 
comparing a condenser and capacitor at 
substation A are shown in Figure 2 for a 
variation in hydroelectric-generator char- 
acteristics on rating of 


Xq’ =0.20 to 0.45 per unit 
H=4.5 to 7.5 seconds 


* Table III data do not necessarily agree exactly 
with the corresponding cases in Figures 2 and 3 be- 
cause the two setups were not identical. Table 
III setup was arranged to accommodate the con- 
denser—capacitor comparison, their location being 
at the load area substations, and the load magni- 
tudes and allocation of kilovars and kilowatts be- 
tween stations was not duplicated in the two cases. 
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Similar data for the case of approxi: 
mately 90,000 kva of capacitors in the 
distribution areas are given in Figure 3. 

These data can be cross plotted in dif- 
ferent ways to portray the variations in a 
different fashion if desirable. 

It is interesting to note that generally 
where the switching times are relatively 
long, the differential in switching time 
between the capacitor and condenser is 
larger, in favor of the capacitor, and in* 
creases with increase in switching time, 
while in the regions of small switching 
times the differential is in favor of the 
condenser and increases with reduction in 
switching time. It is felt, however, that 
the differential in any case is generally of 
negligible importance. These effects are 
discussed in more detail in the appendix 
under ‘‘A Note on Factors Affecting Sta- 
bility.” 

Effect of Kilovar Source Rating at Sub- 
station A. More or less of the kilovar 
requirements at substation A can be sup- © 
plied from the generators at substations 
B and C, thus altering the rating of the 
kilovar source at that location. The ef- 
fect of the rating of the substation A kilo- 
var source on the critical switching time 
for clearing a fault at the sending end of 
the transmission line is shown in Figure 4. 
These data are prepared for the particular 
set of conditions as shown in the figure. 
The critical switching time in this in- 
stance is increased less than one-half 
cycle by supplying all the kilovar re- 
quirements of substation A by a local 
kilovar source over that of supplying all 
the kilovars from the generators at sub- 
stations B and C, The difference be- 
tween a capacitor or condenser kilovar 
source at this location is of negligible 
significance on the critical switching time. 

Effect of Load Characteristic. In an 
endeavor to obtain at least a qualitative 
indication of the effect of a composite 
load in the comparison being made, a 
synthetic load characteristic comprising 
one-half impedance loads and one-half 
induction motors delivering constant- 
torque loads was used. Since all con- 
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Figure 4. Transient stability, type-1 system, 
showing effect of varying rating of substation 
A kilovar supply 


Hydroelectric load=0.9 per unit. No dis- 
tribution capacitors 
Inertia constant H=4.5 seconds. Impedance 
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Xa’ =0.35 per unit ; 
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’ nected motors do not operate at full load 
at time of system peak, it was further 
assumed that half the induction motor 
load was operating at one-half load and 
the other half at full load. 

The induction-motor equivalent circuit 
of Figure 5 is representative of a 200- 
horsepower 2,300-volt 1,800-rpm general- 
purpose squirrel-cage induction motor. 
The characteristics of such a motor were 
assumed to be representative of the com- 
posite motor characteristics of all the 
sizes and types of actual motors in the 
load areas. From this equivalent circuit, 


Figure 5. Equivalent circuit of typical general- 
purpose 200-horsepower 2,300-volt 1,800- 
rpm squirrel-cage induction motor 


Circuit constants in ohms referred to primary— 
full-load normal-voltage slip approximately 
0.011 per unit 


with the assumptions of the previous 
paragraph, the kilowatts and kilovolt- 
amperes versus voltage characteristics of 
Figure 6 were determined, and the net- 
work analyzer load boxes were adjusted 
in accordance with those data when the 
torque-angle curves were taken for deter- 
mining critical switching times. 

During periods of low voltage, the 
undervoltage releases may take certain 
induction motors off the line. The volt- 
ages obtaining at substations A and B 
during and subsequent to the fault are 
shown in Figure 7. The voltage at sub- 
station A reaches a value that could take 
off some of the motors; hence to get a 
fair comparison from the stability stand- 
point, all the motors at substation A for 
both the condenser and capacitor case 
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Figure 6. Kilowatt and kilovar voltage char- 
acteristic of equivalent motor load used 
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were removed during the fault, for the 
data given in Figure 8. 

These composite load cases seem to 
generally show less differential between 
the condenser and the capacitor than the 
corresponding impedance load cases, in- 
dicating the increased relative impor- 
tance of the condenser characteristics for 
composite loads. 

Since the condenser maintains a higher 
voltage than the capacitor during the dis- 
turbance, it would be expected that not 
so many induction motors would be 
tripped off for the condenser case. This 
could be very important if there was 
sufficient stability margins obtaining in 
the system to permit retaining the load. 
To indicate the effect of not tripping off 
any induction motors at substation A on 
the critical switching times for the con- 
denser case, the data in TableIV are given. 

It is obvious that the more load that is 
held on to, the less will be the critical 
switching time, and for this type system 
and conditions assumed, the difference 
amounts to little more than three cycles. 

Refer to appendix for further discus- 
sion of load characteristics and factors af- 
fecting stability. 

Effect of Size of Receiving System Gen- 
erators and Loads.* ‘The starting point 
for this part of the study corresponds to 
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Figure 7» Bus voltages during system swinging 
subsequent to fault-clearing 


Impedance load. Distribution capacitors. 
Xq'=0.35 per unit. H=7.5 seconds 
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Figure 8. Transient stability, type-1 system, 
with composite loads 
Effect of varying initial hydroelectric load and 
inertia 
Curves A—With no distribution capacitors 
Curves B—With distribution capacitors 


the basic type 1 system used extensively 
elsewhere, namely, a system of approxi- 
mately 300,000 kw load, 100,000 kw being 
supplied by the hydroelectric plant 
through 150 miles of 138-kv line and 
200,000 kw by the steam plants near the 
load areas. To indicate the effect the 
relative sizes of these two power sources 
and the magnitude of the load might have 
on the results, the data in Figure 9 are 
given. To obtain these data the total 
system loads were arbitrarily increased 
and supplied by enlarging the steam 
plants to the required values, taking due 
consideration of inertia and reactance. 
These data indicate that there is little 
difference in critical switching time be- 
tween the condenser and capacitor at 
substation A as the loads and steam 
plants are increased in capacity. 


STEADY-STATE STABILITY 


The test used for this type of stability 
is in principle that presented by Clarke 
and Lorraine.® This, involves making a 
slight increase in the angle of a particular 


machine from an operating point without 


any change in excitation and determining 
if it loses or picks up load. This was 
done on the network analyzer for the three 
conditions listed below. These various 
conditions were taken in the interests of 
completeness, realizing that this type of 
stability is more or less artificial as such, 
since the system could not operate at 
these values, but it does give a measure 


* This case is different from that presented in Figure 
11 in that the loads were increased, and the genera- 
tor inertia and reactance were changed to conform 
to rating. In Figure 11 the steam-generator in- 
ertias only were arbitrarily increased to simulate 
a distant large interconnected system. 
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Table IV. Effect on Critical Switching Times 
for Condenser Case of Tripping Off Induction 
Motors at Substation A During the Fault 


et 


Approximate 
Initial Induction Motors Induction Motors 
Hydroelectric Tripped Off, Not Tripped Off, 
Load, Kw Cycles Cycles 
EVM OE Ore pire brs ON Dic ratadevel ers is atenehass 6.2 
110,000... UC io cro ona 3.0 


Table V. Hydroelectric Steady-State Limits 
in Per Unit of Station Rating 


e 


Condition Condenser Capacitor 
With Distribution Capacitors 

OR ic Ato OE YON cipher rea DOK 1.41 

lin BEA bBo Sobor ano Sean Danica ac. Ado 1.42 

PR aah IRSA Sa NEE Tiel 4 Soncus aurea: sakes 1.09 
Without Distribution Capacitors 

a. 


Dil cheveie ke eheretensiste rer 1.4 
“wae Foren Wee 4 
06 


of operating margins. The power limits 
for these three cases as listed in Table V 
were determined for the conditions with 
and without distribution capacitors in 
the distribution system. 


CONDITIONS STUDIED 


(a). Terminal voltages of all synchronous 
apparatus maintained except for the last 
small excursion in angle. 


(b). Terminal voltages of generators and 
the capacitor bank at substation A main- 
tained. Capacitor terminal voltage main- 
tained by cutting in more capacitor kilovolt- 
amperes. 


(c). Voltages back of equivalent synchro- 
nous reactance of all synchronous apparatus 
maintained. 


These power limits apply for all lines 
in service. The limitsarereducedapproxi- 
mately three per cent for one line sec- 
tion out. In every instance the conden- 
ser gives a larger margin than the capaci- 
tor. This results from the inherent 
characteristic of the condenser to resist a 
change in the system 60-cycle voltage. 

The small gain in going from a to b may 
be explained by the fact that the limiting 
angle was only 60 degrees for condition 
a and 65 degrees for condition b, indicat- 
ing that only a small sagging of the volt- 
age at substation A was experienced at 
the limit. 
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Figure 9. Transient stability, type-1 system, 
showing effect of varying loads and steam-plant 
rating 
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Interconnected System 


The system studied and discussed in the 
previous section was labeled as noninter- 
connected although it was shown that the 
principal stability problem concerned an 
interconnection between a hydroelectric 
station and a metropolitan load center. 
These major elements were considered as 
a single system, but the results of course 
could apply to a specific type of intercon- 
nection in which load and kilovar source 
is associated with only one system, and 
straightaway transmission is involved. 


EFFECT ON STABILITY WITHIN ONE 
SYSTEM OF INTERCONNECTING WITH 
ANOTHER SYSTEM 


Considering again the mnonintercon- 
nected system, it was desired to compare 
the effect of a condenser and a capacitor 
bank at substation A when the system 
was interconnected with another, say 
by closing switch Sin Figure 1. The ef- 
fect of interconnection on the transient 
stability of the tie between the hydro- 
electric plant and the metropolitan sys- 
tem may be evaluated by simply adding 
the inertia of the interconnected system 
to that of the metropolitan system and 
proceeding with the conventional method 
of analysis. 

This may be done on the basis of as- 
suming there is considerable intercon- 
nection impedance Z; between the system 
under consideration and the system to 
which it is tied, and further assuming the 
the interconnection will not trip out for 
transient disturbances on the hydroelec- 
tric-plant line. Then, applying the wye- 
delta impedance transformation to the 
impedances of the interconnecting sys- 
tem, Z;, Z:, and Z,, this system may be 
reduced to a line impedance, a small 
shunt load added to the shunt load at 
substation A and a large shunt load 
against a machine of zero impedance. 
This location of the large shunt load, and 
the magnitude of the small shunt load, 
enables them to be discarded in the limit. 
Since it is assumed the interconnection 
will maintain synchronism, its only ef- 
fect remaining to be considered on the 
basis of these assumptions is its inertia. 
This simplification is often used to repre- 
sent an extensive interconnection where 
the stability problem is external to the 
interconnection. 

Results of varying the value of metro- 
politan-system inertia are summarized 
in Figure 10. These curves disclose the 
interesting fact that, in general, adding 
inertia to the receiving system results in a 
slight decrease in required fault-clearing 
time, thus somewhat increasing the sta- 
bility problem. The effect of the added 
inertia is to aid stability during the 
“fault-on” period by reducing the slowing 
down tendencies of the receiver system. 
After the fault is cleared, however, it also 
decreases the ability of the receiver sys- 
tem to pull up or synchronize with the 
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overspeeding sending-end generators, an, 
effect opposing stability. Figure 10 indi- 
cates that the latter effect carries more 


/ 


weight than the former as the receiver | 


inertia is increased, resulting in a net de- 
crease in critical switching time in all 
cases except the case of substation A con- 
denser and no distribution capacitors. 
Here the inertia effects appear practically 
to be neutralized by the synchronizng 
power increase permitted by the con- 
denser, regardless of the receiver inertia: 
considered. 


STABILITY OF THE INTERCONNECTION 
Wiru INTERMEDIATE KILOVAR-SOURCE 
CAPACITY 


Power systems in the United States are 
becoming more and more interconnected 
in the interests of over-all economies of 
investment and operating costs. Where 
the interconnection between two systems 
or groups of systems also supples load 
areas along its route, it becomes necessary 
to use intermediate kilovar-source ca- 
pacity to hold the voltage at these inter- 
mediate loads to acceptable values for 
power flow either way in varying amounts 
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RECEIVING SYSTEM INERTIA — PER UNIT ON 20,000 KVA BASE 
Figure 10. Transient stability, type-1 system, 
showing effect of arbitrarily increasing receiv- 
ing-system inertia, simulating an extensive 
interconnection 


between the systems.® Thus, these in- 
termediate kilovar sources are called 
upon to supply kilovars to the intermedi- 
ate loads and the /2X requirements of the 
interconnection, under both normal and 
emergency conditions. 

It is of interest to compare the conden- 
ser and capacitor as an intermediate kilo- 
var supply from the stability viewpoint, 
since it will be recognized that either can 
perform the kilovar-supply function ac- 
ceptably assuming the control equipment 
switches on capacitors in accordance with 
voltage requirements, and further assum- 
ing the system regulating problem re- 


+ 


quires no “lagging” capacity. This latter | 


requirement may be absent where the 
intermediate load is large enough to al- 
ways have a considerable kilovar require- 
ment. : 

It has been pointed out previously that 
the arrangement considered under ‘“‘Non- 
interconnected System” may be looked 


upon as a special type of interconnected — 


system without intermediate load but 
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Figure 11. Steady-state stability, type-2 sys- 

tem, comparing effects of synchronous-con- 

denser rating with capacitors and no kilovar 
source at intermediate station 


Point A on condenser output curve defines 

condenser rating whose rated output is used 

at power limit, based on X,+X,,=1.0 on 
rating 


with the load and kilovar-source ca- 
pacity concentrated at one end. It is 
felt that the general transient stability re- 
sults for that system will apply to the 
general type of interconnection consid- 
ered here; hence in the interests of con- 
densation this section will consider only 
steady-state stability effects. 

Figure 11 shows the per-unit steady- 
state power limit of a two-circuit inter- 
connection between systems having equal 
representative reactances, as a function 
of intermediate kilovar-source capacity. 
The kilovolt-ampere base applying de- 
pends upon the length and voltage of the 
interconnecting transmission lines and is 
determined by the relationship shown on 
the figure (see appendix for further dis- 
cussion of this generalization). Table 
VI is given for ready reference to show 
the kilovolt-ampere base applying to 
various voltages and line lengths, based 
on this relationship. In Table VII the 
relationship for determining required 
condenser rating associated with the 
curves as a function of the other variables 
is given, and example results for a 300- 
mile 132-kv interconnection with a cer- 
tain value of transformer and condenser 
reactance are tabulated. These data in- 
dicate the relatively small gain in steady- 
state power limit for even very large 
sizes of intermediate condenser. Also 
shown is the relatively small use made of 
the condenser at the power limit for the 
larger condenser sizes. Point A on the 


condenser-output curve marks the con-_ 


denser rating where the output is entirely 
used at the steady-state power limit, 
based on transformer reactance X;, plus 
condenser equivalent reactance X,, equal 
to 1.0 on rating. For ratings on the left 
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10 
u = INTERMEDIATE STATION ADMITTANCE, PER UNIT 


PER UNIT KILOVAR. SOURCE CAPACITY OR POWER LIMIT 


O7 


30 


of point A the condenser is overloaded to 
hold normal voltage at the midpoint, 
whereas for ratings to the right of point A 
the condenser is underloaded when hold- 
ing this voltage. 

Assuming capacitor blocks are switched 
on as the power transfer is increased, 
there is one ultimate size of capacitor re- 
quired at the power limit, still assuming 
unit voltage held at the midpoint. This 
limit is shown to be 0.95 per unit, with a 
total capacitor-bank size of approxi- 
mately 0.20 per unit. This value of 
power limit compares with a limit of 0.91 
with no intermediate kilovar source and 
a limit of 1.02 with a condenser whose full 
rating is used at the power limit. 

Steady-state power limits of a double- 
circuit interconnection under the emer- 
gency condition of one line section out 
for various ratings of intermediate kilo- 
var-source capacity are shown in Figure 
12, again comparing the intermediate 
condenser and capacitor. The kilovar 
source capacity required at the midpoint 
is determined by the desired power 
transfer across the interconnection with 
one line section out, and the power limit 
for this initial transfer or the correspond- 
ing condenser or capacitor size is shown. 

Again the kilovolt-ampere base to use 
with these data depends upon the line 
voltage and length under consideration, 
and Table VI gives examples of bases 
pertaining to various voltages and line 
lengths. 

In this case, no additional capacitor 
blocks are added as the power transfer is 
increased from “‘initial”’ to the maximum; 
hence the voltage drop from normal at 
midpoint is of interest. This is plotted 
and shown to be a maximum of about five 
per cent when no intermediate capacitor 
is used, tapering to zero when the initial 
transfer and power limit are equal (zero 
margin). At this point, of course, the 
capacitor size for the initial transfer 
equals that to hold normal midpoint 
voltage at the power-limit. 

On the basis of a 20 per cent margin be- 
tween power transfer and power limit, it 
may be seen that 0.735 per unit kilowatt 
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Figure 12. Steady-state stability, type-2 sys- 

tem, compering intermediate condenser and 

capacitor of rating dictated by initial power 
transfer 


may be transmitted using an intermedi- 
ate capacitor, whereas with a condenser 
0.765 per unit kilowatt, or four per cent 
more, may be transferred. 


Summary 


It is concluded that for the type of 
systems studied, the system stability 
characteristics are affected very little by 
the type of kilovar supply chosen for a 
central source. If a system is designed 
and operated in accordance with well- 
established principles, utilizing modern 
relaying, suitable generator-voltage regu- 
lators, and switching equipments, the 
stability problem can be essentially 
narrowed down and isolated to those 
cases involving electrically long lines and 
hydroelectric generating stations. In this 
study, a wide numerical range of parame- 
ters was investigated, allowing certain 
conclusions to be deduced. The data can 
likewise be interpreted for other systems 
of similar types. For instance, the re- 
sults of a high-reactance hydroelectric 
generator and transmission line of a given 


Table VI. Examples of Kilovolt-Ampere Base 
Applying to Basic Data in Figures 11 and 12 
_ 1,722¢kv)? 
Kilovolt-Ampere Base = Niles of Line (see 
Appendix for Derivation) 
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Line Line 
Voltage, Length, Kilovolt-Ampere 
Kilovolts Miles Base 
NO Oli perstatetsvececste« 75,000 
BBs otrinaveue ee } IDO Seiad aicieniaele 50,000 
DOO aie she svat pees te 37,500 
LOO teitaketrscsste 300,000 
Bee eeigd ta to 1 PAU Wate ae emiek SA ait 150,000 
DOO Aree e we canna 100,000 
TOOR care ietaiacaieregsies 833,000 
PPADS a sono oans | 200 cisreretesaieie estas 416,000 
GOO, Seaaonn vida 277,000 
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Table Vil. Examples of the Various Conden- 
ser Ratings Applying to Basic Data in Figure 11 
for a Specific Case 
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Xee Cc 
A Equivalent Required 
Admittance of Reactance Condenser 
Intermediate of Condenser Rating, 
System on Rating Kva 
MDD eOets fans Gratera roy 65,000 
0.5 \o:s Tateynie Mere OG 
DZ Bo ricterecetvrctuinns 42,500 
i AP eee a 130,000 
NO crevhecetveth c, are jo. Diarra. 100,000 
nm Oe Diadintetaiehece 85,000 
TROR TE arte 260,000 
QO er ccrancie vines ators Jo.9 AL As Pe anes 200,000 
NEC pickteo too xe 170,000 


C=A(Xt+Xec) B 
X,=intermediate-station transformer reactance 
=0.10 per unit on rating 
C=rating of intermediate station 
=rating of condenser in kilvolt-amperes 
B=kilovolt-amperes = 100,000 
Line length = 300 miles 
Voltage = 132 kv* 


length can be applied with reasonable 
accuracy to a longer length of line and a 
lower-reactance generator. Similarly, the 
results of a heavily loaded station with a 
large inertia constant can be interpreted 
for one lightly loaded having a smaller 
constant. Refer discusssion in appendix 
on this subject. It follows therefore that 
if certain general conclusions can be 
reached for the particular systems studied 
over a wide range of parameters, the same 
general conclusions can be applied ju- 
diciously to other systems of the same 
type having different voltages, length of 
lines, machine ratings, and so forth. 
With this thought in mind, it will be ap- 
preciated that the range of constants and 
the variations studied make for more of 
a generalization than would appear super- 
ficially. 

In view of all this, it appears that the 
choice should be made on considerations 
other than stability. Economic consid- 
erations generally govern, but before an 
economic analysis is in order in any 
event, it is necessary to know the techni- 
cal facts covering the system performance 
with the alternative equipments. It is 
hoped the data offered will aid in this 
respect. 


Discussion of Other Considerations 


VOLTAGE STABILIZATION FOR SUDDENLY 
APPLIED LOADS 


Synchronous condensers have been 
used for reducing voltage flicker of a bus 
to which fluctuating loads such as arc 
furnaces were connected.’ A condenser’s 
inherent characteristic gives it the ability 
to discourage an attempted fundamental- 
frequency voltage change at its terminals, 
while the characteristics of a capacitor are 
somewhat the opposite. To determine 
quantitatively this factor for the system 
studied, the incremental load-voltage 
transient characteristic was determined 
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on the network analyzer for substation-A 
bus for both a capacitor and a condenser 
at substation A. These results are plotted 
in Figure 13, for the case of distribution 
capacitors in the distribution areas. In 
this instance the difference in bus voltage 
for a load increment of 20,000 kva at 
0.8 power factor between the condenser 
and capacitor was one per cent or approxi- 
mately 1.5 per cent for 30,000 kva. The 
condenser rating, magnitude and power 
factor of load increment, and the system 
impedance all obviously affect this differ- 
ence. And as the major portion of the 
voltage drop is a result of the incremental 
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Figure 13. Transient bus voltages for various 
suddenly applied loads 


load kilovars, a close estimate for other 
incremental load magnitudes and power 
factors can be determined from the data 
calculable from the information in Figure 
13. The rating of the condenser or ca- 
pacitor for the case shown was 50,000 kva. 


SYSTEM VOLTAGE DURING SWINGS 


As is generally known, capacitors do 
not have the ability of maintaining sys- 
tem normal-frequency voltage during a 
sudden circuit change as does a syn- 
chronous condenser. This characteristic 
has little effect on stability limits as de- 
termined within the assumptions of this 
study. However, these voltage character- 
istics may be important for other reasons, 
so to visualize better and evaluate the 
relative voltage conditions obtaining in 
the load areas during the fault-on period 
and the subsequent swing for a particular 
case, the curves in Figure 7 are shown. 
There curves show the effects of the con- 
denser and capacitor in maintaining volt- 
age during the fault, as well as during 
the swing. 

In a particular instance, the voltages 
obtaining during a disturbance may or 
may not be of material significance aside 
from the stability question so this decision 
is to be made for the particular case at 
hand. 


VOLTAGE-REGULATING REQUIREMENTS 


With no change in field excitation a 
condenser tends to resist a fundamental- 
frequency voltage change at its terminals, 
while a capacitor tends to encourage 
such a change. If the voltage at the 
terminals of an automatically controlled 
condenser falls lower than the lower limit 
of the ‘‘dead band’’—he it finite or zero— 
of the control element, the excitation will 
increase until the voltage again lies within 
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the dead band. Similarly, an automati+ 


cally controlled capacitor would be 
switched in steps until the control is 
satisfied, but the dead band of the volt- 
age-sensitive master element must be 
larger than the voltage change caused by 
the switching on of one step. On large 
systems automatic switching of capacitors 
could give relatively smooth voltage con- 
trol even though it would be controlled in 
steps with the application of a large 
quantity of kilovars per step. It is pos- 
sible that on many systems where voltage 
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Figure 14. Stable four-machine swing curve 
used as a basis for combining steam units and 
reducing system as described in appendix 


regulation is considered of paramount 
importance, the basic requirement is 
really kilovar regulation. 


OTHER REQUIREMENTS OF HIGH- 
VOLTAGE TRANSMISSION AND 
INTEGRATED SYSTEMS 


Interconnected systems are generally 
considered to have kilovar requirements 
particularly adapted to large synchronous 
condensers, such as 


(a). Emergency requirements during tem- 
porary loss of a line. 


(b). Voltage stabilization made necessary 
by violent load fluctuations. 


(c). “Lagging” capacity (kilovar absorber 
as contrasted with a kilovar source) require- 
ments during light-load periods. 


Where these requirements are impor- 
tant, the synchronous condenser holds a 
unique position in the field. On kilovar- 
source applications requiring severe regu- 
lating duty, the multiple-step automati- 
cally switched capacitor bank awaits the 
development of switching elements ca- 
pable of withstanding many and frequent 
operations with low maintenance. Such 
switches already are not beyond the 
bounds of possibility, and future energy 
loss and installation cost factors may 
merit careful consideration and further 
development of a fast-multiple-step ca- 
pacitor switching contactor such as the 
transformer load-ratio-control type. 

For applications where the kilovar 
supply must also act at times as a “‘kilo- 


’ 
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var absorber” it is possible to add a 
shunt reactor of appropriate size and a 
full-range load-ratio-control transformer. 
As pointed out previously, however, in 
the general case of locating a kilovar 
source near a load and connected to 
high-voltage lines of an interconnection, 
the minimum kilovar requirements of the 
load area may obviate the “lagging” 
requirements of the condenser or capaci- 
tor-reactor combination. 


Appendix 


Two-Machine Representation of 
Three-Machine Case Involving 
Condenser 


For the purpose of establishing the ac- 
curacy of this method, three- and four-ma- 
chine swing curves were calculated, the 
cases representing the large capacitor and 
the synchronous condenser cases at sub- 
station A, respectively. The hydroelectric 
station and the two steam stations consti- 
tuted the units in the three-machine case 
and the condenser makes the fourth machine 
in the four-machine case. A three-phase 
fault at the sending end of the transmission 
line was used for all cases, as it represents 
‘the most severe condition from a transient- 
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Figure 15. Stable two-machine swing curve 

for same conditions as Figure 14 except steam 

units combined and condenser represented by 

_ a capacitor in series with a reactance equal to 

X,' of condenser, and voltage back of Xj’ 
held constant by varying capacitor 


stability standpoint. Figure 14 shows a 
stable four-machine swing curve for six- 
cycle switching. The two steam stations 
swing together for the fault location studied 
so they are combined, thus reducing the 
problem to two- and three-machine. cases. 


The critical switching time for a two- . 


machine problem is readily determined by 
the equal area criterion’ applied to the 
torque-angle curve. In the present study this 
was desirable as the effect of varying the 
hydroelectric-unit inertia was readily deter- 
mined from a single set of data, and torque- 
angle curves are readily determined by the 
network) analyzer for various hydroelectric- 
unit transient reactance and initial loads, 
taking into account any assumed load volt- 
ampere characteristics. The following 
reasoning allows the resolving of the three- 
machine case into an equivalent two-ma- 
chine case for which torque-angle curves 
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can then be taken and critical switch times 
determined by the equal-area criterion, 
again allowing a wide range of the pa- 
rameters to be studied. 

A synchronous condenser can deliver no 
net energy to the system, else it will fall out 
of step, and Figure 14 indicates in this case 
that it has no tendency to lose synchronism. 
Its primary function is to pump kilovars into 
the system and maintain voltage. Hence, 
if the condenser swinging can be neglected 
(which means neglecting its inertia or adding 
it to the steam stations), torque-angle curves 
can be determined by maintaining the con- 
denser voltage back of transient reactance 
and in phase with the line voltage for various 
values of parameters. Critical switching 
times can then be determined from these 
data for various conditions by the equal- 
area criterion. This method was used for 
the data presented in the body of the paper. 

The validity of this representation is 
demonstrated in Figure 15. This swing 
curve was taken under identical conditions 
as that of Figure 14, but the steam units 
were combined back of transient reactance 
and their inertia constants added and the 
synchronous condenser was represented as 
outlined above.- A comparison between 
Figures 14 and 15 indicates the accuracy of 
the method. At 0.80 second, for example, 
the angle between the hydroelectric ma- 
chine and the mean of the two steam units 
is 70.8 degrees as given by the four-machine 
swing curves, and is 70.7 degrees for the 
equivalent representation. 

A further demonstration of the soundness 
of the method was made by making swing 
curves for the same hydroelectric loading, 
inertia, and transient reactance with a syn- 
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Figure 16. Unstable three-machine swing 
curve for nine-cycle switching 


This is a check on accuracy of data in Figure 
3b, for 0.9 load and Xg’ =0.35, which shows 
nine-cycle switching for condenser should be 
unstable. Refer to appendix for discussion 


chronous condenser and with a capacitor. 
The torque-angle data analyzed by the 
equal-area criterion showed the synchronous 
condenser case to have a critical switching 
time of 8.7 cycles and the capacitor a time 
of 9.2 cycles. Swing curves wete made for 
each case with nine-cycle switching. The 
case with the synchronous condenser was 
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unstable, Figure 16, and that with the ca- 


pacitor stable, Figure 17, showing that the , 


two-machine representation 
curate. 


is very ac- 


A Note on Factors Affecting Stability 


It can be readily deduced from the dis- 
cussions and data given in this paper that 
practically the only difference between a 
capacitor and a condenser on transient 
stability results from their different abilities 
to resist a change in system voltage. And 
for the particular type of systems studied, 
these characteristics have a relatively small 
effect on transient stability. A word of 
explanation in regard to the factors affecting 
these results will be given for clarity. 

During the fault, the degree to which the 
load is maintained determines to what de- 
gree part of the equivalent generators slow 
down while they deliver the excess demands 
made on them resulting from the fault 
greatly increasing the transfer impedance to 
other equivalent generators—which speed 
up. After the fault is removed if sufficient 
restoring torque is available the two separat- 
ing groups of machines regain equilibrium. 
Thus, it can be seen that during the fault 
if more load is lost—everything else being 
equal—the system will be more stable than 
if less load is lost. On the other hand, after 
the fault is removed, the condenser, by hold- 
ing a higher voltage in the system between 
the separating groups of generators, makes 
for more restoring torque—everything else 
being equal. The critical switching time is 
that time which gives equal weight to the 
forces acting during the fault which tend to 
separate the generators, and to those after 
the fault which tend to restore the genera- 
tors. The weighting of these factors for 
various conditions represents the results pre- 
sented in this paper where critical switching 
times are determined. It follows from this 
reasoning that the shorter the ‘‘fault-on”’ 
time, the more favorable the results will be 
for the condenser. For instance, suppose the 
power limits were to be determined for zero 
switching time. The period wherein the 
capacitor produces results favorable to 
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Figure 17. Stable two-machine swing curve 
for nine-cycle switching 


Same condition as Figure 16 except capacitor 

instead of condenser at substation A. Data 

in Figure 36 indicate this case should be stable. 
Refer to appendix for discussion 
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stability (the fault-on period) is then nil so 
the condenser will naturally give higher 
limits as its favorable period is the only one 
that exists. Scanning Figures 2 and 3 shows 
this effect. As the fault-clearing times de- 
crease, the capacitor loses margin over the 
condenser, and the condenser shows its 
greatest margin for the case of zero switch 
time for the capacitor. Refer to Figure 3b 
for Xq’=0.45, H=6, and initial load=1.1. 
The greater slowing down of the steam sta- 
tions during the fault with the condenser 
than with the capacitor is readily shown by 
the swing curves of Figures 16 and 17. 

In the case of other than three-phase 
faults, the condenser provides synchronizing 
torque during the fault, which makes its 
case more favorable, but at the same time 
the permissible fault-on period increases, 
thus favoring the capacitor, so an accurate 
generalization in respect to unbalanced 
faults would require further study. Other 
types of faults, however, will increase the 
critical switch times in either case, thus re- 
ducing the relative seriousness of the sta- 
bility problem. 


A Note on the Effect of Excitation 
Response of Condensers on 
System Stability 


In this study it was assumed that the volt- 
age back of transient reactance remained 
constant during the first swing, thus neglect- 
ing the regulating system of all synchronous 
machines. At one time it was felt that ex- 
citers with high-speed response improved 
transient stability by increasing the field 
flux during the disturbance. This gain 
proved to be very small for the larger ma- 
chines under the most favorable circum- 
stances and with the advent of high-speed 
relays and breakers the gain rapidly ap- 
proached the vanishing point. Hence, from 
the transient-stability standpoint, an in- 
finitely variable quick-response regulating 
system for the condenser is of little moment 
in this comparison. 

In terms of steady-state stability, ma- 
chine excitation is very important, but load 
increments for tests of this type of stability 
are small and it is assumed that the various 
excitation systems can follow the voltage 
requirements. Hence, from the steady- 
state-stability standpoint, the important 
point is to have excitation on the machines— 
be they condensers or generators—to give 
required voltage conditions before the addi- 
tion of each load increment. Hence, whether 
the required condenser excitation is put on 
slow, fast or indifferent is of no importance 
in this comparison. 


A Note on the General Applicability of 
Network-Analyzer Data 


Network analyzer studies are usually 
made by setting the system impedances up 
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on a convenient kilovolt-ampere base. Re- 
sults are then obtained measured in per unit 
of that base. Obviously, the results thus 
can be interpreted to apply toa system of 
any size, with component parts of both sys- 
tem and results scaled up or down depending 
upon the base selected in relation to the 
base on which the board setup was made. 
Thus, the results of this, as well as other 
general studies, can be applied to larger or 
smaller systems of similar arrangement. 

Certain other parameters may also be 
varied and the base altered accordingly to 
get different results without changing the 
analyzer setup. Consider a system of im- 
pedance Z supplying power through a line 
of length ), voltage kv, and impedance 2; 
ohms per mile. These values are set up in 
per cent or per unit on a given base Bj. 
The per-unit line impedance is determined 
by 

; Zil,By 

Per unit Zp, (ku,)? 1,000 (1) 

An expression for the base B, for any volt- 
age, any value of line impedance in ohms 
per mile, or any length of line may be had 
simply by transposing this equation to 


_Zm(kvn)* 1,000 


B 
Znln 


(la) 
For the studies reported under ‘“‘Intercon- 
nected Systems,”’ the network-analyzer im- 
pedance units were actually set up on the 
basis of 


B,=100,000 kva 
Z,=0.12-+j7 0.8 ohm per mile 
kv, =132 kv 

1,=3800 miles 


Putting these values in equation 1, Z;,= 
0.206+ 71.376 is obtained. 

Therefore, keeping Z=0.12+ 7 0.8 ohm per 
mile, 


_ (0.206 + 1.376) (kv,)21,000 
e (0.2+7 0.8) XI, 
(Rvp)? 


=1,722 (2) 
In 


as shown on Figures 11 and 12. The basic 
data in these figures for per-unit voltage 
drops, power limit, condenser size, and so 
forth, therefore apply to any system on the 
appropriate base By, defined by equation 1, 
with the limitation that the system react- 
ance X be 0.25 in per unit on that base. 


A Note on Load Characteristics 


In a majority of the stability studies the 
assumption is made that the load has an 
impedance characteristic, that is, the kilo- 
watt and kilovar load vary as the square of 
the voltage. Experience indicates that the 
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error introduced by this assumption is gen- 


erally acceptable for the usual type of study. 
Therefore, for practical purposes this as- 
sumption should in general be satisfactory 
also for stability studies wherein a large 
capacitor. bank is being used at substations. 
However, its validity for comparing small 
differences that appear to have come out of 
this study may be questioned. This analy- 
sis, therefore, includes an attempt to evalu- 
ate the effects on stability of a composite 
load in the case of the capacitor or the con- 
denser at substation A. 

In making a study of this type it is recog- 
nized that the transient characteristic of the 
loads should be used in a rigorous treatment, 
but little is known of this characteristic for 
composite systems. Therefore, in view of 
this shortcoming, the steady-state charac- 
teristic of this type of load was used, and 
from the data on the composite load studied, 
its characteristic can be readily determined 
to be such that for a 10 per cent decrease in 
voltage, the kilowatt and kilovar loads re- 
duce by 12.5 per cent and 14 per cent, re- 
spectively. This compares with 13 per cent 
and 17.4 per cent, respectively, obtained by 
test’ for a certain metropolitan load. In 
view of all this it is felt that the results for 
the composite-load characteristics obtained 
should be indicative of what to expect when 
thinking in terms of using large capacitor 
banks. As the art advances and more data 
on composite loads are obtained, this re- 
finement may be made. 
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Differential Leakage With Respect to the 


Fundamental Wave and to the Harmonics 


M. M. LIWSCHITZ 
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yi 

HE calculation of parasitic torques and 

forces produced by the harmonics in 
induction motors and salient-pole syn- 
chronous machines is based on exact 
knowledge of the leakage with respect to 
the harmonics and especially on the 
knowledge of the differential leakage. 

The standard theories of differential 
leakage with respect to the synchronous 
wave fail entirely when applied to the 
harmonics. 

There are two standard theories of dif- 
ferential leakage with respect to the syn- 
chronous wave. One treats the differen- 
tial leakage in a manner similar to the 
usual treatment of tooth-top leakage. 
The other has been developed by Profes- 
sor C. A. Adams.!_ This theory considers 
for the first time correctly the ‘‘air-gap 
leakage,” that is, the harmonic fluxes as 
the source of the differential leakage. 
However, C. A. Adams, as well as P. L. 
Alger?® who made considerable contribu- 
tions to Adams’ ideas, separates the dif- 
ferential leakage into two parts, the zig- 
zag leakage and belt leakage, ‘‘in order to 
permit the effects of independent vari- 
ables, number of slots, and number of 
phase belts to be separately taken into 
account.”” This segregation makes 
Adams’ theory inapplicable to the har- 
monics. Moreover, the first mentioned 
theory, as well as Adams’ theory, do not 
consider the damping of the harmonic 
fluxes by the secondary winding although 
it is evident that any harmonic flux pro- 
duced by the stator winding will be 
damped by a squirrel-cage winding in the 
rotor. 

Adams’ theory has been taken up by 
different authors in Europe, especially by 
L. Dreyfus,’ M. Baffrey,2> and M. 
Krondl. In their investigations the 
division of the differential leakage in two 
parts is avoided, but the damping of the 
harmonic fluxes is still not taken into 
account. R. Richter considers the 
damping but gives practical results only 
for integral-slot full-pitch windings. Fur- 
ther, no due consideration is given to the 
slot openings. The influence of the slot 
openings is twofold: 


1. The slot openings may considerably 
decrease or increase the slot harmonics. 


2. The slot openings alter the shape of 
the magnetomotive force curve of the wind- 
ing so that it is different from the usually 
assumed stepped shape. 


In the following investigation the dif- 
ferential leakage of integral-slot windings 


1944, VoLUME 63 


as well as of fractional-slot windings will 
be treated. The influence of the number 
of slots, of fractional pitch, of skewing, 
of damping, and of the slot openings will 
be considered and discussed on practical 
machines. Formulas and curves will be 
given which make it possible to calculate 
the differential leakage in a simple way. 
In this paper the integral-slot winding 
and the squirrel-cage winding will be 
treated. 


Preliminary Remarks 


Since the stator and rotor carry cur- 
rents of different frequencies and produce 
harmonics of different order the harmonic 
leakage has to be calculated separately 
for stator and rotor. 

Table I applies to a 30-horespower in- 
duction motor with a squirrel-cage rotor, 
four poles, with 72 slots in the stator and 
50 slots in the rotor. The fundamental 
harmonic is taken as the wave having a 
length equal to the circumference of the 
stator bore. This is expedient with re- 
spect to the fractional-slot windings 
where subharmonics may occur. The 
synchronous wave thus has the order 
n’=p. (For symbols see nomencla- 
ture.) The first vertical row represents 
the stator harmonics up to the slot har- 
monics of first order. The currents pro- 
duced by the stator harmonics in the ro- 
tor have different frequencies and each 
stator harmonic produces a row of rotor 
harmonics (the horizontal rows in Table 
19}, 

In the first vertical row, the rotor har- 
monics have the same orders as the cor- 
responding stator harmonics. These rotor 
harmonics in co-operation with the stator 
harmonics produce asynchronous torques 
in pairs while all other rotor harmonics in 
co-operation with the stator harmonics 
produce synchronous cusps. 

Each rotor harmonic of the first verti- 
cal row is at standstill with respect to the 
stator harmonic of the same order at 
any speed of the rotor, while the other ro- 
tor harmonics are at standstill with re- 
spect to the stator harmonics of the same 
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order at a single speed only. Therefore, 
the first vertical row of the rotor harmon- 
ics decreases (damps) the corresponding 
stator harmonics in the same manner as 
the synchronous wave of the rotor de- 
creases the synchronous wave of the sta- 
tor. All other rotor harmonics do not in- 
fluence the stator harmonics which pro- 
duce them but they induce harmonic cur- 
rents in the stator which in turn damp 
the corresponding rotor harmonics. 

As will be shown below, the damping 
effect of the harmonics with respect to 
each other is considerable when the sec- 
ondary is a squirrel-cage winding. A 
phase-belt winding is able to damp only 
those harmonics the wave length of which 
is équal to twice the pole pitch for which 
the winding is laid out. This is due to the 
defective interlinkage of a phase-belt 
winding with the harmonics. 

Therefore, there is practically no damp- 
ing of the stator harmonics in an induc- 
tion motor with wound rotor and a sa- 
lient-pole synchronous machine without 
a damper winding. In the induction mo- 
tor with a wound rotor each stator har- 
monic produces a rotor harmonic the 
half wave length of which is equal to the 
pole pitch of the machine (see ‘‘Ex- 
amples’). All these rotor harmonics are 
practically damped out by the stator 
winding. On the contrary, all stator 
harmonics are more or less damped in an 
induction motor with a squirrel-cage ro- 
tor and in a salient-pole synchronous 
machine with a damper winding. Fur- 
thermore, in these machines the rotor 
harmonics whose half wave length is 
equal to the pole pitch of the machine 
are damped by the stator but these har- 
monics are small since they are produced 
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by stator harmonics of high order. There 
is, therefore, practically no damping of 
the stator with respect to the rotor in a 
squirrel-cage motor or in a salient-pole 
machine with a damper winding. 

In the harmonic chart given above, the 
first horizontal row of rotor harmonics 
is produced by the rotor current of slip 
frequency. This row determines the har- 
monic leakage of the rotor with respect to 
the synchronous wave. The harmonic 
leakage of the rotor with respect to the 
n'th stator harmonic is determined by the 
horizontal row that corresponds to this 
harmonic. 

The differential leakage reactance of a 
phase-belt winding (stator winding or 
wound-rotor winding) will be now deter- 
mined, at first neglecting the damping. 


Differential Leakage Reactance of a 
Phase-Belt Winding Neglecting 
the Damping 


Besides the number of slots, skewing, 
coil pitch, and damping, the following fac- 
tors affect the amount of harmonic leak- 
age: 


1. The saturation. 


2. The change of the magnetic reluctance 
in the gap due to the slot openings. 


8. The shape of the magnetomotive-force 
curve. 


The influence of saturation is different 
for the different harmonics. While the 
magnetic path of the higher harmonics 
lies in the gap and the tooth tops, the 
magnetic path of the lower harmonics 
also comprises the teeth and core. The 
present state of knowledge does not per- 
mit a more or less satisfactory determi- 
nation of the influence of saturation upon 
harmonic leakage. It can be assumed 
that this influence is slight. 

As to the influence of the slot openings 
on the harmonic leakage, it is usually 
assumed that this influence is the same 
for all harmonics, that is, that all har- 
monic fluxes will be reduced by the slot 
openings in the same ratio as the syn- 


1140 


Figure 3 (right). 
Coupling and skew- 
ing factors for 
squirrel-cage rotors 
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chronous wave, namely in the ratio 1 to 
K,, where K, is the total Carter factor. 
For the representation of the magneto- 
motive-force curve the assumption is 
usually made that the ampere conductors 
of each slot are concentrated in the middle 
of the slot; this leads to the stepped shape 
of the magnetomotive-force curve. At 
first, calculations will be made on the 
basis of these two assumptions. 

The amplitude of the n’th harmonic 
of the magnetomotive-force curve of the 
stator is*? 


we 


Fn pee ny aon’ 


een, (1) 


The amplitude of the corresponding field 
harmonic is 


3.19 v2 


a 
= Ji 2 
Dig KOK gor : @) 
K, is the total Carter factor. K, is an 
average saturation factor. The flux pro- 
duced by the n’th field harmonic is 
2 pr 
on! =— Bn: (3) 
Tn 


and the flux interlinkage due to the flux 
On! 
Vn! =¢n/ NK apn’ (4) 


Thus the differential leakage reactance 
will be 


1 ) 
Xq Sa or Wn X1078 ohms 
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Since q is an integer equation 5 becomes 
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4 
Xa =e eh’ 
nl 
(6) 


In order to determine the harmonic leak- 
age it is necessary to evaluate the sum 


Se) 
n' 
degree phase-belt winding, for example, 


the summation has to include the har- 
monics 5p, 7p, 11p, 13, and so on. 
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It is shown in Appendix I that rela- 
tively simple expressions can be derived 
for the sum of equation 5. The deriva- 
tions are based on the magnetic energy 
in the gap and on the Goerges vector 
diagram of the magnetomotive forces. 
This diagram is a very helpful tool for the 
investigation of the harmonics. It is 
often used in Europe, seldom in the 
United States. The results for three- 
phase machines with 60-degree phase-belt 
windings are 
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(c—q) 3 ae ] i 
4q? 
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1 Wee 
meet 
Shires 
c is the chording in slot pitches. W/r is 


the width of the coil in pole pitches. 
For two-phase windings 
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Equations 7 and 8 are represented in 
Figure 1. 2(Kapn/n)? -and W/r are 
used as co-ordinates, g being the variable. 
Since the distribution factor Ky decreases 
with increasing g and the ratio Kg,/n 
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of the slot harmonics also decreases with 
increasing g, the sum 2Z(Ka,/n)? de- 
creases considerably with increasing num- 
ber of slots per pole per phase g. The 
chording factor K, decreases the har- 
monicsin a certain range of W/r, increases 
then again when W/7 is large. The opti- 
mum chording for which the sum 
Z(Kapn/n) * becomes a minimum is 
approximately 0.80. 

Equations 7, 8, and 9 are valid not 
only for a stator winding but for the 
winding of a round rotor as well. 


Differential Leakage Reactance of 
a Squirrel-Cage Winding With 
Respect to the Synchronous Wave 


Equations 5 and 6 can be applied also 
to the squirrel-cage winding. In order to 
get the reactance per bar, introduce the 
relations 


m=(Qz N="/2 Ka=1 

For the harmonics of a squirrel cage 
m= K2Qo+ n' 

or 

m=Kz on (10) 


Here only n’=p or n=1 has to be 
considered. Therefore, the harmonic 
leakage reactance of a squirrel-cage wind- 
ing for the synchronous wave, per bar, is 


pli 


2SiQ2 eK, 2K Ks | 


Xeee'=») == *an' =) 10°" 


1 
b 11 
iy ohms per bar (11) 


or 
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2 
) ohms per bar (11a) 
Kox0 


No(n’ =p) =No(n=1) is the skew factor for 
the synchronous wave. 
In general, 


° oy panera iz) 


When the rotor is not skewed, m, is 
equal to 1. 
The sum 


is given in Figure 2 as a function of the 
number of slots per pole. 

_ In Appendix II it is shown that a very 
simple expression can be found for the 
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sums in equations 11 and lla by using 
equation 56 from Appendix I, which is 
based on the magnetic energy in the gap 
and the Goerges vector diagram. These 
sums become: 


ee) 
K240 \K2Q2+p D?\ £72 (n! =p) 072(n! =) 


(13) 
or 
Me Oe AWN Se erect : 
Ky 2241 £7o(n = 1) 172 (n =1) 

K2¥0 p (13a) 
where 

. pr 

Sin) 5 
£o(n’ =p) = £2(n=1) = : (14) 

Pr 

Qe 


is the ‘‘coupling factor” of the rotor with 
respect to the synchronous wave. 


Figure 4. Damping 
factor of the n’th har- 
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the accuracy of the slide rule is not suffi- 
cient for determining the sum from equa- 
tion 13. For these cases, the following 
approximation can be used. 
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The values of &,? and m»? as functions 


of the angles p 180/Q2 and (ae =), 

Q2 Ts2 
respectively, are given in Figure 3. The 
curvesof this figure can beused alsofor the 
el gana lise of the harmonic leakage 
reactance|of a squirrel-cage winding with 
respect to the harmonics, as shown in the 
following section. 


The Differential Reactance of a 
Squirrel-Cage Winding With 
Respect to the Harmonics 


In order to determine the damping ef- 
fect of the rotor harmonics on the stator 
harmonics when K,=0 the currents 
produced by the stator harmonics in the 
rotor bars must be known. The magni- 
tude of these currents depends upon the 
teactances and the resistance of the rotor 
bars, which are different for the different 
harmonics, 
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Since the stator harmonics produce 
currents of high frequency in the rotor, 
the reduction of the slot leakage and the 
increase of bar resistance due to the skn 
effect have to be taken into account. 
The n’th stator harmonic produces in the 
rotor a current of the frequency 


fons =r < (1 -9| 


The differential leakage reactance of 
the rotor with respect to the harmonics 
can be determined again from equations 
5, 6, and 10 with 


(16) 


m=Qe N=!/ Kap=1 
Thus, 
1 pri; 
Man = POTTER, 21077 
dn palin eK 1077X 
DA mara) 
> Say eee 17 
f\ Kaen] 8? 
or 
Xan= Sess aa aX 
Dieu) 
Os ) (17a) 
Koo ora 


It is shown in Appendix III that 


las Vas{ 3 1) (18) 
K2~0 K.Qo+n! 1? Eons non” 


and 
(ae ee : 
y 3 - Os \rs Eon®™Man? (18a) 
Kio ae 
where 
Nia 
sin Oe 
2 
bon! = es (19) 
On 
and 
i npr 
sin 
in=— nt (20) 
ion 


The leakage coefficient of the n’th 
harmonic, that is, the ratio between the 
leakage reactance and the main flux re- 
actance of the z’th harmonic, is as follows: 

The main flux reactance of the n’th 
harmonic is, according to equation 17, 


1 pr; 1 
aha = AlOsa—— 
mnt" 2 Are 2K.Ks Ten ne? (21) 
and thus 
2G Xhnt D.Obs, 
T2sn! = mer Tan = > Ten = . (22) 
mn! mn! mn! 


It follows from equations 17 and 18 that 
iH 


on!” Nan’? 


“yt (23) 


T3hnt — 
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Damping of the Stator Harmonics by 
a Squirrel= Cage or Damper 
Winding 


The amount of damping of the m’th 
stator harmonic by the ’th rotor har- 
monic is equal to the ratio of the result- 
ant magnetomotive force for this har- 
monic to the magnetomotive force of the 
stator that produces this harmonic. 

The stator magnetomotive force, ac- 
cording to equation 1, is equal to 


a/2 Kapin’ 


Fie = mM, See ee (24) 
T nN 


All quantities will be referred to the 
rotor. In rotor terms there may be writ- 
ten 

V2 1d ; 
Fy =e 02 9 my nonlin’ 
Thus 


Tint = 2m Ni Kopin’ I, 


25 
non’ Qe 


This current J’,,, flowing in the rotor will 
produce the magnetomotive force deter- 
mined by equation 1. 

The current J,,,, which the n’th stator 
harmonic induces in the rotor bars, can 
be determined from the voltage equation 
for the rotor. For any harmonic as wellas 
for the synchronous wave, 


O = Ton (Ton +35 X nr) + 
TSn'Xmni Win +Ian') (26) 
where 

= ae l—s 27 
Spr =1 a (1—s) (27) 
Sy: is the slip of the rotor with respect to 
the n’th harmonic. Xm is the main flux 
reactance of the n’th harmonic. 

I'm, has, according to equation 25, a 
definite value for a given load. In, is 
therefore, definitely determined by the 
load: 


i SntXmn! 
I CU tae 3 I’ U (28) 
Hi d Tont +JSn'Xmn' (1+ Ton) 2 
where, according to equation 22, 
Xeni t+ Xan +X ens 
Tint = sn + An oF en (29) 


Xin! 


The damping factor for the n’th har- 
monic is 


Vin! t+Lon’ 
eae (30) 
1n’ 
therefore, 
iSn'Xmn! 
Dei ISn'imn (31) 


Ton! +JSn!X mn! (1+ Tn!) 


When Ss,’ is equal to zero, D,’ is equal to 1, 
that is, there is no damping. This 
was to be expected. When s,’ = 0, the 
rotor rotates in synchronism with the n/ 
stator harmonic, J,’ is then zero, and 
only the flux produced by I’;,’ exists. 
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Table | “ 


J) 


| |Slot Harmonic 


Rotor Harmonics. 


m’=K2Q2-+n’ 

Stator Har- 

monics n’ K:=0 K:=+1 Kr:=-1 K2=+2 Ki=—2 
Shee Di repartee deft nd ats SOE Ai of cls tic i 60h sas snes =ib6E Teast +118. teomenes —114 
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OD ee ea Eee 00% ender er BBire «te Mats = 80! Rin dian alee + 94.) Sin caer —138 
“226 us sravetenelelew eke leraorete Be Te petene GaAs ABA hence = 82. ory tone 14206 cae ene — 90 
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SUBBor Nae ae Tene ABB hcidentth tee oa eee es ae = 20. See aa se 4154... wears — 78 
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BOW aneseen cat cNet ASO seen cette A108 ¢ 2n-0 ce =jbS. cane seract +166: 0, s.0:cuee — 66 
== 58) sista aise aR == BBs aa ithe estas Be Oyen eee —116 Ramet aens + 68... eames —174 
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When squirrel-cage winding, it is necessary to 

* multiply all harmonics of the stator by 
Sar their corresponding damping factor D,/. 
1 Equation 5 becomes 
Dnt =1—- (32) 
1+72n’ 


This is the smallest possible value of Dy’. 
For the different values of the slip sy’, 


T Y 
D,’ changes between 1 and—"—. The 
Ton! 
larger s,’, the more the harmonic n’ is 


damped. 

When 72,’ is negligible as compared with 
FSn'Xmn' (1 + Ton’) the damping factor Dy’ 
is given by equation 32 at any slip sy’. 
When, furthermore, the slot leakage and 
the end-winding leakage are negligible 
as compared with the harmonic leakage, 


equation 23 is valid for T,,’ and 
Dy! =1 bon! gon! (33) 


Equation 31 can be written (Figure 4) 


Dy =l1-— C,,’/9 (34) 
where 
Gy. => 


Vi [(Sn’Xmn’)?(1+- ton’) 12+ (Sn! Xmn/Ton')? 
Ton! + [Sn’Xmn!(1+T2n') |? 


(35) 


Yon! 


Sn'Xmn'(1 +72’) 


For the absolute value of D,,” 


tan 0= (36) 


Dn'=V (1— Cy" cos 6)?-+(C,’ sin 6)? (37) 


As will be shown below, the angle @ is 
usually small for starting as well as for 
running at normal speed, even for the 
deep-bar motor with high skin effect. 
For this reason, only a small error will be 
made when equation 37 instead of equa- 
tion 34 is used for calculating the damp- 
ing. 

As the foregoing considerations of this 
section show, equation 37 relates to a 
certain stator harmonic, namely, the n’th 
harmonic. In order to get the total damp- 
ing of the stator harmonic leakage by a 


Liwschitz—Differential Leakage 


D,= 39 
t (Aan) ( ) 
n' =p n' 
or, for the integral slot winding, 
E(r) 
n 
D s n¥1 (40) 


> a) 
n¥l 


D,' depends upon the constants of the 
rotor winding and on the slip sy’. Dp’ is 
different for the different harmonics n’; 
it is relatively small for the harmonics of 
lower order (5th, 7th, 11th) and high, 
in the limits just given, for the higher har- 
monics, especially for the slot harmonics. 
As will be seen from examples discussed 
hereinafter, .D,’(D,) depends mainly | 
upon the number of slots of the rotor and 
on the skew. 

Kapn’ depends upon the stator winding 
only, that is, upon its number of slots per 
pole per phase and upon its coil pitch. 

Thus, the resultant damping factor de- — 
pends mainly upon the number of slots of 
the stator, the coil pitch of the stator, the 
number of slots of the rotor, and the skew. 


Examples 

Some éxamples will now be considered, 
in order to study the influence of the ro- 
tor resistance and the three parts of the 
rotor reactance on the damping. 
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First EXAMPLE 


Induction motor with squirrel-cage 
rotor for 400 horsepower, 60 cycles, three 
phases; p=6, 0Q:=180, Q2=142, W/T= 
0.934. The cage has shallow bars, not 
skewed. 

The motor will be considered at stand- 
still, s=1, and at the normal slip s= 
0.018. According to equation 27, sy’ is at 
standstill for all harmonics equal to 1. 

The number of pole pairs of the stator- 
slot harmonics of first order is 


—29 
+31 


Table II gives the values of the rotor 
constants as well as of C,’, tan 6, and D,’ 
for all harmonics up to the 3lst. Since 
the rotor has shallow bars, the resistance 
tn’ (column 3) changes very little with 
the order of the harmonics. The same is 
true of the sum of the slot leakage react- 
ance and end-winding leakage reactance, 
X(ste)n’ (column 4), but the leakage 
coefficient r(s+e)n’ (column 5) increases 
with increasing ’ because the main-flux 
reactance of the harmonics decreases 
rapidly with the order of the harmonics 
(column 2). The same is true of the 
leakage coefficient ty’ (column 7) be- 
cause the coupling factor &,’ decreases 
with the increasing order of the harmonic 
(see Figure 3 and equation 23). 

The angle @ is small for all harmonics 
(column 9). C,’ decreases rapidly with 
increasing 1’ (column 10). Therefore, 
the damping factor D,’ increases with 
increasing order of the harmonics (col- 
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The smaller the value of D,’, the more 
the corresponding stator harmonic n’ is 
damped. It is seen from column 11 that 
the higher harmonics, especially the slot 
harmonics, are damped very little, while 
the lower harmonics (the fifth and 
seventh) are damped very considerably. 

Column 12 is calculated by using equa- 
tion 32, that is, neglecting 7,’; column 
13 is calculated by using equation 33, 
that is, neglecting r,’ as well as X(5+4,)n’. 
It is seen from column 12 that the re- 
sistance has practically’ no influence on 
the damping factor. Column 13 shows 
that the slot leakage and the end-wind- 
ing leakage of the rotor cannot be neg- 
lected, because this would give too much 
damping, especially for the lower har- 
monics. To neglect these reactances is 
equivalent to an increase of the rotor 
current and, therefore, to an increase of 
the damping. It should be noted, how- 
ever, that the influence of X(4¢)n’ is 
especially large in this machine, for the 
extension of the rotor bars beyond the 
core is here large and the skin effect neg- 
ligible because of the shallow bars. 

Evaluation of equation 40 gives for 
the total damping in this case 


D,=0.81 


Table II relates to standstill (S,’=1). 
For the normal slip (s=0.018) Table III 
applies. s,’ is here different for the dif- 
ferent harmonics. The leakage coeffi- 
cient tp, is independent of the slip; 
columns 3 and 7 are, therefore, the same 
as for Table II. 

Due to the high frequency of the rotor 


than in Table II. Yet a comparison be- 
tween column 11 and column 12 shows 
that here too, the resistance has no in- 
fluence on the damping. The increase of 
r, is accompanied by a decrease of X¢n; 
the values of X(s+e)n (column 5) are 
therefore smaller than in Table II. The 
damping factors D, are slightly smaller 
for all harmonics than in Table II. The 
evaluation of equation 40 gives the total 
damping factor 


D,=0.80 


This is practically the same value as for 
standstill. 

With respect to equation 40, the fol- 
lowing may be noted: The denominator 
of this equation can be taken from Figure 
1, where the sums include all harmonics 
except »=1. Evaluating the numera- 
tor of equation 40, it would not be suffi- 
cient to take into account the lower har- 
monics up to the slot harmonics of the 
first order. Thus, Tables II and III do 
not suffice for the determination of the 
numerator of equation 40. Satisfactory 
results will be usually obtained, if the 
lower harmonics up to the 19th and all 
slot harmonics are included in the sum 


Tee 
(42) D,. It is shown in Appen- 
nFL 
dix IV that for all slot harmonics, except 


the slot harmonics of first order, 


K 2 
[Ee )| 
n nm = nsl(except first order) 


ip i‘ 0.786 
pa 2 
Hap feersnrernaecsd 


umn 11), currents, the resistance 7, is much larger (41) 
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SECOND EXAMPLE 


Induction motor with squirrel-cage 
rotor for 500 horsepower, 60. cycles, 
three phases; p=3, Q:=90, Q2=74, 
W/r=0.80. The cage has deep bars, 
not skewed. 

Tables IV and V give the values for 
this motor, for standstill as well as for 
normal slip (s=0.012). The stator slot 
harmonics of first order are —29 and 
+31. A comparison between the columns 
11 and 12 shows that, despite the high 
skin effect due to the deep bars, the rotor 
resistance 7, has little influence on the 
damping. A comparison between the 
columns 13 and 11 shows the same as in 
the first example: the influence of the 
slot leakage and end-winding leakage of 
the rotor on the damping is considerable. 
As in the first example, the damping is 
practically the same as standstill and at 
normal slip. 

The evaluation of equation 40 gives 
the total damping factor at standstill 


D,=0.92 

and at normal speed of the motor 
D,=0.91 

THIRD EXAMPLE 


Induction motor with squirrel-cage 
rotor for 20 horsepower, 60 cycles, three 
phases; p=1, Q:=24, Q.2=31, W/r= 
0.50. The cage has shallow bars of cast 
aluminum. 

Tables VI, VII, VIII, and IX give the 
values for this motor, the first two tables 
for the skewed rotor and the latter two 
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stator-slot harmonics of first order are 
here —23 and +25. 

With respect to the influence on the 
damping of the resistance, the slot leak- 
age, and end-winding leakage of the rotor, 
the results are the same as in the fore- 
going example. A comparison between 
Tables VI and VII and VIII and IX 
shows the influence of the skewing. The 
skewing decreases the main-flux react- 
ance, increases the harmonic leakage 
(see equation 18), and thus increases 
considerably the total leakage coefficient 
Ton. An increase of Dp, that is, a decrease 
of the damping, is the result. That the 
skewing reduces the damping can be seen 
directly from the approximate formula, 
equation 33. The evaluation of equa- 
tion 40 gives the total damping factor 


D,=0.80 
for the skewed rotor, and 


for the nonskewed rotor. 
Resultant Damping Factor 


It has been mentioned that the result- 
ant damping factor depends mainly upon 
the number of stator slots, the coil pitch 
of the stator winding, the number of ro- 
tor slots, and the skew of the rotor. 

Figure 5 shows the dependence of the 
damping factor on the number of slots of 
the stator and rotor for three-phase 
machines. This part of the total damp- 
ing factor is denoted by Dg. 

For the same number of rotor slots, Dg 


been seen from the examples, the lower 
harmonics are more strongly damped 
than the slot harmonics. Since the order 
of the slot harmonics is higher for higher 
values of gi, and thus the slot harmonics 
contribute less when q; is larger, Dg must 
be smaller for higher values of q. When 
q: is equal to two or three, the slot har- 
monics are damped considerably; this 
explains the intersection of the curves 
for q=2 and q=3 with the curve for 
n=4. 

For the same number of slots in the 
stator, Dg decreases with increasing 
Q2/p, because £,,” increases with increas- 
ing Q./p (see Figure 3 and equation 33). 

The influence of the chording of the 
stator winding, for three-phase machines, 
is given by the factor Dg in Table X. 
The chording reduces the ratio (Kapn/7)? 
of the lower harmonics more than that of 
the slot harmonics. 2Z(Kapn/n)? has 
its lowest value at approximately 
W/7=0.80 and increases with larger 
throw. Since the chording affects the 
lower harmonics more than the higher 
ones, and since D, is smaller for the 
lower harmonics than for the higher 
harmonics, D, as a function of W/r will 
have its maximum at a throw approxi- 
mately 80 per cent (same Q2 presumed), 
and thus the factor Dg, by which Dg has 
to be multiplied in order to take into 
account the chording, will be larger for 
the higher values of gq. For the chording 
2/3 and 1/, the factor Dg is equal to 1, be- 
cause Ky, is the same for all harmonics 
(0.866 and 0.707, respectively). 

The influence of the skewing is given 


tables for the nonskewed rotor. The decreases with increasing gq. As has _ by Figure 6, where it is assumed that the 
Table IV 
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Table V 
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AIEE TRANSACTIONS 
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Figure 5. Influence of the number of stator 
and rotor slots on the damping of the differ- 
ential leakage of three-phase machines 


skew of the rotor is equal to a stator-slot 
pitch. The skew factor ,,isa multipli- 
cand of the coupling factor &,, (equation 
33) and has the same influence on the 
damping as &,. The larger the skewing 
the larger D, and D;. 

The total damping factor is 


D;=DgDcD gs (42) 


Figures 5 and 6 and Table X are aver- 
age values based on calculations of many 
machines. 


Damping of the Stator Harmonics 
by a Wound Rotor 


In order to find the influence of a wound 
rotor upon the stator harmonics, example 
3 of the foregoing section will be con- 
sidered again, with a wound rotor having 
Q2= 30 slots, two coil sides per slot, one 
conductor per coil side, and a throw equal 
to 1. The rotor is assumed not to be 
skewed. 

For the harmonics of a wound rotor 


m’ ditty tts! 
or 
m= Koma+n (43) 


A normal three-phase 60-degree phase- 
belt winding is assumed. This winding 
does not produce even harmonics, that is, 
K, is a positive or negative even integer. 
The harmonics chart is given in Table XI. 

The table shows that all stator harmon- 
ics produce rotor harmonics of the same 
order. 
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Figure 6. Influence of skewing on the damping 
of the differential leakage of three-phase 
machines 
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The main harmonic is of course differ- 
ent for the different harmonics; it has 
the order of the stator harmonic, namely 
n. On the other hand, the wave n=1 
has to be considered for the harmonics as 
a parasitic harmonic that produces a 
harmonic-leakage drop. This rotor wave 
n=1 will be considerably damped by the 
stator winding because the stator wind- 
ing is laid out for the pole pitch of this 
wave. Neglecting the resistance of the 


-stator winding, the danipsng factor will 


be 71/(1+71). 

Since all horizontal rows of the chart 
of the rotor harmonics contain the same 
harmonics, the harmonic leakage react- 
ance can be calculated from the first hori- 
zontal line, that is, from Xzm@= 
when the reactance of the main harmonic 
is subtracted from this value and the re- 
actance of the wave n=lisadded. Thus, 


Xan =Xn(n=1) — Xmat TT 7 Xmin=1) (44) 


and 
BE -| X m(n = 1) 
= aA iae= 2 
Thn Kee Th(n=1) a a 
(45) 
According to equation 5a 
Xm(n=1) 
4 
— ena fiat be ae 10- "(Kap(n=)1(n= »)? 
(46) 
and 


4 7h Kapnnn \? 
Xn =— Ngo ot (ee 

mee aN ay ( rc ei 
By inserting equations 46 and 47 in equa- 
tion 45 there résults 


Thn =| = rte | x 


K a ‘at 2 
( dp(n=)N(n °n) —1 (48) 


Kapntn 


The leakage coefficient covering the slot 
leakage and the end-winding leakage, for 
the nth harmonic, is 


XsntXe 


care (49) 


T(ste)n = 
Xn is different for the different harmonics 
due to the skin effect. X, can be as- 
sumed as being the same for all harmonics. 
When the stator has fractional-slot 
winding, equations 48 and 49 become 


row =| ener) tae ipa 


(Avenoawan) (50) 
Kapn: Nn! p 


T(s+e)n! = (51) 

The restits, for the 20-horsepower mo- 
tor (example 3 from the foregoing section) 
with a wound rotor are given in Table 
XII. In this, the rotor resistance and the 
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2 
ayZie8 ©) 
Figure 7. Goerges diagram for a two-pole 
three-phase winding with four slots per pole 
per phase 

Winding not chorded 

q=4 

Two poles, three phases 


influence of the skin effect on the rotor- 
slot leakage are neglected. 

A comparison between Table XII and 
Table VIII, which relates to the same 


‘20-horsepower motor with a squirrel- 


cage rotor, shows that the damping ef- 
fect of a wound rotor is negligible. The 
same is true for the stator with respect 
to the rotor harmonics. 

A phase-belt winding damps consider- 
ably only that harmonic the half wave 
length of which is equal to the pole pitch 
for which the winding is laid out, that is, 
the wave n=1 (n’=p). The negligible in- 
fluence of a phase-belt winding on the 
harmonics, as compared with that of a 
squirrel-cage winding, is due to the 
small values of Kap, for a phase-belt- 
winding (see Table XII). For a squirrel 
cage rotor, Kgp,=1. The small values 
of Kap, make the values of X,, small 
and, therefore, the values of 72, large. 


2l 
9 


Figure 8. Same as Figure 7 


Winding chorded two slot pitches (throw = 
0.833) 

q=4 

Two poles, three phases 
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Appendix |. Harmonic Leakage 
Reactance of a Phase-Belt Wind- 
ing Neglecting Damping 


For the magnetic energy of an m-phase 
winding, 


Em => LI? (52) 


where L is the inductance of one phase (self- 
inductance plus mutual inductance of the 
other phases). The magnetic reluctance of 
the iron is assumed to be equal to zero and 
therefore the gap only will be considered. 
For the magnetic energy of the gap 


1 1 
Em== | hbds= bid 
nS af : ae : 


where b is the flux density in the gap, and 
ds is an element of the space between stator 
and rotor. Combining equation 53 with 
equations 52, 1, and 2, it follows, for the re- 
actance that corresponds to the inductance 
L, 


(53) 


=2nf, L108 


Qnf,  [3.19\? 10-8 : 
~waa() mI? fre ohms (54) 


Assuming that the magnetomotive force 
curve has a stepped shape, the magneto- 
motive force is constant over each slot 
pitch, changing its value from slot pitch to 
slot pitch. This makes it possible to divide 
the space s into as many elements as there 
are slots in the machine part under con- 


ee yh 8, oy, Sp EN Toa TEA ees eS Oe ay a eNERM ET Tah) = 


The magnetomotive force of one slot is equal 
to ./2In,. Introducing this value and also 
N=pqm, in equation 56 there results 

th, 


N2 
x, = 4.06 X2n?— oe 10-*X 


ral V2. val a 


Since the total gaa energy in the gap 
has been considered, X, represents the total 
reactance, that is, the reactance due to the 
harmonics as well as to the synchronous 
wave. 

Comparing equation 57 with equation 5a, 
which represents the reactance due to the 
harmonics only, there is 


Ks 2 
> (<2) + K?an(n =1) 
del A ee 
— mgLdQ a 


21? iil tit . 
/2In —K*ap(n=1) (58) 
¢ 


The wrniceict of the sum 2(Kapn/n)? is 
thus reduced to the computation of the sum 


di Gm) 


ae f; is the magneto- motive force over 
the different teeth of the machine part 
under consideration. The magnetic energy 
in the gap of an m-phase machine is inde- 


The value of the magnetomotive fofce 
over the different teeth can be found eaSily 
by using Goerges’ vector diagram of the mag- 
netomotive forces. It offers the advantage 
of giving a graphical representation of the 
magnetomotive forces over the different 
teeth, from which the magnitude of the har- 
monics, the influence of chording on the har- 
monics, and so forth, can be visualized. 

The Goerges diagram is based upon the 
following consideration. If A denotes the 
ampere conductors per unit circumference, 
then the magnetomotive force at a point x is 


f(x) = fAdx+C (59) 


When A is a sinusoidal function of time, 
f(x) can be represented as a vector. Figure 7 
shows this procedure for a two-pole three- 
phase winding with four slots per pole per 
phase. It is assumed that the winding is 
not chorded. In this case the upper and 
the lower layers lie in the same slots. Fig- 
ure 7A shows the distribution of the 24 slots 
between the layers and phases. Figure 7 B 
shows the directions of the currents 
in the different slot-groups. Figure 7C 
shows the graphical integration. Since the 
slots 1, 2, 3, and 4 carry currents of the same 
direction, their vectors lie in the same line 
1-4; the vectors which correspond to the 
slots 5 to 8 also lie in the same direction, 
but they are shifted with respect to 14 by _ 
an angle of 60 degrees according to Figure 
7B, and so forth. The polygon closes after 
each two poles, when g is an integer. 

The polygon represents the integral 
JS Adx. In order to find the magnetomotive 
forces over the different teeth 1,2,3...., 
it is necessary to determine the constant c, 
that is, to find the pole of the polygon 1. 
If this pole has been found to be the point* 


sideration (stator or rotor). Thus pendent of time; it is the same at any P (Figure 7C); then the distances Pl, P2 
: instant. However, the magnetomotive Poe the amplitudes of the apse 
ds a ere Ke 55) forces fi over the different teeth depend motive forces at the tooth centers 1, 2,3 
a) ( upon the instant chosen. Yet, since the : este nen 
Bien idtcietey is constant tits It is assumed that the centers of the slots 
ee By 2p ASAE UNE coincide with the centers of the distances 
Da eS \ 1-2, 2-3 ...and that, at these points, the 
e240 ope 1 See) Vin 56 O\/2In, * If the magnetomotive force f(x) is represented as a 
as oe mI? QO ( ) function of x in rectangular co-ordinates, ¢ will be 
: = ; ra 7 
is also constant, irrespective of time. prccmanes 3s ve be equal. ae ae 
Table VI 
Standstill; Rotor Skewed 
ee 
Xmn Tn Katelin D, for 
o Sn (<1074) (x 10~4) (x10) T(aye)n Tho T2n tan 0 Ce; D Ber XG. ee 
n ‘n no s ie) ni 
ae ; DO : HS Sr eee Aemnted eee ater s Aveicai OMS Titiste oro OFLO Ze tea OF 256.2. aes OES SB accxers ORO 80s ONNG4S fF tascene a ae 0.266 0.264 0.204 
A Tere Dee B R61 0.787 OTB... 0.225... 0,563... 0.788... 0.184 Shae 0,555 xi toe 0.456......0.441.......0.36 
ABR oi 1.....0.00136 - 2... 0.765 Os eae B28 ce 6,000. BSB a Ge Doe See We oT oe i 
ED 5 ie Mel 2 0.000245...... RHA, Jele Alee On7ooneeeee 2,960..... 26,600..... 201600 eee ipabee Gee: 0.000034...... x ne : eee : 


Table VII 
Normal abso Rotor Skewed 


Xmn To X(sye)n sete 
n as KIO) AKIO“), COLO eI terol The Bes tan 0 Cn D nh a Xion ss 
a 2. 8+, 
5 eee 88785. 1.455....... 1.05... 0.145..... 0.256..... 0.401..... 0,024.5, 071131... .5 0.29 .....0.286 0.204 
t feo be te PMO 08 0.8m. 0,563... 0,885... 0.041 ....0.587 6... 0.474.....0.469.......0.36 
ree $23.4 0... 0.00136... Sete aad 0.518...... SBS tien 6.0007 8 mae0 dee HOT 0008062200 petal MeN ae 
onus 4 ...,.0,000245......3.19 .......0.528.....,2,150.,...26,600. .. ..28°700 0 )tolo000s4...2.) a. 2 i 
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iagnetomotive force increases step by 
step, each being equal to ./2/n,; the points 
1,2,3 are then the centers of the teeth. The 
instantaneous values of the magnetomotive 
forces over the different teeth can be found 
by projecting the vectors P1, P2, P3...on 
the time line. The shape of the magneto- 
motive force of a three-phase system changes 
each one-sixth of a period and repeats it- 
self every one-third of a period. This con- 
dition can be satisfied by the vector dia- 
gram, '| Figure 7C, only when the pole P lies 
in the center of gravity of the polygon. 

Referring again to equation 58, take the 
sum of the squares of the projections of all 
vectors Pl, P2, P3 ... on the time line. 
The position of the time line can be chosen 
arbitrarily, since the magnetic energy in the 
gap is constant. If we make the unit of 
length in the vector diagram, Figure 7C, 
equal to 1/2/n,, the amplitudes of the 
magnetomotive forces of the different teeth, 
as well as the instantaneous values of the 
magnetomotive forces, will be expressed per 
unit. 

In Figure 7C the position of the time line 
is assumed, as indicated, passing through 
the points 6 and 18. The polygon is sym- 
metrical with respect to the time axis and, 
therefore, only one half of the polygon needs 
to be considered. The projections of the 
vectors 06 and 017 are equal, their value is 
equal to 4 cos 30 degrees, and the sum of 
their squares is equal to (q—1)q? 3/4. Con- 
sidering the vector 8-12 the projection of 08 
is equal to 06, the projection of 09 is equal to 
three-fourths of 06, the projection of 010 is 
equal to 1/2 of 06,and soon. Thus, the sum 
of their squares, taken twice, is 


mycos2-30|g?-- (q—1)?--(q—2)? . . +17] 


_ 8 g(q+1)(2¢+1) 
aay, ae 


Therefore 


Sic) Beer 


Figure 9. Goerges 
diagram for a squir- 
rel-cage winding 


2 2 2 
Se (Ee) eee (60) 
eR n 18 3¢? 
corresponding to equation 7 for c=0. 

The difference between the vector Pl, 
P2... of the vector diagram, Figure 7C, 
is a measure of the amplitudes of the har- 
monics. If there were no harmonics, the 
vector diagram would be a circle. The 
radius of the synchronous wave per unit is 


0.45mInqK ap(n = ue 
/2In¢ 


Figure 7 relates to a nonchorded winding 
where the upper layer and lower layer 
coincide with respect to space. When the 
winding is chorded, that is, the lower layer 
is shifted with regard to the upper layer, 
the Goerges’ vector diagram can be found 
in the following way: 


m 
R,= , Kavn= 1) (61) 


1. The vector diagram is to be drawn for the upper 
layer as shown hereinbefore. 


2. The sequence of the slots for two poles and for 
both layers is to be set up according to the chording 
chosen. 


3. The vector diagram is to be drawn for the lower 
layer so that the diagram pole P is the same as for 
the upper layer, that is, the vector Pl’ must be 
equal to the vector P1, the vector P2 must be equal 
to the vector P2’, and so on (prime indicates the 
lower layer). Starting with the slot 1’ the vector 
diagram of the lower layer is to be drawn in opposite 
direction to that of the upper layer. 


4. The end points of both vector diagrams are to 
be connected corresponding to the distribution of 
both layers in the slots, that is, each pair of coil 
sides that lie in the same slot is to be connected by 
a vector. The centers of these new vectors repre- 
sent the end points of the resultant vector diagram. 


This procedure is shown in Figure 8, 
which relates to the same winding as Figure 


Table VIII 


Standstill; Rotor not Skewed 


7 yet chorded by two slot pitches, that is, the 
upper coil side of the slot 1 is connected to 
the lower coil side of slot 11. The lower coil 
side of slot 11 is to be denoted by 1’. The 
digits 1 to 24 are the end points of the vector 
diagram of the upper layer. The digits 1’ 
to 24’ are the end points of the vector dia- 
gram of the lower layer. These latter 
digits run in opposite direction to those of 
the upper layer, for the coil sides 1’, 2’... 
carry currents of a direction opposite to 
that of the coil sides 1,2,3.... Since the 
coil sides 1 and 15’, 2 and 16’, 3 and 18’... 
lie in the same slots, 1 is to be connected 
with 15’, 2 with 16’.... The centers of 
these connecting vectors (the full circles) 
are the end points of the resultant diagram 
of the magnetomotive forces. Equations 7 
and 8 can be derived from the diagram, 
Figure 8, in the same way as equation 59 
was derived from the diagram, Figure 7. 

A comparison between the vector dia- 
grams, Figure 7 and Figure 8, makes evident 
the influence of chording. The shape of the 
resultant vector diagram, Figure 8, is much 
closer to a circle, that is, to the ideal case 
where harmonics do not exist at all, than 
that of Figure 7; the differences between 
the vectors which represent the magneto- 
motive forces over the different slots are 
much smaller than in Figure 7. 


Appendix II. Harmonic Leakage 
Reactance of a Squirrel-Cage 


Winding With Respect to the 


Synchronous Wave 


In applying equation 56 from Appendix I 
to the squirrel-cage winding make m=Qz. 
The magnetomotive force of one slot is 
equal to 4+/2/2,:. This magnetomotive 
force is taken as a unit. Thus, for the 
squirrel-cage winding 


X,=4.06 X2x%f; aa a 2 (Haak 
(62) 


Xma To X(sye)n D, for Tn-0 and 
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> =...,5 


The Goerges’ vector diagram of the 
magnetomotive forces is here a polygon 
with Q2/p sides which has almost the form 
of a circle. Each side has the length 


a/2Ie,1=1. The angle between two radii 
is equal to 
2a 
(=— 63) 
Os p ( 


(see Figure 9) and, therefore, the radius of 
the circle (per unit) is 


X, is the total reactance including that of 
the synchronous wave. By comparison of 
equation 66 for X, with equation 11a, 


1 
1 2 
R=— : pr 
y 5 (64) $in Q 
2 sin — 2 i 
9 pr 2(n =1) 
The radii of the diagram represent the Qe 
magnetomotive forces of the different slots. or 
The amplitude is the same for all slots; the 
phase angles are different. The projections 1 2 I mar 
of all radii on an arbitrarily chosen time line Oz £3(n=1)7'2(n=1) (67) 
oY Karak 
give K230 p £ 
SS ( 3) q where 
Qe V 2h, 1 : us 
Sine 
K=% 1 Qe t Qs (68) 
(Rew Kpyt=) os 2 (65) et ts ba Oe 
et 4 sin? 5 
By comparison of equation 66 for X, with 
thus equation 11 from the body of the paper, 
Lay Oss eee 1 Tht ig! 
Balt OLX athe oe > ( \- ( : -1) 
Ke Qs a be (66) Aye \K2Qa th) — B?\ Ean’ =p) 072(n’ =p) 
2 (69) 
Table'X. Factor D, 
Influence of Chording on the Damping for Three-Phase Machines 
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Appendix Ill. Harmonic Leakage 

Reactance of a Squirrel-Cage 

Winding With Respect to the 
Harmonics 


The current induced in the rotor bars by 
the nth stator harmonic will be denoted by 
Ten. The total reactance produced by this 
current in the rotor is, according to equation 
62 from Appendix IT, 


, br 
Xon' = 4.06 X 2a? ta 0g 
on’ >4. X2r*f, 
go Q? 
fi ) 
i (70) 
Q2 ( 2I en’ 
With 
9 
ba! = (71) 


and 4+/2Is,/=1, the radius of the Goerges 
diagram is (per unit) 


1 
eee 72 
2 sin 5y-/2 ( ) 
Thus, 
K=Q: 
» ( iE y. > (R sin K6,’) 
Qo V 21en! = 44 
2 ae 
4 sin? Sat Z (73) 
and 
rly 10° s 1 
Xone 101 2 
gn 015Xx7f, — ak, “On ne (74) 
sin; —- 
Oz 


It follows from equation 17 that 


1 
Xpn'=1.015f, 2 ay’210-8X 
gk, 


1 2 1 
| Dal tae | (75) 


Therefore, 
1 | 1 
De rr as ea. —1) (76 
De aaa Nas ) 
where 
n'a 
sin — 
eesuaes (77) 
nx 
Qe 


Stator 
Harmonic, 


K:=+2 


Ki: = —4 K:=+6 


Ke=-8 K2=+8 K:=-—10 Ke2=+10 
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sone adigg Tad seuss Bene ae UEMMUB TN te “ervey oOnceberel let Yau gO eters Octane eter =O). eine aia = Bbo. sistulee +25 
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Table XII 

by Bn Xma Gleveyn Kapn Tho Ton Dy 
= Biijie eee RMtaialetstovs ZED CEO TE ois ore ba AG rere aiaiaye OeZ0O) ie sete IRE BiG PGE OG care iste 0.945 
mins Van veld sie 1 5 RO Lhd Rios xiate GY Ba aCe ORLBAON Mroteint cts ce Wie iseaeee, Ode dy tAcawats 0.986 
-1l. este Praia 5 She Pete reece gf UPS ea QF Oi. ss ecorrs 2 Otel wie ate da Te ofa tated 0.995 
=23.....5. Meats ra te)ay 6 Oesd = Mp mia DOO) irs evecere Ort A De eterciiate LAS ieiereta: ste GSOi i ete dwia'e 1.0 

Kho 
If Ton is introduced instead of J2,’, c=chording in slot pitches 
pe D=damping factor . 
= (78) D,=total damping factor 
Qe fi=line frequency 
; 1 fo=frequency of the rotor currents 
2 sin 5,/2 (79) f=magnetomotive force 
1; 1078 1 ties 
Xn =1.015X 7°, pri IK distribution factor 
gK, Qz npr (80) K,=pitch factor 


By comparing with equation 17a 


D 1 -4 1 -1| 
(x.2+n) n? fon*non? 


(81) 
Kox0 
where 
_ apr 
Siie=—— 
2 
ben = npr (82) 
Qe 


Beaty, >, (“")'D, 


for the Slot Harmonies 


The order of the stator-slot harmonics is 
given by the equation 4? 


nae K C41 (83) 


It can always be assumed, for the slot har- 
monics of a higher degree than one, that D, 
is equal to one (see examples in the body of 
the paper). Thus, 


[> (F2")>, | oy 
n In = nsl 
K>1 
1 


1 
By tate 


1 1 
? aioe al va 


K>1 


When one is neglected with respect to 
80/p, this gives 


K eecrenrnerenerral 
OPN) (=4mg+1)2 | (4mg+1)? 


1 
ae ie) 


0.786 


Nomenclature 


A =ampere-conductors per one inch of 
the circumference 
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K,=carter factor 

K,=saturation factor 

K,, K2=constants 

1;,=ideal core length 

m’' =order of the rotor harmonic 
m=number of phases 

n’, n=order of the stator harmonic 

Ns,= order of the slot harmonic 
n;-=number of effective conductors per slot 
N or Npn=number of turns per phase 


N 
N=numerator of the fraction g= B 


p=number of pole pairs 

q=number of slots per pole per phase 

Q=total number of slots 

R=radius 

s=slip of the rotor with respect to the syn- 
chronous wave 

Sn’ =slip of the rotor with respect to the n’th 
harmonic 


_ S=skew (in inches) 


W =coil width (in inches) 

Xm=reactance due to the main flux 

Xq=reactance due to the differential 
leakage 

X =reactance due to the total flux in the 
gap 


: : N 
8=denominator of the fraction g= B 


d=angle between two radii of the Goer- 
ges vector diagram for the squirrel- 
cage rotor 

n=skew factor 

£=coupling factor of the squirrel-cage rotor 

7=pole pitch 

7=leakage coefficient 

T75=Slot leakage coefficient of the rotor 

7, = differential leakage coefficient of the 
rotor 

T ¢=end-winding leakage coefficient of the 
rotor 

™=total leakage coefficient of the stator 
winding 
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An Improved Electronic Control for 


Capacitor-Discharge Resistance Welding 


H. J. BICHSEL 


ASSOCIATE AIEE 


HE capacitor-discharge system of 
resistance welding has been used 
widely in the past four years because: 


1. The current required to produce welds 
in material of a given thickness can be 
obtained with lower kilovolt-ampere de- 
mand on the power supply than is required 
by a corresponding single-phase a-c re- 
sistance welder. 


2. It provides a three-phase balanced 
load on the power-supply system as com- 
pared with the single-phase load of a-c 
resistance welders. 


38. It provides precise control of the 
magnitude of the welding current on suc- 
cessive welds in spite of varying line 
voltages. This is vitally necessary in the 
welding of aluminum. 


The designers of the original electronic 
controls for this system were faced with 
the usual problem of taking existing parts 
and circuits and applying practical engi- 
neering ingenuity to build a complete 
control with little background experience 
for a guide in the special problems in- 
volved. Time has now permitted greater 
study of the component parts of the 
control and further consideration has 
been given to the important details that 
could be considered only briefly earlier. 
Field experience has aided greatly in 
obtaining a better perspective of the 
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many problems. An important factor 
in the development of the system has 
been the improvement in the techniques 
of welding aluminum and its alloys. 

The improvement in welding techniques 
and in the design of structures to be 
welded has resulted in a growing need 
for a capacitor-discharge welding control 
which will give higher speeds and will 
require less maintenance. The improved 
control described ‘in this paper is the 
result of intensive experimental work to 
meet these two requirements. 

The basic elements: of a capacitor- 
discharge system are: 


1. A capacitor bank in which energy for 
the resistance weld is stored. 


2. Arectifier circuit for converting a-c to 
d-c power to charge the capacitor bank and 
a charge-control circuit for regulating the 
quantity of electric energy stored in the 
capacitors. 


8. A discharge system to convert the 
stored electrostatic energy into welding 
current. 


4. A flux-reset circuit to restore the weld- 
ing transformer flux to the same value 
between welds. 


ye IN sequence-control system including a 
forge timer to co-ordinate the operation of 
elements 2 and 3 with the mechanical 
system of the welding machine. 


A simplified functional diagram of the 
complete control is shown in Figure 2. 
A time sequence of events for the system 
in Figure 2 is shown in Figure 3. Rather 
than describe the complete control as a 
single circuit, the various functions are 
individually described in the following 
sections. Because the sequencing circuits 
in item 5 resemble closely those used 
with single-phase a-c welders, they are 
not fully described here. 
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The outstanding difference between 
this system and previous ones lies in! the 
discharge circuit. Previous capacitor- 
discharge systems have used a unidirec- 
tional discharge of welding current. This 
new system uses what will be called a 
full-cycle discharge. 


The Discharge Circuit 


The improved full-cycle discharge, cir- 
cuit which is shown in Figure 4 contains: 


1. The capacitor bank. 


2. The welding transformer and its sec- 
ondary-load circuit. 


8. Two ignitron tubes and their associated 
thyratron firing tubes. 


4. A flux-resetting rectifier. 


The welder discharge circuit can be 
represented approximately by an equiva- 
lent inductance, resistance, and capaci- 
tance connected in series with a switch. 
This equivalent circuit is oscillatory for 
the values of resistance, inductance, and’ 
capacitance usually required with existing 
welders used in resistance welding a wide 
range of thicknesses of aluminum. 

In the full-cycle system, tubes 1 and 2 
are connected in inverse parallel and, 
with proper control of the firing tubes, 
will permit a single positive and a single 
negative half cycle of current flow during 
discharge. 

The advantages obtained with the 
full-cycle discharge circuit are more 
easily understood if the disadvantages of 
the unidirectional-discharge system are 
known. These are summarized here and 
described fully in the appendix. 

During the original development of 
the capacitor-discharge system, it was’ 
believed that better welds could be 
obtained in aluminum with a nonoscilla- 
tory welding current. Therefore, all 
earlier models of this control contained 
a shunt ignitron tube to prevent any 
oscillation of the discharge current. 

The disadvantages of this ree of cir- 
cuit are: 


1. Considerable magnetic energy remains 
in the transformer to be dissipated at the 
electrodes upon separation after the weld. 
This energy is sufficient in most cases to 
create a spark as the electrodes separate. 
Electrode sparking destroys the protective 
coating of pure aluminum used on certain 
alloys of aluminum and provides a starting 
point for atmospheric corrosion. Therefore, 
most specifications for capacitor-discharge 
welders require elimination of sparking. 
This requires the use of a contactor in most 
cases to short-circuit the welding-transform- 
er primary or secondary winding between 
welds. These contactors have been both 
ineffective and troublesome. 


2. Reversing contactors are required i in the 
discharge circuit to reverse the flux and 
provide equal currents on.successive welds. 
These two contactors and auxiliary relays 
as well as the primary-short-circuiting 
contactor in 1 require additional main- 
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ATEE TRANSACTIONS. 


PURE 
Figure 1. A capacitor-discharge welding 
control with the front door open 


(A) Sequence panel, (B) Flux-resetting recti- 
fier, (C) Charge-control and blocking cir- 
cuits, (D) Rectifier tubes, (E) Firing tubes for 
discharge ignitrons, (F) Capacitor-voltage- 
adjusting potentiometer, (G) Sequence-time 
potentiometers, (H) Capacitor tap switches 


tenance and limit the maximum operating 
speed of the welder and control. 


It is possible to design a capacitor- 
discharge control which combines a 
unidirectional discharge circuit with a 
flux-resetting rectifier to eliminate re- 
versing contactors. ‘However, this circuit 
combination contains the same problem 
with regard to electrode sparking as 
described in paragraph 1. 

In the operation of the full-cycle dis- 
charge circuit the secondary of the weld- 
ing transformer has been closed and the 
flux-resetting rectifier has been turned off 
by 4CR contacts when point 4 in the 
timed sequence of Figure 3 has been 
reached. A single impulse of positive 
‘ voltage is applied across leads 90-91 to 

the grid of firing tubes 7 in Figure 4 by 
the weld-delay timer to initiate the dis- 
charge. Tube 1 in Figure 4 is then fired 
and discharge current will flow as shown 
_ by the oscillograms in Figures 5A and 5B. 
Tube 1 conducts current from time 75 
to T, in Figure 5A, and tube 2 fires at 
T2 and conducts current from T> to the 
end of the discharge at Ty. The dis- 
charge current and voltage are displaced 
by a phase angle depending upon the 
circuit parameters. At the end of the 
discharge, the capacitor-bank voltage has 
the same polarity as the initial-charge 
voltage. This means that a considerable 
portion of the original stored energy is 
returned to the capacitor bank for use on 
the next weld. It also means that the 
speed of operation of the control is in- 
creased since the charging time of the 
capacitor bank on repeat operation is 
decreased. 
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The curve of flux versus magnetizing 
ampere-turns for a typical welding trans- 
former is shown in Figure 6, Flux 
conditions in Figure 6 correspond to the 
current and voltage oscillograms of 
Figure 5A. Before the weld, assume the 
flux has been fixed at point K (the flux- 
reset point). During discharge the flux 
changes along the curve through points 
M, N, and G to reach a maximum value 
B (Figure 6) at time 7; in Figure 5A. 
From Tj to 73 the flux decreases along the 
curve through points Cand E to point F. 
From time 73; to 7, the flux is again 
increased and the final value is reached 
at point G at time 7,. The area GHJ is 
proportional to the residual energy ca- 
pable of being dissipated in the trans- 
former core at the end of the weld. The 
short-circuiting effect of the secondary 
circuit prevents any substantial decrease 
in this energy until the electrodes are 
opened. This energy must then be 
dissipated at the electrodes upon separa- 
tion. 

The change in the welding-transformer 
flux during discharge with the uni- 
directional circuit also is shown by Figure 
6 and described in detail in the appendix. 
It is important to note that with identical 
values of circuit constants (capacitance, 
charge volts, transformer-turns ratio, 
and so forth) for the unidirectional dis- 
charge the residual magnetic energy to 
be dissipated at the electrodes (pro- 
portional to the area CDE, Figure 6) is 
ten times as large as with the full-cycle 
discharge. Substantially the same com- 
parative values of residual energy can 
be obtained for other than maximum 
settings represented in Figure 6. The 
reduction in residual energy obtained 
therefore with full-cycle discharge in 


‘most cases is sufficient to permit separa- 


tion of the electrodes at any time after 
the discharge without visible sparking 
even though a primary short-circuiting 
contactor is not used. 

In the description of the discharge 
circuit, principal consideration has been 
given to normally oscillatory conditions. 
In the welding of aluminum alloys thicker 
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et, 


than one-tenth inch or in the welding of 
most thicknesses of stainless steels, circuit 
parameters will not permit oscillation of 
the discharge current. Special considera- 
tion has been given to operation under 
these conditions. The problem of elec- 
trode sparking is not serious for this 
condition because these materials all 
introduce additional resistance in the 
secondary circuit to permit the core flux 
to return much more rapidly toward the 
residual value before the electrodes open. 
However, it is important to provide a 
generous design of transformer when 
operating under these conditions to avoid 
sparking from increased saturation. Em- 
phasis should be placed on the design of 
the secondary circuit of the welder 
wherever possible to permit oscillation 
and make such a generous transformer 
design unnecessary. 


Flux Resetting 


The flux-resetting rectifier supplies 
current to parts of the primary winding 
of the welding transformer of opposite 
polarity to the first half cycle of dis- 
charge current. The resultant magneto- 
motive force applied to the transformer 
core resets the flux to the same value, K 
in Figure 6, between each weld. If the 
flux is not reset, the transformer iron 
tends to become saturated resulting in a 
greatly decreased welding current. 

Certain important factors must be 
considered to obtain an economical 
rectifier design: 


1. The rectifier must be capable of re- 
setting the core flux in a minimum time 
determined from the maximum desired 
operating speed. Any attempt to reset 
flux with a closed secondary circuit in as 
short a time as the discharge time will re- 
quire a discharge with a current of the same 
magnitude as the weld current. Therefore, 
flux resetting must be accomplished while 
the electrodes are open. 


2. The self-inductance of that portion of 
the primary winding carrying flux-resetting 
current must be known. Current-limiting 
resistor R-47 must have a sufficient re- 
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sistance to make the time constant of the 
circuit small which will permit the flux- 
resetting current to reach its final value 
quickly. 


8. The type of rectifier used for flux re- 
setting must be selected with regard to 
maximum ripple-voltage output under load. 
Any ripple voltage in this circuit will appear 
across the primary and secondary windings 
of the welding transformer. If this voltage 
is too large, a spark will result if the sec- 
ondary electrodes are accidentally short- 
circuited by the operator when inserting 
material in the machine for welding. The 
material damage resulting would be as un- 
satisfactory as electrode sparking after 
each weld. 


4. The ampere-turns supplied by the rec- 
tifier should be sufficient to establish the 
flux-reset point K of Figure 6 at a value 
past the knee of the flux-ampere-turn 
curve to minimize the effect of variations in 
the magnetic characteristics of the iron in 
different transformers of the same rating. 


The direct current required to reset 
the welding-transformer flux therefore 
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Figure 3. Sequence of operation of a ca- 
pacitor-discharge welding control 


can be less than three amperes for nearly 
all transformers if the above factors are 
properly considered. 

It is important to note that with a flux- 
resetting rectifier the initial value of flux 
K, Figure 6, can be greater than the 
residual value obtained with the uni- 
directional-discharge circuit. Therefore, 
by changing the type of discharge circuit, 
it is possible to obtain a greater change in 
flux from a given welding transformer. 
A greater peak value of weld current 
therefore can be obtained without change 
in transformer design. 


Rectifier 


The purpose of the rectifier is to provide 
d-c power to charge the capacitor bank 
in which the welding energy is stored. 

In general, the current which flows into 
a capacitor being charged from a d-c 
source depends upon the applied direct 
voltage, the impedance in series with the 
capacitor, and the counterelectromotive 
force of the capacitor. When the ca- 
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pacitor voltage is zero, the initial current 
is limited only by the applied direct 
voltage and the series impedance. If the 
applied voltage is high and the series 
impedance is low, the initial current will 
be high. Since the rectifier is the d-c 
source, a large initial current would result 
in a large kilovolt-ampere demand from 
the power system. Therefore, the ca- 
pacitor current at the start of charge 
must be limited if the kilovolt-ampere 
demand on the power system is to be a 
reasonable value. 

The capacitor current can be limited 
either by resistance in series with the 
capacitor or by voltage regulation in the 
rectifier, obtained for instance by build- 
ing leakage reactance into the rectifier 
transformer. In the system being de- 
scribed, the large power losses which are 
incurred in a series resistance prohibit 
its use. Hence, current limiting is ob- 
tained by means of leakage reactance, 

Under ideal conditions, the capacitor 
current at the start of the charge is equal 


Figure 4. (right) 
Schematic diagram 
of the full-cycle 
discharge circuit 
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é,=capacitor voltage 
E=applied direct voltage 
t=time in seconds 
es 
Tee 
Igo=rectifier short-circuit current 
By rearrangement and solution for the 
short-circuit current: , 
HG 1 vt 


Ione ioe ee 
3 Fi og (28) (2) 


This derivation assumes that the ap-_ 


plied voltage is pure direct current (with- 
out ripple). As long as the rectifier ripple 
voltage is small, the error due to this 
assumption is negligible. The derivation 
also assumes that reactance limiting is 
equivalent to resistance limiting where 
the equivalent limiting resistance is 
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to the steady-state short-circuit current 
of the rectifier, both in average and peak 
value. However, when reactance is 
present in the rectifier, the rectifier tubes 
must be fired at the proper point in the 
cycle or an abnormally high transient 
current may result. 

The steady-state short-circuit current 
for which the rectifier is designed is 
determined by the following factors: 


1. The maximum capacitance to be 


charged. 


2. The maximum voltage to which the 
capacitors are to be charged. 


8. The no-load output direct voltage of 
the rectifier. 


4. The time available for charging maxi- 
mum capacity to maximum voltage. 
The relationship between these factors 
is given by the equation: 
ad 
e¢e=E(1—e FC) (1) 
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as explained in the derivation. Labora- 
tory tests show this assumption to be 
satisfactory for a three-phase full-wave 
rectifier charging a capacitor bank to 
one half (or less) of the no-load direct 
voltage of the rectifier. 

A three-phase full-wave rectifier, with 
a no-load output direct voltage of ap- 
proximately 6,000 volts, is used to charge 
the capacitor bank, The rectifier must 
charge 2,640 microfarads to 2,800 volts 
in five-sixths second. The calculated 
value of short-circuit current from equa- 
tion 2 is 13 amperes which checks closely 
with the value measured on the rectifier. 


The diagram of the rectifier is given in — 


Figure 7.. Tubes 4, 5, and 6 are grid- 
controlled thyratrons, while tubes 1, 2, 
and 3 are used as phanotrons. Load cur- 
rent can be controlled by this circuit 
since all of it must flow through the con- 
trolled tubes. The grid voltage on the 
controlled tubes consists of a fixed 


alternating and a variable direct voltage. 


The fixed alternating voltage is supplied 
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by the secondaries of transformers whose 
primaries are connected to the low-voltage 
winding of the rectifier transformer. 
The phase position of this alternating 
grid voltage is 120 degrees lagging the 
voltage of the rectifier transformer phase 
connected to the tube’s anode. The 
variable direct voltage is supplied by the 
charge-control system which will be 
described in a later section. By varying 
the magnitude of the direct voltage, the 
rectifier current is controlled from maxi- 
mum to minimum. 

Figure 8A shows the positive no-load 
voltage appearing between anode and 
cathode of tubes 4, 5, and 6. Because of 
the large leakage reactance in the rectifier 
transformer, the voltage appearing across 
each tube when the rectifier is loaded is 
far different from those shown. However, 
the no-load voltages are helpful in deter- 
mining where a tube can begin to conduct 
and where it will stop conducting. 

If the grid voltage is made more 
positive than critical value near point A, 
the rectifier will conduct minimum cur- 
rent as shown in Figure 8B. The cur- 
rent continues to flow after the no-load 
voltage is negative because of the leakage 
reactance in the transformer. The 
rectifier produces maximum steady-state 
short-circuit current when the voltages 
on the grids of the controlled tubes 
become more positive than the critical 
values at point B as shown in Figure 
8C. Although this firing ‘point produces 
maximum steady-state short-circuit cur- 
rent, the firing point must be advanced 
as the counterelectromotive force of the 
capacitor increases in order to maintain 


Figure 6. Curves 
showing variation in 
total flux with variation 
in magnetizing ampere 
turns for a_ typical 
welding transformer 
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Figure 5A (left). Oscillogram of weld- 
ing-transformer-primary voltage and cur- 
rent for the full-cycle discharge 


With a maximum capacitance 


Figure 5B (right). Oscillogram of weld- 
ing-transformer-primary voltage and cur- 
rent for the full-cycle discharge 


Figure 7 (right). Schematic diagram of 
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maximum charging current. This is 
accomplished by making the variable 
direct grid voltage more positive than 
shown in Figure 8C in about 30 milli- 
seconds after the start of charge. Each 
tube in the rectifier will then fire as soon 
as its anode voltage exceeds its cathode 
voltage by the amount of its breakdown 
voltage and the firing point of the recti- 
fier tubes will advance automatically as 
the capacitor bank is charged. If the 
rectifier tubes are fired before point B 
for the first. several cycles after the 
capacitor is started to charge, a transient 
will occur in the rectifier current which 
may be as much as double the peak value 
of the steady-state short-circuit current. 
This transient is undesirable because it 
may exceed the peak current rating of 
rectifier tubes and may even catse an 
arc-back or loss of control in the rectifier. 
Transients can be avoided if the rectifier 
tubes are fired later than point B at the 
start of charge and then gradually phased 
forward as will be described in the dis- 
cussion of the charge-control circuit. 


Charge-Control Circuit 


The functions of the charge control are 
threefold. It regulates the voltage to 
which the capacitor bank charges, main- 
tains the capacitor bank at that voltage 
until a welding discharge is desired, and 
blocks the rectifier during the discharge 
period. 

The charge-control circuit is shown 
schematically in Figure 9. It is a special 
two-stage direct-coupled amplifier con- 
sisting of the amplifier tubes, their power 
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capacitor-charging rectifier 
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supplies, and a voltage supply which 
serves as a reference in regulating the 
capacitor-bank voltage. 

The input to the charge control is a 
part of the voltage developed across 
resistor 27. This voltage is proportional 
to that across the capacitor bank. The 
output of the charge-control circuit is 
the variable direct voltage which is 
applied to the grids of the controlled 
rectifier tubes as described in the rectifier 
section. This voltage varies from a 
positive value, equal to the peak of the 
alternating grid voltage, to a negative 
value of approximately three times as 
much, as shown by the curve in Figure 10 

The curve in Figure 10 is helpful in 
understanding the operation of the 
charge-control circuit. Assuming that the 
charge on the capacitor bank is zero, the 
grid of tube 10 is positive by the amount 
of the regulated reference voltage appear- 
ing across potentiometer 6. The reference 
voltage selected by the potentiometer 
determines the voltage to which the ca- 
pacitor bank charges. Since the grid of 
tube 10 is positive, corresponding to 
point A, the tube will conduct maximum 
anode current and will produce sufficient 
voltage across its plate-load resistor to 
reduce the current through tube 9 prac- 
tically to cutoff. Thus the voltage 
appearing across resistor 4 is negligible. 
The output voltage of the charge control 
is the algebraic sum of the voltage across 
the resistor 4 and the voltage between 
points 51 and 1 on resistor 7. Therefore, 
lead 43 is positive with respect to lead 1. 
This positive voltage on the grids of the 
controlled rectifier tubes causes the recti- 
fier to pass maximum current, thus 
charging the capacitor bank. 

As the capacitor bank becomes charged 
the voltage on the grid of tube 10 de- 
creases. However, the output voltage of 
the charge control remains unchanged 
until the grid voltage of tube 10 reaches 
point B. Then a small decrease in the 
grid voltage of tube 10 will cause the 
output voltage to swing negative to a 
value in region C. This decreases the 
rectifier current to a small value which is 
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Figure 8A. Positive no-load voltage appear- 
ing across rectifier tubes 4, 5, and 6 in 
Figure 7 


just enough to supply the bleeder current 
and the leakage of the capacitor bank. 
If this current is insufficient to maintain 
the capacitor voltage at the desired value, 
the charge control causes the rectifier to 
increase its output, thus raising the 
capacitor-bank voltage. In this manner, 
the capacitor voltage is regulated within 
two per cent of the desired value until 
the capacitors are discharged to produce 
a weld. The capacitor-bank voltage can 
be adjusted to any value between 1,500 and 
2,800 volts by means of potentiometer 6. 

When the weld is made, the blocking 
circuit, which will be described later, 
decreases the grid voltage of tube 10 to 
point D. The grids of the rectifier tubes 
are now highly negative, thus preventing 
the rectifier from conducting current. 

The grid voltage of tube 10 remains 
at point D until the discharge is com- 
pleted. At this time the blocking voltage 
becomes zero and grid voltage returns to 
point A. However, the output voltage 
of the charge control does not become 
positive immediately because of capacitor 
9 shunting resistor 4 as shown in Figure 9. 
The discharge-time constant of this 
resistor—capacitor combination is so se- 
lected that the output voltage of the 
charge control does not reach its full 
positive value for two or three cycles 
after the grid voltage of tube 10 returns 
to point A. When the output of the 
charge control reaches point G the rectifier 
begins to conduct. As this voltage be- 
comes more positive, the rectifier current 
gradually increases until it reaches maxi- 
mum value when the charge-control 
output voltage reaches point B. In this 
manner, the transient in the charging 
cutrent which is likely to occur at the 
start of charge is avoided. 

Not only must the charge control 
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Figure 8B. Grid voltage and no-load anode 
voltage on tube 5 in the rectifier for minimum 
rectifier current 
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regulate the capacitor-bank voltage at 
any desired value between 1,500 and 
2,800 volts, but it must bring the voltage 
to this value in the shortest possible time 
without undershooting or overshooting. 
Undershooting occurs when the charge 
control begins to reduce the rectifier 
current before the desired voltage is 
reached. This causes the capacitor volt- 
age to climb slowly to the correct value. 
Overshooting occurs when the charge 
control does not reduce the rectifier cur- 
rent soon enough so that the last half 
cycle of current conducted by the rectifier 
will cause the capacitor voltage to be- 
come greater than the desired value. 

By properly selecting the load re- 
sistance of tubes 9 and 10, capacitor 9, 
and the magnitude of the reference 
voltage, both overshooting and under- 
shooting can be limited to less than 
two per cent of the voltage to which the 
capacitor is being charged ‘even at 200 
operations per minute. Thus the charge 
control is capable of accurately controlling 
the capacitor-bank voltage and thereby 
the energy which is available for per- 
forming the weld. 


Blocking Circuit 


The blocking circuit prevents the 
rectifier from passing current while the 
discharge current is flowing. If rectifier 
current is allowed to flow during this 
time, tube 1 in Figure 4 continues to 
conduct the rectifier current through the 
primary of the welding transformer after 
the discharge is over. This prevents the 
capacitor bank from being recharged. 

The schematic diagram of the blocking 
circuit is given in Figure 11. The blocking 
indication is the voltage appearing across 
resistor 30 when the capacitor discharge 
current is flowing. This voltage is ap- 
plied to the low-voltage winding of trans- 
former 8 which is designed for operation 
at a frequency of one cycle per second so 
that it can transform the low-frequency 
voltages which appear across resistor 30 
when certain combinations of capacitance 
and inductance are used in the discharge 
circuit. The high-voltage winding of 
transformer 8 is connected to the a-c 
terminals of a full-wave copper-oxide 
rectifier which rectifies the blocking signal. 
The direct-voltage output of the rectifier 
is impressed across neon tube 11 which 
limits the voltage applied to the grid of 
tube 12. The grid of this tube is normally 
biased just beyond cutoff. When the 
welding discharge occurs, the grid is 
driven positive, which causes the tube to 
conduct maximum current and thus 
produces maximum voltage across re- 
sistor 9. This voltage is applied to the 
grid circuit of tube 10 in the charge- 
control circuit making its grid negative 
which causes a highly negative bias to 
appear on the grids of the controlled 
rectifier tubes, thus blocking the rectifier. 

Blocking continues until the discharge 
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Figure 8C. Grid voltage and no-load anode 
voltage on tube 5 for maximum short-circuit 
rectifier current 


current falls to about two amperes. Ina 
full-cycle discharge the reverse ignitron 
goes out a fraction of a cycle later. Since 
some delay exists in the charge-control 
circuit because of capacitor 9 the ignitron 
goes out before the rectifier can come on 
again. Hence the blocking circuit ac- 
complishes its purpose and allows the 
rectifier to begin charging the capacitor 
bank at the earliest possible moment 
after the discharge is over. 

In welding thick aluminum, the dis- 
charge may become nonoscillatory. In 
some cases the discharge may last as long 
as one-half second and the current may 
fall as low as one ampere before the series 
ignitron goes out. The electronic blocking 
circuit described does not have sufficient 
sensitivity to block when the discharge 
current falls below two amperes. Since 
nonoscillatory discharges occur only in 
welding thick aluminum, it was felt that 
the use of another stage of ampli- 
fication was not justified. Therefore a 
relay contact is used in the anode circuit 
of tube 10 of the charge control circuit in 
Figure 11 to accomplish the blocking on 
nonoscillatory discharges. This contact 
opens just before the welding discharge 
begins and closes when the discharge 
interval is over, As long as the contact 
is open, tube 9 conducts maximum cur- 
rent and maximum voltage appears across 
resistor 4. This blocks the rectifier as 
described in the charge-control section. 
Electronic or contactor blocking is se- 
lected by a toggle switch. 

In previous designs, blocking was ac- 
complished solely by the relay-contact 
method, The electronic-blocking circuit 
automatically allows the rectifier to start 
charging the capacitor bank the instant 
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Figure 8D. Grid voltage and no-load anode 
voltage on tube 5 for blocking the rectifier 
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the weld is over. Therefore the elec- 
tronic circuit has an advantage over the 
relay-contact method, where it can be 
used, because it allows the welding ma- 
chine to be operated at higher speeds. 


Forge-Timing Circuit 


Forging, as applied to resistance 
welding, is the application of an addi- 
tional pressure to the material being 
welded at some time during the welding 
period. Although forging has been ap- 
plied only recently to capacitor-discharge 
welders, most welding engineers agree 
that it is instrumental in producing crack- 
free welds in aluminum. 

Forging is obtained by several different 
methods, depending on the design of the 
welding machine. One method is the 
energizing of a solenoid air valve which 
acts to increase the pressure on the 
welding electrodes. In any case, the 
problem is to obtain a rapid increase in 
pressure on the material being welded 
at some time after the welding current 
has reached its peak value. The time of 
application of pressure should be ad- 
justable from 8 milliseconds to 192 milli- 
seconds after the welding current is 
initiated. It is the function of the forge- 
timing circuit in the control to provide 
this adjustable timing period. 

Welding-machine designers specify 
several different types of valves for 
forging, the characteristics of which vary 
widely. The minimum operating time of 
many of the valves used is more than the 
minimum forge delay required. In order 
to obtain the correct minimum forge 
delay with the slower valves, the valve 
must be energized before the welding 
current is initiated. This is accomplished 
by delaying the initiation of the welding 
current by means of a weld delay circuit 
as shown in Figure 3. The forge delay 
time is the difference between the sum 
of the valve delay time plus the valve 
operating time and the weld delay time. 

Because of the many types of valves 
used for forging, several different methods 
can be used for energizing them. Some 
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Figure 9 (left). 

Charge-control-cir- 

cuit schematic dia- 
gram 


Figure 10 (right). 
Curve showing regu- 
lating action of 
charge-control cir- 
cuit in Figure 9 


The output direct 

voltage of the 

charge-control  cir- 

cuitis plotted against 

the net grid voltage 
of tube 10 
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valves can be energized from d-c sources 
while others must be energized by the 
discharge from a capacitor. The system 
described uses a d-c power supply for 
providing the energy to operate the 
valve. The power supply and the valve 
and weld delay circuits are shown in 
Figure 12. The valve is energized by 
firing tube 5. Minimum valve operating 
time attainable is 16 milliseconds. 

The operation of the circuit in Figure 
12 is as follows: When a weld is to be 
made, relay 3CR is energized. When the 
pressure on the electrodes reaches the 
proper value, relay 4CR is energized. 
The opening of a normally closed contact 
on relay 4CR creates an impulse on the 
grid of tube 4 which causes the tube to 
fire. This charges capacitors 8 and 9 
through potentiometers 1 and 2 respec- 
tively. When the voltage on capacitor 
8 is great enough to overcome the nega- 
tive bias developed across the part of 
resistor 2 in the grid-cathode circuit of 
tube 5, the tube will fire and energize 
the forging valve. The valve delay time 
can be adjusted from 8 milliseconds to 192 
milliseconds by means of potentiometer 1. 

In operation, the weld delay circuit is 
similar to the valve delay circuit. When 
the voltage across capacitor 9 overcomes 
the negative bias on tube 6, the tube 
fires and discharges capacitor 6 through 
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Figure 11. Sche- 
matic diagram of the 
blocking circuit 
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the low-voltage winding of transformer 12. 
A voltage impulse then appears across 
the high-voltage winding of the trans- 
former which is connected in the grid 
circuit of tube 7 in Figure 4. The impulse 
causes the tube to fire which in turn 
fires tube 1 through which the capacitor 
bank discharges into the welding trans- 
former. 

The weld delay time is adjustable from 
16 milliseconds to 48 milliseconds by 
means of potentiometer 2. Usually the 
weld delay is set for 16 milliseconds and 
the forge delay is varied by adjusting only 
potentiometer 1 in the valve delay circuit. 
In this manner, the forge delay can be 
varied from 8 milliseconds to 192 milli- 
seconds. 


Summary 


Field and laboratory tests on the 
control described prove that the full- 
cycle discharge system produces welds 
which are metallurgically sound. Also 
this new discharge system increases the 
operating speed, aids in resetting the flux 
in the welding transformer, and reduces 
sparking at the electrodes to a point where 
the spark (if any) does not mark the 
material being welded. 

Speeds up to 200 spots per minute were 
obtained on a large press-type welding 
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machine when using a 480-microfarad 
capacitor bank which was being charged 
to 2,500 volts. The following speed 
ratings have been applied to the control: 


= 
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The flux-resetting circuit eliminates 
the large reversing contactors which 
were formerly used to reverse the connec- 
tions to the primary of the welding 
transformer between each weld. This 
helps to make possible the high operating 
speeds obtainable and reduces the main- 
tenance cost on the control. The amount 
of iron used in the welding transformer 
can be reduced since greater flux changes 
can be obtained because of the flux bias 
produced by the flux-resetting current. 

The charge-control circuit controls the 
voltage to which the capacitor bank 
charges to any desired valve between 
1,500 and 2,800 volts and regulates the 
voltage to within plus or minus two 
per cent of the desired -value without 
undershooting or overshooting. Hence 
the energy stored in the capacitor bank 
can be closely controlled which is essential 
in obtaining consistently good welds in 
aluminum. The charge control also 
prevents abnormally high transients from 
occurring in the rectifier current at the 
start of charge. 

By using the electronic blocking cir- 
cuit, maximum speed of operation can 
be obtained because the rectifier is blocked 
only while the discharge current flows, 
thus allowing the capacitor bank to begin 
to recharge the instant the discharge is 
finished. 

While this control is designed to use 
2,640 microfarads, additional capacitance 
can be connected when needed. This 
makes possible the welding of thicker 
aluminum. 
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Figure 12. (left) 
Forge-timer  sche- 
matic diagram 


Two trends are apparent in aluminum 
welding. One is the welding’of thin ma- 
terial (0.016 inch) at high speeds. The 
other is the welding of heavy material 
(0.125 inch to 0.25 inch). The control 
described is well suited for both types of 
service and should, therefore, play an 
important role in the welding of aluminum 
alloys on a production basis. 


Appendix. The Unidirectional 
Discharge Circuit 


The discharge circuit to provide uni- 
directional current is shown in Figure 13. 
In the following description of the operation 
during discharge it will be assumed that the 
contacts A are closed and contacts B and 
E are open. A discharge can be initiated 
by firing ignitron tube 1. 


PRIMARY VOLTAGE ep 


PRIMARY CURRENT ip 


TO Tr T2 le 


If tube 1 were replaced by a switch the 
current and voltage wave form during 
discharge would usually be oscillatory as 
shown by the dotted wave forms in Figure 
14. The current and voltage for an igni- 
tron-controlled discharge is shown by the 
solid curves between 7) and 73. 

During the initial period of the discharge 
between time F) and 7; the welding-trans- 
former primary voltage e, will decrease 
from its initial maximum value to zero. 
At T; the stored electric energy in capacitor 
bank C, less that quantity converted into 
heat in the weld and circuit resistance, 
has been transferred to the inductive parts 
of the system. At T; the polarity of ep is 
reversed as the direction of energy flow is 
reversed. However, in the original de- 
velopment of the unidirectional system, it 
was generally believed necessary to obtain 
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Figure 13. Schematic diagram of the uni- 
directional-discharge circuit 


a nonoscillatory weld-current wave form. 
Therefore, a shunt ignitron tube 2 was con- 
nected in the system to conduct current 
when the reverse voltage é¢, equals the 
critical ignitor-firing voltage for tube 2. 
At time 7, on Figure 4 tube 2 conducts 
current and the transformer primary voltage 
is decreased to that of the arc drop of the 
shunt tube. The current in series tube 1 
is then instantaneously decreased to zero. 
The transformer primary current tp de- 
creases to zero at 73 along the exponential 
curve of Figure 14. 

Laboratory tests have shown that in 
this system secondary current is usually 
greater than zero at time 7; because the 
closed secondary circuit and shunt tube 
prevents the magnetic-core energy from 
returning to zero at the end of the discharge. 

This action can be better understood 
from Figure 6 which shows the flux—ampere- 
turn curve for a typical transformer. At 
the start of discharge, flux @ will be at 
residual value A. Between time Jo and 
T,, Figure 14, it will increase to maximum 
value ¢; at point B along curve AGB. Be- 
tween time 7; and T> the flux will decrease 
to value C. At 7; the shunt tube becomes 
conducting and immediately both the 
primary and secondary circuits act as short-" 
circuiting loops on the transformer core to 
prevent any appreciable change in the value 


Figure 14. Oscillogram of welding- 
transformer-primary voltage and cur- 
rent for the unidirectional discharge 


of ¢. The shunt ignitron dissipates the 
energy stored in the reactive circuit of the 
secondary loop but stops conducting current 
when the potential across the primary wind- 
ing of the transformer has decreased to less 
than the arc-drop voltage of the tube. 
The secondary current ‘at this point is 
Proportional to the ampere turns required 
to sustain flux at point C. Experimental 
tests have shown that as long as the elec- 
trodes remain closed the time required for 
the secondary current to decrease to zero 
may be as much as two minutes. In 
normal operation the electrodes must be 
separated within one-sixth second after the 
end of the discharge to obtain reasonable 
operating speeds. When the electrodes 
separate secondary current must instan- 
taneously decrease to zero and the flux 
changes from the value at point C to the 
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Synopsis: The magnitude and wave shape 
of the discharge currents in 46 direct strokes 
have been measured during a five-year 
period at 25 direct-stroke stations on 
structures ranging in height from 75 to 
585 feet. Measurements have been made 
with instruments capable of recording the 
wave front and tail of the high-current 
peaks and the low-magnitude continuing 
currents to as low-as 0.1 ampere. These 
data are correlated with 138 special camera 
photographs of strokes to open ground 
obtained in this investigation, with similar 
photographs taken in South Africa and with 
stroke current measurements made on the 
Empire State Building in New York City. 


Most strokes to structures, less than 600 
feet high, appear to have discharge charac- 
teristics essentially the same as those to 
open ground. Their probability of being 
struck is about proportional to height, being 
in the order of two strokes per year for 
500-foot structures and 0.3 per year for 100- 
foot structures. Whereas practically all 
strokes to the 1,250-foot Empire State 
Building are initiated by an upward 
streamer propagating from the building to 
the cloud, only four such strokes have been 
recorded in this investigation: three out 
of 13 strokes to a 585-foot structure and 
one out of 13 to a 360-foot structure. 
Strokes of this type, as recorded here and 
to the Empire State Building, had dis- 
charge currents consisting principally of a 
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continuous flow of low-magnitude current 
upon which the high-magnitude  short- 
duration peaks are superimposed. Although 
this has been thought by some to be an 
essential characteristic of all multiple 
strokes, currents measured with the highly 
sensitive photographic surge recorder show 
that continuous current does not usually 
flow between individual component dis- 
charges in strokes to lower objects. Con- 
tinuous stroke-channel luminosity for the 
entire duration has been recorded in one 
out of 61 photographs of multiple strokes 
to open ground. 

One cathode-ray oscillogram of a high- 
current component shows quite high- 
magnitude and high-frequency fluctuations 
on the tailof the wave. Similar fluctuations 
in stroke-channel luminosity have been 
photographed in South Africa. These 
indicate that the condition is caused by 
charge stored on branches from the main 
stroke channel. 

About 50 per cent of all strokes are found 
to be multiple, consisting of at least two 
component discharges. Time intervals 
between the beginning of successive com- 
ponents as high as 0.5 second have been 
recorded with about 80 per cent lying be- 
tween 0.01 and 0.1 second. Ninety-six 
per cent of all recorded strokes have started 
with a flow of negative charge from the 
cloud. Eighty-six per cent were entirely 
negative polarity and only four per cent 
were entirely positive. The principal range 
of total stroke charge is below 100 coulombs 
with 55 per cent of the recorded strokes 
involving ten coulombs or less. Total 
stroke durations have been found to range 
up to 1.3 seconds with 90 per cent lying 
between 0.005 and 0.5 second. Longer- 
duration strokes involving a greater amount 
of charge than recorded in this investigation 
are shown for strokes to the Empire State 
Building. 

The main wave-shape characteristics of 
the high-current peaks lie within fairly 


residual value at point E as the sustaining 
magnetomotive force is removed. 

A short-circuiting contactor E was used 
with the system in Figure 13 to short- 
circuit automatically the primary winding 
between welds. This provides a_ short- 
circuited path in parallel with the secondary 
circuit to eliminate the necessity for dissi- 
pating this energy at the electrodes. 

To permit equal change in flux, prevent 
saturation, and provide equal weld currents 
with the circuit in Figure 18, it is necessary 
to provide reversing contactors A and B 
to operate alternately on successive dis- 
charges. The next weld therefore will 
cause a flux change in the transformer core 
from residual point E through points F, 


1944, VoLUME 63 


K, and LZ and return to A on the curve of 
Figure 6. ; 

Field experience with this circuit design 
has shown that satisfactory operation could 
be obtained at moderate operating speeds 
up to 100 spots per minute. 

From the designer’s viewpoint higher 
speeds can be obtained only with a mini- 
mum number of mechanical devices operat- 
ing in the control. Practical designs of 
relays and contactors have definite operat- 
ing times from 8 to 90 milliseconds which 
when introduced in any quantity into an 
operating system lower its maximum 
operating speed. Contactors and relays 
also have a mechanical life which becomes 
shorter as operating speeds increase. 
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narrow limits. The principal range of 
times to crest is 0.5 to 10 microseconds, 
while for the times to half value it is 20 to 
100 microseconds. Longer fronts and lower 
rates of current rise than for strokes to the 
Empire State Building are shown. Sixty 
per cent of the recorded fronts exceeded 
two microseconds, with 50 per cent lying 
between two and six microseconds. The 
data show a general trend of increase in 
wave front with increase in crest current. 
The maximum recorded average rate of 
rise is 45,000 amperes per microsecond, 
with 15 per cent exceeding 20,000 amperes 
per microsecond. The character of the 
continuing low-magnitude currents varies 
widely. The principal range of their dura- 
tion is between 600 microseconds and 0.1 
second, with about 50 per cent exceeding 
0.003 second. The upper range of current 
magnitude for these continuing currents is 
about 1,000 amperes, but 50 amperes is 
seldom exceeded for more than about ten 
per cent of the total duration of a given 
component. 


Lightning Recording Stations 


HERE ARE two principal considera- 

tions in the choice of recording stations 
for the direct measurement of the cur- 
rents in lightning strokes to earth. The 
use of very tall structures that are struck 
frequently has the advantage that more 
elaborate recording methods can be used, 
since only one or a few stations are re- 
quired to obtain a reasonable number of 
records. This advantage was particu- 
larly important when only the cathode- 
ray oscillograph was available for re- 
cording wave shapes of lightning currents, 
as its cost and complexity of operation 
limit the number that can be used. How- 
ever, the character of the strokes to such 
objects may not be typical of those to 
open ground or to such structures as 
transmission lines. In the use of lower. 
structures of more typical heights, many 
more stations are required because each 
will be struck much less frequently. The 
number and their dispersion over a wide 
area limits the permissible installation and 
maintenance cost of each station, but 
permits a study of the variation of stroke 
characteristics with location. 

The first seven direct-stroke recording 
stations of the Westinghouse investiga- 
tion were established in 1939 and 1940 
on structures ranging in height from 80 to 
585 feet.1 After they had been in service 
two years,! evidence was obtained that 
certain strokes to structures higher than 
300 feet above the general terrain could 
have important characteristics differing 
from the strokes to lower structures or to 
open ground. Eighteen additional sta- 
tions were then put in service on forest- 
fire observation towers ranging in height 
from 75 to 125 feet to obtain a better. 
balance between the number of records 
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obtained on low and taller structures. 
A list of the recording stations is given in 
Table I. This investigation has been 
made possible by the companies, institu- 
tions, and public agencies listed in Table 
I, who have kindly made their facilities 
available. 


RECORDING INSTRUMENTS 


The use of such a large number of 
stations was made possible by the de- 
velopment of special recording instru- 
ments, most of which have been de- 
scribed in detail.2 These consist of an 
automatic cathode-ray oscillograph, the 
fulchronograph, the surge-front recorder 
for measuring the rate of rise of current 
at the start of each high-current com- 
ponent (which is too rapid for the ful- 
chronograph), and the surge integrator 
for measuring stroke charge. An addi- 


Figure‘ 2. Direct- 
stroke recording sta- 
tion [on forest-fire 
observation tower 
in western Mary- 


land 
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tional instrument, the photographic surge- 
current recorder, has been developed to 
record the multiple character of strokes 
and the continuing currents of very 
low magnitudes (below the 50-ampere 
sensitivity limit of the fulchronograph). 
This is shown in Figure 1, together with 
a record of a laboratory surge. It em- 
ploys the principle of photographing 
the luminosity produced by flow of the 
surge current across a short spark gap. 
The film image is produced through a 
special aperture and set of barriers so 
constructed that the light from the gap 
spreads in a nonuniform manner over the 
film perpendicular to its direction of mo- 
tion. The barriers confine the image to 
a narrow wedge in the direction of film 
motion to enable high resolving power 
with time. The width and density of the 
film image provide a measure of the cur- 
rent magnitude. As current is increased, 
the film density is “saturated” at in- 
creasing distances from the center axis 
(see Figure 1). However, at a point 
just beyond this region, the film density 
can be measured, which together with dis- 
tance from the axis determines the cur- 
rent magnitude. Current can be meas- 
ured to an accuracy of about two to 
one, but over the very great range of 0.1 
to 150,000 amperes. The resolving power 
with time for most of the instruments is 
600 microseconds. 

Fulchronographs and surge-front re- 
corders were placed at the first seven sta- 
tions. Photographic surge-current re- 
corders have been added to the stations 
still in service (see Table I). In addi- 
tion, a cathode-ray oscillograph and surge 
integrator are used at the Cathedral of 
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NUMBER OF TIMES STRUCK PER YEAR 


0 200 400 600 800 
HEIGHT OF OBJECT —FEET 


1000 1200 1400 


Figure 3. Frequency of strokes to recording 
stations showing effect of height of object 
above ground 


Solid curve is determined by weighted av- 
erage of data in Table | 


Learning. Figure 2 shows a typical fire- 
tower station at which surge-crest-am- 
meter links, the surge-front recorder, the 
surge integrator, and the photographic 
surge recorder are used. As shown in 
the schematic diagram of Figure 2, a 
fiber tube and fuse wire are placed in the 
circuit of the surge-front recorder and 
integrator. This allows the two instru- 
ments to record only the first component 
of a multiple stroke, since their records 
can sometimes be destroyed by successive 
discharges. 


CAMERAS FOR PHOTOGRAPHING LIGHTNING 
DISCHARGES TO OPEN GROUND 


The study of the multiple character of 
strokes to open ground with ten special 
cameras! has been continued. Seven 
of these are being used in Western Penn- 
sylvania. Two have been operated by 
Civil Aeronautics Administration per- 


sonnel, one by Weather Bureau personnel, 


and others by C. M. Lear and D. L. 
Hadley of the Westinghouse Company. 
D. D. Clarke in Kansas City and L. R. 
Abraham in Joliet, Ill., have also co- 
operated in the operation of the cameras 
and obtained some very 
photographs. 


Number of Records 


Forty-nine direct strokes have occurred 
to the recording stations of which 46 have 


been measured completely providing data — 


on the magnitude and wave shape of 185 
stroke components. The fronts of 33 
components have been measured with the 
surge-front recorders and cathode-ray 


oscillograph. In addition, six surges with — 
crests ranging from 100 to 800 amperes - 


have been recorded that are considered 
to have been induced. They have all 
been of very short duration (50-150 
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interesting - 


other structures. The effect of structure 
height on stroke frequency is illustrated 
by the curves of Figure 3 plotted from 


microseconds), and all but one were of 
positive polarity as would be induced 
by negative-polarity strokes, the type 
known to predominate. Photographs 
have been obtained of 138 strokes to earth 
with 479 components and 22 cloud-to- 
cloud discharges having 126 components. 


has been made between the strokes known 
by the character of their discharge cur- 
rent to have been initiated by upward 
streamers from the structure (a stroke 
mechanism found by McEachron to pre- 
dominate for strokes to the 1,250-foot 
Empire State Building),* and those ini- 
tiated by downward streamers from the 


PROBABILITY OF OBJECTS BEING STRUCK 


The frequency of strokes to the re- 
cording stations is summarized in Table 
I, together with similar data on three 
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recorder, others with fulchronographs alone 
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these data. In this analysis a segregation 
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GROUND 


~ MICROSECONDS 


Figure 5. Cathode-ray oscillogram of first 
component on record 308A (Figure 4) corre- 


‘lated with probable fluctuations in stroke- 


channel luminosity as indicated by high-speed 
Boys camera photographs of Malan and 
Collens!* in South Africa 


cloud. As pointed out by Schonland,‘ 
this latter type of discharge is typical 
of strokes to open ground or structures of 
normal height. The distinction between 
these two types is important, since 
this causes some of the important varia- 
tions of stroke current characteristics. 
Table I and Figure 3 show that about 96 
per cent of strokes to the Empire State’ 
Building have been initiated by up- 
ward streamers while only a small per- 
centage of strokes to structures below 600 
feet in height have been of this character. ' 
The lowest height for which such a stroke’ 
has been recorded is 360 feet. Where 
strokes of the normal type predominate, 
Figure 3 shows that stroke frequency is 
about proportional to height of object. 
Laboratory model tests® indicate that this 
should be so. The much greater num- 
ber of strokes to the Empire State Build- 
ing resulting in the sharp upward trend’ 
of the total stroke curve is most likely 
because upward streamers so frequently 
occur, contacting charge centers in clouds 
that otherwise would have produced 
strokes to ground by another path. 


Types of Lightning Discharges 


Figures 4, 5, and 6 present groups of 
surge currents illustrating the more typi- 
cal recorded strokes and several unusual 
characteristics that have been found. Fig- 
ures 7 and 8 show lightning camera photo- 
graphs of particular interest in correlation 
with the direct measurements of current. 
The general mechanism of the lightning 
discharge has been discussed in detail 
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The currents in. most 


elsewhere. 46 
strokes consist of one or more successive 
component discharges, each of which has 
a high-magnitude short-duration peak 
followed by a continuing flow of much 


lower magnitude. The initial high-cur- 
rent portion is the result of charge 
lowered onto the stroke channel by the 
downward moving initial streamer proc- 
ess and then rapidly discharged to earth 
by the intense ‘‘return streamer.’”’ The 
subsequent continuing currents are the 
motion of charges more slowly drawn from 
the cloud after conductivity between 
cloud and ground has been established. 
These characteristics are illustrated by 
records 208 and 308A in Figure 4. The 
general wave shape of the high-current 
peaks has been found to lie within fairly 
narrow limits. However, the continu- 
ous currents vary widely in magnitude, 
duration, and method of current fluctua- 
tion. 

For strokes to tall objects initiated by 
an upward streamer from the structure, 
the current starts at low magnitude (not 
over a few hundred amperes) and may 
never reach a very high magnitude unless 
a charge center is tapped in the cloud 
under such conditions that the stroke 
channel can be charged by the downward 
leader process from the cloud and the 
rapidly discharged by the intense return 
streamer. All recorded evidence indi- 
cates that this is the mechanism required 
to produce current peaks in excess of a 
few thousand amperes. Once the stroke 
channel has been made sufficiently con- 
ducting that it can support an increase 


' in current without such a process, the 


current increase must come from a more 
rapid drawing of charge from the cloud 
itself. The magnitude of the continuing 
currents seldom exceeds 1,000 amperes. 
The highest-magnitude continuing cur- 
rent so far recorded is that shown in 
record 316B (Figure 4). This indicates 
the upper range of the rate at which 
charge can be drawn from the cloud when 
the stroke channel is highly conducting. 
Figure 7a and record 141 of Figure 6 
show the wide range over which the con- 
tinuing currents sometimes fluctuate. 


CONTINUITY OF CURRENT FLow 


The fact that most records of strokes 
to the Empire State Building have indi- 
cated continuous current flow between 
current peaks led to the belief that this 
was a necessary condition for the mul- 
tiple-stroke mechanism of all discharges.” 
However, the 12 strokes that have been 
recorded with the highly sensitive photo- 
graphic surge recorder show that this is 


“not a necessary condition for strokes to 
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Table |. Direct-Stroke Recording Stations and Their Stroke Frequency 
4 o u on : 
g 3 g 4 $ & Strokes Initiated 
£ Mes e “ 3° 5 38 on Upward 
59 ad 5 Pa) 52 oa =) Streamer 
rs Aa a 2a 23 25 af 4 
3 e 2 g a g 8 ge By ‘a 4 Per 
Recording Station and Location a Q jon] Zz iS %5 BZA fan Number Cent 
North Wales substation...............¢ 35....80 BHBAwiNdsonmcare ce g Re egt yd s48) a 
Philadelphia Electric Company 
Eight fire towers in Maryland and 
DWWESE VAL CEAIAL iret ers ciate sale roheneezs AB. guid Dm Loo anes ible el llekeimiis)s Daas Ow Batra 0 5 na) 
Maryland State Department of 
Forestry 
West Virginia Conservation Com- 
mission 
U. S. Department of Forestry 
Ten fire towers in Pennsylvania........ 40..... :80-100; ac cS csimetose ees 7 0.23.. 0 Trait 
Pennsylvania Department of For- 
ests and Waters 
Radio tower of WHK, Cleveland*...... 40 5 SOOM ce as Boecrateretatereituete Te 1.0 0 0 
Radio tower of WCLE, Cleveland*..... BO). 5 \.tige MBOD sheier le skete clove wieeretens Of55 0 
Radio tower of WADC, Akron......... 40/30.) S60). i mOsslemrets Diekighel LBs ss) 20 1 viele 8 
Stack at Great Falls, Montana........ 2B uit OSD) ait oe eter fe Cre trn web Tie 0 Veen @) 
Stack at Anaconda, Montana*....... gp O0. see S65)... deus eeret PIRI, Gitomer, ei ere 0 fe!) 
Anaconda Copper Mining Company 
Cathedral of Learning............+-.: AD seis ole NOOO Ne ieleineonveraentatniein ere WS ote eee One 3 24 
University of Pittsburgh i 
Other structures for which stroke fre- 
quency is available: 
Radio tower of WWSW, Pittsburgh....42.... 100 ....3..........-. LensnuOsod ’ 
Lexington Building, Baltimore......... SOS 1 5 BOM. ccSam stele ee 3.... 0.38 
Pennsylvania Water and Power 
Company 
Empire State Building, New York*11_..31.... 1,250 ....3..........-. 68 .23.0 .. About 50 


out of 52...96 


* Recording stations discontinued. 
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lower objects. Records 3084 and 316B 
of Figure 4, together with records 113 
and 141 of Figure 6, show strokes for 
which the current decayed to below 0.1 
ampere between successive components. 
Of the 24 recorded multiple strokes, only 
three have shown uninterrupted current 
flow to the end of the discharge. These 
were all to the Cathedral of Learning. 
They were initiated by upward streamers 
and contained no high-current peaks. 
One of these unusual strokes yielded rec- 
ord 119 of Figure 6. It occurred in the 
winter when there was no evidence of a 
thunderstorm but probably during a 
snowstorm. Although the current never 
exceeded 750 amperes, its long duration 
(0.46 second) permitted a lowering of 80 
coulombs of charge. The lightning 
camera record of Figure 7c shows that 


DURATION, AT 
LEAST .041 SEC. 


(6) 
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. 


ek @ 4 
.064 .078 SECONDS. 


multiple strokes to open ground can 
consist of a continuous flow of current. 
This is the only record out of 61 multiple- 
stroke photographs that shows this 
condition. However, the recording sensi- 
tivity of these cameras is necessarily 
quite low and highly variable, depending 
upon visibility conditions. Record 208 
of Figure 4 shows continuous current 
flowing between several of the high-cur- 
tent peaks. This record shows that the 
distinct high-current peaks can occur 
when the channel is carrying an ap- 
preciable current even though the ‘dart 
leader-treturn streamer’ process is re- 
quired. 

Figure 8 illustrates a condition that is 
only known to have been recorded in 
these two photographs of strokes oc- 
curring during the same storm. They 


Figure 7 (left). Light- 

ning-camera__ photo- 

graphs of multiple 

strokes to open ground 

with continuing type 
of current flow 


Figure 8 (below). 
Lightning - camera 
photographs showing 
successive current 
pulses occurring at 
regular time intervals 
and superimposed on 
lower-magnitude con- 
tinuous current flow 
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show a series of higher luminosity pulses 
superimposed on continuous luminosity 
of low intensity. The time intervals 
are very regular deviating only slightly 
from 0.01 second. This is in contrast to 
the random distribution of time intervals 
found for the distinct components of 
multiple strokes. This condition has 
been simulated with laboratory arcs in 
dielectric recovery studies.* It is inter- 
mediate between the condition of con- 
tinuous current flow with no high-cur- 
rent peaks and the more common type of 
multiple stroke with distinct components. 
For the first of these sufficient channel 
conductivity is maintained that any 
increase in the rate of cloud charge genera- 
tion or tapping of charge by streamers 
within the cloud is immediately accom- 
panied by a corresponding increase in 
current flow. Fluctuations are, there- 
fore, relatively gradual. However, the 
dielectric recovery studies have shown 
that even with some current flowing the 
channel (at sufficiently low-current den- 
sity) will offer very high impedance to 
any increase in current until the voltage 
across it rises to a definite critical value. 
At this voltage a new discharge is pre- 
cipitated. This critical voltage is indi- 
cated to be low enough when currents of 
a few amperes are flowing that it could 
be exceeded in 0.01 second intervals by 
the rates of cloud charge generation in- 
dicated by ground gradient measure- 
ments.°? It is thus probable that the 
pulses are produced from the discharge 
of the same limited region of the cloud 
(charging up at a fairly uniform rate) and 
are not the result of tapping new discrete 
charge centers that produce the normal 
type of multiple component. 


POLARITY 


Most strokes to ground have been 
found to involve only the negative 
charge*'® generated in the cloud base. 
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Of the 46 recorded strokes in this in- 
vestigation, 41 or 80 per cent have shown 
entirely negative current flow to earth. 
McEachron has published data showing 
that 84 per cent of the strokes to the 
Empire State Building were entirely 
negative.*' In five records of the West- 
inghouse investigation some positive 
charge has been lowered. However, for 
all but two negative current flowed ini- 
tially. Thus, 96 per cent have been ini- 
tiated in the negative charge centers 
near the cloud base. The remaining 
two strokes were entirely positive. As 
pointed out in reference 9, such strokes 
seem most likely to be initiated from the 
positive charge centers of limited extent 
occurring in the lower regions of the cloud. 
However, photographic records have 
been obtained of two strokes tapping 
charge from the positive charge centers 
in the upper regions of the cloud.4? One 
of these, which was recorded in this 
investigation, showed a multiple stroke, 
each component of which tapped charge 
from the top of the cloud. 


HIGH-FREQUENCY FLUCTUATIONS IN 
HicH-MAGNITUDE SHORT-DURATION 
PEAKS 


The cathode-ray oscillogram of Figure 
5, which recorded the initial component 
of record 308A (Figure 4), shows an inter- 
esting current condition. After reaching 
its initial crest, the current rapidly de- 
cayed to about 70 per cent of this magni- 
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Figure 9. Percentage distribution curves of 
the number of components in lightning strokes 
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tude and then rose rapidly to an even 
greater crest. On the initial front of the 
wave the average rate of current rise (as 
defined by a straight line through the 10 
and 90 per cent points is 9,000 amperes 
per microsecond with a maximum rate of 
rise of about 15,000 amperes per micro- 
second. Maximum rates of current 
change of this same order of magnitude 
occur in the subsequent fluctuations. 
Malan and Collens!? have photographed 
with a high-speed Boys camera corre- 
sponding rapid fluctuations in the lumi- 
nosity of the stroke channel for strokes 
having branches. A schematic record, 
such as they have obtained, is drawn 
above the oscillogram of Figure 5. Their 
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Figure 11. Percentage distribution curves of 
the total duration of lightning strokes 


records show that at the start of the up- 
ward “return streamer” the channel 
luminosity rises abruptly and remains in- 
tense until the streamer reaches a branch 
point at which a pause takes place in the 
streamer propagation and the intensity 
of the channel luminosity falls off sharply 
until the charge in the first branch is 
tapped causing an abrupt increase. The 
tapping of successive branches as 
the return streamer propagates upward 
results in successive pulses of this 
character. Photographs published by 
McEachron® of Empire State Building 
strokes show relatively little branching 
as compared to many strokes to open 
ground. Also, his current oscillograms!! 
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Figure 12. Percentage distribution curves 
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crest current in individual components of 
lightning strokes 


have less pronounced fluctuations than 
record 308A (Figure 5). It appears 
probable that such current fluctuations 
should occur to varying degrees, depend- 
ing upon the branched character of the 
stroke. 


Statistical Analysis of Strokes 


An analysis has been made of the more 
important discharge current characteris- 
tics to determine their range of variation 
and the probability of their occurrence. 


MULTIPLE CHARACTER AND TOTAL 
DURATION 


In Figures 9 to 11 are given probability 
curves on the number of stroke compo- 
nents, their time intervals, and total 
stroke duration. Curves are also shown 
for the recorded cloud-to-cloud dis- 
charges. These consist of a larger num- 
ber of component discharges occurring 
at smaller time intervals than for strokes 
to earth. The photographs indicate (as 
observed by Schonland) that such dis- 
charges are merely a series of “dart” 
leadets that could not last more than a 
few microseconds nor have current peaks 
exceeding a few thousand amperes.°® 
Quite close correlation is shown for the 
number of components and their time 
intervals, as recorded in the direct 
strokes and the photographs of strokes 
to open ground. These curves also cor- 


respond closely to curves obtained from 


a similar analysis® of the photographic 
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Figure 15. Percentage distribution curves of 
stroke current wave fronts 


*Two fronts of very low-magnitude com- 
ponents are excluded 


records of Schonland taken in South 
Africa.‘ 
been obtained to make such a statis- 
tical analysis for each direct-stroke sta- 
tion. However, the segregation of the 
photographs obtained in the Pittsburgh 
area from those of Kansas City and 
Joliet show no marked trend from the 
plotted curves based upon total records. 
This indicates a similarity between thun- 
derstorm conditions in different parts 
of the United States and the world. 

On the other hand, there is definite 
evidence, both from the camera records 
and visual observation, that the mul- 
tiple character varies considerably with 
different storms. In some storms strokes 
consist predominantly of single com- 
ponent discharges. These appear to be 
storms of relatively small electrical 
activity occurring when meteorological 
conditions are less favorable for charge 
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Sufficient data have not yet. 


generation. For these cases the charge 
centers are probably less numerous and 
of smaller extent. In other storms the 
strokes are predominantly multiple. 
There is also evidence that the amount 
of branching for strokes to earth is 
affected by terrain. Over the flat, bare 
terrain around Joliet most recorded 
strokes have shown little or no branching, 
while over the hilly, wooded terrain in 
Pennsylvania most recorded strokes have 
shown profuse branching. It is to be 
expected that prominent irregularities on 
the earth’s surface can produce enough 
effect on the field at the tip of the pilot 
streamer as it proceeds to ground to form 
branches toward these points on the 
ground, 

The variations between the three total 
duration curves for strokes to earth in 
Figure lla are thought to be due entirely 
to differences in recording sensitivity. 
The photographic data for strokes to 
open ground should show the shorter 
durations and the highly sensitive photo- 
graphic surge-current recorder the longer 
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Figure 16. Percentage distribution curves 

of rates of current rise as defined by straight 

line between 10 and 90 per cent points on 
wave front 


durations. This effect is quite pro- 
nounced at the lower range of durations. 
‘At the longer durations, where the effect 
of not recording the total duration of the 
last component has less effect, the curves 
lie quite close together. The definite 
effect of the very tall Empire State Build- 
ing in prolonging the stroke duration is 
shown in Figure 11b. 


TOTAL STROKE CHARGE 


Probability curves for the total charge 
lowered to earth by strokes are given in 
Figure 12. Except for discharges of few 
components and short duration, resulting 
in the lowering of small amounts of 
charge, the great preponderance of the 
total charge lowered is during the flow 
of the continuing current of low magni- 
tude. Although a current peak may have 
a magnitude as high as 100,000 amperes, 
its duration is too short to involve more 
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than a few coulombs. In the figure the 
data of this investigation are compared 
with those obtained by McEachron. This 
shows that a greater percentage of strokes 
of the normal mechanism lower less total 
charge than recorded for the Empire 
State Building. This is probably because 
the field distortion of the building tends 
to maintain the channel conductivity for 
a longer period of time, resulting in the 
continuing form of discharge and the 
tapping of a greater percentage of the 
cloud charge. Figure 12 indicates that 
the principal range of lowered charge lies 
between 5 and 100 coulombs with most 
strokes involving less than 10 coulombs. 


Crest CURRENTS 


Figure 13 shows the relative occurrence 
of crest current magnitudes. Curves are 
plotted both for all components recorded 
and for only the maximum components 
of each stroke. The maximum current 
recorded is 160,000 amperes. About 75 
per cent of the crest currents in the 
maximum component exceeded 10,000 
amperes, while about 20 per cent ex- 
ceeded 40,000 amperes. 


WAVE FRONTS 


In this investigation one direct stroke 
and 14 arrester discharges have been 
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simultaneously recorded with the ca- 
thode-ray oscillograph and the magnetic 
surge front recorder. The maximum 
difference between the fronts, as meas- 
ured by the two instruments, is 20 per 
cent, showing that a good degree of ac- 
curacy is provided by the latter instru- 
ment. In Figure 14 the 33 measured 
wave fronts are plotted showing effective 
times to crest in relation to crest magni- 
tude and average rate of current rise. In 
Figures 15 and 16 are probability curves 
obtained for the wave front and average 
rate of rise. All fronts so far recorded lie 
between one-half and ten microseconds. 
As shown by Figure 15, most strokes had 
longer fronts than found by McEachron 
to the Empire State Building. Only 
40 per cent of the records of this investi- 
gation showed fronts less than two micro- 
seconds, while he found 50 per cent less 
than one microsecond. The probability 
has been pointed out previously'* that the 
presence of such a tall structure should 
affect the wave front causing it to be 
shorter than for strokes to low objects. 
To obtain some indication of the rela- 
tion between crest magnitude and wave 
front, the records were divided into three 
groups of approximately equal number 
and the three dashed probability curves 
of Figure 15 plotted. Although there are 
not yet sufficient data to determine a 
definite relation, these curves show that 
the wave front tends to increase with 
crest current. For crest currents above 
30,000 amperes, the shortest front so far 
recorded is 1.2 microseconds and 80 per 
cent exceed 2.5 microseconds, while 70 
per cent of the fronts for crest currents 
below 12,000 amperes is less than 2.5 
microseconds. As shown by Figures 14 
and 16, the maximum average rate of 
current rise so far recorded is 45,000 am- 
peres per microsecond, which occurred 
for a component having a peak current 
of only 25,000 amperes. The highest 
magnitude component for which the front 
has been recorded (110,000 amperes) had 
an average rate of rise of 40,000 amperes 
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per microsecond. The comparison with 
the Empire State Building data in Figure 
16 shows the trend of lower rates of cur- 
rent rise for strokes to lower objects. The 
only other known data available on the 
wave fronts of direct strokes are those of 
Norinder plotted in Figure 16. His data 
are, however, questionable, as they were 
estimated from measurements made of 
the magnetic fields produced by strokes. 


TIMEs TO HALF VALUES 


Probability curves on the time to half 
value of the high current peaks are given 
in Figure 17. Excluding four low-magni- 
tude components of strokes to the 
Cathedral of Learning that were ini- 
tiated by upward streamers, the maxi- 
mum time to half value so far recorded 
is 90 microseconds. The data of this 
investigation show a smaller percentage 
of times to half value in the lower range 
than recorded by McEachron. How- 
ever, such values as recorded by the 
fulchronograph are not very accurate 
below 20-30 microseconds. It is signifi- 
cant that an appreciable number of 
times to half value greater than that of 
the standard 11/,x40-microsecond test 
wave are recorded. Such long tail surges 
will impose more severe duty on certain 
types of system insulation and influence 
the insulation co-ordination problem. 


DURATION OF INDIVIDUAL COMPONENTS 


Figure 18 gives probability curves 
comparing the durations for individual 
stroke components as measured by the 
fulchronograph and the more sensitive 
photographic surge-current recorder. It 
is of interest that for any percentage oc- 
currence value on this figure the duration 
as recorded by the fulchronograph is 
only a small fraction of that shown by 
the photographic-recorder curve. This 
shows that on the average the duration 
of current above 50 amperes in a com- 
ponent is only a small fraction of its total 
duration. This, however, has little effect 
on the value of total charge as measured 
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by the two instruments. The maximum 


recorded duration of current flow below 
50 amperes is\0.1 second, and the maxi- 
mum charge so far measured in such an 
interval is about one coulomb. A few 
components measured with the photo- 
graphic recorder have had durations no 
greater than the time sensitivity limit of 
the instrument (600 microseconds). How- 
ever, 95 per cent of them have exceeded 
this value and 50 per cent exceeded 
3,000 microseconds. 
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| Capacitor Installation at Newport News 


V.R. PARRACK 
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N. the fall of 1942, load predictions, 
based on unprecedented expansion of 
wat ‘activities, showed that existing gener- 
ating and transmission facilities in the 
Virginia Public Service Company’s east- 
ern division could not supply the kilo- 
watts and kilovars required for the spring 
of 1943. It was found that no kilovars 
would be available from the source of 
transmission to the area but that the kilo- 
watt requirements could be met from the 
existing generating and transmission 
sources. It was evident that a new source 
of reactive current would have to be sup- 
plied. 

Estimates, based on the reactive com- 
ponent of the predicted load, plus the cal- 
culated kilovar losses resulting from /2X 
in the inductance of the transmission line 
and transformers, showed the need for 
approximately 15,000 kilovars. 


Solution of the Problem 


PRELIMINARY CONSIDERATIONS 


The question then arose as to whether 
the kilovars should be supplied from 
static capacitors or from a synchronous 
‘condenser. An analysis showed that 
static capacitors had the following ad- 
vantages: 


1. Quicker delivery—3 to 6 months for 
static capacitors contrasted with 12 months 
for synchronous condensers. 


2. Less critical materials—the aluminum 
foil used in static capacitors is rated lower 
than that required for prime war purposes. 


3. Lower cost including capitalized losses— 
approximately $7.04 per kilovar for static 
capacitors against $11.89 per kilovar for a 
synchronous condenser based on its name- 
plate rating, or $7.93 per kilovar if the 
capacity is based on 150 per cent of name- 
plate rating considering its 50 per cent lag- 
ging capacity. It should be pointed out 
here that lagging capacity can also be sup- 
plied by adding an autotransformer and 
shunt reactor to the capacitor bank and at a 
considerably smaller cost per kilovolt- 
ampere than the original capacitors. 


4. Greater flexibility—after the present 
emergency, static capacitors can be redis- 


‘Paper 44-117, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944. Manu- 
script submitted March 22, 1944; made available 
for printing May 19, 1944. The substance of this 
paper also was presented at the AIEE Southern 
District technical meeting, Roanoke, Va., Novem- 
ber 16-18, 1943. 


V. R. Parrack is distribution engineer, Virginia 
Public Service Company, Charlottesville, Va.; 
E. L. Harper is central station engineer, Middle 
Atlantic district, industry engineering department, 
Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 
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tributed as needed; the synchronous con- 
denser would have to remain in bulk. 


5. Lower losses—in a location where losses 
are particularly important. Static capaci- 
tors have about one third of one per cent 
loss against 2.1 per cent for a synchronous 
condenser. 


6. Static capacitors would not add to the 
interrupting duty on oil circuit breakers 
whereas a synchronous condenser would. 


7. Static capacitors can be switched in or 
out in blocks as desired without objection- 
able switching effects. This can be done 


either manually or automatically quite 
satisfactorily. The ability to control kilo- 
vars in desired quantities is not peculiar to 
static capacitors, of course, as a fine degree 
of such control is practical with a syn- 
chronous condenser. 


Figure 1 


General front view of 2,700- 
kilovar bank 5 
Detailed front view of bank 5 
Front view of banks 1, 2, 3, 4, 
and 5 


(a, above). 


(b, right). 
(c, below). 
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In this comparison, the following fac- 
tors were considered in favor of the syn- 
chronous condenser: 


1. It can generate reactive current up to 
100 per cent of its rating and, in addition, 
absorb reactive current up to 50 per cent of 
its rating. If this absorption capacity can 
be used at times of light load, it has an 
effective corrective capacity of 1.50 times 
its rating. 


2. A synchronous condenser will reduce 
flicker caused by a large fluctuating load. 


3. A synchronous condenser will increase 
the stability limits of the system. 


Having decided upon static capacitors 
as the means of supplying kilovars, the 
following questions remained to be 
answered: 


1. What size units should the capacitors 
be? 


2. What voltage rating should the capaci- 
tors have? 


3. What size banks should they ‘be 


switched in? 
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10,500-VOLT BUS 


OIL CIRCUIT 
BREAKER 


4. Should they be rack-type housed either 
indoor- or outdoor-type units, complete 
with fuses for individual capacitor units and 
indoor oil circuit breaker? 

5. Should they be outdoor pole-mounted 
type, hung on a wooden structure to be 
assembled in the field and controlled by an 
outdoor oil circuit breaker? 


DESIGN CONSIDERATIONS 


Generally, distribution primaries in the 
Newport News area are at a nominal volt- 
age of 3,450 volts. At the time of this 
analysis, about 2,025 kilovars of capaci- 
tors had been installed in small groups at 
scattered points on the 3,450-volt pri- 
maries and 270 kilovar were in service at 
2,300-volt industrial stations. It was 
found that 1,260 kilovars in 15-kilovar 
2,400-volt pole-type units could be con- 
nected through fuses in 180-kilovar banks 
to the four-kv bus of a transmission 
substation under construction without 
the necessity for capacitor switching. 

The principal transmission substation 
at Newport News changes the incoming 
110,000 volts to 10,500 volts. This is an 
attended station and it was decided that 
13,500 kilovars of capacitors should go 
directly on the 10,500-volt bus. When 
the present emergency is over, it will be 
desirable to reinstall many of these units 
at other points on the system, principally 
at 3,600 and 2,400 volts. The desira- 
bility of standard outdoor-type pole- 
mounted units applicable to either 3,600- 
or 2,400-volt systems was evident. A 
comparison of costs of the types consid- 
ered above likewise favored the standard 
outdoor pole-mounted type provided the 
cost of switching could be held to a mini- 
mum. Table I shows the relative costs 
of capacitors of different voltage classes. 

It was desired to hold the voltage 
change per switched bank to approxi- 
mately 1.75 per cent. It was not desired 
to have too large a portion of the entire 
installation affected by the failure of a 
single 15-kilovar unit, both from the 
standpoint of ease of locating the failed 
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Figure 2. Schematic diagrams of capacitors 


All units rated at 15 kilovars. Each capacitor 
shown represents six units. Timbers on which 
capacitor units are mounted are supported on 
15-kv insulators 
(a, left). Using current relay between neutrals. 
Three banks utilize 2,400- and 3,600-volt 
units 
(6, right). Using voltage relay between neu- 
trals. Two banks utilize 2,400- and 1,200- 
volt units 


unit and of having all the units on a given 
oil circuit breaker ineffective while the 
failed unit was being located and replaced. 
Because of the connections involved, the 
size of the bank would have to be selected 
in terms of 450-kilovar increments. 
These several reasons resulted in the 
selection of 2,700 kilovars as the size of 
the desired switching unit. Each 2,700- 
kilovar unit is connected to the bus 
through deion fuses for short-circuit pro- 
tection and provided with oil circuit 
breakers for normal switching. 


DESCRIPTION OF INSTALLATION ON 10,500- 
VOLT SYSTEM 


The capacitors are connected in un- 
grounded wye on the 10,500-volt bus in 
banks of 2,700 kilovars through individual 
bank breakers tapped to the bus through 
fuses. Figure 1 shows typical installation 
views. All capacitors are 15-kilovar out- 
door pole-type units. There are a total 
of 900 such units totaling 13,500 kilovars, 
324 such units or 4,860 kilovars are rated 
at 3,600 volts, 504 units or 7,560 kilovars 
are rated at 2,400 volts, and 72 units or 
1,080 kilovars are rated at 1,200 volts. 
The 1,200-volt units will ultimately be 
used two in series on 2,400-volt systems. 

Each bank of capacitors consists of two 
wye-connected groups as shown diagram- 
matically in Figure 2. The neutrals of 
the two wye groups are connected to- 
gether through a current or potential 
transformer which is in turn connected to 
a current or a voltage relay which actu- 
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ates the trip circuit of the bank breaker. 
Thus the failure of a capacitor unit 
causes a displacement of the neutral of 
one wye group with respect to its com- 
panion group and the resulting current or 
voltage causes the breaker to trip, de- 
energizing the bank. Three of the banks 
have current control, while two of them 
have voltage control. 

Three of the banks consist of 3,600- and 
2,400-volt units. Since the-voltage to 
neutral of the 10,500-volt system is ap- 
proximately 6,000, it is seen that the two 
types will work together in series if the 
current through the series combination 
is the same. The normal current for a 
15-kva 2,400-volt unit is about 6.3 
amperes and for a .3,600-volt unit only 
4.2 amperes. It is thus seen that for 
every two 2,400-volt units in multiple, 
there must be in series three 3,600-volt 
units. That is, the ratio of the number of 
2,400-volt paralleled units to be con- 
nected in series with 3,600-volt paralleled 
units must be as two is to three. 

Two of the banks consist of 1,200-volt 
and 2,400-volt units, two sets of 2,400- 
volt units and one 1,200-volt unit being 
connected from line to neutral in this case. 
For a reason similar to that described 
above, two 2,400-volt paralleled units are 
required to operate in series with a single © 
1,200-volt unit. 

To minimize the danger of bus faults 
from birds, cats, and so forth, weather- 
proof wire was used along with insulated 
terminal caps for connecting the units. 

The bus to which the capacitor banks 
are tapped consists of two two-inch gal- 
vanized iron pipes, slotted in order to 
minimize heating. The bus is supported 
by a single wood-pole line as can be seen 
from Figure 1. 


OPERATING RESULTS—GENERAL 


The capacitors have been in service 
‘about 17 months to date. All banks are 
in operation part of the day and none is 
in operation during light-load periods. 
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The performance to date of the capacitors 
has been as expected and, in the main, 
altogether satisfactory. 

The failure of a unit is indicated by the 
tripping of the oil circuit breaker. A 
careful inspection of the shape of the 
cases of the units in the bank will gener- 
ally show a bulge or distortion indicating 
a failed unit. In case the failed unit is 
not evident, the bank is energized and 
tripped again and another inspection is 
made. 

During the first six months operation, a 
total of five units were lost, four being 
rated at 2,400 volts and one at 3,600 volts. 
This seems to bear out other experience 
on large banks that the first few months 
operation forms a weeding out period in 
which the defective units show up. 

A surprisingly audible humming of the 
iron-pipe bus accompanied the passage of 
the capacitor current. The slotted pipe 
acted as a tuning fork and was found to be 
resonating at 480 cycles. Relatively 
simple remedial measures can be em- 
ployed if found necessary, such as tack 
welding the slot at intervals. 

Since the substation at which the 
capacitor is located is attended at all 
times, the units are switched on and off by 
manual control from the switchboard in- 
side the control house. Automatic opera- 
tion of an oil circuit breaker, caused by 
the failure of a unit, is indicated by 
alarm to the operator. 

Voltage regulation and other operating 
performance characteristics are discussed 
under ‘‘Tests.” 

The actual cost per kilovar of the entire 
13,500-kilovar bank, including switching, 
was $6.25 and is detailed in Table II. 


Tests 


As aresult of the size of the installation 
and certain novel features involved, it 
was decided to conduct tests to determine 
its operating characteristics and its effect 
onthe system. The 13,500-kva capacitor 
is switched manually in five equal 2,700- 
kva sections and the effect of switching in 
or out various sections was observed, At 
the same time the effects on the harmon- 
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Table I. Approximate Relative Cost- Per 
Kilovolt-Ampere for Capacitors 
Approximate Approximate Cost 
Relative With Outdoor Rack, 
Voltage Cost Per Kva 
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ics of the system were observed for vari- 
ous amounts of connected capacitor kilo- 
volt-amperes. It was expected that the 
tests on this capacitor would further con- 
firm the correctness of engineering appli- 
cations in large banks and thereby pave 
the way for further installations of this 
kind. Field tests to date were compara- 
tively few and there were enough differ- 
ences in this application compared with 
previous ones to warrant such an investi- 
gation. 

In general, the results have fully con- 
firmed the correctness and adequacy of 
the installation and have confirmed the 
ability to predict from theoretical con- 
siderations the regulation characteristics, 
the inrush currents, the voltages during 
switching, and the effect of the capacitors 
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on system wave shape. The tests will be 
discussed under these various headings. 


REGULATION 


The subdivision of the capacitor bank 
into five separately switched units was 
based primarily on keeping the voltage 
steps within 1.75 per cent when a unit 
was switched on or off with two substa- 
tion transformer banks in service or with- 
in two per cent with one transformer bank 
in service. A rough rule in common use 
for small voltage increments may be 
stated as follows: ‘‘The per unit voltage 
change when a capacitor is switched on or 
off equals the ratio of capacitor kilovolt- 
amperes to system short-circuit kilovolt- 
amperes at that location.’”’ This rule is 
a crude approximation based on the argu- 
ment that since the lagging short-circuit 
kilovolt-amperes lowers the voltage to 
zero, then one per cent as much leading 
kilovolt-amperes should raise the voltage 
one per cent. It assumes a pure react- 
ance system and ignores the difference 
between synchronous and transient react- 
ance of generators, or the action of volt- 
age regulators at generator busses, and 
the nonlinear variation of load and trans- 
former magnetizing currents with system 
voltage. Consequently, it is of value to 
determine experimentally what voltage 
variation is actually obtained per capaci- 
tor step. 

A three-phase short circuit at the 
capacitor location draws 135,000 kva with 
one substation transformer bank in 
service. On this basis using the rough 
rule just cited each 2,700-kva section 
added should raise the voltage about two 
per cent. However, the actual voltage 
change encountered is only one per cent 
per step, or exactly half of that obtained 
by the rough rule. The importance of 
this is self-evident since the cost of switch- 
ing increases with the number of sections 
involved. 

This reduction in voltage increment is 
due chiefly to the self-regulating effect of 
loads and transformer magnetizing, and 
may not be obtained in situations where 
these effects are unimportant. For ex- 
ample, the capacitor was connected 
through a transformer to the receiving 
end of the long transmission line from 
Richmond, without other load at the re- 
ceiving end. The short-circuit kilovolt- 
amperes in this case is 60,000. It might 
be reasoned from the rough rule that the 
complete 13,500-kva bank should raise 
the voltage 29 per cent.* Also, since the 
transformer reactance was just half of the 
total reactance, the voltage rise at the 
end of the transmission line would be 
14.5 per cent. Figure 3 shows the actual 


*The 0.29 is computed from 

capacitor kilovolt-amperes 

short-circuit kilovolt-amperes — 
capacitor kilovolt-amperes 


Voltagei ncrement = 


13,500 


~ 60,000 — 13,500 
for small increments 


which reduces to the rough rule 
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measured rise at the end of the line as a 
function of the rated kilovolt-amperes of 
capacitors added. It will be noted that 
in this case the actual rise is practically 
equal to that given by the rough calcula- 
tion. 

The empirical reduction of voltage in- 
crement due to system self-regulating 
effects should therefore be applied only to 
similar situations. 


INRUSH CURRENTS 


It isimportant to know the maximum 
inrush current to determine the adequacy 
of circuit breakers, current transformers, 
fuses, or other devices which may be in 
the circuit. While the phenomenon of 
switching a capacitor has been described 
previously, it will be beneficial to review 
briefly the action which takes place in 
order to provide a background whereby 
the results of the tests may be better 
understood. 

In order that the figures cited may pro- 
vide a clear sense of the magnitudes in- 
volved, all currents will be expressed as a 
number of times the rated current of the 
capacitor that is being switched on. 
Similarly, all voltages will be given as a 
number of times the normal line-to-neu- 
tral voltage of the system. Thus the 
line-to-line voltage of the system is 1.73. 

Fortunately, the maximum inrush cur- 
rents of three-phase capacitor banks are 
the same as the inrush current of one line- 
to-neutral phase alone. This is obvious 
in the case of a grounded-star bank where 
each phase acts independently and where 
the transient inrush current therefore can 
be determined by considering one star 
phase alone. It will be shown later that 
with star-ungrounded banks and delta 
banks the maximum inrush currents are 
the same as though the bank were star 
grounded. This convenient fact will be 
used now and demonstrated later. Thus 
only one single star phase of the capacitor 
need be considered for the time being. 

When a capacitor is first connected to 
an a-c source a transient charging current 
flows of large magnitude but short dura- 
tion. The important part of this high- 
frequency transient current is usually all 
over in a small part of a fundamental 
cycle. Consequently, the generated 60- 
cycle voltage of the supply does not 
change materially during the short time 
involved. It is, therefore, convenient to 
picture the phenomenon as a direct volt- 
age applied, of magnitude equal to the 
instantaneous value of the alternating 
voltage at the time that the switch is 
closed. The largest transient current 
occurs if the switch is closed at the crest 
of the alternating-voltage wave and hence 
a direct-voltage of this magnitude must be 
considered in order to determine the 
maximum transient current. 

Suppose then that a direct voltage is 
applied to a capacitor C, through a lead 
inductance L, as shown in Figure 4. If 
the resistance were zero, the transient 
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current would be a sine wave of high fre- 
quency as shown in Figure 4b. Resist- 
ance causes it to decay rapidly as shown 
in Figure 4c, and the capacitor voltage 
approaches the applied voltage in an 
oscillatory manner as shown dotted. 
However, the resistance can usually be 
neglected with but small error in deter- 
mining the first crest of transient current 
and the expression for transient current 
will therefore be given on this basis. 
Later, the small correction for decay will 
be considered. 

During the first half cycle of transient 
current, crosshatched in Figure 4b, 
charge is carried into the capacitor, charg- 
ing it up to twice the applied voltage. 
The reason for this overshoot is the in- 
ductance, which continues the current 
flow into the capacitor after it has charged 
up to the applied voltage. 

The classical expression for crest cur- 
rent magnitude is 


4max = L/ IK: (1) 


However, a stratagem will again be em- 


Table Ill. 


4 
ployed to put this expression in a fo! 
that means more to the senses. In the 
first place, the current, which is a sine 
wave, albeit of high frequency, will be 
expressed as a number of times the normal 
60-cycle current of the capacitor being 
switched on. Secondly, the 60-cycle re- 
actances, Xz and X¢, will be used in 
place of L and C, and these will be ex- 
pressed in per unit (per cent divided by 
100) on the capacitor kilovolt-ampere 
base. When this is done the maximum 
transient current is given as 


Transient = L/A/ Rex per unit (2) 


For the particular case shown in Figure 
4a, the capacitor reactance is 


Xc=100 per cent =1.0 per unit 


since any shunt capacitor has 100% re- 
actance on its own kilovolt-ampere base. . 
For this case the transient current expres- 
sion reduces to 


Tixansiont = 1/ AV XL per unit (3) 


Fundamental-Frequency Voltages to Ground and Across Breaker Contacts When 


Disconnecting Three-Phase Capacitors Connected Delta or Ungrounded Star 


All Voltages Are Expressed in Per Cent of Normal Line-to-Neutral Voltage Crest. It Is 
Assumed That the Supply System Is Grounded and Does not Suffer Neutral Displacement 
While Switching Capacitors 


A. Normal opening. 


One phase current is interrupted at current zero and 90 degrees later the other two 


phase currents are interrupted simultaneously at current zero 


Sequenceof interruption. Wor as. crac dev atesieeentile 


Maximum voltage to ground following interruption 

Maximum voltage across corresponding breaker pole 

Maximum voltage across a capacitor leg following 
interruption: 


Phase A B Cc 
: 
teniee kee First ......,.Second........ Second 
etiee ee 150 s.i.ic00,> 0) ST see 87 
Sakae ea 250.) egies LST aimee 187 
mat sPeuers te LOO is es cian Ope 137 
rer sce {Ae eS C-A 
Ose aha: 172) oie sieges 237 


B. Controlled opening. Phases interrupted many cycles apart. Simulated by starting with B phase 
open and A pole of the breaker by-passed 


Sequencesof interruptian ; 30d nc «josie eaten on as 6 


Maximum voltage to ground following interruption 
Maximum voltage across corresponding breaker pole 


C. Controlled opening. 
90 degrees later at the subsequent current zero. 


One phase current is interrupted at a normal current zero. 


Phase B Cc A 
Roles First*........Second........Notopened | 
sre lay@ ies'eyo) svoneNtyohaais tent emnats fe 273 
w taryeetals veh ae) ciate siete eote lee 346 


The second opens 


But the third pole is by-passed and does not open. 


Different voltages are obtained depending on whether the first two poles open in sequence B—C or C—B. 
With close breaker adjustment either is equally probable and both were obtained in tests 


Sequence of interruption 
Maximum voltage to ground following interruption 
Maximum voltage across corresponding breaker pole 
Maximum voltage across a capacitor leg following 
interruption: 
Star 


Sequence of interruption 
Maximum voltage to ground following interruption 
Maximum voltage across corresponding breaker pole 
Maximum voltage across a capacitor leg following 
interruption: 
Star 


* Open at start of test. 
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Phase B Cc A 
yas ciere « First ........Second........Not opened 
Lore aan, 337) Sc. 208) Upper ee en 
3 hie 410. ist 8460. 5) 
Fontenot 100. acicnes > (STR S eee ena 
Rinks BHO! oii. eds SOCSAl so 3 een 

GOL. sit tet Taio ale cee 2 287 

Phase B Cc A 

rs i 

TORENT A Second........ First ........Not opened 
pietetersttia) = 273) 6. cisein be LOS Pelee 100t 
ADRS REN B46 sie csaia oe LOG. eo nen ee 
BS Aa v6 137 .....4.- 100 2... 37 
ener ie BHCe vices SERA). cic ane 
PYG Nes PRS EI 630s sea Peay 


t If opened. Assumes capacitance coupling to ground holds capacitor potential fixed after last pole opens. 
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(c) 
Ttronsient =1/VX_ Xo P.U. 
tn =60/VX/Ke CYCLES 


Figure 5. Capacitors switched in parallel 


The curve of Figure 6 has been drawn 
representing this relationship. It shows 
that with ten per cent source reactance 
the inrush current would be 3.16 times the 
normal capacitor current. With smaller 
source reactances of one per cent, ().01 per 
cent, or 0.0001 per cent the inrush current 
is 10, 100, or 1,000 times normal. 

Thus the source reactance up to the 
capacitor can be computed in the usual 
manner, expressed in per cent or per unit 
on the kilovolt-ampere base of the capaci- 
tor being switched on, and the maximum 
transient current readily determined. 

In the Newport News installation the 
reactance up to the capacitor is just ten 
per cent on the 13,500-kva base. Conse- 
quently, if it could be switched as a unit, 
the maximum inrush current would be 
3.16 times normal.» A special setup was 
made whereby the entire bank could be 
energized over the Richmond line by 


closing the transformer breaker, In this 
case the reactance was 22.6 per cent on the 
13,500-kva base. The maximum theo- 
retical inrush current from equation 3 is 
2.1 times normal. The inrush shown by 
the oscillogram was approximately twice 
normal. Much larger inrushes occur 
when switching capacitors in parallel as 
will be shown presently. 


FREQUENCY OF TRANSIENT INRUSH 
CURRENT 


It is sometimes desirable to know the 
frequency of the inrush current. For 
example, in the tests the current trans- 
formers sparked over. It was found that 
the special inductances used with test 
instruments had so much reactance at 
this high frequency that excessive volt- 
ages were developed, and it was necessary 
to short-circuit these coils while switching 
capacitors in parallel. From a knowledge 
of the current magnitude and frequency 
the burden voltage can readily be calcu- 
lated. 

The classical expression for natural fre- 
quency of the transient in the circuit of 
Figure 4a is 

1 


tn == cycles 
2 


4 
rV LC a 


For the 60-cycle system with reactances 
expressed in per unit this reduces to 


fa =60/WX1/Xe cycles per second (5) 


and for the special case of Figure 4 in 
which X¢e=1.0 per unit this becomes 
simply, 


fn =60/V Xx cycles per second (6) 


Note that for Figure 4 the frequency is 
the same number of times normal as the 


XL (X_/100)% 
0.06 O1 


current. It is 600, 6,000, or 60,000 cycles 
for reactances of one per cent, 0.01 per 
cent, or 0.0001 per cent, respectively, as 
shown in Figure 6. ‘ 


CAPACITORS SWITCHED IN PARALLEL 


When one capacitor is already ener- 
gized and a second is switched in parallel 
with it, there are usually two rather dis- 
tinct transients. The reactance Xz, be- 
tween the switched sections in Figure 5a, 
is usually very small compared with re- 
actance Xz». back to the source. Hence, 
a high-frequency equalizing transient 
with large currents takes place between 
sections, followed later by a much slower 
low-current transient between the com- 
plete bank and the source. The latter is 
of small importance, and the high-current 
transient only will be considered. For 
this purpose the system may be ignored 
as in Figtire 5b. The current in this cir- 
cuit is the same as in Figure 5c which is 
the same as Figure 4 except that the 
capacitive reactance now includes the 
two reactances in series. The reactance 
X¢ is 100 per cent or 1.0 per unit. It is 
necessary to express the reactance of the 
capacitor already energized, Xg2, in per 
unit on the kilovolt-ampere base of the 
one being added. These two reactances 
are added to obtain the total capacitive 
reactance, X¢. 

For example, if the capacitor added is © 
equal in kilovolt-amperes to that already 
energized, then X¢g=2.0 per unit. If 
four units are on and a fifth is being added, 
Xc=1.25 per unit. With this interpreta- 
tion the transient current magnitude in 
per unit of the normal current of the 
capacitor added is given by equation 2 
and Figure 6 and the frequency by equa- 
tion 5 and Figure 6. 

Laboratory tests of paralleling two 75- 
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kva 2,300-volt units with the shortest 
possible leads through a breaker resulted 
in a first crest 133 times normal crest 
current. Similar tests paralleling two 
360-kva 2,300-volt units resulted in 35 
times normal. These values were closely 
predicted by calculations. 


THREE-PHASE STAR-UNGROUNDED AND 
DELTA-CONNECTED CAPACITORS 


An examination of Figure 7a shows the 
relation of transient currents in three- 
phase banks to those in a line-to-neutral 
circuit considered up to this time. 


TO eer 
~ SYSTEM 


(a) N/ N 


ENERGIZED TO BE 
ENERGIZED 


(b) 


Figure 7. Paralleling ungrounded star-con- 
nected capacitors 


When pole A is closed no current flows 
since the right-hand bank is ungrounded. 

The voltage across pole B is now 1.73 
times normal line-to-neutral voltage. 
The circuit to be completed when pole B 
closes has an impedance 2.0 times that of 
a single line-to-neutral phase. The maxi- 
mum transient current is, therefore, 
1.73/2=0.866 times that calculated from 
a line-to-neutral circuit. 

The voltage across pole C is now 1.5 
times normal line-to-neutral voltage as 
shown in Figure 7b. The circuit that 
will be completed when it is Closed has an 
impedance 1.5 times that of one phase. 
This circuit can be traced from X to N, 
through phases A and B to N’, thence to 
Y. The maximum transient current is 
hence 1.5/1.5=1.0 times that computed 
using the line-to-neutral circuit alone. 

It is concluded that the maximum 
transient current when paralleling star- 
ungrounded banks occurs when the third 
pole closes and is the same as for a 
star-grounded bank,* and hence can be 
calculated using one reference phase only. 

For delta capacitors of the same kilo- 
volt-amperes the impedances as viewed 
from the breaker are the same and hence 


*This statement applies to energizing discharged 
‘banks. Later paragraphs cover charged banks. 
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the currents are the same as for star- 
ungrounded banks. 


DovusLE-MAGNITUDE INRUSH CURRENTS 


Since the 60-cycle current passes 
through zero at crest voltage a capacitor 
is left fully charged when disconnected 
from the system. Consequently, if not 
discharged prior to re-energizing, the 
switch may close on double normal volt- 
age and result in a transient current 
twice that obtainable when energizing a 
fully discharged capacitor. 

When three-phase ungrounded capaci- 
tors, either star or delta, are disconnected 
from the system one line-to-line phase is 
left charged at 237 per cent voltage, as 
will be shown in the next section. An 
out-of-phase reclosure can result in an in- 
rush (1.73+2.37)/2=2.05 times the basic 
inrush given by Figure 6 and equation 2. 
Also, when a three-phase ungrounded 
capacitor is disconnected one phase is left 
charged at a voltage 2.05 above the aver- 
age of the other two. On reclosure with- 
out discharging, the third pole can ex- 
perience an inrush of (2.05-+1.50)/1.50= 
2.36 times the basic inrush. These are 
based on interruptions at normal current 


v '$000 amp 
a tb) 


zero such as were obtained throughout 
this series of tests. 


TRANSIENT-CURRENT TESTS 


With this preamble, the test results 
will now be considered to see how well 
they conform with expectations. The 
maximum transients were obtained with 
four banks already energized and the 
fifth switched on. As the capacitors were 
not de-energized between tests inrush 
currents up to 2.36 times the basic value 
were possible. The capacitors were 
switched on-off-on-off, and so on, while 
the films were being run. 

With four capacitors energized and a 
fifth one switched on, the reactances were: 


Xz, =0.00031 per unit =0.031 per cent 
X¢g=1.25 per unit =125 per cent 
X1(X¢/100) =0.039 per cent 
X1(100/X ¢) =0.025 per cent 
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From Figure 6 the maximum transient — 


current when energizing the discharged 
capacitor is 51 times normal, Upon 
energizing the capacitor left charged from 
a previous opening the inrush would be 
2.36 times 51 or 121 times normal. The 
maximum expected current is therefore 
121X148 amperes or 18,000 amperes 
rms. The expected frequency, from 
Figure 6, is 3,800 cycles. é: 

The maximum current obtained was 
13,200 amperes rms. It occurred at 
the closure of a second pole for which con- 


dition the theoretical maximum was ~ 


2.05 X51 X148= 15,000 amperes. The 
corresponding frequency as closely as 
could be measured was 3,000 to 5,000 
cycles. Figure 8 shows this particular 
film. The traces, distinct only on the 
original, have been strengthened. 

The 300-ampere refills used in the type 
BA-400 fuses would require 13,000 am- 
peres for 1.0 cycle to be damaged. The 
transient current decays to a negligible 
value in 0.25 cycle. 


RESTRIKING 


If, upon closing, the breaker contacts 
bounced open and the current remained 


Figure 8. Inrush-current oscil- 
lograms 

(a). Energizing 13,500-kva 

bank at end of long transmission 
line 

(b). Energizing discharged 


2,700-kva capacitor in parallel 

with 10,800-kva already ener- 
gized 

(c). Energizing charged 

2,700-kva capacitor in parallel 

with 10,800-kva already ener- 
gized 


zero for a half cycle, after charging the 
capacitor up to full voltage or higher the 
next closure would result in a very large 
current transient. However, no breaks 
in any of the current waves were noted 
after the initial closure of breaker con- 
tacts. Hence, this phenomenon did not 
occur. Double-magnitude transients 
were obtained, however, by energizing 
charged capacitors as outlined previously. 

Similarly, if while opening the are had 
restruck, inrush transients up to 2.37 
times the basic value would be obtained 
just as outlined under ‘‘Double-Magni- 
tude Inrush Currents.’’ However, no re- 
striking of any kind was observed in spite 
of high recovery voltages to be described 
later. 


: a 
DECREMENT OF TRANSIENT CURRENT 


The rate of decay of the transient cur- 
rent is of some importance, particularly 


* 
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_ bus voltages in a normal opening. After 
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where resistance is used between capaci- degrees after A current. From then on 
tors to limit the inrush current. The all three terminal voltages are fixed. 


classical expression for the ratio of suc- This type of opening was observed in 
cessive peaks is as follows. Refer to all cases except where poles were pur- 
Figure 4c. posely by-passed. The resulting volt- 
ages, given in Table III A, are well within 

e061 4/ CE (7) design expectations and the tests agree 
A with them as closely as the films can be 


read. Typical oscillograms are given in 


But this may be expressed in the per unit Figure 11, 


terms used heretofore. 


D=—0.5rR/ /XiXe (8) SPECIAL CONTROLLED-OPENING TESTS 


: pee For the purpose of studying other ap- 
The decrement D is plotted in Figure 9. plications in which the several poles might 
Due to decrement the maximum inrush 


peak is reduced to the ~/D times the 


be opened an appreciable time apart, 
special tests were made under controlled- 
opening conditions. 

In one set of tests one pole was perma- — 
nently opened and one pole permanently 
by-passed. All the switching was done 
on the third pole. As shown in Table 
IIIB, derived from Figure 10 and fully 
confirmed by the tests, the voltages to 
ground can be much greater in this case 
than with normal opening. Also twice 
normal line-to-line voltage, or 346 per 
cem of normal line-to-neutral voltage is 
obtained across the open breaker pole. 
This is also shown in Figure 11. 

In another series of tests one pole was 
by-passed, the other two poles operating 
normally. In this case the voltages de- 
pended on which of the two free phases 
opened first. The various voltages are 
listed in Table III C and all have been 
confirmed from various films similar to 
those of Figure 11. The highest capaci- 
tor-terminal voltage to ground is 337 per 
cent, but the highest voltage across a star 
capacitor leg is 137 per cent which is well 
within its short-time strength. 

The voltages across capacitor legs are 
independent of the manner in which the 
opening is controlled so long as current is 
interrupted at normal current zero. The 
first leg to open is always left with 100 per 
cent voltage and the next two with 37 per 


value with no decrement. However, if 
the peak-to-peak reduction is not over 20 
or 30 per cent the reduction of the first 
peak is very closely half of the peak-to- 


0 ia 2.0 


peak reduction. In the Newport News 
tests the ratio of successive peaks is 


about 0.8, Thus the maximum peak is 
only ten per cent less than with no decre- 
ment. This illustrates the small ap- 
proximation involved when decrement is 


VOLTAGE OR CURRENT 


neglected in calculating the first peak, 
unless, of course, resistance is purposely 


inserted. 


VOLTAGES WHEN SWITCHING OFF 


PHASE "A" OPENED ALONE 


B'AND "C"LEFT CLOSED 


(b) 


CAPACITORS 


Simce the current always opened at 
normal current zero in these tests, the 


voltages resulting can be readily calcu- 
lated. The voltages to ground, recovery 


voltages across circuit breakers, and the 
line-to-line and line-to-neutral voltages 
across capacitors following opening, are 
all of importance. They can be obtained 


from Figure 10 by noting the maximum 
values between various traces. The solid 


lines are the bus voltages on one side of 
the breaker, and the capacitor-terminal 


VOLTAGE OR CURRENT 


voltages are initially along these same 
traces. 

The dotted lines show the capacitor- 
terminal voltages as they depart from the 


current A is interrupted the correspond- 


ing capacitor terminal remains a fixed Figure 10. Bus and " PHASES "B"AND"C" OPENED PHASES "C’ AND "8" OPENED 
voltage above the average of B and C. capacitor _ terminal "A" LEFT CLOSED "A" LEFT CLOSED 

The B and C currents are interrupted 90 voltages to ground (c) (d) 
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cent and 137 per cent voltage (87 per 


cent+50 per cent). The highest voltage 
across a breaker pole is 410 per cent or 
2.36 times line-to-line voltage. In some 
cases this increase from 250 per cent 
with normal switching may be important. 


WAVE SHAPE 


The bus voltage and capacitor-current 
wave shapes are shown in Figure 12 for 
one, three, and five 2,700-kva units con- 
nected. It will be noted that harmonics 
are somewhat more prominent with three 
units in service than with either one unit 
or five units. This phenomenon has 
been observed previously,! namely, that 
harmonics tend to increase at first with 
addition of capacitors and then to de- 
crease after a maximum is reached. The 
harmonic currents are well within the 
limits of proper operation. 

Measurements taken throughout the 
day of the test show harmonics in the 
following ranges. As the readings oc- 
curred at different times the current and 
voltage ranges do not agree and the data 
are presented to show order of magnitude 
only. 


Figure 12. Bus-voltage and capacitor-current 
wave shapes 


(a). 2,700 kva connected 
(6). 8,100 kva connected 
(c). 13,500 kva connected 
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Voltage, Current, 

Harmonic Per Cent Per Cent 
3d, 180 cycles..... OS erie ase 2 

5th, 300 cycles..... Brith yeieleiots 3 23. 5-36 

7th, 420 cycles.....0,.25-1.6...... 6.3-13 


11th, 660 cycles. 
13th, 780 cycles. 


. Approximate 1 
. Approximate 1 


.Approximate 0.1. 
. Approximate 0.1. 


The maximum fifth harmonic current 
of 36 per cent corresponds to 2.6 per cent 
kilovolt-amperes in the capacitor (0.36?X 
1/5=0.026) whereas industry standards 
require provision for up to 35 per cent 
kilovolt-amperes to take care of over- 
voltage and harmonics. . 

The current and voltage waves of Fig- 
ure 12c, for the complete 13,500-kva bank 
in service, were analyzed by the Fischer- 
Hinnen graphical method and showed 3.9 
per cent fifth harmonic voltage and 18.6 
per cent fifth harmonic current. These 
are very closely in the expected one-to- 
five ratio. 


TIF—TELEPHONE INTERFERENCE 
FACTOR 


Current and voltage telephone interfer- 
ence factor readings are plotted in Figure 
13 as a function of the kilovolt-amperes of 
capacitors connected. The maximum 
value of both current and voltage tele- 
phone interference factor is reached with 
two 2,700-kva units in service and de- 
creases as more are added. The voltage 
telephone interference factor is about the 
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Figure 11. Oscillograms show- 
ing voltages during switching 


(a), (c). Disconnecting capaci- 
tor. with C phase opening first 


(b), (d). Disconnecting capaci- 
tors with B phase opening first 


(e). Disconnecting 13,500-kva 
capacitor from end of long trans- 
mission line ow 


In a, b, c, and d, pole A of the 
breaker was by-passed 


same with five units in service as with 
none. 

The voltage telephone interference fac- 
tor of 8 to 16 may be compared with the 
National Electrical Manufacturers Asso- 
ciation standard telephone interference 
factor limit of 50 for large synchronous 
machines. 


CASCADING CAPACITORS 


No ill effects were noted from the prac- 
tice of utilizing lower-voltage units in 
series to make up high-voltage capacitors. 
A considerable saving in critical materials 
and cost is realized thereby since most of 
the major insulation to ground is provided 
in simple apparatus insulators instead of 
inside of each capacitor between the foil 
bundle and the case. The resulting sav- 
ing in cost is indicated by the relative cost 
per kilovolt-amperes of 2,400-volt and 
11,000-volt units in Table I. 


Conclusions 


1. The voltage regulation when one 2,700- 
kva unit was switched on or off was one 
percent. This compares with two per cent 
given by the rough rule that voltage incre- 
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VOLTAGE TIF 


CURRENT TIF 


BANKS OF CAPACITORS CONNECTED | 


ay 
O 2700 5400 8100 10,800 13,500 16,200 
KVA OF CONNECTED CAPACITANCE 
Figure 13. Current and voltage telephone 
interference factor as a function of connected 
capacitor kilovolt-amperes 
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Characteristics of Chlorinated Impregnants 


in D-C Paper Capacitors 
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Synopsis: D-c capacitors of the impreg- 
nated-paper type play an important role in 
electronics equipment required by the armed 
services. In some of these applications good 
performance is required over very wide 
temperature ranges. A new chlorinated 
hydrocarbon composition which maintains 
reasonable capacitance constancy over a 
wide temperature range is described. The 
properties of this liquid are compared with 
conventional chlorinated impregnants. Since 
some alternating voltages usually accompany 
the direct voltages applied to capacitors, the 
a-c behavior over wide temperature and 
frequency ranges is described for capacitors 
impregnated with three different liquids. 
The effect of voltage and temperature on the 
resistance of capacitors is discussed. Con- 
siderable attention is devoted to the life 
behavior of capacitors impregnated with 
chlorinated liquids under d-c stresses at 
high temperatures. A life-testing procedure 
is described which has yielded very satis- 
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factory results on capacitors of varying sizes 
and ratings. A means for prolonging the 
life of capacitors impregnated with chlo- 
rinated impregnants involving the addition 
of stabilizers is discussed. Data show- 
ing effect of a number of stabilizers are pre- 
sented. Finally, some data are presented 
showing the effect of voltage on the life of 
d-c capacitors. 


HE enormous demand by the armed 
services for electronics equipment has 
not only resulted in a corresponding in- 
crease in capacitor production but also 
has emphasized the need for good per- 
formance of capacitors in a wide variety 
of service conditions. Impregnated- 
paper capacitors are used in filter circuits, 
tuned audio-frequency circuits, and in 
circuits requiring blocking and by-pass 
elements. In some of these applications 
the capacitor is subjected to direct volt- 
ages accompanied by small but not al- 
ways negligible alternating voltages. 
In other applications capacitors must 
withstand sustained direct voltages under 
high ambient temperatures. Hence, not 
only is the performance of the capacitor 
on high direct voltages important, but 
also its response to alternating voltages 
over wide temperature and frequency 
ranges. It is the purpose of this paper, 
therefore, to present data on both a-c and 
d-c properties which should be of aid in 
correctly applying capacitors containing 
chlorinated impregnants. 
The a-c properties of an impregnated- 


paper capacitor are determined by both 
the paper dielectric and the impregnant. 
However, if the impregnant is a polar 
material, such as chlorinated diphenyl, it 
usually plays a dominant role in deter- 
mining the a-c properties. Polar liquids 
depend on the rotation of molecules for 
part of the dielectric constant, and under 
certain conditions only part of the rated 
capacitance may be effective.. At the 
higher frequencies, particularly if com- 
bined with low temperatures, the part of 
the dielectric constant contributed by 
molecular rotation may be lost through de- 
creased response of the molecular dipoles 
to the applied field. A study of this 
problem led to the development of a new 
liquid composition which maintains its 
dielectric constant to considerably lower 
temperatures than is the case with the 
widely used chlorinated diphenyl im- 
pregnant. ~ 

The chlorinated aromatic hydrocarbons 
are known to have excellent electrical 
properties and stability toward oxidation. 
Despite this, however, a capacitor im- 
pregnated with them and subjected to a 
combination of sustained direct voltage 
and high temperatures has a definitely 
limited life. Capacitors of standard de- 
sign built to operate at ambient tem- 
peratures of 40-50 degrees centigrade will 
withstand high stresses for long periods 
of time, but must be operated at reduced 
stresses when ambient temperatures of 
75-85 degrees centigrade are encountered. 
Both high temperatures and sustained 
direct voltages are likely to be encoun- 
tered in d-c filters and in blocking and by- 
pass applications. It therefore becomes 
important to study the life behavior of 
any new material in the finished capacitor. 
To this end a life-testing procedure has 
been developed which will be described 
fully. This test has proved valuable in 
studying means for prolonging the life of 
a capacitor. One method of producing 
longer life, consisting of the addition of 


ment is the ratio of capacitor kilovolt- 
amperes to short-circuit kilovolt-amperes. 
This does not alter the capacitor kilovolt- 
amperes required to supply the needed 
kilovars but simply affects the voltage in- 
crement obtained per step. 


2. Inrush currents can be computed on a 
single-phase line-to-neutral base. If the 
maximum inrush when energizing one star 
leg, previously discharged, is termed the 
basic inrush, other values may be expressed 
as multiples thereof. A fully charged 
capacitor has a maximum inrush twice the 
basic value. Greater than normal charge is 
left on star-ungrounded or delta capacitors 
when disconnected and if they are energized 
without being first discharged, this may 
result in 2.36 times the basic inrush,. In- 
rush currents of 50 to 200 times normal 
represent the order of magnitude encoun- 
tered in paralleling capacitors of a bank. 


8. There were no current openings caused 
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by contact bouncing on breaker closure and 
no restrikings while opening and hence 
maximum inrush currents were not in- 
creased by such phenomena. 


4. When star-ungrounded capacitors are 
disconnected by well adjusted oil circuit 
breakers, two of the currents stop 90 degrees 
after the first. One hundred per cent of 
line-to-neutral voltage is left on the first leg 
of the capacitor and 37 per cent and 137 
per cent voltage on the other two legs. The 
maximum line-to-line voltage left on the 
capacitor is 237 per cent. The maximum 
voltage to ground is 150 per cent and the 
maximum recovery voltage across a breaker 
pole is 250 per cent. 


5. If the poles are opened individually 
with a cycle or more between, but the cur- 
rents are extinguished at normal current 
zero, the capacitors are left charged to the 
same voltages as above but the maximum 
voltage to ground is 337 per cent and the 
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maximum recovery voltage across an open 
breaker pole is 410 per cent or 2.36 times 
line-to-line voltage. 


6. The general characteristic of a system 
is for harmonics to increase at first as capaci- 
tors are added and then for the wave shape 
to improve as further capacitors are added. 
In this installation the hump of the curve 
was reached with two of the five units in 
service the telephone interference factor be- 
ing reduced as further units were added. 
For all conditions the harmonics were well 
within accepted industry levels. 


7. The capacitor is considered a highly 
satisfactory solution to the problem of sup- 
plying the needed kilovars under the condi- 
tions involved. 


Reference 


1. System Lower-Harmonic VOLTAGES— 
METHODS OF CALCULATION AND CONTROL BY 
Capacitors, W. C. Feaster, E. L. Harder. AIEE 
TRANSACTIONS, volume 60, 1941, pages 1060-6. 
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“DIELECTRIC CONSTANT ANO 
PERCENT DISSIPATION FACTOR 


A—Dissipation factor-conven- 
tional Inerteen 
B—Dielectric constant-conven- 
tional Inerteen © 
C—Dissipation factor—special 
Inerteen 
D—Dielectric constant-special 
Inerteen 


TEMPERATURE °C 


Figure 1. Dissipation-factor and dielectric- 

constant behavior as functions of tempera- 

ture for two chlorinated impregnants— 
measured at 60 cycles per second 


stabilizers to the impregnant, will be de- 
scribed. 


Physical and Electrical Properties of 
Several Chlorinated Impregnants 


Chlorinated aromatic hydrocarbons 
have found considerable use as impreg- 
nants in the electrical industry because of 
their good oxidation stability, nonin- 
flammability, and desirable electrical 
properties. These materials have largely 
replaced mineral oil and waxes as capaci- 
tor impregnants because of their higher 
dielectric constants and good stability 
under high stresses at moderate tem- 
peratures. These materials have been 
the subject of a number of investigations, 
and the results are reported in the litera- 
ture.1>4 While several types of chlo- 
rinated hydrocarbons have been used, the 
type which has come into the most ex- 
tensive use in capacitors is a chlorinated 
diphenyl averaging about five chlorine 
atoms per molecule. Some of the physi- 
cal and electrical properties of this liquid, 
which will be referred to hereafter as 
“conventional Inerteen”’ are given in the 
first part of Table I and by curves 4 and 
B of Figure 1. The electrical properties 
apply only after the liquid has been care- 
fully purified. 

As Table I shows, conventional In- 
erteen is a viscous liquid with a pour 
point of +10 degrees centigrade. Curve 


| 
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B of Figure 1 shows that the dielectric 
constant at 60 cycles begins to fall with 
decreasing temperature at about zero 
degrees centigrade. At higher fre- 
quencies the dielectric constant starts to 
fall at even higher temperatures as will 
become apparent later. For most nor- 
mal applications, and particularly in d-c 
filter circuits, this results in no serious 
difficulties. However, for certain uses, 
such as in tuned circuits and by-pass ap- 
plications, it is desirable to have a liquid 
which does not suffer a marked reduction 
in dielectric constant until considerably 
lower temperatures are reached. For such 
applications a new liquid composition 
was developed consisting of chlorinated 
diphenyl blended with a substantial por- 
tion of polychloroethylbenzene (nuclearly 
chlorinated). The properties of this 
liquid, which will be referred to here- 
after as ‘‘special Inerteen,”’ are given in 
the last column of Table I and by curves 
Cand D of Figure 1. 

Comparison of the properties of special 
Inerteen with those of conventional In- 
erteen shows that the former has con- 
siderably lower viscosity and pour point 
than the latter. This makes possible un- 
restricted rotation of dipoles in special 
Inerteen at 60 cycles down to about 
—40 degrees centigrade as curve D of 
Figure 1 shows. Thus, for any given 


Figure 2 (left). Capacitance-temperature 
behavior at various frequencies of capacitor 
impregnated with conventional Inerteen 


Figure 3 (right). Dissipation factor-tem- 

perature behavior at various frequencies of 

capacitor impregnated with conventional 
Inerteen 


frequency a capacitor impregnated with 
special Inerteen will maintain its capaci- 
tance to considerably lower temperatures 
than is the case for conventional Inerteen. 
Comparison of curves A and C of Figure 1 
shows that special Inerteen properly proc- 
essed has a dissipation factor at 60 cycles 
which is as low as that for conventional 
Inerteen in the 20-85 degrees centigrade 
temperature region. In this tempera- 
ture range, however, special Inerteen 
has a slightly lower dielectric constant 
than conventional Inerteen as indicated 
by curves B and D of Figure 1. This 
results in less than five per cent reduction 
in capacitance per unit of volume as com- 
pared with conventional Inerteen. Figure 
1 also shows the usual dissipation-factor 
peaks which always appear in polar sub- 
stances in the middle of the dielectric- 
constant dispersion region. 


Electrical Properties of Capacitor 
Impregnated With Chlorinated 
Impregnants 


EFFECT OF TEMPERATURE AND 
FREQUENCY ON CAPACITANCE 
AND DISSIPATION FACTOR* 


In the foregoing, the electrical prop- 
erties of the liquids alone have been 
treated. Of even more practical im- 
portance is the behavior of these liquids 
in combination with paper. The dissipa- 
tion factor and capacitance behavior over 
wide frequency and temperature ranges 
should be an invaluable aid in properly 
applying capacitors. As far as the 
writers know, such data have not pre- 
viously been published except for the 
case of a mineral-oil-impregnated capaci- 
tor.6 For this reason dissipation-factor 
and dielectric-constant data over the 
frequency range of 60 cycles to 1,000 kilo- 
cycles and the temperature range from 
—70 to +85 degrees centigrade were ob- 
tained on capacitors impregnated with the 
two synthetic liquids just described. 
For purposes of comparison with a non- 
polar impregnant, a similar study was also 
made on a mineral-oil-impregnated ca- 


* Dissipation factor is defined as the tangent of the 
loss angle or tan 6, whereas power factor is the sine 
of the loss angle or sin 5. For values of either less 
than 0.1 the two may be considered numerically 
equal for all practical purposes. 
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Figure 4. Capacitance-temperature behavior 
at various frequencies of capacitor impreg- 
nated with special Inerteen 


pacitor. The sample capacitors con- 
sisted of three layers of 0.4-mil kraft 
paper placed between aluminum-foil 
electrodes. The paper was carefully 
dried and thoroughly impregnated. 

Results of capacitance and dissipation- 
factor measurements for a capacitor im- 
pregnated with conventional Inerteen 
are given in Figures 2 and 3. The capaci- 
tance values are plotted in Figure 2 in 
per cent of the 60-cycle capacitance at 
25 degrees centigrade for five different 
frequencies. The accompanying dissipa- 
tion-factor data are presented in Figure 3. 
A similar set of data for a capacitor im- 
pregnated with special Inerteen is given 
in Figures 4 and 5. A third set of data 
for a mineral-oil-impregnated capacitor 
isshownin Figures6and 7. The mineral 
oil is of the highly refined and stabilized 
type, having a Saybolt viscosity at 100 
degrees Fahrenheit of 72 seconds and an 
American Society for Testing Materials 
pour point lower than —40 degrees centi- 
grade. 

It is interesting to contrast the capaci- 
tance behavior of the capacitor impreg- 
nated with the nonpolar mineral oil with 
those impregnated with the polar liquids. 
If we refer to Figure 6, it is evident that 
in the case of the mineral-oil-impregnated 
capacitor, the capacitance decreases grad- 
ually with decrease in temperature at all 
of the frequencies. This behavior is de- 
termined largely by the paper since the 
oil alone would be expected to show a 
slight increase in capacitance with de- 
crease in temperature because of corre- 
sponding increase in density. Itshould be 
noted also that the rate of decrease of ca- 
pacitance with decrease in temperature be- 
comes greater with increasing frequency. 
Examination of Figure 6 shows that at 
—40 degrees centigrade, for example, the 
capacitance at 60 cycles is more than 99 
per cent of 25 degrees centigrade value. 
At one megacycle and —40 degrees centi- 
grade, however, the capacitance is only 
84.5 per cent of the 25 degrees centigrade— 
60 cycle value. This may be taken as the 
most constant capacitance characteristics 
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obtainable with an impregnated paper 
capacitor. Other mineral oils with higher 
liquid-to-solid transition temperatures 
result in decidedly greater decrease in 
capacitance at low temperatures. 

In the case of the capacitors impreg- 
nated with the chlorinated polar liquids, 
the capacitance behavior is somewhat 
different as Figures 2and4show. Inthe 
higher-temperature region there is at 
first a slight increase in capacitance with 
decrease in temperature, which is followed 
by a sharp decrease in capacitance with 
further decrease in temperature. It is 
also apparent that the region of sharp 
decrease in capacitance, known as the 
dispersion region, is shifted to successively 
higher temperatures with increasing fre- 
quency. These capacitance changes are 
determined largely by the polar liquids 
and the paper plays only a secondary role. 

Comparison of the capacitors impreg- 
nated with the two polar liquids brings 
out some interesting facts. Figure 2 
shows that for conventional-Inerteen- 
impregnated capacitors, the capacitance 
at —40 degrees centigrade and 60 cycles 
falls to approximately 70 per cent of the 
25 degrees centigrade value. At one 
megacycle, the capacitance is reduced to 
60 per cent of the 25-degree-centigrade 
60-cycle value. For special-Inerteen- 
impregnated capacitors, on the other 
hand, the capacitance at —40 degrees 
centigrade and 60 cycles is still 95 per cent 
of the 25 degrees centigrade value. At 
one megacycle and —40 degrees centi- 
grade, however, the capacitance of the 
special-Inerteen-impregnated capacitor is 
only slightly higher than that for conven- 
tional-Inerteen-impregnated capacitors. 
Thus, it is evident that a special-Inerteen- 
impregnated capacitor may be used in 
those applications where reasonable 
capacitance constancy is desired over a 
wide temperature range, particularly at 
the lower frequencies. In this respect, 
special Inerteen is intermediate between 
mineral oil and conventional Inerteen 
but with the distinct advantage over 
mineral oil of higher dielectric constant. 

If we pass now to the dissipation- 
factor behavior, Figure 7 shows that the 
mineral-oil-impregnated capacitor has the 
broad dissipation-factor peaks character- 
istic of cellulose. It is well known that 
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Figure 5. Dissipation factor—-temperature 
behavior at various frequencies of capacitor 
impregnated with special Inerteen 


cellulose exhibits polar properties. Some 
interesting data on cellulose and cellulose 
derivatives are reported by Stoops.°® 
Since the mineral oil investigated in this 
case is nonpolar, that is, it has no per- 
manent dipole moment, the polar char- 
acteristics of the impregnated capacitor 
are entirely determined by the paper. It 
should be noted that the peaks in Figure 
7 shift to successively higher temperatures 
with increasing frequency. Furthermore, 
the peaks are located in the middle of the 
capacitance dispersion regions given in 
Figure 6, as is required by dipole theory. 

The characteristics of the capacitors 
impregnated with the polar liquids are 
quite different from those of the mineral- 
oil-impregnated capacitor. Figure 3 
gives the data for conventional Inerteen. 
It is seen that the experimenal data were 
not sufficient to outline the peaks in de- 
tail, and hence they were drawn in an ap- 
proximate manner as is indicated by the 
dashed lines. However, it will be noted 
that the peaks are much higher and much 
sharper than for the mineral-oil-impreg- 
nated capacitor. In this case the polar 
behavior of the liquid and cellulose are 
superimposed, and that of the liquid is 
pronounced enough to mask that of the 
cellulose. The dissipation-factor curves 
for special Inerteen, shown in Figure 5, 
are somewhat intermediate between the 
other two. The peaks are broader for 
special Inerteen than for conventional 
Inerteen because of a greater distribution 
of relaxation times brought about by the 
greater molecular complexity of the 
former. 

In addition to the frequency and tem- 
perature effects on the dissipation factor 
of a capacitor impregnated with chlorin- 
ated impregnants, there is also a voltage 
effect at the lower frequencies and the 
higher temperatures. This is indicated 
by the two branches of the 60-cycle curve 
marked A and B of Figure 5. Branch 
A was determined at voltages of the order 
of 20 volts per mil, whereas branch B was 
determined at 200 volts per mil. The 
effect of voltage on dissipation factor is 
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illustrated in more detail for both of the 
chlorinated impregnants in Figures 8 and 


9. This behavior is caused by the re- . 


stricted motion of ions in the pores of the 
paper. The theory is very lucidly de- 
scribed by Garton’ and will not be re- 
peated here. This phenomenon also has 
been observed in oil-impregnated paper, 
but the effect is not so pronounced. At- 
tention should be called to the fact that 
all of the data of Figures 3, 5, and 7 were 
determined at low-voltage stresses ex- 
cept at 60 cycles and then only in the 
higher-temperature region. The voltage 
effect appears to be negligibly small 
above 10 kilocycles even at 85 degrees 
centigrade. 

If we consider the dissipation-factor 
data from the practical point of view, it is 
evident that high dissipation factors are 
encountered at the higher frequencies, 
regardless of the impregnant that is used. 
At one megacycle, even the mineral-oil- 
impregnated capacitor can have a dis- 
sipation factor greater than 0.03. In the 
case of capacitors with the chlorinated 
impregnants, considerably higher values 
are possible. Of course, if voltage of a 
given frequency is applied at a tempera- 
ture where the dissipation factor is near 
a maximum, heat is generated which 
raises the temperature of the capacitor, 
thus tending to reduce the losses. How- 
ever, at high ambient temperatures even 
these reduced a-c losses when added to the 
d-c losses may bring about thermal in- 
stability. 

Therefore, the designer of electronic 
equipment should consider the reaction 
of the circuit to capacitance and dissipa- 
tion-factor changes with temperature 
and frequency. Furthermore, he should 
not overlook the possibility of thermal 
instability arising in the capacitor through 
superposition of a-c losses on the d-c 
losses, especially if the ambient tempera- 
ture is high. He should remember also 
that the average d-c impregnated-paper 
capacitor is not designed to carry large 
currents in attempting to apply it in 
circuits involving alternating voltages. 
In the higher -frequency by-pass applica- 
tions, for example, the alternating cur- 
rents can become quite large even though 
the alternating voltage impressed on the 
capacitor be small. Such currents will 
add to the total heat generated through 
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Figure 6 (left). Capacitance-temperature 
behavior at various frequencies of capacitor 
impregnated with mineral oil 


Figure 7 (right). Dissipation factor—tempera- 
ture behavior at various frequencies of capaci- 
tor impregnated with mineral oil 


I?R losses in the leads and even the metal 
foils. In many cases of this kind specially 
designed high-current capacitors should 
be used. 


EFFECT OF VOLTAGE AND TEMPERATURE 
ON RESISTANCE 


The strictly d-c losses in a capacitor 
are determined by its resistance. Not 
only is the magnitude of the resistance 
important, but also its change with tem- 
perature and voltage. It has been the 
practice in the capacitor art to report 
resistance values as the product of the 
resistance in megohms and the capaci- 
tance in microfarads or RC. This not only 
gives the internal time constant of the 
capacitor, but also places capacitors of 
the same voltage rating but of different 
capacitances on the same basis. It is 
easy to see that the latter is true, when it 
is realized that, for the same thickness of 
dielectric, the resistance varies inversely 
as thearea of the dielectric, and thecapaci- 
tance varies directly as the area. Since 
resistance varies with time of application 
of voltage, it is customary to read the re- 
sistance a fixed time after applying the 
voltage. In this work readings were taken 
two minutes after application of voltage. 
The previous history of voltage applica- 
tion to the capacitor is also important. 
In order to avoid polarization effects,’ it 
is advisable to short-circuit the terminals 
for a time before making the test. 

Figure 10 gives some typical data for 
one-microfarad units impregnated with 
the chlorinated impregnants. Several 
of the curves are for stabilized liquids. 
The function of stabilizers will be dis- 
cussed more fully in the next section. It 
should be noted that the resistance de- 
creases not only with temperature but 
also with voltage. At 25 degrees centi- 
grade there is little difference between the 
two liquids, even with stabilizers added, 
and the values usually fall within the 
shaded area between the curves. Such 


Berberich, Fields, Marbury—Chlorinated Impregnants 


20 
TEMPERATURE — °C 


variations as do exist are due more to 
minor variations in processing than to 
differences in the impregnants. 

At the higher temperatures conventional 
Inerteen usually results in a capacitor 
with slightly higher resistance than is the 
case with special Inerteen. Some stabi- 
lizers, such as the one referred toin Figure 
10, reduce the resistance somewhat 
though not seriously. In general, the 
resistance is a sensitive function of the 
processing, and careful processing is ex- 
tremely important in maintaining high 
resistance. At normal ambient tempera- 
tures and voltage stresses the resistance 
of capacitors made with either liquid is 
high enough to be of little concern to the 
user. However, the fact that the resist- 
ance decreases with both temperature and 
voltage is an important consideration in 
establishing a life-testing procedure which 
will now be discussed. 


Life Behavior Under D-C Stress 


DESCRIPTION OF TESTING PROCEDURE 


It is most important that a capacitor 
have a long life under the temperature 
and voltage-stress conditions for which it 
was designed to operate. Unfortunately, 
tests under such conditions would re- ~ 
quire so long a time that it would be al- 
most impossible to evaluateadvancements 
in the art. Therefore, it is necessary to 
resort to an accelerated test in which the 
voltagestress or temperature or bothexceed 
normal values. Extreme care, however, 
must be exercised in choosing the con- 
ditions in order to avoid introducing some 
factor which does not obtain in service. 
For example, if the voltage stress is too 
high, internal ionization may take place, 
or, if the temperature is too high, a differ- 
ent typeofchemicalactionmay beinduced. 
Also, excessive temperatures or voltages 
may result in internal thermal instability, 
a condition which would be predicted by 
the rapid decrease of resistance with in- 
creasing temperature and voltage as in- 
dicated in Figure 10. ; 

The actual test conditions used to ob- — 
tain the results of this investigation were 
chosen after considerable exploratory work 
at voltage stresses in the range from 500 
to 1,500 volts per mil and temperatures 
varying from 70 to 100 degrees centi- 
grade. It was found that the thermal 
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DISSIPATION FACTOR 


60 CYCLE APPLIED STRESS 
RMS VOLTS PER MIL 


Figure 8. Dissipation factor—voltage charac- 
teristics of capacitors impregnated with con- 
ventional Inerteen 


rise in even the small commercial units 
has an effect on the life when tested at 
stresses and temperatures which will 
produce failures in less than one month. 
Under such conditions even the capacitor 
case may reach temperatures appreciably 
above ambient. Lowresistance and large 
size of test unit, of course, will accentuate 
both the internal rise and the case rise 
aboveambient temperature. Sucha test, 
therefore, would not be indicative of the 
true life, since the result would be de- 
termined by these factors rather than the 
inherent chemical and electrical stability 
of the dielectric. 

The insulation rise above test tempera- 
ture reduces the resistance still further, 
thereby tending to make the rise greater 
until a critical condition is reached, after 
which the specimen will fail in a few hours 
as a result of cumulative heating. For 
example, aone-microfarad 500-volt capaci- 
tor tested at twice rated voltage in 
quiescent air at 75 degrees centigrade be- 
came thermally unstable and drew 35 
watts before the actual breakdown 
occurred after less than 24 hours on test. 
The dark brown color of the paper dielec- 
tric indicated that temperatures in excess 
of 150degreescentigradehad beenreached. 

The temperature-rise variable has been 
largely eliminated in all of the experi- 
mental capacitors used in this work by 
stressing only a small part of the avail- 
able volume. Commercial 600-volt two- 
microfarad units, were used in which 
regular production was duplicated, ex- 
cept that the length of one foil was re- 
duced to a few feet nearest the outside 
of the case. The dielectric consisted 
of three sheets of 0.4-mil kraft paper 
which upon impregnation with the chlo- 
rinated impregnants yielded a capacitance 
of approximately 0.25 microfarad. Such 


“capacitors do not show arise in case tem- 


perature over an ambient temperature of 
85 degrees centigrade even when stressed 
at 1,200 volts per mil. These experi- 


mental units are useful particularly in — 


studying the chemical and electrical 


stability of the dielectric and in investigat- 
ing the effect of addition agents to the 
impregnant. Data on these small units 
can be applied in arriving at the life of 
much larger capacitors in which the actual 
hot-spot temperature is known or can be 
computed, 

There is a necessity, however, for some 
tests which will integrate all variables 
and directly compareall sizes of capacitors. 
Although the internal rise varies somewhat 
with the resistance and+size of the unit, a 
considerable degree of success at stand- 
ardization of tests has been achieved by 
keeping the case temperature within a 
few degrees of ambient temperature by 
means of air circulation. It was found 
that the case-temperature rise of most 
units could be held close to the desired 
ambient temperature by forcing air 
around them at velocities as low as 100 
feet per minute. The actual air velocity 
required is not only a function of the size 
and the resistance of the unit, but also of 
the time in which it is desired to produce 


DISSIPATION FACTOR 


te} 40 80 120 160 
60 CYCLE APPLIED STRESS 
RMS VOLTS PER MIL 


Figure 9. Dissipation factor—voltage charac- 
teristics of capacitors impregnated with special 
Inerteen 


©—Unstabilized Inerteen 
A—lInerteen plus 0.5 per cent stabilizer 1 


failures. There is, however, an obvious 
limit to which the testing time can be 
shortened, particularly on large units, be- 
cause of the internal temperature gradi- 
ent. An air velocity of approximately 
250 feet per minute was finally used in 
this work, because it produced results in 
the desired time without excessive tem- 
perature rise. Attention was given to 
the uniform spacing of the units and even 
to the paint finish which may affect the 
outcome of a test near the point of ther- 
mal instability. 

In tests of this nature, voltage usually 
is applied to a considerable number of 
units in parallel. Unless precautions are 
taken, the surge resulting from the failure 
of one unit can cause damage to the re- 
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maining units under test. This problem 
was solved by placing a resistor and a 
0.125-ampere fuse wire in the ground 
return lead of each unit. The length of 
the fuse wire was such that an are could 
not be maintained across its terminals. 
The use of a series resistor not only re- 
duced the surge on the remaining units, 
but also provided a means for measuring 
the leakage currents from time to time. 
A vacuum-tube voltmeter connected 
across the resistor served as a microam- 
meter. In the case of the larger units, a 
milliammeter could be shunted across 
the resistor and the current read directly, 
because the resistance of the milliam- 
meter was small compared with that of 
the resistor. This made it possible to 
read the leakage currents without even 
momentary interruption of the test. 


Lire-TEst “RESULTS AND DISCUSSION 


Beside determining the life behavior 
of conventional-Inerteen- and_ special- 
Inerteen-impregnated capacitors, one of 
the principal purposes of this investiga- 
tion is to ascertain how the life of these 
capacitors can be prolonged. McLean 
and coworkers® made an extensive study 
of the behavior of capacitors impregnated 
with chlorinated naphthalene under sus- 
tained direct voltage. They present 
some data which show that a chlorinated- 
diphenyl-impregnated capacitor possesses 
a higher order of stability than one im- 
pregnated with chlorinated naphtha- 
lene. They also present evidence that the 
mechanism of failure is essentially the 


S200 400 600800 

VOLTS PER MIL 

Figure 10. Resistance characteristics of one- 
microfarad 5,000-volt d-c capacitors—two- 
minute values 


A—Conventional Inerteen 
B—Conventional Inerteen plus 0.1 per cent 
stabilizer 1 
C—Special Inerteen plus 0.5 per cent ste- 
bilizer 1 
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Table |. Some Physical and Electrical Prop- 
erties of Chlorinated Capacitor Impregnants* 


Conventional Special 
Inerteen Inerteen 


Density 25/25 Cia wecwvieweess 1542 ea 1.525 
Refractive index—25 C........ 1.638. .... 1.614 
Pour point—ASTM—degrees 

Centigrade sn qyenpaete oes LO Kerta atd —28 
Flash point—open cup, degrees 

CONLIPEAGEs veils: crea, lok ic ste onesie. 180 
Fire point—open cup, degrees 

ROHUETACE a in acsteraetsieseae is ietons None..... None 
Viscosity—Saybolt seconds at 

iO) Sc AA ec es Moe mae 2,800)... 125 
Viscosity—Say bolt seconds at 

DUDE IP, Vee stereseeett tepeicuete ove ouete CN oot ys 35 
Dissipation factor at 25 C— 

DEL CEE ee ae teen ed es ses <I s e <0.1 
Dissipation factor at 85 C— 

Pen centers kA wee cide ert OSL ins a 0.1 
Dielectric constant at 25 C**.... 5.0..... 4.5 
Dielectric constant at 85 C**.... 4.5..... 4.0 


* All values of the various properties listed are 
approximate only, and they may vary slightly from 
batch to batch. 


*%* All dissipation-factor and dielectric-constant 
values were determined at a frequency of 60 cycles 
per second after the liquids had been subjected to 
a thorough purification treatment. 


same in both cases. It starts with the 
splitting off from the chlorinated-hydro- 
carbon molecule of hydrogen chloride 
which attacks the aluminum foil to form 
aluminum chloride. Aluminum chloride 
in turn catalyzes further decomposition 
of the impregnant and perhaps even the 
paper. 

The application of d-c stress plays a 
dominating role, as is indicated by the 
finding that the life under a-c stress is con- 
siderably longer than with d-c stress of 
comparable magnitude, other conditions 
being the same. Some electrolysis phe- 
nomena, which would be expected to be 
more severe with direct than with alter- 
nating current, undoubtedly take place. 


LEAKAGE CURRENT~MICROAMPERE S 


“TIME ON LIFE TEST-HOURS 
Figure 11. Leakage current as a function of 
time on d-c life test at 1,000 volts per mil 
and 85 degrees centigrade for 0.25-micro- 
Farad capacitor made with three sheets 0.4- 
mil kraft paper and impregnated with conven- 
tional Inerteen 


A—Conventional Inerteen, unstabilized 

B—Conventional Inerteen plus 0.1 per cent 
stabilizer 1 

C—Conventional Inerteen plus 0.1 per cent 
stabilizer 5 

X—Denotes failure 
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Inerteen, unsta-_ 
bilized 
.B—Special Inerteen plus 0.1 
per cent stabilizer 1 
C—Special Inerteen plus 0.5 
per cent stabilizer 1 


X—Denotes failure 


A—Special 


LEAKAGE CURRENT - MICROAMPERES 


Figure 12. Leakage current as a function of 
time on d-c life test at 1,000 volts per mil 
and 85 degrees centigrade for 0.25 microfarad 
capacitor made with three sheets 0.4-mil kraft 
paper and impregnated with special Inerteen 


On the assumption that hydrogen chlo- 
ride is the chief product of this electrolytic 
action, an attempt was made to find 
chemical compounds which when added 
to the chlorinated impregnants would 
prolong the life of the capacitor. Such 
addition compounds are usually referred 
to as stablizers. The possibility of stabi- 
lizing chlorinatedimpregnantsissuggested 
by McLean and coworkers.° 

That effective stabilizers for chlorinated 
impregnants can be found is illustrated 
in Table II. The various materials 
added to the impregnants are referred to 
by number since a detailed discussion 
of the chemistry of stabilization is beyond 
the scope of this paper. The tests were 
made on experimental units previously 
described. It will be noted that the 
RC values for capacitors impregnated 
with both conventional and special In- 
erteen vary somewhat. This is attrib- 
uted in part to small processing varia- 
tions which did not appreciably affect the 
life behavior. Some stabilizers reduce 
the RC values for both liquids while 
others result in increased RC values. 
Stabilizer 5, which produces a fivefold 
increase in life when 0.1 per cent is added 
to conventional Inerteen, is an example of 
the latter. 

Table II shows also that, not only does 
special Inerteen have approximately the 
same life as conventional Inerteen, but 
also that stabilizers are equally effective 
in both liquids. The life usually can be 
increased by increasing the amount of 
stabilizer. For example, special Inerteen 
with 0.1 per cent by weight of stabilizer 
1 has an average life of 384 hours under 
the conditions of test. Increasing the 
stabilizer content to 0.5 per cent results 
in a life in excess of 3,000 hours, despite 
the reduced RC value. 

Additional data obtained on experi- 
mental capacitors showing the relative 
behavior of the two liquids are given in 
Figures 11 and 12. In these, the leakage 
currents under test conditions are plotted 
as a function of time. The degree to 
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which results can be duplicated is in- 
dicated by the twin curves shown. In 
many cases, warning of impending fail- 
ure was given by a rapid rise in leakage 
current, although this was not always the 
case. Comparison of Figures 11 and 12 
shows that the two chlorinated impreg- 
nants have quite comparable behavior. 

In the case of special Inerteen with 
0.5 per cent of stabilizer 1, it is observed 
that the leakage current was rather high 
at the beginning of the test. As the test 
proceeded, however, there was a gradual 
decrease in current, and after 3,000 hours 
the leakage current approached that of 
lowest value observed for an unstabilized 
capacitor. A lesser amount of the same 
stabilizer in conventional Inerteen also 
shows some decrease in leakage current 
before the final rise preceding failure, as 
is indicated in Figure 11. However, not 
all stabilizers behave in this manner. 
If we refer again to Figure 11, it is ob- 
served that the leakage current in the 
case of curve C not only is low but re- 
mains practically unchanged until the 
final rise takes place. This class of 
stabilizer is preferable to one of which 
stabilizer 1 is an example. 

Figure 13 gives some typical results 
obtained on commercial units impreg- 
nated with conventional Inerteen. Simi- 


LEAKAGE CURRENT -MiLLIAMETERS 
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_ TIME ON LIFE TEST ~ HOURS | 


Figure 13. Leakage current as a function of 

time on d-c life test at 1,160 volts per mil and 

85 degrees tentiiede for 1 .0-microfarad 
5000-volt capacitors 


A—Conventional Inerteen 

B—Conventional Inerteen plus 0.1 per cent 
stabilizer 1 

X—Denotes failure 


- 
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lar results were obtained with special 
Inerteen. The tests were conducted 
according to the special procedure already 
described. The general behavior is the 
same as that observed in the smaller 
experimental units, as a comparison with 
Figure 11 will show. It should be noted, 
however, that, even though the stress is 
somewhat higher, a slightly longer life 
was observed for the larger units than for 
the small units of Figure 11. This is 
attributed to the use of a greater number 
of sheets of paper in the larger units. 
The greater the number of sheets of paper 
the less is the probability of superposition 
of conducting particles or other defects. 
This fact has been appreciated, and allow- 
ance is made for it in practical capacitor 
designs. 


EFFECT OF VOLTAGE ON LIFE 


So far, all of the life data presented 
on capacitors impregnated with the two 
chlorinated impregnants are for voltage 
stresses in the neighborhood of 1,000 
volts per mil. For obvious practical 
reasons it is important to be able to 
predict the life at other voltage stresses. 
The following power law has been used 
for many years to express the life of im- 
pregnated paper as a function of voltage 
stress: 


L,=Ly, (B2/E)” 


where J; is the life at the higher voltage 
stress £,, L» is the life at the lower stress 


», and n is a number reported by various © 


investigators®." to range between 4 and 8. 
Brotherton,” reporting on some recent 
work of this character carried out at the 
Bell Telephone Laboratories, states that 
nm vaties from 4 to 6 for capacitor im- 
pregnants in general use at the present 
time. 


Work of this nature is very time-con- 
suming, and many capacitors must be 
tested to destruction over both a range of 
voltage and arange of temperature. The 
data available at the present time, ob- 
tained at several voltages and 85 degrees 
centigrade on conventional Inerteen, both 
unstabilized and stabilized, are presented 
in Table III. The data are based on a 
large number of experimental capacitors 
constructed and processed in an identical 
manner. Those few capacitors which 
failed in a short time because of construc- 
tional and material defects were elimi- 
nated from consideration. 


Examination of Table III reveals that, 
for conventional Inerteen under the con- 
ditions of test, 7 varies from a maximum 
of 5.1 to a minimum of 3.2 with an 
average value of 4.3. For the same im- 
pregnant with stabilizer 1 added, the 

- corresponding values are somewhat higher 
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Table Il. D-C Life of Impregnated-Paper 
Capacitors at 85 Degrees Centigrade 
and 1,000 Volts Per Mil 


Capacitors Consist of Three Sheets of 0.4-Mil 
Kraft Paper and Aluminum Foils 


RC at 85 C 
Megohms-— Average Life 
Impregnant Microfarads (Hours) 
Conventional Inerteen..... ZIAD cee ws 120 
Same plus 0.1% ‘ 

Stabilizer’: Viiacusy setercen alin Oiateraraters7 ae 336 
Same plus 0.1% 

Stabilizer Qari crepe ae Stare ae 288 
Same plus 0.1% 

Stabilizer. ayaa veces me's BOwdweree ss 360 
Same plus 0.1% 

Stabilizer Ayia feces ntl fe Dawahlas eis 432 
Same plus 0.1% 

StabilizerOcm. ws eleae eels Dein vik ie 600 
Same plus 0.1% 

Stabilizer) Got. cn sist ok ee Fe Alte 228 
Special Inerteen........... DEAD veciarasaterd 120 
Same plus 0.1% 

stabilizet eee vances 20-27.... . 384 
Same plus 0.5% 

Stabilizer) Dep,. vast sts aise 18-25...:.. <3,000 


However, before it can be concluded that 
stabilizers raise the value of m, many more 
tests must be made on other stabilizers. 
The average values of m found in this work 
lie within the range reported by Brother- 
ton. Because of the similarity in chemical 
structure of two impregnants, it is to be 
expected that special Inerteen should show 
approximately the same value of m as 
for that conventional Inerteen. 


Conclusions 


The more important results of this in- 
vestigation which deserve emphasis are 
the following: 


1.. The a-c characteristics of the capacitor 
are important to the proper performance of 


Table Ill. D-C Life as a Function of Voltage 
Stress at 85 Degrees Centigrade on Experi- 
mental Capacitors Made With Three Sheets of 
0.4-Mil Kraft Paper and Aluminum Foil— 
Capacitance 0.25 Microfarad 


Life—Hours 
720 Volts 1,000 Volts 
Per Mil Per Mil n 


For Conventional Inerteen 


-Maximum,....... hi: 8: er ea DAR igercicls px 5.1* 
AG Gob boob 10 Nae RIE eke W20 ict oiasaterk 3.2** 
AV OREO Sidi fella DOD cre aie aj ake US Ohes covae 4.3 


For Conventional Inerteen Plus 0.1 Per Cent 
Stabilizer 1 


Maximum,....... TO ZG FNS ater. 2 BAG irae tats 6.3* 
Minimum........ L2G a ofei es 5 DAO eae Sets 3.7** 
ASCFAZE lee. ghee WD SE epee so Oe: Gaeta 4.8 


* Based on maximum life at 720 volts per mil and 
minimum life at 1,000 volts per mil. 


** Based on minimum life at 720 volts per mil and 
maximum life at 1,000 volts per mil. 


both the circuit and the capacitor in circuits 
involving alternating as well as direct volt- 
ages. 


2. Paper capacitors impregnated with con- 
ventional chlorinated diphenyl show a con- 
siderable decrease in capacitance at low tem- 
peratures. 


38. A recently developed chlorinated-liquid 
composition maintains reasonably constant 
capacitance to considerably lower tempera- 
tures than is the case with the chlorinated- 
diphenyl impregnant. 


4. Accelerated life testing, properly carried 
out and interpreted, is an important tool in 
evaluating new materials and processes. 


5. The life of a paper capacitor impreg- 
nated with chlorinated-hydrocarbon liquids 
when subjected to high d-c stresses decreases 
appreciably with increase in temperature. 


6. The life of a chlorinated liquid impreg- 
nated capatitor at high d-c stress, and tem- 
perature can be increased markedly by the 
addition of stabilizers to the impregnant. 


7. The increase in life of a capacitor con- 
taining a chlorinated impregnant is a func- 
tion of the amount of stabilizer added. In 
some cases, approximately tenfold increase 
in life is obtained when the amount of 
stabilizer added is increased from 0.1 to 
0.5 per cent. 


8. The life of a chlorinated diphenyl im- 
pregnated capacitor under d-c stress at 85 
degrees centigrade varies inversely as 4.5th 
power of the voltage applied. 


References 


1. NONFLAMMABLE DIELECTRIC ORGANIC CoM- 
pounps, F, M. Clark. Industrial and Engineering 
Chemisiry, volume 29, 1937, pages 698-702. 


2. Drerecrric-Loss CHARACTERISTICS OF A CHLO- 
RINATED DIPHENYL, W. Jackson. Proceedings 
Royal Society (London, England), volume 153A 
1935, pages 158-66. 


3. Two Types oF DIELECTRIC POLARIZATION, 
S. O. Morgan. Transactions Electrochemical So- 
ciety, volume 65, 1934, pages 109-18. 


4. Tue DIeLecTRIC PROPERTIES OF CHLORIN- 
ATED DrpHEenyts, A. H. White, S. O. Morgan. 
Journal Franklin Institute, volume 216, 1933, pages 
635-44. 


5. IMPORTANT PROPERTIES OF ELECTRICAL INSU- 
LATING Papers, H. H. Race, R. J. Hemphill, H. S. 
Endicott. General Electric Review, volume 48, 
1940, pages 491-9. 


6. THe DIeLectrrRiIc PROPERTIES OF CELLULOSE, 
W. N. Stoops. Journal American Chemical So- 
ciety, volume 56, 1934, pages 1480-3. 


7. Dre_ecrric Loss In THIN Fits oF INSULAT- 
ING Ligurps, C. G. Garton. Journal Institution of 
Electrical Engineers (London, England), volume 
88 III, 1941, pages 23-40. 


8. IMPREGNATED PAPER INSULATION (book), J. B. 
Whitehead. John Wiley and Sons, Inc., New York, 
N. Y., 1935. Also Lectures on Dielectric Theory 
and Insulation (book), J.B. Whitehead. McGraw- 
Hill Book Company, Inc., New York, N. Y., 1927. 


9. Paper DIELECTRICS CONTAINING CHLORIN- 
ATED IMPREGNANTS, D. A. McLean, L. Egerton, 
G. T. Kohman, M. Brotherton. Industrial and 
Engineering Chemisiry, volume 34, 1942, pages 
101-09. 


10. Paper Capacitors UNpeR Direct VOoLt- 
aces, M. Brotherton. Proceedings Institute of 
Radio Engineers, volume 32, 1944, pages 139-43. 


Berberich, Fields, Marbury—Chlorinated Impregnants 1179 


The Design of Low-Voltage Welding 


Power Distribution 


COMFORT A. ADAMS 


FELLOW AIEE 


JOHN R. FETCHER 


ASSOCIATE AIEE 


ARTHUR C. JOHNSON _ 


ASSOCIATE AIEE 


bout 


Synopsis: This paper is an effort to 
state clearly and to present a solution for 
the problems encountered in the design of 
one of the vital constituents of a-c resist- 
ance-welder power supply—the low-voltage 
feeder. The scope of the paper is much 
wider, however, since the determination of 
design loads from the probability standpoint 
for the purpose of determining maximum al- 
lowable impedance and expected tempera- 
ture rise is a problem encountered in the 
design of all equipment common to a number 
of resistance-welding installations. 
The topics considered in the paper are: 

1. | Definition of voltage regulation as it applies to 
resistance-welding equipment. 


2. Establishment of a criterion of good voltage 
regulation as defined. 


3. Application of the theory of probability to the 
determination of maximum tolerable impedance 
and minimum copper section consistent with safe 
operating temperature. 


4. Calculation of reactance of the closely spaced 
rectangular bar bus-type feeder, which the authors 
believe is best suited for the job, and its nearest 
competitor for low reactance, the concentric tubular 
feeder. 


5. Calculation of maximum current capacity in 
terms of allowable temperature rise in the afore- 
mentioned type of bus feeders. 


6. Determination of force between conductors in 
flat bar bus under short-circuit conditions. 


7. The complete design of a feeder starting with 
typical data. 


ROM the standpoint of voltage regu- 
F ation, as well as from that of the sup- 
ply system, the a-c resistance welder is 
the black sheep of electric receiving ap- 
paratus. It combines in one type of load 
practically all of the undesirable features 
a load can have: high instantaneous de- 
mand, poor power factor, and low aver- 
age power requirements. However, care- 
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ful analysis of the problems involved can 
make it possible to arrive at designs of 
welding machines and associated equip- 
ment which will minimize the effects of 
these characteristics. It is one of these 
pieces of associated equipment, the 
welder supply feeder or bus, with which 
we are concerned. 


, 


Voltage Regulation 


The ideal condition for a power supply 
is such that, when the welding circuit is 
energized with a given setting, the cur- 
rent is the same for each weld or the pri- 
mary voltage of the loaded welding trans- 
former is the same for each weld. . For 
example, if there were only one machine 
connected to a particular feeder, the volt- 
age drop on the feeder if within reason- 
able limits would be unimportant, be- 
cause it always would be the same for a 
given current. 

Unfortunately, from this point of view, 
usually several, and sometimes many, 
welders are supplied by a single feeder, 
Thus, if two or more welders requiring 
the same current are energized during 
the same period, the voltage drop will 
be two or more times that due to a single 
welder, and, if the drop with one welder is 
large, the increased drop will be so serious 


as to cause poor welds or no welds on the ~ 


machines ‘“‘hitting’’ together, 

It would be possible of course to em- 
ploy a device which would prevent more 
than one machine from welding at the 
same time. Unfortunately, the number 
of machines on some feeders is so great 
that the resulting delay would be serious 
under conditions of high production. 

Although the ideal obviously would be 
a feeder on which the voltage drop would 
not exceed the permissible tolerance even 
when any probable number of overlaps 
(that is, machines welding at given time) 
might occur, this is practically impossible, 
particularly when the distribution voltage 
islow. Thus, it is of great importance to 
reduce the single machine drop to a mini- 
mum, so that the probable frequency of 
such multiple overlaps and the resulting 
voltage drop will be as small as possible. 
Since available voltage compensators! 
or current regulators? require a cycle or 
more to get under way and since the range 
of correction is limited, it is still desirable 
to reduce the feeder drop to a minimum. 


_ For a given feeder carrying a given cur- 
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rent the numerical voltage drop is ex- 
actly equal to the feeder impedance volt- 
age only when the load phase angle is 
equal to that of the feeder. In other 
cases the numerical drop is less than the 
feeder impedance voltage, although usu- 
ally by a relatively small amount. If the 
feeder phase angle is very low as com- 
pared with the load phase angle, the nu- 
merical drop may be even less than the 
feeder resistance drop. These relation- 
ships are illustrated in Figure 1. 

It becomes necessary, therefore, to es- 
tablish a criterion of good voltage regula- 
tion and more important to define the con- 
ditions under which the voltage regulation 
should be measured or calculated. 

There is so much looseness in the matter 
of definitions and terminology that it 
will pay to be more specific as to what we 
mean by ‘feeder regulation,” particu- 
larly in its relation to the over-all voltage 
regulation. The ideal is obviously that 
the voltage at the primary terminals of 
the welding transformer should be con- 
stant. Actually, its variation is due to: 


(a). The variation in the primary high 
voltage supplied to the power transformers 
of the plant in question. 

(b). The variation in the voltage drop 
through these transformers and the inter- 
mediate-voltage feeders to the primary 
windings of the substation transformers. 


(c). The variation in drop through these 
substation transformers. 


(d). The variation in drop in the welding 
feeders now under consideration. 


Although in a reasonably well-designed 
system a, b, and ¢ are relatively small, 
they may be decidedly appreciable under 
maximum-load conditions, Our ultimate 
criterion must be the permissible varia- 
tion in voltage at the primary winding of 
the welding transformers, or of that one 
which experiences the maximum varia- 
tion under the most unfavorable condi- 
tions as to all of the loads which affect 
this variation. In order to establish a 
safe criterion for this maximum permis- 
sible variation (for example v per cent), 
it will be necessary to consider both shop 
and design practice. 

In making a given setup the welding 
operator adjusts his controls so as to ob- 
tain a specified minimum weld strength. 
The structural designer, on the other _ 
hand, is given a design strength 15 per 
cent below this shop test strength, in 
order to allow not only for voltage varia- 
tions but also for several other variations 
which may not be negligible except with 
unusual care in the technique of opera- 
tion. 

In the following quantitative analysis 
these other variations are neglected, and 
it is assumed that weld strength for the 
chosen timing (assumed to, be constant) 
is proportional to the square of the volt- 
age impressed upon the primary winding 
of the welding transformer. This last 
assumption is true only when the tech- — 
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nique specified to the shop yields a middle 
range or optimum weld. Let us assume 
the worst condition, namely, that the test 
weld which yields the desired minimum 
weld strength was made when the voltage 
at the primary winding of the welding 
transformer was at its maximum value or 
at the top of its range. Assume also that 
some of the production welds on this job 
were\made at the bottom of this welding 
range, namely v per cent below that for 
the test weld. In this case the strength 
of these latter welds will be (100 — v)2/ 
100? per cent or approximately 2v per 
cent below that of the test weld. Thus, 
if 15 per cent is the maximum permissible 
weld strength deficiency below that of the 
shop test weld, v should not be more than 
eight. Common practice ranges from 
eight to ten per cent. Please note, how- 
ever, that v is defined as the per cent vari- 
ation of voltage at the primary winding 
of any welding transformer under load, 
rather than what generally is understood 
as the maximum voltage regulation, 
namely, the per cent variation from no 
load to maximum load. This distinction 
is clear in Navy specifications’ which read 
as follows: 


“The voltage regulation. . .shall be such 
that the voltage at each welding control 
shall not vary more than ten per cent due to 
causes other than the load in question... 
this ten per cent variation includes variation 
in power-supply voltage, plus the voltage 
regulation in transformers, plus the line drop 
in feeders.” 


Vector diagrams 


Figure 1. 


A and B—Rectangular bar bus-type feeder 

carrying 30 per cent and 80 per cent power 

factor load. Numerical drop is less than / R 

drop in A. Cand D—cable feeder of same 

cross section carrying 30 per cent and 80 per 
cent power factor load 


E,—load voltage 
Eg—source voltage 
Ep—numerical drop 


Even assuming that this ten per cent 
variation is a safe over-all criterion, it is 
obvious that the permissible maximum 
variation in the welding feeder drop must 
not be more than four or five per cent to 
allow for the foregoing items a, b, and c. 
Thus, if we assume no other method of 
voltage control, it would be necessary so 
to design the feeder as to limit to five per 
cent the variation of feeder drop as between 
that corresponding to a single welder and 
that corresponding to the maximum prob- 
able number of welders whose current 
cycles would overlap by a significant 
amount frequently enough to produce an 
undesirable percentage of understrength 
welds. It is because of the difficulty of 
meeting this criterion on a feeder carrying 
a large number of welders operating on a 
high production schedule, that several 
devices have been developed for main- 
taining constant current. Nevertheless, 
since these devices require one or two, 
and in some cases more, cycles to get 
under way, it it still highly desirable to re- 
duce the variation in the feeder drop to 
the lowest possible point consistent with a 
reasonable installation cost. The cost of 
a defective weld may be great, and al- 
though there are other causes for defects, 
there can be no doubt that voltage varia- 
tion is a major offender. The other 
sources of trouble can be minimized by 
proper training of the welding operators 
and by maintenance of equipment. 

With this background the following 
criterion is proposed: 


That the welding being done be investi- 
gated to determine what proportion of the 
welds made reasonably can be allowed to 
be understrength welds. This, of course, 
will be dependent on the nature of the 
structure under fabrication. 


Since the maximum variation in feeder 
drop is the difference in drop between 
that due to the maximum number of 
machines welding at the same time and 
that due to only one machine, it is ob- 
viously necessary to know the probability 
of any given number of machines striking 
at the same time or sufficiently near 
thereto to cause an objectionable overlap 
of their current flow intervals. The maxi- 
mum pertnissible overlap must be speci- 
fied and is|a matter of judgment although 
it can be roughly computed. Ordinarily, 
an overlap of less than 25 per cent is not 
objectionable. It should be noted, how- 
ever, that most timing devices are adjust- 
able only to an integral number of cycles 
and that the overlap therefore must be 
rated in cycles. Therefore, the mini- 
mum overlap will be one cycle, which 
would be objectionable for a weld of less 
than four cycles. 

This is discussed at more length in Ap- 
pendix II, which deals with the quantita- 
tive application of the theory of probabil- 
ity to the problem. 

Assume that the feeder is supplying 
current to » welders. Assume that each 
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Figure 2. Cross section of parallel bar bus- 
type feeder 


Reactance of this type of feeder is practically 
negligible 


of these machines takes the same current 
and operates on the same duty cycle. 
Although these last assumptions never 
hold in practice since the welders are not 
only of varying sizes but also are adjusted 
at different times for different currents 
and duty cycles, any attempt to take ac- 
count of these varying and complex com- 
binations would render practically impos- 
sible the employment of the theory of 
probability which is essential to the solu- 


- tion of this problem. However, the as- 


sumption of an average current and aver- 
age duty cycle will yield results of suf- 
ficient accuracy. In fact, we can assume 
a current and duty cycle somewhat above 
the average which will yield conservative 
results. 

Assume next that a very small number 
of welds, for example, one out of every Q 
may be permitted to be understrength. 
This means that there must not be more 
than one chance in Q of having more than 
the permissible overlap of the current- 
flow intervals of a number of machines 
sufficient to produce a feeder voltage drop 
of five per cent more than that of a single 
machine. Suppose that the feeder is de- 
signed to carry the current of so machines 
at once with a voltage drop of five per 
cent. Then so+1 machines will produce 
a differential voltage drop of five per 
cent. That is a drop of five per cent more 
than that of one machine. A coincidence 
of so+2 machines will produce an ob- 
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jectionable voltage drop, one which may 
result in understrength welds on the coin- 
ciding machines. Hence the probability 
of overlaps of the specified nature of so 
+2 machines must not be more than 


1/Q. 
The problem therefore, resolves itself 
into the following steps: 


(a). Determine first by the theory of prob- 
ability the number s=5)+2 machines 
whose current flow intervals are likely to 
overlap_by 25 per cent or the next smaller 
integral number of cycles, once in every Q 
welds. 


(b). Compute the total current for so 
machines and design the feeder so that the 
voltage drop resulting when this current is 
carried will not be more than five per cent. 


If, on the other hand, the feeder design 
be given, the process will be reversed: 


(a). Compute the number s) machines, 
which striking at once, would give a current 
sufficient to produce a feeder drop of five 
per cent. 


(b). Then determine the probability that 
s=5+2 machines will have the specified 
minimum overlap. 


(c). If this probability is such as to pro- 
duce an undesirably large percentage of 
understrength welds, either the feeder would 
have to be redesigned or one of the automa- 
tic control devices installed on each welder. 


Preliminary Design Considerations 


It becomes apparent from the foregoing 
discussion that in order to analyze the 
problem mathematically and so that the 
mathematical solution will be of some 
practical value, a certain amount of data 
must be collected, estimated, or as- 
sumed. 

This is a vital part of the solution of the 
problem since the mathematical analysis 
is only as good as the assumptions on 
which it is based. These considerations 
are: 


1. Distribution voltage. From the stand- 
point of impedance drop in the feeder the 
distribution voltage should be as high as 
possible, since for a given feeder the per cent 
drop varies inversely as the voltage squared. 
There are other factors to be considered, 
however. In many cases the voltage is 
fixed by previously insta’led equipment. 
If one does have some freedom in the choice 
of a voltage, he is limited by commercially 
available products, prejudice, or safety. 


2. Substations. The number, arrange- 
ment, and capacity of substations must be 
known or assumed in order that the area to 
be supplied by the proposed feeder and the 
length of the feeder may be determined. 


3. Type and location of load. The plant 
layout probably is fixed by the assembly 
procedure; hence in general the type of 
welding to be done in a given location also 
is likely to be more or less fixed. From these 
data an estimate must be made of the num- 
ber of machines which will be on a given 
feeder, the average rate at which welding 
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Figure 3. A\n installa- 
tion of bus-type feeders 
in a recently built plant 


Note riser of same con- 
struction, and flexible 
jumper in junction box 


will be done, and the average current and 
number of cycles duration of each weld. 


4. Proportion of understrength welds. |The 
type of structure must be studied and a 
reasonable percentage of wtunderstrength 
welds decided upon or, if lockout devices 
are employed, a figure must be set for the 
number of lockouts to be allowed per ma- 
chine in a given period. 


With this information available it is 
possible to state the specifications more 
directly in electrical terms, that is, in 
terms of current carrying-capacity, maxi- 
mum tolerable impedance, and insulation 
requirements. 

The current-carrying-capacity, from a 


tlosa 


PERMEANCE FACTORS -P 


Figure 4. Permeance factors for the deter- 

mination of approximate reactance at 60 cycles 

in ohms per loop foot of concentric cables 
or busses. 
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thermal standpoint usually will be sub- 
ordinate to the regulation requirements, 
unless the feeder is supplying seamwelders 
or other high-duty-cycle equipment. In 
any case the thermal capacity must be 
checked to determine whether or not the 
thermal limitations rather than the im- 
pedance will be the basis of the design. 


Probability and Impedance 


A criterion of good voltage regulation 
has been established, namely: that for a 
given type of production a very small per- 
centage of the welds made on each ma- 
chine reasonably can be allowed to be — 
understrength, and that jobs with severe 
requirements be equipped with a suitable 
lockout or compensating device. It 
then becomes necessary to apply the the- 
ory of probability in order to determine 
how many machines the feeder must be 
designed to accommodate simultaneously 
without excessive voltage drop so that 
the predetermined percentage of under- 
strength welds will not be exceeded. 

The formula developed in Appendix 
II for the probability of at least s ma- 
chines coinciding for at least k cycles is 


1 Tee , 
Sr ee me (24-22 3a ae 
s (a+b)” 1 pa . 
(n—1)! He Leen 
yey ey eee Sere Berth 
(b—a+2k—1) =e aZb (1) 


where: ~ r | 


a is the average of the number of on cycles _ 
of all the machines on the feeder 

b is the average of the number of off cycles — 
of the machines 2 ; 

s=s’+1 is the number of machines coin- 
ciding for at least k cycles a 

s’ is the number of machines coinciding with 


a given machine 
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‘n is total number of machines on the feeder 


h is the variable of summation 


If no more than one weld in Q is al- 
lowed to be understrength, the feeder 
must be designed to carry simultaneously 
with a drop of no more than five per cent, 
a number of machines sp such that the 
probability of at least so + 2 machines 
coinciding for at least k cycles is equal to 
or légs than 1/Q. That is, 


Pann, (2) 


The procedure, therefore, is to deter- 
mine from equation 1 a value of s=5 
+2 such that equation 2 is satisfied. 
Under these conditions there are not 
likely to be coincidences of more than so 
+ 2 machines, of objectionable duration, 
more often than once for every Q welds. 
The current which will flow when s) ma- 
chines are on together will be J,=s0lq 
where J, is the rms value of the primary 
welding current of one machine which 
flows for a cycles. The impedance Z; of 
the feeder must be such, therefore, that 
I,Z; is equal to or less than five per cent 
of the feeder voltage. 

It has been possible by proper design to 
reduce the reactance of the welder supply 
feeder to a point where it becomes prac- 
tically negligible. Since resistance weld- 
ing loads usually have a low power factor 
and since the power factor of the bus can 
be made very close to unity, the voltage 
drop often will be less than the [R drop 
of the feeder. The regulation therefore, 
can be made as low as desired by increas- 
ing the amount of copper, until an eco- 
nomically justifiable limit is reached. The 
flat bar bus has a reactance which is less 
than that of a solid-core concentric cable 
of the same section, and is in general 
lower than that of a concentric tubular 
bus of practical design. A tubular bus of 
large enough diameter and of thin enough 
copper could be made with a lower react- 
ance; however, the practical limitations 
of size, difficulty of arranging taps, 
strength, and extra cost do not justify 
this type of construction, since the react- 
ance of the flat bar bus can be made small 


- enough to be negligible. 


The 60-cycle reactance of a bus of the 
type shown in Figures 2 and 3 is de- 
veloped in Appendix III and is shown to 
be approximately: 


144.5) 6 2¢ 
Xe i= abe Al ohms per loop foot (3) 
h 


where 


6 is distance between faces of the bars in 
inches 

his the height of each bar in inches 

tis the thickness of each bar in inches 


The 60-cycle reactance of concentric 
cables or tubular busses can be deter- 
mined from the permeance factors Po, 
P,, P2, which are plotted in Figure 4 as 


a function of the ratios of the various 
radii. 

Figure 5 is a comparison of the imped- 
ance of a few of the many possible ar- 
rangements of conductors. 


Probability and Temperature Rise 


The problem of predetermining the 
temperature rise in a bus feeder carrying 
an equivalent continuous current J, is 
discussed in Appendix IV. It is neces- 
sary, however, to apply the theory of 
probability in order to find this equiva- 
lent continuous current. It is pointed 
out in Appendix II that although it might 
seem that the equivalent continuous cur- 
rent of 7 machines were n times the equiv- 
alent current of one machine, this is false 
logic, since the current obtained by this 
method actually produces the maximum 
possible heating effect, which corresponds 
only to a coincidence of machines that is 
extremely improbable. 

The most probable equivalent continu- 
ous current is shown in Appendix II to be 


I,=In sida) * 
ye (n—s)Isl (4) 


REACTANCE AT 
60 CYCLES - OHMS 


RESISTANCE AT 60°C OHMS. 


Impedance diagrams of various 
feeders—100 loop feet 


Figure 5, 


A—One 1,000,000 circular mils per leg—1 
foot centers; B—1,000,000 circular mils per 
leg close; C—Two 500,000 circular mils 
per leg interlaced; D—1,000,000 circular 
mils per leg—concentric solid core; E— 
concentric tubular feeder, inner conductor— 
inside diameter=1.72 inches, outside di- 
ameter=2 inches. Outer conductor—inside 
diameter=2.3 inches, outside diameter=2.5; 
F—%/15-inch by 4-inch parallel bar bus, 
1/1¢-inch space between faces 
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where 


I, is the rms value of primary welding cur- 
rent which flows for a cycles 

n is the number of machines on the feeder 

s is the number of machines in the general 
term of the summation 

dis the duty cycle or the probability of any 
one machine including any one cycle 


In general J, rather than J, will be the 
current which determines the feeder sec- 
tion. However, both must be calculated 
in order to be sure that neither the per- 
missible impedance drop nor the permis- 
sible temperature rise is exceeded. 

As a result of these calculations the 
cross section required for the flat bar bus 
illustrated in Figure 2 is about 990 circu- 
lar mils per ampere. This bus consists of 
two pieces of °/;5-inch by 4-inch copper, 
separated by 1/,.-inch of black Micarta 
and covered with 1/,inch sheets of the 
same material. For conductors of this 
thickness the circular mils per ampere is 
practically independent of the height, 
provided h is at least 20¢. 

If no forced cooling is used, all the heat 
developed in a concentric tubular bus 
must be dissipated from the outer con- 
ductor. Under these conditions a bare 
concentric tubular bus of practical design 
insulated with the same material between 
conductors would be rated at approxi- 
mately 1,400 or 1,500 circular mils per 
ampere. 

Hence, the concentric tubular feeder 
requires about 35 per cent more copper 
if it is to be limited to the same tempera- 
ture rise as the flat bar bus. 


Mechanical Forces 


A conductor carrying a current in a 
magnetic field is subject to a mechanical 
force. The clamps and supports for a bus 
therefore must be so placed and of such 
strength as to prevent any objectionable 
distortion in the structure. Under nor- 
mal operating conditions the forces are 
seldom of much consequence; however, 
these forces may be sufficient to destroy 
the feeder in the event of a short circuit, 
unless the supports are designed to with- 
stand these stresses. It has been shown 
in Appendix V that maximum deflection, 
neglecting the support offered by the in- 
sulating cover is 


5.5Alg'Tgg? 


mar = Tass 1018 inches (5) 


or that the maximum distance between 
clamps in terms of a maximum allowable 
deflection is 


_ 0.652dman*h'/ 34/4 X 104 
C7. ip 1/9 
SS 


inches (6) 


where 


Gmax is the maximum permissible lateral 
deflection of either conductor in inches. 
1, is the distance between supports. 
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¢ is the thickness of one conductor. 
I; is the rms value of the worst short-circuit 
current the feeder is likely to encounter. 


It is equation 6 which limits the ratio of 
h/t. From all other viewpoints this ratio 
should be as large as possible, however, 
when ¢ becomes very small, the number of 
clamps required becomes excessive. 

If the expansion of the bus due to tem- 
perature rise is restrained, there will be 
longitudinal stresses in the structure 
which might be of sufficient magnitude 
to cause buckling. In order to circum- 
vent this source of trouble, the feeders 
have been built in subassembled sections 
and connected with semiflexible jumpers, 
an example of which is shown in Figure 
5. The frictional restraint offered by the 
clamps, is not sufficient to cause excessive 
stresses in the 20-foot lengths which are 
used. 


Operating Experience With 
Rectangular Feeder 


Even though the insulation thickness 
between conductors is less than in con- 
ventional design, there has been no dif- 
ficulty from a safety standpoint. The 
bus-type feeder has withstood tests of 
5,000 volts between conductors and to 
ground satisfactorily. Installations have 
been examined by the Associated Factory 
Mutual Fire Insurance Companies which 
consider that the fire hazard has been 
minimized and that the welding bus is 
acceptable for general industrial service. 

A number of these low-reactance rec- 
tangular bar bus-type feeders have been 
installed and are now in operation. Ina 
recently built plant where this type of 
feeder is used almost exclusively, there 
has arisen absolutely no trouble as a re- 
sult of poor voltage regulation. 
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Figure 6. An installa- 
tion of bus-type feeder 


In addition to its electrical advantages, 
this type of construction lends*itself to 
prefabrication, is mounted easily, and can 
be tapped readily for branch loads. These 
details are shown in Figures 6 and 7. 


Conclusions 


1. The problem of distributing low-voltage 
power to resistance-welding installations 
without excessive voltage drop can be mini- 
mized and often eliminated by proper design 
of the low-voltage feeders. 


2. The most satisfactory feeder consists of 
two bars of copper, each with a rectangular 
cross section with a ratio of height to thick- 
ness of at least 20 to 1, and spaced 1/. inch 
apart between faces. 


8. The reactance of such a bus-type feeder 
is practically negligible, lower in fact than 
that of concentric cables of the same section. 


4. The voltage drop can be made as low as 
necessary by using sufficient copper. The 
numerical voltage drop when welding loads 
are being supplied is often less than the re- 
sistance drop. 


5. It has been shown clearly above that 
the criterion of feeder design is defi- 
nitely that of voltage regulation. Ont his 
basis the cost of a parallel bar feeder such 
as discussed in this paper will be about 20 
per cent more than that of an equivalent 
cable feeder with the conductors arranged 
for minimum reactance. The cost of an 
equivalent concentric tubular feeder, in 
general, will be higher than that of a parallel 
bar feeder. 


Appendix | 


Nomenclature 
PROBABILITY 


a@=average number of cycles duration 
of each weld 
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\ a 
b=average number of cycles between 
welds on each machine 


h=variable of summation in the general 


term 

n=number of machines supplied by the 
feeder 

m=n—1 


s=number of machines coinciding for a 
period of at least k cycles 
s’=s—1, number of machines coinciding 
with a given one 
Sp=the most probable number of ma- 
chines on during any one preselected 
cycle 
k=number of cycles for which a given 
machine could be overlapped by all 
of the other machines and still pro- 
duce a satisfactory weld 
Pss=probability of at least s machines 
coinciding for at least k cycles 
p=probability that any one machine 
will have & of its a on cycles occur 
during any preselected equally likely 
period of a successive cycles 
f1=probability that any one machine 
will be on during any one preselected 
cycle 
Prs=probability that exactly s machines 
will be on during any one preselected 
cycle 


GEOMETRIC 


h=height of bus bars in parallel rec- 
tangular bar feeder in inches 

t=thickness of each bus bar in parallel 
rectangular bar feeder in inches 

ti=thickness of insulation on the outside 
of bus in inches 

5=thickness of insulation between con- 
ductors 

vo=inner radius of inner conductor for 
tubular bus in inches 

7,=outer radius of inner conductor for 
tubular bus in inches 

v,=inner radius of outer conductor for 
tubular bus in inches - 

r3=outer radius of outer conductor for 
tubular bus in inches / 

x=distance from origin to part of rec- 
tangular bus under consideration 

1, =distance between clamps in inches 

dmaz=maximum permissible deflection of 

conductors in inches 


ELECTRICAL 


= flux lines 
yw” =flux linkages per ampere inch : 
L'=inductance of one foot and return 
* in henrys per loop foot 
X'=reactance of one foot and return in 
ohms per loop foot 
1=total current in each conductor at any 
instant 
I,=equivalent continuous current in am- 
peres 
I,=primary welding current of one ma- 
chine (the rms current which flows for 
a cycles) in amperes \ . 
p" =resistivity of copper in ohms per cir- 
cular mil inch. (Approximately equal 
to 1 for electrical copper at 60 degrees 
centigrade.) 


’ 
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r” =resistance of one inch of the copper in 
question in ohms per inch 
ry=total feeder resistance 
Z,=total feeder impedance 
© =circular mils per ampere 
d=duty cycle a/(a+b) 


‘THERMAL 


P” =rate of heat generation in one conduc- 
tor in watts per inch 
k=rate of heat dissipation from surfaces 
such as those encountered in electrical 
distribution equipment, in still air at 
usual operating temperatures in watts 
per degrees centigrade per square inch 
R" =thermal resistivity of the insulating 
material through which heat must 
flow in thermal ohm inches (degrees 
centigrade per watt per cubic inch) 
Q=thermal resistance of the path in 
' question in thermal ohms 
§,=ambient temperature in degrees centi- 
grade 
0,=temperature of copper 
centigrade 
A#;=temperature drop in outer insulation 
in degrees centigrade 
A§,=maximum temperature rise in any 
part of bus in degrees centigrade 


in degrees 


MECHANICAL 


F” = force on conductors in pounds per linear 
inch 

M=moment of inertia of section of beam 
about neutral axis in inch‘ 

E=modulus of elasticity 


s 


Appendix Il. Probability of Coin- 
cidence of Welding Machines 


There are two distinct problems to which 
the theory of probability should be applied 
in the design of welding feeders. The first 
is to determine the maximum tolerable im- 
pedance; the second, to find the equivalent 
continuous current. In both of these prob- 
lems certain simplifications are necessary. 

The variety of welding currents, firing 
angle settings, power factors, and timings 
encountered on a number of machines on an 
assembly floor is so great, that to attempt to 
include these factors in an analysis is ab- 
solutely prohibitive. The simplifying as- 
sumptions are listed below. 

The term cycle is used here in its a-c sense. 
By the term period is meant the time 
which elapses between the beginning of the 
flow of welding current in one machine and 
the beginning of the flow of welding current 
for the next weld on the same machine. The 
term probability is used for the ratio of the 
number of ways an event can occur to the 
sum of the number of ways that event either 
can occur or fail to occur. 


Assumptions: 


1. That the current in the primary winding of the 
welding transformer when welding is the same as 
the current of every other machine, that it has an 
tms value of Ja amperes, while it flows, and that 
it flows for a cycles. 


2. That there are, on the average, b cycles between 
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Figure 7. Expansion joint between pre- 
fabricated sections of feeder 


welds on each machine. The period is, therefore, 
a+b cycles, and the average duty cycle of each 
machine is a/(a+b). 


3. That the machines are operated entirely at 
random, but are synchronous, and always fire at 
the beginning of a cycle and start when the voltage 
is of the same polarity. 


4. That an overlap of current-flow interval of a 
sufficient number of machines to produce an exces- 
sive voltage drop, as previously defined in the body 
of the paper, is objectionable only if the overlap is 
at least 25 per cent of the current-flow interval or 
the next smaller integral number of cycles thereto. 


So far as the impedance drop is con- 
cerned, the first problem is to find the proba- 
bility of at least s of the total » machines 
on the feeder, coinciding for a duration of at 
least k cycles. 

Suppose we select one of the machines as 
a reference. Any set of a successive cycles 
out of any period of a+b cycles is equally 
likely to be the series of a@ cycles which this 
reference machine will include in its on 
period. 

The problem, therefore, is to find the 
probability of at least s’=s—1 of the re- 
maining m=n—1 machines having at 
least k of their on cycles occur during any 
one of the equally likely intervals of a suc- 
cessive cycles which represent the on time 
of the reference machine. 

Let ~ be the probability of any one of the 
m machines having at least k of its on cycles 
occur during any one of the equally likely 
intervals of a cycles. 
if the probability of the occurrence of an 
event on a single trial is p, the probability 
that it will occur at least s’ times in the 
course of m independent trials is: 


P= s=pt+mCip™ (1—p)+mGr” *x 
(i=p)?+... t+mCnp” "(L—p)" + tas 
mCm—s'P* (1 =P) bees (7) 


m—s’ 
m! 


Ps, = Yiee 
Se Gy TH 


pr" —p)" (8) 


It obviously makes no difference whether 
we make m independent trials with one ma- 
chine or one trial with each of m independ- 
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It is a theorem, that : 


VE, 


ent machines so long as the basic probability 
of the occurrence of the event (which in this 
case is the overlapping of a given set of a 
cycles by at least k cycles) is the same for 
each machine. 

Hence, P>s is the probability of at least 
s’ machines out of a total of m machines 
overlapping a given machine by at least k 
cycles or is the probability of at least s 
machines of the total » coinciding for an 
interval of at least that duration. 

The basic probability p has not yet been 
determined, but can be found by inductive 
reasoning from the results of simple cases. 

Consider two machines, which are on for 
three cycles and off for seven. Suppose 
the reference machine is on during cycles 
5, 6, and 7 in the diagram of Figure 8. Any 
other machine can come on in any one of 
ten different positions; ten is the total 
number of ways the event (overlap of cycles 
5, 6, and 7) can either occur or fail to 


~ 


1234567 8 910Il12 CYCLES 
FERENCE 
RACINE 


POSSIBLE 
POSITIONS 
OF ANY 
OTHER 
MACHINE 


Figure 8. Positions of overlapping machine 
for a special case, 3 cycles on—0.3 duty cycle 


Positions 3, 4, 5, 6, and 7 constitute overlaps 

of the reference machine by at least one cycle. 

Positions 4, 5, and 6 constitute overlaps of at 

least two cycles; position 5 an overlap of at 
least 3 cycles 


occur. If Rk=1 a machine striking in any 
one of five positions 3, 4, 5, 6, and 7 would 
constitute an occurrence, hence p in this 
case is 5/10. If k& is two cycles then posi- 
tions 4, 5, and 6 are the only positions in 
which the event could occur so that the 
probability is 3/10. If & is three cycles the 
probability will be 1/10. 

From this type of diagram Table I might 
be constructed for (¢+6) =10 and for vari- 
ous values of a and k. 

These probabilities can be expressed by 


the equation: 
2a—2k+1 ane (0) 
Epa +6 a=b 
Substituting in equation 9, 


m—st 


1 ml 
Pes= yim Gn inl 
(2a—2k-+1)"""(b—a+2k—1)” 


—1-—s' 


Br sie ar (n—1)! 
(a+b) p2 Ghani 


n=0 
(2a —22-+-1)"-1*-*(b —a +2 —1)” 
note (0)!=1 (10) 


An example of the use of this formula 
appears in Appendix VI. 
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PROBABILITY AND THE THERMAL PROBLEM 


There is another aspect of the problem of 
feeder design to which the theory of prob- 
ability should be applied, namely, to find 
the equivalent continuous current which 
causes heating of the feeder. It might seem 
obvious that the equivalent continuous cur- 
rent of 2 machines is 7 times the equivalent 
continuous current of one machine, but this 
is not true in this case. Consider for a mo- 
ment the remote possibility of all machines 
repeatedly starting to weld at the same in- 
stant. This would be the worst possible 
case from the standpoint of feeder heating. 
For this case the rms current which flows for 
a cycles is nIzg and the equivalent continu- 
ous current is 7[g./d. The equivalent con- 
tinuous current for one machine is J,/d, 
hence the computation of times the equiva- 
lent continuous current of one machine 
would indicate a heating effect that is the 
maximum possible, corresponding to the 
exact coincidence of all the machines on the 
feeder—an event which may occur only a 
few times, if at all, in the entire life of the 
feeder. That is not sound design practice. 
There is another equally remote contin- 
gency, which is possible only when the num- 
ber of machines is the reciprocal of the duty 
cycle. This is the consecutive firing of all 
machines, so that there is no overlap and 
no time between the condtiction intervals. 
In this case only, is the equivalent continu- 
ous current equal to the average rms current. 
If the number of machines is either more or 
less than the reciprocal of the duty cycle, 
the equivalent continuous current will be 
larger than the average rms current. 

The most probable current must lie be- 
tween these two extremes. Consider the 
probability of any one machine being on 
during any one preselected cycle. If the 
machines are each on for a and off for b 
cycles this probability is 


pi=a/(a+b) 
or 
pi=d 


The probability that exactly s out of a 
total of m machines will be on during that 
cycle is 


nl 


ee d°(1—d)"~$ (11 


Pns = 


If this equation be solved for P,; for all 
values of s from s=0 to s=n, a distribu- 
tion curve Pns vs. Scan be plotted. The peak 
of this curve occurs at the expected number 
of machines e. It can be demonstrated that 
e=np, is the probable average number of 
machines which will be on during the pre- 
selected cycle. The most probable number 
of machines on during this cycle is the near- 
est integer to e=np;. The product el, is 
the probable average current. However, 
for the purpose of calculating temperature 
rise we must have the current which is the 
square root of the average squared current. 

The current during the preselected cycle 
which is any cycle and therefore representa- 
tive, corresponding to exactly s machines 
being on during that cycle, is J;=sIy, and 
the rate of heat generation is proportional 
to J;2=s°I,?. Consider a typical distribu- 
tion curve: Pps vs. s (Figure 9). The over- 
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lap of the preselected cycle by exactly 1, 2, 
3,4, ...m machines includes all possible oc- 
currences, hence the sum of the probabili- 
ties Pai + Pne + Pas +... + Pris unity. 
Since the area under each step of the curve 


Table I. Probabilities 
Cycles 
on K=1 2 3 4 5 
Siapioete 5/10 AVA CU prise VAN Serge ai Peatist 20) 
ae T1050 < 23/10 sis«,88/ 10 vee, D/1One oan O 
Bucci 9/10 .7/10 O/10N. RO /1O sa ek /10) 


in Figure 9 is proportional to the probabil- 
ity, the total area under this curve is unity. 
That is, 


n 
Se Pat 
s=0 


Therefore, the probability P,, represents 
the proportion of any time interval during 
which a current J; is likely to flow. Let T 
be the length of any time interval. 

Then 


> 


AT,;=Pyn;Tl =the portion of that interval 
during which the current J,=sJq is likely to 
flow. 


The heat developed during the time in- 
terval AT; is 


AJg=1,21P ns AT 5 =1q°t AT s5°P ns 


where 7; is the resistance of the feeder. The 
total heat developed in the interval T is 


n n 
I= AS,= Itt) S*P a 
s=0 s=0 
if J, is the equivalent continuous current. 
J=Ir; 


hence: 


n 
Baise 
s=0 


(12) 
ee 5(1—p,)"-# 
mili s*py*( 
De, (n—s)Isf 
Since 
pi=d=a/(a+b) 
hence 
nN (97874 __ 7\n-s 
aN ps ee amperes (13) 


(n—s)Isl 


s=0 


is the most probable equivalent continuous 
current. 


Appendix Ill. Inductance of Rec- 
tangular Parallel Bus Bars 


The inductance of a circuit may be de- 
fined in several ways. The most basic 
definition is the induced electromotive force 
divided by the rate of change of current. 
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If the electromotive force and current 
are expreseed in volts and amperes, the cor- 
responding inductance will be in henrys. 

For our present purpose a more conven- 
ient definition is the flux linked with the cir- 
cuit, multiplied by the number of turns in 
the circuit, and divided by the current. 

If the flux is expressed in maxwells and 
the current in amperes, the inductance in 
henrys will be equal to the flux linkage per 
ampere multiplied by 1078 or 


N@1078 
I 


ve 


ie 


Since the relation of ® to. N and J in- 
volves the reluctance of the magnetic circuit 
which links the electric circuit, it is obvious 
that if the magnetic circuit includes any 
magnetic material with its variable perme- 
ability, the inductance will not be constant. 
Fortunately, in our case we may assume 
that there is no magnetic material in the 
magnetic circuit linked with the bus bars 
in question. Also, since it is a one-turn 
circuit, VV drops out. 

In a uniform straight magnetic field in 
nonmagnetic material, the flux density in 
maxwells per square inch is equal to 3.2 
times the magnetic potential gradient in 
ampere turns per inch of length, or B” = 
3.2 NI/l". 


Figure 9. Typical distribution curve, showing 
probability of exactly s machines including a 
given cycle 


If we assume a direct current uniformly 
distributed across the cross section of each 
bus bar and in opposite directions in the two. 
bus bars, the actual flux distribution will 
look something like that shown in Figure 10 
and although this can be computed and 
plotted with reasonable accuracy, it is a 
tedious process. It will not be attempted 
for three reasons: z 


1. The geometry of our problem is such as to 
make possible a very great simplification without 
serious loss of accuracy. This simplification con- 
sists of the assumptions that: 4 


(a). All of the flux passing through and between 
the two bus bars, is parallel thereto as shown in 
Figure at. 


(b). The reluctance of the return magnetic 
circuit:\through the surrounding air or non- 
magnetic material is practically negligible for 
our present purpose. 

Although this may not seem legitimate at first — 
glance, it has been checked both by accurate 
theoretical calculations and by measurement. 
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The equivalent length of this external return 
circuit is much greater than that of the path 
between and through the bus bars, but its 
equivalent cross section is larger by a much 
greater factor. That is, the reluctance of the 
external part of the magnetic circuit is a small 
fraction of that of the internal part. 


Since the bus is supposed to be long, straight, 
and uniform, the inductance of each inch of 
length will be the same as that of every other 
one. _We will compute therefore the inductance 
of one inch length of a single bar, remembering 
that with our symmetrical geometry, half of the 
total flux will link with each bar. 


The inductance per inch length of a single bar 
is thus its flux linkage per ampere, multiplied by 
10-8, Moreover, the assumption of parallel 
flow within and between the two busses yields a 
higher internal reluctance than the actual dis- 
tribution within that region, which partly bal- 
ances the neglect of the external reluctance. 
Thus the inductance calculated on this basis 
will be conservative or a little higher than the 
actual inductance, but probably more accurate 
than can be measured by an ordinary test with 
voltmeter, ammeter, and wattmeter. 

The approximations involved in the two afore- 
mentioned simplifying assumptions are valid 
only when the height of the bus bar is large as 
compared with its thickness. The ratio here 
employed is about 20 to 1 and should not be 
much less on this score. 


There is an interesting corollary to this condition 
of negligible return-circuit reluctance, namely, 
that the presence of magnetic material such as 
steel even in the near vicinity of the feeder would 
not alter appreciably its inductance. In other 
words, such a bus could be supported directly 
on the web of a steel channel or I beam. 


2. - Owing to the familiar skin-effect phenomenon, 
the current will not be distributed uniformly across 
the bar thickness, but will have a higher density 
on the face of each bar. Although this affects both 
the apparent resistance and inductance, it is by a 
negligible amount for 60 cycles and a thickness not 
greater than 1/4 inch. Both effects would increase 
with increase of thickness or frequency. 


8. It is certain that the foregoing approximations 
employed hereafter will yield an inductance close 
enough for all practical purposes. 


Calculation of Inductance 


Since we are assuming uniform current 
distribution over the conductor section, the 
result might be referred to as the d-c or 
zero frequency inductance. Although even 
from this point of view, the results are only 
approximate as previously explained, but 
on the high side. 

Referring to Figure 11, consider the in- 
ductance per inch length of a single bar due 
to that part of the between-bar flux which 
links with the bar in question, namely, one 
half. 


ing the flux parallel to the plane of the bar, 
and neglecting the reluctance of the return 
magnetic circuit, the magnetic potential 
gradient in the between-bar space measured 
in ampere turns per inch length of the mag- 
netic path, then will be 1/h. The corre- 
sponding magnetic density in maxwells per 
square inch will be 


3.2 
B; Freee 
h 


and the corresponding flux linkage per 
ampere inch of bar length 


ND 
Vi mia 


Nolo 


Thus the inductance in henry per inch 
length of a single bar and only for the 
between-bar flux is 


1.66 
L,="10-8 =—_ 
10% 


Figure 10. Approximate flux distribution 
around parallel-bar feeder 


Although the actual flux map could be made, 
it is a tedious process, because of the propor- 


Flux distribution assumed for the 
purposes of calculation 


Figure 11. 


This approximation yields results often more 

accurate than those obtainable by careful 

measurement with voltmeter, ammeter, and 
wattmeter 


Consider next the inductance due to that 
part of the flux which passes through the bar 
section. The flux which passes through the 
strip dx links only with that part of the 
current outside of this strip, that is, with a 
current equal to (¢—.) /t. 

Thus the flux density in this strip will be 


se) 
B,=—| — 
h\ t 


and the flux in this strip will be 
3.2 
d@ = B.dx =—_{ 1—- }dx 
ae) 


The fact that this flux links with only a 
part of the current, or when alternating, 
induces a voltage in only that part of the 
conductor section with which it links usually 
is dealt with by assuming that instead of 
inducing this voltage in only a part of the 
conductor, it induces in the whole conductor 
or in the circuit as a whole a fraction of this 
voltage which is the fraction of the conduc- 
tor with which it links. This assumption is 
warranted only in those cases where the 


Assuming one ampere in each bar, assum- tions of the feeder skin-effect distortion is negligible. More- 
Table Il 
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over, even then the resulting inductance due 
to this internal flux is only a kind of average 
for the current as a whole. 

With this understanding the flux linkage 
per ampere inch due to the flux in the strip 
dx is: 


Integrating this from x=0 to x=t we get 


By) 
” =- eo 
Ve 3 
This is the equivalent average flux linkage 
in maxwells per ampere uniformly dis- 
tributed over the conductor section and for 
one inch length of a single conductor. 
Thus the corresponding inductance in 
henry per inch length of conductor due 
only to the flux through the conductor is 


11a3:2( +t) _ 1.067 
* ~108°\3h/ 108% 


and the total inductance per inch length 


_ (1.65—1.0672) 
ih 108% 


uv 


henry per inch length 
of each bar (14) 


Although the mathematics of this calcu- 
lation are very elementary and probably 
familiar to most of the readers, they are 
presented not only in order to emphasize the 
approximations involved in the simplified 
geometry, but also to point out the fact 
that apart from this assumption the result- 
ing reactance is artificial and practically 
safe only when the thickness of the bar is 
considerably less than the skin depth at 
the operating frequency. At 60 cycles and 
for the proportions in question this condition 
is satisfied. Hence the 60-cycle reactance 
may be calculated with fairly good accuracy 
using the value of inductance just deter- 
mined. This reactance is 


Wi) | NAA BIB 2 
eo -+ ohms per loop foot 


the resistance is 

f= —— 

NBT ohms per loop foot (16) 
Rigas Sealara i 
arn - (17) 


If ¢ were doubled, this important ratio 
would be nearly four times as great. 


Appendix IV. Temperature Rise 
of Rectangular Parallel-Bar Bus 


A rigorous mathematical analysis of the 
problems of heat transfer is quite compli- 
cated and certainly would be out of place in 
this paper. However, as in the case of the 
reactance computations it is possible to 
make a simple, approximate solution which 
is quite satisfactory from the designer’s 
standpoint, and which has been checked 
experimentally in a few cases. 
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The heat path from the copper to the 
surrounding atmosphere has a certain ther- 
mal resistance which may be divided into 
two parts. The first is that of the insulating 
covering ®; and the second that from the 
surface of this covering to the surrounding 
air, Ry. The thermal contact resistance be- 
tween the copper and its insulating covering 
is small in comparison to the other two items 
and can be neglected. The effective area of 
the insulating cover per inch length is ap- 
proximately equal to the height of the cop- 
per plus the thickness of the copper at each 
end, or the thermal resistance per inch 
length is 


_R i 
 A+2t 


u" 


4 


where R,” is the thermal resistivity of the 
insulating material 


t; is the thickness of the cover sheet in inches 
h is the height of the copper in inches 
t is the thickness of the copper in inches 


In the steady state, the thermal current 
which flows (heat) is proportional to the 
thermal potential difference (temperature) 
and inversely proportional to the thermal 
Tesistance. That is, 


Ad=PR 


is the temperature drop through the thermal 
resistance, (i. This equation holds for any 
consistent set of units. For our purposes it 
is convenient to express the rate and heat 
flow P in watts, the thermal potential differ- 
ence in degrees centigrade, and the thermal 
resistance ® in thermal ohms (degrees centi- 
grade per watt); hence the temperature 
drop in the insulation is 


PYR," ti 


6;= 
h+2t 


A great many data have been collected by 
various investigators on the rate of heat 
dissipation from surfaces in still air. These 
investigations seem to indicate that the 
dissipation from bare copper is about 0.005 
watts per square inch per degree centigrade. 
From a black surface such as we are con- 
cerned with here the dissipation is about 
0.0075 watt per square inch per degree centi- 
grade. The equivalent thermal resistivity 
Raq is therefore about 133 thermal ohms 
per square inch, for the black cover surface. 
Each side of the feeder must dissipate the 
heat generated in the conductor on that side, 
hence for one side: 


Ra” =Rq"/(h+2t) thermal ohms per inch 
length of feeder 


The temperature rise in the copper is 
Ag = Ag+ Ad; 


The power to be dissipated per inch length 
is J,?r” where J, is the equivalent continuous 
current and r” is the resistance per inch 
length of one conductor. In terms of feeder 
dimension and resistivity 


"=p" /1.27thX108 


where p” is the resistivity of copper in ohms 
per circular mil inch which is equal to1 at 
60 degrees centigrade. 
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Hence 1 


a dela Ra THRe) 


= ToT(b eye. 


(18) 
In terms of current for a given temperature 
rise this becomes 


ite pee 
¢ pb" (Rq"” +R") 


A convenient term of comparison is the 
circular mil per ampere which in this case is 


IN 


(19) 


1.27 X 10%ht 
=o 


I, 
hence 
1.27p"(Rq"” +tRi”) ht X 108 
aoe p"( Ra” +h Ry") htx (20) 
A0,(h+2t) 


The ratio of h to t normally would be about 
20 or 80. It is apparent from the above 
equations that the larger this ratio the 
lower is the area required per ampere. In 
other words, for the range of dimensions in 
which we are interested the current carrying 
capacity of a feeder of a given section is 
approximately proportional to the square 
root of the height. Thus from the stand- 
point of both reactance and temperature 
rise it is advantageous to keep the ratio of 
height to thickness as large as possible. It 
is shown in Appendix V that the factor 
which limits this ratio to about 30 to I is 
the distance between clamps. 

As an example of the foregoing calcula- 
tions, find the equivalent continuous cur- 
rent which will cause a temperature rise of 
40 degrees in the feeder whose cross section 
is shown in Figure 2. Suppose each con- 
ductor is °/:5 inch by 4 inches, separated by 
1/1, inch of insulation and covered by 1/¢- 
inch sheets of black Micarta. 

The resistivity of copper is about 0.676 X 
10-6 ohm inches at 20 degrees centigrade, 
or in terms of ohms per circular mil inch at 
60 degrees centigrade p”’=1. For the type 
of surface with which we are here concerned 
the surface dissipation is about 0.0075 watt 
per square inch per degree centigrade, hence 
R,” =1/0.0075=133 thermal ohms per 
square inch. The thermal resistivity of 
Micarta as supplied by the manufacturer is 
approximately 154 thermal ohm inches. 
The total effective thermal resistance there- 
fore, is Ra” +#,R,” = (183 +38.5) =171.5 ther- 
mal ohms per square inch. It is interesting 
to note that the contribution of the insula- 
ting material is only about 20 per cent of the 
total assuming the same surface dissipation 
factor for copper and the insulating mate- 
rial. Actually because of its bright surface, 
the effective R,” for copper is about 200 
thermal ohms per square inch. Hence, the 
capacity of the bus actually is increased by 
the addition of the 1/4 inch of black insu- 
lating material. 

Substituting these values, J, for this par- 
ticular feeder is found to be, for a 40 de- 
gree centigrade rise, J,.=990 or © =960 
circular mils per ampere. A test on this 
particular feeder resulted in a rise of 21.5 
degrees centigrade when carrying 800 am- 
peres at 31 degrees centigrade. Extrapola- 
ting and correcting for the change in resis- 
tivity a temperature rise of (990/800)? 
(294.5/265.5) (21.5) =37 degrees centigrade 
when carrying the current calculated above 
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® 


a 


which is a fair check on the assumed rise of 
40 degrees centigrade. 

Skin and proximity effects and eddy cur- 
rents have been neglected in the above cal- 
culations. The shape and construction of 
the bus are such as to render these items 
unimportant. The measured a-c and d-c 
values of resistance differed only by 0.45 
per cent and both of these values were 
within 2.5 per cent of the calculated re- 
sistance; 0.45 per cent is a reasonable check 
with the calculated value in which there 
was no allowance made for the contact 
resistance between joints. 


Appendix V. Mechanical Forces 
Between Conductors of a Rec- 
tangular-Bar Feeder 


The force in dynes on a cofiductor carry- 
ing a current in a magnetic field is the 
product of the flux density and the current 
in absolute units and the length of the con- 
ductor'in centimeters. 

Converting to practical units, the force in 
pounds is 


F=Bli/11.3X108 
where 
B is the flux density maxwells per square 


inch 
1 is the conductor length in inches 


experience, corresponding to the peak cur- 
rent is 


Finax =0.5661¢(Ig5)2/h X 108 


If each conductor is considered as a fixed 
end beam, the maximum deflection at the 
center of the span corresponding to a total 
load of W pounds, uniformly distributed is 


WI,8 
384EM 


max = 


where 


M is the moment of inertia of the section in 
inches‘ 
E is the modulus of elasticity 


The inertia of the parts is such that the 
maximum deflection will not correspond to 
the peak force, but probably will be only 
slightly more than that due to the average 
value of the force; therefore dmax will be 
calculated on that basis. 


W=1,F” =0.283),1%55/h X 108 
For the section to be used 
M =ht?/12 
For copper E is 16105. 
Substituting: 
5.541¢4T 55? 
h?t31016 


or the distance between clamps in terms of 
the maximum allowable deflection is 


_0.652dmax/*hY/ 2/4 


dmax = 


= x10! 21 
7 is the current in the conductor in amperes : I ay e Gp 
Table Ill 
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2==2,060 X10-12 


The flux density for conductors of the 
proportions and spacing with which we are 
here concerned is approximately 


B=3.2t/h 
where h is the height of each bar in inches. 


The force in pounds on each inch of the 
bar is therefore 


F” =0.2837?/h X 10° 


If Is; is the rms value of the worst short- 
circuit current the bus is likely to encounter 
and /, is the distance in inches between 
clamps, the maximum force each clamp will 
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Appendix VI 


Example of Feeder Design 


Given the following information design a 
feeder 300-feet long to supply welding power 
at 440 volts. 


Number of machines on the feeder—n =15 
Average current per machine—J, =410 am- 
peres at 440 volts 

Average duration of each weld—a = 10 cycles 
Probable maximum rate of welding—30 
welds per minute per machine 


Adams, Fetcher, Johnson—Power Distribution 
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Length of feeder—/=300 feet 
Weld period =3,600 + 
welds per minute—a+b=120 cycles 
Off time—b =110 cycles 
Duty cycle—d = 10/120 =0.0833 


The structures being welded are of such 
nature that one understrength weld in 5,000 
will be acceptable (that is, Q=5,000). 

Find the number of machines the feeder 
must be designed to accommodate simul- 
taneously, if no more than one weld in 5,000 
is to be understrength; that is, find s=s9+2 
such that: 


P > (5942) =1/5,000 


and design the feeder to accommodate the 
current of s) machines with a feeder voltage . 
drop of not more than five per cent. It has 
been shown that 


n—1—s! 
Ps, =e 2a—2k+1)"-*-"K 
< (a+b)” ‘ u es 
(n—1)! 
= SS NTRS eee Ses 
(b—a+2k—1) POSE Ws =7 7 


(a+b)""! =(a+b)14=12.8% 10% 
0.25a=2.5k=2. Note (0)!=1 


Values for the terms of the equation will 
be found in Table II. 

From column ZL it can be seen that a co- 
incidence of nine machines for at least two 
cycles is likely to occur once in 5,900 welds. 
That is, when 


S=9F5 Ps, —1/5:000 
“.Sot+2=9. or so=7 


Therefore if the feeder be designed to carry 
the current of seven machines with a feeder 
drop of five per cent, eight machines will 
produce a differential feeder drop of five 
per cent. Nine machines will cause a 
differential feeder drop of more than five 
per cent, hence understrength welds will 
result if nine or more machines coincide. 
According to our probability calculations 
this is not likely to occur more often than 
once in 5,900 welds, which is acceptable 
according to the statement of the problem. 
(Note that one might do well to take ad- 
vantage of the fact that by designing for one 
more machine the understrength weld ratio 


could be reduced to 1/100,000.) 
Sg=7 Ig =410 I, = Solq=2,870 


The maximum impedance drop is to be five 
per cent. Hence, 


I,Z;= (0.05) (440) =22 volts 
The impedance of the feeder must be 
2222 /2,870 =0.00768 


The reactance contributes so little to the 
impedance that in order to get the approxi- 
mate size of the conductors it almost can be 
neglected. Therefore, assume that the re- 
sistance is approximately 0.007 ohm. 

The feeder resistance is 


p= 24p"1/1.27th X108 
where 
p” is the resistivity in ohms per circular mil 


inch=1 at 60 degrees centigrade 
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1 is the feeder length (one-half the con- 
ductor length) in feet 

t and hare the dimensions of one conduc- 
tor in inches. 


The area required for each conductor is 
th=24p"1/1.27r;X 10° 


which in this case is th=0.81 square inch; 
h/t should be at least 20. If conductors 
8/,,inch by 4.25 inches are chosen the feeder 
resistance will be 


77=7.12 X10-* ohms 


If the conductors are spaced 14/1. inch 
apart the reactance at 60 cycles will be from 
equation 3: 


X'=6.38X 107-6 ohms per loop foot 
The total reactance is 


X,=1.914X 10-* ohms 
Z7= (7.124 71.91) X10-* ohms 
|Z|=7.39X10-* ohms 


This arrangement is obviously satisfactory 
from an impedance standpoint. 


TEMPERATURE RISE 
‘The most probable equivalent continuous 
current is, from equation 4. 


n 


s2d5(1—d)""* 


nt > ——_— 


s=0 (a —s)Isl 


Values for the terms of the equation will be 
found in Table III. 


I,2=Ig?2n!d = (410)?(1.31) (2.060) 
I,=674 amperes is the most probable 
equivalent continuous current 
Trmsmaz =\/'d Tg=1,780 amperes is the 
maximum possible equivalent continu- 
ous current 


The temperature rise in degrees centi- 
grade is given in equation 18 as 


_Téo" (Ri + Ra") 
1.27ht(h+2t)10§ 


¢ 


at 60 degrees centigrade p” =1.0. 

If the feeder is constructed similar to that 
shown in Figure 2, R”’=154 thermal ohm 
inches. For this type of material K —0.0075, 
Rg=1/0.0075 = 183, t; =1/, inch. 

I, has just been shown to be 674 amperes. 

Hence, A0,=16.6 degrees centigrade is 
the temperature rise which is well within 
safe limits. 


Mechanical Construction 


The maximum probable short-circuit cur- 
rent depends so much on factors other than 
the feeder that no attempt will be made here 
to justify the figure presented. In the few 
installations the authors have encountered, 
an rms value of short-circuit current of 
20,000 amperes is a reasonable figure. A 
deflection under short circuit of 1/, inch 
would not be excessive. Actually because 
of the support of the insulating cover, the 
deflection will be less than that calculated 
by these formulas. Equation 21 gives the 
distance between clamps as J,=16.5 inches. 

The supporting hangers are not subject 
to the forces between conductors, hence need 
not be spaced so closely. 
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Synopsis: Pursuant to a request of the 
cable working group, AIEE committee on 
power transmission and distribution, a 
co-ordinated study has been made on the 
impulse strength of insulated power cables 
having various types of insulation and their 
accessories. The data included not only 
all published information, but also much 
privately contributed information. On the 
basis of these data and some supplementary 
tests recently made, tabulations of safe 
withstand impulse voltages have been 
prepared. 

The information is also discussed with 
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regard to its significance for practical 
applications from the standpoint of switch- 
ing surges as well as from the standpoint 
of lightning impulses. Recommendations 
are given for standardizing impulse-test 
procedures. 


re 


HE importance of proper co-ordina- 


tion of insulated-power-cable circuits 
with other equipment in regard to with- 
standing transient over voltages has re- 
ceived increasing attention in recent years. 
Recognizing the need for sound and 
complete technical information upon 
which the design of cable circuits can be 
based, the cable working group of the 
AJEE committee on power transmission 
and distribution asked the authors of this 
paper to analyze and co-ordinate all 
available information on this subject for 
the benefit of the industry. This infor- 
mation would in some cases be used in 
deciding the need for special lightning pro- 
tection. It was recognized that in certain 
respects the information available is mea- 
ger and that much work has yet to bedone 
to place recommendations upon a defi- 
nitely reliable basis. It was felt, how- 
ever, that a useful purpose would be 
served by analyzing and co-ordinating all 
available data rather than wait for addi- 


The foregoing example is presented merely 
as an illustration of the application of the 
design technique explained in this paper. 
The resulting design will depend, of course, 
upon the number of machines, average cur- 
rent, average duty cycle, the length of the 
feeder, and the voltage. 

Although the several formulas show the 
effects of these variables, it may be interest- 
ing to consider briefly the result of changing 
the distribution voltage from 440 to 220. 

Other things being equal, the current will 
be double, the permissible voltage drop one 
half, and the impedance one quarter. Or, 
since in this case the resistance is the domi- 
nant factor, the conductor section will be 
four times that indicated above or 3.3 square 
inches. 

If the same ratio of width to thickness is 
maintained, the temperature rise will be 
even less than that of the 440-volt bus for 
the same duty and negligible from the prac- 
tical point of view. 

Assuming the same permissible deflection 
under short circuit, the same ratio of width 
to thickness, and double the short-circuit 
current, the distance between clamps will be 
greater by about 68 per cent. 
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Since this large increase in bus section 


would add greatly to the cost, it probably 
would be an economy to increase the num- 
ber of substations and decrease the maxi- 
mum feeder length as well as the number 


of machines on the longest feeder. 
4 
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tional data. In view of the great time 
and effort required to produce data on 
impulse characteristics of cables and 
their accessories and the limitations im- 
posed on laboratories by the present war 
emergency, it may well be several years 
before much additional information would 
become available. 

Many of the data presented have 
been previously published in separate 
‘articles as indicated in the list of refer- 
ences at the end of paper. In order to 
save space, much of the presentation of 
data and pertinent discussion is given in 
a brief way in the body of the paper. 
Nevertheless, it may be noted that a 
great deal of study was given to the de- 
tailed data in arriving at the findings 
shown in the paper. 

The paper is divided into three sec- 
tions. The first section presents an 
analysis of information on the impulse 
strength of cables and _ accessories. 
The second section gives information on 
the application of these data for the 
design of cable circuits. The third sec- 
tion makes recommendations on the 
standardization of methods of making 
impulse tests in order that the results of 
future tests will be more exactly com- 
parable than some of the present data. 


Section |. The Impulse Strength 
of Cables and Accessories 


Impregnated-Paper-Insulated 
Cables 


Information on the impulse strength of 
impregnated-paper-insulated cables seems 
fairly adequate.'—14 Figure 1 shows the 
available data for single-conductor cables 
of this type. In many cases in this and 
other figures the points shown are each 
based upon a number of tests. In such 
cases the points in the graphs are the 
average values of the results, and wher- 
ever possible the spread of the individual 
results is indicated by vertical lines. 
Most of the data were obtained on samples 
of new cable. 

Considering that the data in Figure 1 
represent the results obtained by ten 
different laboratories and that there were 
important differences in test methods, the 
scattering of the results is remarkably 
small. The line for average breakdown 
voltages indicated in Figure 1 can be 


used, therefore, with some confidence.. 


It can be seen that the available data 
show little if any difference between the 
breakdown strength of solid, oil-filled, 
Oilostatic, and compression cables. 

Based on the slope of the average curve, 
a line has been drawn through the mini- 
mum results. The values represented 
by this line are considered the minimum 
impulse voltage which cables of this 
type can be expected to withstand. On 
this basis the minimum impulse strength 
is 1,330 volts per mil independent of 
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IMPULSE BREAKDOWN VOLTAGE —KV 


200 


400 
INSULATION THICKNESS — MILS 


600 800 1000 
Figure 1. Impulse breakdown voltage versus 
insulation thickness of impregnated-paper- 


insulated single-conductor cables 


Data represent results from ten different 
laboratories 

@—Solid 

O—Oil filled 

O—Compression 

A—Oilostatic 


insulation thickness. A value ten per 
cent lower, or 1,200 volts per mil, is rec- 
ommended for use as safe withstand im- 
pulse strength. The resulting with- 
stand voltages for solid and oil-filled 
cables of various voltage classes are 
shown in Table I. The withstand 
voltages for solid cables are much higher 
than the withstand test voltage, that is 
basic impulse insulation levels, established 
for other apparatus,?® while the with- 
stand voltages for oil-filled cables are 
only slightly above the basic impulse in- 
sulation levels. 

In some cases, especially for small radii 
of curvature of the conductor, maximum 
rather than average stresses may be of 
interest. In Figure 2 the results are re- 
plotted as a function of the factor 
r log, R/r. The voltage divided by this 
factor gives the stress in the insulation 
adjacent to the conductor, On the basis 
of this graph the average impulse stress of 
the insulation immediately adjacent to 
the conductor is 2,400 volts per mil. 
Some available data indicate that for 
cables with equal insulation thicknesses 
the one with the smaller conductor has 
the lower breakdown voltage. Other 
data appear to contradict this. Likewise, 
for cables having the same stress at the 
conductor for a given voltage the one 
with the heavier insulation has the higher 
impulse breakdown voltage. The avail- 
able data are, however, not always consist- 
ent in this respect and it must be as- 
sumed that in most cases other variables 
overshadow the differences in the effects 
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of maximum and average stresses. It, 
accordingly, is not possible to establish 
a definite relationship between the two at 
the present time. 

Maximum stresses may become im- 
portant in the case of three-conductor 
cables with sector-shaped conductors. 
Figure 3 shows test results for three- 
conductor sector shielded cables of the 
solid type. The values fall mostly below 
the average line for single-conductor 
cables when plotted versus insulation 
thickness, while on the basis of maximum 
stresses the results are well in line with 
those for single-conductor cables. Test 
failures have almost always occurred at 
the corners of the sectors, which is the 
location of maximum stress. However, 
the minimum curve of breakdown voltage 
versus insulation thickness for single-con- 
ductor eables applies equally well for 
three-conductor sector shielded cables 
with the result that the recommended 
withstand stress of 1,200 volts per mil can 
be accepted also for sector-conductor 
cables. 

Figure 3 also shows some results for 
used cables with inferior impregnation 
which indicate a lower impulse strength 
for such insulation compared with well- 


IMPULSE BREAKDOWN VOLTAGE — KV 


° 200 
r LOGe R/r—MILs 


400 


Figure 2. Impulse breakdown voltage versus 
r log R/r for impregnated-paper-insulated 
single-conductor cables 


Data represent results from ten different 
laboratories 


r=radius of bare conductor in mils 
R=radius of insulated conductor in mils 
@—Solid 
O—Oil filled 
O—Compression 
A—Oilostatic 
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Figure 3.—Impulse breakdown of solid three- 
conductor shielded cables 


O—Impregnation good 
@—Impregnation fair to poor 


impregnated insulation. Similar con- 
clusions are reached from Figure 4 for 
three-conductor belted cables of the solid 
type. Poorly impregnated insulation ap- 
pears to have decreased impulse strength. 
In general, the data available show little 
or no effect on the impulse strength of the 
insulation due to service or test aging, 
except for special cases. 

The results for new well-impregnated 
three-conductor belted cables fall below 
the average line for single-conductor 
cables but sufficiently within the mini- 
mum line so that a safe withstand voltage 
of 1,200 volts per mil can be recom- 
mended also for this type of cable for 
the insulation between conductor and 
sheath. 

A few data are available for gas-filled 
cables of both the low- and high-pressure 
type and are shown in Figure 5. The 
average and minimum lines for other 
paper-insulated cables apply quite well 
also for this type of cable. 

The agreement of the test results 
shown in Figure 1 was considered very 
good from several angles, especially in 
view of several differences in the test 
methods used by the various investigators. 
Some of these variables are worth men- 
tioning here. 

The polarity of the impulse wave ap- 
pears to have some effect upon the break- 
down voltage. The limited data avail- 
able indicate that solid-type paper cables 
can usually withstand five or ten per 
cent higher positive than negative im- 
pulse voltages,7 but one investigator 
found no effect of the polarity upon the 
impulse strength of oil-filled cables.’ 
The effect of polarity is of practical in- 
terest because the majority of lightning 
strokes have been found to be of negative 
polarity. The points in Figure 1 rep- 
resent results partly for positive and 
partly for negative polarity. It appears 
that the effects of polarity were over- 
shadowed by the effects of other vari- 
ables. The withstand stress of 1,200 
volts per mil derived from Figure 1 can 
be considered to apply to either polarity. 

The wave shapes varied over a wide 
range in these investigations. The 
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CONDUCTOR AND SHEATH -- MILS 
Impulse breakdown of solid three- 
conductor belted cable 


Figure 4. 


O—New, impregnation good 
@—Nonmigrating compound 
&—Used, impregnation poor 
O—Used, impregnation-unknown 


lengths of the wave fronts ranged from 0.5 
to 2.5 microseconds and the times to half 
value of the tails of the waves ranged 
from 7 to 500 microseconds. The avail- 
able data seem to indicate that within 
the limits of the investigations the wave 
shapes appear to be of minor importance 
as compared with the effect upon the 
impulse strength of other variables. 

Voltage application was in steps in 
most of these investigations, that is, the 
impulse voltages were increased in rela- 
tively small steps from a low value until 
breakdown occurred. Most breakdowns 
in these tests probably occurred at the 
crest or tail of the wave. Some investi- 
gators used single-shot tests which prob- 
ably resulted in some cases in breakdowns 
on the front of the wave. 

One hundred to 200 repeated impulses 
at voltages at five or ten per cent below 
the critical breakdown value have little 
if any permanently damaging effect upon 
impregnated-paper insulation according 
to the findings of several investigators. 
In other words, there is no indication of 
an impulse fatigue for the number of 
severe surges that would be expected to 
occur in service. 

It is of interest to note that the voltage— 
time characteristics of class A materials 
such as oil-impregnated linen and oil- 
impregnated fullerboard have been in- 
vestigated by two different labora- 
tories.°15.17 For impregnated fuller- 
board, the breakdown voltage decreases 
with increasing time to breakdown up to 
about one or two microseconds. The 
breakdown voltage then remains con- 
stant up to about 0.1 second, when it 
starts to decrease again with increasing 
time. Meager data available indicate 
that the voltage-time relation for im- 
pregnated-paper-insulated cables follows 
similar characteristics. The time-lag 
curves in Figure 6 obtained by two in- 
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Figure 5. Impulse-breakdown voltage for 
gas-filled cables compared with solid cables 


A—Low-pressure single conductor 
A—Low-pressure three-conductor, shielded 
O—Hisgh pressure 


vestigators’1!. show that the impulse 
strength of impregnated-paper-insulated 
cables decreases up to durations of one or 
two microseconds and then remains prac- 
tically constant up to at least 20 micro- 
seconds at about the breakdown stress de- 
rived from Figure 1. In Figure 7 the 
results of impulse tests are compared 
with five-minute and six-hour 60-cycle 
test results. These data aré the results 
of the standard high-voltage and high- 
voltage-time tests evaluated by the 
sixth-power law. Although the impulse 
and 60-cycle tests were not made on the 
same cable, they were made on cables of © 
the same type made in the same year by 
the same manufacturer. As indicated 
by the dashed line, these data appear to 
fit a characteristic similar to the one found 
for impregnated fullerboard. 

Lightning surges are of very short 
durations and the strength of cables 
under lightning impulses is, therefore, 
determinable by means of the test re- 
sults shown in Figure 1. Switching 
overvoltages are, according to several 
investigators, in general of much longer 
duration, !5—6 that is, the durations of the 
higher portions of the transient over- — 
voltages may be up to about 2,000 micro- 
seconds and in some cases may even be up 
to one or two cycles on a 60-cycle basis. 
The strength of cables under switching 
surges can thus be considered to fall into 
the unexplored region of the voltage- 
time curve between impulses of short 
duration and 60 cycle tests. 

It is believed, on the basis of the meager 
information available, that the ability of 
impregnated-paper insulation to with- 
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stand a switching surge is little if any be- 
low the withstand stress of 1,200 volts 
per mil for impulses of short duration. 
However, one investigator!® concluded 
that the effect of switching surges is 
cumulative and that during the normal 
life of a cable its ability to withstand 
switching surges is equivalent to the five- 
minute breakdown strength. More work 
on this problem is desirable. For the 
present, it appears that a withstand value 
of 1,000 volts per mil crest for switching 
surges is a reasonably conservative 
figure. 


Varnished-Cambric-Insulated Cables 


The data on the impulse strength of 
varnished cambric cables are compara- 
tively meager. The available informa- 
tion is shown in Figure 8. On account 
of lack of sufficient data for cable alone, 
results for varnished cambric in sheet 
form have been included which appear to 
agree quite well with the data for cable. 
Some results for taped varnished cambric 
joints are also shown. 

In contrast to impregnated-paper in- 
sulation, varnished-cambric insulation 
shows a considerable decrease in unit 
impulse strength with increasing insula- 
tion thickness. As for paper-insulated 
cables, a curve has been drawn through 
the minimum values of impulse break- 
down voltages. From this curve, values 
of minimum breakdown stress and safe 
withstand stresses ten per cent lower have 
been derived. All this information is 
shown in Figure 8. The withstand volt- 
ages derived from this figure are shown 
in Table I, and the values are substan- 
tially above the basic insulation levels for 
equipment.” 

In contrast with impregnated-paper 
insulation, varnished cambric shows some 
fatigue under repeated impulses.!' Stud- 
ies of test data indicate for varnished- 
cambric insulation that for the number of 
high impulses to be expected in service 
the breakdown strength is five or ten 
per cent less than the breakdown strength 
obtained with a few impulses. For at 
least this reason, in contrast with paper- 
insulated cables that usually suffer prac- 
‘tically no loss of impulse withstand 
strength due to service, varnished-cam- 
bric-insulated cables should be con- 
sidered as having a slight reduction in 
withstand strength in service below the 
withstand strength for new cable given 
in Table I. 


Rubber-Insulated Cables 


The available data indicate differences 
in the impulse strength of various grades 
of rubber. The results for ordinary 
grades, such as Code and 30 per cent 
compounds, are shown in the lower por- 
tion of Figure 9. Average and mini- 
mum curves are indicated. As for var- 
nished-cambric insulation, the impulse 
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A—325 mils of solid insulation, 1x50-micro- 
second wave, average of values with positive 
and negative polarities 


B—236 mils of solid insulation, 2'/2x50- 
microsecond wave, negative polarity 


C—236 mils of oil-filled insulation, 21/.x50- 
microsecond wave, positive and negative 
polarities 


D—236 mils of solid insulation, 2%/2x50- 
microsecond wave, positive polarity 


breakdown stress decreases with increas- 
ing insulation thickness, but to an even 
greater extent. The withstand voltages 
based upon these data are shown in the 
last column of Table I. For rated volt- 
ages of five kv and less, these withstand 
voltages are higher than the basic impulse 
insulation levels,2® while above the five- 
ky class the reverse relation applies. 
Some comparative test results recently 
obtained by the General Electric Com- 
pany on cables indicate that there is little 
or no difference in the impulse strength 
of 80 per cent performance insulations 
compounded with natural rubber or with 
Buna S. The test results averaged 127 
ky for about 260 mils of insulation. 
Data furnished by another manufacturer 
indicate that performance, ozone resist- 
ant and 60 per cent compounds made 
with synthetic rubber have a somewhat 
lower impulse strength than the corre- 
sponding natural-rubber compounds. 
The middle portion of Figure 9 shows 
results for ozone-resistant rubber com- 
pounds. According to the available data, 
the average impulse strength of this 
type of rubber is higher than the average 
strength of ordinary grades of rubber. 
However, in view of some of the low re- 
sults shown for ozone-resistant rubber 
in Figure 9, and on account of lack of 
sufficient information, it is not felt 
advisable to give definite recommenda- 
tions at this time for higher withstand 
stresses for ozone-resistant rubber com- 
pounds than for ordinary grades. It is 
believed that the margin of safety with 
regard to the withstand voltages in Table 
I is about 30 per cent higher for ozone- 
resistant rubber than for ordinary grades, 
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Figure 6. Impulse- 
breakdown-time-lag 
curves for impreg- 
nated - paper - insu- 
lated cables 
Curve A obtained in 
one laboratory and 
curves B, C, and D 


obtained in another 


and that more definite recommendations 
cannot be made for withstand voltages 
until more test data with heavy walls 
of insulation are available. 

Still higher impulse strength is indi- 
cated for 60 per cent rubber compounds 
by the data in the upper portion of 
Figure 9. Since these data are meager 
and represent test results of only one 
laboratory, it is not considered advisable 
to attempt to establish withstand voltage 
for such compounds at the present time. 

There is indication that, other things 
being equal, the maximum stress may 
have an effect to some extent upon the 
breakdown voltage because for some 
samples with equal insulation thick- 
nesses but different conductor sizes the 
impulse-breakdown voltages were higher 
for the larger than for the smaller con- 
ductors. As with paper- and varnished- 
cambric-insulated cables, however, the 
results are too contradictory to draw 
definite conclusions at the present time. 

Prolonged immersion in water of 
rubber-insulated cable with nonmetallic 
covering may produce considerable re- 
duction in impulse strength. This con- 
clusion is based on data obtained in one 
set of tests of 30 days in tap water, alka- 
line water, and acid water. 


Joints 


Information on the impulse strength 
of joints is meager. However, some 
comparative data are available to give a 
general idea on the relative strength of 
joints and cables. The information ob- 
tained in the special tests of the Simplex 
Wire and Cable Company and the Bos- 
ton Edison Company, which is summa- 
rized in Table II, was especially helpful. 

The results shown in Figure 8 for var- 
nished-cambric-taped joints on_ solid- 
type cables indicate that the information 
on the impulse strength of varnished- 
cambric cables can be used with some 
assurance for determining the probable 
impulse strength of varnished-cambric 
joints. The values for joints in Table 
III have been derived from the mini- 
mum breakdown voltage curve in Figure 
8 extrapolated for heavier insulation 
thicknesses, using joint designs of two 


1193 


Table I. 


Values Are Based Upon Present Insulation Thicknesses and Available Information on Corresponding Unit-Stress Impulse Strengths 


Withstand Impulse Voltages for Cables With Metallic Covering H 


" 
“Ft 


Solid-Type Paper 


Oil-Filled-Type Paper 


Varnished Cambric 


Ordinary Grades of Rubber 


Basic 
Impulse : 
Reference Insulation Insulation Withstand Insulation Withstand Insulation Withstand Insulation Withstand 
Class, Level for Thickness, Voltage, Thickness, Voltage, Thickness, Voltage, Thickness, Voltage, 
Ky Equipment Mils Ky Mils Kv Mils Kv Mils Kv 


re 


utilities. From Table III it appears that 
for 15 kv joints the withstand impulse 
strength is about the same as for the cable 
but that the relation decreases for the 
higher-voltage classes becoming only 65 
per cent for 69-kv joints. For 24-kv 
joints the impulse withstand voltage is 
about 94 per cent of that of 24-kv cables. 
It should also be kept in mind that the 
‘withstand voltages given in Table III 
._provide more margin of safety for cables 
than for joints, because the ratio of 
average to minimum strength for solid- 
type cable is larger than for varnished 
cambric insulation. Figure 10 shows the 
relative strength of solid-type cables and 
accessories in a graphical form and gives 
also actual test data for joints. 

Some information on safe longitudinal 
stresses in joints is available from rec- 
ords on five longitudinal breakdowns 
along the steps of joints in impulse tests. 
Two of these breakdowns occurred in 
experimental 15-kv single-conductor var- 
nished-cambric joints, two in a 24-kv 
three-conductor shielded varnished-cam- 
bric joint, and one in a 24-kv three- 
conductor shielded paper-reinforced duct 
splice. The average longitudinal stresses 
at breakdown were about 70 volts per 
mil for leakage distances of 2.3 to 


AVERAGE BREAKDOWN 
STRESS VPM CREST. 


1" 10 [02 1G (ORM OcunenTO!! 
-_ -MICROSECONDS 
Figure 7. Breakdown-time characteristic for 
one lot of 500,000-circular-mil three-conducto 
shielded nine-kilovolt cable of the solid type 
made in 1941 
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3.75 inches (see Table III) and were 
about 50 volts per mil for 7.4 to 8.6 
inches. Impulse tests of a setup of oil- 
filled 162-kv cable which included a 
normal joint having a leakage distance 
of about 21 inches resulted in failure 
elsewhere than in the joint at 1,010 kv 
and produced a partial radial failure in 
the joint. All of these data indicate 
that for moderate or long longitudinal 
paths in joints, the impulse breakdown 
strength is about 50 volts per mil. 
_ For oil-filled cables (they have much 
thinner insulation than do solid-type 
cables) the available data indicate that 
cables and joints are of about the same 
impulse strength. Some of the data are 
in Figure 11; other data are deduced 
from recorded lightning surges that 
entered experimental cable connected to 
a 132-kv overhead line in Chicago and 
from unpublished short-time 60-cycle 
test results obtained on 69-kv cable and 
joints. The same withstand voltages 
apply, therefore, for cables and joints. 
Varnished-cambric-insulated joints on 
varnished-cambric cables can be assumed 
to be at least as strong as the cable. This 
statement is based on the fact that accord- 
ing to Figure 8 the breakdown stress of 
hand-applied varnished-cambric insula- 
tion is about the same as that of factory 
insulation and that the insulation thick- 
ness of joints is greater than that of 
cables of the same rating. 
Rubber-insulated joints of standard 
design are probably stronger in general 
than rubber cables. This conclusion is 
based on the results of impulse tests of 
rubber-insulated cables containing joints 
shown in Table II. 


Outdoor Terminals 


Typical impulse-flashover data for out- 
door cable terminals are shown in Figures 
10 and 11. Withstand voltages cannot 
be given. However, an AIEE committee 
is studying this problem at the present 
time. Obviously for solid-type-cable cir- 
cuits, the impulse strength of terminals 
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of a given voltage class is less than for the 
cable or joints, while cable and accesso- 
ries have approximately the same strength 
for oil-filled circuits. 


Section Il. Transient Overvoltages 


in Cables 


The primary purpose of this paper is 
to co-ordinate all available information 
on the impulse strength of insulated power 
cables and accessories and, as far as 
present data will allow, establish repre- 
sentative values. From this analysis it 
is possible to recommend the transient- 
voltage stresses cables can be subjected 
to in service with reasonable safety. All 
of this has been covered in section I. 

A detailed analysis of the methods of 
estimating the transient voltages to which 
power systems as a whole, and cables es- 
pecially, are exposed in service is not 
within the scope of this paper. The 
transient-voltage problem has been and 
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Table Il. Impulse Tests of Joints on Single-Conductor Cable 
———————————————————————E—E — 
Stresses at Breakdown, 
Cable Data Joint Data Breakdown Volts Per Mil 
Radial Longi- In Joint 
Rated Insulation Type of Thick- tudinal : 
Voltage, Conductor Insula- ness, Leakage Voltage, In Longi- 
Kv Size Type Mils tion Mils Path, In. Location Type Ky Cable Radial tudinal 
385..... Pee Roe JOM. «eae Longitudinal....160 .. (915)... .(415).... 69.5 
filoen 000,000 cir mils,..........- Sol. amie 175... Varnished... }383 MA DSTO ate evar JOint. ste. < Longitudinal....225 ....(1,285)....(587).... 78.3 
cambric OTS wera e Eels Wa crea JOMt eee os Radialie cy detate's DTOe capes! 43) ister 4 LO ve cote cee) 
Unie Sine Caples gp s:cicttre seietateteloyeraists is ieye SL oiardesh O48 cre HOLS) hero ae 
5....4/0 American wire gauge...Ozone- ...125...Ozone- | 495, Gy. Cae Cable at terminal.......... 67.5.... +540 ..,.(846).... (38.6) 
resistant resistant ~~ 2 a Cable at bend. 6.0. voce eee 88.3... 784 ....(451)...... (389) 
rubber rubber OS Gate eens Cables deimetiseiteincsie cts 102 S16: . 0. (523). « alee) 
5....4/0 American wire gauge...Ozone- ...125...Ozone-..... LOB teyste's OUZ Bee oe Gableuaagvecisiiteisitletecrersits 99) Bewd COZ. C007) viioe) 
resistant resistant 
rubber* rubber 


* Without use of rubber cement; all other rubber joints were built with rubber cement. 


# Failure not definitely located. 


Stresses at various points are shown. 


is still under active study by various co- 
ordinating committees and a number of 
individuals. A great deal of this work 
has been published and the papers, arti- 
cles, and reports in the reference list}®~” 
should be consulted. 

A brief summary of the transient volt- 
ages as related to cable circuits will be 
outlined for the guidance of those inter- 
ested, but it should be understood that 
it will be necessary to refer to the authori- 
ties cited for working details. 


Lightning Surges 


In many cases cable circuits with 
grounded metallic coverings are self- 
protective because of relatively very low 
surge impedance that causes a sharp re- 
duction in the crest of the incoming wave 
and because of adequate length of circuit 
and high impulse strength. Induced 
lightning surges may become a serious 
hazard only in few cases, mostly involv- 
ing either cables of the lower voltage rat- 
ings or relatively short lengths of circuit 
of any voltage rating, connected directly 
to overhead lines. In general, careful 
attention is required for the cases having 
short lengths of cable connected to over- 
head lines, especially for connections to 
overinsulated lines of high impulse 
strength, such as wood-pole lines with 
ungrounded hardware. While no general 
rules can be laid down, such cases are 
especially apt to require the use of pro- 
tective devices, and in all cases of cables 
connected to overhead lines the need for 


* the installation of lightning arresters or 


protector gaps should be investigated. 

Direct connection of cable circuits to 
overhead lines requires more careful 
attention to lightning protection at the 
lower voltage ratings than the higher. 
The reason for this is that the ratio of the 
impulse strength of overhead lines to that 
of cable circuits increases materially with 
decrease in voltage rating, even when 
wood-pole construction with ungrounded 
hardware is not involved. 
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Values in parentheses are for points not involved in the failure. 


Another condition that requires special 
attention is the connection of nonmetallic 
unshielded rubber-insulated cable to 
overhead lines. The relatively low im- 
pulse strength of rubber-insulated cable 
is dealt with in section I. The lack of a 
grounded covering materially reduces 
capacitance and this, in turn, means an 
increase in the lightning voltage the cable 
will be subjected to. High-impedance 
metallic coverings, such as open-spiralled 
wire and ribbon wrappings without lead 
sheath, also tend to increase lightning 
surge voltages in cables. 
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Figure 9. 


A—Data from one laboratory; 60 per cent 
rubber 


B—Data from four laboratories; ozone re- 
sistant rubber 


C—Data from three laboratories; ordinary 
grades of rubber 
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IMPULSE BREAKDOWN VOLTAGE — KV 


345 46 69 
RATED VOLTAGE (BY CLASSES) — KV 


88.7. 15-23 


Figure 10. Impulse strength of solid cables 
and accessories 


It is frequent practice to select terminals of the 
next higher voltage rating than the cable 


O—Impulse breakdown of varnished-cambric 
joints 


A—Impulse breakdown of paper duct splices 


In general, the covering of a metal- 
covered cable should be grounded at the 
junction of the overhead and underground 
portions of a circuit. In case a 'protec- 
tive device is used, it is important that 
the ground side of the device is connected 
to the metallic covering through a short 
metallic connection with any auxiliary 
ground attached thereto. 

While in many cases cable circuits are 
self-protective this does not necessarily 
mean that this protection is imparted 
to connected equipment. The shape and 
magnitude of the incoming lightning- 
voltage wave, length of cable circuit, ratio 
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of overhead-line and cable surge imped- 
ances, the surge impedance of the equip- 
ment, and other factors are involved. 
There are so many ramifications to the 
problem that it is impossible to formulate 
general rules that will indicate when pro- 
tection is needed for the cable, the 
equipment, or both. It is safer to work 
out each case as an individual problem. 

The factors that determine the in- 
fluence of cable circuits on incoming 
lightning surge voltages are dealt with 
very completely in the paper by Brinton, 
Buller, and Rudge.’ Their paper brings 
out in a clear and workable way the 
reduction in lightning surge voltages 
due to low surge impedance of cable and 
the import-nce of sufficient cable length 
to accompli h this, End reflections in 
shorter lengths materially increase the 
surge voltage increasing the need for 
protective devices. 

Those factors affecting the magnitude 
of the incoming waves from overhead 
lines are too involved for a single paper. 
The list of references given should be of 
help and three of these papers,?7.28,30 
in particular give useful information on 
these characteristics, including impulse 
strength data on line insulators, bushings, 
co-ordinating gaps, and equipment. 


Min Voltage 


After the maximum lightning voltage 
to which the cable circuit will be subjected 
is once established, it is necessary to make 
sure that the recommended withstand 
voltage of the cable and accessories equals 
or exceeds this. For convenience, the 
recommended withstand impulse stresses 
for different types of cable and joint 
insulations dealt with in section I are 
summarized in Table IV. 


Switching Surges 


Switching surges are the most impor- 
tant of the self-induced system over- 
voltages. It is much more difficult to 
recommend safe withstand switching 
stresses for cables than is the case with 
lightning surges, partly because switching 
surges fall into the unexplored region of 
the voltage-time curve in Figure 7 and 
there is only meager indirect test data to 
be used as a guide. Even this is limited 
to paper-insulated cable. There is noth- 
ing at all but practical experience as far 
as varnished-cambric and _rubber-insu- 
lated cables are concerned. Fortunately, 
this experience does indicate that under 
average normal operating conditions cable 
failures due to switching very seldom 
occur in the absence of defects. 


Joint Withstand Withstand Voltage 
Rated Insulation, for Joint, Voltage for for Solid-Type 
Kv Mils Joint, Kv Cable, Kv 
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Special cases do require attention, how- +h 


ever. One of these is switching of arc 
furnaces. There are indications that 
under such conditions switching surges 
can and do exceed the usual maximum 
values of three to five times normal 
crest voltage and cable failures have oc- 
curred from this cause. Another special 
case is high-side switching of long lines of 
extra-high-voltage cable. There has been 
little field experience and no reported 
cable service failures, but test and theo- 
retical considerations do indicate that 
excessive overvoltages can be experi- 
enced, due to high charging current and 
restriking of the circuit-breaker are. 

As stated in section J, switching surges 
are of much longer duration than light- 
ning surges. Indirect evidence, such as 


Table IV. Recommended Withstand Impulse 
Voltage Stresses for Cable and Accessory 
Insulations 


Recommended Withstand Impulse 
Stresses, Average Volts Per Mil 


Insulation All Types Varnished- Ordinary 
Thickness, Paper Cambric Grades of 
Mils Insulation Insulation Rubber* 
TS eae ee di, 2OQ) oceans 866). Seyler 625 
LOOSEN ot 1200) ois. 840... cen 540 
L5O sa ech 200 corietet cots 792, feat Oe 420 
200). tie 1,200.5, i nievaiers 154) Seas 338 
2508 Cees 15200 ielaeteete 124 Sere 283 
SOO erate 15200) Urns 696:./eetee 245 
SOU Lees oan 15200 |S net 670 Sense 215 
4000 cone LS ZOOM Sen wets 046 No ee 193 
50Gaa ake 1,200) come 602 
BOOT eecun 12000 Sorc 566 
HOU ore 1,200 5 ..gue caer 536 
S005 aren 2 1,200 
eee eet 1,200 
LO0G is A. as 1,200 


* Tentative recommendations for ozone-resistant 
rubber are 30 per cent higher than the values given 
in this column. 


that given in Figure 7, indicates that 
paper-insulated cable can withstand a 
single switching surge only a little, if any, 
lower than the recommended withstand 
impulse voltage stress of 1,200 volts per 
mil. It is probable, however, that re- 
peated switching surges have a more pro- 
nounced cumulative effect than lightning 
surges because of longer duration. To 
take care of this, a switching-surge with- 
stand stress of 1,000 volts per mil is 
suggested as conservative until more is 
known about it. This is 83 per cent 
of the recommended impulse withstand 
stress. } 

In view of the fact that varnished- 
cambric and rubber insulations show a 
cumulative effect even from repeated 
impulses of short duration, it is doubtful 
that this same reduction would safely 
take care of switching surges. Probably 
a reduction to 75 or 80 per cent of the 
impulse withstand stresses given in Table 
IV for varnished cambric, and 70 to 75 
per cent for rubber, would be better, but 
this, of course, is nothing more than 
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judgment, based on theoretical specula- 
tion, until direct-test evidence is avail- 
able. 

The problem of switching surges in 
power systems is being actively studied 
by a number of engineers.2°-6 With 
the help of transient-voltage analyzers, 
augmented by field studies, it appears 
to-be only a question of time before the 

itude, wave shape, and duration 
of switching surges can be reliably pre- 
determined for all of the various condi- 
tions met with in power systems. It is 
hoped that our knowledge of the corre- 
sponding breakdown and _ withstand 
stresses for switching surges in cables 
and accessories will keep pace. 


Section Ill. Standard Impulse 
Breakdown Tests on Cables 


There has been a marked lack of uni- 
formity in methods of making impulse- 
breakdown tests on cables. The need 
of more consistent results in the future 
calls for standardization of test methods 
and procedure. 


Proposed Standard Test 


1. Exclusive of terminal portions, the 
active length of cable test sample should be 
not less than three feet and preferably 
longer. The length and total capacitance 
of the sample, however, should not be 
great enough to affect materially the shape 
of the impulse wave. 


2. The test should be made at room tem- 
perature with a standard negative 1.5 x 40- 
microsecond wave. If, due to relatively 
high capacitance of the test sample, a 1.5 x 
40-microsecond wave cannot be exactly 
adhered to, reasonable variations will be 
permissible, provided the exact shape and 
magnitude of the impulse wave is recorded 
in the test report. 


3. The test terminals should be sufficiently 
stronger than the cable to eliminate all 
extraneous discharges and, where necessary, 
should be immersed in oil for this purpose. 


4. The impulse test circuit, method of 
measuring voltage and all other details in 
AIEE Standard 4 of March 19438, ‘‘Measure- 
ment of Test Voltage in Dielectric Tests,” 
should be followed. 
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5. The test should be made by the voltage- 
step method and each step should consist 
of five separately applied impulses. The 
voltage should be increased in equal steps, 
each ten per cent of the starting voltage, 
and the starting voltage for the first step 
should be in accordance with the recom- 
mended withstand voltage stresses in Table 
IV. This should result in final failure in 
not less than two or more than eight steps. 
If. the first trial departs from this, the 
starting-step voltage should be readjusted 
to come within these desired limits. 


6. After breakdown the test sample should 
be dissected and the nature of the failure 
path noted. Partial failures elsewhere 
should also be recorded. 
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Transmission-Line Electric Loadings 


S. B. CRARY 
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HE loading of transmission lines de- 

pends upon many factors worthy of re- 
view at this time. With the removal of 
restrictions on critical materials, system 
engineers will give renewed consideration 
to their fundamental system design, and 
their effort may be expected to result in 
careful study to lower costs, This en- 
deavor ultimately will result in standardi- 
zation of apparatus and of system ar 
rangements of proved designs. It is desir- 
able to take a look into the future at this 
time, therefore, to determine what the 
transmission-line design loadings should 
be in order to make best use of the de- 
velopments and experience of the past dec- 
ade. This paper is devoted to an analy- 
sis and discussion of some of the impor- 
tant factors determining transmission-line 
electric loadings. 

Transmission systems, by the use of 
quick switching, relaying, and modern de- 
sign practices, have overcome their stabil- 
ity limitations to a very considerable ex- 
tent. Transmission lines, excepting pos- 
sibly those approaching 300 miles, can 
now be said to be operated with adequate 
stability margins. Lines can now be de- 
signed which minimize the probability of 
having faults due to lightning. Further- 
more, the use of high-speed reclosing has 
increased the reliability and performance 
of transmission lines following short cir- 
cuits caused by lightning. This progress 
indicates the possibility of further in- 
creasing transmission-line loadings. 

The stability limitation for existing 
transmission lines ordinarily becomes less 
important as the length of the transmis- 
sion link decreases, since the loading is not 
usually correspondingly increased. With 
the development of interconnected sys- 
tems in the United States, the tendency 
is to reduce the length of the straight- 
away transmission links, that is, length 
of transmission line without intermediate 
generation or load. Systems which start 
with long transmission lines of the order of 
300 miles in length change in time to be- 
come several shorter links interconnecting 
local load and generation areas. Accord- 
ingly, only a few lines in the country are 
the pure long-distance transmission lines 
which have been given so much attention 
technically. A more usual length of trans- 
mission distance is 50 to 100 miles. Few 
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lines of this shorter length are designed for 
loadings which would be determined by 
their inherent stability capabilities. Ifa 
220-kv line, 300 miles in length, is ca- 
pable of transmitting 120,000 kw per cir- 
cuit, and requiring negligible Kilovars for 
transmission, then a 100-mile line, from a 
stability standpoint, should be able to 
transmit with proportional terminal ca- 
pacities approximately three times as 
much or 360,000 kw per circuit. Such an 
increased loading, however, would require 
synchronous-condenser kilovars (overex- 
cited) or its equivalent of about 210,000 at 
the receiving end, and an overéxcited kilo- 
vars at the sending end of about 70,000. 
This example is for a line which has a line 
resistance and reactance of 0.16 and 0.80 
ohm per mile, respectively. The possibil- 
ity of increasing the loading of lines of this 
length depends primarily on being able to 
use more kilovars for transmission. 

The reactive kilovar-hour is a rela- 
tively inexpensive quantity compared 
with the real kilowatt-hour.. The cost of 
kilovars is in the range of about ten dol- 
lars per kilovar, whereas the cost of real 
kilowatt capacity is from $200 to $300 per 
kilowatt when the operating and fuel costs 
are evaluated as equivalent investment. 
With a better understanding of kilovar 
control it is expected that the trend to in- 
creased use of capacitors and synchronous 
condensers will continue. Heavy trans- 
mission-line’ loadings will require in- 
creased amounts of controlled kilovar 
capacity such as that provided by syn- 
chronous condensers. Their use will 
provide additional lagging capacity which 
will allow for further use of unswitched 
shunt capacitors in the load areas. 

In addition to the problem of stability 
and kilovar capacity there is the problem 
of conductor losses and heating. If the 
loadings of transmission lines are in- 
creased inversely as the line length, with 
constant stability loading for terminal 
capacities proportional to the load, the 
resistance loss per mile varies approxi- 
mately inversely as the square of the 
line length or about the same percentage 
total loss in terms of the transmitted 
power. That is, for the same conductor 
and voltage, a 100-mile line would have 
approximately nine times the loss per mile 
of conductor as a 300-mile line having one- 
third the kilowatt loading, while the per- 
centage loss for the whole line is approxi- 
mately the same. More accurately, 
the kilowatt loss in per cent of de- 
livered power of the heavily loaded 100- 
mile line would be somewhat greater, 15 to 
20 per cent more, than that of the 300- 
mile line because of a change in power fac- 
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tor. If resistance is reduced by 15 to 20° 
per cent, the per cent losses will be equal 
to those of the 300-mile line. A larger 
conductor may be necessary or highly de- 
sirable, however, for the more heavily 
foaded shorter lines in order to remain 
within the thermal limits or to keep the 
total system transmission losses to reason- 
able values, since the power in an inter- 
connected system may be in effect trans- 
mitted great distances over several trans~ 
mission-line links. ; 
These relations suggest for considera- 
tion the design of transmission links in the 
future more nearly approaching their 
stability limits under either nonnal or 
emergency conditions. A 100-mile 220-kv 
line would then have a maximum loading 
approaching 300,000 to 400,000 Kw per 
circuit and a transmission-line conductor 
of copper (or equivalent) of about 700,000 
circular mils. For a 100-mile 132-kyv line 
this would mean a loading approaching 
100,000 to 150,000 kw per circuit and a 
conductor size of copper (or equivalent) of 
at least 300,000 to 400,000 circular mils. 
Fortunately, transmission-line costs do 
not increase directly with increased con- 
ductor size. For example, it is esti- 
mated that to increase the conductor size 
of copper (or equivalent) from 400,000 


to 800,000 circular mils for a 220-kv cir- - 


cuit would increase the cost per mile of 
the transmission line only 25 per cent, not 


-including the cost of the right of way. At 


the same time, the losses are reduced to 
one half. An alternative is to increase 
the line voltage. For moderate addi- 
tional system line capacity, however, it 
may not be economical to depart from the 
present system transmission-line pret 
level. In any case, even at the hig 
voltage it may be advisable to plan for 
future heavy line loadings. 

Although these trends to heavier line 
loadings and larger line conductors are 
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Figure 1. Major transmission-line loadings in 
United States before World War Il 
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stability margin with representative terminal 

capacities—750 kilowatt-miles per (kv)? 

Dashed line—Surge-impedance or unity- 
power-factor loading 
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Figure 2. Representative transmission-line 
loadings and required kilovars for transmission 
of power when limited by steady-state 
stability 


Unit kw =unit kvar=(kv)? 
x=0.8 ohm per mile 
r=0.16 ohm per mile 
y=5.2 micromhos per mile 
Pg =sending-end kilowatts 
Pp=receiving-end kilowatts 
Qs =sending-end kilovars 
Qr=receiving-end kilovars 
Qs+Qpz=totel kilovars for transmission 
Equal sending- and receiving-end voltages 
Es = ER 


already evident in practice, the eco- 
nomics will determine how fully they can 
be realized for a given case. The eco- 
momic factors are, of course, many and 
varied, but a few general remarks may be 
made. The cost of kilovars required to 
control the voltages under these heavier 
loadings will limit and modify the load- 
ings which here appear technically pos- 
sible. Controlled kilovars properly lo- 
cated, however, may make use of the di- 
versity of the kilovar requirements of 
‘several transmission links to different 
areas of the interconnected system. 
‘Transmission-line loadings can be dis- 
patched dependent upon kilovar as well 
cas kilowatt capacity. Emergency load re- 
‘quirements may justifiably allow a tem- 
porary sagging of voltage at points of 
limited kilovar capacity. Part of the 
kilovars required for the transmission 
may be supplied from generators at a 
telatively low cost per kilovar. Many tie 
lines and interconnected systems during 
‘the present war emergency have been re- 
-stricted in the amount of power which 
they are capable of transferring because 
‘of lack of controlled kilovar capacity and 
‘because of high incremental J?R losses. 
Recognition of the necessity of using in- 
creased amounts of controlled kilovar 
‘capacity properly located is essential for 
the realization of heavier line loadings. 
A-c network analyzers may be used to 
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Figure 3. Transmission-line equivalent total 
power factor* and ratio of transmission-line 
real and reactive losses to delivered real power 
for representative transmission-line loadings 
when limited by steady-state stability (750 
kilowatt-miles per (kv)2). See Figure 2 


*Equivalent total transmission-line power 


fscten= —— ——————— a 
V Oz?+P x? 
Q,=Qrp+Qszs P, =Ps— Pr 


study present and future system condi- 
tions. 

If found economically advisable, there 
are two steps required for increased line 
loadings: 


1. Designing for the use of larger con- 
ductors. 


2. Providing for controlled kilovars for the 
transmission of power as the system loads 
increase. 


Fortunately, a large part of the invest- 
ment required for the full completion of 
the second step can be deferred until re- 
quired. Itis of prime importance, however, 
that the first step be recognized in the design 
stage so that the line will be built with the 
larger conductor. 
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Figure 4. Real and reactive power loss with 

change in conductor resistance and loading 

100-mile line, equal sending- and receiving- 
end voltages 


x=0.8 ohm per mile 
y=5.2 mhos per mile 
No-load real losses neglected 
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Existing Transmission-Line 
Loadings 


The rated or design loadings of most of 
the existing important transmission lines 
in the United States prior to World War 
II are given in reference 2. These line 
loadings were referred to a common base 
by dividing the rated received kilowatts 
per circuit by the square of the receiver 
voltage in kilovolts. These per unit load- 
ings plotted against line distance in miles 
are shown in Figure 1. As is shown in ref- 
erence 3 the surge impedance or unity- 
power-factor loading on this common base 
is approximately 2.5 (kv)? for practically 
all transmission lines. This loading has 
been also termed the “natural loading”’ 
and corresponds closely to the condition 
of unity-power-factor transfer of power 
along the line. Thus at this loading, 
practically no kilovars are required for the 
transmission of power. The J?X loss in 
the line equals the line-charging volt- 
amperes at this loading. As shown for 
the lines above 100 miles, the kilowatt 
loadings have not exceeded greatly the 
surge-impedance loading. Even for 
lines of below 100 miles in length, with the 
exception of one ten-mile line, the load- 
ings do not exceed about twice the surge- 
impedance loading. 

Since the stability limit of a trans- 
mission line with terminal system ca- 
pacities proportional to the transmitted 
load varies approximately inversely with 
the line length, it is evident that the 
shorter lines are operating with larger 
stability margins than the longer line. 
To show this, a curve indicating the 
loadings at which stability would be- 
come limiting for representative terminal 
capacities is shown in Figure 1, based on 
the indicated experience that a loading of 
2.5 (kv)? for 300 miles is practical. This 
curve was drawn from the relation 


2 
P =2.5( 2) = 750 in ew 
wherein / = length in miles. A higher or 


lower loading than 750 kilowatt-miles per 
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Figure 5. Variation of ratio of kilovar loss to 

receiver power for conventional 100-mile line 

with change in loading and conductor re- 
sistance 
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Figure 6. Variation of ratio kilowatt loss to 

receiver power for conventional 100-mile line 

with change in loading and conductor re- 
sistance 
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Figure 7. Equivalent total line power factor 
for conventional 100-mile line versus line 
loading with change in conductor resistance 


(kv)? may be used as the design loading 
depending on the terminal capacities as 
well as the margin required to ride through 
transient disturbances. Since this value 
has been obtained in practice and is con- 
sidered to be a relatively high loading, it is 
used here for purposes of comparison. It 
is of interest to note that it is possible to 
carry a loading of 2.5 (kv)? 775 miles (one- 
quarter wave length) with infinite ter- 
minal capacities at either end* or a load- 
ing of about 1,900 kilowatt-miles per 
(kv).2. The question naturally arises as to 
why the shorter transmission lines are not 
worked harder. The answer to this ques- 
tion is given partly by Figure 2. This 
shows the total kilovars of the sending 
and receiving end (05+ Qpr)* which are re- 
quired for transmitting the power for the 
loading shown by the curve in Figure 1 
with equal terminal voltages. As the kilo- 
watt loading increases, the kilovars re- 
quired for the transmission of power in- 
creases. At some loading this increase in 
kilovars becomes a limiting factor, and it 
would, therefore, be more economic to 
build a second line or use a higher voltage 
than to increase further the loading per 
(kv).2 The most economical loading de- 
pends upon the proper consideration of all 
the designs and economic factors and can 
be expected to differ between systems. 


Stability 


The factors which determine stability 
have been given a great deal of attention. 
The use of modern apparatus and a de- 
sign which considers the stability charac- 
teristics have resulted in greatly improved 


* The sign convention of both the sending-end and 
receiving-end reactive power Og and Qz, respec- 
tively, are taken as positive, corresponding to 
overexcited kilovars into the transmission line. 
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reliability. The amount of power which 
can be transferred per circuit is becoming 
more and more limited by the steady-state 
stability limit of the line and system. As 
has been shown,? this is the primary limi- 
tation for 60-cycle conventional lines ap- 
proaching 300 miles or more inlength. At 
this length the design loading usually will 
correspond to about the surge-impedance 
or unity-power-factor loading of 2.5 
(kv).2. The approximate surge-impedance 
loadings are given in Table I for different 
line voltages. These can be considered to 
be loadings which have been obtained 
with reliability with conventional trans- 
mission lines of about 300 miles in length. 

Column 2, Table I, shows loads which 
may be transferred 300 miles with a 25 per 
cent stability margin for a system with 
reasonable terminal capacities.* Column 
2, Table II, shows the loadings possible 
for a 100-mile line with the same stability 
margin and comparable terminal capaci- 
ties, proportional to the delivered power, 
as for the 300-mile lines. Column 3, Table 
II, shows the total or sum of sending and 
receiving kilovars required for the trans- 
mission of the loads given in column 2, 
Table II. It will be noted that three 
times as much power may be transferred 
per circuit for the 100-mile transmission 
line as was transferred with the 300-mile 
line if for each eight kilowatts transferred 
there is provided six kilovars for trans- 
mission. For a line having an r/x ratio 
equal to 0.2 and equal sending- and re- 
ceiving-end voltages, the power factor at 
the sending end would be 0.98 and the 
power factor at the receiving end 0.86. If 
the kilowatt loading is reduced to 5.0 
(kv),? the kilowatts transmitted for vari- 
ous circuit voltages for 100 miles is given 
in column 4 of Table II. Column 5 gives 
the corresponding total kilovars for trans- 
mission. In this case for each 5.0 kw 
transmitted, 2.0 kilovars is required. The 
loading of column 4 does not appear un- 
reasonable for a 100-mile line since the 
kilovars can be supplied from both ends 
at high power factors. For purposes of 
analysis and discussion, it is well to con- 
sider the two quantities kilovars and 
kilowatts, rather than kilowatts and 
power factor. 

For purposes of comparing stability 
loadings of transmission lines, it is con- 
venient to rate lines in terms of kilowatt- 
miles per (kv).? Accordingly, to this 
measuring stick the representative loading 
given by equation 1 is 750 kilowatt-miles 
per (kv).2 Columns 2 and 4 of Table II 
have stability ratings of 750 and 500 
kilowatt-miles per (kv),? respectively. 


Losses 


Since stability is not necessarily a limit- 
ing factor for shorter lines, consideration 
must be given to losses. Figure 2 shows 
the kilovars at the sending and receiving 
ends of the line for equal terminal voltages 
when the loading is 750 kilowatt-miles per 
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(kv).?. Characteristics shown on Fi t 
2 are for a line having a reactance of 0.8 
ohm per mile, a capacitive admittance of 
5.2 micromhos per mile and an r/x ratio of 
0.2. Although such a loading may be un- 
economical at 100 miles because of the 
kilovars required for transmission, it is of 
interest to consider this loading further 
as it is a representative upper stability 
limit. 

The ratio of line power loss to received 
or delivered power, as well as the ratio of 
total sending- and receiving-end reactive 
power to the receiver power is plotted 
in Figure 3 versus distance in miles for 
the line of Figure 2. The real losses as 
shown vary from 13.5 per cent of the de- 
livered power for a 300-mile line to 17 per 
cent for a 50-mile line, when the line is 
loaded at a constant value of kilowatt- 
miles per (kv).? Thekilovarrequirements, 
however, increase rather rapidly with de- 
crease in distance, if a constant stability 
loading of 750 kilowatt-miles per (kv)? is 
maintained. Also on Figure 3 is plotted 
what is termed here as the equivalent 
transmission-line power factor defined by 
the equation 


Equivalent transmission-line power factor 
oi ee ar 

VW OF+P xt 

where 

Pp=receiving power 


Q0,=Qr+Qs=the sum of the sending and 
receiving kilovars 


This equivalent power factor may be 
used as a measure for comparing the re- 
active loading of a transmission line. 
The sum of the sending and receiving 
kilovars when expressed in terms of a 
percentage of the receiver power (Qz/Pz) 
can be used instead of the total line power 
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Figure 8. Total real and reactive power losses 
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for 100-mile line with and without series- — 


capacitor compensation ~ 


“Y=5.2 micromhos per mile 
x=0.8 ohm per mile 
r=0.04 ohm per mile 
No-load real losses neglected 
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factor as a measure of the reactive load- 
ing. This is a convenient method, since 
the total kilovars remains essentially con- 
stant while the ratio between the sending 
and receiving kilovars depends upon the 
ratio of the magnitude of voltages held at 
either end. For the line whose character- 
istics are given in Figure 2, it was as- 
sumed that the sending and receiving 
voltages were equal, and it will be noted 
that in this case the required receiving- 
end kilovars is approximately twice the 
sending kilovars. Since a heavily loaded 
transmission line may have overexcited 
kilovars supplied at both ends for trans- 
mission of the power, it is evident that the 
terminal power factors are far from con- 
stant along the line and that changes in 
terminal power factors do not indicate 
directly the increase in losses. As systems 
become more interconnected, it becomes 
more desirable to hold the transmission- 
line voltages at constant values inde- 
pendent of the direction or amount of 
power flow. The condition of equal send- 
ing- and receiving-end voltages, therefore, 
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Figure 9. Total real and reactive power losses 
for 300-mile line with and without series 
capacitor compensation 


Y=5.2 micromhos per mile 
x=0.8 ohm per mile 

r=0.08 ohm per mile 
No-load real losses neglected 


Figure 10. Power-loss characteristics 


No-load losses neglected 
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represents a typical condition for a study 
of the transmission links of an intercon- 
nected system. If the sending-end volt- 
age is increased relative to the receiving 
end, the sending-end kilovars is increased 
and the receiving-end kilovars reduced al- 
though the total kilovars is not changed 
appreciably. 

The effect of change in conductor re- 
sistance of a 100-mile line is given by Fig- 
ure 4, In this and the subsequent figures 
the component of losses which are inde- 
pendent of loading with fixed terminal 
voltages have been neglected, that is, re- 
sults are based on a x representation with- 
out losses in the shunt branches. Both 
the kilowatt and kilovar losses increase 
with increase in line resistance for the 
same line reactance. As will be noted, the 
real power losses increase directly with in- 
crease in the resistance for moderate 
loadings. As the loadings are increased, 
however, the real losses increase dispro- 
portionately for the higher resistance lines 
because of the change in power factor. 
This indicates the desirability of using low- 
resistance conductors on heavily loaded 
lines even more than would be indicated 
by assuming the losses to increase directly 
with the line resistance. 

The kilovar requirements are not 
greatly different with change in conductor 
resistance for the same line reactance ex- 
cept for the higher loadings. At the higher 
loadings there is an appreciable increase in 
the kilovar requirements, particularly for 
a line having an r/x ratio equal to0.4. An 
additional advantage with the use of a 
low-resistance conductor is a more equal 
distribution of kilovars between the send- 
ing and receiving ends. For example, with 
equal sending- and receiving-end volt- 
ages the values of sending and receiving 
kilovars are obtained for a 100-mile line 
with different 7/x ratios when loaded at 
500 kilowatt-miles per (kv),? as shown in 
Table III. This may represent an impor- 
tant advantage since the receiving system 
is usually required to provide kilovars for 
the load and is not as able as the sending 
end to provide kilovars for transmission. 
Recognition of the kilovar requirement for 
both ends of an interconnection has not 
always been fully appreciated by inter- 
connected operating companies. The 
use of low-resistance conductors is in the 
direction to distribute better the kilovar 
requirements between the sender and re- 
ceiver and still maintain the voltage lev- 
els. 

Figures 5 and 6 show the ratio of the 
reactive losses to the receiver power and 
the ratio of real losses to the receiver 
power, respectively. These curves show 
an increasing percentage of real and 
reactive losses as the loading increases, 
with a greater percentage increase for 
the high-resistance lines. Figure 7 shows 
the equivalent line power factor plotted 
against receiver power for different 
ratios of r/x. All of these characteristics 
indicate the desirability of using low- 
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Figure 11. 


No-load losses neglected 


resistance conductors in order to reduce 
the real and reactive losses, particu- 
larly at the higher line loadings. The 
low-resistance lines also have a higher 
stability limit in terms of receiver power. 

As the circuit voltage increases, the r/x 
ratio generally decreases since the react- 
ance per unit length remains essentially 
constant. The unity-power-factor current 
loading of a 220-ky line is 315 amperes, 
whereas that of 132-kv line is 202 am- 
peres. The line current increases directly 
with the circuit voltage for the same line 
loading in kilowatt-miles per (kv).2 Ac- 
cordingly, high-voltage lines ordinarily 
will have low 7/x ratios in order to keep 
the current density down as well as from 
a corona and mechanical strength stand- 
point. The lower-voltage lines, below 
220 kv, of an inter-connected system 
may on the other hand have fairly high 
r/x ratios. 

Series capacitors have been proposed as 
an effective method of overcoming the 
stability limitations of long lines;? studies 
also have been made as to their practi- 
cability for shorter lines. Figures 8 and 9 
show the total real and reactive power 
losses for a 100- and a 300-mile line, re- 


Table |. Approximate: Transmission-Line 
Surge-Impedance Loading Per Circuit for 
Conventional* Overhead A-C Lines 


———— 


Surge-Impedance Loading— 
Qu/PR=0 


Voltage—Ky Delivered Kw =2.5 Ky? 
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* Values in table are for line having a reactance, 
resistance, and capacity susceptance of 0.8 ohm per 
mile, 0.16 ohm per mile, and 5.2 micromhos per 
mile, respectively. 
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Figure 12. Total and incremental losses for 
r/x=0.10 


No-load losses neglected 


spectively, without series-capacitor com- 
pensation and with 50 per cent series-ca- 
pacitor compensation infinitely distri- 
uted. Figure 8 for the 100-mile line shows 
that up to and exceeding a loading 7.5 
(kv)? the total reactive losses do not dif- 
fer greatly with or without series compen- 
sation. Accordingly, for loadings up to 
this value there is no appreciable differ- 
ence in the losses or in the total correc- 
tive capacity required in series compensa- 
tion plus controlled shunt compensation. 
At a loading of 7.5 (ky)? the series-capaci- 
tor kilovars for the 50 per cent compen- 
sated line is 57 per cent of the total or 0.57 
X 3.70 (kv)? = 2.10 (kv)? or 38,500 kilo- 
vars for a 132-kv line requiring a total of 
65,000 kilovars. For loadings above 7.5 
(kv),? however, series compensation prob- 
ably will be required for stability pur- 
poses in order to allow for a line loading 
exceeding 750 kilowatt-miles per (kv?) and 


Table Il. Approximate Real and Reactive 

Transmission-Line Loadings Per Circuit of 

Conventional* 100-Mile Overhead A-C 
Lines 


Two and Three Times Surge-Impedance Load- 
ing or 750 Kilowatt-Miles Per (Kv)? and 500 
Kilowatt-Miles Per (Kv),? Respectively 
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500 Kw-Miles/(Ky)2 


750 Kw-Miles/(Ky)? 


QL/PR=0.75 QL/PR=0.40 
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330. . .810,000. . .610,000. . .540,000. . .216,000 
275. . .570,000. . .430,000. . .380,000. . . 152,000 
220. . .360,000. . .270,000.. .240,000... 96,000 
154. ..180,000, . .135,000. ..120,000... 48,000 
132. ..132,000... 99,000... 88,000... 35,000 
110... 90,000... 67,500... 60,000... 24/000 
66... 33,000... 25,000... 22,000... 8,800 


* Values in table are for line having a reactance, re- 
sistance, and capacity susceptance of 0.8 ohm per 
mile, 0.16 ohm per mile, and 5.2 micromhos per 
mile, respectively. 
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as shown by Figure 8 to reduce the real 
and reactive line losses. Small stability 
margins and high line losses are usually 
synonymous. 

Also as shown by Figure 9 for the 300- 
mile line, series compensation is advan- 
tageous only for loads above about 2.5 
(kv)? or for a stability loading exceeding 
750 kilowatt-miles per (kv).? As in the 
case of the 100-mile line above this sta- 
bility loading (750 kilowatt-miles per 
(kv)?) the series-capacitor compensation 
begins to show advantages. In general, it 
can be concluded that unless the circuit 
loading required is high or stability is a 
limitation, series capacitors have little ad- 
vantage over controlled shunt compensa- 
tion. A series-compensated line also re- 
quires controlled shunt compensation for 
control of line voltage to correct for the 
variable J*X of the line. These results 
indicate that, as the distance decreases 
and the stability limitations become less 
severe, it is more economical to use con- 
trolled kilovar capacity in shunt such as 
is provided by a synchronous condenser. 
In this way the corrective capacity is 
better used in that it makes use of the di- 
versity of the kilovar requirementat a giv- 
en bus or circuit connection point rather 
than being allotted to a given circuit 
or pair of circuits. Also for short lines the 
series capacitor may act as a limit to the 
amount of power which may be transferred 
over a given circuit during an emer- 
gency. Accordingly, the use of series ca- 
pacitors for major transmission lines ap- 
pears to be more applicable to the longer 
straightaway transmission lines where 
stability is the major limitation, whereas 
for shorter lines with lower stability load- 
ings controlled kilovars used in shunt rela- 


tion is more economical of corrective ca- . 


pacity. Controlled shunt compensation 
allows for greater loadings than are now 
generally used, whereas series capacitors 
with controlled shunt compensation allow 
for even greater line loadings. 


Incremental Losses 


In the operation of an interconnected 
system, loads to be delivered at some 
point, in effect, may require generation 
from a remote point. The transmission 
of this load is then superimposed upon the 
existing loads being transmitted by the 
various links of the power system. The 
cost of transmitting this power, therefore, 
properly involves a consideration of the 
incremental losses of the various trans- 
mission-line links. A load of this nature 
may unload some lines, since it will tend 
to reverse the direction of initial power 
flow and will increase the loading on other 
links. The appendix gives the deriva- 
tion of equations for determining the 
incremental power losses when the trans- 
mission line has equal sending- and re- 
ceiving-end voltage. If the voltages are 
different, good approximate results still 
can be obtained for total real and réac- 
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tive power losses. It is shown that the 
total power loss and incremental power 
losses are a function only of the ratio of 
line resistance to reactance and the ratio 
of the receiver power to the total line 
transfer impedance divided by the line 
voltage squared. The line transfer im- 
pedance can be approximated accurately 
as the square root of the sum of the 
squares of the line resistance and the line 
reactance, 

Figure 10 shows the ratio of the power 
loss to Px, plotted against the ratio of re- 
ceiver power to P;, where 


FE? 


These ratios are numeric and apply gener- 
ally. The ratio of line resistance to line 
reactance is used as a parameter for the 
various curves plotted. As shown by 
Figure 10, the real power loss increases 
rapidly with increased line loading, par- 
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ticularly near the receiver pull-out point 
with infinite terminal capacities, that is, 
infinite busses at either end of the line. 
Figures 11, 12, 13, and 14 show the total 
and incremental losses for lines having r/x 
ratios of 0.05, 0.10, 0.20, and 0.40, respec- 
tively. On these curves the incremental 
losses defined both as a ratio of the change 
in power losses to the change in sending- 
or receiving-end powers are plotted. 
Also plotted is the ratio between the total 
power losses and the sending- and receiv- 
ing-end power. The _ lower-resistance 
lines are characterized by their ability to 
carry considerably greater increases in 
load before a disproportionate increase 
in the losses occur. Since the curves are 
for constant r/x ratio, the incremental- 
power-loss characteristics need only be 
multiplied by the ratio «/r to determine 
the kilovar incremental losses. 

It will be noted that the ratio of the 
losses referred to the receiver power is 
naturally higher than when the ratio is 
teferred to the sending-end power. In 
evaluating incremental losses and power 
losses it generally will be advisable to 
refer the losses to the receiving-end 
power. The incremental losses approach 
infinity at the maximum receiver power 
when the maximum receiver power is 
determined with infinite terminal capaci- 
ties at either end of the line section 
under consideration. 

Figures 15 and 16 express the incre- 
mental power in terms of “‘block’’ incre- 
mental power loss. The previous curves 


_ gave the incremental power in terms of a 


‘small or additional increase in loading, 
whereas Figures 15 and 16 are for in- 
creases in loading for a block of power 
equal to 50 per cent and 100 per cent above 


“1944, VoLuME 63 


, condensers, 


the original power being transferred, 
respectively. As would be expected, 
these have the same characteristic shape 
as the other incremental - power - loss 
curves, except that they result in an incre- 
mental-loss coefficient which is between 
that determined.on the basis of the incre- 
mental-loss coefficient for the first addi- 
tional kilowatt above the initial load 
and the last additional kilowatt above 
the total load. These results show that 
both the real and reactive power losses 
of a line for a given amount of delivered 
power are appreciably decreased by the 
use of low-resistance conductors. 


Summary and Conclusions 


1. The following guides may be used in 
estimating possible electric loadings for 60- 
cycle lines, with the understanding that any 
particular case should be investigated 
thoroughly: 


(a). Surge impedance 
loading... cases 2.5 (kv)? 


(b). Reasonably heavy 
stability line 
Yoadinig’.jsisreeicuteree 750 kilowatt-miles/(kv)* 


(c). Series-capacitor 

compensation be- 

comes __ particu- 

larly effective for 

line loadings 

above about....... 750 kilowatt-miles/(kv)? 


2. Transmission-line real losses at the 
heavier line loadings are reduced more than 
directly with the conductivity of the line 
conductors. 


3. Transmission-line kilovar losses are re- 
duced by the use of lower-resistance conduc- 
tors for a given receiver power, particularly 
for the heavier line loadings. 


4. lLower-resistance conductors 


(a). Increase the stability limit in terms of de- 
livered power. 


(0). More equally divide the kilovar requirement 
for transmission between sending and receiving ends. 


5. Developments in the past decade which 
have improved the transmission-line reli- 
ability allow for the use of heavier line load- 
ings. 


6. Increased transmission-line loadings are 
possible through the use of increased con- 
trolled kilovar capacity such as synchronous 
particularly for transmission 
lines less than 300 miles in length. 


7. Series-capacitor compensation of line 
reactance provides a method by which line 
loadings may be increased above that pos- 
sible by controlled shunt kilovars only. 
Line-reactance compensation is most ef- 
fective when stability is the chief limitation 
for higher loadings, that is, loadings above 


Table Ill 
r/x 0.1 0.2 0.4 
Opepicerte denen Spl Smet 4 Se 1 Oe eee +3.4 
Ogtnneot np teens +OeBiwics os =F HOM as terior —0.8 
Oxr=Or+0s...... PIB ihe ve SenoHOmerivte +2.6 
Ole Olah nteme crak a ae EO mcile oe :19),.08.06 —4.2 
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about 750 kilowatt-miles per (kv)?._ There- 
fore this method is more attractive for longer 
lines than for shorter lines. 


8. With the development and continued 
interconnection of power systems in the 
United States, and other countries, it is 
expected that greater use will be made of 
controlled kilovar capacity and of conduc- 
tors of lower resistance than heretofore has 
been the general practice. 


Nomenclature 


All quantities are in per unit. 


E=line voltage 
P =real power 
Q=reactive power 
612 = electrical angular displacement between 
sending and receiving ends 
Z =impedance 
Zy=driving point impedance from sending 
end 
Zo=driving point impedance from receiv- 
ing end 
Zy.=transfer impedance 
a=90—8 : 
@=impedance angle corresponding to sub- 
scripts 


r=resistance of line corresponding to line 
equivalent circuit 

% =reactance of line corresponding to line 
equivalent circuit ° 


Subscript S refers to the sending end, 
point 1, of the network equivalent of the 
transmission line (Figure 17). Subscript 
Rrefers to the receiving end, point 2, of 
the network equivalent. 
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Figure 17 


The sign of the real power Ps and Pr 
is taken as positive, corresponding to 
power sent out and received, respectively. 

The sign of the reactive power Qs and 
Qe is taken as positive, corresponding to 
overexcited reactive power to the trans- 
mission line to provide J2X losses. When 
the terminals are supplying line-charging 
capacity at light load, Qz and Qs are 
negative. 


Appendix. Real and Reactive 
Transmission-Line Power Losses 


A line segment may be represented by a 
awfline (either nominal or equivalent). See 
Figure 17. The following equations may be 
written for the sending- and receiving-end 
real and reactive power in per unit:* 

gts EsE 
Ps Zi sin ayt Zs 


ree 
sin (82— a) 


(2) 
EsE 
Pas Bee in ogee ® sin (612+ an) 
Zo 12 
Es? EgE 
p= cos ay — —s cos (512— az) 
Zu 12 
; (3) 


Er 


Qr= ris COS aa— cos (812 +a) 
22 


12 
The real and reactive line losses are Pp = 
Ps—Pp and Qr=Qs+Qnz, respectively. 
From equations 2 and 3 with Es=Er=E 
and Z1,=Z2, 
P 2H? . re x 
=— sin a 
L Tee an ie 
[sin (62—a12) —sin (d2+a12)] (4) 
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or 
25? 2H? 
P= sin a1, — sin @i2 COS Si (5) 
Zu 12 
Also, 
0 2E? E? . 
== cos an—— 
Wa tuge ug hi 
[cos (6:2—aiz) +cos (524+-a12) | (6) 
or 
2? 2E? 
QL a cos ar a COS @2 COS Si2 (7) 


Since E, = E2.=E, and if the losses in the 
admittance branches are negligible, that is, 
if 
sin ay Sin ag sin a 


Zu Z2 Zi: 


equations 2 and 5 yield 


Ppr= se sin peas sin (612-;e2) (8) 
Zy Zx2 
P 2H Sta besten sin a2 COS dy (9) 
Zp Zy2 


If equation 8 is solved for cos di. in terms 
of Pr 


cos d= —sin ap,A = cos enV 1 —A? (10) 


where 


R 3 
es —— sin aj 
E} Py : 

If equation 10 is substituted in equation 9, 
using the positive sign for the second term, 
corresponding to values of 62 in the stable 
operating range, 


27S. 2E? 
SHIOl Ts tren 
12 2 


sin an(cos az*/1—A?—sin aA) (11) 


Pr= 


or 
PrZ. 
Se St SEN 

- sin ay»2—2 sin ay,X 


(cos enV 1—A?—sin aA) (12) 
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If Py, is differentiated with respect to P is 
to determine the incremental power losses, 


aPy | “ores aa sin ay Cos aA (13) 
dPR Vi = Ale 
or 
dP 
are =-2 sin? agat 

Pye a 

2 sin ay COS ay P + sin ay 
: (14) 


i ae a : 
q = Petes Qi2 


The incremental reactive power losses are 
equal to the incremental real power losses 
multiplied by the ratio of x/r. Therefore, 
the incremental real and reactive power 
losses for a given ratio of line resistance to 
reactance is only dependent on the ratio of 
the receiver power times the total line im- 
pedance divided by the line voltage squared. 

The incremental losses at the sending end 
can be determined from equation 14 by use 
of the relation, 


dPy 
dP,.. ¢P;  “@Pp Ae 
dP, dPy+dPp : oP 
dP 
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New Test Chambers for Aircraft Electric 
Apparatus With Particular Reference 
to Carbon Brushes 


E. R. SUMMERS 


MEMBER AIEE 


Synopsis: When electric machines were 
taken to high altitudes of 25,000 to 40,000 
feet on modern military aircraft, the brushes 
wore rapidly, insulation sometimes failed, 
lubrication was uncertain, windings over- 
heated, and other vexing problems appeared. 
New materials and methods were needed 
for this new environment. 

To accelerate the development of aircraft 
apparatus, air-conditioned chambers are 
provided to duplicate the cold, clean, dry, 
rarefied air of the stratosphere. Facilities 
being used to test a range of equipment from 
totally enclosed one-watt computer motors 
to pressure-ventilated 40-kva alternators! 
are described. Reasons are given for the 
selection of specific equipment. 

From simulated-high-altitude tests under 
controlled conditions, designers are more 
quickly completing new apparatus, are bet- 
ter predicting its performance, and are re- 
ducing the amount of flight testing required 
to develop new aircraft. 


ODERN AIRCRAFT must fly 
through all kinds of weather—wet 

and dry, hot and cold, low and high alti- 
tudes. The electric apparatus is further 
stressed by unusually high speeds, cur- 
trent densities, temperatures, and me- 
chanical forces to meet design limitations 
on size and weight. Electrical loads 
change abruptly as a plane enters or 
leaves combat. To predict over-all per- 
formance, tests are required over a wide 
range of atmospheric and load conditions. 
Actual flights are essential for final 
checks, but quicker methods are needed 
for the preliminary valuation of new 
materials at high altitudes. To permit 
uninterrupted investigations under the 
direct supervision of apparatus designers, 
air-conditioned chambers are used to 
make factory tests at the limiting condi- 
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tions to which aircraft are exposed. To 
obtain the maximum benefit from simu- 
lated trials, stratosphere conditions 
should be accurately reproduced. 

This paper pertains to the carbon- 
brush problems on aircraft, the investi- 
gations which lead to the construction 
of special altitude chambers, and a de- 
scription of how these facilities are being 
used for general tests on aircraft appara- 
tus. 


Nature of Carbon-Brush Problems 
on Aircraft 


Aircraft auxiliaries present formidable 
problems of commutation, temperature, 
and brush wear at sea level. At higher 
altitudes these difficulties are accentuated 
by atmospheric changes. 

More than 11 years ago at the Com- 
monwealth Edison Company? in Chicago 
and the Aluminum Company of Canada, 
it was found that metal-graphite brushes 
sometimes wore out in an hour or less on 
the collector rings of certain synchronous 


Figure 1. Influences 


converters during cold weather, when the 
ventilating air had less than about 1.25 
grains of moisture per cubic foot. At 
that time the trouble was alleviated by 
humidifying the inlet air whenever it 
had less than 1.5 grains of water per 
cubic foot. 

Later, in 1939, R. H. Savage?® further 
investigated the effects of atmospheric 
components by admitting individual 
gases into an evacuated bell jar in which 
a brush was pressed against a rotating 
disk. His experiments with carbon on 
copper (Figure 1) indicated that brush 
behavior is sharply influenced by water 
vapor, oxygen, ether, ammonia, organic 
vapors, and certain other contaminants. 
Increases in brush friction and wear rate 
of the order of 5 and 1,000 times, re- 
spectively, were typical as gas pressures 
were reduced. Other gases such as 
nitrogen aiid hydrogen are relatively inert 
in these respects. Conventional brushes 
were shown to be many times more sensi- 
tive to moisture than to oxygen. The 
worst observed wear occurred with water- 
vapor pressures of less than one milli- 
meter of mercury, or in the range below 
one grain per cubic foot. 

From a comparison of Savage’s test 
conditions with the atmospheres? through 
which proposed military aircraft were 
likely to fly (Figure 2), short brush life 
at high altitudes was predicted. Work 
was commenced on possible solutions 
for this problem, and available data were 
disclosed to other manufacturers of 
brushes and aircraft apparatus and to 
the Army Air Corps. Soon thereafter, 


the above prophesy was fulfilled. Brushes 


+ 


of water vapor and 


oxygen on the wear 


| ia 


of carbon brushes 


against a clean, ro- 
tating copper disk 


GRADE 8 


Data from R. H. 


Savage 
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A. A 23/s-inch-diameter ring on shaft exten- 
sion of one-half-horsepower induction motor 


sometimes did not last through one 
flight at altitudes above 30,000 feet. 
Knowledge of the causes of these troubles 
did not suggest obvious remedies. High 
vapor pressures of water could not be 
maintained at 50 degrees centigrade below 
zero. Practical factors prohibited en- 
closing and supercharging all electric 
apparatus with compressed air or other 
vapors. 

Conventional brushes when taken to 
the stratosphere were in a new environ- 
ment to which they were not adapted. 
Available brush grades were the result 
of a natural evolution. Brush manu- 
facturers had tried many materials and 
continued with only those which per- 
formed well in the low-altitude atmos- 
phere where they had been used. New 
materials were needed for new condi- 
tions. 


Methods of Attacking Aircraft 
Brush Problems 


The phenomena of sliding contacts are 
not well understood, but it seemed ap- 
parent that the smooth commutator 
films formed in wet oxygen-rich air must 
be imitated at high altitudes by one of 
the following methods: 


1. New Brush Materials. This was the 
most attractive approach. New brushes can 
be put in existing equipment. 

2. New Alloys for Commutators and Col- 
lector Rings. This possibility was less at- 
tractive, because new commutators cannot 
be installed on units in service. 


3. Conditioned Atmosphere. This was a 
third choice. It required design changes in 
planes as well as in electric apparatus. 
Blast-cooled and self-ventilated units would 
overheat if enclosed. A suitable atmosphere, 
if produced, would be difficult to distribute 
in volume to apparatus throughout a plane, 


Laboratory tests indicated that brush 
life could be improved by each of the 
above methods, but the initial efforts 
were mainly on impregnation treatments 
to reduce brush friction. On March 
27, 1942, C. J. Herman and J. F. Settle 
flew to over 30,000 feet altitude with 
Colonel H. H. Tellman to correlate 
laboratory and flight tests. Two ampli- 
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B. Assembly of brush rigging and electric 
gauges G, and Gy to measure brush wear 


D. Refrigeration of enclosure C with dry ice 
(CO2) which sublimes at —80 degrees 
centigrade 


Figure 3. Preliminary tests of new materials 
for collector rings, commutators, and brushes 


Equipment of L. H. Stauffer 


dyne sets were mounted in the fuselage. 
“Treated” brushes were put on one set 
and standard brushes on the other. 
Rapid wear (only two hours indicated 
life) of standard brushes began at 25,000 
feet on the ascent and ceased at 15,000 
feet on the descent. The wear of the 
“treated” brushes was negligible on this 
flight, but much more developmental 
work was needed to obtain satisfactory 
over-all performance. 5 

Brush tests are influenced by many 
variables and are inherently erratic. 
To judge new materials, numerous trials 
are needed. Flight tests are not always 
obtainable, and cannot be directly wit- 
nessed by apparatus designers. A large 
plane requires over 1,000 gallons of gaso- 
line to get a three-hour test at 35,000 
feet. Pilots and observers cannot remain 
much longer at such altitudes in unsuper- 
charged cabins even though wearing 
oxygen masks. Many types of equip- 
ment need to be tested concurrently. 
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changes. 


enclosure with observation 
window for controlled-atmosphere tests 


C. Airtight 


Flight data on one device are necessarily 
delayed by adjustments to the others, by 
airplane maintenance, and local weather 
conditions. 

In spite of difficulties, the Army Air 
Forces and others obtained helpful flight 
tests. Comparisons of flight and labora- 
tory data suggested improved factory 
methods, andfurther emphasized the sensi- 
tivity of carbon brushes to atmospheric 
It was found that accumulated 
vapors from lubricants, varnish solvents, 
fresh paint, or thermal insulation inside a 
chamber might lubricate brushes and give 
misleading optimistic life indications by 
ratios of 100 to 1 or more. Air at high 
altitudes is free of contaminants, and 
factory test chambers should be likewise. 

Clean, ventilated chambers, in which 
desired altitude conditions can be dupli- 
cated, are now expediting over-all de- 
velopmental tests on brushes, lubri- 
cants, ventilation, bearings, insulation, 
and other machine parts. All of these. 
things should be studied together, be- 
cause the performance of each part de- 
depends on the condition of the others. 

To utilize test facilities effectively, 
investigations are usually made in the 
following sequence: 


1. Preliminary tests of component parts. 


2. Sea-level and altitude-chamber tests of 
complete machines. . 


38. Flight tests on things which survive 1 _ 
and 2. 


Typical, facilities being used in this 
method of attack will now be described. 


Preliminary Tests of New Materials 
for Collector Rings (or 
Commutators) and Brushes 


Collector-ring tests are used to avoid 
building unfavorable materials into com- 
plete machines. Special alloys that are 
dificult to obtain in commutator bar 
shapes are cast into rings, machined, 
and mounted on the shafts of small 
motors as in Figure 3. Dummy com- 
mutators are used similarly. Brush 
holders attached to a mounting plate 
permit basic data on brush friction, con- 
tact drop, temperature, rate of wear, 
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‘and other characteristics. 


The 
speed, commutator diameter, 
brush holders, spring pressure, 
current density, and temperature 
of specific machines are dupli- 
cated. 

With such equipments L. H. 
Stauffer has made over 1,000 tests 
on approximately 300 brush 
grades and 60 different alloys. 
By enclosing the test units in a 
controlled atmosphere, various 
altitude conditions are simulated. 
Refrigeration is obtained with dry 
ice on the outside of the cover. 
Mixtures of nitrogen and oxygen 
at the desired partial pressures 
are pumped through the enclosure. 
Low humidity is obtained with an 
activated-alumina dryer similar to 
that of Figure 7. Electric gauges 
allow continued readings of brush 
wear when the sets are enclosed. 
A variable-frequency power supply 
for the induction motors permits 
speeds up to 10,000 rpm. 

These preliminary trials are not ra 
conclusive, and are not a direct 
measure of commutation. How- 


gear 


Figure 4. Typical 
electric apparatus for 


’ aircraft 
All units are ap- 
proximately to same 
scale 


D. Pressure-ventilated 40-kva 


ever they have correlated quite well with 
altitude chamber and flight data, and 
permit selection of the more promising 
materials for exhaustive tests on aircraft 
apparatus. 


Range of Aircraft Electric Apparatus 
Being Tested 


Auxiliaries for aircraft range from 
totally-enclosed. d-c computer motors 
with approximately one-watt shaft out- 


put to pressure-ventilated 40-kva 400-- 


cycle alternators‘ with built-in exciter as 
shown in Figure 4. In between, there 
are inverters, dynamotors, geared motors, 
motor generator sets, and Amplidynes. 
Some have compensating windings and 
interpoles—others do not—but each has 
different brush problems as indicated in 
Figure 5. Five different brush grades 
from four separate carbon manufacturers 
are used on the four machines in Figure 4. 
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A. Totally enclosed d-c 
motor with ap- 
proximately 
output, 13/s-inch out- 
side diameter 


one-watt 


B. Self-ventilated one- 
horsepower d-c_ motor, 
41/,-inch diameter 


Pressure-ventilated nine-kilowatt d-c gener- 


ator, six-inch diameter 


ry 


generator with built-in exciter, 
91/s-inch diameter 


Totally enclosed and _ self-ventilated 
machines are chamber tested at low am- 
bients, but pressure-ventilated genera- 
tors (located in the engine cell) may have 
outside surfaces exposed to air 100 de- 
grees centigrade warmer than that forced 
through the inside. The mass of cooling 
air per minute passing through a machine 
decreases directly as the air density with 
self-ventilation, but approximately as 
the square root with rammed-air (pres- 
sure) ventilation—and at 40,000 feet the 
ventilation is reduced, respectively, to 
one-quarter and one-half compared to 
sea level. Self-ventilated machines are 
more likely to overheat when specifica- 
tion altitudes are exceeded. To obtain 
representative temperature rises with 
simulated tests, the air pressure should be 
accurately controlled. 

~The National Advisory Committee for 
Aeronautics standard tables® indicate 
an isothermal atmosphere of —55 degrees 
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centigrade at all altitudes above 35,332 
feet. Smithsonian tables® show a mini- 
mum temperature of —83 degrees centi- 
grade at 55,000 feet above the equator. 
Temperatures lower than —55 degrees 
centigrade are provided for some of the 
test chambers described below. 


Test Chambers for-Self-Ventilated 
and Totally Enclosed Apparatus 


Two altitude chambers similar to that 
in Figure 6 have been used for approxi- 
mately 600 tests? on small apparatus, 
beginning in September 1941. A single- 
stage Freon-12 refrigeration system with 
a 71/,-horsepower reciprocating com- 
pressor gives the following approximate 
temperatures at indicated conditions in 
the chamber shown: 


= 
Internal 
Watts Dissipated Simulated Ambient 
Inside Chamber Altitude (Ft) Temp, C 
Orie ora. 2 ae a 40,000) ica cae ad —55 
BODY Ric Persist 5 ase 40,000 Sisiherl> sats —50 
SUG, eokecto ste pants 80/000 seis, a tern —40 
Z OOO RG eos erates 3D;000 foe 6 peaxieieis —30 


These chambers will operate at 60,000 
feet with reduced thermal capacity. 
Minimum refrigerating-coil temperature 
is approximately —58 degrees centigrade. 
Air is circulated through this coil with a 
fan. Desired air pressures are main- 
tained with vacuum pumps. 

To minimize contamination, all thermal 
insulation was put on the outside of 
chambers. The smooth inside surfaces 
of fabricated steel are washed after each 
test. Clean, fresh air is drawn from a 
controlled-atmosphere room, passed 
through the dryer of Figure 7, expanded 
through a throttle valve into the chamber, 
and pumped out continuously at a rate 
corresponding to five to ten complete 
changes per hour to prevent accumulation 
of organic vapors. 

Dew points of from —60 to —70 de- 
grees centigrade can be obtained with the 
alumina dryer. A low dew point within 
the chamber is further assured by the 
cold surfaces of the refrigerating coils. 
By admitting dry air, the formation of 
ice on the evaporator is avoided, and 
continued efficiency of the refrigerating 
system is maintained. Inside air is 
withdrawn through a pipe from a point 
near the test machine for periodic checks 
with a dew-point potentiometer to deter- 
mine moisture content. 

A laminated glass window in the cham- 
ber permits observation. Brush wear is 
indicated by special gauges mounted on 
test machines. Electrical connections 
and thermocouple leads are brought out 
through a sealed terminal board. If two 
machines must be coupled together both 
are placed inside. This avoids the diffi- 
culties of a shaft seal through the cham- 
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A—One-eighth-inch-squere size for motor of 
Figure 4A 

B, C—With tamped-in shunts for cartridge 
holders 

D, E—Without shunts for pivoted holders 

F—Thirty-degree reaction type with riveted 
shunts 

G—Radial with 30-degree top angle for box 
holders 

H—Paeir of laminated brushes for 

generator of Figure 4C 


aircraft 


or Ay 
RR 
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Figure 5, Carbon 
brushes for aircraft 


ber wall. The double door at the end has 
an inner steel section for strength, and 
an outer portion with fiber-glass insula- 
tion. 

A third chamber of similar size has a 
multistage Freon-22 refrigerating system 
to get temperatures as low as —75 de- 
grees centigrade. Its evaporator con- 
sists of steel pipes welded to the inside 
of chamber walls.MA very low dew 
point is assured by, suchf cold[ surfaces. 


Figure 6. Exterior 
(upper) and interior 
(lower) of altitude 
chamber for testing 
self-ventilated and 
totally enclosed ma- 
chines , 


Chamber inside di- 
mensions—three feet 
diameter by five feet 


long 
C—Double door 
with insulation out- 
side 
D—Observation 
window 
E—Dew-point po- 


tentiometer 


F—Motor ready for 
test 


G—Refrigerating 
coil 
H—Pipe for samp- 
ling air near motor 


[—Steel door 
Cinside) 


J—Alltimeter 


K—Vacuum -sealed 
terminals through 
wall 
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This chamber is adapted to general jin- 
vestigations of breakaway torque of 
grease-lubricated bearings, insulation 
strength, or brush and commutator wear 
under conditions as severe as anything 
reported in flight tests to date. 

The above altitude chambers and 
their auxiliaries may be operated 24- 
hours a day, and continuous runs of 50 
hours or more have been made. 


ve 


Facilities for Testing Pressure- 
Ventilated Machines 


Higher-output units such as the gener- 
ators’ of Figure 4 are usually blast venti- 
lated with air pressures of six to ten 
inches of water. Most generators must 
be tested over a two-to-one speed range 
and must operate in parallel. Some- 
times a generator and motor need to be 
tested together. Figure 8 shows a sche- 
matic arrangement of two altitude cham- 
bers which are being used to test units 
as large as 40-kva rating. These cham- 
bers may be operated together or inde- 
pendently. An interior view of chamber 
number 2 is shown in Figure 9. 


Additional features of this equipment 
are: 


‘ 


1. Thesteam ejectors, dampers, and turbo- 
blower to control air flow and pressure. 


2. Filters and dryers to control air com- 
position. 


3. Amultiple refrigerating system designed 
for 20 pounds of air per minute at 50,000 
feet altitude conditions. 


4. The dual chambers and mechanical 
drives suitable for testing machines as large 
as 75 kva. 


CONTROL OF AIR FLOW AND PRESSURE 


The system is designed for ‘“‘purged’’ 
air, recirculation, or a combination of the 
two, and is controlled from the panels in 
Figure 10. 

For ‘‘purged’”’ operation, outdoor air 
is drawn through the filters, dryers, and 
refrigerating coils, and passes through 
the apparatus under test into one of the 
chambers from which it is exhausted with 
steam ejectors, One or both ejectors 
may be used on either chamber. Each 
ejector is designed for 5,800 pounds of 
steam per hour and 10 pounds of air per 
minute with a back pressure of three 
inches of mercury absolute, which cor- 
responds to 53,000 feet altitude. Hither 
chamber may be thus evacuated in less 
than one minute. Chamber pressures 
are controlled by motor-operated dampers 
which bleed air into the exhaust lines. 
Air flow through test apparatus is meas- 
ured with Pitot tubes and controlled 
by motor-operated dampers located in 
the six-inch air supply lines near low- 
temperature refrigerating coils. 

To operate “‘recirculating;’’ the air inlet 
is closed, the alumina dryers are by- 
passed, low pressure is maintained with 
the ejectors, and air is recirculated with a 
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Figure 7. Alumina dryer through which 
air passes before entering test chambers 


One tower may be reactivated while the 
other is used 


blower (pipes shown dotted in Figure 8) 
through the refrigerating system and 
test apparatus. Pressure across the test 
machine is then controlled by the speed 
of the blower which is a steam-driven 
turbosupercharger suitable for speeds 
up to 20,000 rpm. The blower discharge 
passes over a water-cooling coil to reduce 
the temperature of air before it reaches 
the refrigerating coils. Recirculation has 
the advantage of bringing less water 
into the system. By bleeding fresh air 
through the inlet (valve 15), a combina- 
tion of purging and recirculation can be 
obtained. . 

The turboblower can supply air at sea 
level to one chamber while the other is 
operating at high-altitude conditions. 


The change from altitude to sea level in 
the blower circuit is accomplished by 
valves 4 to 17 inclusive in Figure 8. 


PREVENTION OF CONTAMINATION 


Outside air enters the system through 
a filter that removes solid particles. The 
air next passes through canisters of acti- 
vated carbon which adsorb contaminants 
such as sulphur dioxide, hydrogen sul- 
fide, ammonia, and organic vapors. 
Then the air goes through another filter 
that prevents carbon particles from being 
carried away. Stainless-steel air pipes 
are used to avoid paint on the inside. 
All thermal insulation is on the outside. 
Dry inorganic material is substituted 
for conventional packing around the 
stems of air valves. The air does not 
come into contact with anything but 
clean, hard surfaces from the time it 
leaves the filter until it enters the ap- 
paratus being tested. 


CONTROL OF HumIDITY 


If exposed to wet air, low-temperature 
refrigerating coils become coated with 
ice which reduces Btu absorption and 
restricts air flow. To dry 20 pounds of 
air per minute (at sea-level pressure) 
from 32 degrees centigrade and 85 per 
cent relative humidity to —50 degrees 
centigrade dew point, almost 700 pounds 
of water must be removed every 24 hours. 
Incoming air passes through the pre- 
liminary refrigerating unit 1 (Figure 8) 
which is held at approximately three 
degrees centigrade so that part of the 
moisture may be condensed as water in- 
stead of ice and drained from the system. 
About 80 per cent of total moisture would 
be removed at this point if initial condi- 
tions were as above. 

The air next passes through alumina 
dryers similar to Figure 7 where its dew 
point is reduced to —50 degrees centi- 


grade or lower, which corresponds to less 
than 0.02 grain per cubic foot. 


Air leav- 


altitude chamber 
testing pressure-ventilated 
machines 


Interior of 


for 


Figure 9. 
number 2 


Each chamber is six feet long by six feet in 
diameter. Panel for electric system is at the 
left 

A—40-kva generator ready for test 
B—Refrigerated-air-supply tube 
C—Mounting plate 

D—Inside terminal board 

E—Rubber seal for vacuum-tight door 


ing this dryer would have over 99.8 per 
cent of the aformentioned initial moisture 
removed. 

As the air passes on through the re- 
frigerating system, some ice may be de- 
posited on the coldest unit 3A or 3B. If 
the dew point were reduced here from 
—50 to —65 degrees centigrade, it would 
take over 30 hours to deposit one pound 
of ice with the maximum flow of 20 
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Figure 10. 


Instruments and control panels 
for air flow and refrigerating system 


Chamber number 2, with altimeter in closed 
door, is shown et right 


pounds of air per minute. Continuous 
runs of 50 hours at stable temperatures 
have been made without noticeable ice 
formation or loss in refrigerating efficiency 
of the coils. 

Final dew point depends on which 
dampers (before refrigerating step 24 
or after 34) are used to throttle the 
air from atmospheric to chamber pres- 
sure. Relative humidity changes in- 
versely with volume as air expands at 
constant temperature, and when throt- 
tling to 40,000-feet conditions, the de- 
crease in moisture per cubic foot would 
be about five to one. Dew points of 
—80 to —85 degrees centigrade can be 
obtained with the —70-degree-centigrade 
coils if air expansion occurs thereafter. 
By reheating the low-dew-point air be- 
fore it reaches test apparatus, the air 
temperature and humidity can be con- 
trolled independently. 


MULTIPLE REFRIGERATING SYSTEM 


The inlet air (Figures 8 and 11) passes 
through at least four of the refrigerating 
units in series before reaching the test 
machine, as indicated in Table I. 

Unit 1 condenses moisture out of in- 
coming air just above the freezing point 
as previously explained. Unit LY re- 
moyes that portion of the “heat of mois- 
ture adsorption” that is added to the air 
by the alumina dryer and also further 
lowers the air temperature. Part of 
this heat of adsorption is removed by 
water coils inside dryers. : 

Air leaving unit LY follows either 
path 4 or B for additional refrigeration 
by units 24 and 34, or 2B and 3B. Path 
Bis a complete duplicate (including com- 
pressors) of path A. Each is designed 
for 20 pounds of air per minute at 50,000- 
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foot conditions. 
is provided so that 


This multiple system 


1. Refrigeration for each test chamber can 
be independently controlled. 
2. The evaporators in one path can be de- 
frosted while the others are in use, thereby 
assuring long continuous runs by switching 
from one path to the other. 


8. Tests can be continued while a unit is 
serviced. 


Air may be sent to chamber number 1 
or number 2 through either path A or B 
by adjusting the valves. Both chambers 
can be paralleled on one refrigeration 
path, and vice versa. 

The refrigerating units 1, LY, 24, and 
2B are conventional, single-stage, using 
Freon-12. The lower-temperature units 
3A and 3B are two-stage, Freon-22, with 
20- and 10-horsepower compressors in 
series. Figure 12 shows that Freon-22 
has about 65 per cent higher vapor pres- 
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Figure 12. Saturated vapor pressure versus 
temperature curves for CCl.F. (Freon-12) and 
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Data from Kinetic Chemicals, Inc., Wilmington, 
Del. 
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Refrigerating equipment for 
system of Figure 8 


Figure 11. 


The six cooling coils are in enclosures on 
platform above the eight motor-driven com- 
pressors. Dial gauges at upper left indicate 
pressures of Freon-12 and Freon-22 in 
different parts of the system 


sure than Freon-12. At —70 degrees 
centigrade their approximate absolute 
pressures are respectively 6 and 3.6 inches 
of mercury. The higher pressure® of 
Freon-22 improves the volumetric effi- 
ciency and Btu rating of compressors 
because of the greater mass of gas drawn 
into the cylinders during each imtake 
stroke. For very low temperatures, a 
refrigerant with lower boiling point is 
desirable to avoid the inefficient com- 
pression of extremely rarefied gas. 

There is approximately a four-to-one 
saving in motors and compressors (total 
of ratings) by refrigerating air in suc- 
cessive steps, instead of using a single 
evaporator to remove all heat energy at 
the lowest temperature level. Note 
that 30 horsepower of motors are re-~ 
quired for 14,000 Btu absorption in the 
coldest unit, whereas only 3 horsepower 
are needed for 28,000 Btu in units 1 or 
1X. 

Fiber-glass insulation is used on the air 
system. The thickness is eight inches 
on ‘colder portions. No insulation was 
put on the two apparatus test chambers, 
because they are kept warm to simulate 
aircraft-engine cells. This also avoids — 
moisture condensation inside chambers 
when doors are opened after a test. If 
cold ambient temperatures are desired, 
the test machine may be surrounded by a 
temporary enclosure into which refri- 
gerated air can be passed. - 

The air passes through.only ten feet 
of steel pipe between the coldest coil 
and test apparatus. Starting with all 
parts at room temperature, air at —55 
degrees centigrade can be obtained in 
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Figure 13 (above). 
pressure-lubricated overdrive gear unit (B) for testing aircraft appa- 
ratus in chamber number 2 at speeds up to 10,000 rpm 


Oil reservoir is indicated by C 


Figure 14 (right). 
number 1 

A—Mounting plate assembly 

B—Geer unit 

C—Refrigerated air line 


D—Gate valves in 12-inch diameter exhaust air lines (E) to steam 


ejectors 


approximately 1!/, hours. If evapora- 
tors are cold from previous operation, 
this may be reduced to ten minutes, de- 
pending on length of shutdown. After 
passing the coldest coil, the air can be 
reheated to any desired temperature be- 
fore reaching the test apparatus. To de- 
frost evaporators, the refrigerating equip- 
ment is stopped and warm dry air from 
the alumina dryer is drawn through them 
by the steam ejectors. 


MECHANICAL AND ELECTRICAL FEATURES 


The two test chambers (Figures 8, 9, 
and 14) were made from a fabricated steel 
tank 6 feet in diameter and 14 feet long. 
An air tight partition divides the space 
equally between them. Ribs were welded 
on the outside for strength, and a vac- 
uum-tight door of size 31/2 by 5 feet was 
put on each end. Sealed glass windows 


One-hundred-horsepower d-c motor (A) and 


Air lines and mechanical drive for chamber 


Test machines are supported by mount- 
ing plates inside the chambers and are 
driven by d-c motors located outside. 
Individual plates, with rabbet fits to 
match those of different test machines, 
may be bolted to the “master” align- 
ment plate, and one size of driving spline 
may be substituted for another. Each 
mounting plate assembly, which also 
contains the shaft seal, extends through 
the chamber wall and is rigidly fastened 
to the same outside base that supports 
the corresponding driving motor and 
gear unit. An isolation clearance of ap- 
proximately 4/;,inch between the plate 
and chamber (Figure 15) is flexibly 
sealed to accommodate differential ther- 
mal expansion and to prevent transmis- 
sion of vibrations or stresses that might 
disturb shaft alignment. 

The shaft seal is operated without oil 


permit observation of machines inside. to minimize contamination. This seal 
Table | 
Absorption Horsepower 
Refrigerating Rating in Approximate of Driving 
Unit Btu Per Hour Coil Temp, C Refrigerant Motors 
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*Two-stage units. 
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does not overheat at high speeds, because 


there are no rubbing parts. A radial 
clearance of approximately 0.003 inch 
between shaft labyrinth and babbitt 
sleeve permits slight leakage of air when 
pressure inside the chamber is reduced, 
but this leakage can be discharged by the 
steam ejectors without passing through 
the machine being tested. Several hun- 
dred hours of running at 6,000 to 8,000 
rpm indicate this method of sealing to 
be satisfactory. 

A 100-horsepower d-c motor (Figure 13) 
is used with one chamber and a 75-horse- 
power motor with the other. Both mo- 
tors are rated 1,750 to 600 rpm at 250 
volts, and 600 to 310 rpm at 125 volts 
on the armature with corresponding 
reduction in horsepower. The power for 
them is obtained from a three-unit set 
consisting of an induction motor and 
two 125-volt 50-kw d-c generators which 
may be connected either in series or 
parallel to obtain this speed control. 
An overdrive gear with ratio of 5.72 per- 
mits operation from 1,800 to 10,000 rpm 
with either direction of power flow for 
the testing of aircraft generators and 
supercharger motors. 

The main driving motors are con- 
trolled from the panel shown in Figure 9. 
This panel also has a d-c and an a-c sec- 
tion for each altitude chamber. Two 
aircraft machines may be operated in 
parallel, in pumpback, or independently. 
A d-c unit may be tested in one chamber 
while an a-c unit is in the other. Motor- 
operated load rheostats rated 800 am- 
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Figure 15. 
seals through altitude-chamber wall 


Assembly of drive shaft and 


Additional views of generator are shown in 
Figures 4D and 9 


peres are provided for 30-volt d-c genera- 
tors. For a-c loads of more than 60 kw, 
a three-phase water box is paralleled with 
three rheostatsin wye. Each chamber has 
50 lines in sizes from 25 to 1,000 amperes, 
and 24 pairs of copper—copnic thermo- 
couples. The a-c lines are rated 230 volts, 
500 amperes, three phase. Insulated, 
vacuum-sealed leads bring the circuits 
through chamber walls to inside ter- 
minal boards shown in Figure 9, Auto- 
matic temperature recorders are used 
with the thermocouples. 

This equipment is flexible and con- 
venient. A test at 50,000 feet altitude 
and —55 degrees centigrade can be in- 
terrupted, atmospheric pressure restored, 
a minor adjustment made on test unit, 
the chamber closed and evacuated, and 
the test resumed in less than ten minutes. 


Importance of Sea-Level Tests 


Aircraft fly at low as well as high alti- 
tudes, The stratosphere has beenempha- 
sized in recent months, but sea-level tests 
are also important when developing new 
materials or appraising old ones for air- 
craft. New brush grades and other 
parts that have unacceptable perform- 
ance on the ground can be eliminated 
without complex altitude-chamber tests. 
Initial investigations of new materials 
are usually made in ordinary room atmos- 
phere. Pumpback tests, used for some 
of the larger machines, avoid individual 
driving motors and load rheostats. Two 
machines A and B are run simultaneously 
with less space and auxiliary equipment 
than the one generator (D) shown in 
Figure 16. The portable stand permits 
units to be moved in and out of the 
altitude chamber quickly without disturb- 
ing the mechanical setup. 

Another stand permits parallel opera- 
tion of ten units at 10,000 rpm to obtain 
data on bearings, commutators, brush 
holders, and other parts at no load. By 
adjusting ventilation and using individual 


Figure 16. Portion of 
aircraft-apparatus - develop- 
ment-test laboratory 


A and B are nine-kilowatt 
and six-kilowatt generators 
coupled together for pump- 
back tests on portable stand 
C which may be moved into 
altitude chamber. Gen- 
erator D is mounted on 
variable-speed drive E for 
sea-level tests 


heating units around bearing housings, 
temperatures are controlled independ- 
ently of load. Any machine selected for 
special tests is usually first run 24 hours 
or longer on this stand at maximum speed 
to check for shifting of commutator bars 
or other defects which might disqualify 
it for the purpose in mind. 

Other typical sea-level tests are the 
parallel operation of generators with volt- 
age regulators, vibration response of 
mounting flanges and shafts, ventilation, 
heating, and insulation life. Such tests, 
some of 500 to 1,000 hours duration, have 
indicated which materials should be in- 
vestigated further at high altitudes. 


Conclusions 


Designers of aircraft auxiliaries need a 
quick, efficient substitute for flight tests. 
Appropriate altitude chambers are sery- 
ing this purpose, and are hastening the 
development of improved electric appa- 
ratus. Agreement between flight and 
factory tests on carbon brushes indicates 
that stratosphere conditions can be simu- 
lated effectively in clean, ventilated 
chambers with controlled humidity, tem- 
perature, and air pressure. Continued 
experience with altitude chambers should 
greatly reduce the amount of flight test- 
ing- required to develop new equipment 
for aircraft. 

Electric apparatus and carbon brushes 
must be tested together. The perform- 
ance of each part depends on the con- 
dition of the others. Brush testing is an 
overall job that requires adequate facili- 
ties for operating complete machines 
under service conditions. No single 
brush grade, or bar alloy, looms as an 
over-all solution to commutation prob- 
lems. Brushes cannot be appraised fully 
for one machine by testing them on 
another of widely different design, There 
is yet no substitute for the mating of 
specific brush grades to individual ma- 
chine designs on the basis of experimental 
evidence. 

Two years ago some aircraft auxiliaries 
had less than five hours brush life above 
30,000 feet. The indicated high-altitude 
life has been extended to 50, 200, and on 
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The 


some units to more than 500 hours, — 
life at sea level has also been improved. 
But the desired performance is not yet 


achieved on all aircraft machines. Some 
of the new brushes depend largely on the 
prior formation of a commutator film at 
low altitude, and high-altitude wear may 
begin abruptly if the initial film is dissi- 
pated. The ideal brush should form and 
maintain a wear-resistant film on a 
freshly machined commutator at any 
altitude. Much remains to be done, but 
progress is being made by design changes, 
development of new materials, improved 
testing methods, and a better under-— 
standing of current-collection phe- 
nomena. These advances have been 
speeded by co-operation between the 
Army Air Forces, National Defense 
Research Committee, carbon brush com- 
panies, electric-machinery manufacturers, 
and others, 4 
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AIEE TRANSACTIONS 


: Impedance of 400-Cycle Three-Phase 
Power Circuits on Large Aircraft and Its 


Application to Fault-Current Calculations 


VA 


C. K. CHAPPUIS 


ASSOCIATE AIEE 


HE use of 200-volt three-phase 400- 
cycle a-c systems in large aircraft, 
with multiple circuits fused for fault 
clearing of sections, requires an accurate 
analysis of fault currents at all points of 
the system. A preliminary investiga- 
tion of impedance data for 400-cycle air- 
craft circuits disclosed that basic data 
were available for certain types of im- 
pedance, but that certain impedance 
values required for line-to-ground faults 
were completely lacking. The object of 
this report is to complete the impedance 
data and to present in one complete com- 
pilation all impedance data required for 
analysis of faults in 400-cycle grounded- 
neutral aircraft systems as now proposed. 
Power-transmission-line theory pro- 
vides methods and data for fault-current 
calculations at conventional frequencies. 
It appears that the methods are adapt- 
able to a-c power systems in large air- 
craft, but that data for application of 
these methods must be obtained analyti- 
cally and verified by test. 


Basic Data 


The theory of symmetrical components 
provides a logical method of attack on 
this problem. A three-phase system 
requires three sets of impedance com- 
ponents, known as positive sequence, 
negative sequence, and zero sequence, 
which are combined in various ways to 


represent the several types of faults © 


which can occur. These impedance 
values for the alternators and motors 
have been supplied by the manufacturers’ 
design and test engineers. The positive- 
and negative-sequence-impedance values 
are equal for static equipment, including 
distribution circuits. The zero-sequence 
impedance is different from the other im- 
pedance values on distribution circuits 
and must be obtained individually for 
each combination of wire size and spac- 
ing. The method of calculating zero- 
sequence impedance for aircraft distri- 
bution circuits will be discussed later. 
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The basic nomenclature and formulas 
for fault-current calculations are as 
follows: 

Ez-1=line-to-line volts 
Et_,=line-to-ground volts 
I,=fault current 

Z=positive-sequence impedance 

Z2=negative-sequence impedance 

Z, = zero-sequence impedance 

Zy=fault impedance 


For line-to-ground faults: 


%. 3 En-, 
T° ZitZot+Zo+3Zy 


For line-to-line faults: 


Brat 


i= 
Z4)+Z2.+Zy 


For three-phase faults: 


_ Fimo 
Zia. 


Preliminary measurements indicate that 
the fault resistance for a copper wire ly- 
ing on aluminum is approximately 0.007 
ohm, and therefore Z; can be disregarded, 
as the effect of Z, on the fault currents 
will be negligible. 


Figure 1. Positive- and negative-sequence 
reactance of AN-J-C-48a wire at 400 cycles 


Positive- and Negative-Sequence 
Impedances 


Positive- or negative-sequence react- 
ance for a single wire is calculated by use 
of the following formula: 


D 
X =2nf (so+ra1. logio 2) 107° 


where 


X =reactance in ohms per mile of single 
conductor 

D=axial spacing in inches between con- 
ductors (D is equivalent or geometric 
mean distance if wires are unsym- 
metrical) 

y=radius of conductor in inches 


For metallic single-phase circuit calcula-. 
tions the value of X must be multiplied 
by twice the length of the circuit and 
used with line-to-line voltage, but in 
three-phase calculations X will be multi- 
plied by the length of the line and used 
with line-to-neutral voltage. A chart 
showing reactance and resistance in 
ohms per 1,000 feet is shown in the West- 
inghouse book on ‘‘A-C Electrical Sys- 
tems for Large Aircraft’’;! also, a table 
was published in ‘“‘General Electric Data 
Folder 63,004.”? Both are in agreement 
with the basic formula. A copy of the 
Westinghouse Electric and Manufactur- 
ing Company charts for reactance is 
shown as Figure 1, and the 400-cycle re- 
sistance, taken from ‘‘General Electric 
Data Folder 63,004,” is shown as the 
seventh column of Table I. These two 
sources provide all the information re- 
quired for the positive- and negative- 
sequence impedances. 


Zero-Sequence Impedance 


The calculation of zero-sequence im- 
pedance values for power-transmission 
and distribution lines has received much 
consideration since the ‘‘Method of Sym- 
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mula for AN-J-C-48a aircraft wire in metal aircraft adjacent to 
flat (or approximately flat) surfaces in 400-cycle a-c systems * > 


Calculated on basis of wire sizes from Table | ©) 

re = resistance one wire+3 ©) 
D,=group self geometric 

Z,= correction for return circuit ® 

© =point of minimum h for wire size when adjacent to structure 


Z, =zero-sequence impedance 
h=distance to ground return in inches 
mean distance in inches 


metrical Components’ was published 
in 1918 by Doctor C. L. Fortescue. A 
practical formula has been developed 
which consists of a part derived mathe- 
matically and a part obtained from em- 
pirical curves which are selected according 
to the conductivity of the return path, 
normally the earth. 

A common form of this formula for a 
three-phase line is as follows:3 
where. 


Zo=3(retijxe+Z,) =a( rt j0.0007811 OnfX 
2h 
1] lds 
O$10 pene ) 


Zo=zero-sequence impedance in ohms per 
mile 

re=resistance of power conductors, in 
parallel, per mile 

h=mean height of wires above ground in 
inches 

29 =1g+JxXq 

rg =resistance per mile of earth return 

%g =reactance correction per mile to allow 
for finite values of earth conductivity 


The group self geometric mean dis- 
tance D; is obtained by use of the follow- 
ing formula: 


Ds=WVd2XSy2X Sy2X Sy? 
Si, So, and S; are center-to-center 
separation in inches between the three 


conductors, and d, is the self geometric 
distance of a single conductor. 


d,=KWVA 
K=a constant (see reference 3) 
A =area in circular mils 


The value of d, may be obtained from 
standard handbooks or from the cable 
manufacturer or calculated. See page 
24 of reference 3 for value of K. 
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Zero-sequence resistance for AN-J-C-48a aircraft wire 
laced together and transposed and installed adjacent to flat 
metal surfaces at 400 cycles 


Calculated d-c resistance of three wires in parallel 
Calculated a-c resistance of three wires in parallel plus 
measured a-c resistance of B-19 fuselage 
Measured a-c resistance of three wires in parallel plus return 
through fuselage of B-19 


@ Zero-sequence a-c resistance (curve @) X3) 


J. E. Clem has published tables and 
charts in convenient form for dealing 
with transmission-line problems. Re- 
productions of the charts for 7, and x, 
have been included in reference 3 in the 
chapter on ‘Calculation of Fault Cur- 
rents.” 

A preliminary investigation of the 
fault-current problem for aircraft circuits 
was made, and it was found that no data 
were available on zero-sequence imped- 
ance which could be applied directly to 
200-volt three-phase 400-cycle power 
systems in aircraft. Inasmuch as the 
desired protective system required close 
co-ordination at high line-to-ground fault 
currents, it was decided that reliable 
values for zero-sequence impedance must 
be determined. 

An investigation of the present method 
of calculating fault currents was made, 
and it was decided to apply the method 
as developed for power transmission 
systems. 


Table I is a tabulation of wire char- 
acteristics specified by AN-J-C-48a. A 
seventh column has been added to show 
a-c resistance at 400 cycles taken from 
“General Electric Data Folder 63,004.”’ 

The zero-sequence-impedance formula 
for 400-cycle circuits on a 1,000-foot basis 
is as follows: > 


2h 
Zy3{ r+j0.39 logio 7 +25) 
s 


ohms per 1,000 feet 
where 


h=average distance of wires from surface 
of metal skin or structure in inches 
Zg='gt+jx, for aircraft structure (to be 
found by test) 
D,;=group geometric mean distance in 
inches 


D,; for three-phaseline = WV dX S12X S22 X S32 
Table II was prepared to give the 
values of (io.25s logio 2) for values of h 


s 


Table | 
AN-J-C-48a 
Max D-C Max General Electric Data 
Nominal Resistance of Diameter Folder 6,3004— 

Cable Conductor Noof Finished Cable of Stranded Diameter of /A-C Resistance Min 

Designa- Area Wires, (Ohms Per 1,000 Conductor Finished Cable Spacing Between 
tion (Cir Mil) Min Feet at 20 C) (Inches) (Inches) Conductor—20 C 

AUN 20 Fe an a Git lt 2 ona hein eter LORZ beh maces OS040s ern. 0:..100 1. Rie ecend renee 10.25 

A NISe ak DEL Oh rare he Loar See yE SN OO602% a0 ssc OL 1b ieieycateetoa eee 6.44 

ALN AG soi 2,409... UO ices cpte STG Wren ane O06). ak ss OSUSO%. oor os erate 4.76 

AW14..... 3,830.. TOM sara Pe bane cd ON0TG. Ser ais OFLEON erect, waco 2.99 

ALN D2 esis 6,088... LO aves Si 188°C setts QA006R esr. OS 170... Rees ae 1.88 

AN 10Kee TOAST a 87 eee Teo pew ener OVID 072000). Ot a AO or 

AUN Sisco 16,864.... 133. On70 ieee eae OF167 osc: \iasO 12552. AR eee ONTORN 

ANN 2G sre 26,813 133s O-AS6 eee O2218 eae 0). 310 cnrec ean ™. 0.440 

ALIN Ao) Satan 42,613 LBS seen OS2 TEST Sars 7 2a eet OD 370%. sina ee ae 0.282 

ANN eo heen 66,832 663 ei O LOO ante ceaee SOMO eNEe eile O44 Bie. ite a 0.188 

AUNGR 6 Seaioe 81,807 SL2 A. ke O2 LAG ae NOSE cd hs ah OL S95 ws so soles ne ghee 0.158 

ANNO. oie 104,118 1,033 O)S a eo eee ORS S2eh ie eran OVS5O). 8 oi as ccoreeeee 0.127 


Chappuis, Olmsted—Power-Circuit I mpedance on Large Aircraft 


AIEE TRANSACTIONS 


@ Measured re- 


80 
a4 2 2 ZAG actance three wires 
50 t in parallel, return in 
40F4 tt wing 
20 el 4 = @ Measured re- 
pias Sali iE G actance three wires 
Z Zi Ne Z)\e i llel 
s 8 alls Als in parallel, return 
9 7 oy in fuselage 
bs ios 275° ® Zero-sequence 
Se | iia reactance of three- 
3 4 ails WN Seat t Ht iad phase circuit in wing 
& 4bhy one sane of B-19 (curve 
WwW h=3.43/17 a_t 
ease | on | @xX3) 
eee cI @ Zero-sequence 
2 iss + a +t reactance of three- 
+ phase circuit in 
(oes \ fuselage of B-19 
= iw) 9 t~NORODO -— Nu Mm + NORD — co) Ost 
co) © 89 400006 3 curve a3) 
3 6 G6 666606 BM ON ISON, ( @ 
REACTANCE OHMS PER 1000-FT UNIT 


from minimum to five inches. The data 
from Table II were used to make Figure 
2 which is more convenient for use where 
his not in multiples of 0.5 inch. 

In addition to the foregoing data it was 
necessary to determine the value of Z,. 
A test project on a large bomber was 
planned and carried out with precision 
laboratory instruments to obtain test 
data on 400-cycle power circuits in large 
aircraft. These data will be used to 
verify the calculations and provide the 
empirical data for r, and xj. 

The Detroit Edison Company provided 
the laboratory instruments and two engi- 
neers from their laboratory for the opera- 
tion of the instruments. All d-c resist- 
ance measurements were obtained by use 
of a General Electric double bridge; 
a-c resistance and reactance measure- 
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Figure 5. Impedance of return path through 
Dural sheet inductively coupled with three- 
phase wires 


Thickness of Dural =0.030 inch 
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Figure 4. Zero-sequence reactance for AN- 
J-C-48a aircraft wire laced together, transposed 
and installed as per drawings in B-19 


Calculated values for curve 2 using j0.353 


9h ) 
logio rs from zero-sequence-impedance for- 
s§ 


mula are so close to test values that a separate 
curve cannot be drawn 


ments were made by use of a special a-c 
bridge designed for these tests. All 
pieces of equipment used were carefully 
calibrated in the Detroit Edison labora- 
tory before being used for the tests. 
See Figure 8 for details of test circuit. 
The oscillator was adjusted to 400- 
cycle output and checked at frequent 
intervals to make certain that the fre- 
quency held constant at 400 cycles. The 
harmonic analyzer was set at 400 cycles 
and adjusted to amplify and measure 
any small 400-cycle voltage differential 
between points a and b. The variables 
C, Q, and S were adjusted to obtain mini- 
mum deflection on the instrument of the 
harmonic analyzer for each test. The 


Figure 7. Zero-sequence resistance for 

AN-J-C-48a aircraft wire laced together 

and transposed and installed in a wing of 

a large airplane as per sketch—400-cycle 
alternating current 
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reactance formula for AN-J-C-48a aircraft 
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systems 


Calculated on basis of wire data from Table | 

Z,=zero sequence, ohms per 1,000 feet 

re=resistance one wire+3 

h=distance to ground return structure in 
inches 

D,=group self geometric mean distance in 
inches 

Z,=correction for return path (see Z, curves) 


equations for the unknown P and L are 
as listed below: 


_QR 

2 dS 
L=CQR 
where 


P =resistance 
and 


L=inductance 


Since the circuit design proposed for 
aircraft provides for grounding the neu- 
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tral of the alternators to the aluminum 
structure of the airplane and running 
only the phase wires to the load, the first 
tests were planned to simulate this con- 
dition. Test samples, made up of three 
phase wires laced together, were installed 
through openings in the bulkheads of the 
fuselage at a mean distance of 3.43 inches 
from the skin. 

The zero-sequence-circuit conditions 
were satisfied by bonding the three wires 
together at both ends, clamping one end 
to the aircraft structure, and applying 
400-cycle potential at the other end be- 
tween the wires and the aircraft structure. 
This test sample is the P and L of the 
test-circuit diagram shown previously. 
Results calculated from test data for 
several wire sizes in the fuselage are re- 
corded in Table III. See Figure 3 for 
curves of resistance values in the fuselage 
and Figure 4 for curves of reactance 
values. 

Several additional tests were made 
using a fourth wire for the neutral, with 
the ground fault to the neutral wire but 
not involving the aircraft structure. 
The results for the fuselage wiring are 
shown in Table IV. Comparison with 
the three-wire data indicates a large 
increase in resistance and a slight increase 
in reactance. 

Tying the neutral wire in with the air- 
craft structure causes a slight increase 
in the resistance for the smaller wire 
sizes and slight decrease in the reactance 
as compared with Table III. These 
data are shown in Table V for the fuse- 
lage. 

An analysis of Tables III, IV, and V 
indicates that a ground return through 
the airplane structure is satisfactory, 
and no appreciable gain is secured by 
using a neutral wire in parallel with 
the airplane structure. However, re- 


Thi a(r+i0.353 logio = 
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Figure 9. Probable magnetic field of dis- 
tribution line in aircraft with return through 
structure 


turn through a fourth wire is satisfactory 
if the line-to-ground fault currents are 
too large or if faults are too frequent 
with the return through the airplane 
structure. 

A complete tabulation of test results 
and calculated values of zero-sequence 
impedance for the phase wires with 
ground return through the airplane struc- 
ture are recorded in Table VI. Column 
3 is the calculated r, at 30 degrees centi- 
grade, and column 4 is the test r, at 30 
degrees centigrade. The difference r, at 


Table Il. Zero-Sequence-Impedance Data 


+2,) Per 1,000 Feet 


=Resistance of One Conductor Per 1,000 Feet+3 
D,= Group Geometric Mean Distance in Inches 
h=Distance From Wire to Ground Return in Inches 
Z,="g+Xg (Correction for Return Circuit—See Z, Curves, Figure 5) 


Self Geometric Mean 


30 degrees centigrade, is 0.0425 ohm per 
1,000 feet or 0.0408 ohm per 1,000 feet 
at 20 degrees centigrade. These values 
are reasonable as they check, within 
probable limits of accuracy, with the 
measured value of 0.051 ohm 1,000 
feet for d-c resistance of the fuselage. 
The a-c resistance should not be ap- 
preciably different from the d-c resistance, 
and both values should be very low. 

Column 6 is the calculated value of j- 
0.353 logis 24/Ds when h=38.48 inches and 
column 7 shows the test values. The 
average of the differences gives a value of 
—0.007 ohm per 1,000 feet for xj. This 
value probably should be zero. 

For the fuselage we may accept the 
fact, subject to further proof, that, ry 
equals 0.0408 ohm per 1,000 feet at 20 
degrees centigrade, and x, is negligible, 
for the condition where # equals 3.43 
inches. The appendix of this report is an 
analytical method of calculating zero- 
sequence impedance of a_ three-phase 
circuit with return through a flat metal 
structure. Figure 5 shows the calculated 
values of r, and x, from / equals 0.1 inch 
to h equals 3.5 inches. If these curves 
are checked at # equals 3.43 inches, it will 
be found that x,=—0.006 ohm per 1,000 
feet and r,=0.05 ohm per 1,000 feet. 
This agrees very closely with the test 
results. For further calculations Figure 
5 will be accepted as satisfactory values of 
r, and x, for use at this time in the zero- 
sequence-impedance formula. However, 
it is felt that additional zero-sequence- 
impedance tests at lower values of h 
should be made before these results are 
accepted as conclusive. 

A typical requirement in aircraft use 
is to determine zero-sequence impedance 
of three number 10 conductors laced to- 
gether and placed two inches from the 
surface of the aircraft structure. 


& =Configuration—Three Wires Laced Together and Transposed 


Man Cctle Beestelts Distance Values of 0.353 logic * Ohms Per 1,000 Feet 
: ; Ohms Per 1,000 Feet One for h= aa to 5” 
Wire Size —_— Conductor Group Min h, Inch 
AN Conductor Te ds Ds AN-J-C-48a Min 0.5” 1.0” 1Sé 2.0” 3.0” 4.0” 5.0” 
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- The zero-sequence impedance can be 
obtained from the figures and tables as 
follows: 


From Table I, AN 10 has an a-c resist- 
ance of 1.10 ohms per 1,000 feet. r, equals 
1.10 divided by 3 equals 0.367 ohm. The 
value of j0.353 log 2h/D, from Figure 2 is 
0.535 ohm. From Figure 5, r, at two inches 
is 0.066 ohm per 1,000 feet and xy is 0.017 
ohm per 1,000 feet. 


Zo =3(%_+j0.353 log 2h/Ds+1r,+%9) 
Z,=3(0.867+30.535+0.066-+ 0.017) 
Zo=3(0.433 + j0.552) 
Z,=1.299+-71.656 ohms per 1,000 feet 


If in the foregoing example the wires 
were spaced on one-half-inch centers in 
flat configuration instead of being laced 
together, a problem would be presented 
which cannot be solved from the charts 
but requires new calculations as follows 
or the preparation of new tables: 


D,= WV (0.0452)?X0.54X 1.0? 

D,=0.2618 

Zo=3(re+j0.353 log [2h/Ds5]+17,+%9) 

Z,=3(0.367 +70.353 log [2X 2/0.2618]+ 
0.066+-j0.017) . 

Z,=3(0.367 +70.418+0.066+70.017) 

Z,=1.299+-71.305 ohms per 1,000 feet 


In aircraft wiring we have encountered 
only three proposed wire separations as 
follows: 


1. Three wires laced together. 
2. One-half-inch flat spacing. 
3. Two-inch flat spacing. 


Of these three, the first two are proposed 
for aircraft now being designed. Table 
VII and Figure 6 have been prepared for 
zero-sequence-impedance values for air- 


Table Ill. Impedance of Three Conductors 
in Parallel, Return Through Fuselage—Cal- 
culated From Test Data 


400 Cycle, by Test 


D-C 
Resistance A-C 
(Ohms Per Resistance Reactance 
1,000 Feet) (Ohms Per (Ohms Per 
3 Wires in 1,000 Feet) 1,000 Feet) 
Paralleland 3 Wires in 3 Wires in 
Wire Return Paralleland Parallel and 
Size (by Test) Return Return 
BM De cox. 5 0.0683....... OU290 seven csters 0.492 
1 a (Ry Cea OF 204 eerie 0.500 
TAIN) 6.50010 OMTSO0 wis vi. 2i6 O.. 200K eerie 0.547 
AN 8..... (De) Ca Ra O27 Bite weveravate 0.560 
aN 10... . (ORCAS ABA nen O432n tors tans 0.577 
Gy ONO 22 Eo er obese 0.681 Scene 0.671 
my d4*,.1:360 ...,... 14207 Str 0.703 
PAN LG... 00 ERTS Gagonue 15480) iy. tele 0.678 
AN 18 
AWN 20..... GOO! is .visis ease Slo Oiinra ete stars 0.772 
o—- 
h=3.43” 
(at a 


- Mean value of h =3.43 inches. 
_ Temperature: Approximately 30 degrees centi- - 


grade. 


* Measurement of test sample indicated that it was 
only slightly larger than number 16. Disregard 


_ data, 
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craft wiring with one-half-inch flat spac- 
ing. Their use is the same as Table II 
and Figure 2 for three wires laced to- 
gether. 

Positive- and negative-sequence-react- 
ance values can be read directly from 
Figure 1. The three number 10 con- 
ductors laced together have a positive- 
sequence reactance of 0.225 ohm per 1,000 
feet. At one-half-inch flat spacing which 
is 0.63-inch effective spacing the positive- 
sequence reactance is 0.405 ohm per 
1,000 feet. 


Impedances When Wire Is 
Installed in Metal Raceways 


It is possible that certain circuits may 
be installed in raceways formed in fabri- 
cated spars, wing stiffeners, and conduits. 
To simulate this condition, test samples of 
four conductors laced together were in- 
stalled between the skin and the corru- 
gated stiffener in the wing of a large 
airplane. It is reasonable to assume 
that the positive- and negative-sequence 
impedances are not affected appreciably 
by the surrounding metal. The zero- 
sequence impedance depends to a con- 
siderable extent upon the configuration 
of the return path, however, and should 
show an appreciable effect due to current 
distribution in the return path. Tests 
were conducted in the same manner as for 
the fuselage, with results as recorded in 
Table VIII. See Figure 7 for curves of 
resistance values in wing and Figure 4 for 
curves of reactance values. 

Additional tests with the fourth wire 
for the neutral, with the ground fault to 
the neutral wire only, gave results shown 
in Table IX. Comparison with Table 
VIII indicates a large increase in resist- 
ance and a smaller increase in reactance. 

Tying the neutral wire in with the air- 
craft structure causes a slight increase in 
resistance for the smaller wire sizes and a 
slight decrease in reactance as compared 
with Table VIII. These data are shown 
in Table X. 
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Figure 10. Magnetic field of transmission 
line with earth return 
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The case of four AN-10 conductors 
(one intended for insulated neutral but 
not used) installed in the space between 
the skin and the stiffener would be com- 
puted as follows: 


h=0.970 X0.200 =0.194 inch 

t,= (Table II) =0.367 ohm per 1,000 feet 
at 20 degrees centigrade 

r,=(Figure 5)=0.160 ohm per 1,000 feet 

~  (h=0.194) 


2h 
j0.353 log D. (Figure 2)=0.177 ohm per 
s 


1,000 feet (h=0.194) 
x, (Figure 5)=0.190 ohm per 1,000 feet 
(h=0.194) 


; 2h , 
Zo=3| r-+j0.353 log D. +rg+jx%g 
8 


Zo =3(0.367 + 70.177-+0.160+ 70.190) 
Z,=1.581+ 71.101 ohms per 1,000 feet 


Test data for this installation taken from 
Table VIII, show Z,=1.518+ 1.482. 

It appears that the image theory (from 
the transmission-line formula) does not 
produce so accurate results for con- 
ductors in raceways. The results show a 
very close agreement in the resistance 
values as determined by test and by the 
image theory. The agreement between 
the reactance values is not too close but 
may be acceptable for preliminary values. 
There must be additional test work done 
to improve the method of calculating 


Table IV. Impedance of Three Conductors 
in Parallel—Calculated From Test Data 


Return Through Fourth Wire 


ae 


400 Cycle, by Test 


D-C 
Resistance A-C 
(Ohms Per Resistance Reactance~ 
Wire 1,000 Feet) (Ohms Per (Ohms Per 
Size By Test 1,000 Feet) 1,000 Feet) 
AUNT (Ain) co ORE Y tliat be! OUSEL LG vee 0.580 
AN 10... 0 S818 eae er Ae SB Qi. < iavooke 0.651 
AEN LG 32 Di OSU sy melegees DEOL hare siohe ate 0.881 
omeey Sei 
h=3.43 
IT, mish 


Table V. Return Through Fourth Wire and 
Fuselage—Calculated From Test Data 


—— 


400 Cycle, by Test 


D-C 
Resistance A-C 
(Ohms Per Resistance Reactance 
Wire 1,000 Feet) (Ohms Per (Ohms Per 
Size By Test 1,000 Feet) 1,000 Feet) 
AN MARy ORS See eats Q188S an. ties 0.382 
AN LO gO SONGS eed’ OUST TO acd) oe 0.520 
(ANE Oy ptie Dako Oise tous CRS OG iwi cinh hen 0.673 
h=3.43” 
(ssa } 
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Table VI. Calculated and Test Data on Zero-Sequence Impedance in Fuselage 
h= 3,43” 
A-C Reactance 
A-C Resistance ro A-C Resist- Resistance of 3 Calculated 
of 1 Conductor ance 3 Conduc- Wires and rgat30C by 0,353 Reactance Xe 
Wire Per 1,000 Feet tors Corrected Ground Return Ohms Per log 2h by Test Ohme Per 
Size (AN) at 20 C to 30 C at30C by Test 1,000 Peet Da he 3.43” 1,000 Feet 
UO Au euh etn bok LOK BON c Ct rcneyOOU a enn tare Saves 0.170 eKOROO casey OsT7Die ec 0082 
1a! Seance 6.4 Lear Aine Ree eh Aly LATART TUT Vigecaie,t 0.720 
UG Na Musietons BAG reiterate EDOM! Vine gealara ce LAGS cgaarant —0.170 sO CUdee eter 0.678.,..—0,023 
Ci eran ieee Ms DA aud vaarvincs eb OCW He icers dassieysiels srval Qual eGelagcal weiviarea 0.675 
yb a Ce Di ards CHrAnic SOOM Tava intcreienu OT GB tak nuts 0.080 (OR GOU neue O67 Livi neunarces 
Le ruye a DL euLCOS retatanes ok: pic aes eS Lem cys ay ein, CIN 0.482....05 0.051 VO OkG cast 0.677....—-0.041 
Maasai CO areas elite cd MOMS ale aga OR TOs ences 0.081 (0 BBO wan ey 0,660.... —0,.020 
Oitting cork a FRAN helene Oba Widewe wma Desh) tin 0,058 WeO ;OeOicven 0,547..,. —0,001 
MPC Uni 4's Gok Daan ard iecrwe he BSOS Te canta cts rock OVROG cctten: OVVOG8. ows Oe O180 wan 0,500.,.,. —0,018 
Bika Waters SRM nl tar hes ck Q.OGGLiwuvcer.® OVO van 0,.0689,...0.488..... 0,492,,... 0,004 
PR VCOMM rent ve Tru With‘. O,n ibe thene yar epoca Wal ance alagraca ac@aiully wideatieta‘e OL ORS edhe x aries cave ek eh DOs 0,007 
Corrected 
CC CLUS SG Botcur CRTC OF aE RCRCTTIC AC TTUEC OR aOR TOI 


Values are for 1,000-foot units, 
* No test values on number 18. 


** Tests on number 14 were inconsistent, 


zero-sequence impedance for these con- 
ditions if wiring installations of this type 
are contemplated for future aircraft. Tt 
is probable that a new chart of corrective 
factors for ry and «, can be prepared to 
give values for these conditions, but much 
research remains to be done before such 
values can be verified and accepted as be- 
ing reasonably accuraté, 


Appendix. Analytical Solution 
for Zero-Sequence Impedance in 


Aircraft A-C 400-Cycle Power 


Circuits 


With certain data now available from the 
B-19 test, it is desirable to determine 
whether an analytical method of reasonable 
accuracy can be developed by which to ex- 
tend these data to fit other conditions of in- 


0.0408 


Measurements of wire indicated wire was smaller than number 14, 


stallation. The basic problem, of course, is 
the inductive coupling between current flow- 
ing in a group of conductors and the same 
current returning through a flat sheet sub- 
stantially parallel to the conductors, which 
depends largely upon the current distribu- 
tion in the sheet. The physical relation- 
ship between the conductors and the sheet, 
with an approximation of the field distribu- 
tion, is as shown in Figure 9, 

The closest equivalentin electrical theory is 
shown by Figure 10, in which the return path 
through a uniform solid mass can be repre- 
sented exactly by a line, ¢’, at a depth in the 
mass equal to the elevation (4) of the conduc: 
tors above the surface of the mass, as long 
as the mass has infinite conductivity and 
extent, This line ¢’ is known as the image 
and has neither resistance nor reactance, 
The impedance of such a cirenit is computed 
as: 


‘ 2h 
Z=¥-+-J0.004657/ login D ohms per mile 


4 
° 


Table VII. 


Zero-Sequence-Impedance Data 


Qh 
2429 r+ 0.353 logue D +2,) Per 1,000 Feet 
4 


ro = Resistance of One Conductor Per 1,000 Feet + 3 
D,= Group Geometric Mean Distance in Inches 
he Distance From Wire to Ground Return in Inches 


Zy = tgeXy (Correction for Return Cireult 


400-Cycle Resistance 
Ohms Per 1,000 Feet 


———- - 1 
Wire Size i Conductor Group — . 
AN Conductor ro dy Ds 1.0” 1.5” 
a Oteneetteaite LOSES eter iets Ce Rn ncaa? OSOLEB vith, OL 6 x ireateny OVS Tau hinter 0.485.004 
LBA iattrsats Qh AM is esises Oni Birt sa GhOLy Genes Op LOO .ienn ait OPO amore 04935 ii 
DG ah nresed ds Sas MSY OM orhecren VBS. Canin ny QuO2Te Rewraieen OVROSs racials OF SED ah ae Ovalaiin, 
LAMAR AM syebh Bs OO sacri to TROD ata dai 0.0268. csia vs OAL catch 0.880.. pied 0,400,..+. 
LOW teresa unlcrs LISSA awa OV:697 sim aman OOS SB inate CHT} panna OxBae ere O;88Bi% 0 
NUD AY Seay ete LUO M reareh an C887 Sinn niet Q, O48: CHaStiytrier. 0700) eee ae 0,874, .145 
Brenner atts ONO i ikaten OF2BBWN: amare OrObSae mnie 0.984) ven: 0,208) sn eho 0:861.. di 
Olean wrrart 0.440, ..0.55 OnUA7 Set tosis POEL iain tee hae Acana: OOS 7. nvenin 0,840,005 
Mia tratnin wie ORIBO verte COCA, wnat O; 00280" viureny Cassone! ORB ign hark, OF Sav aeeat 
DRT OclBB yy vane C0827 reer. Ov DLE9) huire nds OMISB hada as. O.308 aavenans 0,826, 
Abies hatin adi GALES ciate ca CORT tamnene Ones eis Qi Ota itt uain OL 28 tri ati 0,820,...> 
L/Duareontnit vats Chia Ee ET Sea O.OdeS invest OLAb acces 0,853 
RE NIE ER EES seas sa Dt le Hy 
1218 Chappuis, Olmsted—Power-Circuit Impedance on Large Aircraft 


Self Geometric Mean Distance 


Three Wires Spaced One-Halt Inch Apart 


where 


r=resistance of conductor or conductors 
in ohms 
f=frequency, cycles per second 
h=elevation of conductor above surface 
in inches 
D,=geometric mean radius of conductors in 
inches ‘ 
When finite resistivity is introduced into 
the return path, along with limitation of the 
extent of the solid, certain modifications be- 
“come necessary. Transmission-line caleula- 
tions make use of Carson’s investigations to 
determine a correction for earth-return 
paths, added to the formula as Z,, whence 


2h 
Z =r-+-j0.004657/ logio p,+70 ohms per mile 
8 


Substituting a sheet of aluminum alloy for 
the earth return should not require material 
deviation from the method used for trans- 
mission lines, The sheet has appreciable 
resistance, however, which causes propor- 
tionately greater dispersion of the current 
path, 
be applied is to assume that the sheet is 
split longitudinally into a number of parallel 
strips; then to determine the current di- 
vision among the strips as governed by self 
and mutual inductance and _ resistance. 
With the current division determined, it is 
possible to compute the effective “ground 
resistance’ and the correction factor for its 
effect upon the reactance to the image, to- 
gether known as Zy, 

Wagner and Evans show a method for 
determining the effect of an aerial ground 
wire in parallel with earth return’ which 
they and their colleagues subsequently have 
expanded to include a counterpoise wire. 
This method can be used to analyze the ef- 
fect of five parallel strips of the sheet return 
with reasonable accuracy, provided the strips 
are symmetrical about the center line, More 
than five strips involves considerably more 
complication and does not seem to give 
commensurate advantages 


See Z, Curves, Figure 5) 


Values of 0.353 logio a Ohms Per 1,000 Feet 


’ 
For h= 1” to 5” 


2.0" 


Cnn 


The only method known which can 


3.0” 4.0” 5.0” 
ee er ene ee 
WORATSCsek ae 0 BdOkonnonens 0,688. i ven QeOls 
Ohl oye 0, B28. 64 wk os 1 OBB ete arene ONO 
1 OT kere ee OCBG0R ates 10, 564ccn) eeaonoes. - 
dO dB tain eee 0. 806m. wart . 0, 652s 5a nenOn DBS 
OS ABaN tater aie 0.495. nr ceves 0.540, . 5.04. OVBT4 
op OPMLB sina Oy MB bg ive aie , +0, S20 eine DOO 
Cp CUMeOSi etait 0; d08 orca Ove] Gainer 
* oy OR BOA Nt chen OvabO Se 0,500,.,.++,.0.584 
MOREL ULdnasedh, OP AGe cor sti ogi 0,490. ...++..0,520 
‘GOR BLO \Rmdanaenns 0482 ae ese 0.47 ies tated. 040 
vive OuBOdi dlinatins 0,420 5.0 +090 Op SOO nn Oe 
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Figure 11 (left). 
Current distribution 
in return path 
through flat metal 


Figure 12 (below). 

Strip method for 

inductance calcula- 
tions 


rears 


It must be recognized that the actual 
distribution of current will be somewhat as 
shown by the solid curve in Figure 11. 
Computing the current as uniform in each of 
five sections of return path in effect substi- 
tutes a step curve for the smooth curve of 
Figure 11, indicated by the dash lines. Trial 
and error is the only method known for de- 
termining the proper widths of strips to 
compute, but excellent agreement with test 
data has been attained when the width of 
the middle strip has been taken as 2h, the 
adjacent strips as 4h, and the outside strips 
as 8h. 

This method requires that the sheet be 
considered to consist of strips as illustrated 
by Figure 12. 

In the following calculations these sym- 
bols will be used: 

R, =resistance of conductor x 

Dy, =geometric means distance x to y 

Rz,=geometric mean radius of x, sometimes 
represented by Dz 

dz, =actual distance x to y, center to center 


The identity of strip 3 is retained through 
all calculations as a reference for all dis- 
tances. 

The three conductors a, b, and c, are re- 
solved into an equivalent conductor d by 
the following equations: 


1 Ra 
a 
Ra Ry Re 
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Raa=~V Raa Ry» Rec dap? dye? dea? 
—————— t 
Dsa=V dg dyy doe = hts approximately 
Strips 1 and 5 are combined into an 
equivalent conductor 6: 


t=thickness of sheet 
W, =width of strip 1 


1 Ri 


[Ru = Rss = 0.223 (Wi+t)* 
Ree = WY Ru Rss di5? = V Ru dis 
Dg= V dis dss =d)3** 


Dea =V dia dyy dy¢ dsq dsp Ise = WV Des?+ Dag? 
approximately 


Similarly, strips 2 and 4 are combined into 
another equivalent conductor 7: 


Roe = Rag =0.223 (W2+1)* 
Rn=V Ro Ru doy? = WV Ris du 
Dy= V des d34=d23** 


Dra = WV dea bey doe dig Bay dye = WV Dis? +Dya? 
approximately 


Der =WV diz dig dos das = Vd dis 


Having established these conversions from 
physical to electrical relationships, it be- 


* Reference 5. 


** Within the accuracy of this method of analysis. 


Table VIII. Impedance of Three Conductors 
in Parallel, Return Through Wings—Calculated 
From Test Data 


400 Cycle, by Test 


D-C 
Resistance A-C 
Wire (Ohms Per Resistance Reactance 
Size 1,000 Feet) (Ohms Per (Ohms Per 
(AN) (by Test) 1,000 Feet) 1,000 Feet) 
Dice & OZ1005 she. OS 204.b ves a 0.3025 
yi Beal OL1S880 ec: 072320 sane: 0.417 
Gare ae OLS6Or a. 0520040 otras 0.384 
ae Ie O. 26655 os O. S800. vee « 0.390 
bb een fo 0 8 960 retains ON5OGs heen 0.494 
ane (ee 0.676 
+14 
LO eres 1 ASOU van eke DOS tei talasys 0.567 
18 
PAO es ie Oat BO wer eee te BO 201s ern 0.554 


+ Reading in Error. 
Temperature: Approximately 30 degrees centigrade. 


Scaled size and shape of duct in which wires 
were placed in wing 
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Figure 13. Current-path relationship derived 
from strip method 


comes necessary next to set up the equivalent 
circuit, Figure 18. By setting up simul- 
taneous equations for the voltage drop in 
each leg of the circuit from MM to N, then 
substituting the conditions es=e;=e,; and 
E=eqg—e3, it is possible to derive the 


equations: 
tp Zea Zn —ZLia Ze 
da £66 277 — Ler” 


21a Z6— Lea Ze1 
ta Ze Z—Ler* 


1g ty 2 
Z=Laat— Zeat > Zra 
ta ta 


in which 
J Deg3? 
Zes=R3+Re+j0.353 log : ohms per 
66 3 
1,000 feet 
: Dsa Des 
Zea = R3+j0.353 log ——— ohms per 1,000 
Dea Ras 
feet 
: D773" 
27 =R3;+R7+j0.353 log ohms per 
Ri 33 
1,000 feet 
? Da Dis 
Z7a = R3+j0.358 log ohms per 1,000 
Dra Ras 
feet 
: D3a? 
Zaa= Rat R3+j0.353 log ohms per 
da Kas 
1,000 feet 


Table IX. Impedance of Three Conductors 
in Parallel, Return Through Neutral Wire 
Alone 

D-C 400-Cycle Impedance 
Resistance (Ohms Per 1,000 Feet) by 
Wire (Ohms Per Test 
Size 1,000 Feet) 
(AN) by Test Resistance Reactance 
Ave seats OSBG0 ert ecen OF 428 Bee Pai 0.554 
NOx scare « 8 Nee: 85 WAG =", Bere 0.564 
MG ey DS OOup. starereate BZA: Hae ate et 0.713 
Table X. Impedance of Three Conductors 


in Parallel, Return Through Neutral Wire and 
Wing Structure 


D-C 400-Cycle Impedance 
Resistance (Ohms Per 1,000 Feet) by 
Wire (Ohms Per Test 
Size 1,000 Feet) 
(AN) by Test Resistance Reactance 
AxtcaK OR Oe ie aecauer OPQ Te aches 0.346 
NORE Bar OSSOG te cite cts 5 20) rereruaryshain 0.426 
LG. ten, ADT Heme Aictne ILE Dererne.e 0.544 
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Plastics in Aircraft Electricity 


E. B. COOPER 


ASSOCIATE AIEE 


YNTHETIC organic plastics for 

electrical insulation represent one 
of the important contributions of the 
plastics industry to modern military and 
commercial aircraft. These materials 
for the most part are not used as sub- 
stitutes for more suitable but scarce 
insulating materials, but have been se- 
lected because they possess stperior 
mechanical and electrical properties. 

It is the purpose of this paper to dis- 
cuss some of the considerations involved 
in the selection and application of plastics 
and to survey under the headings, 
“Flexible Insulation” and ‘Rigid Insula- 
tion,” the materials now being employed 
and their outstanding properties and 
limitations. Newer materials are de- 
scribed in connection with the applica- 
tions for which their properties indicate 
special suitability, so far as the secrecy 
restrictions will permit. 


Properties of Plastics 


Although all plastics are good electrical 
insulators in the sense that their volume 
resistivities and dielectric strengths are 
all reasonably high, the various resins 
in all their modifications exhibit an enor- 
mous range of mechanical and electrical 
properties. Some of the “elastomeric” 
polymers resemble natural rubber in 
many respects but are definitely superior 
in such characteristics as resistance to 
sunlight and ozone and inferior chiefly 
in respect to elasticity. Some of the 


Paper 44-229, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted May 12, 1944; made available for print- 
ing July 20, 1944. 


E. B. Cooper is in the plastics department of E, I. 
duPont de Nemours and Company, Arlington, N. J. 


Ds Dn 


Ze = Rs+j 0.353 log 


ohms per 1,000 


67 a\55 
feet 


A typical calculation, using this method 
for three AN-2 conductors laced together 
and supported 3.43 inches from a sheet of 
*0.030-inch Dural, gives Z=0.118+ 0.482 
ohm per 1,000 feet, and Z,=3Z=0.354+ 
j1.446 ohms per 1,000 feet. Tests on the 
B-19 indicated Z,=0.387+j1.476 ohm per 
1,000 feet, which is excellent verification of 
the analytical method and demonstrates 
that it may be used safely to determine the 
impedance of other wire sizes and separa- 
tions from the skin with ample accuracy. 

The image theory gives Z, =0.195+ 71.464 
ohm per 1,000 feet for the same installation, 
which is entirely satisfactory for reactance 
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transparent plastics rival the trans- 
parency of crystal quartz, and others 
equal or exceed glass in resistance to 
certain types of abrasion. Among the 
synthetic resins are materials with volume 
and surface resistivities as high as those 
found in any natural substance. Some 
resins have power factors among the 
lowest found in solids. Though all 
organic resins are limited in their ability 
to withstand high temperatures, the 
heat resistance of certain ones is re- 
markably high. . Chemical research is 
adding to the knowledge of molecular 
structure and as a result not only is pro- 
ducing new materials with remarkable 
properties but also is improving some of 
the older synthetic resins in striking ways. 

Plastics suitable for electrical insula- 
tion have been discussed by many 
writers.52% The chemical background 
for the electrical and other physical prop- 
erties has been described.4>& Com- 
prehensive handbooks are available in 
which plastics are described in detail.7® 
A volume of authoritative data on com- 
mercial plastics has been issued and 
currently is being revised.° 

Despite the large amount of published 
data, engineers and designers frequently 
have not been given adequate information 
to permit of an intelligent comparison 
of the various synthetic resins. Test 
methods and testing equipment only 
now are becoming standardized, and 
many of the older data are useless for 
comparison with data taken by other 
methods in other laboratories. For cer- 
tain properties there are still no standard 
methods of measurement. The Ameri- 
can Society for Testing Materials through 
its committee on plastics, D-20 and its 
committee on electrical materials, D-9 
is laboring to improve this situation and 


“tg 
4 


now has on its books!!! a comprehensive 
array of testing methods and many more 
in preparation. Since many plastics show 
very different properties when tested 
under different sets of conditions of tem- 
perature and humidity, a temperature of 
77 degrees Fahrenheit and a relative 
humidity of 50 per cent have been 
adopted as standard and now are being 
used quite generally throughout the 
plastics industry. The technical data 
book published by the Plastics Materials 
Manufacturers’ Association® is a particu- 
larly useful source of data, because for 
each datum the test method used is re- 
ported. 

To indicate some of the limitations of 
published data on plastics, the following 
three properties are discussed to which 
relatively little attention has been given 
in the literature. 


FATIGUE EFFECTS IN PLASTICS 


Among the important properties for 
which data are most limited are those 
which involve measurements of creep 
and fatigue. A number of papers have 
been published in which are described 
the behavior of certain materials under 
continued static and dynamic stress- 
ing,!218 nevertheless, standard methods 
and equipment are still under develop- 
ment, and the engineer is not yet in a 
position to predict the probable life of 
fabricated parts operating under stress. 


Impact STRENGTH, SINGLE BLOW AND 
REPEATED IMPACT 


For some applications the impact 
strength of rigid insulation may be a 
critical property. Even though the stand- 
ard impact test is one of the simplest 
of measurements to perform, recent work 
has shown that variables in the prepara- 
tion of test specimens are capable of 
causing wide variations in the impact 
strength of certain plastics. Thus, in 
one experiment in which the method of 
machining the standard notch was made 
the only variable, the impact strength 
of cellulose acetate ranged from 1.28 
to 2.24 foot-pounds per inch of notch. 


but inadequate in resistance, because of lack 
of provision for including the resistance of 
the skin. However, when corrected by 
3Z,=0.150—j0.021, (Z, from Figure 5 
having a value of 0.05—j0.007) value Z, 
increases to Z,=0.345+ 71.443 which is 
comparable with the preceding results. 
Similar analysis of the four AN-10 con- 
ductors (one intended for isolated neutral 
but not used) installed in the space between 
the skin and the stiffening corrugations 
yields: Z,=1.416+ 70.972 ohm per 1,000 
feet. Tests on the B-19 indicate Z=1.518+ 
j1.482 ohms per 1,000 feet. This discrep- 
ancy appears to result from inability to in- 
clude the adjacent corrugations in the five- 
strip method of analysis. Inasmuch as this 
type of installation is likely to be used but 
rarely, however, and only for limited por- 
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tions of any aircraft, it seems probable that 
either of the methods of calculating the zero- 
sequence impedance will be found sufficiently © 
accurate for determination of fault currents 
and co-ordination of protective equipment. 
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For this reason the data on impact 
strength appearing in tables of physical 
data should be used only for very general 
comparisons between materials. . 

In designing parts!‘ which are to be 
subjected to impact, it should be noted 
that the impact strength of a carefully 
prepared test bar is almost certain to 
be different from the strengths of various 
patits of complex molded pieces. The 
standard test specimens are simple rec- 
tangular bars, the molding of which usu- 
ally offers no difficulty. Large or irregu- 
larly shaped moldings, on the other 
hand, frequently present such difficul- 
ties in molding that the completed pieces 
may be very inhomogeneous and, there- 
fore, exhibit very different physical prop- 
erties from point to point. Table I 
shows the impact strength of bars cut 
from various parts of a large injection 
molding as shown in Figure I. Note 
that the impact strength ranges from 
0.65 to 3.55 foot-pounds per inch of 
notch. It is also of interest to observe 
that the value obtained on a regular 
injection-molded test bar is only 1.07 
foot-pounds per inch of notch, much 


Figure 1. Injection molding showing locations 
from which the bars listed in Table I were cut 


From discussion by I. R. Hopkins, Proceedings, 
American Society for Testing Materials, volume 
43, 1943, page 1220. Used by permission 


lower than that obtained on several of 
the specimens listed in the table. 

The above discussion applies to single- 
blow impact strengths. Since molded 
insulation may be subjected to repeated 
impacts, the fatigue values under this 
treatment are of importance. Several 
investigations have ,been made?®!® in 
which test bars of different materials 
were subjected to multiple blows, each of 
which had less energy than was required 
to cause failure in a single blow. Though 
repeated-impact fatigue testing has been 
very limited in scope, the indications are 
that its results may serve to explain some 
failures of parts in service. 

Figure 2 illustrates hand-operated 
apparatus of a simple type for studying 
repeated-impact fatigue, which follows a 
design of the Bell Telephone Laboratories, 
Inc. The test specimen is a standard 
Izod impact bar!” which is clamped at 
the bottom of the steep trough. A graded 
set of steel balls is used, ranging in weight 
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from 0.0022 to 0.55 pound. A ball is 
selected and is started down the trough 
from such a height that the energy is 
approximately equal to the single-blow 
impact strength. If the bar does not 
break, the ball is caught on the rebound, 
returned to the starting point, and al- 
lowed to fall again. If the initial energy 
is chosen correctly, two or three blows are 
sufficient to cause the bar to fracture. 
Enough bars are broken to determine the 
average number of ‘blows of this energy 
needed to cause failure. A somewhat 
lighter steel ball then is substituted, 
and the procedure is continued until an 
energy value is found which the speci- 
men will withstand for a large number of 
blows. The balls usually are started 
from the same height throughout an ex- 
periment, so that the energy of the blow 
is the variable, whereas the velocity is 
held constant. 

In such hand-operated apparatus the 
maximum number of blows which can 
be obtained conveniently is not very large, 
but the shape of the initial portion of the 
curves shown in Figure 3 seems to be very 
significant. Thus the molded poly- 
methyl methacrylate is able to withstand 
0.145 foot-pound per inch of notch for 
125 blows, while its initial or single-blow 
impact strength is 0.28 foot-pound. The 
impact strength at 125 blows is 52 per cent 
of the single-blow value. On the other 
hand, the cellulose acetate composition 
shown in Figure 4 has a fatigue strength 
of only nine per cent of its single-blow 
value. Repeated-impact machines which 
operate automatically have been de- 
veloped'.1® and data obtained on such 
machines indicate that the degradation 
of impact strength continues as the num- 
ber of blows increases but that the rate of 
degradation continually decreases. Table 
II lists the fatigue impact strengths of 
several thermosetting and thermoplastic 
materials. 

It should not be concluded from these 
data that plastics must not be used under 
conditions involving repeated impact. 
Many types now are being used with 
great success under the most severe serv- 
ice conditions. These studies do indi- 
cate, however, that in the selection of 
materials attention should be paid to 
fatigue under repeated concussions, and 
that life tests on completed parts of cer- 
tain types probably should include re- 
peated-impact testing in some form. 


THe ErFrect oF ELEVATED 
TEMPERATURES 


Knowledge of the effects of elevated 
temperatures on organic resins is ex- 
tremely important in the design of parts, 
and many papers have been written on 
the physical properties of various plastics 
at high temperatures and on changes in 
properties resulting from prolonged heat- 
ing.1°29 Methods now are being estab- 
lished for exposure of plastics to stand- 
ard heating cycles, after which each 
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property in question will be remeasured. 
When these standard conditions become 
widely used, the data published on the 
resistance to continuous high tempera- 
tures will permit comparison among 
materials. At present no such compari- 
son can be made. 

The loss of rigidity at higher tempera- 
tures frequently limits the usefulness of 
parts made of plastics. This is particu- 
larly true of thermoplastics, but the 
thermosetting resins also suffer decrease 
in modulus of elasticity and exhibit 
higher creep under load at elevated tem- 
peratures. In many applications of 
plastics in insulation, however, the 
material is called upon to support ex- 
tremely small loads, frequently only its 
own weight. There has been until re- 
cently no standard method suitable for 
obtaining data on the basis of which even 
a preliminary selection of a heat-resistant 
material could be made. The heat- 
distortion test, D648-41T, of the ASTM 
has been used for many years, and the 
“heat-distortion temperature’ as ob- 
tained by this method frequently has 
been considered erroneously to be the 


Table I. Impact Strength of Bars Cut From 
Injection-Molded Piece Shown in Figure 1 


Foot-Pounds Per Inch of Notch 


Specimen Minimum Average Maximum 


Picchu sistereg Be DO inne ejeie Be GG csr lata 2.89 
-21 
-73 
Hv Acl 
Lo Oha 
-98 
-17 


Izod strength of standard injection-molded test bars 
1.07 foot-pounds per inch of notch. 


From a discussion by I. R. Hopkins, American So- 
ciety for Testing Materials Proceedings, volume 43, 
1943, page 1220. Used by permission. 


upper limit of the temperature range in 
which the material is usable. That this 
is far from true has been demonstrated 
in practice, since many plastics are giving 
good service at temperatures well above 
their heat-distortion points. 

In test method, D648-41T, a test bar is 
loaded at its mid-point while it is sup- 
ported as a simple beam. The tempera- 
ture of the surrounding air is raised at the 
rate of one-half degree centigrade per 
minute, and when the mid-point has been 
deformed ten mils, the ‘‘heat-distortion 
temperature” is considered to have been 
reached. This small deformation occurs 
as the result of several factors, including 
elastic deformation and plastic flow or 
creep. The load used is sufficient to 
cause a stress of 264 pounds per square 
inch in the outer fibers of the test speci- 
men. Most thermoplastics yield to this 
stress at rather low temperatures, and 
at 80 degrees centigrade very few remain 


_ sufficiently rigid to resist the distorting 
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forces. Under service conditions, how- 
ever, some thermoplastics can be used 
at temperatures many degrees higher than 
this, provided that they are not required 
to support a load. For other materials 
the heat-distortion temperature is evi- 
dently very near the maximum tempera- 
ture at which they can be used, since the 
test bar loses its rigidity completely at 
temperatures only a few degrees higher 
than the heat-distortion point. 

With the object of producing more 
significant data on the rigidity of plastics 
at elevated temperatures, test method 
D648-41T currently is being revised. 
By the simple expedient of finding the 
respective temperatures at which the 
deformation of 0.010 inch occurs when 
the specimen is subjected to two loads, 
large and small, the test distinguishes 
between those materials which lose their 
rigidity over a narrow temperature range 
and those which are able to sustain light 
loads at high temperatures, even though 
deformed readily by larger loads at much 
lower temperatures. The larger load 
produces a fiber stress of 264 pounds per 
square inch, whereas the smaller one is 
one fourth as large, so that the stress is 
66 pounds per square inch. 

Table III lists the heat-distortion tem- 
peratures of several thermosetting and 
thermoplastic resins as determined by 
the heat-distortion test in its revised form. 
The “low-load” heat-distortion tempera- 
ture of molded nylon, 206 degrees centi- 
grade, illustrates the unique position 
which this material occupies among ther- 
moplastic resins. In certain applica- 
tions in which it is not required to sup- 
port a load, this thermoplastic can be 
used at temperatures usually considered 
endurable only by thermosetting resins. 

In Figure 4 the deformation is plotted 
as a function of temperature for three 
materials. It can be seen that poly- 
methyl methacrylate loses its rigidity 
completely over a temperature range of 
only a few degrees, whereas polyvinyli- 


Table Il. Relationship Between Single-Blow 
and Repeated-Blow Impact Strength 


Relation of Repeated- 

Blow Impact Strength 

to Single-Blow Impact 
St.ength, Per Cent 


150 1,000 
Material Blows* Blows** 
Laminated phenolics 
ADEN DASE 3/2 Uns cicie < Gckouerenty GOP is iss 33.3 
RontiVAS DASE s,s, A. ccreereetecrente AO itatereiatats 24.4 


Molded phenolics 
Wood-flour filled 
RGR UIILE er ceslatierateiee aciarowVer shcavrure cierele karen 37.7 


Castiethy] cellulose sien. cos whist eu oto nicrs Si 2.43 
Molded cellulose acetate H-2............. 7.65 
Molded cellulose acetate H-4............, 9.05 
Cellulose aceto-butyrate................. 7.13 
Acrylate resin -cast 0.0. 04.) 2: Beate Set 25.42 
Nylon, injection-molded........ 58 


*From an unpublished laboratory report by R. 
Burns, Bell Telephone Laboratories, Inc. 


** From paper by Lubin and Winans, reference 18. 


1222 


Hand-operated apparatus for 


Figure 2. 
measuring fatigue under repeated impact 


dene chloride and nylon retain much of 
their rigidity at relatively high tempera- 
tures. 

As this revised test becomes estab- 
lished, the data should be very helpful 
in the selection of materials for use at 
elevated temperatures, but it should be 
remembered in using such data that they 
are the result of a short-time test and 
do not necessarily indicate the behavior 
under continuous loads. 


Flexible Insulation— 
General Purpose 


Rubber, the traditional wire- and 
cable-covering material, has been dis- 
placed largely by synthetic rubber and 
by “elastomeric”? organic plastics. In 
Table IV some of the properties of syn- 
thetic wire-covering materials are com- 
pared. Highly plasticized polyvinyl] 
chloride and the copolymers of vinyl 
chloride and vinyl acetate are used al- 
most exclusively for general-purpose in- 
sulation of wire and cable in aircraft. 
Their principal limitations are:  rela- 
tively low heat resistance and high power 
factors. 

The use of such vinyl resins in wire 
covering had been increasing for several 
years before the rubber shortage stimu- 
lated the use of substitute materials. 
The Navy Department in 1936 began to 
use thermoplastic insulation for perma- 
nent shipboard cable because of its oil 
resistance and because it can be made 
nonflammable. 
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An enormous amount of development 
work by several laboratories*)” has 
been required to produce materials hav- 
ing the properties needed to meet the 
exacting requirements of aircraft insula- 
tion. In addition to maintaining a rea- 
sonably high insulation resistance over 
a wide range of temperature, such insula- 
tion must meet rigorous physical re- 
quirements, which include: 


ve 
1). Sufficient strength to withstand rough 
handling and abuse at moderately high and 
at very low temperatures. 


2). Enough flexibility to enable its being 
pulled through a considerable length of con- 
tinuous conduit. 


3). Nonflammability. ‘ 
4). Mboisture-resistance. ‘ 


5). Flow properties which permit of rapid 
extrusion on wire and cable. 


6). Freedom from embrittlement by age or 
by ozone. 


The strength and rigidity of the plasti- 
cized polymers of vinyl chloride and vinyl 
acetate vary widely with temperature. 
Since these materials are thermoplastic, 
their rigidity decreases as the tempera- 
ture rises, and 75 degrees centigrade is 
an upper limit for their use as wire cover- 
ing. The lower limit of temperature at 
which they can be used is reached when 
the materials become brittle or not suffi- 
ciently extensible. By selection of plasti- 
cizers, stabilizers, lubricants, and pig- 
ments the lower temperature limit has 
been pushed to below —40 degrees centi- 
grade. The large part which the plasti- 
cizer plays in determining the physical 
properties of such wire covering is indi- 
cated by the high percentage of plasti- 
cizer used—in the range of 35 to 45 per 
cent. 


°o 


IMPACT IN FOOT POUN 
9-9 O*9 


TEASE 
a =A 


70 90 100 
= NUMBER OF BLOWS 


Figure 3. Energy of blow versus number of 
blows required to cause failure 


120 


Data were obtained on apparatus shown in 
Figure 2 
--- Molded polymethy! methacrylate 
— Molded cellulose acetate 
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Figure 4. Deformation versus temperature 
at two fiber stresses using proposed revision 


of ASTM D648-41T 


The temperature at which the deformation 
reaches 10 mils is defined as the heat-distor- 
tion temperature 
——— Polymethy! methacrylate molding-power 
— Polyvinylidene chloride 

-.-.- NylonFM-1 


Unfortunately, the improvement in the 
low-temperature flexibility is gained, at 
least in part, at the expense of strength 
at elevated temperatures. The modifiers 
also may cause more or less damage to 
the electrical properties. The perma- 
nence of the mechanical and electrical 
properties when the materials are ex- 
posed to continuous high temperatures 
requires that the plasticizers have low 
volatility and that suitable stabilizers 
be used. A plasticizer such as dibutyl 
phthalate, which imparts good flexibility 
at low temperatures, is somewhat volatile, 
and therefore insulation in which it is 
used gradually stiffens when exposed to 
continuous heat. Tricresyl phosphate, 
although less volatile, does not bring 
about flexibility at such low tempera- 
tures. Very extensive studies of plasti- 
cizers have been made, and the present 
extremely useful wire coverings repre- 
sent a compromise between strength at 
elevated temperatures and brittleness at 
low temperatures. 

These plasticized vinyl resins possess 
certain other characteristics which add 


greatly to their usefulness as insulation., 


No curing is required, because the resins 
are thermoplastic. Production is very 
tapid by means of extrusion techniques 
very similar to those used for rubber. 
The principal modifications of equipment 
have been made to provide better heat 
transfer and to eliminate pockets in which 
material could collect and then, on de- 
composing, cause damage to stock ex- 
truded later.2* These vinyl resins are 
colored readily to facilitate the identi- 
fication of conductors in complex wiring 
systems. The National Electrical Manu- 
facturers Association recognizes eight 


standard colors, British government speci- 


fications designate 11 standard and three 
special colors, and manufacturers of 
wire-covering compounds have intro- 
duced still other colors. 

Other thermoplastics which have been 
extruded as insulation or jacketing ma- 
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terials include polyvinylidene chloride, 
ethyl cellulose, polythene, and nylon. 
It is probable that each of these will 
find fields of usefulness as insulation. 
The heat resistance of nylon recommends 
it for uses as a jacket material in appli- 
cations in which its toughness and other 
unusual physical properties are needed. 
Polyvinylidene chloride, which like nylon 
is self-extinguishing, is used widely as 
flexible tubing, and its use as electrical 
conduit has considerable possibilities. 
Being thermoplastic, it can be heated 
and bent to conform to the spaces into 
which it must fit, and the tubing has a 
smooth interior which would permit con- 
ductors to be pulled readily through long 
sections of conduit. 


Flexible Insulation— 
Special Purpose 


IGNITION WIRING 


Ignition cables and connectors are 
exposed to more severe conditions than 
is any other insulation used in aircraft: 
Heat, the enemy of all electrical insula- 
tion, is always present, with temperatures 
of 400 degrees Fahrenheit not uncom- 
mon, and while under such temperatures 
the insulation is subjected to vibration, 
mechanical stresses, high voltages, and 
corona. With the pressure changes which 
occur rapidly in flight, “breathing’’ of 
the insulation causes moisture to be 
forced into voids in the insulation. 
Under corona conditions this moisture 
becomes highly conductive. The in- 
sulation is exposed to oxidation by the 
ozone resulting from corona as well as 
by the nitric acid formed from the air 
and moisture under corona conditions. 

Considering the severity of these 
conditions, it is not surprising that no 
completely satisfactory wire covering has 
been developed. The general practice 
has been to use a layer containing a high 
content of natural rubber next to the 
core, which is of small diameter to keep 


Table Ill. 


the capacitance of the cable to a minimum 
and which is made of stainless steel to 
obtain the necessary strength. An im- 
pregnated cotton braid was applied next 
followed by a jacket, frequently of ethyl 
cellulose. The cotton braid now is being 
replaced largely by glass braid, and 
jackets of neoprene now are commonly 
used. The entire wiring assembly is, of 
course, enclosed in metal shielding to 
eliminate radio interference. 

Much experimental work has _ been- 
done on cable design,*4 and consider- 
able progress has been made toward de- 
veloping longer-lived ignition insulation 
by utilizing synthetic plastics of higher 
heat resistance. Extruded nylon jackets, 
which have been applied to several types 
of cable, may prove to be suitable outer 
coatings for ignition cable. 


HicH-FREQUENCY CABLE 


The use of high- and ultrahigh-fre- 
quency equipment in aircraft has led to 
demands for greatly improved coaxial 
cable. The insulation in such cables 
must have low dielectric losses to prevent 
excessive attenuation, must maintain 
the mechanical spacing of the conductors, 
and preferably should seal the cable 
against moisture. Polystyrene beads 
have been used widely to support the 
inner conductor, and by ingenious shap- 
ing of the beads it has been possible to 
produce a flexible cable. If jacketed with 
a moisture-resistant cover, the cables 
could be made satisfactory for use under 
conditions of high humidity. 

In 1943 polyethylene, or polythene, 
first became commercially available in 
this country,*® although it had been in 
use for several years in England. Poly- 
thene is a thermoplastic material with 
excellent electrical and good mechanical 
properties, which are maintained over a 
wide range of temperature. Table V 
lists some of the electrical and mechanical 
properties of polythene. The extremely 
low brittleness temperature (below —60 


Heat-Distortion Temperatures at Two Loads Using Proposed Revision of American 


Society for Testing Materials D648-41T 


Material 


Proposed Method 
Degrees Centigrade 
Ts Ta 


264 Pounds 66 Pounds 
Per Square Inch Per Square Inch 


Polyvirivlichlorideyarignd iy). 0. sictsscstes poster ives av velo 
Cast polymethyl methacrylate, ASTM typel........ 
Rolywitivl bittyrals rieid Magenta icles te Novant Wales icuc le tovere 
Molded polymethyl methacrylate GP.............. 


POLY SEY TENE arcrebyne toy reiawi cele Oeics «teh nalts ee fave 
Cellitlose acetateisheetiit nays. ccc e's cue 
Cast polymethyl methacrylate ASTM type II. 
Cellalose acetateimolded’..... Gi. «dies ce nels 
Molded polymethyl methacrylate heat-resistant. 
Cellulose acétate-butyrates o.. 6.0. ek ee ee ee 


Eh MC OM OSE ere ermal waa tatters ofwsvste) sun) ehevesdiisie en lere 
Melamitie-formaldehydéyi.. fii. i ccc y ewe ve nee ee d 
Wree-formaldehy des ijsern. cvaie.chntscnie «Avie a sw tats Seba 
bolywinvylidene chloride tacts ties /sia.+ «)e'ace, sierels ote 
NivdonmOlded © rie, acervrakte moots ees ale sieieia lel svatae ate Ritace ack 
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degrees centigrade) is a property inherent 
in the resin itself, and therefore it does 
not change with aging as in the case of 
materials which owe their flexibility to 
impermanent plasticizers. The electrical 
properties of polythene are excellent, with 
high dielectric strength, low dielectric 
constant, and very low power factor, and 
both of the latter are constant over a very 
broad range of frequencies. The excel- 
lent moisture resistance, coupled with 
ease of extrusion on wire, permits the 
manufacture of moistureproof coaxial 
cable of low dielectric loss. Figure 5 
shows the dielectric strength of poly- 
thene as a function of thickness 

Polythene can be injection- or com- 
pression-molded as well as extruded, and 
can be applied as a moisture-resistant in- 
sulating coating by flame spraying or by 
depositing from solution. Its excellent 
mechanical and electrical properties 
should aid in the solution of many prob- 
lems in electrical insulation. 

Other flexible synthetic resins suitable 
for wire covering having low dielectric 
losses have been announced,”’ and others 
are under development. Knowledge of 
molecular structure has contributed 
greatly to the improvement of the elec- 
trical properties of plastics at high fre- 
quencies. When the restrictions re- 
quired by the national security can be 
lifted, this chemical development will 
be found to constitute one of the inter- 
esting developments of World War II. 


COVERING FOR MAGNET WIRE 


Representative of plastics used in the 
form of solution for the coating of wire is 
polyvinyl formal. Extremely thin layers 
are depositied on conductors in succes- 
sive layers to ensure complete coverage. 
This provides extremely tough and 
flexible insulation for wire used in wind- 
ing the coils of motors, relays, trans- 
formers, and other magnetic devices. 
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Figure 5. Dielectric strength of compression- 
molded polythene, short-time, using ASTM 
method D149-40T 


The expanding use of small, heavy-duty 
electric motors in aircraft has, however, 
brought forward the need for wire 
covering of greater heat resistance than 
is offered by polyvinyl formal. New 
resins which have been found suitable for 
such high-temperature use are the or- 
ganosilicon resins, the polymeric sili- 
cons, which, though lacking the tough- 
ness of other wire-coverings, are said to 
withstand continuously temperatures as 
high as 500 degrees Fahrenheit. 


Rigid Insulation 


GENERAL-PURPOSE MATERIALS 


By far the most widely used molded 
insulating material is phenol formalde- 
hyde. A considerable variety of me- 


chanical and electrical properties is made 
possible by the use of several formula- 
tions and a number of fillers. 

Phenolic moldings are relatively low 
in cost and can be made in inexpensive 
molds in cheap compression-molding 
equipment. The introduction of high- 
frequency heating techniques* has in- 
creased the speed of production of large 
pieces, has permitted the making of: 
thick-walled moldings, which was for- 
merly impossible, and has improved the 
quality of many other moldings. Hun- 
dreds of phenolic molded pieces are used 
in aircraft for purely electrical réasons as 
well as in applications in which structural 
and electrical properties are of equal im- 
portance. 

The principal limitations of the phenol- 
ics are set by their relatively high di- 
electric losses and by their tendency to 
track under an electric are. The high 
water absorption of the high-impact 
materials has led to difficulties in the 
tropics. There the continued high 
humidity keeps the molded parts of elec- 
trical equipment saturated with mois- 
ture, and under these conditions bacteria 
and other organisms feed on the cellulosic 
fillers. Sometimes these growths cover 
the entire surface of the insulation with 
a conducting film which renders the equip- 
ment inoperative. This phenomenon is 
not peculiar to phenolic materials but 
might occur with any resin containing 
cellulose fillers. 

Other materials which are used fre- 
quently for molding various parts of 
electrical equipment include cellulose 
acetate, cellulose acetate-butyrate, ethyl 
cellulose, polymethyl methacrylate, poly- 
styrene, aniline-formaldehyde _ resins, 
urea-formaldehyde, melamine formalde- 
hyde, andnylon. The molding techniques 
used for nylon have been described,?* 
and this material has been used for a 
number of applications for which its 


Table IV. Properties of Compounds Used for Insulation and Jackets 


a 
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Resistance 
Resistivity Stress to Ozone 
Use on Dielectric and Power Dielectric Flam- Cold- Strain Oil- and 
Chemical Type Name Cable Constant Factor Strength mability Resistance Properties Resistance Sunlight 

Isobutylene-diolefin, TS. ... Butyl cubber....Insulation....... Diivansymoceyes sce tL creraraneeet ann ta Geie sie treats Wc edsiae erie Ve eats 3 4 2 

CDOS eee rae tre emeuatOm ss eBaop eens e Bs daawd tnedn sh stead shige: em innate coe i eee e 
Ethylene polymer, T....... Polythene...... Insulation....... Die sdpipiss Aare ekiel sith crera inet mee Lier ee nee nERa ae 2 
Plasticized vinyl, T........ Flamenol....... Insulation. ......3 2 

chloride polymer,........ Koroseal....... or jacket....... a PL 2 

Vinylite 

Plasticized vinyl, T........ Win ylitete. woe sc Insulation....... 3 

chloride vinyl or jacket,...... hao pier 

acetate copolymer 
Butadiene-styrene, TS...... Insulation. ...... Yin ibsidieuiens 

copolymer or jacket....... hides RGD ea brennan 
Butadiene-acronitrile, TS, .. TOCKEE: Hi scde'w tort RO LEAL tate OR De | 

EE FRUIT RS te gti aaa ULI Non Se QE i t-\ 
Chloroprene polymer, TS... Jacketiccnn wade We irate Wn tort 
Organic polysulfides, TS... , Thi Jacket. dehkganes WU alen aban 
MolyamidenDivaity': 32 elelceiar Jackets oct skye Ben kerk A 
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strength in thin sections and its heat re- 
sistance make it particularly suitable. 

A new thermoplastic molding composi- 
tion has recently been announced*? 
under the trade name of Cerex. This 
material is reported to have an ASTM 
heat-distortion temperature of 212 de- 
grees to 230 degrees Fahrenheit, a di- 
electric constant of 2.7 and a power 
factor of 0.0024, and can be injection 
molded. 7 


IGNITION PARTS 


Magneto parts, distributor heads, and 
other molded parts of the aircraft igni- 
tion system have presented many diffi- 
cult problems. Although molded mineral- 
filled phenol formaldehyde moldings have 
proved to be highly satisfactory in auto- 
motive engines and are now serving in 
tank and marine engines, this material 
has a serious weakness which has limited 
its usefulness in high-voltage systems in 
airplanes. Under the heat of a spark or 
arc, the surface of the plastic decom- 
poses, the carbon-to-carbon bonds are 
broken, and a carbon ‘‘track”’ forms which 
is conductive, so that the high-voltage 
spark jumps across the insulator. At 
the high altitudes now being reached by 
fighting planes such flashovers quite 
frequently take place because of the 
low breakdown strength of the air at low 
pressures. If this flashover causes a 
track to form, the part is put out of 
service permanently, since the spark will 
continue to follow the carbon track even 
after return to lower levels. 

For these reasons a specially com- 
pounded rubber has usually been used 
in stich ignition parts. Much effort has 
been put forth to find a more suitable 
material, and asbestos-filled melamine 
formaldehyde has been employed in 
several ignition parts. 

This resin has a chemical structure 
made up of carbon-to-nitrogen bonds, 
rather than carbon-to-carbon bonds as 
in the phenolics. Though it will fail 
by tracking under the heat from a high- 
energy spark or arc, the time required 
for this track to appear is much greater 
than for the phenolformaldehyde. Thus, 
under the arc-resistance test of the ASTM 
most phenol-formaldehyde resins fail in 
less than 60 seconds, whereas asbestos- 
filled melamine formaldehyde survives for 
periods up to 190 seconds. At high alti- 
tudes repeated flashovers can occur 
across a melamine-formaldehyde mold- 
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Figure 6. Melamine 
formaldehyde molded 
ignition parts 


ing without damage, and, when lower 
altitudes are reached and the insulating 
strength of the air is restored, the un- 
damaged part will function as before. 
Melamine-formaldehyde resins*! have 
a high modulus of elasticity and a small 
elongation at failure. These factors, 
coupled with the large coefficient of ther- 
mal expansion which is common to or- 
ganic resins, makes it difficult to mold 
around metallic inserts without the 
occurrence of cracks on cooling, or later 
in service, due to the stresses around the 
inserts. The difficulties of molding have 
been complicated further by the large 
size of the metallic inserts as designed 
for use with hard rubber, which at ele- 
vated temperatures needs the re-enforce- 
ment provided by the metal. The 
melamine, on the other hand, not only 
does not need this re-enforcement but 
also is weakened by the large inserts, 
which leave less resin to stand the stresses 
caused by the differential expansion and 
contraction.. By reducing the sizes and 
changing the shapes of the inserts it has 
been possible to make satisfactory mold- 
ings, some of which are shown in Figure 6, 


This molding problem is characteristic 
of the situation encountered when one 
material is to be substituted for another. 
Frequently changes in design are needed 
to provide full advantage of the proper- 
ties of each new material. 


Mo.LpEp Parts FoR USE at HIGH 
FREQUENCIES 


The dielectric losses of phenolic resins 
have been greatly reduced both by use of 
large amounts of mica filler and by chemi- 
cal changes in the resins. The resulting 
materials have found wide use in com- 
munication equipment. 

Polystyrene in its various modifications 
is the principal synthetic resin used for 
rigid insulation in applications involving 
high and ultrahigh frequencies. Mold- 
ing techniques have been developed to 
overcome many of the difficulties encoun- 
tered in molding polystyrene, so that 
injection molding- of complex parts is 
now common practice. The dielectric 
losses of polystyrene are extremely low, 
the dielectric constant being 2.5 and the 
power factor less than 0.0003. 

The principal limitations of polysty- 
rene are its relative brittleness and its 
loss of rigidity at slightly elevated tem- 
peratures. Several modifications of poly- 
styrene have been made in which the 
heat resistance has been greatly improved 
and the excellent electrical properties 
maintained. This has been achieved 
by one manufacturer®? through combin- 
ing polystyrene with a chlorinated di- 
phenyl. The resulting material, al- 
though lacking the transparency of poly- 
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styrene, has a dielectric constant of 2.55 
and a power factor of 0.0004, when meas- 
ured at radio frequencies. Its heat- 
distortion temperature is 85 degrees 
centigrade, whereas that of unmodified 
polystyrene is 76 degrees to 78 degrees 
centigrade. Because the strains intro- 
duced by molding are less, it is claimed 
that the temperature at which moldings 
of the modified material begin to lose their 
shape is much higher than the heat- 
distortion temperature would indicate. 
The material has the additional advan- 
tage of being nonflammable. 

Another chemical modification of poly- 
styrene is reported!*° to have a_heat- 
distortion temperature of 110 to 120 
degrees centigrade, equal to that of un- 
filled phenol-formaldehyde molding ma- 
terial. That this high heat resistance is 
gained without injury to the electrical 
properties is indicated by the values re- 
ported for dielectric constant and power 
factor—2.6 and 0.0002, respectively. 


Plastics as Replacements for Mica 


The tremendous increase in electronic 
equipment which requires high-quality 
capacitors as blocking condensers and 
as parts of the frequency-controlling cir- 
cuits has created a great demand for 
first-quality mica. Difficulties attending 
the procurement, splitting, transporting, 
and handling of block mica have stimu- 
lated the search for substitutes. Al- 
though no completely satisfactory all- 
purpose substitute has been developed, 
the ceramics of high dielectric constant 
are serving in many of the smaller capaci- 
tors, and several plastics have been used 
in condensers of certain other types. 
One of these, a thermoplastic sold under 
the trade name Polectron, is reported to 
have a dielectric constant of 3.0 and a 
power factor of 0.0004 to 0.001 at fre- 
quencies of 1 kilocycle to 100 megacycles. 
The heat-distortion temperature is re- 
ported to range from 100 degrees centi- 
grade to 150 degrees centigrade, depend- 
ing on the plasticizer content. The resin 
can be compression- and  injection- 
molded, and a technique has been de- 
veloped to impregnate electrical equip- 
ment without the use of solvents. The 
mechanical properties are reported to be 
generally good, although the impact and 
flexural strengths are relatively low. 

Polystyrene tape has been developed 
of sufficient uniformity in thicknesses of 
about 0.001 inch for use as the dielectric 
of capacitors of the rolled type. The di- 
electric constant of polystyrene (2.5) is a 
limitation, but its high dielectric strength 
and low power factor are very desirable 
properties in a capacitor dielectric. Such 
capacitors cannot be used at elevated 
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temperatures, and it has been reported 
that in life tests under high direct voltages 
the polystyrene dielectric has not proved 
to be entirely satisfactory. 

The excellent electrical properties of 
polythene, shown in Table V, together 
with the ease with which it can be ex- 
truded as tape, indicate that polythene 
also may prove useful as a capacitor 
dielectric. 


Conclusions 


It has been shown that synthetic resins 
have gone a long way toward solving the 
multifold electrical problems which are 
encountered in airplane design. This 
solution has not been found through the 
development of a single material con- 
taining all desirable properties, but rather 
by judiciously employing various ma- 
terials, singly or in combination, each of 
which has certain outstanding properties. 
Thus we see polystyrene used because of 
its low dielectric losses, polythene because 
its excellent electrical properties are 
combined with flexibility at low tem- 
peratures, polyvinyl chloride and poly- 
vinyl chloride acetate because of their 
nonflammability, flexibility, and abra- 
sion resistance, nylon because of its 
toughness and because its strength prop- 
erties are retained at elevated tempera- 
tures, melamine formaldehyde because 
of its resistance to tracking, phenol 
formaldehyde because of its good prop- 
erties and cheapness. The research 
laboratories of the country are con- 
tinuing to, work on new synthetic resins 
which will make possible improved elec- 
trical equipment and on improved test- 
ing methods which will produce data of 
greater value to designers. 
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Alternating Versus Direct Current for 
Aircraft-Radio Power Supply 


D. E. FRITZ 
ASSOCIATE AIEE 
4 

Synopsis: Recent designs of aircraft-radio 
equipment have provided for operation 
from existing aircraft electric systems, and 
little attention has been given to providing 
the electric system that is best suited for 
radio equipment use. This has been a 
natural and proper approach, because of the 
relatively small load requirements of air- 
craft radio. Accordingly, comparatively 
little attention has been given to the effects 
of the type of power supply on the charac- 
teristics of aircraft radio equipment. It is 
the authors’ belief that a review of the sub- 
ject is desirable at this time to assist air- 
craft designers in making a proper choice of 
the electric system to be provided on future 
aircraft designs, as well as possible modifica- 
tions to the electric systems on aircraft now 
in use. This paper considers the effects of 
the various types of aircraft electric systems 
on the characteristics of the radio equip- 
ment, from the standpoints of weight, effi- 
ciency, reliability, simplicity, flexibility, and 
emergency operation. The various types of 
a-c and d-c power supplies are discussed, 
and consideration is given to the effects of 
frequency and number of phases on a-c 
power supplies. 


NE of the first applications of radio 
to aircraft took place during World 
War I when aircraft were used for ob- 
servation purposes. The early trans- 
mitters used at that time were spark 
transmitters. The early aircraft genera- 
tors were 115-volt 900-cycle single-phase 
a-c generators with an output of 200 
watts. The generators were of the in- 
ductor type and were self-excited by a 
d-e winding on the rotor. A spark trans- 
mitter was incorporated in the stream- 
lined end cover of the machine, while the 
tuning unit was located in the fuselage 
of the airplane. 
After the war, with the advent of 


' transmitters using vacuum tubes, it was 


necessary to provide low-voltage fila- 
ment current, in addition to the high- 
voltage plate current. Two types of 
generators were developed: one a dual- 
voltage d-c generator, the other an in- 
ductor alternator, with a d-c windingon 
the rotor of sufficient capacity to fur- 
nish the filament supply and battery- 
charging current. Dynamotors came in- 


Paper 44-180, recommended by the AIEE com- 
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to use soon after storage batteries were 
incorporated on airplanes and are still 
used extensivley to provide high-voltage 
plate current for most of the radio equip- 
ment on airplanes equipped with d-c 
systems. 

Some of the early dual-voltage d-c 
generators were supplied with an over- 
running clutch, so that the generator 
could be run as a dynamotor for emer- 
gency communication, taking power from 
the battery of the airplane. As the 
demand for low-voltage direct current 
on airplanes increased, many aircraft 
electrical designers preferred to generate 
all the power as low-voltage direct cur- 
rent, using dynamotors to supply the 
plate voltage for the radio equipment. 
Until about 1920 most of the d-c systems 
used on airplanes were six-volt systems, 
but around 1925 12-volt systems were in- 
augurated and later came into general use. 

The United States Navy had used 
several types of radio equipment powered 
by 800-cycle 115-volt single-phase wind- 
driven and engine-driven alternators. 
When electric-power demands on_air- 
craft became greater,. the Navy was 
responsible for the development of engine- 
driven generators with separate a-c and 
d-c generators combined in one frame. 
These generators have been developed 
over a period of several years until com- 
bination generators are now available as 
listed in Table I. Since most of the 
applications using these generators are 
for main engine-driven generators, the 
speed ranges of the generators are such 
that the frequency of the a-c supply varies 
over a two-to-one range. Aircraft genera- 
tors of this type have been used by the 
Navy for several years and have given 
very satisfactory performance. Radio 
equipment powered by these generators 
uses step-up transformers and rectifiers 
for plate-current supply, and step-down 
transformers are used to supply the low- 
voltage filament current. The d-c output 
of the generator is used for operating 
other electrical devices on the airplane, 
and to operate relays, lights, and band- 
switching motors in the radio equipment. 

Motor loads and other applications for 
d-c power on aircraft have grown very 
rapidly in the past few years, and have 
led to the use of 24-volt d-c systems in 
most modern aircraft, with dynamotors 
supplying the high-voltage plate current 
for the radio equipment. 

Larger airplanes of the future probably 
will require available electric generating 
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capacities of more than 100 kw. The 
weight of the wiring for transmitting 
this much power with a 24-volt d-c sys- 
tem is excessive, and a study of the opti- 
mum voltage for aircraft systems indi- 
cates that higher voltages were advis- 
able.! The difficulties of breaking and 
controlling direct current at high altitude 
discourage the use of higher-voltage d-c 
systems for the larger aircraft. It is also 
difficult to obtain good commutation 
on small lightweight aircraft motors 
operating on voltages appreciably higher 
than 30 volts. 

A 115-volt three-phase 400-cycle sys- 
tem was designed for use on the Douglas 
XB-19 airplane. Auxiliary engines were 
used to drive the alternators, with suffi- 
ciently accurate governors to allow paral- 
leling. A rectifier was incorporated in 
the system for battery charging and sup- 
plying other d-c loads that could not 
utilize alternating current. Tests on the 
XB-19 installation were very encouraging 
and led to plans to incorporate three- 
phase a-c systems on new design multi- 
engine airplanes. An operating voltage 
of 208 volts has been proposed in order 
to attain minimum wiring weight. -The 
proposed a-c system would use a grounded 
neutral so that single-phase 115-volt 
400-cycle alternating current may be 
taken from any of the three-phase leads 
and ground. The metal airplane struc- 
ture would be used for the neutral, mak- 
ing a four-wire system unnecessary. 
Thus, in addition to the three-phase 
208-volt 400-cycle alternating current, 
there will be a supply of single-phase 115- 
volt 400-cycle alternating current avail- 
able on the new-design airplanes; also a 
nominal amount of direct current sup- 
plied by either rectifiers or motor genera- 
tor sets will be available.? 

It will be seen from this brief history 
that, as the development of aircraft 
electric systems progressed, the influence 
of radio apparatus on the choice of the 
system had less significance than with the 
earlier systems. It is true, however, that 
the choice of the aircraft electric system 
does affect to a considerable degree the 
size, weight, and other characteristics of 
aircraft radio equipment. Therefore, it 
is the authors’ belief that an analysis of 
the effects of the aircraft electric systems 
on radio apparatus is desirable to enable 
aircraft and radio apparatus designers to 
evaluate its proper significance in deter- 
mining the choice of the best over-all 
aircraft electric system. 

The remainder of this paper consists of 
an analysis of these characteristics of air- 
craft radio equipment, together with cer- 
tain conclusions resulting therefrom. 

The authors have taken a commonly 
used aircraft radio transmitter having an 
output of 100 watts and a standard re- 
eeiver as being representative of the radio 
equipment used on modern aircraft, 
and have studied the weights and per- 
formance of this equipment with various 
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types of power supplies. While the 
exact figures may not be correct for other 
ratings and designs, it is believed that 
an analysis of these two pieces of equip- 
ment will show any major trends that 
will be prevalent in most aircraft radio 
apparatus. 

It is hoped that the conclusions reached 
in this paper will be of assistance to the 
aircraft radio designers in designing radio 
equipment for new airplanes, as well as 
to the aircraft designers who must pro- 
vide power for radio on their airplanes. 

The aircraft electric systems listed will 

be studied only to the extent in which 
they affect the aircraft radio equipment. 
It is believed that so much work has been 
done on motors, generators, and the like, 
that a discussion of these factors would 
not add materially to the value of this 
paper. 
' The voltages listed are nominal sys- 
tem values and for the low-voltage d-c 
systems are the rated voltage of the 
storage batteries that are incorporated 
in the system. Equipment for use on 
these systems often is rated at a different 
voltage than the nominal value. For 
instance, a 24-volt system may use dyna- 
motors rated at 27.5 volts, and the 
generators may be rated at 28.5 or 30 
volts. 


List of Radio Power Supplies 
Available and Proposed 


*6 volts—direct current. 

*12 volts—direct current. 

*24 volts—direct current. 

*115 volts—direct current. 

24 volts—400 to 800 cycles, single-phase al- 
ternating current. 

115 volts—60 cycles, alternating current. 

*115 volts—400 cycles, single-phase constant 
frequency. 

115 volts—400 to 800 cycles, single-phase al- 
ternating current. 

115 volts—400 cycles, three-phase alternat- 
ing current. 

*115 volts—800 to 1,600 cycles, single-phase 
alternating current. 

115 volts—800 cycles, constant-frequency 
alternating current. 

208 volts—400 cycles, three-phase alternat- 
ing current. 


Radio-Equipment Power Supplies 


Regardless of the electric system of the 
airplane, plate circuits of radio equip- 
ment operate from direct current. The 
reason is that the generation of radio- 
frequency energy, in the case of trans- 
mitting equipment, and the amplifica- 
tion and demodulation of radio-frequency 
signals, in the case of receiving equipment, 
require the use of relatively high direct 
voltages. The direct voltages may be in 
the order of 200 or 300 volts for receivers, 
and as high as 5,000 volts for trans- 
mitters, while 20,000 to 30,000 volts may 
be required for some special electronic 


* Systems in present-day use on aircraft. 
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Frame sizes range 

from 23/, inches to 

5 inches in diame- 

ter, and output rat- 

ings range from 15 
to 250 watts 


equipment. Therefore, it is always neces- 
sary to provide a conversion means 
whereby the relatively low voltage of the 
airplane’s system, either alternating or 
direct current, is converted to high- 
voltage direct current suitable for operat- 
ing the electronic tube circuits of radio 
equipment. The type of power supply 
available on a given airplane largely 
determines the type of conversion equip- 
ment used. 

In addition to the afore-mentioned 
power requirements, practically all the 
electronic tubes in radio equipment re- 
quire electrically heated cathodes, and 
this energy also must come from the 
electric system of the airplane, either 
directly or through conversion equipment. 
Usually, the cathode heaters are designed 
for low-voltage operation, whereas a wide 
variety of voltages are required for 
different tube types. By using indirectly 
heated cathodes or the proper circuit 
arrangements, the tube-heater energy 
usually can be supplied by either a-c or 
d-c sources. Heater energy may be 
supplied directly from the d-c system of 
the airplane when a 24-volt system is 
used, since many tube types are designed 
with 24-volt heaters; or several lower- 
voltage tubes may be connected in series 
across the 24-volt line. 

When the airplane is supplied with 
an a-c system, the heater energy may 
be supplied by low-voltage windings on 
the high-voltage transformer, or separate 
filament transformers may be used. 


Conversion Equipment 


The following types of power supplies, 
or conversion equipment, for obtaining 
high-voltage direct current for operation 
of aircraft radio, are in use on modern air- 
craft or have been considered for use on 
aircraft to be built in the future. 

Dynamotors are generally used to sup- 
ply the high-voltage direct current for 
radio equipment on airplanes provided 
with low-voltage d-c systems. Many 
ratings and sizes of dynamotors are avail- 
able, and several types are shown in 
Figure 1. Dynamotors are also available 
that incorporate additional windings on 
the armature, thus having two or even 
three output voltages. An armature 
for a dynamotor having three output 
voltages is shown in Figure 2. 

Rectifier power supplies consist of step- 
up transformers that raise the low- 
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Various sizes of dynamotors availa- 
ble for providing high-voltage direct current 
for radio power supply 


Figure 1. 


voltage alternating current from the air- 
plane’s system to high-voltage alternat- 
ing current, which then is changed to 
direct current by means of rectifying de- 
vices, usually consisting of electronic 
tubes. 

Vibrator conversion equipment may be 
used to convert low-voltage direct cur- 
rent to alternating current by inter- 
rupting the steady direct current at 
some arbitrary frequency by a mechani- 
calinterrupter or vibrator. The pulsating 
direct current is then transformed to the 
proper high-voltage a-c value, and recti-’ 
fied to produce high-voltage direct cur- 
rent. Rectification of the high-voltage 
alternating current usually is accom- 
plished by means of a rectifier tube or 
tubes, but, in some applications recti- 
fication is affected mechanically by 
means of contacts. vibrating synchro- 


nously with the interrupter contacts, thus 


eliminating the rectifier tubes, Vibra- 
tor conversion systems are used to some 
extent on aircraft for applications re- 
quiring relatively small amounts of power 
but at present are not used as extensively 
as dynamotors. Figure 3 shows a dyna- 
motor and a vibrator power supply, both 
having an output of 60 milliamperes at 
250 volts direct current. 

Rotary inverters (in the aircraft indus- 
try, any power device that changes direct 
current to alternating current, either a 
motor generator set, rotary converter, 
electronic equipment, or a vibrator, is 
commonly called an inverter) sometimes 
are used to convert the direct current of 
the airplane’s system to alternating cur- 
rent of an arbitrary frequency. The 
resulting alternating current then is con- 
verted into high-voltage direct current 
by using transformers and rectifier tubes. 
Inverters are used in aircraft where dyna- 
motors cannot be used because of high 
direct voltages required, or because al- 
ternating current is necessary for the. 
operation of the equipment, : 

Electronic inverters have been built in 
the laboratory by which direct current 
has been, converted to alternating cur- 
rent using grid-controlled ré¢tifier tubes. 
No moving parts are used in this type of 
converter. At the present time, however, 
it is doubtful if electronic inverters are 
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developed to the point where they are suit- 
able for radio-equipment power supply. 
Electronic inverters sometimes are used 
to provide a source of direct current 
where extremely low-current drain is 
imposed. A new vacuum tube has been 
developed that lends itself very well to 
this application, because it operates with 
both the filament and the plate supplied 
from 24 volts direct current. This tube 
has an output of 0.7 watt when used in 
this manner. The tube is connected as 
an oscillator and tuned to a medium 
frequency, and a radio-frequency trans- 
former is used to raise the output of the 
oscillator to a high voltage, which is then 
rectified. This output may be used as bias 
for the elements of cathode-ray tubes, 
or for similar applications which require 
high voltage but have low current drain. 


Weights and Efficiency as Affected 
by Power Systems 


The weights and efficiency of the vari- 
ous types of power-supply components 
for an aircraft transmitter with a rated 
radio-frequency output of 100 watts are 
shown in Table IT. 

From this table, it may be seen that the 
weights of the power-supply components 
are less for an 800-cycle single-phase 
power supply than for any other system 
listed. It will be noticed that for a-c 
power supplies the weight increases 
greatly as the frequency decreases. The 
dynamotor weights included in Table 
II are for separate dynamotors for the 
master oscillator and the power amplifier, 
and some weight savings could be gained 
by using a single dual-voltage dyna- 
motor. 

Table III shows weights and efficiency 
of aircraft-receiver power supplies for a 
standard aircraft receiver having a sensi- 
tivity of better than 15 microvolts for 
six milliwatts audio output. The weights 
and over-all efficiencies have been tabu- 
lated for various airplane power supplies 
as listed. Weights and efficiencies also 
have been calculated for a 60-cycle single- 

phase power supply for both Table II 
and Table III in order to provide a com- 
parison with the values obtained at com- 
mercial power frequencies. 


Figure 2. Armature 

for a  dynamotor 

having three separate 
output voltages 


ampere d-c aircraft generator, having a 
minimum speed of 2,500 rpm, weighs ap- 
proximately 23 pounds per kilowatt of 
output, while a 30-kw three-phase 208- 
volt 400-cycle generator, operating at 
6,000 rpm, weighs approximately 2.8 
pounds per kilowatt of output.’ 

For combination a-c and d-c generators 
now in production, the 800-cycle single- 
phase output weighs about 10 to 12 
pounds per kilowatt. Therefore, in order 
to determine which power supply will 
result in the lowest over-all weight, 
generator and wiring weights also must 
be considered, and a tabulation of cal- 
culated over-all weights is shown in Table 
IV. 

In the case of variable-frequency power 
supplies, the weight of radio power supply 
is determined by the lowest frequency. 
For example, the weight of the radio 
power supply will be essentially the same 
when designed for use with a constant- 
frequency 800-cycle system as when de- 
signed for a variable-frequency 800- to 
1,600-cycle system. 


Reliability and Servicing - 
Simplicity 


In any equipment installed on aircraft 
reliability is of prime importance. Much 
of the navigation of the airplane is de- 
pendent upon radio communication be- 
tween the airplane and the ground, and 
in many cases the lives of the passengers 
and crew may depend on the reliability 
of the radio equipment. In considering 
reliability, all the various types of power 
supplies have certain weaknesses. It, 
therefore, is necessary to examine all the 
types under consideration to choose the 
one that will be the most reliable. 

Ease of servicing is also a very impor- 
tant feature of a satisfactory power sup- 
ply for aircraft radio, especially under 
conditions frequently encountered in mod- 
ern warfare. Since aircraft radio equip- 


Table I. 


ment must be designed so that it can be 
serviced with a minimum of time and 
trouble, the equipment should use a 
minimum of small parts and incorporate 
arrangements whereby defective or worn 
parts may be replaced without dis- 
mantling the equipment. 

One definite advantage of a d-c system 
using dynamotors for high-voltage plate- 
current supply is that the power to oper- 
ate the radio equipment is taken from 
the main power-supply bus of the air- 
plane. Asa result, power to operate the 
radio equipment is available as long as 
either generators or batteries deliver 
sufficient current to the bus. Most of 
the military multiengined airplanes have 
a small, auxiliary engine-driven power 
plant that may also be paralleled with 
the other generators on the airplane. D-c 
systems, therefore, lend themselves very 
well to providing emergency communica- 
tion, since the radio equipment may be 
operated for a short time from the battery 
of the airplane alone. D-c systems using 
dynamotors also have the advantage 
that the radio equipment does not need 
rectifier tubes or transformers, which leads 
to a simplification of the radio circuits. 

Moving parts are always subject to 
wear, and every dynamotor has a rotating 
armature, two or more commutators, and 
at least two sets of brushes. Except for 
the smaller ratings, a starting relay gener- 
ally is used to control the dynamotor. 
The usual maintenance for a d-c rotating 
machine is necessary at regular intervals 
if satisfactory reliability is to be main- 
tained. Maintenance of dynamotors 
is a problem in itself, since spare brushes, 
bearings, armatures, and other parts 
are required. This problem has been 
alleviated somewhat by mounting the 
dynamotors in such a manner that they 
are secured to the radio equipment 
by snap fasteners, while the electric con- 
nections are made by quick disconnect 
plugs and receptacles. 

Some of the newer radio equipment for 
use on airplanes equipped with a d-c 
system requires higher voltages than may 
be obtained conveniently by the use of 
dynamotors. Usually this equipment 
has been designed to operate from a 
rotary inverter which takes d-c power 
from the airplane system, and converts 
this power to alternating current which 


A-C-D-C Power-Supply Engine-Driven Generators 


Engine-Driven Generators and Carbon-Pile Voltage Regulators 


Single-Phase A-C—D-C Generators 


Military Weight 
Tables II and III are not fully conclu- Designation Speed Range a 
sive as to the relative total weights of (Navy Type) Volts Watts CyclesatRpm Volts Amperes (Rpm) Pounds 
radio equipment using different power- 
supply systems, since the weights of the NEVA CBh oakley tates 115....1,200....800 at 2,400..... QBUBeaace GOs. Noni 2,400 to 4,200.,...45.0 
mee veRy SY » 8 te NBAS MeO 115....1,200....800 at 4,000..... 28Be cn TOO Mer ar 4,400 to 8,000.....32.0 
generating equipmen are no Ses, NBA Sein, 175....1,200....800' at 4,000. .... QS abet tik 200M ena) 4,400 to 8,000..... 45.0 
_ The pounds per kilowatt for the various NUBLALG ates ee 115....3,500....800 at 4,000..... OR eet ay Vinee a 4,400 to 8,000.....45.0 
ratings of aircraft generators vary over a INVA etic tate stare 115....2,500....800 at 4,000..... > Aan an T50- sacks 4,400 to 8,000. ....45.0 
FF wide range. For example, a 15-volt 100- Blast-cooling requirements: Blast equal to six inches water static plus velocity head. 
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is then stepped up to the required high 
voltage by transformers and rectified. 
The reliability of this system is quite 
high, from the standpoint of the radio 
equipment alone, but the inverter adds a 
hazard similar to the hazards common to 
a system using dynamotors, except that 
the hazards common to an a-c power sup- 
ply are also present: namely, rectifier 
tube and transformer failures. Main- 
tenance also is increased over either an 
a-c power supply or a d-c power supply 
using dynamotors, since both the in- 
verter and the a-c transformer-rectifier 
unit requires servicing and maintenance. 

Electronic inverters should use gas- or 
vapor-filled rectifier tubes such as the 
mercury type in order to have good regu- 
lation and efficiency. The extreme varia- 
tions in ambient temperatures encoun- 
tered in aircraft service may result in 
improper operation or damage to these 
tubes. Tubes using a mercury-pool cath- 
ode cannot be used for aircraft service, 
because, when the airplane is being 
maneuvered, the mercury would not re- 
main in its proper position. 

Some advantage may be gained in serv- 
icing simplicity by using vibrator power 
supplies instead of dynamotors. Vibra- 
tors for receiver power supplies have been 
developed that are hermetically sealed, 
thus making the vibrator capable of being 
used at high altitudes. The vibrators 
are small units, slightly larger than most 
receiving-type vacuum tubes, and the 
connections are made by means of a 
bayonet-type base that fits into a socket 
on the power supply. Since the vibrator 
is the only component of a vibrator power 
supply that is subject to wear, servicing 
is relatively simple, consisting mainly 
of replacing the vibrator unit. 

The reliability of vibrator power sup- 
plies has been proved from experience 
gained in extensive use in automobile 
receivers. They are cheaper to build 
than dynamotors and require slightly 
less critical material. The high-voltage 
output of a vibrator-type power supply 
is not limited by commutation or arma- 
ture insulation, as it is in a dynamotor. 
By using a transformer with more than 
one high-voltage winding, several output 
voltages may be obtained. The inter- 
rupter contacts and associated moving 
parts used in vibrator power supplies are a 
possible source of trouble which may render 
the unit unsatisfactory or inoperative. 

Power supplies operating from alter- 
nating current have been in use on com- 
mercial radio equipment for many years, 
and their reliability has been unsurpassed 
by any other type of power supply. A-c 
power supplies consist of an assembly of 
transformers, rectifier tubes, filter re- 
actors, and capacitors. Figure 4 shows 
alternating current to high-voltage d-c 
conversion components as used in the 
800-cycle power supply of the trans- 
mitter studied for the weight tabulations. 
Since transformers, reactors, and capaci- 
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Figure 3. Dynamo- 
tor and vibrator 
power supplies with 
filter equipment in 
mounting base 


Both have the same 
rating, that is, O.060 
ampere, 250 volts 


tors can be made very reliable, the 
most vulnerable components are the rec- 
tifier tubes. These rectifier tubes usu- 
ally are of the high-vacuum type and are 
suitable for operation over the entire 
range of ambient temperatures encoun- 
tered in aircraft. Furthermore, the high- 
vacuum rectifier tubes do not require 
filament preheating as do mercury vapor 
or other similar rectifier tubes. High- 
vacuum tubes are very rugged and or- 
dinarily do not cause trouble in aircraft 
service. 

From the standpoint of servicing, it is 
believed that the a-c system is the most 
simple system to service. There are no 
moving parts to wear out or demand 
maintenance, since the process of recti- 
fication is accomplished by means of 
vacuum-tube rectifiers. Practically the 
only servicing requirement is the occa- 
sional replacement of rectifier tubes. 


Radio Interference 


Radio interference is a serious fault of 
any aircraft electric equipment. Inter- 
ference may be segregated into two types: 
that carried by the wiring of the airplane, 
and that radiated from the source of 
interference, or from the wiring leading 
to the interference source. Radiated 
interference often is picked up by the 
antenna of the receiving set. It is im- 
portant that interference be suppressed 
as closely as possible to its source, since 


suppressers located at a distance from 
the source may filter out the interference 
carried by the leads, but may permit 
interference to be radiated from the wir- 
ing between the suppresser and inter- 
fering element, thus causing serious inter- 


ference in the receivers. For this reason, 
most aircraft dynamotors have mica 
capacitors mounted inside the dynamotor 
housing, connected from the brush 
holders to the ground, to suppress the 
radio interference set up by commuta- 
tion and brush sparking. It is also im- 
portant that transmitter dynamotors as 
well as receiver dynamotors incorporate 
interference suppressers. Capacitors and 
filter chokes for filtering the output of 
dynamotors are sometimes mounted in a 
box forming the mounting base of the 
machine. 

Audio-frequency radio interference is 
commonly called ‘‘ripple,”’ and is es- 
pecially harmful when the d-c plate- 
current supply of a receiver contains an 
audio-frequency a-c component. Ripple 
may also be objectionable in the filament 
supply unless tubes with indirectly 
heated cathodes and properly designed 
filter circuits are used. This type of 


interference may be produced by varia- © 


tions in the output voltage of dynamotors 
caused by slot pulsations in the air-gap 
flux, by commutation transients, or by 
any other phenomena that results in an 
audible a-c component impressed on the 
output voltage of the dynamotor. Skew- 


Table Il. 100-Watt Aircraft-Transmitter Power-Supply Weight and Efficiency Comparison 


D-C Systems \ 
A-C Systems ‘ 
24-Volt D-C 
115-Volt 115-Volt 208-Volt 115-Volt to 400-Cycle 
60-Cycle 400-Cycle 400-Cycle 800-Cycle 24-Volt D-C Inverter* 
Component 1-Phase 1-Phase 3-Phase 1-Phase Dynamotor 1-Phase 
‘Transforimenst state tense O20 wanton 19:20)5- eee 19) On neroee SiG Perk wi ie sys eee 19.0 
Rectifier tubes...... ORCAS Erciti a OU Zinta DL eiduerenn rte ON Ghee s co aca No 0.7 
Filter capacitors... 72040 Se wee Satan 5 rir DQ aoe, D2 eae i. 7532 4.7 
Hilterreactorswacte mle een ZORA an LS. ara LiSisree UR seein mma citdo so 3.0 1.8 
‘Compensating: capacitor... 3h .aa-cak ance ae ee eee OAs ca oso Ma draselanee ene 6.8 
SWICCHES 1 Seuss) tes one aac irene fy 5 Ont eteay UR aya oe ey D5 Ocke eiabs 1.5 1.5 
EVMSE: Wuuctarat wanaminrcts sete kee On anmaanent Oda ae UA! enrap as ire! Qe = site as OV2*. scene 0,2 
FLOUSIGE Fie chute bie) excrecetnae ranks Ore SOR cre SAO. stent Omari 4A OG 2.0), % iro cee 2.0 
UmVertere ore sleet e as. sie ais + dinsaveleiele ai wie, SlelehaPeale nye: ate eeeeNe Coe Sin ee 2170 
Dynamotoniis). tdiiie as. sieitea hive scan opinvend a ea oe Eee ee 33.0 
Regilatoe esi. ci Sevciesess: 6, dyaqsieic, asst tvotenerinete Se ee cee eT 3.6 
Starting relay vto.i.teepra sow sare Mae as ane elec ae ee 1,75. eae 15% 
Rotal weight levi. owests 2.28 111.5 -32.8 Ny Gosh ee recic Py Oe cite 40:2" Agee 59.2 
Teapat: Watts fies Grates Chas ST ies eer SiDinw eee B50 he ik aw SPD% caulk users 1127) ) meron 1460 
Conversion efficiency (per 
Roeaat)  rionta ete mR et Nel aires 88 JOigies Shay 885s OU Retreats SS nOesint ie 69° |< 


* 24 volts direct current to 400-cycle, single-phase rotary inverter operating 400-cycle radio equipment. 
Radio-tube filaments heated directly from 24-volt d-c system. 
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ing the armature slots of a dynamotor 
and staggering the armature punching 
grain direction generally will minimize 
slot ripple to a nonobjectionable value. 
A-c power supplies produce very little 


radio-frequency interference. Although 
the aircraft a-c systems operate at fre- 
quencies in the audio spectrum, it is rela- 
tively easy to filter out ripple from the 
rectifier output by means of properly de- 
signed filter circuits. 

Rotary inverters use d-c motors as a 
driving means and tend to produce inter- 
ference from brush sparking and commu- 
tation which may be carried over into the 
a-c output. For this reason power sup- 
plies using an inverter should be filtered 
carefully, and precautions should be 
taken to prevent interference radiation 
from the low-voltage leads. On some in- 
verters harmonics are present in the out- 
put frequency which may necessitate 
additional filtering. 

Vibrator power supplies present pe- 
culiar problems in filtering, because of the 
sparking of the vibrator contacts, while 
the harmonics present in the output wave 
form require special attention to filter 
design, shielding, and circuit arrange- 
ment. However, a well-designed vibra- 
tor power supply may be made to com- 
pare favorably with a dynamotor in the 
matter of radio-frequency interference. 

Electronic inverters, built to deliver 
approximately 1,000 watts of high-volt- 
age direct current have been found to 
' present considerable filtering difficulties, 
Radio-frequency disturbances are set up 
by the arcs in the mercury-vapor tubes, 
and the output wave form has a high 
harmonic content. Special filtering 
means are required. However, for very 
small amounts of power, where radio fre- 
quencies are used for the inverters with 
high-vacuum tubes, radio-frequency in- 
terference may be eliminated by proper 
shielding and filtering. 


Flexibility 


Voltages required by electronic equip- 
ment on aircraft may range from 1.5 
volts to 20 or 30 kilovolts, and usually 
a great number of different voltages are 


f 
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Figure 4. Compo- 
nents for 800-cycle 
single-phase power 
supply -used on a 
100-watt transmitter 


required on one airplane. This extreme 
range of voltages required can be ob- 
tained very readily if the aircraft has an 
a-c system, since by using transformers 
and rectifiers any required direct voltage 
may be obtained. For d-c systems, when 
more than one value of high voltage is 
required, it is necessary to use either 
dynamotors with additional windings and 
commutators or a separate dynamotor 
for each voltage. Of course, voltage 
dividers may be used to obtain various 
voltages for receivers or for grid bias 
and screen-grid voltages in transmitters. 
However, many transmitters require at 
least two high voltages for plate-current 
supply which would be inefficiently ob- 
tained by using voltage dividers. Be- 
cause of commutation and insulation dif- 
ficulties, the maximum output voltage 
of dynamotors has been limited to ap- 
proximately 2,000 volts; and, where 
higher voltages are required on airplanes 
equipped with a d-c system, it has been 
common practice to use inverters to 
convert the direct current to alternating 
current, raise the alternating voltage to 
the desired value by a transformer, and 
rectify the output of the transformer to 
attain the desired high-voltage d-c power. 

The efficiency of an aircraft inverter is 
seldom over 60 per cent, and the efficiency 
of an a-c power supply is about 90 per 
cent. Since the efficiency of the d-c 
generator, that supplies the power to 


| 


drive the inverter, is approximately 75 
per cent, a system using inverters has 
an over-all efficiency of about 40 per cent 
from the engine to the input of the radio 
equipment. Because of the extremely 
low efficiency of an inverter power supply, 
it would be better to generate alternating 
current by means of engine-driven genera- 
tors. 


Three-Phase Power Supplies 


The three-phase 208-volt 400-cycle 
systems planned for use on the new air- 
planes are to be constant-frequency 
systems. The alternators will be driven 
from the main engines, with constant- 
speed drives interposed between the en- 
gines and the generators to enable parallel 
operation of all generators. 

The amount of power required by re- 
ceivers is so small that there is little to 
gain by operating them from three-phase 
current, but a slight saving in weight 
may be gained by using three-phase 
power supplies for high-powered trans- 
mitters. However, the use of three- 
phase current for transmitter power 
supplies necessitates more complicated 
transformers and the use of at least- 
one more rectifier tube than  single- 
phase power supplies. When considered 
as to servicing simplicity and ease 
of maintenance, the three-phase power 
supply is at least 11/2 times as complex 
as is the single-phase system. There- 
fore, a careful analysis should be made 
before using three-phase power supplies 
for aircraft radio equipment. In some 
cases, a special generator is used to sup- 
ply current for radio equipment requir- 
ing approximately eight kilovolt-amperes. 
When the generators must be engine- 
driven and mounted on the engine ac- 
cessory pad of one of the main engines of 
the airplane, a lighter generator may be 
built by using a three-phase design. In 
many cases this may mean that the gener- 
ator will be light enough to withstand 
successfully the severe stresses induced 
on the generator by engine vibrations, 
where a single-phase generator might 
fail because of its greater weight. In 


| . . . . . 
Table Ill. Avircraft-Receiver Power-Supply Weight and Efficiency Comparison 
Weight in Pounds 
A-C Supply D-C Supply 
115-Volt 115-Volt 115-Volt 
60-Cycle 400-Cycle 800-Cycle 24-Volt D-C 24-Volt D-C 
Component 1-Phase 1-Phase 1-Phase Dynamotor Vibrator 
Trarisfor iets 0's cio petets wha aoe oi TBO cheese 9B ..O Setar. Mie 1.9 
Bulger reactor ai setatn cite totale ey fainter Se Owe tensive 0.6 f 
Rilter capacitors. wns elmiiviaus «sel Laney ye Gey che Ot sonsc) Amides Ojo Stteash aietBle a 1.35 
Rectisen tiuiber, einvunuttelsieaeeetehelc acta. 6 Oia cas ede & OND Ahrens 0.2 
Housing and miscellaneous......... Pe SIL LG Sy orameia as DS Dh aiare, 8 ears Tue ote. 1.0 
DyDAmMotors «pose rertnteseie ely cies eo wie nleye so ee cen aialsiele we ep inldie jayne scm ate aid ks 4.0 
VAD EA COR a cater rscearctts meters genie Mec siaNe cass att Tah eke Ca RMR eens by duaineetn py ataressae Se Nieit hr eek s Ost Ree rae ates 4.0 
Total weights «c:sct sctrtweies sels 2D Dictaa sc iornt SPP Porcp oleae Sieh a ene QAR aie, odes 5.0 
Inputs SWatts socio sc saeenitee nee 18s ro Acee USN aera Vee RN eT hats GG: carers ce reine 63 
Conversion efficiency (per 
CONE Raa. bos aaa aN e irs GB ata vapors bY NAIR ec Gat as wea oas 1B no pattentatie ale dts 81 
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this instance a three-phase power supply 
would be very advantageous from an 
over-all point of view. 

Three-phase rectifier systems have 
slightly higher efficiencies than single- 
phase rectifiers, but usually the amounts 
of power involved are small enough that 
a slight change in efficiency will not have 
a notable result on the over-all power- 
supply requirements. A three-phase sys- 
tem will have the advantages of taking 
power from the main electric bus of the 
airplane and having a minimum of mov- 
ing parts. Three-phase rectifiers will 
have a varying ripple component caused 
by supply-line-voltage unbalance be- 
tween the phases. In Figure 5 the rela- 
tionship between ripple of the rectified 
output and voltage unbalance of the 
three-phase line is shown for two filter 
combinations. Voltage unbalance is 
expressed as negative-phase sequence in 
per cent of the positive-phase sequence. 
The normal ripple frequency of a three- 
phase full-wave rectifier is six times the 
line frequency. Filter A has an attenua- 
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not paralleled, but usually at least two 
of the combination generators are in- 
stalled on multiengine aircraft in order 
that the radio equipment may be oper- 
ated, if one of the generators fails, by 
switching to another generator. On the 
larger Naval aircraft an auxiliary engine- 
driven generator is provided so that 
communication may be carried on while 
the aircraft is not in motion. The d-c 
output of the generators supplies power 
to the other electric equipment on the 
airplane and is also used to operate re- 
lays, motors, and the like, in the radio 
equipment. Generally about one third of 
the available generating capacity is 
alternating current. 

Reliability of the afore-mentioned 
system is very good. Since the a-c gener- 
ator is usually of the inductor type, with 
both the field and armature windings on 
the stationary member, while the rotating 
member is but a laminated-toothed rotor, 
there is little maintenance required for 
the generator. There are no brushes, slip 
rings, or moving windings. The various 


Figure 5. Effect of supply-line 
voltage unbalance on ripple in 
output of three-phase full-wave 
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tion at the ripple frequency of 23.1 deci- 
bels and has a resonant frequency of 1.5 
times the line frequency. Filter B has 
an attenuation at the ripple frequency 
of 25.8 decibels, and its resonant fre- 
quency is 1.33 times the line frequency. 

The additional filtering necessary to 
to eliminate this ripple will increase the 
weight of the filter system. The degree 
of line-voltage unbalance to be expected 
will be dependent upon the capacity of 
the system and the degree of load un- 
balance. It is believed that an unbal- 
ance in voltage between phases of five 
per cent will not be unusual. 


Variable-Frequency Systems 


The most common variable-frequency 
radio power supplies in use today are 
those on Naval aircraft. Combination 
a-c and d-c generators are used, and are 
usually driven from the main engines of 
the airplane. The a-c output of these 
generators is 120 volts, single phase, 800 
to 1,600 cycles. The a-c generators are 
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rectifier using two filter com- 
binations 
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direct high voltages required are obtained 
by means of transformers and rectifiers, 
but low-voltage direct current is avail- 
able and may be used to operate the fila- 
ments of vacuum tubes, relays, and 
motors. Stand-by communication is 
not available unless the airplane is 
equipped with an auxiliary power plant. 
Other variable-frequency systems have 
been developed and used to a limited 
extent. In one system variable-fre- 
quency alternating current is generated 
and used to power radio and other loads 
suitable for use with alternating current, 
while the motors and other equipment re- 
quiring direct current are operated by 
rectifying a portion of the generated al- 
ternating current. Various voltages and 
frequencies have been used experimen- 
tally, the most common of which is 400 
to 800 cycles, 24 or 115 volts. By the 
proper choice of transformers and recti- 
fier units, the d-c supply may be any volt- 
age desired. In the case of multiengined 
airplanes, each generator has its own 
rectifier-transformer unit so that it is 
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she 
not necessary to parallel the generators, 
but the d-c output from the rectifiers is 
paralleled to a common bus, The al- 
ternating current may be taken directly 
from one or more of the generators, with 
provisions made to connect the loads in 
parallel, in the event of failure of one or 
more of the generators. 

Reliability of this system is almost the _ 
same as that of other a-c systems, except 
for the additional hazards introduced by 
the rectifiers. However, rectifiers of the 
dry-plate type have been developed that 
will successfully handle the power in- 
volved. Very little is added to the main- 
tenance problems of the system by the 
inclusion of the rectifiers, since usually 
no moving parts are required. However, 
in some instances, forced cooling of the 
transformers and rectifiers is accom- 
plished by a small d-c motor driving a 
fan, which requires the normal mainte- 
nance generally required by a d-c aircraft 
motor. 


Radio Accessories 


Relays used in radio equipment are 
affected by the type of power supply as 
to weight and size. D-c-operated relays 
will have smaller and lighter magnetic 
circuits and coils than will a-c-operated 
telays. On the other hand, smaller con- 
tacts and less contact travel may be used 
on relays handling alternating current, 
since the current passes through zero 
every half-cycle. In general, relays on 
aircraft radio equipment should be actu- 
ated by direct current if it is available on 
the airplane. 

Band-switching -motors are required 
to deliver high torque for a short time. 
D-c motors are better suited for this pur- 
pose than a-c motors, but high-torque a-c 
motors have been developed that will 
perform this function satisfactorily. Usu- 
ally a-c band-switching motors will be 
heavier than d-c motors, especially if | 
single-phase motors are used, since it is 
necessary to use a split-phase motor with 
a series capacitor in one winding in order — 
to get high torque. This, consequently, 
results in additional weight. 

The small panel-indicator lights on 
radio equipment should use low-voltage 
lamps in order that the filaments will 
not be made of wire too fine to withstand 
the vibration to which they will be sub- 
jected. On low-voltage d-c systems, the 
lights may be operated directly from the 
system voltage. For high-voltage d-c 
systems, series-dropping resistors are 
necessary; and, when used with a-c sys- 
tems, either series-dropping resistors or a 
step-down transformer may be used to 
operate the panel lights. It is accepted 
practice to use the voltage available from 
the output of one of the filament trans- 
formers for this purpose. ~ \ 

When. carbon-button microphones are 
used for voice communication, a small 
amount of low-voltage d-c power is re- 
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quired. Very low ripple content in the 
microphone current is imperative since 
any ripple will be amplified and heard as 
an objectionable hum in the receiver, 

Direct current for the microphone cir- 
cuit can be obtained directly from the 
airplane’s low-voltage d-c system if the 
proper attention is given to filtering. For 
high-voltage d-c supplies, a series-drop- 
ping resistor or potentiometer may be 
used to obtain the required microphone 
current. 

For a-c systems a small selenium or 
copper-oxide rectifier may be used, but 
good filtering of the output is important. 
When the airplane has low-voltage direct 
current available, it is advisable to ob- 
tain the microphone current from this 
source. 


Radio-Equipment Performance 


From the standpoint of radio trans- 
mitters, there is little difference in the 
performance characteristics of the equip- 
ment when operating from a d-c system 
than when operating from an a-c system. 
With proper filter design, the keying 
transients in the direct output voltage 
can be made to be about the same for 
tectifier-type power supplies as for dyna- 
motor supplies. The frequency stability 
of transmitters is a function of the volt- 
ages applied to the plates and screen grids 
of the master oscillator tubes; except in 
the case of crystal-controlled oscillators, 
which tend to maintain constant fre- 
quency, regardless of plate voltage. 
Therefore, the extent to which the sup- 
ply-line voltage remains constant deter- 
mines to a great degree the frequency 
stability of the equipment, since most 
aircraft transmitters do not use crystal- 
controlled oscillators. 

In aircraft receivers, operation from 
alternating current presents an additional 
problem which is of greater consequence 
when using frequencies higher than 60 
cycles. The alternating current in the 
tube heaters, and wiring tends to carry 
over into the audio circuit and is ampli- 
fied, appearing as an objectionable hum 
in the receiver output. The audio cir- 
cuits of the receivers are particularly 
sensitive to the high frequencies pro- 
posed for aircraft electric-supply systems. 
However, this problem may be mini- 
mized by careful receiver design. 


Summary 


In summary, it may be said that: 


1. The weight of radio equipment and con- 
version units with a-c power supplies is less 
than that of corresponding units with a d-c 
power supply. 

2. The over-all power input to the radio 
equipment is less with a-c power supplies 
than with d-c power supplies. 

8, From the standpoints of simplicity and 
reliability, a 400-cycle single-phase system 
appears to be the best. An 800-cycle supply 
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is not greatly different, except that it is as- 
sumed that a special generator unit would 
have to be provided for radio power supply, 
whereas the 400-cycle power would be taken 
from the main supply bus on airplanes 
equipped with three-phase 400-cycle 
electric systems. 


4, Ana-c supply, using high-vacuum recti- 
fier tubes, produces a minimum of radio 
interference, as compared with other sys- 
tems. The choice of frequency does not 
greatly affect this characteristic. 


5. A-c systems provide greater flexibility 
by permitting operation over a wide range 
of input supply voltages as well as readily 
providing for a multiplicity and wide range 
of direct and alternating output voltages. 


6. Radio apparatus, operating from a d-c 
system, can provide communication in an 
emergency by drawing power from the stor- 
age batteries which are carried in the air- 
plane and charged by the main generators. 
This means of emergency operation is 
equally available with either dynamotor, 
vibrator, or inverter conversion units. In 
the case of radio equipment operated from 
alternating current, emergency power can 
be obtained only from an auxiliary generator 
unit. This is usually provided for in larger 


clude frequency, total power capacity of 
the electric system, voltage, and mini- 
mum generator speed, and are usually 
determined by considerations other than 
the requirements of the radio apparatus, 
except on the smallest airplanes. ¢ 

Taking all of the afore-mentioned fac- 
tors into account, the following conclu- 
sions have been reached by the authors, 
as applying to four general types of com- 
mercial and military airplanes: 


1. Large Multiengine Aircraft. Where 
400-cycle three-phase systems supply the 
major portion of the airplane’s electric load, 
it is recommended that the radio equipment 
be operated from one phase of the supply 
system. If a low-voltage d-c system is also 
available on the airplane, it is recommended 
that it be utilized to operate relays, band- 
switching motors, tube filaments, micro- 
phone circuits, and the like. 


2. Large Aircraft Using D-C Systems. 
On large aircraft which are now using direct 
current for the entire electric system, and 
which are using rotary inverters to power 
a-c-operated radio equipment, considerable 
savings in weight may be gained by em- 
ploying combination a-c and d-c generators, 


Table IV. 100-Watt Aiircraft-Transmitter Power-Supply and Electric-System Weight Com- 
parison* 


Weight in Pounds 


24-Volt D-Ct 
115-Volt 208-Volt 115-Volt " 115-Volt 
400-Cycle 400-Cycle 800-Cycle 24-Volt D-C 400-Cycle 
Component 1-Phase 3-Phase 1-Phase Dynamotor Inverter 
Transmitter power supply........ Ske Sinuiig! oletai eters DL tthe eretee seals Ah scetetaratsitets BOT Didier e sist ayslors 54.2 
Generators) velar nniee 30) va giclee oe BS Dive caxelete. ares De A eeteisteteae TO SE is eat aye ate Turis wialaatesnctasy 8.3 
WHELIR: c/s ciaraieia ais eistelt ora enas tes Cel Sei goes DOs te wearer Din Ole stateire eyatate AO ase Wott ates 4.5 
TOtal WeIgNE: Fe ois ctytass i's aire. ote BS sOeindate< BOLT a sapette alee reise: eee eae GU eSishctcmrae era 67.0 


* This tabulation includes the weight of the transmitter power-supply components as listed in Table II, 
as well as that portion of the aircraft generators and wiring weight which is chargeable to supplying the radio 


load. 


} 24-volt direct current to 400-cycle single-phase rotary inverter operating 400-cycle radio equipment, 
Radio-tube filaments heated directly from 24-volt d-c system. 


aircraft by means of a separate engine- 
driven generator set. 


7. Accessories common to radio equipment, 
such as lights, relays, motors, and micro- 
phone circuits, can more readily utilize a 
low-voltage d-c supply than an a-c supply. 


Conclusions 


A consideration of the factors of re- 
liability, efficiency, servicing simplicity, 
flexibility, and minimum radio inter- 
ference leads to the conclusion that for 
aircraft-radio power supplies a-c systems 
are to be recommended. The choice of 
frequency does not greatly affect this 
recommendation, but single-phase-oper- 
ated radio equipment is to be preferred 
to three-phase equipment, even though 
the aircraft electric system may provide 
three-phase power for other uses. 

The matter of determining the opti- 
mum type of radio power supply is com- 
plex, because a number of factors in 
addition to the weight of the actual radio 
power-supply components must be con- 
sidered. These additional factors in- 
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or by providing separate a-c generators. An 
800-cycle supply for the radio equipment 
will result in minimum weight. 


3. Aircraft Using Dynamotors. For air- 
craft now equipped with dynamotor power 
supplies for the radio equipment, weight 
savings may be attained by using a com- 
bination a-c and d-c system, with the high- 
voltage direct current supplied by trans- 
formers and rectifiers. 


4. Single-Engine Aircraft. For single- 
engine aircraft, where radio-equipment 
power requirements are a major portion of 
the load, a combination a-c and d-c genera- 
tor would again save appreciable weight. 
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Synopsis: Engine-mounted aircraft gen- 
erators must fit within an envelope 6!/: 
inches in - diameter by 14 inches long. Elec- 
tric-power requirements on military air- 
planes are increasing so rapidly that the 
most urgent assignment confronting de- 
signers of aircraft generators is that of 
achieving the ultimate output possible from 
this envelope. In 1939 the maximum rating 
was 1,500 watts; in 1940 the maximum rat- 
ing jumped to 3,000 watts; in 1942 to 6,000 
watts. A rating of 9,000 is coming into use, 
and a rating of 12,000 watts is likely to be 
possible in 1944. ‘A rating of 15,000 watts 
has been mentioned. New materials, new 
military demands, new design ingenuity, 
new manufacturing techniques, and new 
operating experiences have all had a part in 
introducing more advances in this field 
during the past four years than were made 
during the approximate 20 years of generator 
history prior to 1938. Methods by which 
these advances have been accomplished are 
described, and possibilities for future 
progress are indicated. 


EART of all present-day electric 
systems for American combat air- 
planes is the 28.5- or 30-volt main-engine- 
driven d-c generator. This paper will be 
confined to such generators, and particu- 
larly to considerations determining the 
maximum outputs which can be obtained 
from them. Aircraft generators of this 
type are classified in Army Air Forces 
nomenclature as ‘“‘accessories, engine- 
mounted.’’ This designation is somewhat 
misleading; there is nothing ‘“‘accessory”’ 
about the indispensable role being played 
by these generators on modern combat 
airplanes. In fact, the day when large 
airplanes will not be able to fly at 
all without electric power is not far 
distant, if indeed, it is not already at 
hand. Even airplanes such as the B-17 
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Flying Fortress and the B-24 Liberator, 
which can be flown after a fashion with- 
out electric power, cannot fight effec- 
tively without it. Each of these airplanes 
carries a normal complement of four 
generators. Failure of two generators 
will handicap combat performance; fail- 
ure of more than two generators will pre- 
vent operation of the power-driven tur- 
rets, and the airplane will have scant 
chance of returning from its mission. 

Modern combat airplanes tse from one 
to six of these engine-mounted generators. 
Additional generators, driven by auxiliary 
engines, are provided on large airplanes 
to supply electric power while the main 
engines are idling or are at standstill. 
The only reason for mentioning these 
auxiliary-power units in this paper lies 
in the fact that a 15-horsepower 6,000- 
rpm engine is now available with which 
standard generators designed for main- 
engine mounting are used, thus multiply- 
ing the number of conditions under 
which these generators must be capable of 
operation. Aircraft electric-power de- 
mands are increasing almost daily, and, 
in spite of the enormous amount of work 
in progress on a-c systems for aircraft 
which are under development, existing 
aircraft will continue to use d-c systems, 
and the principal concern of the designer 
of- generators for these airplanes is to 
wrest the maximum possible amount of 
power from the limited space and weight 
permitted for the generator. The growth 
of aircraft electric systems, both in con- 
nected load and in generator capacity, is 
shown in Figure 1. Already 300-ampere 
generators are in production, and 400- 
ampere generators are under develop- 
ment. The principal types of 30-volt 
d-c generators are listed in Table I. 


Requirements for Engine-Mounted 
Aircraft Generators 


The principal requirements for air- 
cratt generators may be summarized as 
follows: 


Dimensions: Assigned envelope, 6/2 inches 
in diameter by 14 inches long (not including 
splined shaft extension). Actual maximum 
diameter for many enginés, 6 to 6!/s inches. 


Weight and Overhung Moment: Weight 
varies with rating; the maximum weight an 
engine will support is from 45 to 50 pounds. 
Overhung moment varies with rating; the 
maximum value is usually 270 inch-pounds, 
although some recent engines will support 
300 inch-pounds. 
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Mounting: All engine-driven generatdrs 
are flange-mounted and are provided with a 
splined drive shaft to suit the internal spline 
provided by the engine manufacturer. All 
large generators have a five-inch bolt circle 
to suit six three-eighths-inch studs provided 
on the engine pad. The diameter of the 
pilot fit on the engine is 41/3 inches. 


Vibration: Generators must withstand the 
vibration excitations encountered on air- 
craft engines. The flange mounting should 
stand linear accelerations of 60g applied at 
the center of gravity of the generator. The 
coupling should withstand alternating ac- 
celerations of 12,000 radians per second per 
second (of the accessory drive). 


Ratings: Ratings in use vary from 1.5 kw 
to 9 kw. Ratings of 12 kw and 15 kw are 
desired. A summary of principal ratings is 
given in Table I. Two basic speed ranges 
are required; low-speed generators operate 
from 2,500 rpm or less to 4,500 rpm, and 
high-speed generators operate from 4,000 rpm 
or slightly higher to 10,000 rpm. 


Altitude and Ambient Temperature Range: 
Figure 2 shows the current Army-Navy — 
specification limits for ambient-temperature 
range at various altitudes. Operation is 
required over the entire temperature range 
and over a specified range of altitude. For 
combat airplanes, a maximum altitude of 
50,000 feet is usually specified. 


Ventilation: ‘‘Blast-tube’’ cooling is pro- 
vided for all ratings above 50 amperes. A 
total head of from six to ten inches of water 
is provided according to the particular 
specification being followed. Two-inch 
tubes are used for ratings up to, and includ- 
ing 300 amperes; three-inch tubes for larger 
ratings. Methods of specifying blast-tube 
ventilation have been examined by C. G. 
Veinott in a recent paper.! 


Excitation: The limited current rating of 
existing voltage regulators fixes the maxi- 
mum permissible generator excitation at 
eight to nine amperes. Specifications re- 
quire full output of the generator when it is 
operating at minimum speed with a resist- 


-ance of 0.75 ohm added to the generator-field 


circuit to simulate regulator and wiring 
resistances. Compounding, if used, must 
not cause instability at high speeds, and 
must not cause polarity reversal in the event 
the reverse-current relay is closed with the 
generator at standstill. 


Temperature Rise: Generators may be op- 
erated at any temperatures at which the 
designer can obtain the required output 
and the required endurance. 


Endurance: For military service, generators 
may be serviced once at 500 hours, and then 
replaced completely at 1,000 hours. Brushes 
should last 100 hours at 30,000 feet, or a 
total of 500 hours of normal operation with- 
out replacement. 


Mechanical Considerations 


Mechanical and electrical design prob-— 
lems are so thoroughly interrelated in _ 
engine-mounted generators that it is im- 
possible to discuss electrical design with- 
out considering mechanical limitations at 
almost every point. It is impossible to 
place too much emphasis on the impor- 
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tance of mechanical endurance, and with 
present trends toward higher operating 
speeds, mechanical problems are becom- 
ing more and more difficult to solve. 

Mechanical problems start with size 
and weight. Engine specifications have 
long stipulated that an envelope 61/2 
inches in diameter be reserved for the 
generator, but in the days when genera- 
tors were rightfully termed accessories, 
other accessories were allowed to en- 
croach upon the space allotted to the 
generator, with the result that genera- 
tors for the older engines are limited to a 
maximum diameter of 6, or at most, 
61/s inches. Generators require protu- 
berances such as air spouts and terminal 
connections, and they are made so that 
they may be mounted in 12 or sometimes 
even in 24 positions so that the protuber- 
ances can be dovetailed into the niches 
available. The new, large engines now 
coming into use provide more space for 
generators, and specifications for 300- 
and 400-ampere generators permit a di- 
ameter of 63/3 inches and require only six 
mounting positions. Even so, in an 
envelope about the size of a one-third 
horsepower 1,750-rpm industrial motor, 
the aircraft-generator designer must pro- 
vide 5.7 kw at 2,500 rpm and 9 to 12 kw 
at 4,400 rpm. 

Minimum weight is a stringent require- 
ment for all aircraft components, and, in 
the case of aircraft generators, a definite 
limit for maximum weight and for over- 
hung moment is set by the fatigue and 
shock resistances of the engine pad on 
which the generator is mounted. Natu- 
rally, the limiting weight applies only to 
the maximum rating for each minimum 
speed; if technical advances stretch 
maximum ratings upward, similar meth- 
ods applied to earlier generators will re- 
duce the weight of those machines. 

If a given standard of design is as- 
sumed, output is a function of amount of 
active material and of minimum operat- 
ing speed. Regardless of the ingenuity 
of the designer, and regardless of ad- 
vances in materials and techniques, a 
point is eventually reached where a ma- 
jor increase in output can be obtained 
only by increasing the minimum speed 
of the generator. Figure 3 shows the re- 
lation between rating and kilowatts per 
pound for various 2,500- and 4,000-rpm 
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_ Figure 1.  Engine- 
driven-generator ca- 
pacity and total con- 
nected load for mili- 

tary airplanes 


Values are maximum 
for any airplane in 
the designated year. 
The chart does not 
include experimental 
airplanes and does 
not include auxiliary 
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generators constructed with materials 
in current use. Minimum speed and basic 
speed range are, of course, fixed by the 
particular specification being followed, 
and the generator designer has no choice 
as to operating speed unless he is willing 
to incorporate gears within his machine. 
He may concentrate, however, on the de- 
sign of high-speed generators with every 
assurance that high-speed drives will ap- 
pear in greater and greater abundance; 
power demands are already here which re- 
quire outputs obtainable only from high- 
speed maximum-capacity generators; 
new engines are being equipped with high- 
speed drives as a matter of course; and 
there is a definite probability that some 
of the older engines will eventually be 
provided with high-speed drives. 

Reference to Figure 3 shows that the 
gain in kilowatts per pound is less than 
proportional to the increase in speed as 
comparisons are made between low-speed 
and high-speed generators. An obvious 
reason is found in the fact that, while 
the output for each pound of active weight 
is very nearly proportional to speed, com- 
mutator size and total brush area do not 
remain constant, but instead also in- 
crease in proportion to rating. Another 
reason is that maximum speeds are so 
high that more material is required to 
hold the rotating parts together on high- 
speed generators; maximum stresses at 
overspeeds are nearly five times as high 
as on low-speed generators. 

Ventilation is more difficult on high- 
speed generators, since air ducts are more 
restricted and greater losses are concen- 
trated within the machines than is the 
case with low-speed machines of similar 
size. High temperatures multiply the 
difficulties of securing armature bands 
and wedges. Bands, for example, must 
be mechanically fastened independently 
of the solder ordinarily used to secure 
them. The use of solder for balancing is, 
to say the least, extremely hazardous. 
Wedges must be made of high-tempera- 
ture high-strength material such as phe- 
nolic- or melamine-resin impregnated 
glass. Some machines use partially closed 
slots, the armatures being wound by in- 
serting partially formed coils into the 
slots from the end opposite the commu- 
tator, and then forming the commutator 
ends of the coils. Armature leads are 


. 


Miner—D-C Aircraft Generators 


usually brazed into the commutator 
risers; this construction is essential for 
heavy-duty high-speed generators, as 
commutator temperatures frequently ex- 
ceed 200 degrees centigrade. 

Commutators are undoubtedly the 
most critical items of all the components 
which concern the designer of high-speed 
generators. They must stand tempera- 
tures from —55 to +250 degrees centi- 
grade and speeds up to 12,000 rpm with- 
out distortion of more than 0.0001 inch 
between adjacent’ bars, or more than 
0.0005 inch total indicated eccentricity. 
Brush life on high-speed generators de- 
pends very largely on the degree of per- 
fection achieved in commutator design 
and manufacture. A good commutator 
used on a well designed machine will per- . 
mit operation of brushes at densities well 
over 200 amperes per square inch; a com- 
mutator which becomes distorted at high- 
speeds will wear brushes rapidly at 100 
amperes per square inch. 

All in all, the apparently easy path to 
increased ratings through increased oper- 
ating speed is full of pitfalls. Even on 
low-speed generators, mechanical failures 
far outnumber electrical failures, and 
such electrical failures as occur are usually 
the result of previous mechanical failures. 
This is intended as no reflection on me- 
chanical designers; rather it is intended 
to emphasize the magnitude of mechani- 
cal problems, and to point out that these 
problems multiply with increased size, 
with higher operating speeds, and with 
higher operating temperatures. High 
speeds are both necessary and desirable, 
but in general, as speeds increase, the 
problems of the generator designer multiply 
by some unformulated exponential law. 

A typical high-speed generator is shown 
in Figure 5 and a cutaway view of a typi- 
cal low-speed aircraft generator is shown 
in Figure 6. The cutaway view illus- 
trates the methods of construction and 
ventilation, and also shows the multipolar 
design employed to permit the use of the 
maximum amount of active material 
without exceeding the specified diameter. . 
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Figure 2. Standard Army-Navy maximum and 
minimum temperatures for altitudes to 60,000 
feet 
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Figure 3. Weight-speed relationships for air- 
craft generators of current design 
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Service conditions involve linear ac- 
celerations of the order of 50g. These 
accelerations arise becatise engine-pro- 
peller combinations excite vibrations at 
various half-integral multiples of engine 
rotational frequency and also at other 
frequencies dependent upon the number 
of propeller blades and the gear ratio be- 
tween the engine and the propeller. Com- 
mon causes of vibration excitation are 
engine unbalance, engine reciprocating 
forces, uneven firing of the engine, and 
variations in propeller-blade thrust as 
the blades rotate through nonsymmetrical 
slip-stream velocities. Propeller-excited 
vibrations are expecially severe with the 
wide-blade propellers used for high-alti- 
tude service. Generator vibration is 
predominantly linear, although some 
torsional components are introduced by 
the off-center inertias of the leads and of 
the blast-tube connection. Destructive 
displacements are likely to result if one of 
the several critical frequencies of the gen- 
erator coincides with an engine—propeller 
critical frequency. Calculated displace- 
ments for one make of type P-1 aircraft 
generator are shown in Figure 10. Ex- 
amination of this curve will show that 
for some frequencies shaft displacements 
and housing displacements are in oppo- 
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site phase. Such a condition is very 
likely to result in generator failure as a 
consequence of rubbing between arma- 
ture and poles. Any detailed discussion 
of the requirements necessary to with- 
stand vibration ambients is beyond the 
scope of this paper; perhaps it is suffi- 
cient to remark that the problems in- 
volved in designing a light-weight struc- 
ture to withstand accelerations of 50 to 
60g are not simple ones. 

Operating experience and laboratory 
fatigue tests indicate that flanges for 
generators weighing 30 pounds or more 
must be made of forged steel, or of alloy- 
steel castings. They are attached by a 
large number of heat-treated bolts. 
Particular attention must be given to the 
design of the rim of the flange bracket to 
assure sufficient rigidity to prevent 
weaving and fatigue failure of the screws. 
Tool marks must be polished out and the 
finished brackets given a 100 per cent 
Magnaflux inspection. No design should 
be adopted until extensive tests have 
demonstrated its safe application limits.” 

A resilient coupling is provided to ab- 
sorb most of the torsional vibration pres- 
ent in the engine-take-off drive. The 
coupling must not fail during misfiring or 
other erratic operation of the engine, con- 
ditions which may cause alternating dis- 
placements of several degrees. The 
coupling used on the generators illus- 
trated consists of synthetic rubber bonded 
to plates attached respectively to the 
drive shaft and to the armature. The 
performance record of this coupling has 
been excellent; such failures as have oc- 
curred have usually been the result of the 
shear limit deliberately built into the 
coupling to protect the engine gears 
against excessive torques. Another type 
of ‘resilient coupling has been described 
in a recent paper by S. R. Bergman.? 
Other couplings in use are various forms 
of spring couplings, either with or without 
friction damping. Couplings which oper- 
ate satisfactorily on main engines often 
give trouble when they are operated on 
auxiliary power units; this is particu- 
larly true of undamped spring couplings, 
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and is a result of excitation frequencies 
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Adequate ventilation is essential; an | 


ample supply of cold air must be pro- 
vided, and, in addition, loss distribution, 
thermal gradients, transfer coefficients, 
and: distribution of cooling air must all be 
balanced if the designer is to obtain .maxi- 
mum output for a given amount of mate- 
rial. Nowhere is the interdependence of 
mechanical and electrical design more 
forcefully emphasized. Air ducts must be 
located to minimize temperature differen- 
tials; they must not interfere with flux 
paths or with structural requirements; 
and they must carry the necessary volume 
of air with minimum pressure drop. 
Many three-kilowatt generators, and all 
generators of higher ratings, have axial- 
flow air ducts through the armature. 


Early attempts to use integral fans for 
cooling three-kilowatt and- six-kilowatt 
generators convincingly demonstrated 
some of the problems of self-ventilation 
at high altitudes; the air available for 
cooling the generator recirculated through 
the generator and through the already 
warm engine nacelle, so that the tempera- 
ture of the air surrounding the generator 
became too high for effective cooling. 
This 
worse as the weight of air passing through 
the generator decreased with the de- 
crease in air density at altitude. Gen- 
erators threw solder, or burned up com- 
pletely, and it was finally recognized 
that the larger generators would over- 


condition became progressively . 


heat at 30,000 feet from no-load losses | 


alone. 


Blast-tube cooling proved to be the 


solution of the problem, and has been 


Figure 4. Typical aircraft generators — 


Machines. shown range in rating from 
30 volts, 100 amperes, to 30 volts, 300 
amperes 
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Figure 5. A 30-volt 300-ampere high-speed 
aircraft generator 


specified for 100-ampere and higher rat- 
ings of generators since August 1942. 
Blast-tube cooling is accomplished by the 
installation of a ventilation duct which ex- 
tends into the propeller slipstream where 
it makes use of slipstream velocity head 
to drive a considerable volume of outside 
air through the generator. With blast- 
tube cooling, low ambient temperatures 
at high altitudes (refer to Figure 2) will 
compensate to a considerable extent for 
the reduction in the weight of air passing 
through the generator in any given inter- 
val. This reduction is less than might be 
expected from density considerations, 
since an airplane must increase its mini- 
mum speed to maintain lift as air den- 
sity decreases, and the increased’ speed 
increases the volume of air passing 
through the generator. Calculations in- 
dicate that a blast-tube-cooled generator 
of normal design will operate at a lower 
temperature at 30,000 feet than it will at 
sea level; actual tests confirm calcula- 
tions. Minimum generator tempera- 
tures occur at some altitude in the region 
of 35,000 feet; by the time 50,000 feet is 
reached, generator temperatures will 
probably exceed values found at sea 
level, and will rise very rapidly for any 
further increase in altitude. 

Efficient ventilation has a variety of 
beneficial results. The prevention of 
high temperatures is usually of conse- 
quence more because of the dependence 
of output on temperature than because of 
any actual danger from excessive tempera- 
tures to the insulation of a well designed 
generator. Operation at high tempera- 
tures is often advocated as a panacea for 
all rating problems but in some parts of a 
machine high temperatures are impracti- 
eal. For example, increasing field-coil 
‘temperature from 125 degrees centigrade 
to 175 degrees centigrade will result in a 
reduction in excitation of 22 per cent; 
the crippling effect that low values of ex- 
citation have on generator output will be 
discussed in detail under electrical design. 
At high temperatures, not only does the 
magnetomotive force per watt of excita- 
tion power decrease; even the iron in the 
magnetic circuit requires increased ex- 
citation to maintain a given value of 
flux. High temperatures also reduce 
the mechanical strength of practically 
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all materials, the effect on materials with 
low melting points such as solder being 
especially pronounced. 

There is considerable room for im- 
provement in ventilation of aircraft gen- 
erators. Less pressure should be wasted 
in entrance and exit losses or in other 
frictional losses which do not aid in heat 
transfer. Thermal gradients should be 
reduced materially by improving heat 
transfer to the cooling air; a six-kilowatt 
generator usually has a maximum tem- 
perature rise in the neighborhood of 125 
degrees with an air rise of about 75 de- 
grees centigrade. A considerable increase 
in output would be permissible if the 
gradient from windings to air could be 
25 degrees instead of 50 degrees; that is, 
higher losses and higher output-air tem- 
perature would be possible with no in- 
crease in winding temperature. Present 
installations in airplanes also leave much 
room for improvement. Friction loss in 
blast tubes should be reduced, and back 
pressure in the nacelles should be elimi- 
nated or reduced. Considerable work re- 
mains to be done in evaluating the con- 
stants for blast tubes, and making the 
results available to generator designers.1 


Electrical Considerations 


Aircraft generators resemble large in- 
dustrial machines built in miniature and 
operated at extremely high overloads. 
Cost considerations are somewhat topsy- 
turvy; almost any expense may be justi- 
fied if it will reduce the weight of a gen- 
erator or increase the output obtainable 
from a generator of the maximum per- 
missible weight, and, as a result, design- 
ers have freedom to exercise their in- 
genuity to the fullest extent. All existing 
generators, however, attest to the funda- 
mental reasonableness of conventional 
electrical construction. Freak ideas have 
no place in generator design; only old 
and well tried principles, ingeniously ap- 
plied, appear to accomplish much toward 
weight reduction. 

For aircraft generators, comparatively 
short life is required, and consequently, 
high temperatures are permissible, at 
least in the portions of the machine in 

| 
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Figure 6. Cutaway view of a 28.5-volt 200- 
ampere low-speed aircraft generator showing 
method of ventilation 


which high temperatures do not cause 
an unreasonable reduction in output. 
Insulation which will last ten years at 
105 degrees centigrade will last 2,500 
hours at 145 degrees centigrade by the 
conventional rule that life is cut in half 
for each 8-degree centigrade rise in tem- 
perature.6 Advantage may be taken of 
duty cycle in determining maximum 
allowable temperatures, as full-load op- 
eration is required for only a small per- 
centage of the time a generator is in use. 
Glass and mica insulation can be used 
where temperatures of 175 to 200 de- 
grees centrigrade are necessary, although, 
in determining the ultimate life of a gen- 
erator, the better mechanical properties 
of most class A insulating materials often 
more than compensate for the theoreti- 


_ cally better high-temperature resistance 


of class B materials. 

In contrast with the requirements for 
many industrial machines, noise is of no 
consequence for aircraft generators. Con- 
sequently, ventilation can approach tor- 
nado velocities, and magnetic densities 
can be anything for which excitation and 
cooling can be provided. 

Minimum operating speed is the start- 
ing point for all generator-design calcula- 
tions. No amount of ingenuity can 
wholly circumvent the law that, for a 
given amount of active material, operated 
at constant density in the magnetic 
material and at a fixed temperature of the 


| Table I. Principal Types of Aircraft Generators for 24-Volt Systems 
Six-Stud Mounting—AND10002 Pad 


Approximate 
Generator Speed Range, Weight, Blast 
Type RPM Volts Amperes Kilowatts Pounds Cooling 
Moz rats ae bond 2,500/4,500 ...... 2S cis hele hia] Oe ate eeu ene 1 eee Ae ete seh TSS qenpawen None 
RU BAG Boas 2,500/4,500 ...... ZOD nate anh QO) ee cnnsth eehar s SE ae a eats fe BO Rete gee ters 2-inch tube 
O-1 spec....... 2,200/4,500 ...... Phe IE RRM OTS HOO andi De BO teal Nh 34 ........2-inch tube 
AWN 3073-1....4,000/10,000...... SO LOR sat ati s LOO Nee ietae SAO Wear U5 tie, S pC eh ae 2-inch tube 
Dar I GaP ee 2,500/4,500 ...... QSOs. repareste ZOO Marrs. os OMS eis aia Se FI aoe a Re a 2-inch tube 
y aed) + a 2,200/4,500 ...... QB Deis chelaae ZOO) SEE A were Lye Cs er nee 485 st Fray. a 2-inch tube 
IP =D dia tchate civayeiers 5,000/10,000...... Zoe Ociatasiaverete ZOO ictarer eats Di Masel ksih ata Boil aire aus 2-inch tube 
P-2 spec. : «4. *.4,400/10,000...... BOLOe we osirs ZOO. o citenetn CONE sats dates ays OO. lie Cees 2-inch tube 
AWN 3075-1 ....4,000/10,000...... BORO MSER MC: 2OOKA NA aie Or Olea he: BOG aan 2-inch tube 
NORM eis evaionny cs tats 4,400/10,000...... SOR Ope earls BOO). aie teteyate DOs \ie ha AT, |< Sa adareuaan ts 2-inch tube 
O- Visceral we 4,400/10,000,..... SOMO port eit BOD apace ie anata 2s OW rar sate iersve ess BO fos ery seetsse 3-inch tube 


* Actual generators will deliver 300 amperes at 4,000 rpm at a voltage between 28.5 and 30. 
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conductor materials, output is directly 
proportional to the minimum speed at 
which full voltage must be obtained. 
However, neither fixed density or fixed 
temperature need be conceded as design 
requirements. In fact, the attainment of 
maximum densities and minimum tem- 
peratures are basic objectives of the 
generator designer. The effect of both 
increased excitation and decreased tem- 
perature may be studied by referring to 
Figure 9. The curves show the maxi- 
mum-output characteristics of a typical 
compensated generator. Voltage is held 
constant and field current is the maximum 
obtainable as field resistance varies with 
temperature. The high outputs shown 
in Figure 9 for extremely low tempera- 
tures are primarily the result of the mod- 
erate increase in excitation produced by 
low values of field resistance at low tem- 
peratures. Two conclusions are evident: 
if excitation power must be limited to a 
low value, low field temperatures are ex- 
tremely beneficial in obtaining maximum 
outputs; and conversely, if high tem- 
peratures are going to prevail, excitation 
must not be arbitrarily limited. 

Early aircraft-generator regulators were 
of the vibrating-contact type, and were 
somewhat overloaded at a nominal rating 
of 1.5 amperes. The upward trend in 
generator ratings which started in 1940 
would have been impossible without cor- 
responding advances in regulator ca- 
pacity. Generator designers must share 
credit for producing 100- and 200-ampere 
generators with the voltage-regulator en- 
gineers who produced regulators capable 


Figure 7. Quarter section of a six-pole air- 
craft generator with six interpoles and with 
pole-face windings 


of carrying a continuous field current of 


eight amperes.*> Regulator ratings, 
however, have remained static while 
generator output requirements have 


doubled, and the time appears now at 
hand for the development of a regulator 
which will carry 15 to 20 amperes. The 
requirement that a 400-ampere generator 
operate with the same regulator which is 
used with a 50-ampere generator, and 
with 20 to 30 other assorted generators, 
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imposes far too high a penalty on the 400- 
ampere machine. The advantages of a 
universal regulator are great, but ratings 
of generators cannot go on increasing in- 
definitely unless the regulator ceases to 
be the limiting factor it is at present. 

Combining heavy armature loading 
with relatively feeble excitation results in 
a tremendous amount of field distortion 
under load unless pole-face windings are 
employed. Compensating pole-face wind- 
ings add considerable resistance to the 
armature circuit of a generator, but for 
the higher ratings, say those over 200 am- 
peres, the resistance drop in the addi- 
tional winding is usually much less than 
the loss in voltage which would be caused 
by field-form distortion in a similar 
machine without compensation. 

Good commutation under all load and 
speed conditions requires the use of in- 
terpoles in generators of high ratings. 
The resistance of combined compensating 
and interpole windings, because of the 
better utilization of the available space 
when some of the interpole turns are 
placed within the pole face, is very likely 
to be lower than the resistance of inter- 
pole windings used without compensating 
windings. A further advantage of com- 
pensating windings lies in the fact that, 
except for small machines in which re- 
sistance drops predominate in determin- 
ing maximum output, the overload ca- 
pacity of compensated generators is 
higher than that of uncompensated ma- 
chines, since the neutralization of arma- 
ture cross field retards the collapse of 
excitation under heavy loads. 

Although, on the largest machines, 
compensating windings are justified by 
these minimum-speed considerations 
alone, at high speeds compensation also 
materially improves commutation. At 
4,000 rpm, a nine-kilowatt generator is 
permitted to have, by specifications 
based on present regulator limitations, a 
maximum excitation of 2.4 per cent of 
its output. At 8,000 rpm, the same gen- 
erator must have its excitation reduced 
to well under one per cent of its maximum 
output to maintain rated voltage. Not 
only is compensation necessary to prevent 
shifting of electrical neutral and resultant 
bad commutation at high speeds and at 
loads up to rated full load; at speeds ap- 
preciably above minimum speed, a gen- 
erator has tremendous overload capacity, 
and properly designed compensating and 
interpole windings will permit the delivery 
of astonishing outputs. 

Commutating windings may also be 
used to produce a compounding effect. 
Generator designers, hamstrung at every 
turn by regulator limitations, are sorely 
tempted to provide a small amount of 
extta excitation by using interpole fields 
stronger than would be necessary for com- 
mutation requirements. Rotation of the 
armature in a strong interpole field gener- 
ates voltages which cause circulating 
currents in the coils short-circuited by 
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the brushes. These currents are in adi- 
rection to provide cumulative com- 
pounding, and the ampere turns pro- 
duced are nearly proportional to speed 
and to load current. No compounding 
effect exists at standstill and therefore 
there is no danger of reversing generator 
polarity by closure of the reverse-current 
relay under this condition. Since com- 
pounding effect increases with speed, 
however, it is likely to cause instability _ 


Figure 8. (Quarter section of an eight-pole 
aircraft generator with four interpoles 


The main poles are offset in pairs to provide 
space for the interpole windings 


at the high-speed end of the speed range 
unless limited to a small percentage of the 
total excitation. Better operation would 
be obtained by eliminating all compound- 
ing and using a regulator with adequate 
capacity to handle all of the excitation 
required. \ 
Current densities in windings and 
brushes of aircraft generators are natu- 
rally much higher than those permissible 
for industrial machines. Windings carry- 
ing load currents can be, and often are, 
worked at densities in excess of 10,000 
amperes per square inch. Shunt-field- 
winding densities are determined largely by 
regulator rating, and are at present much 
lower than the densities used in arma- 
ture, compensating, or interpole windings. 
Brush densities usually exceed 200 am- 
peres per square inch, and present indica- 
tions are that, for the best over-all bal- 
ance of design factors, densities approach- 
ing 300 amperes per square inch are de- 
sirable. High brush densities are neces- 
sary for acceptable weights; for maxi- 
mum ratings they are absolutely neces- 
sary in order to allow the machines to be 
built within permissible dimension limits. 
The difficulties involved in making a large 
high-speed. commutator have already 
been mentioned. If compromise is nec- 


- essary, it is far better to compromise by 


raising brush densities than it is to make 
the commutator so large that it will dis- 
tort under operating conditions. 

The complex problems involved in the 
application of brushes to aircraft genera- 
tors can be mentioned only briefly here 
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DENSITY ALTITUDE 33,000 FT. 


Figure 9. Altitude- 
chamber tests of a 30- 


volt 200-ampere 4,000-— 


10,000-rpm aircraft gen- 
erator showing the ef- 
fect of ventilation on 


temperature and maxi- 


mum output 


AMPERES 


RATED | 


CODE 


— 


x TEST WITH 6”OF WATER TOTAL HEAD (SOCFM)- 
©TEST WITH 3” OF WATER TOTAL HEAD (28CFM). 
4 | 


=| EF WITH 10" OF WATER TOTAL HEAD (62CFM). 


Each test started cold 
at approximately —50 
degrees centigrade. Full 
field, except for 0.75 
ohm in field circuit. 
Load amperes  ad- 


3) 10 IS 20 


TIME IN MINUTES 


Mechanical, electrical, and chemical phe- 
nomena combine to perplex the investiga- 
tor. Asrecently as 1942, a pilot making a 
flight at altitudes in excess of 30,000 
feet never knew when his generators 
would suddenly cease to function. 
Brushes which normally lasted 1,500 
hours would disintegrate into a cloud of 
carbon dust, apparently spontaneously 
and nearly instantaneously. Under cer- 
tain conditions, later, found to be asso- 
ciated with the lack of moisture and of 
oxygen at high altitudes, the brush-com- 
mutator interface developed excessive 
friction and the brushes ground away in 
a few minutes. Factors influencing wear 
are so critical that at least one case is on 
record in which one generator out of a 
complement of four landed with brushes 
completely worn out, while the remaining 
generators showed no brush wear at all. 
The solution of the problem of prevent- 
ing brush wear at altitude is one of the 
fascinating stories of modern chemistry. 

High-altitude brush wear proved to be 
almost independent of current density, 
although many investigators were misled 
into believing that low density was im- 
perative if low brush wear was to be ob- 
tained, simply because some of the early 
attempts to reduce brush friction made 
use of lubricating ingredients which 
would not stand high temperatures, 
Once a treatment was found which would 
maintain an oxide film on commutators 
at temperatures of 200 to 250 degrees cen- 
tigrade, it was found that brushes in 
well designed generators would operate 
at astounding densities. 

Aside from high loadings, an aircraft 
generator usually differs from its indus- 
trial counterparts in having a greater 
number of poles. The number of main 
poles used is influenced by a variety of 
considerations, and various designers 
have chosen four, six, or eight poles to 
meet identical specifications. The advan- 
tages and disadvantages of a large num- 
ber of poles may be summarized as follows: 


Advantages: 1 A 


1. Minimum magnetic section of frame and 
armature core required. 


2. Better distribution of the brushes 
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justed to maintain 30 


30 2238) 740 volts 


8. Better distribution of the cooling air 
through field coils. 


4. More room for ducts through the arma- 
ture. 


5. Shorter mean turn for armature coils. 


6. Larger armature diameter possible for 
a given generator diameter. 


Disadvantages: 


1. More excitation required because of the 
higher total air-gap reluctance. 


2. More field copper required, both because 
the higher air-gap reluctance, and because 
the reduction in mean turn is less than the 
increase in number of coils. 


3. Poorer field-winding space factor be- 
cause of the additional sets of insulation re- 
quired. 

4. Frame section may be determined by 


mechanical rather than by magnetic con- 
siderations. 


5. The number of possible winding com- 
binations becomes more restricted as the 
number of poles increases. 


6. It is often difficult to secure sufficient 
space for brush holders. 


7. Brush and pole spacing become ex- 
tremely critical because of the small number 
of mechanical degrees for an excessive error 
in electrical degrees. 


8. Iron loss is higher. 
Evaluation of these factors for each par- 


ticular case shows that the use of six poles 
is usually preferable for machines of the 


dimensions and ratings under considera- 
tion, although in some cases the use of 
eight poles will result in lower weight. 

Closely connected with the choice of 
number of poles is the choice between 
wave-wound, or series-connected arma- 
tures, and lap-wound, or parallel-con- 
nected armatures. Armatures rated 200 
amperes or less are almost invariably 
wave wound; armatures for 300-ampere 
machines may be either wave wound or 
lap wound; and armatures for larger 
ratings should probably be lap wound in 
order to obtain a sufficient number of 
slots per pole. In general, full-pitch lap- 
wound armatures have a narrow neutral 
zone and will operate satisfactorily with 
thicker brushes than can be used with 
wave-wound armatures. They have the 
disadvantage of requiring cross connec- 
tions, and usually they will have a poorer 
space factor,than wave-wound armatures 
because of the additional turns required. 
Lap windings are necessary whenever a 
one-turn wave-wound armature develops 
too much voltage with minimum number 
of slots per pole. A minimum of six slots 
per pole is desirable, although machines 
have been built with as few as four slots 
per pole. Machines with a small number 
of slots per pole have excessive flux pulsa- 
tions and also have extremely wide com- 
mutating zones. Theoretically at least, a 
considerably wider pole span is feasible 
with a full-pitch lap-wound armature 
than would be possible with a wave- 
wound armature designed for equal volt- 
age. 

There is little difference in the amount 
of copper that can be wound into lap- 
wound or wave-wound armatures, but 
what difference there is is in space factor 
and it favors wave windings. Even with 
a wave winding with two rectangular 
conductors per slot, space factor is 
rarely much higher than 50 per cent. 
Here then is a promising field for im- 
provement. A typical slot for a 200-am- 
pere machine is 0.11 inch wide; 73 per 
cent of this width is used for copper, 12 
per cent for conductor insulation, and 
15 per cent for slot insulation and punch- 
ing allowances. This same slot is 0.448 
inch deep; 72 per cent of this depth is 
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used for copper, 6 per cent is used for 
conductor insulation, and 22 per cent is 
required for wedging, slot insulation, and 
other allowances. These figures indicate 
a total space factor of 53 per cent; the 
radii on the edges of the conductor re- 
duce the actual figure to 52 per cent. A 
moderate amount of improvement could 
be realized by developing a conductor in- 
sulation which would not require any 
additional slot protection, perfectly 
aligned smooth punchings, and stronger, 
thinner wedges than are now available 
would-provide still more gain. A pos- 
sible increase of 20 per cent in the amount 
of copper in the slot, or a space factor of 
60 to 65 per cent in place of 50 to 55 per 
cent, would appear feasible as improved 
insulating materials are developed. 

Any change in conductor material does 
not appear likely at present. Silver is the 
only conductor which is better than cop- 
per, but it does not appear feasible to use 
this material for a gain of only five or six 
per cent. Light-weight materials are 
utterly out of the question for electrical 
windings; the resistances of all such 
materials are far too high. 

The use of high-induction magnetic 
alloys offers some attractive possibilities. 
It has been known for many years that 
the addition of substantial amounts of 
cobalt to iron will increase saturation 
flux by 10 per cent or more and will in- 
crease permeability at moderate mag- 
netizing forces by 30 to 50 per cent. Co- 
balt is both expensive and scarce, how- 
ever, and the difficulties of processing 
cobalt-bearing iron are considerable. 
Even if such high-induction material were 
available, its use would not produce the 
same increase in total flux that could 
then be permitted in flux density in the 
iron portions of the machine, since air- 
gap reluctance consumes 50 to 70 per 
cent of the total excitation required for 
operation at minimum speed. Until 
higher-power regulators become avail- 
able, little gain in output can be effected 
by simply substituting high-induction 
iron for the usual lamination stock. Spe- 
cial proportions of iron and copper will 
not solve the problem, as the material is 
so brittle that it is not feasible to use 
narrower teeth; moreover, narrower 
teeth and wider slots would increase air- 
gap reluctance and reduce or cancel the 
expected gain. 


Conclusions 


An attempt has been made to cover in 
one paper the major requirements for d-c 
aircraft generators. Treatment of indi- 
. vidual topics has necessarily been brief, 
and it is hoped that additional papers 
will be forthcoming on many of the prob- 
lems outlined. This paper will have 
served its purpose if it has adequately 
portrayed the trend of the past few years 
toward higher and higher generator rat- 
ings, and if it has suggested approaches 
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New 138-Kyv Cable Lines in Los Angeles 


CARROLL G. MANSFIELD 
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Synopsis: The first 138-kv underground 
transmission cables to be installed west of 
Chicago and the largest now in use at this 
voltage (except for short station runs) were 
placed in service during 1943 by the Los 
Angeles Department of Water and Power. 
While generally similar to 138-kv lines previ- 
ously installed in the East this installation 
involves a number of novel design features 
which make it of more than usual interest. 
The paper describes these features and some 
of the studies of carrying capacity, cable 
movements, sheath voltages, oil supply and 
alarm, and sheath corrosion, which led to 
their development, and includes a summary 
of significant data and characteristics of the 
installation. 


HE 188-kv underground-transmission 

cable lines recently placed in service 
in Los Angeles, comprising about 121/, 
miles of circuit, form parts of the 138- 
kv loop system which ultimately will 
encircle the central part of the city and 
connect together all of the receiving sta- 
tions, at which lines from remote power 
sources terminate, and the local generat- 
ing stations. Their place in this main 
system is shown in Figure 1. 


The principal unit in the new installa- 
tion is a double-circuit underground 
line about five miles long, extending from 
new receiving station D north along Fair- 
fax Avenue to the edge of the Hollywood 
hills, where it connects to a seven-mile 
overhead line from receiving station £, 
which is the terminus of the third 287.5- 
kv line from Boulder Dam, and is also 
tapped into the 110-kv line from the 
San Francisquito plants of the Los 
Angeles Aqueduct. Lightning arresters 
and hand-operated disconnecting switches 
are installed at the junction between 
overhead and underground portions of the 
line. 

The remaining 2'/,. miles of under- 
ground circuit connects the new harbor 
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to solutions of some of the problems in- 
volved as further increases in ratings are 
necessary. 

The points made may be summarized 
in a few words: High maximum ratings 
for aircraft generators are of primary 
importance to military aviation. In gen- 
eral, high ratings will be and must be ac- 
companied by high operating speed. As 
far as mechanical considerations are con- 
cerned, endurance, especially at high 
speeds, is of primary importance, while 
improvements in ventilation offer a major 
opportunity for increased ratings. As far 
as electrical considerations are concerned, 
increased excitation will do more than any 
other single factor to increase output at 
any givenspeed. Generators for maximum 
ratings must be designed to provide good 
commutation over the full range of speed 
and load, and, in general, this requires the 
use of carefully designed interpoles and 
pole-face windings. High temperatures 
are not as important in obtaining maxi- 
mum outputs as has sometimes been in- 
dicated, but temperatures are much 
higher than could be tolerated for indus- 
trial service, and it is necessary that the 
materials used have adequate endurance 
at maximum operating temperatures. 
It is probably more important that insu- 
lating materials be improved in mechani- 
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cal properties, especially those determin- 
ing space factor, than it is that they be 
improved in temperature resistance. 

Two things are suggested for the con- 
sideration of those who would like to as- 
sist the generator designer in his efforts 
to increase ratings: 


1. The intensive development of high- 
induction magnetic materials. 


2. The development of a voltage regulator 


which will permit field currents of at least 
15 amperes. 


References 


1. Brast-TusBE CooLinG For AIRCRAFT GENERA- 
tors, C. G. Veinott. AIEE TRANSACTIONS, volume 
63, 1944, July section, pages 520-5. 


2. TssTiInc AIRCRAFT GENERATORS, H. E, 
Keneipp. AIEE Transactions, volume 63, 1944, 
March section, pages 105-09. 


3. Drsicn RELATIONSHIPS FOR D-C GENERATORS 
FOR Use In Arrcrart, S. R. Bergman. AIEE 
TRANSACTIONS, volume 62, 1943, October section, 
pages 613-16. 


4. THE APPLICATION OF VOLTAGE REGULATORS 
TO AIRCRAFT GENERATORS, L. W. Thompson, F. E. 
Crever. AIEE TRANSACTIONS, volume 61, 1942, 
pages 363-5. { 


5. AIRCRAFT VOLTAGE REGULATOR AND CUTOUT, 
R. C. Jones, D. W. Exner, S. H. Wright. AIEE 
TRANSACTIONS, volume» 61, 1942, June section, 
pages 334-9. 


6. INSULATION OF ELECTRICAL APPARATUS (book), 
D. F. Miner. McGraw-Hill Book Company, Inc., 


New York, N. Y. First edition, page 434. ; 
LI] 


AIEE TRANSACTIONS — 


BOULDER *3 


4 
AQUEDUCT Sy 
HYDRO-PLANTS 


we E 
PROPOSED LINE | 
RS‘B' TO RS'D’ 


HARBOR 


STEAM PLANT 


steam plant to receiving station C, at the 
southerngend of the system. Duct and 
manhole space has been provided for a 
second circuit here, and the cable will be 
installed when the second generating unit 
is added. At receiving station C the 
line connects to open busses through the 
usual type of outdoor terminals and oil 
switches. At the steam plant, however, 
each cable enters an oil-filled disconnect- 
ing and grounding compartment attached 
to the transformer, through a special 
type of entrance terminal. The genera- 
tor, transformer bank, and cable circuit 
are operated as a unit. 

The line between receiving stations B 
and D will be added as soon as materials 
can be obtained and will include a 5.3- 
mile underground section where it passes 
through a residential area. The cable 
installation will be substantially the 
same as those now in use. 


SANDSTONE 
20 
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Figure 2. Thermal resistivity of soils 


-A—Apparent resistivity of sand from tests on 
experimental conduit, for use with equation 4 
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Figure 1. Map 
showing location of 
underground - cable 
lines in 138-kv loop 
system of Los 
Angeles _ Depart- 
ment of Water and 
Power 
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The enviable operating record already 
established by oil-filled paper insulation 
in high-voltage cables, together with the 
sheath troubles experienced on cables of 
all voltages, suggests that the useful life 
of these cables easily may prove to be 
fixed by the sheath rather than by the 
insulation. Considerable attention ac- 
cordingly was given, in the design of this 
installation, to all available means of 
prolonging the life of the sheath. The 
rather generous bend space provided in 
the manholes and a number of the novel 
features incorporated in the installation 
have this as their principal objective. 


Transmitting Capacities 


The transmitting capacity required in 
lines of this loop system is fixed at 125,000 
kva per circuit by the requirement that, 
when the system is fully developed and 
loaded, each pair of circuits shall be capa- 
ble of carrying the entire load distribu- 
ted through one receiving station. 


The procedure followed in analyzing 
the effects of conductor size, insulation 
thickness and power factor, cable ar- 
rangement, and soil characteristics, on 
transmitting capacity, was to calculate 
the capacities for several conductor sizes 
with selected groups of other conditions 
and then study the characteristics of the 
resulting families of capacity curves. 
In each such calculation, the temperature 
tise due to the dielectric loss was first 
deducted from the total allowable rise, 
leaving the rise available for load losses. 
The thermal resistances applicable to 
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load losses were then summed up, with 
suitable adjustments to reflect the effects 


of load factor and sheath losses. The 

allowable load current is then 

fe Ve. X108 amperes (1) 
Rae x Rin 


in which Tz is the temperature rise due to 
load losses, in degrees centigrade; Rag 
is the effective conductor resistance, cor- 
rected for skin and proximity effects, 
in ohms per thousand feet; and Ry, is 
the adjusted thermal resistance for load 
losses, in degrees centigrade per watt loss 
per foot of cable.t 

The maximum summer ground tem- 
perature to be expected is not over 25 
degrees centigrade, which, for an allow- 
able copper temperature of 70 degrees, 
leaves a rise of 45 degrees centigrade avail- 
able for cable losses. During the winter 
months (December—April) the ground 
temperature is about seven degrees lower, 
and the available rise is 52 degrees. All 
calculations were made on the summer 
basis. 


Thermal Resistances 


The path of heat flow divides naturally 
into four principal elements; the cable 
paper, the sheath surface and duct air, 
the conduit structure, and the soil. 
Thermal resistances of the cable paper, 
sheath and duct air, and soil, all ex- 
pressed in degrees centigrade per watt 
loss per foot of cable, are given by the 
following equations: 


D 
Paper Ry, =0.012 pi log = (2) 
B 
Sheath Ry, =0.00411 — (3) 
Dz 
Soil Ry, =0.012N ps log ~ (4) 

a 


where 


pi =thermal resistivity of cable paper, taken 
as 550 degrees centigrade per watt per 
centimeter cube 

p2=thermal resistivity of soil in degrees 
centigrade per watt per centimeter 
cube (see Figure 2) 

B=surface thermal resistivity of cable 
sheath, taken as 1,200 degrees centi- 
grade per watt per square centimeter 

d=conductor diameter in inches 

D,=outside diameter of cable paper in 
inches 

D®&outside diameter of cable sheath in 
inches 

N=number of equally loaded cables in con- 
duit 

r =radius of equivalent isothermal cylinder 
representing conduit surface, in inches 

a=r?/(2n—«a), displacement of the origin, 
or focus, of the lines of heat flow from 
the conduit axis, in inches 

n=distance from ground surface to axis of 
conduit, in inches © 


1241 


CONDUCTOR SIZE - CIRCULAR INCHES 


Figure 3. Transmitting capacity of 138-kyv 
cable lines 


Two circuits in conduit (Figure 6), with four- 
foot cover. Load factor, 75 per cent; di- 
electric power factor, 0.75 per cent 


No attempt was made to calculate the 
thermal resistance between the duct wall 
and the conduit surface by purely theo- 
retical methods. The value used was 
derived from data obtained in an ex- 
tensive series of tests made with both 
constant and varying loads in a span of 
experimental conduit containing 16 four- 
inch fiber ducts and 16 temperature- 
measuring units attached to cable sheaths 
or embedded in the conduit structure. 
To the resistance measured in these 
tests was applied a series of corrections 
based on relative dimensions of the heat- 
flow paths in the two conduits. The 
resistance so found for the conduit sec- 
tion shown in Figure 6 was 1.48 degrees 
centigrade per watt loss per foot of cable. 

The somewhat simpler scheme of using 
standard ‘‘duct constants’ to calculate 
the temperature rise in conduit and soil 
was not satisfactory for this study, be- 
cause it was desired to trace the effects of 
differences in duct arrangement, conduit 
depth, and soil characteristics. 

Equation 4 is derived from parallel- 
cylinder image theory and is exact for 
heat flow from a cylindrical conduit to 
the ground surface if both are isothermals. 
Some error may be introduced in choosing 
the equivalent cylinder to represent the 
actual conduit surface, but it is believed 
that any such error is largely neutralized 
by using the same procedure in deducing 
the effective soil resistivity from test data 
on other similar conduits. The equiva- 
lent cylinder used is one having the same 
cross-sectional area as the conduit. 

Thermal resistances of the soil calcu- 
lated from equation 4 were increased by 
two per cent to compensate for the fact 
that the conduit surface is not a true 
isothermal. The correction is based on 
comparison of sheath temperatures in 
top and bottom ducts in the experimental 
conduit in relation to duct spacing and 
conduit depth. The effect is to base 
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the load rating of the line on the tem- 
perature of the cables in the bottom ducts. 


Thermal Resistivity of Soil 


The greatest source of uncertainty in 
these calculations of cable temperatures 
and carrying capacity is the soil resis- 
tivity po in equation 4. Its value varies 
over a wide range with soil texture, pack- 
ing, and moisture content, and reliable 
data regarding these variations are very 
meager. Resistivities used in these cal- 
culations were taken from the curve 
shown in Figure 2, which is based on a 
study of data from several sources.? The 
shape of the curve is similar to that 
found for loosely packed Hudson River 
sand in the tests by the United States 
Bureau of Soils,*? but ordinates have been 
reduced to match the resistivity cal- 
culated by equation 4 from the con- 
stant-loss tests on the experimental con- 
duit previously mentioned. This con- 
duit was in fine sand having a moisture 
content of 9.4 per cent. 

A load cycle having a loss factor of 
62.5 per cent was adopted for calcula- 
tion purposes, and it was assumed that 
the resulting temperature rises in the cable 
insulation and duct air would be the same 
as with a constant load of the same peak 
value, while those in the conduit and soil 
would be lower. It was found in tests 
with similar load cycles on the experi- 
mental conduit that the ratios of the 
temperature rises in conduit and soil to 
those with constant loads were appre- 
ciably greater than the loss factor. The 
difference appears to vary with the posi- 
tion of the peak in the load cycle, but, for 
the symmetrical load cycle used, the ratios 
found were 0.75 for the conduit structure 
and 0.70 for the soil. The effect is taken 
into account by multiplying the thermal 
resistances of the conduit and soil by these 


factors in the calculations involving load. 


losses. 

Since the lines are fully equipped with 
bonding transformers, the sheath loss 
due to circulating currents was assumed 
to be negligible. There remains, how- 
ever, a small loss due to local eddy cur- 
rents resulting from proximity effects. 
This loss is proportional to the square of 
the load current, and its effect is most 
conveniently taken into account by 
increasing the thermal resistances of 
sheath surface, conduit structure, and 
soil, when used in calculating load loss 
temperature rise, in the ratio of total 
copper and sheath losses to the copper 
loss alone. The effect is not a large one. 
In the range of conductor sizes here con- 
sidered, the increment varied from one 
to eight per cent, and has a value of 2.2 
per cent for the cable size and arrange- 
ment actually used. 

In making these calculations, any ten- 
dency toward cumulative loading of the 
various steps with safety factors ‘‘to be 
on the safe side” has been avoided. The 
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et 


load rating of the lines, however, has 
been based on the guaranteed dielectric 
power factor of the cable of 0.75 per 
cent, rather than on the average power 
factor of about 0.40 per cent as shown by 
factory test, because it was felt that the 
possibility of an increase in power factor 
due to the effects of installation or opera- 
tion has not been wholly eliminated. 


Conductor Size 


Figures 3 and 4 show the principal 
results of the transmitting capacity cal- 
culations previously described. The un- 
desirable effects of using thin cable in- 
sulation in dry soil are strikingly illus- 
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Figure 4. Effect of dielectric-power-factor 
changes on transmitting capacity 


Conductor size, 1,500,000 circular mils; 
load factor, 75 per cent . 


trated in the lower group of curves in 
Figure 3. Not only does the capacity 
decrease rapidly with reduction of the 
insulation thickness, but for each insula- 
tion thickness there is a definite limit to 
the amount of power which can be trans- 
mitted over each circuit, regardless, of 
conductor size. This limitation results 
from the fact that, under the conditions 
assumed, the greater part of the total 
temperature rise is produced by the di- 
electric loss, and the increase in this loss 
due tothe paper volume added as the 
conductor -is enlarged causes a dispro- 
portionately large reduction in the tem- 
perature rise available for load losses. 
With six per cent soil moisture, which is 
about the minimum expected along the 
present lines, this limitation does not 
occur within the range of practical sizes. 
The cross indicates the cable selected for 
these lines; a 1,500,000-circular-mil con- 
ductor with 650 mils of insulation, giving 
an estimated capacity of 125,000 kva per 
circuit with two circuits operating in one 
conduit line. The capacity of one circuit 
operating alone is about”165,000 kva. 
Table I shows how the total available _ 
temperature rise of 45 degrees centigrade 
is distributed under both conditions. 
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The seven-degree reduction in ambient 
temperature during the winter months 
increases the calculated capacity by 13 
per cent with both circuits operating, and 
by 11 per cent with only one circuit in 
use. 

Figure 4 shows the effect of dielectric- 
power-factor variations on transmitting 
capacity. Again the undesirable effects 
of dry soil and thin insulation are evident, 
although the effect of the latter is greatly 
reduced if the power factor remains low. 
Thus, if the dielectric power factor re- 
mains at 0.40 per cent, the summer capac- 
ity of the line with six per cent soil mois- 
ture will be 149,000 kva per circuit. 

An insulation thickness of 650 mils 
was chosen instead of the minimum rec- 
ommended thickness of 560 mils, prin- 
cipally because, in view of the importance 
of reliability, it was desired to incorporate 
a substantial factor of safety against 
electrical failure. This increased the 
total cost of the line by about eight per 
cent. But, as can be seen in Figure 3, it 
also increases the capacity by five per 
cent, under the standard conditions of 
0.75 per cent dielectric power factor and 
six per cent soil moisture, so that the 
increased safety resulting from lower 
electrical stresses is obtained at a net 
cost of only three per cent. It is inter- 
esting to note that if this cable were in- 
stalled in soil having a moisture content 
of 21/2 per cent, the use of the thicker 


insulation would increase the line ca- 
pacity by 16 per cent and the cost per 
kilovolt-ampere of capacity actually 
would be less than with the minimum 
insulation. 


Manhole and Conduit Layout 


The two circuits are kept as nearly 
independent as possible by using the 
double manhole system, and by provid- 
ing somewhat greater separation between 
ducts occupied by cables of different cir- 
cuits than between those of each circuit 
group. The tandem manhole arrange- 
ment shown in Figure 5 was adopted 
because of its convenience and effective 
utilization of the street space occupied, 
particularly as to width. The ducts oc- 
cupied by each circuit in the front wall 

enter their respective manhole compart- 
ments through horn-shaped recesses 
which are displaced vertically to permit 
crossing without interference at the 
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center wall. The only connections be- 
tween the two compartments are two 
three-inch openings in the center wall for 
the signal cable and a connection between 
the neutrals of the bonding transformers. 

Manholes are built of reinforced con- 
crete, placed over steel forms, and pulling 
irons and the larger equipment-mounting 
bolts are cast into the walls. Expansion 
bolts in drilled holes are used for lighter 
attachments. One pulling iron is placed 
in the floor directly below the manhole 
head, and others are placed in the end 
walls opposite each duct mouth. The 
pulling line passes vertically down to a 
pulley in the floor iron, then diagonally 
upward to a second pulley in the proper 
end-wall iron, and horizontally into the 
duct at the opposite end of the manhole. 
This arrangement requires a minimum 
of special setup and makes it possible 
to pull the cable end across almost the 
entire length of the manhole in one opera- 
tion. 

The normal conduit section consists of 
six 4!/,inch fiber ducts, arranged in a 
circle around a three-inch signal cable 
duct and embedded in concrete as shown 
in Figure 6. The threeinch duct is 


raised slightly above the center of the 
duct circle to place the signal cable as 
close as possible to the center of the 
power cable group. Precast concrete 
spacers are used to hold the ducts in 
exactly the desired positions while the 


Plan of 138-ky stop-joint manhole, 


Figure 5. 
showing arrangement of power cable and joint 


Oil supply, bonding connections, and other 
accessories omitted 


concrete is being placed. The change 
from this section to the 20-inch vertical 
spacing required in the manhole is made 
in a standard 20-foot “transition section,” 
for which three special spacers are pro- 
vided. Each duct terminates in a two- 
foot length of thick-walled fiber, the 
inside surface of which is flared out along 
a radius of about six inches in the ex- 
posed end to eliminate the danger of 
sheath cutting at this point. 

Curved fiber of 65-foot radius is used 
on curves, and five-foot radius bends of 
six-inch fiber are used for risers at the 
terminals. All completed ducts are 
checked for clearance with a 12-inch 
steel mandrel, 0.25 inch smaller than 
the nominal duct size, and are cleaned by 
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pulling through a special train of alter- 
nating steel-wire-disk brushes and grease- 
lined cups to remove dirt and pebbles or 
other foreign particles. 

The standard span length was fixed 
at a conservative value of 710 feet to 
keep the cable movements, induced 
sheath voltages, and static oil head on 
grades, well within safe limits, and be- 
cause this length proved most effective in 
keeping the manholes away from street 
intersections and other obstructions in 
the first group of lines built. Nominal 
half spans, 350 feet long, were used at 
all 90-degree turns in these lines to reduce 
pulling stresses. These stresses proved 
to be so moderate, however, that full- 
length spans will be used at corners on 
future lines. 


Cable Movements 


Two ranges of cable temperature are of 
particular importance because of their 
effect on cable movements. The first 
{s the daily variation which causes the 
daily cycle of movement chiefly respon- 
sible for the development of fatigue 
cracks in the sheath and so determines 
the bend arrangement necessary to insure 
reasonable sheath life. This range was 
estimated to be about ten degrees centi- 
grade from a study of the observed tem- 
perature variations during load-cycle 
tests on the experimental conduit. 

The second significant temperature 
range is the maximum to be expected 
during the life of the cable, which deter- 
mines the total joint movement to be. 
provided for in the manhole and places 
a lower limit on the bend radius which 
may be used. This temperature range, 
for the present installation, is 60 degrees 
centigrade, since the maximum copper 
temperature is 70 degrees and the mini- 
mum probable ground temperature is 
ten degrees. 

The cable movements which will 
result from these temperature changes 


Figure 6. Cross section of conduit for two 
138-ky-cable circuits, showing use of precast 
spacers 


Three-inch duct holds signal cable at center of 
power-cable circle 
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were calculated from the formulas given 
by Halperin,‘ which take into account 
the forces of tension or compression 
which must be developed in the cable 
to cause movement against the duct 
friction and the reaction of the cable 
bends in the manhole. Briefly, the 
result of these restraints is that small 
temperature cycles cause movement only 
at the ends of the span. As the tempera- 
ture range is increased, the movement 
extends farther into the duct and for a 
certain ‘‘critical’’ range reaches the 
middle of the span. 

‘These movement formulas were de- 
veloped on the assumption that the direc- 
tion of the bend reaction reverses during 
each half-cycle of motion so that it op- 
poses the movement in both directions. 
But where, as in the present installation, 
the bends are large and the daily move- 
ment small, the bend reaction usually 
will remain in the same direction and 
nearly constant in magnitude throughout 
the cycle because of the elastic charac- 
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Figure 7. Effects of initial radius and angletof 
expansion bends on lead strain due to daily 
movement, and on required manhole area 


Daily cable movement, 0.20 inch 
Total cable movement, 4.3 inches 


teristics of the cable. Under these condi- 
tions it is probably more accurate to 
neglect the bend reaction. In the move- 
ment due to the larger temperature range, 
reversal of this reaction may occur, but 
its effect on the total movement prob- 
ably does not exceed two or three per 
cent. On omitting this term and intro- 
ducing the numerical values of the con- 
stants involved, the working equations 
for a 1,500,000-circular-mil cable, weigh- 
ing 17.1 pounds per foot, assuming a 
coefficient of friction of 0.5 between 
cable and duct, reduce to the following 
forms: 


T,=28.9S (5) 
M=0.00346T? for T<T, (6) 
M=0.2ST—2.9S? for T>T;, (7) 

d=17.3T for T<T, (8) 
in which 


T=temperature change (copper) in degrees 
centigrade 
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T,=critical temperature change necessary 
to produce maximum possible change 
in stress throughout the cable 

M=total movement of cable in inches (both 
ends) 

S=duct length in thousands of feet 

d=distance in feet which the cable move- 
ment extends back into the duct 


Since the actual duct length in a normal 
span is about 690 feet, the critical tem- 
perature range is, from equation 5, 20 
degrees centigrade. The movement due 
to the daily cycle of ten degrees centi- 
grade, therefore, is given by equation 6. 
If the free expansion of the exposed cable 
in the manhole is added, the increase in 
cable length in each end of the manhole 
is found to be 0.20 inch, or about 28 per 
cent of the free expansion of a half span 
of cable. This illustrates a beneficial 
effect of the duct friction which in this 
case reduces by more than two thirds 
the movement available for production 
of sheath-fatigue damage. 

The distance to which this motion 
penetrates toward mid-span is 173 feet, 
from equation 8. This means that about 
half the length of the span remains un- 
disturbed by the daily cycle, and the 
probability of creepage troubles is small. 
It also suggests that some tendency to 
creep may appear in half-length spans, 
particularly where installed ona grade. 

The total movement due to the 60- 
degree temperature range is given by 
equation 7. If we assume that 60 per 
cent of this movement appears at one end 
of the span because of irregularities in 
friction, and add the free expansion of 
the exposed cable, the maximum move- 
ment to be expected in one end of the 
manhole is 4.3 inches, or 83 per cent of the 
movement if restraint were negligible. 


Lead Strain and Sheath Life 


The choice of cable arrangement to be 
used in the manholes was based princi- 
pally on a study of the small alternating 
strains produced in the lead sheath by the 
daily cycle of cable movement, since 
fatigue cracks resulting from these strains 
are a frequent cause of sheath failure. 

If the cable between the duct mouth 
and the end of the joint is formed into 
two bends of equal radius, the change in 
radius and angle of the bends and the 
movement of the joint may be calculated 
readily on the assumption that the cable 
entering the manhole remains straight 
and the bend radii decrease uniformly. 
The amount by which the lead sheath is 
strained then may be found from the 
change in either the radius or angle of 
the bends. In terms of the change in 
angle, the equation for lead on the out- 
side of the bend is , 

100r _ 4-6 
Reroe ou per cent (9) 
in which r and R are the cable radius 
and initial bend radius respectively, and 


Lead strain = 
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Figure 8. Typical stop-joint installation 


6 and @, are the bend angles before and 
after the movement, 

The lead strains so calculated for the 
expected daily movement of 0.2 inch and 
for bends having a number of different 
initial radii and angles are shown in 
Figure 7 (curves sloping upward to left). 
The second group of curves in Figure 7 
shows the variation in floor area of the 
manhole required to accommodate these 
bend arrangements if the total range of 
cable movement is 4.3 inches and the 
clearances and straight cable lengths re- 
quired for joint assembly remain con- 
stant. The areas shown are averages 


\ i 
Figure 9. Cable terminal mounting and risers — 
showing electrolytic grounding cell, counter- — 
balance unit, and hood over duct mouth 
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of those required for stop and normal 
joints in each case. The dotted portions 
of the curves represent unusable com- 
binations of initial bend radius and angle 
which result in reduction of the bend 
radius to less than the allowable mini- 
mum of about 35 inches when the cable is 
fully expanded. 

The conditions selected for this installa- 
tion are indicated by crosses on the 65- 
degree curves in Figure 7. Because of 
the difficulty of training cable of this size 
with a true point of inflection, however, 
a short straight section was introduced 
between the two curves by reducing the 
bend angels to 60 degrees without chang- 
ing the radius or total offset. The mo- 
tional characteristics are not appreci- 
ably affected. 

While the relation between lead strain 
and sheath life is not well established, 
some idea of probable sheath life in this 
installation may be formed by compari- 
son with the results of a series of ac- 
celerated sheath-life tests on two typical 
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Figure 10. Schematic diagram of oil signal 
system showing connections of one annunci- 
ator unit 


cables reported by Halperin.4® The 
minimum life indicated for commercially 
pure lead sheath under the test conditions 


was in each case 9.6 years, and the aver- 


age was about twice as great. The lead 
strain calculated by the afore-mentioned 
method on the basis of some reasonable 
assumptions as to unspecified bend de- 
tails is in each case about 0.32 per cent, 
while the corresponding strain for the 
daily cycle in this installation is 0.02 
per cent. If we assume the life to be 


inversely proportional to lead strain, the 


indicated minimum. sheath life for this 
cable is, therefore, about 153 years. 

As is well known, however, the change 
in bend radius due to cable movements 
is not uniform as assumed in the fore- 
going, but tends to concentrate in the 
regions immediately adjacent to the end 
of the joint and the duct mouth. The 
effect on sheath life may be evaluated 


roughly by considering the extreme case 
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in which the bends are assumed to re- 
main rigid and to act as though hinged 
ateachend. This rigid bend theory does 
not lend itself to direct calculation of 
lead strains, but a comparison of relative 
strains may be based on the assumption 
that they are proportional to the product 
of cable radius and the change in the 
angle between the duct axis and the 
chord of the bends. The lead-strain 
“factor” calculated for the daily cycle 
on the present cable by this method is 
about 13.5 per cent of the corresponding 
“factor” for the accelerated life tests 
previously mentioned. This indicates 
a minimum sheath life of 71 years, or a 
little less than half that found by the 
other method. 

Such comparisons are open to many 
obvious objections, and the spread in 
results is fairly indicative of the uncer- 
tainties involved. But since the two 
cases considered represent perfect dis- 
tribution of bending on the one hand 
and extreme concentration on the other, 
it seems reasonable to expect that fatigue 
troubles will not be serious during a 
period at least approaching the lower 
figure. 

Some consideration was given to the 
suggestion® that the joint motion be 
restrained to obtain a more uniform bend- 
ing of the cable. To prolong sheath life 
effectively, this control would need to be 
in operation during at least a major por- 
tion of the daily cycle of movement which 
is chiefly responsible for sheath fatigue. 
Actually, since the daily movement in 
this case is only 0.2 inch, the resulting 
lateral motion simply will cause the 
cable to move from side to side in the 
duct, and any restraint of the joint would 
be ineffective so far as the daily cycle is 
concerned, unless the possibility of such 
lateral motion at the duct end be practi- 
cally eliminated. 


Joint Movement 


The lateral movement of the cable 
joint, due to the full temperature range, 
may be calculated from the correspond- 
ing longitudinal movement of 4.3 inches 
by either of the methods discussed in 
connection) with lead strains. The as- 
sumption of a uniform change in bend 
radius indicates a joint movement of 
4,2 inches, while the rigid-bend theory 
gives 6.2 inches. The actual joint 
movement will be somewhere between 
these figures and for design purposes 
was taken as 5.5 inches, 

The cable was installed at a tempera- 
ture about ten degrees centigrade above 
the assumed minimum and is presumed 
to have been left in a state of maximum 
tension. Contraction produced by cool- 
ing through.this ten-degree range there- 
fore would follow the unmodified copper 
bar law (first term of equation 7) and 
would be about 20 per cent of the cable 
movement caused by the full 60-degree 
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Figure 11. Attaching 1,500,000-circular-mil 
cable connector with four-ram 20-ton hy- 
draulic press 


range. Movement of the cable joint 
toward the manhole wall from its initial 
position therefore will be 80 per cent of 
the total joint movement, or 4.4 inches. 

The joint axis was placed 13 inches 
from the wall, which in the case of the 
largest joint, allows a free movement to- 
ward the wall of six inches. The length 
of rack arm used also allows a four-inch 
movement away from the wall, although 
the probability of the joint ever moving 
into this region seems remote. 


Induced Sheath Voltages 


It seems well established that differ- 
ences of more than 11 volts alternating 
current between cable sheaths and 


Figure 12. Oil-reservoir hoist 
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ground may cause corrosion under some 
conditions.* Since freedom from such 
trouble was a major objective in the 
design of this line, the possibility of re- 
ducing this voltage by modification of 
the duct arrangement was studied with 
some care. It was also desired to locate 
the signal cable so that the voltages in- 
duced in it would not impair seriously the 
operating characteristics of the alarm 
system. The following formula for in- 
duced voltages was found most useful in 
this work: 


Ba) og a jonre he 
=4.58) log = cal ears, 
~ Wo ree SeSs SSe! 


volts per 100,000 ampere-feet (10) 


~ 


wherein each S represents the distance 
from the axis of the conductor indicated 
by its subscript to that of the parallel 
conductor for which the induced voltage 
is being calculated. When this latter 
conductor is a sheath concentric with 
one of the circuit conductors, this axial 
distance becomes zero and is replaced 
by the mean radius of the sheath, 7. 

Equation 10 is derived with the current 
in conductor 1 as the reference vector. 
Some modification is necessary if either 
load er power factor in the second circuit 
differs from that in the first. As is evi- 
dent from the symmetrical arrangement 
of subscripts, the induced voltage with 
only one circuit in operation may be ob- 
tained by simply dropping the S fac 
tors referring to conductors of the second 
circuit, while the effect of additional cir- 
cuits may be included by adding the cor- 
responding distance factors in each term 
of the equation. 

Studies of the effect of cable arrange- 
ment on induced voltages lead rather 
directly to a circular arrangement of the 
cireuit cables with the signal cable at 
their center, as the ideal grouping. This 
signal-cable position is particularly ad- 
wantageous, since it is the only one at 
which the induced voltage is zero for 
both double- and single-circuit operation 
and for any fault current which returns 
en the cable sheaths. 

Tt will be observed that the circular 
arrangement actually used, and shown in 
Figure 6, is not a hexagonal one. The 
_ Outer phases of each circuit have been 
moved along the circle from the hex- 
agonal positions to give greater separa- 
tion between the two circuits. This 
slightly increases the sheath voltage with 
both circuits operating, but decreases 
the higher value which occurs with only 
one cireuit in use. The effect is shown 
clearly m Table II, which also gives the 
sheath voltages for a rectangular arrange- 
ment having the same phase and circuit 
spacings as Figure 6. In all cases, the 
eables are arranged with 4 phase of one 
cireuit adjacent to C phase of the other, 
and only two sheath voltages are given 
since the others have the same numerical 
values, 
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Figure 13. Use of condenser carrier in 
assembling stop-joint condenser unit 


The maximum sheath voltages in- 
duced in each half of a northal 710-foot 
span, calculated from equation 10, and 
including the effects of the modified cable 
arrangements in the manholes and ad- 
jacent transition conduit sections, are 
6.8 volts with 125,000 kva on each cir- 
cuit, and 11,5 volts with 165,000 kva on 
one circuit only. These values are re- 
duced about five per cent if the effect of 
the change in cable arrangement at the 
manholes is neglected. 

This change in cable arrangement also 
results in some voltage being induced 
in the signal cable. This voltage is 
cumulative throughout the line and is 
greatest with only one circuit operating. 
It is expected to reach a maximum value 
of about 35 volts in the Fairfax line. 
Operation of the signal circuits is not 
affected, since the voltage appears only 
between conductors and ground, but it 
would be troublesome if a ground return 
were used for any of the signal circuits. 
The sheath voltage is suppressed by 
grounding in each manhole. 

Tn addition to the induced voltages al- 
ready discussed, there may be another 
voltage set up between cable sheaths 
and ground by the charging current of the 
cable flowing through the bonding trans- 
formers, if leakage resistance in the ducts 
is not too low. The changes in resultant 
voltage due to these two effects under 
varying load conditions are not easily 
traced. But since the exciting current 
of the bonding transformer at 12 volts to 
neutral is about 17 amperes, it is evident 
that the charging current, which is about 
one ampere per half span, can have only 
a minor effect at that voltage, whatever 
its phase relation to the induced voltage 
may be. At lighter loads, the charging 
current becomes relatively more impor- 
tant and sets a lower limit below which 
the resultant voltage between sheath and 
ground cannot be reduced at both ends of 
the span simultaneously. On the present 
line this limit is about five volts. The 
results of tests made to check induced- 
voltage calculations may be quite puz- 
zling if this effect is not recognized. 
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Sheath Transients 4 mee 


Switching’ operations on lines of this 
kind frequently set up rather high tran- 
sient voltages between the cable sheaths. 
Any open sparks from this source were 
particularly undesirable in the present 
installation, because of possible aceumu- 
lations of stray natural gas in the man- 
holes where the line passes the sites 6f 
many abandoned oil wells. An enclosed 
multiple spark gap therefore was de- 
veloped to localize and confine any such 
sparking. It consists of six electrodes 
connected to the cable-sheath ends, 
mounted around a grounded hexagonal 
center electrode, under a Pyrex cover 
gasketed to the mounting panel. The 
gaps are '/;.3 inch wide and break down 
at about 3,500 volts. 

The unit is supported by its connec- 
tors which are soldered to the bonding 
cables between wall clamps, as shown 
in Figure S. The construction is such 
that a damaged panel can be replaced 
without disturbing the bonding cables, 
and provision is made for testing the 
unit for airtightness after installation. 
A considerable number of rather violent 
discharges has been observed during a 
long series of switching tests, but no 
serious damage has resulted. The are 
burns are small, and the metal vapor is 
blown clear, leaving the gap in normal 
condition, although in many cases the 
surface of the bakelite panel between 
the electrodes has been discolored by the 
are heat. 


Oil Supply 


The profiles of these lines fortunately 
have been such as to permit the use of 
type-CC, or gravity feed, oil reservoirs 
in all cases. The length of section be- 


tween stop joints varies from a single — 


span on the relatively steep grades at 
the north end of the Fairfax line to a 
maximum of five spans where the line is 
nearly level. The maximum oil head 
on any part of the cable is 38.3 feet, which 
gives a hoop stress in the cable sheath of 
122 pounds per square inch. The oil 
requirement of this cable over an as- 
sumed temperature range of 56 degrees 
centigrade is about six gallons per thou- 
sand feet, or 4!/, gallons per normal span. 
On adding a small allowance for the 
joints and the customary 30 per cent 
spare oil, it was found that the require- 
ments of all of the different sections 


could be met most economically by in- 
stalling various combinations of 13- and 


19-gallon reservoirs. 
In all sections of two or more spans, the 
oil-supply system for each cable is « 
pletely independent, except for the pro- 
vision for emergency interconnection 
through the valve panel. In single-span _ 
sections, such separation would require the _ 
use of a considerable number of ae. 
small reservoirs, and the three cables — 


i 
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therefore are connected to a common 
reservoir, The risk of contamination of 
one length of cable by a failure in another 
is not appreciably greater than in the 
usual case of two or more spans con- 
nected in series. 


Arrangement of Manhole 
Equipment 


Figure 8 is a general view of the equip- 
ment in a typical stop-joint manhole. 
In normal-joint manholes the arrange- 
ment is similar, except that the oil- 
supply system and the joint stiffeners are 
not required. Cable joints in both com- 
partments of the manhole are installed 
with the ends containing the sheath in- 
sulators nearer to the center wall, to per- 
mit standardization of the connections 
to the bonding transformers, which are 
mounted in the corners adjacent to this 
wall as shown in Figure 5. Neutrals of 
the bonding transformers on the two 
circuits are connected together and to the 
signal-cable sheath to distribute fault 
current over all available paths, and, for 
reasons of safety, all cable racks and oil 
reservoirs and a four-inch lead strip laid 
under the manhole floor, are bonded to this 
neutral point with a number-8 rubber- 
insulated wire. 

For convenience in tracing connec- 
tions, a uniform relationship between the 
bonded parts is maintained throughout 
the system. Thus, for example, the left 
end of the top joint casing is always con- 
nected to the upper left electrode in the 
spark-gap unit and to a definite terminal 
on the left bonding transformer. 
a bonding transformer is omitted at one 
end of a halflength span, the standard 
bonding cable arrangement is retained, 
and the four cables terminating at the 
unused transformer position are con- 
nected together. The bonding cables are 
number-2 stranded copper, with five- 
kilovolt varnished-cambric insulation to 
prevent sparkovers due to transient 
sheath voltages too low to break down the 
enclosed gaps. Since this cable is rather 
stiff, the loop between the joint casing 
and the first wall attachment is shaped 
carefully to offer a minimum of restraint 
to the joint movements. 

The stiffeners used on stop joints are 
rigid steel frames designed to prevent 
displacement of interior joint parts by 
cable movement, but the cable clamps 
at either end are made adjustable to per- 
mit compensation for any eccentricity 
of the cable at the time of assembly. 

Oil reservoirs are mounted on the 
ceiling in the end of the manhole toward 
the cable section which they supply, with 
oil-level relays adjacent to the manhole 
head, and all connections are kept in the 
same end of the manhole, so that a du- 
plicate oil system can be installed in the 
opposite end when it is necessary to sup- 
ply two cable sections from the same 
' manhole. In sections of four or more 
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Figure 14. 
panel for treating and filling joints, terminals, 
and reservoirs 


Impregnating bottle and valve 


spans, two reservoirs are required on 
each phase, and the three extra reser- 
voirs normally are mounted in the end 
of the manhole opposite the regular group. 
No difficulty has been experienced as 
yet in avoiding conflicts between these al- 
ternative uses of the second half of the 
ceiling. 

The connection between the cable 
joint and the oil pipe attached to the wall 
is made with a semicircular loop of all- 
metal flexible tubing, one end of which 
is firmly held by a bracket on the joint- 
stiffener clamp. The oil-pipe insulator 
is placed between this bracket and the 
valve attached to the joint casing. This 
arrangement allows the joint to move 
freely without applying forces of appre- 
ciable magnitude to any of the con- 
nections. A valve is also provided on 
the high-pressure end of each stop joint, 
but no permanent connection is made to 
it. All oil lines are three-eighth-inch 
copper tubing except at the terminals, 
where one-inch tubing is used because of 
the longer runs and exposure to lower 
temperatures. 

As indicated in Figures 5 and 8, the 
cables are supported on porcelain in- 
sulators suspended from hinged arms 
which atl complete freedom of move- 
ment. The arms are set approximately 
perpendicular to the direction of motion 
of the cable at the point of support, and 
pads of P and B tape on the insulators 
prevent displacement along the cable. 
No fireproofing is used on either cables or 


* joints. 


The counterbalance unit shown below 
the terminal in Figure 9 was developed 
to relieve the terminal and adjacent 
cable sheath of a portion of the weight of 
the vertical cable riser without restricting 
normal movements. The unit consists 
of a woven-wire cable grip suspended 
from the ends of two counterweighted 
lever arms. The size of the counter- 
weights is varied to give the desired 
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uplift at each location. Immediately 
below the cable grip, a light metal hood is 
clamped to the cable to keep foreign ma- 
terials from falling into the duct. 


Signal System 


The absence of any large induced volt- 
age in the signal cable makes it practical 
to use a simple closed-circuit d-c an- 
nunciator type of oil alarm circuit, one 
unit of which is shown in Figure 10. 
This, with a similar unit connected to 
the negative end of the battery and to the 
oil relay in manhole 1 south, forms a 
three-wire group which is duplicated for 
each oil-supply section of the line. The 
neutral conductor serving all such groups 
may be quite small since it normally 
carries no current. 

When an oil-relay contact is opened 
by either low or high oil, the armature of 
the corresponding annunciator relay is 
released, lighting its white indicator lamp 
W, and energizing the red alarm lamp R 
and the alarm at the operator’s desk 
through an auxiliary relay. The opera- 
tor then moves the two-way lever key 
at the lighted indicator lamp to the 
“hold” position, clearing the local circuit 
for other alarms. When the abnormal 
field condition has been corrected, the 
closing of the reservoir contact re-ener- 
gizes the annunciator relay, extinguishing 
its indicator light and again sounding the 
alarm. The operator then restores nor- 
mal circuit conditions by releasing the 
“hold” key. 

Each unit of the system is tested 
periodically by moving the lever key to 
the ‘‘test’”” position. This opens and 
grounds the field circuit and checks the 
operation of the relay and its lamp, the 
station alarm circuit, and particularly 
the protective arrester, since a fouled 
arrester would block signals from the 
field without giving any indication of its 
abnormal condition. The arresters are 
of the rare-gas type with a breakdown 
rating of 200 to 400 volts. 

The signal cables used have either 25 
or 43 number-19 copper wires insulated 
with two half-lap layers of four-mil 
manila paper, and a 40-mil belt insulation. 
They are impregnated with petrolatum 
compound in substantially the same 
manner as solid-type power cable. The 
belt insulation provides protection from 
changes in local sheath potential caused 
by faults or switching, but, if flashover 
of an oil relay should place this potential . 
on the cable conductors, the station equip- 
ment will be protected by the arresters. 
In such a case, the neutral conductors 
in the immediate vicinity of the faulty 
relay must carry the combined currents 
from a considerable number of relay 
wires. The resulting current densities 
are held within safe limits by using a 
tapered neutral group, which, in the 
Fairfax line, varies from two wires at the 
home station to four at the remote end. 
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One pair of wires in the signal cable is 
used to control ventilating blowers (de- 
scribed in a later paragraph), and a 
second is used to measure the average 
temperature of the conduit line. Idle 
wires have been used to form similar 
temperature-measuring loops in several 
individual spans having different soil 
characteristics. 

Connections between the signal cable 
and the oil-reservoir relays are made 
with number-14 duplex cable with oil- 
resistant synthetic insulation. This cable 
is looped through a waterproof test out- 
let to give access to the circuit for periodic 
checking of the relay settings. 


Conduit Ventilation 


To reduce further the hazard resulting 
from seepage of stray gas into the ducts 
and manholes, a ventilating system has 
been installed to maintain a slow cir- 
culation of air through all ducts. On the 
Fairfax line, two three-quarter-horse- 
power blowers are used, and outlet vents 
are provided at both ends and near the 


Table |. Distribution of Temperature Rise in 
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middle of the line, the remainder of the 
system being sealed. While a large part 
of the air supplied leaks out along the 
conduit, the small amount which reaches 
the outlets is sufficient to scavenge the 
ducts quite effectively, 

If a cable failure were followed by an 
oil fire in a manhole near one of these 
ventilating blowers, the resulting damage 
might be increased greatly by continued 
operation of the blower. To remove this 
danger, the blowers are controlled by re- 
lays energized by the signa!-system bat- 
tery through two of the signal-cable wires. 
This circuit is so arranged in the station 
that it will be opened by any automatic 
operation of the 138-kyv line switches, 
but not by normal switching operations. 
The blower relays must be reclosed manu- 
ally after being released. 


Electrolysis and Electrolytic 
Grounding Cells 


Ground-potential surveys made shortly 
after these cables were installed, revealed 
that the entire sheath system of the 
Fairfax line was from 50 to 200 milli- 
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volts positive to the adjacent soil. 
Street-railway tracks cross the line at 
three points, but the sheath potentials 
could not be traced directly to them, and 
trial drainage connections at various 
points produced negligible improvement. 
Tests with storage batteries and tem- 
porary anodes indicated that a system 
of cathodic protection would correct the 
situation, however, and selenium recti- 
fiers with steel-rail anodes therefore have 
been installed at two locations on the 
Fairfax line and one on the Wilmington 
line. While tests and adjustments have 
not been completed, it is believed that 
between five and ten amperes at each 
rectifier will give adequate protection 
throughout the line. 

The standard receiving-station ground 
system consists of a number of deep wells 
having copper electrodes. These, with 
the lead cable sheaths in contact with the 
soil water, form a huge galvanic cell in 
which the station ground is positive to 
the cable sheath. Installation of the 
cathodic protection system increased 
this difference of potential from about 150 
millivolts to an average of 550 millivolts. 

A special type of electrolytic cell has 
been developed to neutralize this voltage 
while maintaining an adequate fault- 
current path from cable sheaths to station 
ground. The cell consists of three lead 
plates and two heavily silver-plated cop- 
per plates, each about six inches square, 
in a solution of potassium nitrate. It has 
an open-circuit voltage of about 750 
millivolts, and, when it is connected in 
opposition to a smaller voltage, the cir- 
culating current quickly falls to a negli- 
gible value, probably because of polari- 
zation effects. Opposition voltages 
greater than the natural cell voltage re- 
sult in some deterioration, particularly 
at the silver plate. Such a cell will pass 
a current of 8,000 amperes for 30 cycles 
without serious disturbance, with a drop 
of about 25 volts across the cell. 

One of these grounding cells is con- 
nected between the cable sheath and the 
station ground bus at each cable terminal. 
In Figure 9, the cell may be seen just 
back of the counterbalance unit. Pro- 
vision also has been made for the installa- 
tion of similar but smaller cells between 
the bonding transformer neutral and the 
manhole hardware in each manhole, if 
experience and tests show them to be 
desirable. 


Installation 


The cable and accessories for: these 
lines were furnished by two manu- 
facturers, each of whom supplied the 
cable, with the necessary joints and ter- 
minals of his own design, for a complete 
circuit. All of the oil reservoirs and their 
accessories were of one make, as were the 
bonding transformers and the signal cable. 
The work was done during the period of 
most acute material shortages due to 
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military preparations, and the resulting 
delays so disrupted installation plans 
that any discussion of schedules and 


progress would be of little value. Brief 


description of some of the special devices _ 


used in the installation may be of interest, 
however. 

All connectors in the joints and ter- 
minals are of the solderless type and 
were pressed on in a 20-ton four-ram hy- 
draulic press. Maintenance of positive 
oil pressure in the cable during this 
operation requires that the cable end be 
raised up close to the manhole ceiling. 
The problem of handling the heavy press 
in this position was simplified greatly by 
suspending it from a removable bar 
passed through a series of eyebolts in the 
manhole ceiling directly above the joint 
position. A lifting eye attached to the 
top of the press holds the latter at the 
proper angle to match the raised cable 
end, as shown in Figure 11, and the cable 
clamp, attached to the bottom of the 
press, ensures exact alignment. 

In all of the normal joints and in one 
make of stop joint, it was necessary to 


Table Il. Induced Sheath Voltages With 
Typical Cable Arrangements 
Volts Per 100,000 
Ampere-Feet 
Two Circuits One Circuit 
Cable 

Arrangement Max Min Max Min 
Hexaconala cp acre 3.46... .3.46...4,55...3.79 
Circular (Figure 6)....3.49...3.37...4.46...3.66 
*Rectangular......... 4.28...3.44,...4.66...3.65 


fill the press indentations in the connector 
to exclude air and provide a firm founda- 
tion for the insulating tape. 
plug, developed for this purpose, was 
cast in a metal mold and was firmly 
seated in the depression with a simple 
hand press having jaws to fit the curva- 
ture of the connector surface. Similar 
plugs were made for the recesses at the 
ends of the connector valves in normal 
joints, and for connector-bolt recesses in 
one of the stop joints. 

Installation of the large oil reservoirs 
on the manhole ceiling was facilitated 
greatly by the use of the hoisting device 
shown in Figure 12. The reservoir 
rests in a cradle consisting of two side 
channels joined at the ends by light 
chains. Two small pulley wheels are 
built into the middle of each chantiel, 


and the reservoir is raised by two 3/16" 


inch steel-wire ropes running over these 
and similar pairs of wheels in two short- 


coupled blocks which are hooked into 


eyebolts in the manhole ceiling on either 
side of the reservoir position.” 

The “condenser carrier” 
Figure 13, also proved to be an effective 
labor-saving device in handling the 
factory-built condenser unit which weighs 
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shown in — 
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about 150 pounds and forms the major 
part of one of the stop joints used. The 
condenser is placed on the carrier while 
the latter is at one end of its track, which 
in turn rests on the permanent cable- 
rack arms. It then is rolled to the posi- 
tion shown, at the opposite end of the 
track, while the prepared cable end slides 
through the center opening in the con- 
denser, \in which the clearance is quite 
small. The other cable end is then 
aligned and connected, and the condenser 
unit is moved back to its final position 
over the connector. After the casing end 
bells are assembled, only a slight eleva- 
tion of the joint is required to permit 
removal of the carrier and installation of 
the stiffener frame. 

Gas-free oil for treating and filling the 
joints and reservoirs was supplied by a 
portable degasser, mounted on a truck 
with a 15-kw 110/220-volt gasoline- 
driven single-phase generator, which sup- 
plied power for lights and vacuum pumps 
as well as for the degasser. Hot oil for 
washing joint parts was obtained from 
a closed tank, heated through an oil bath 
by a standard splicer’s furnace. 

The special impregnating bottle and 
valve assembly shown in Figure 14 was 
developed to reduce the time required for 
setting up the treating equipment and 
eliminating leaking connections. It pro- 
vides for all of the usual operations of 
evacuation, vacuum test, carbon-dioxide 
flushing, filling, draining, pressure appli- 
cation, and inspection of incoming and 
overflow oil. The few field connections 
are made with copper tubing and flared 
fittings, with the exception of a short 
length of heavy rubber tubing between 
valve panel and vacuum pump to block 
vibration. The unit is designed to sit 
on the manhole floor to insure rapid 
drainage of the bottom joint, and all 
fittings slope toward the bottle to avoid 
the formation of oil traps. The sym- 
metrical but not too regular arrange- 
ment of the valves facilitates prompt 
recognition of their several functions, 
which are further identified by the colors 
of the triangular closed position markers 
on the valve handles. White indicates 
vacuum; yellow, carbon dioxide; green, 
treated oil; and black, drain valves. 
Rough vacuum and pressure values are 
indicated on a dial gauge at the top of 
the panel, while high vacuum readings are 
obtained with a ‘“‘thermal-conductivity” 
vacuum gauge which employs a heated 
filament in a simple bridge circuit. It is 
useful over a limited range from about 
0.05 to two millimeters of mercury. 
The enclosed bulb of this device is shown 
directly below the dial gauge. 


Cable Vibration 


Shortly after these lines were ener- 
gized, the cables were observed to be 
vibrating at many points. This vibra- 
-tion was easily felt with the hand and in 
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some manholes was clearly audible. It 
was generally stronger in the cable bends 
but extended well into the ducts in some 
cases. Definite dead spots also were ob- 
served, having no apparent relation to 
the points of support. Further explora- 
tion with a sensitive crystal pickup, used 
with a wave analyzer and a cathode-ray 
oscillograph, confirmed these longitu- 
dinal variations and also revealed similar 
differences in intensity and a wide change 
in phase around the cable circumference. 
The fundamental frequency was 120 
cycles per second. 

This vibration obviously must be 
caused by either electrostatic or electro- 
magnetic forces. The latter possibility 
was eliminated by observing that there 
was no perceptible change in the vibra- 
tion of the cable below a terminal at 
station D when the load on that cable 
was dropped by opening the station-D 
switch. Tentative conclusions reached 
are that the vibration is caused by elec- 
trostatic forces, probably acting on a 
few outer strands of the conductor which 
have been loosened slightly by reason of 
the fact that the length of the bend is 
not an exact multiple of the length of 
strand lay, and that it is comparatively 
harmless. After several months of opera- 
tion, the vibration seems to have de- 
creased somewhat, but not to such a de- 
gree as to justify any hope that it will 
disappear entirely. 


Appendix. Statistical Data 


Fairfax Line 


Length, miles per circuit............. 5.08 
Three-phase circuits installed............ 2 
Number of stop-joint manholes......... 16 
Number of normal-joint manholes....... 25 
Wilmington Line 

Length, miles per circuit............. 2.49 
Three-phase circuits installed............ 1 
Number of stop-joint manholes.......... 4 
Number of normal-joint manholes....... 16 


Transmitting Capacity 


Each of two circuits, summer, kilo- 


VOLt-AMDELES asia clatelontaede sian tlbus ate 125,000 
Each of two circuits, winter, kilo- 

volt-amperes eons heared EN bm iy a 142,000 
One circuit, summer, kilovolt-am- 

POLES mere yay catches eel area Miotaketohod 165,000 
One circuit, winter, kilovolt-am- 

DOVES ( eacincley decade een etE bee wok 183,000 
Cable 
Conductorarea,circularmils...... 1,500,000 
Clear diameter of oilway,inch......... 0.69 
Conductor diameter, inches.......... 1.635 
Strands, number and diameter, 

ACH ey, ah neva eee atartine eke 136/0.1056 
Insulation thickness, inch............ 0.650 

Superdense paper, percent............ 40 

Normal paper, per cents Ji0/. 0. 6) 0: 60 
Sheath, copper-bearing lead, inch..... 0.180 
Nominal diameter, inches............ 38.295 
Weight, pounds perfoot.............. ARs 
Maximum voltage rating, kilovolts...... 162 


Mansfield—Los Angeles Cable Lines 


Copper loss at 125,000 kva per circuit, 


WALLS DEL LOOt ne Guin iins Oy 5 hie Camnee 2.46 
Dielectric loss at 138 kv, 0.75 per 

cent power factor, watts per foot... .1.92 
Charging current, amperes per mile..... 16 
Manholes 
TY Peisae Rea Two compartment, tandem 
Matertalauacacieese: Oo Reinforced concrete 
Spacing, straight runs, feet............ 710 
Spacing, Cormers feete uch cule oak ele « ici 350 
Compartment, width, length, and depth 

For stop joints, feet...... 6 by 212/3; by 9 

For normal joints, feet. .6 by 191/; by 71/2 
Vertical joint spacing, inches........... 20 
Length of transition conduit section at 

each end of manhole, feet............ 20 
Conduit 
Material’ e.,62 deuce athe Fiber in concrete 
Arrangement of power ducts....... Circular 
Radius of duct circle, inches........... 81/s 
Number of 44/o-inch ducts.............-. 6 


Location of three-inch signal duct... Center 


Minimum circuit spacing, inches......... 9 
Phase'spacing, inches ize cfm cies earetole Toa 
Section, width by height, 

APIOH OS Bee LAC IOM, |., a Sgt 271/2 by 245/s 
Minimum depth of cover, inches........ 48 
Oil Reservoirs 
Bigot Sie Saree pnt cia ote CC—Gravity feed 
Number on Fairfax line, 19 gallons...... 50 
Number on Fairfax line, 13 gallons.... ..44 


Number on Wilmington line, 19 gallons... 24 
Number on Wilmington line, 18 gallons. . :24 


Induced Sheath Voltages 


Volts per half span, A and C phases 
125,000 kva on each circuit.......... 6.8 
165,000 kva on one circuit.......... 11.5 
Bonding transformers... Type B, three- 
phase, 20.8 volts 

Number ot transformers installed 
Fairfax: lime. Sacral vee eoxteca cee 152 


Cable Movement (One End of 
Manhole) 


Total movement (60-degrees-centi- 
gtade range)inches sete enius acute 4.3 
Lateral movement of joint, inches....... 5.8 
Daily cycle (ten-degrees-centigrade 
LANES) UFC Le laapavtee newer s ke ees avert canes 0.2 
Radius of expansion bends, inches........ 42 
Angle of expansion bends, degrees........ 60. 
Jointofisethinchess 2): ia eeharesdeun latent 53 
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Problems in Applying Protectors to 
Electric Aircraft Motors 


L. W. BUELL 


MEMBER AIEE 


HAT, theoretically, should be re- 
quired of a protected aircraft 
electric motor? 

This question is one which has caused 
much discussion among those engineers 
who are vitally interested in this subject 
and about which there still seems to be a 
great deal of misunderstanding and 
indecision. Basically, almost everyone 
would agree that the protector should 
allow the motor under any condition to 
carry its load until just the instant before 
burnout and then, and only then, take 
the motor off the line. 

If the protected motor actually could 
be built this way, then there would be no 
need for further discussion, and it would 
become quite evident to almost everyone 
that a protector would be desirable, if 
not a “must,” on every aircraft electric 
motor. Then, why all this indecision and 
misunderstanding? Is it that protectors 
cannot be built and applied which can 
match motor characteristics? Or is it 
that motors do not have fixed temperature 
burnout points? 

In this paper, it is hoped that it can 
be shown that protectors can be made and 
applied which do follow motor charac- 
teristics very closely under all operating 
conditions. On the other hand, a motor 
as a general rule has an operating life 
based on temperature versus time. 
This means that there is no fixed tempera- 
ture up to which motors can be safely 
operated and will instantaneously burn 
out if this temperature is exceeded. 

If the statements made in the preceding 
paragraph be accepted for the time being, 
the major problems of engineering pro- 
tectors into aircraft électric motors 
become: 


1. Locating and measuring the tempera- 
ture of the danger hot spots within the 
motor under all conditions of operation. 


2. ‘Establishing the life expectancy of these 
danger hot spots at different temperatures. 


3. Fixing the minimum life expectancy 
which is acceptable for each particular 
application. 


When the foregoing information is 
complete, it then becomes a mutual prob- 
lem between the motor manufacturer and 


Paper 44-205, recommended by the AIEE com- 
mittee on air transportation for presentation at 
the AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 1944. 
Manuscript submitted June 1, 1944; made avail- 
able for printing July 12, 1944. 


L. W. BueLi is with the Spencer Thermostat 
Company, Attleboro, Mass. 
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the protector manufacturer to apply a 
protector to the motor. To do this, they 
must decide what style of protector to 
use; establish its location in or on the 
motor; and adjust the thermal charac- 
teristic of the combination of motor and 
protector so that under any load, under 
any ambient, and at any altitude, one of 
the hot-spot temperatures will approach 
its maximum permissible value before 
the protector takes the motor from the 
line. 


Locating and Measuring the Danger 
Hot Spots 


In locating and measuring the danger 
hot-spot temperatures, it should be kept 
in mind that it is not necessarily the hottest 
spots in the motor which may be damaged 
first. For instance, a motor might have 
the clutch coil operating much hotter 
than the solder in the commutator risers, 
but the solder would be thrown when it 
reached its melting point and destroy 
the motor long before the hotter clutch 
coil had become more than slightly 
damaged. 

On the other hand, under one set of 
running conditions, one element in the 
motor may be the danger hot spot and the 
same motor operating under other conditions 
may have a different element become the 
danger hot spot. 


Two of many possible examples are 
cited below: 


1. Under locked rotor condition, the brush 
pigtail may be the thermal limiting element, 
but, when running at rated load, the pig- 
tails may have plenty of thermal capacity, 
and the danger hot spot be shifted to such 
a point as the rotor windings. 


2. Under heavy overload conditions, in a 
high ambient temperature, the series field of 
a certain motor may be the limiting factor, 
as far as danger hot-spot temperatures are 
concerned. But, the same motor in a very 
cold ambient temperature carrying a heavy 
overload will have the danger hot spot 
shifted to the rotor. That is, under this 
latter condition, the rotor will be running 
hotter than the series field and, therefore, 
becomes the limiting factor. 


With the thought in mind that the 
danger hot spot may not be the hottest spot 
in the motor, and that the danger hot spot 
may shift from one element in the motor 
to another as the operating conditions 
are varied, it becomes necessary to test 
the motor to ascertain where these hot 
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Bi Me / 
spots are under all conditions of opera- 


tion, and it is also necessary further to 
measure the actual temperatures en- 
countered. 

As a general rule, the following are the 
most usual points that have to be con- 
sidered: 


Rotor winding. 

Field winding. ph 
Clutch or brake coil. 

Solder on commutator. 

Brush pigtail. 


TST lo 


However, less usual limiting danger 
hot-spot temperatures appear in some of 
the following members: 


1. Brush spring. 

2. Solder in end of brush pigtail. 
3. Brushes. 

4. Commutators. 

5. Bearings. 

6. 


Lead-in wires. 


In measuring hot-spot temperatures, it 
is advisable to determine many of the 
different temperatures by two separate 
methods. For example, it is desirable, 
if not almost necessary, to measure the 


VOLTMETER 


~ SERIES 
FIELD 


Figure 1. Connections for obtaining tempera- 
ture of series field winding by resistance rise 
' method 


AMMETER ROTOR 


- 


field-winding temperatures by thermo- 
couples soldered directly to the field 
windings at one or more points, and also 
by the resistance-rise method. One of 
the easiest test procedures for obtaining 
temperatures by resistance rise is as 
follows: 

When any test is being run on the 
motor, an ammeter should be placed in- 
the line and a voltmeter across the series 
field (Figure 1). By obtaining a simul- 
taneous voltage and current reading when 
the motor is at room ambient tempera- 
ture, the resistance of the windings at 
the known temperature can be calculated 
by Ohms law (R= V/I). When the motor 
is at the condition where the unknown 
temperature is desired, another simul- 
taneous reading of voltage and current 
will give the hot resistance. The formula: 


Re/ Ry = 234.5 +ty/234.5 +4 
where 


R, is resistance at known temperature. | 

t, is known temperature in degrees centi- 
grade. 

R, is resistance at unknown temperature. 

4; is unknown temperature in degrees centi- 
grade. 


gives the change in resistance of standard 
annealed copper with change in tem-— 
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perature. From the foregoing formula 
the final temperature of the windings can 
be calculated. However, an easier method 
than making this calculation is to use a 
chart similar to Figure 2. When the ratio 
between the hot and cold resistance is 
known, the final temperature of the 
winding can be taken from this chart 
directly. 

If the average temperature of the field 
windings by resistance rise and the tem- 
perature of specific points in the winding 
by means of thermocouples are known, 
it is a relatively easy problem to estimate 
the hot-spot temperatures. Also, by 
using two entirely separate methods of 
measurement, the testing engineer is 
more certain of the accuracy of his 
results. This is extremely important as 
we desire to carry these windings up to 
extremely high temperatures where life is 
comparatively short. 

Clutch windings, brake windings, shunt 
fields, and the like, should be measured 
with the same care and by a similar 
method. 

Rotor windings under locked-rotor 
conditions can be’ obtained in a similar 
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Figure 2. Variation of resistance of standard 

annealed copper with change in temperature 


manner. In this case the voltage drop 
can be taken across several bars of the 
commutator by soldering leads directly 
to the commutator bars (Figure 3). 
First, the rotor must be locked abso- 
lutely tight so that the commutator will 
not move with relation to the brushes. 
Then, two assumptions have to be made: 


1. The two halves of the rotor winding will 
heat alike. 

2. The current flowing through the half of 
the armature to which the voltmeter con- 
nection is made is always a certain definite 
proportion of the total current flowing 
through the line. 


The resistance value thus obtained is 
not the true resistance of the rotor, but 
is directly proportional to it, and, since 
the temperature formulas are based on 


change in resistance, the final tempera- 


ture value is accurate. Also, under 

locked-rotor condition, thermocouples 

should be soldered directly to the rotor 

winding for second means of obtaining 

temperatures (Figure 4). A motor com- 

plete and ready to test on locked rotor 
: ri 
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with thermocouples and voltage-drop 
leads installed is shown in Figure 5. 

When the motor is running, the 
measurement of the temperature of the 
rotor requires an entirely new technique. 
Here, quite obviously, no permanent 
connection can be made to the motor. 
Some motor manufacturers actually have 
drilled out the center of their shafts and 
let the ends of thermocouple wires from 
the rotor windings extend to the outside 
of the motor (Figure 6). Then, on 
shutdown, a potentiometer can be con- 
nected rapidly to these thermocouple 
ends, and readings of the rotor-winding 
temperatures can be taken. This is a 
very successful method, but requires 
such special handling of the motor as to 
become somewhat impractical in a great 
many instances. 

Probably the most practical method of 
obtaining rotor-winding temperatures on 
running is by the resistance-rise method. 
This procedure is something as follows: 
Remove the brushes from the motor. 
Insert resistance-measuring leads, with 
sharp points for a good contact, into the 
brush holders. Then, measure a cold 
resistance-of the armature between two 
marked bars. Figure 7 shows a rotor 
resistance being taken on a motor during 
an actual test, and Figure 8 shows a close- 
up of two different views of the type of 
resistance prong used with a double 
Kelvin bridge. Here the insulated part 
of the holder is exactly the same size as 
the brush which it is replacing, and 
pressure is held on one of the prongs by 
means of a spring, while the other prong 
is held in firmly, by hand pressure. 

After the cold resistance is measured, 
atestrunismade. At the time the rotor- 
winding temperature is desired, the rotor 
is stopped and a hot resistance is meas- 
ured. One of the most successful means 
of obtaining an accurate shutdown rotor- 
winding temperature is as follows: At 
the instant the motor is shut down, a 
stop watch is started. The brushes are 
taken from the motor as rapidly as 
possible, the rotor turned to the two 
marked bars, the resistance prongs in- 
serted in the brush holder, and a resist- 
ance reading is obtained. The time on 
the stop watch to get the first reading is 
noted. Then, every ten to fifteen sec- 
onds, for about three minutes, both 
time and resistance readings are rfe- 
corded. A table of results taken during 
an actual motor test is shown in Table I. 
From these data a graph of resistance 
versus time is plotted. By extrapolating 
this curve back to zero time, the rotor 
resistance at shutdown can be obtained 
accurately. Such a curve is shown in 
Figure 9. Then, from the chart (Figure 
2) the actual temperature can be read. 
By plotting all such rotor-resistance 
readings for a given motor on a single 
sheet of graph paper, each successive 
curve tends to verify the readings that 
have been made before. 
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Figure 3. Connections for obtaining tem- 

peratures of rotor and series-field windings by 
resistance-rise method 


AMMETER ROTOR 


Figure 10 shows all of the resistance- 
versus-time curves taken on a particular 
motor in making a protector application. 
Note how those curves, where the first 
reading was obtained after a long time 
interval, can be used safely, as the other 
curves on the sheet tend to help establish 
the shutdown temperature. It also may 
be noted that the curves taken at cold 
ambient temperature (—50 degrees centi- , 
grade) have the steepest slopes, and 
those taken at high ambient (+78 degrees 
centigrade) have the flattest slopes. 

It is granted that to obtain such a re- 
sistance reading at 38,000 feet and at 
—65 degrees Fahrenheit is quite a chore 
It has been done, and the results seem to 
justify the difficulty of obtaining the data. 

A very similar method of measuring 
rotor resistance which sometimes .be- 
comes more handy is to drill a hole in 
the top of the motor over the commu- 
tator and through it measure resistance 
of two adjacent marked bars (Figure 11). 

A close-up of such a resistance probe 
for use with a double Kelvin bridge is 
shown in Figure 12. Note that three of 
the four prongs are held in by spring 
pressure. This arrangement is highly 
recommended as it will insure good con- 
tact pressure at all four points. It is 
further recommended that all brushes be 
lifted for this test and readings always 
be taken across the same two bars to 
insure greater accuracy of measurement. 

One of the best ways to mark the bars 
is shown in Figure 13. Here small! holes 
are drilled in the commutator segments. 
These not only mark the bars so that 
resistance reading always will be taken 
across the same two bars, but also serve 


Thermocouples soldered directly 
to rotor winding 


Figure 4. 
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as holes into which the sharp resistance 
prongs are inserted. This protects the 
smooth face of the commutator from 
becoming roughened for further testing. 
Here again it is felt necessary to plot a 
curve of resistance versus time to obtain 
more accurate rotor temperatures. 

The temperature of the bars in the 
commutator and the solder in the risers 
can be obtained quite easily on locked 


Motor complete with thermo- 


Figure 5. 
couples and voltage-drop leads for motor 
protection test 


rotor by means of thermocouples soldered 
into the respective parts. However, 
when the motor is running, this presents 
a more difficult problem. One method 
which has been used with some success 
is to paint the parts where the tempera- 
ture is desired with a temperature paint 
which changes color when a certain pre- 
determined temperature has been reached. 
By having several paints with different 
temperature characteristics, temperatures 
between limits can be determined. 
Another method is to use a small rod 
of bakelite, at the end of which a thermo- 
couple of very small mass has been at- 
tached. Then, at shutdown of the motor, 
the thermocouple is pressed firmly against 
the parts where the temperature is 
desired. Since it takes some time to get 
the thermocouple into the motor and up 
to temperature, it has been found ad- 
visable to plot a curve of temperature 
versus time and to extrapolate this curve 
back to zero time to obtain the true 
maximum temperature. This is similar 
to the methods employed in Figure 9, 
except that in this case temperatures are 
recorded directly instead of resistances. 


Figure 6, Hollow-shaft method of obtaining 
rotor temperatures 
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Pigtail temperatures and lead-wire 
temperatures can be obtained by em- 
bedding thermocouples of very low mass 
within the pigtail or lead wires them- 
selves. The solder temperature at the 
end of a pigtail or lead wire can be 
measured by soldering a thermocouple 
into the solder itself. 

Approximate brush temperatures can 
be obtained by soldering a thermocouple 
onto the brush ‘holder at a point as near 
the contacts of the commutator and rotor 
as possible (Figure 14), but in those 
cases where brush temperatures become 
extremely important it is advisable to 
drill the brush near the contact end and 
press in a thermocouple. A brush so 
arranged, ready to go into a motor, is 
shown in Figure 15. 


Tests That Should Be Run for 
Preliminary Danger-Spot 
Investigations 


Test 1. Lock the rotor and allow it to 
remain on the line until it has reached a 
dangerous temperature. Record the start- 
ing amperes, the amperes at the end of the 
test, and the impressed voltage correspond- 
ing to each reading. Obtain rotor-winding 
temperatures, series-field temperatures, 
brush temperatures, pigtail temperatures, 
commutator temperatures, and tempera- 
tures of any other part which possibly may 
become one of the danger hot-spot tem- 


Figure 7. Obtain- 

ing shutdown rotor 

tesistance after run- 
ning test 


peratures. Probably the easiest way to 
conduct this test is to guess how much time 
the motor can stand on locked rotor. Then 
run the above test for not over one-half this 
time, obtaining and recording the above- 
mentioned temperatures. Cool the motor 
back to starting condition. Then repeat the 
test, allowing the motor to remain on the 
line a little longer than the original time. 
After repeating the above type of test for 
several times, with each locked time longer 
than the preceding one, a curve can be 
plotted of the temperatures in different 
parts of the motor versus locked time. 
Figure 16 shows such a test being run. 
Granted, it takes a large number of people 
to conduct such a test in order to get 
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simultaneous readings, but the accuracy. of 
results and the short time that is required 
to get the readings will justify the trouble. 
Figure 17 shows a curve obtained from the 
data taken as described above. 


Test 2. If a motor is of the intermittent- 
duty type where it cannot carry its duty 
cycle continuously, start the motor at room 
temperature at a load equal to its inter- 
mittent-duty rating. Operate the motor 
until it reaches a very high temperature. 
Record at relatively close time intervals all 
the temperatures of the different elements 
within the motor which are at all likely to 
be the limiting danger hot-spot tempera- 
tures. Final rotor-winding temperature 
similar to the test outlined previously 
should be obtained at the end of this test. 
From these data, plot a curve of the motor 
temperature versus time. Figure 18 is an 
actual curve obtained in the preliminary 
stages of applying a protector. 


Test 3. If a motor is of the continuous- 
duty type, operate it at full load, and, when 
it has reached a stable condition, record all 
the temperatures of the different elements 
of the motor. Then increase the load five 
to ten per cent and repeat the test. Then, 
in several steps, increase the load. At each 
one of these load values, the current should 
be maintained constantly until a stable 
temperature reading is reached. These in- 
crease steps should be continued until the 
motor is operating at as high a value as is 
deemed practical. This temperature may 


be even higher than that to which the de- 
signer wants to limit his motor. From these 


data can be plotted a curve of motor tem- 
perature versus motor amperes. Such a 
curve is shown in Figure 19. 


The tests from which these three curves 
are obtained represent the minimum 
amount of testing required to arrive 
initially at the temperatures to which ie 
different parts of the motor can be run 
and also the minimum test data required 
to select a reasonably accurate pre- 
liminary motor-protection sathple for test 
on the motor. However, before work 
can be started on a protector sample, 
it must be ascertained to what tempera- 
ture the motor hot spots can operate. 
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Some of the Outstanding Weak 
Spots That Have Been 
Encountered in Different Motors 
Which Have Been Tested for 
Protection Application 


1. On locked rotor on one motor the 
brushes glowed red for one-quarter inch 
from the commutator in less than one 
second, and high bars appeared in the com- 
mutator under the brushes. The rest of the 
motor was very cool at the end of this one 
second. 


2. On another motor the commutator for 
about three segments under each brush was 
a molten mass after two seconds on locked 


baie 


Figure 8. Prongs used to obtain rotor re- 
sistance through brush holders 


4 rotor, and it was impossible on the same 


motor to close and open a 200-ampere 
knife-blade switch fast enough not to cause 
damage to the commutator. 


3. On still another motor, when the series- 
type clutch reached 203 degrees centigrade 
on an intermittent-duty motor, the series 
field was 69 degrees centigrade and the 
rotor was 57 degrees centigrade. 


4. The insulating sleeving around the 
brush pigtails on still another motor would 
burn off on running long before the rest of 
the motor was up to a dangerous tempera- 
ture, and on locked rotor the pigtails would 
burn out while the rest of the motor re- 
mained relatively cool. 


5. On a fifth motor the solder would melt 
on the end of pigtail on running before 


' other parts of the motor were near maxi- 


mum possible temperature. 


6. In a sixth motor the springs holding 


‘down the brushes annealed when rotor 


windings were at a temperature not exceed- 
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Figure 9. Cooling characteristics of rotor 
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ing 125 degrees centigrade and field windings 
were 145 degrees centigrade. 


7. In still another motor an unbalanced 
rotor winding was found with certain coils 
operating very hot, while the rest of the 
rotor coils ran much cooler. 


The foregoing are only a few of the 
design weaknesses which have shown up 
in production motors when protectors 
have been applied. Quite naturally, 
when such design weaknesses are found 
in the motor, they should be corrected 
by the motor manufacturer before the 
protector is applied, but in a good many 
cases the manufacturer does not feel 
that production design can be changed 
to correct these features. Therefore, in 
those cases the thermal characteristics of 
the protector must be adjusted to limit 
the danger hot spot in the weak member. 
Where this weakest spot shows up on, 
say, locked rotor but is not the limiting 
factor on running at rated load, the 
adapting of the protector becomes quite 
a trying problem. But, even here a 
properly designed and applied protector 
under all conditions should carry the 
motor up to approximately the point 
where one of the elements is reaching its 
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Figure 10. Cooling characteristics of a rotor 
for various ambients and load conditions 


danger hot-spot temperature before tak- 
ing the motor off the line. 


What Is the Life Expectancy of the 

Different Parts of the Motor? 
WINDINGS 

As has been pointed out before in this 
paper, the life of most parts of a motor is 
based on temperature. To start with, 
let us consider the life of the windings 
in the series field, shunt field, clutch, 
brake, rotor, and so forth. Mr. Scott 
and Mr. Thompson in their paper on 
“Temperature-Aging Tests on Class-A 
Insulated Fractional-Horsepower Motor 
Stators,’’! make the following statement: 
“Below 200 degrees centigrade there is 
no temperature which, if exceeded, causes 
an abrupt failure of the insulation; that 
is, the temperature-aging curves of the 
insulation of these motors are uniform 
and continuous.” In this paper they 
point out that for every 10 to 11 
degrees centigrade increase in winding 
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Measuring rotor resistance 


Figure 11. 


temperature, the life of class-A windings 
is cut in half. A reproduction of one of 
their curves of insulation life versus 
temperature is shown in Figure 20. 

Douglas F. Miner, in his book, ‘‘Insu- 
lation of Electrical Apparatus,’’? closely 
verifies the afore-mentioned life value. 
He finds from an entirely different pro- 
cedure that the life of class-A insulation 
is halved for each increase of approxi- 
mately eight degrees centigrade tem- 
perature, and for class-B the life is halved 
for every 10/2 degree centigrade increase 
in temperature. A reproduction of his 
curve of life versus temperature for class- 
A insulation is shown in Figure 21. 

From the preceding information it 
can be seen that there is not a cut-and- 
dried temperature at which a motor may 
run, and a slightly higher temperature at 
which it must be taken instantly from 
the line. What is required is an engi- 
neering compromise. That is, it is neces- 
sary for the engineers interested in the 
particular application to specify a mini- 
mum life and let the maximum winding 
temperatures be fixed by this chosen 
life. 


COMMUTATOR 


If the solder in the commutator riser 
is the limiting hot spot, this is ascertained 
easily. Either the solder throws or it 
does not. This is approximately a fixed 
temperature, and it is possible to operate 
for a long period of time fairly close to 
the throwing point. The easiest way to 
get this point is to operate the motor 


Figure 12. Resistance probe as used with 
double Kelvin bridge 
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under the conditions which cause the 
highest heat concentration in the com- 
mutator until the solder is actually 
thrown. 

How high commutator temperatures 
can rise under locked-rotor conditions 
before the squeezing action under the 
brush causes high bars is something 
difficult to ascertain. One method that 
has worked out satisfactorily is as follows: 
When commutator temperatures are 
known to be running dangerously high 
on loeked-rotor test, the commutator, 
after such tests, should be measured to 
locate any possible elevated commutator 
segment. Should none appear, then 
several production protected motors 
should be operated for five hours on 
locked rotor. These motors should then 
be taken apart and examined for the 
high bar difficulty. If no high bars 
appear in any of these motors, the motor 
manufacturer can be reasonably sure that 
the motor will experience no abnormal 
squeezing of the commutator segments. 


P1IGTAIL—BRUSH SPRING 


The pigtail in most motors is not 
covered and can run quite hot if need be. 
Temperatures in the red-heat zone are 
not recommended during locked-rotor 
conditions, but temperature where inter- 
ference colors are formed is not too 
objectionable, provided this heat does 
not affect other members. 

For instance, an insulating cover over 
the pigtails would be one limiting feature. 
In this case the temperature would have 
to be held to a value where the insulating 
members would not be burned. Another 
imstance occurs where the heat from the 
pigtail heats the brush springs. These 
m tum will be annealed and lose their 
pressure, causing bad commutation. No 
exact temperature figure to which springs 
can be operated seems to be available, 
but here again tests conducted under the 
worst heating conditions for the springs 
will tell whether the spring in question 
will be annealed in the period of life 
expectancy desired. 


BRUSHES 


Experience has shown that under 
running conditions the temperature of the 


f 


Figure 13. Locating holes in commutator 
segments for measurement of resistance 
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Table I. Cooling Data of Rotor 


— 


Time (Seconds) Resistance (Ohms) 


PBB GGA OU OIRO OO ON OOU 0.6350 
ear ets oantohalavainetviapy eters eis ae sabe 0.61975 
AD ras alate) sielalaveye site a(>) rvsjotelale! oe 0.61375 
DB iyasetck lalscorstectie coovatas ovale swolclere 0.6085 
Ga eryarctereiarelpte eed cstel(eseseisio: oleate 0.6040 
Disparate sib eA Gie sere lofi’>poisia/n/ejaxerels 0.6005 
Ba eerodate ktolets eters Peistsputerarere accurate 0.5965 
DAW arerereblatetaleters otntsialofalele'stsiel= 0.5935 
LOA sateiesiataYetois wtaxelavei=tels, sls: eJelevern 0.5905 
WL Fraretrtovetelareiete rere ilatsinicreleleiereittes 0.5875 
L2G srrcreleneye astiora ates e ietelOnue) ecpisse 0.5840 
SB Se piers erciel sia cycielsiete win otavelm rates 0.5805 
LOOT rtors eta relerereleys ofeto rs etstans) cfarepeys 0.5775 
TOO Sicieieselai ier osveseibis (eine ere whoug hs 0.57475 
LTO ae ale lole a ieleioxaloleseieialece fais) srevris'4 0.5720 
DSA wowicielsgiein Oeeinick sid arene 0.56925 


brushes has never been a limiting factor 
in applying a protector. But, on locked 
rotor in certain designs the brush tem- 
peratures have been a decided limiting 
factor. Brush contacts with the com- 
mutator on locked rotor have been seen 
to glow red before any other element in 
the motor had reached a dangerous spot 
temperature high enough to warrant 
setting the protector to open. Quite 
naturally, the possibility of such high 
temperatures cannot be allowed to exist 
in a protected motor as such tempera- 
tures would cause difficulty, such as high 
bars, rough commutators, and the like. 
It must be borne in mind that under the 
AN-M-10 specification, after a five-hour 
locked-rotor test, the motor must still 
be in satisfactory operating condition. 


SOLDER ON PIGTAILS AND OTHER 
SOLDER CONNECTIONS 


All these connections made with solder 
can operate almost indefinitely just below 
the solder-softening point. This softening 
point value is obtained easily and can be 
measured from thermocouples directly 
imbedded in the solder. Therefore, it is 
quite easy to ascertain whether they are 
the limiting hot-spot temperatures. 


BEARINGS 


Although there has been a great deal 
of discussion about life of bearings at 
elevated temperatures, a motor protector 
set to limit all the other hot spots in the 
motor to proper values normally will 
allow the bearings to operate for the 
minimum life expectancy. 

To point out how widely different the 
anticipated life of bearing versus tem- 
perature can be with different greases, 
Figure 22 shows five different curves 
on bearing life with different lubricating 
material. The figure on each curve shows 
the minimum temperature recommended 
for each grease. Note the lower the 
minimum temperature recommended for 
the grease, the shorter the bearing life at 
any given temperature. Also note the 
wide difference in life between two so- 
called low-temperature greases. These 
curves should not be used for accurate- 
design purposes. Each grease by each 
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ve 
; Eee, 
manufacturer has its own life chara 
istics, and these curves should be ob- 
tained and used instead of the curves 
shown in Figure 22. 


What Is the Minimum Life 
Expectancy Desired? 


To begin with, aircraft-motor speci- 
fications today say that a motor must 
stand five hours locked rotor, and after 
this it shall be in such good condition 
that it shall be able to pass all of its other 
life requirements as set up by the speci- 
fication. 

Beyond this, we have very little written 
matter to guide us, but in aircraft motors 
it is necessary to get everything possible 
out of the motor before it is taken from 
the line. It is also a well-known fact 
that the total running life on any aircraft 
motor is relatively short compared to 
commercial motors. Therefore, the de- 
signer does not have to build as much 
life into the aircraft motor. This, in 
effect, means that he can run the aircraft 
motor at much higher temperatures. 

For example, the Underwriters’ Labora- 
tories’ listing requirements say that pro- 
tected motors shall not run at a winding 
temperature over 125 degrees centigrade 
for class-A insulation. Miner’s curves, 
Figure 21, give a minimum life expectancy 
of 400 days, and the Scott and Thompson 
curve, Figure 20, gives a minimum Ife 
of approximately 450 days. No aircraft 
electric motor would be expected to 
operate for such a long time under distress 
conditions. Other known facts are that 
most intermittent-duty motors mever 
will operate for more than a few hours 
during the entire life of an airplane, while 
some continuous-duty motors may 
operate every minute the airplane is in 
the air and can accumulate a considerable 


number of hours of running time. There- 


fore, it becomes evident that as a general 
rule the intermittent-duty motor can 
be operated to higher temperatures than 
can the longer-life continuous-duty motor. 

Thus, it has been concluded from all 
data available that the class-A windings 


Thermocouples soldered to brush 
holders ‘ id 


Figure 14. 
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embedded in 


Figure 15. Thermocouple 
brush 


on highly intermittent-duty motors 
should be limited by the protector to 
approximately 200 degrees centigrade, 
which, from the two temperature versus 
life charts, Figures 20 and 21, gives a 
minimum life expectancy of 21 hours to 
five days. It has been concluded further 
that continuous-duty motors be limited 
to approximately a winding temperature 
of 178 degrees centigrade, which gives a 
minimum life expectancy of from five to 
18 days, as illustrated in Figures 20 and 
21. 

Quite naturally, the temperatures given 
are not fixed and absolute. They are 
starting points from which to study each 
individual application as it comes up. 
Should the windings be of a better grade 
than shown, naturally temperatures 
should be increased. On the other hand, 
should it be deemed necessary to get 
more work out of a particular motor in 
an emergency than these maximum tem- 
peratures will allow, it is possible by 
sacrificing some of the life expectancy in 
the motor to set the protector to limit 
the motor windings to some higher value. 

Most of the other danger hot spots 
are more dramatic in their manifestations 
of danger than are the windings, and, 
under those conditions where they are 
the limiting factor, the temperature at 
which damage occurs usually can be de- 
termined to quite close limits. In most 
motors, by dropping the maximum tem- 
perature allowed by the protector only a 
few per cent below these known values, 
the motor will last its required life. 
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It should be pointed out that under 
normal operating conditions the motor 
should not operate up to these maximum 
hot-spot temperatures. The different hot 
spots will operate at the same tempera- 
ture at which the motor would operate 
if it did not have a protector, and the 
expected life of the motor under normal 
load is not in any way affected by the 
protector. The minimum life cited is 
only expected if the motor always operates 
under a distress condition. 

The protector is similar to a safety 
valve or a high-limit control and never 
should be called on to operate unless 
some unusual condition is encountered. 
It must be remembered that in a high- 
flying airplane altitudés of 30,000 to 
40,000 feet and temperatures of —65 
degrees centigrade or lower are not 
unusual conditions. They are the usual 
conditions, and motors should be de- 
signed to take care of these conditions 
without operating the motor at a tem- 
perature high enough to cause the pro- 
tector to open. [Jf the protector does have 
to open under these conditions, then the 
motor itself 1s not the one for the job. If, 
on the other hand, the motor does en- 
counter unusual conditions, then after 
the motor has done all it is thermally 
capable of doing, and only then, should 
the protector take the motor from the 
line. 


How Protectors Are Applied 


Having run the three tests as outlined 
in section marked ‘‘Tests That Must Be 
Run for Preliminary Hot-Spot Investi- 
gation,” and having established the 
minimum life expectancy for the par- 
ticular motor in question, as outlined in 
section, ‘“‘What Is the Life Expectancy of 
the Different Parts of the Motor,” the 
motor designer is ready to apply a pro- 
tector to the motor. 

First, it is necessary for the motor and 
protection engineers to ascertain what 
style of protector is to be used and where 
it is to be mounted. The protector 
engineer’s first desire is to try to place 
the protector at a location as closely 
related thermally to the hot spot as 


} 
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Figure 16. Testing 

a motor under 

locked-rotor condi- 
tions 
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Figure 17. Temperature in different parts 
of the motor versus time for locked-rotor 
conditions 


possible. The motor engineer’s problem 
is then to design the protector into his 
motor, keeping in mind the request of 
the protection engineer, but also looking 
out for his own particular problems of 
manufacturing. It might be pointed out 
here that regardless of the final protector 
location a thermal protector usually can 
be worked out which can protect the 
motor satisfactorily. But, on the other 
hand, the further the protector is mounted 
away from the hot spot thermally, the 
greater is the engineering job of adapting 
a protector to the motor. 

With the mounting of the protector 
decided upon, a protector is selected so 
that it will meet the one locked-rotor 
condition already run at room ambient 
temperature and will also have thermal 
properties which will meet the conditions 
indicated in the running tests. 

It must be kept in mind that such a 
protector under running conditions on a 
certain motor may have such thermal 
properties as to protect, for example, 
the large mass of the rotor windings, 
while on locked rotor the thermal charac- 
teristics of the protector must be of such 
a design that it will protect the small 
mass of the brush pigtail. And in the 
example cited, the brush pigtails under 
this locked-rotor condition may have a 
thermal mass so small that the rotor may 
be able to stay on locked rotor five to 
ten times as long as it would take to burn 
the pigtails out. 

It often has been said, ‘‘This can’t be 
done.” This would be building two 
entirely different thermal units with 
entirely different thermal mass charac- 
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Figure 18. Temperature in different parts 
of the motor versus time for intermittent- 
duty load 
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Figure 19. Temperature in different parts 
of the motor versus continuous load current 


teristics into one device. However, in 
actual practice, a properly designed 
aircraft-motor protector has to do just 
that thing. It is being called on to pro- 
tect, not the windings alone, but the 
entire motor, and, what is more impor- 
tant, it should allow at least one of the 
hot spots in the motor to rise to the 
danger temperature before taking the 
motor off the line, regardless of the condi- 
tion under which the motor is operating. 

Quite naturally, one thermal-responsive 
element in a protector in most cases would 
not take care of such wide variations in 
thermal mass conditions in the motor. 
Present-day successful aircraft-motor 
protectors have at least two thermal- 
responsive elements, besides taking ad- 
vantage of the thermal characteristics of 
the motor itself by virtue of being 
mounted in thermal contact with the 
motor. The theory of how this is done 
has already been presented in a paper 
entitled ‘Principles of Aircraft Electric- 
Motor Protection” by V. G. Vaughan. 

As soon as the protector has been 
mounted on the motor, it then becomes 
necessary to test and see if the protector 
will protect not only under the pre- 
liminary test conditions, but under all 
conditions. First, it is desirable to 
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Figure 20. Effect of temperature on life of 
insulation—Scott and Thompson 
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check against the conditions for which the 
protector was selected. The motor should 
be locked and connected to a source’ of 
supply of proper voltage; complete re- 
sults of such a test should be obtained, 
showing time, current, temperature, and 
so forth. A suggested form and method 
of recording test data is shown in Figure 
23. Figure 24 is a chart taken from a 
recorder showing the continuous record of 
the temperature of a thermocouple em- 
bedded in the rotor winding for the same 
test run. This thermocouple is the same 
thermocouple as shown in column 10 in 
Figure 23. Such a locked-rotor test 
should be continued until a steady-state 
cycling condition is reached. This time 
is usually less than one hour. 

After the locked test, another test 
under the preliminary running condition 
is made. Here again a complete test is 
run, obtaining temperatures, times, cur- 
rents, amperes, and so forth. An actual 
test report taken from a test run on a 
motor is shown in Figure 25, and the 
continuous-recording thermocouple po- 
tentiometer chart for the thermocouple 
embedded in the series-field windings is 
shown in Figure 26. This is for a con- 
tinuous-duty motor, and it shows that 
the motor, at an ambient of 77 degrees 
centigrade and at sea level, can carry 
6.25 amperes continuously with the rotor 
winding reaching 174 degrees centigrade 
without opening the protector. How- 
ever, when the current was raised to 6.50 
amperes, the protector tripped, limiting 
the hot-spot temperature to 176 degrees 
centigrade. 

To connect the motor to the line and 
let it cycle without any measurements 
would give a good indication of whether 
the motor was protected or not. But it 
would not tell whether the motor was being 
operated up to its maximum thermal limits. 

If the first protector will not take care 
of these two first conditions, then a new 
protector with different characteristics 
based on these first two tests must be 
installed and the foregoing test repeated. 
Quite often the initial protector will give 
perfect locked-rotor protection and carry 
the danger hot spots to the point desired 
but on the running test the protector will 
operate before the motor danger hot spot 
has reached a high enough temperature to 
warrant taking the motor from the line. 
Or, in other cases, perfect locked-rotor 
protection may be obtained, but the 
motor will not be protected at all on the 
running test. In each of these cases the 
protector designer has to change the 
thermal characteristics of the protector 
to satisfy the running conditions without 
affecting it under the locked-rotor condi- 
tion. 

As soon as satisfactory results are 
obtained on these two tests, it then be- 
comes necessary to check enough of the 
other operating conditions to make 
sure the protector will protect under 
all conditions. As a general rule, 
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when a protector is applied following the 
theory outlined in Mr. Vaughan’s paper, 
“Principles of Aircraft Electric-Motor 
Protection,” if it will protect under the 
two conditions previously mentioned, it 
will be protected under all conditions. 
However, a locked-rotor test should be 
run at low ambient temperatures (—54 
degrees centigrade) high altitude and at 
high ambient temperatures (77 degrees 
centigrade) low altitude. Then loads of 
several different values should be run 
under all these temperature and altitude 
conditions. 

On the first motor a manufacturer 
protects it will require a number of tests 
to ascertain whether a motor is completely 
protected, but as he gains experience with 
one particular design of protector on his 
line of motors, he can shorten this testing 
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ball bearings 4 
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Figure 23. Sample locked-rotor test data sheet 


,time a good deal. The reason for this 
is that he soon learns those tests on his 
own design of motor which are critical 
and tell him whether the motor is pro- 
tected or not. But, using the shortest 
test procedure which will insure perfect 
protection, it still is a rather lengthy 
engineering job to apply a protector. 

The reason is quite plain. To protect 
a motor is easy, but to protect a motor 
under every condition and get the maxi- 
mum possible output practical is another 
story. This requires a great deal of 
engineering thought and testing, which is 
exactly what every engineer finds when 
he must cut his factor of safety in any de- 
sign down to almost zero, and that, in 
effect, is exactly what is being attempted 
in protecting aircraft motors. 

On the other hand, the engineer can 
draw some comfort for his great amount 
of work from the fact that as soon as this 
engineering is complete it is no more 
trouble in production to put on a pro- 
tector than it is to put in a brush, an 
end bell, or the like. 


Test Results Obtained on a 
Particular Motor 


To try to include in this paper a com- 
plete set of test reports and graphs on 
even one motor would increase its length 
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Figure 24. Continuous record of the rotor 
winding temperature by thermocouple for 
1 locked-rotor condition 
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unduly. Therefore, for the sake of 
brevity, only one graph, Figure 27, will 
be shown. This graph shows the maxi- 
mum amount of current load the motor 
will carry indefinitely without tripping 
the protector at any temperature between 
—60 degrees centigrade and 80 degrees 
centigrade at sea level. This is com- 
monly known as the ultimate trip versus 
ambient temperature curve. Also, on 
this curve is plotted the steady-state 
temperatures reached by the different 
part of the motor under each ambient 
temperature condition. 

Note in these curves that the danger 
hot spot, which was the rotor winding, 
varied only two degrees centigrade in 
ambient temperatures that varied over a 
range of 140 degrees centigrade. It also 
should be noted that the protector al- 
lowed the motor to carry almost two times 
as much load at —60 degrees centigrade 
as it did at 80 degrees centigrade, but, 
whenever the rotor winding exceeded 
175 degrees centigrade, the protector 
would open. These curves also show that 
other elements in the motor may vary 
widely in temperature with ambient 
temperature, but the danger spot, for 
which the protector is adjusted, always is 
limited to almost a fixed value. 

Further testing on this and other 
motors has shown that the same kind of 
protection) for the danger hot spot can 
be obtained if the altitude is varied from 
sea level to 50,000 feet; if the heat- 
absorbing mass on which the mator is 
mounted is changed over wide limits; 
if the load is varied up to and including 
locked rotor; or if any combination of 
temperature, altitude, heat absorption, 
or load is applied. 


What Is Required in the Way of 
Production Tests by the Motor 
Manufacturer 


Several motor manufacturers have 
suggested the following procedure: the 
motor be tested, the protector be tested 
separately, the protector be mounted on 
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Figure 25. Sample running overload test 
data sheet 


the motor, and the protected motor be 
shipped without further tests. This is 
not a recommended procedure. The 
device to be shipped is a protected motor, 
and at least some tests should be made to 
prove the performance of the combi- 
nation as such. 

Probably the best procedure is to stall 
the protected motor on the line. The 
voltage of the source should be held 
closely at a fixed value, and the time for 
opening of the protector should be ob- 
tained. This time of opening should be 
between two time limits set up by the 
engineering department. A great deal of 
care should be used in setting this maxi- 
mum and minimum locked-rotor time, as 
this time is dependent on the variations 
in the protector, the variations in the 
motor, the variations in ambient tem- 
perature, and the variations in the line 
voltage. In effect, this test indicates 
whether the protector manufacturer has 
furnished the proper rating protector, 
that it is installed properly, and that there 
is no major defect in the motor itself. 

To give an idea of how rough a test 
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Figure 26. Continuous record of the series- 
field temperature by thermocouple for ultimate 
trip test 
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this appears to be, the following examples 
might be cited: 

One motor manufacturer’s time limit 
on locked rotor is ten to 25 seconds. 
Another manufacturer has a limit of 50 
to 110 seconds. Either of these appears 
to be quite a wide variation in time and 
would probably mean to the average 
motor engineer that the ultimate tem- 
perature reached by the motor would be 
quite different between the motors which 
had these two extremely wide locked-rotor 
times. 

The engineer who set up the 50-to- 
110-second time limits took a motor that 
had a 53-second locked time and one with 
108-second locked time. He ran these 
two motors on an intermittent-duty load 
until each protector opened. The time 
the protector took to operate the first 
time was in the neighborhood of five 
minutes, and the final hot-spot tempera- 
ture of the two motors varied only two 
degrees centigrade. This proved to his 
satisfaction that wide locked-rotor time 
did not indicate wide difference in ulti- 
mate temperature reached by the motor. 

Several motor manufacturers check 
protected motors in production with a 
locked test only, and field results have 
been excellent, tending to prove that 
this method is quite satisfactory. 

Another manufacturer tests each air- 
eraft motor for three to five cycles on 
Jocked rotor. He obtains the first ‘‘on”’ 
time and observes the results on the other 
three to five cycles. Then, every tenth 
motor, which is of the intermittent-duty 
type, is put on its intermittent-duty- 
rated load and operated until the pro- 
tector opens. This opening time must 
come between two certain fixed time 
limits. The danger hot spot of this par- 
ticular line of motors, under this running 
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CURRENT IN AMPERES 


20. 0 
AMBIENT TEMPERATURE IN °C 
Figure 27. Ultimate trip versus ambient 
temperature’ - 


load, is the throwing of solder from the 
commutator risers. So, motors that are 
run are inspected carefully for solder 
throwing. However, this manufacturer 
has had no more rejected protectors from 
his line than have those that are tested 
on locked rotor only. In fact, his ex- 
perience on rejected protectors has been 
lower than most of those manufacturers 
who test on locked totor only. While 
there is no question that this latter 
manufacturer is doing more elaborate 
testing on his production line, it would 
appear that probably it is not necessary. 


Conclusions 


As a practical proposition, most motors 
can be protected up to a predetermined 
hot-spot temperature even if under 
different operating conditions the danger 
hot spot may shift from one element to 
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another, and, if properly applied, this 
protection is obtained under all conditions 
of altitude, ambient temperature, and 
load. The protector is nothing but an 
electrical-thermal integrating device 
which tells exactly by the current passing 
through it and by the heat conducted to 
it what the different danger hot spots are 
doing, and, when any one of them gets 
up to its maximum temperature allow- 
able, the protector opens the circuit. 
The protector turns it back on when 
it has cooled somewhat, but stands ready 
to open the circuit again whenever any 
of the hot spots again exceed its own 
maximum safe value. 

Reams of literature could be written 
on the subject, and curves by the hun- 
dreds could be drawn and presented, but, 
until an engineer has actually experienced 
going through the complete test, and then _ 
has had such tests verified by putting 
motors into actual production, it is 
almost impossible to realize how com- 
pletely and uncannily this simple compact 
device always can come up with the right 
answers. However, the protector does 
not do it by itself. Many long hours of 
engineering go with each of these appli- 
cations, and a device less perfectly engi- 
neered may give no end of trouble and 
grief should it find its way eventually 
onto an airplane. 
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An Analysis to Determine the Optimum 
Bussing Arrangements and Transmission 
Capabilities at Grand Coulee 


B. V. HOARD 


MEMBER AIEE 


S a result of the war, the installation 
of generators at the Grand Coulee 
generating station, which is located on 
the Columbia River in the northeastern 
portion of the State of Washington, has 
been accelerated to such an extent that 
the station now generates more hydro- 
electric energy than any other single 
station in the world. The station ‘was 
built and is operated by the United States 
Bureau of Reclamation. Power from it, 
as well as power from the Bonneville 
Dam, is delivered through the trans- 
mission system of the Bonneville Power 
Administration to three major load cen- 
ters, the Puget Sound area of western 
Washington, the Spokane area of eastern 
Washington, and the Portland area of 
western Oregon. Power is supplied to 
large electrochemical industries in each 
load area, as well as through high-capacity 
ties to the public utilities of the respeetive 
areas. The high-capacity ties create a 
large closely integrated system operating 
in synchronism in the States of Washing- 
ton, Oregon, and in Northern Idaho. 
The combined peak load of these systems 
_ exceeds 2,400,000 kw. In the eastern 
section of this area there are other ties 
to Montana, Utah, and southern Idaho 
utilities. Peak load of all intercon- 
nected power systems in these five states 
' is approximately 3,000,000 kw. How- 
ever, this paper is concerned mainly with 
the areas in Washington, Oregon, and 
northern Idaho. 

The Grand Coulee generating station, 
together with the transmission lines radi- 
ating from it to the east, west, and south, 
may be considered as the hub of these 
systems. Six 108,000-kva and two 75, 
000-kva generators are installed, but, 
with allowable overloads up to 120 per 
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cent of rated capacity, a total output of 
920,000 kw is obtainable. The station 
was designed so that each generator and 
transformer operates as a unit without a 
low-voltage bus or bus reactors, and all 
switching therefore must be performed 
on the high-voltage busses as indicated in 
Figure 1, which shows a_ simplified 
schematic diagram of the station. 

The critical-material shortage pro- 
duced by the war has restricted the 
building of transmission lines and sub- 
stations in the area to the very mini- 
mum. This has resulted in such heavy 
loads on transmission lines that transient- 
stability limits often may be exceeded un- 
less special design and operating precau- 
tions are taken. All of the power trans- 
mitted from Grand Coulee and the 
Bonneville generating station, the latter 
having a peak capacity of 560,000 kw, is 
utilized either for vital war industries, for 
essential civilian activities, or to displace 
oil-fired steam generation. For these 
reasons a high degree of reliability of serv- 
ice is essential, despite the heavy trans- 
mission-line loadings, 

This paper presents the results of stud- 
ies which were made of the northwestern 
interconnected systems, in an effort to 
obtain a bussing arrangement at Grand 
Coulee on the high-voltage bus, which 
would give optimum operating conditions 
and continuity of service. It is believed 
that the design and operating factors in- 
volved and the bussing arrangement fi- 
nally selected will be of interest to a large 
number of electrical engineers. 


Statement of Problem 


The transmission grid of the Bonneville 
Power Administration as it will be at the 
end of 1944 is represented in Figure 5. 
For simplicity no circuit breakers have 
been shown in this diagram. Radiating 
from Grand Coulee are six 230-kv and, 
two 115-kv transmission lines. The 
shortest line to Spokane is 82 miles long— 
the longest line to Portland (J. D. Ross 
substation) is 270 miles long—while the 
longest line section without an inter- 
mediate switching station, a Coulee- 
Covington line, is 183 miles in length. 
These lines must carry the station out- 
put, 920,000 kw, averaging 140,000 kw 
per 230-kv line. However, because of 
load diversity, local hydroelectric genera- 
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tion, and a diversity in the rainfall in 
each of the three major load areas, a 
normal line loading of 160,000 to 180,000 
kw often will occur. 

In Figure 5, only the BPA transmission 
system is shown. For simplicity no 
effort has been made to show the systems 
of the other utilities supplying Seattle, 
Tacoma, Spokane, Portland, and other 
cities in the area. However, since 
Grand Coulee alone will supply nearly 
30 per cent of the total peak load of the 
area in 1944, it becomes evident that the 
method used to connect the Coulee gen- 
erators and transmission lines is a critical 
factor in operation of all the northwestern 
interconnected systems. This is especi- 
ally true during and following system 
disturbances which may cause instability 
and a temporary shutdown of vital war 
loads until generating plants can be resyn- 
chronized with each other. 

To bus the generators and transmission 
lines satisfactorily at Grand Coulee, it 
was necessary to: 


1. Obtain a reasonable 230-kv breaker in- 
terrupting duty. 


2. Match the transmission capabilities of 
the lines connected to a bus section to the 
capabilities of the generators connected, for 
both normal and emergency operation, so 
that maximum energy can be obtained from 
all generators in the station. 


3. Obtain a bussing arrangement which will 
give a high degree of transient stability con- 
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Figure 1. Description of steady-state condi- 
tions, cases 1 through 7, with all 230-kv lines 


MIDWAY 


in service 
(a). Coulee 230-kv bus in two sections 
(6). Two Coulee—Covington lines 
(c). All 230-ky lines interleaved 
(d). Eight Coulee generators 
(e). 427,000 kw of Coulee power de- 


livered to coastal area at 230 kv: 266,000 kw 
at Covington, 161,000 kw at North Bonneville 
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SPOKANE 


230 KV 230 KV 
COVINGTON SPOKANE 
MIDWAY 
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MIDWAY 

Figure 2. Description of emergency condi- 

tion, cases 8 through 14, with one Coulee- 
Covington line out of service 


(a). Coulee 230-kv bus split into three sec- 
tions; lines interleaved 

(b). Eight Coulee generators 

(c). One Coulee—Covington line—isolated © 

(d). 411,000 kw of Coulee power de- 

livered to coastal area at 230 kv: 214,000 kw 

at Covington, 197,000 kw at North Bonneville 
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COULEE 
(s)(5) @ IS KV 
A SPOKANE 
230 KV 230KV 
cov. SPOKANE COVINGTON SPOKANE 
MIDWAY 
Figure 3. Description of emergency condi- 


tions, cases 15 through 20, with one Coulee- 
Midway line out of service 


(a). Coulee 230-kv bus split into three sec- 
~ tions, lines interleaved 

(b). Eight Coulee generators 

(c). One Coulee-—Midwey line—isolated 

(d). 450,000 kw of Coulee power delivered 

to coastal area at 230 kv: 312,000 kw et 

Covington, 138,000 kw at North Bonneville 


sistent with the large line loadings normally 
obtained. 

4. Avoid complex switching operations 
when load shifts from one area to another, or 
when a change is being made from normal 
operation to emergency operation when a 
transmission line or some piece of equipment 
is out of service. 


Solution to the Problem 


It was found that with eight generators 
and all lines connected to one bus section 
the maximum asymmetrical fault kilovolt- 
amperes would exceed 5,000,000. The 
existing station represents approximately 
half of the ultimate development, and as 
the existing three-cycle circuit breakers 
in the lines had a 2,500,000-kva inter- 
rupting rating, some form of bus split 
was immediately indicated. An investi- 
gation showed that these breakers could 
be modified to a 3,500,000-kva interrupt- 
ing rating at a reasonable cost, and so 
this value was used as an upper limit in 
subsequent designs. 

In many cases, when the 13.8-kv. bus 
of a large generating station is split into 
sections to decrease breaker duty, bus 
reactors are used to obtain synchronizing 
power between bus sections. When 
230-kv bus reactors are considered, how- 
ever, the high cost, large size, amount 
of material involved, and the critical 
physical limitations of the Grand Coulee 
switchyard made the use of reactors ap- 
pear questionable. It wus finally de- 
cided that bus reactors were not required, 
since a sufficient operating flexibility 
would be obtained without them, and 
their omission saved considerable money. 

The large output of most of the genera- 
tors, 125,000 kw per generator, including 
overload capability, combined with the 
heavy line loads of 160,000 to 180,000 kw, 
definitely limited the combinations of 
generators and lines which could be con- 
sidered for possible bussing arrangements. 
Table I gives a comparison of the average 
line loading obtained for different as- 
sumed numbers of lines and generators 
connected to a bus section, also the total 
three-phase asymmetrical megavolt-am- 
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peres which would have to be interrupted 
by a three-cycle breaker, assuming that 
the breaker contacts parted within two 
cycles following the initiation of the fault. 
It will be observed in Table I that some 
line and generator combinations give an 
average line loading which is quite small; 
others produce a loading which is very 
large. When the loading is too small, 
more lines are required to get the power 
out of the station, the transmission 
cost becomes higher, and more critical 
materials are used for additional lines. 
When the load is too high, system opera- 
tion becomes critical, and stability will 
be lost for a large number of system dis- 
turbances. 

From a study of Table I and from the 
results of a large number of transient- 
stability studies made on the BPA a-c 
calculating board, it was determined that 
the combination of four generators and 
three 230-kv lines per bus section was a 
practical solution. This was especially 
true, since it divided the station into two 
bus sections having very nearly equal 
generator and transmission-line capaci- 
ties. For this combination the interrupt- 
ing duty on the circuit breakers is low 
enough to permit the addition of a third 
similar bus section at Coulee, future lines 
to the load centers from this bus, and the 
installation of an intermediate switching 
station in the long Coulee-Covington 
lines. This is important as the eight 
generators now installed ultimately will 
be increased to 15. 

The bussing arrangement finally de- 
cided upon is such that the station 
will be operated in two isolated bus sec- 
tions at Coulee with a 230-kv transmis- 
sion line from each bus section to each of 
the three major load areas or intermediate 
switching stations, thus forming an inter- 
leaved transmission system as indicated 
in Figure 1 and Figure 5. Synchroniz- 
ing power between the 230-kv bus sections 
is obtained through the interleaved trans- 
mission lines, although sufficient react- 
ance is introduced by the lines to lower 
the breaker duty from 5,000,000 kva if 
solidly bussed, to below 3,500,000 kva, 
and consequently reduces the deleterious 
effects of faults on the system. When 
one line from a bus section to a load cen- 
ter has to be removed from service be- 
cause of a fault, sufficient synchronizing 
power is available through the remaining 
two lines to the other two load centers, 

The bussing arrangement is symmetri- 
cal in that both lines to each load center 
normally will be loaded to almost identical 
amounts, and the phase angle between 
the two Coulee bus sections will be al- 
most identical. The arrangement has 
another very important advantage, 
namely, that the power required in one 
load area may increase and in another 
may decrease in accordance with the 
immediate hydroelectric capabilities of 
the respective areas, and maximum out- 
put from all generators at Coulee still can 
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be obtained without shifting generators 
from one bus section to another, or with- 
out other switching at Grand Coulee. 
This is an important condition, for past 
operating experience has shown that the 
station will operate for weeks at a time 
at maximum generator output, except 
for a small reduction in load during a few 
hours on Sundays. During the long ~ 
periods of maximum generator loading, 
the power taken by respective load centers 
will vary considerably, thus increasing 
all line loads to one load center while 
decreasing them to another. 

The afore-mentioned bussing scheme 
also is advantageous in that very little 
switching is required at Coulee to obtain 
the emergency operating arrangements 
shown in Figures 2, 3, and 4. These ar- 
rangements would be used in case a 230- 
kv line to any load area is to be out of 
service for any considerable length of 
time. They are necessary to maintain 
the supply of energy to vital war loads 
in the area, some of which require a high 
degree of reliable service. 

The emergency operating arrangements 
of the station were determined on the basis 
that there is a bad energy deficit in the 
respective load area; hence the remaining 
line must be loaded considerably above 
the normal value. For example, in Figure | 
1, the normal load of each Covington line 
may be 165,000 kw, while in Figure 2, the 
emergency load through the one remain- 
ing Covington line may be raised to 


230,000 kw. It is expected that spinning 
COULEE 
A Sf. Cc SPOKANE 
230KV | 230KV 
cov. COVINGTON 
SPOKANE 
MIDWAY MIDWAY 


Figure 4. Description of emergency condi- 
tion, cases 21 through 28, with one Coulee= 
Spokane 230-kv line out of service 


(a). Coulee 230-kyv. bus'split into three sec- 
tions; lines interleaved 
(b). Eight Coulee generators 
(c). One Coulee-Spokane 230-ky nee 
isolated 
(d). 451,000 of Coulee power delivered to 
coastal area at 230 kv: 275,000 kw at Cov- 
ington, 176,000 kw at North Bonneville 


reserve will be operating on the systems 
in the deficient area in the event that a 
fault occurs on the remaining line to the 
area. If this should occur, the reserve 
will make up the generation lost, for _ 
when the faulted line is cleared the two 
Coulee generators would .be removed 
automatically with the line. However, 
there is ample’ synchronizing power 
through the ties to the remaining Coulee 
busses so that system stability is main- 
tained. 
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Figure 5. Simplified aacarent of BPA trans- 
mission grid showing interleaved lines and 
two Grand Coulee busses 


When one of the emergency bussing 
arrangements indicated in Figures 2, 3, 
and 4 is in operation and a fault occurs 
on one of the two lines connected to a bus 
other than the isolated emergency bus, 
in order to maintain stability, not only 
must the line be removed but one of the 
generators which supplies the faulted 
line also must be tripped off as rapidly as 
possible. This requires that the pro- 
tective relays of the line initiate the trip- 
ping of both the line breaker and genera- 
tor breaker. The latter is an eight-cycle 
breaker, whereas three-cycle breakers are 
used in all 230-kv lines. High-speed 
carrier-current relays are used on the 230- 
kv lines, which with three-cycle breakers 
produce an over-all clearing time at 
both ends of the line of approximately 
5.75 cycles. While these relays also will 
trip the generator breaker, because of 
slower breaker mechanisms, the total 
clearing time is about 11.5 cycles. 

During such emergency operation it 
will be observed that, if a generator is not 
tripped off, the remaining single line to the 
bus section would have to transmit 
285,000 kw, which, of course, is not 
possible for the longer lines. The trip- 
ping of one generator does not seriously 
disturb the system, as it has been shown 
that two generators could be tripped 
without loss of stability, if the isolated 
line had to be removed. 

During normal operation when the 
bussing arrangement of Figure 1 is in use, 
if a fault occurs which subsequently 
leaves two lines connected to bus A, it is 
possible for each of these two lines to 
carry an average of 210,000 kw without 
trouble, so that for normal operation no 
generator has to be tripped. 

It is of major importance to observe 
that, during emergency operation, when 
the transmission capacity to a certain 
load area is less than normal, consider- 
ably more power can be transmitted 
without loss of system stability by ar- 
ranging to trip off one generator, or two 
generators as necessary, as rapidly as 
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possible upon the occurrence of a fault. 
In several cases studied, where the system 
was unstable when only one generator 
was dropped, its stability was improved 
when two generators were dropped, but, 
of course, more spinning reserve must be 
carried under such circumstances. These 
results are obtained for the following 
reasons: 


1. During the period of the fault the Coulee 
‘generators are partially unloaded and there- 
fore acquire an increased velocity and swing 
forward in phase position as compared to 
other synchronous machines on the system. 


2. The removal of the heavily loaded line 
decreases the transmission capability to 
such an extent that, for a short readjustment 
period following the removal, the voltage in 
the load area is below normal, and conse- 
quently the load in the area has materially 
decreased. 


3. The removal of a portion of the Coulee 
generation therefore would tend to balance 
the decrease in load, and the removal of the 
rest of the generation produces automatic 
decelerating power at Coulee which immedi- 
ately begins to correct for the advance in 
phase position obtained during the period of 
the fault. 


4. As voltage regulators restore the voltage 
throughout the system to normal, a read- 
justment of generator governors also occurs 
which corrects for the reduced generation. 
System frequency during the fault first be- 
comes slightly greater than normal, but, 
after the generators are removed, it drops 
slightly below normal, and then is restored 
to normal by governor action concurrently 
with the restoration of normal system volt- 
age by the voltage regulators. 


Discussion of Results 


To provide for interleaved breaker 
operation, some changes in the 230-kv 
switchyard at Grand Coulee had to be 
made by the Bureau of Reclamation. 
These changes involved the moving 
of a line position and associated equip- 
ment, converting all line circuit breakers 
to 3,500,000 interrupting capacity, to- 
gether with the purchase of two new 
230-kv oil circuit breakers. Not only 
does this make it possible to use the 
interleaved bussing arrangement, but 
also to shift generators and lines for the 
optimum conditions when a line is out of 
service. 

Results obtained from the stability stud- 
ies on the bussing arrangements of Figures 
1, 2, 3, and 4 are shown in the transient- 
stability summary (Table II). The table 
compares the relative stability of the 
different bussing arrangements for faults 
located at various points in the system, 
and each of the cases is summarized. 
The system prior to the fault is described 
under ‘‘Description of Steady-State Con- 
ditions” and by a diagram of the assumed 
bussing arrangement at Grand Coulee. 
The type of disturbance is given, namely, 
either a two-phase-to-ground fault or a 
three-phase fault. All faults were as- 
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sumed to be near a substation bus. Their 
location is indicated by the italicized 
name of the faulted end of the trans- 
mission line under “System Disturb- 
ances.” The breaker opening time is 
given under ‘“‘Clearing Time” and includes 
the number of cycles necessary to inter- 
rupt the current completely, measured 
from the instant the fault was initiated. 
On all 230-kv lines carrier-current relay- 
ing and three-cycle breakers were as- 
sumed, so that both ends of the faulted 
line were cleared in 5.75 cycles. Faults 
on 115-kv lines require longer clearing 
times as shown in the table, because of the 
use of eight-cycle circuit breakers and 
sequential relaying. The table also 
indicates if and when a generator was 
dropped from a bus section. 

For comparative purposes, two phase 
angles are listed in the tabulation under 
“Operating Angles.” The initial angle 
is measured between the internal voltages 
of the two equivalent generators on the 
calculating board which are farthest 
apart in phase angle for the steady-state 
conditions. The maximum angle is meas- 
ured between the two internal voltages 
of the equivalent generators whose in- 
ternal voltages are farthest apart during 
the disturbance. Should any machine 
or any group of machines go out of step 
with the rest of the system, “Unstable” 
is written in the space provided for the 
maximum angle. 

Transient-stability studies, cases 1 to 
5, indicate that for ‘‘normal inter- 
leaved” operation the loss of any Coulee 
230-kv line will not result in system in- 
stability, although each Coulee-Midway 
line is carrying 165,000 kw and each 
Coulee—Covington line 135,000 kw. 

Cases 6 and 7 show faults on the 115-kv 
system applied for longer periods due to 
sequential relaying and eight-cycle circuit 
breakers, and no tendency toward in- 
stability is indicated. 

For the emergency bussing arrange- 
ments not more than two 230-kv lines 
connect to any one bus section, so that 
loss of one of these lines will result in in- 
stability in most instances, as cases 10 and 
17 indicate. The obvious solution was to 
drop a generator as rapidly as possible 
from the bus section on! which the line is 
lost.) «Cases! 8;9;) 11,15; 165 18,°21,922) 
and 24 show the effects of the high-speed 
tripping of a generator at Coulee. In 
each of these cases, the system remained 
stable at the expense of losing 125,000 kw 
of generator capacity; whereas general 
system instability would have resulted 
in each case had a generator not been 
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COVINGTON SPOKANE 


MIDWAY 
Figure 6. Parallel-line arrangement with one 
line to Covington 


1261 


15 KV 
SPOKANE 


6 230 KV 230 KV 


SPOKANE MIDWAY 


Figure 7. Parallel-line arrangement with two 
lines to Covington 


COVINGTON 


dropped. The emergency arrangements 
at Coulee keep the system stable for 115- 
kv faults near 230-ky receiving-end 
busses, this being shown by cases 14, 20, 
27, and 28. 

Before the building of the second 
Coulee-Covington line, Grand Coulee 
operated for a long period with a parallel 
line arrangement similar to that shown in 
Figure 6, with two generators and two 
Spokane lines on the center bus, four 
generators (two large and two small), 
the two Midway lines, and the Spokane 
115-kv lines on the right bus, and two 
generators isolated on a single Covington 
line. This system, operating without the 
second Coulee-Covington line, might 
represent an ‘‘emergency”’ condition with 
respect to a parallel-line arrangement as 
shown in Figure 7. If we refer to Figure 
6, a three-phase fault on the 115-kv system 
near Covington, which was not cleared 
for 14 cycles, caused the two generators 
on the isolated line to lose synchronism. 
The line was carrying 230,000 kw when 
this occurred. A study was made on 
the a-c calculating board and the results 
agreed with system operation, namely, 
that the fault would shake off these two 
generators. 

Other studies with the second Coulee— 
Covington line in operation, as in Figure 
7, indicated that one generator had to be 
dropped to maintain stability in the 
event of a fault on one of the parallel lines. 
The interleaved connection for ‘“‘normal”’ 
operation does not require the tripping of 
a generator if a fault occurs on any line. 
The paralleled-line arrangement of Figure 
7 also lacks flexibility when load shifts in 
the various areas tend to increase the load 
on one bus and decrease it on another. 

With only one Coulee—Covington line 
in operation, it was believed for a time 
that the isolated arrangement of Figure 
8, for the Covington line and one of the 
Midway lines, would give very good re- 
sults. These isolated lines could be 
heavily loaded, and a fault on either the 
Covington line or the Midway line would 
remove two generators from the sys- 
tem automatically when the substation 
breaker opened in 5.75 cycles, and the 
stability for 230-kv faults was found to 
be very good. However, it was deter- 
mined that a fault on the 115-kv system 
near one of the substations, which was 
not cleared so rapidly as the 230-kv 
faults were cleared, would shake off both 
generators and the isolated line con- 
nected to the substation. Similarly with 
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two Covington lines each isolated at 
Coulee and with two generators per line, 
a fault on the 115-kv system near Coving- 
ton caused both lines to be shaken off, and 
automatically four generators were 
dropped; hence this scheme also is in- 
ferior to the interleaved method of opera- 
tion. 

Some studies involving the use on the 
system of high-speed reclosing breakers 
were made. Reclosing, of course, is 
effective only if the fault is not reapplied 
when the breaker is reclosed; however, 
for the few times that the fault is re- 
applied, loss of stability is rather certain. 
This, combined with the fact that con- 
siderable critical material and labor would 
be involved to obtain high-speed reclos- 
ing, did not seem to justify its installa- 
tion at this time. 

The effect of installing series capaci- 
tors to improve stability was not stud- 
ied specifically. However, it is believed 
that after the war there will be many 
places where such installations will be 
economically justified. One major factor 
is that these capacitors materially in- 
crease circuit-breaker duty as well as line 
loading; hence certain major changes 
in system design are indicated. 


Conclusions 


The four bussing arrangements indi- 
cated in Figures 1 through 4 should insure 
satisfactory operation of the Coulee gen- 
erators and the BPA system. Despite 
heavy line loadings, the interleaved 


" 
4 
5 KV 


SPOKANE 
230 KV 230 KV 
COVINGTON SPOKANE MIDWAY MIDWAY 
Figure 8. Isolated-line arrangement with one 


line to Covington 


scheme permits the loss of any 230-kv 
line and the northwest system will still 
retain stability. ’ 


When one of two lines to a load area is 
out of service, by the isolation of two 
generators and the remaining line to this 
load center plus an arrangement to trip a 
generator from one of the other busses in 
case a line outage to another load center 
occurs, stability can be maintained with 
only a small decrease in the power to the 
load centers. 


An important feature of the interleaved 
bussing arrangements is the ease with 
which a change-over can be made from 
the normal interleaved to an emergency 
interleaved scheme upon the loss of a 
230-kv line, as no complex switching 
operations are necessary. 

In any high-voltage transmission sys- 
tem where it has been difficult to install 
additional transmission lines because of 
critical wartime shortages, the preven- 
tion of general system instability through 
the use of high-speed tripping of genera- 
tors should be investigated carefully. 
Contrary to general belief it is not neces- 


Table IA. Comparison of Average Normal Line Load in Megawatts, and Maximum Asym- 
metrical Rms Megavolt-Ampere Breaker Duty for Specified Line and Generator Arrangement 
on Bus Section 


Three-Phase Short Circuit Near 230-Ky Bus—Two-Cycle Total Decrement—Back Feed From 
Faulted Line not Included 


Number of 230-kv lines to bus............ 2 
Number and size of inachines on bus....... 3L 
Power output of machines (megawatts).... 375.... 
Power transmitted per line (megawatts)..... TSS ies 
Short circuit supplied from machines 
(megavolt-amperes)......50005502+0000: L680e 0 are 
* Back feed fromlines .4)..4.-46 eee 500.... 
Total breaker duty (megavolt-amperes)..... 2,180 


3 2 3. Qe aca 3 

3L 2L+42S 2L+42S.. 4b... 523 4L 

375 420 420.. 500..... 500 
125 210 140.. 250..... 167 
1,680.... 1,850 1,850... .2,240.... 2,240 
975.236 500.005. O75. .>) SOOM rer 975 

6 ¥ 2,600.0 «)) 2,800 os oh 2,820 s) 4 « 2 On 3,215 


* Back feed is from one Spokane line if total lines per bus are two, and is from one Spokane and one 


Midway line if total lines per bus are three. 


Table IB. Maximum Asymmetrical Rms Megavolt-Amperes Supplied From Each Source ~ 
Three-Phase Short Circuit Near 230-Ky Bus—Two-Cycle Total Decrement 


From Generators 


Machine Capacity 


Short-Circuit 
From Back-Feeding Lines Type Rated Maximum on 230-Ky Bus 
Spokane line.,......... 500)..4 etoseeceites | ET HOS. diss ep ccletde 12 a altcleredatcie'<) OO 560 
Midway line.......... 475 Seco ee ORMIBIN ae onc Sera che Mult ears CRP rae het ww. 865° | 


Covington line........ 325 


It should be mentioned that single-phase-to-ground faults near Coulee could produce fault currents 20 
per cent higher than three-phase faults if all the transformer-bank neutrals per section were grounded. 
However, these currents can be reduced fo or below the value of a three-phase fault if only one transformer . 


bank is grounded per section. 
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Provisions for such ungrounding are being made. 
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Table II. Transient-Stability Analysis of the Interconnected Systems in the Northwest to Determine Optimum Methods of Operation— 
Peak Loads of December 1944 


—————— 


Operating Anglest 


System Disturbance* Clearing Timet Generators Dropped** (Degrees) 
Case 
Number Fault Line and Location Opening Relaying Unit Bus Time Initial Maximum Remarks 
\i 
Figure 1 
Seta 2 phase to. . Coulee—Covington—bus A..... We pie RERIERD (er abit ieee seta a acs ¥ eo ds BO) ve Ob 
ground 
2.....3 phase... . Coulee—Covington—bus A..... Fe Ren CARELEL ate tome Rinteeys eteis) elie vas antenei’e 'ea)'a3 BO Gone E17, 
3.....2 phase to. .Coulee-Midway—bus A....... HAI OA SEO AAP a ee ee BO ae LL In cases 1 through 5, occurrence 
ground Jofa fault and the subsequent loss 
4.,...2 phase to. . Coulee-—Midway—bus B....... SAD SAITerS MEE E aM firsts cree OO! whee LOY, of a line did not result in serious 
ground ' swinging of the machines 
Meth 2 phase to. . Coulee-Spokane—bus A....... EER syste aiiaiey a misharies s c!e sore nssia’ sap 50 96.5 
ground r os 
CL aeaae 3 phase. . . . Covington—Tide Flats—115 kv. .9+20.25..Sequential.............0...02.005. CT NA erst kare hy Tete 115-kv bus not split in 
case 
In case 7 only, it was assumed 
pies Biphase. ....Midway— Hanford—115 “Kevyn. 9 58) Wi teine vee cin einiele veinaitis (eee ee en eciar's 50 76 or there were two Midway trans- 
15 miles from Midway. former banks so as to obtain the 
worst fault conditions 
Figure 2 
Birnie 2 phase to. .Coulee-Midway—bus B....... Da CR RELED mien 5% aarrats. act meee Dar tO colts eeLOB: 
ground . 
“ Gignoe 2 phase to. . Coulee-Spokane—bus B....... Bano, Carrier sts ..o% TaD Anas Beetle Dy 5.0L. Oknene 0 
seers In case 10 instability occurred be- 
tween the group of machines con- 
* —Midway—bus C....... Buy a Oamierey SNe ate. ees oes oe ss 61.5....Unstable.,. | taining the generators on Coulee 
UR 2 ame Coulee-Midway—bus C 5.75 arri -Uns biisses Wand C und. Waakinceon 
waterpower system, and the group 
comprising the remaining system 
11.....2 phase to. .Coulee-Midway—bus C....... LES AaR WH Or: varn (oi de Stee Tai (s 11.5 61.5 105 
ground 
12......2 phase to. . Coulee-Spokane—bus C..... tis BADR OALELCE MN hc Waid adleielercinl acess dienes octet 61.5. 5 101 
ground 230 kv 
2 ae 3 phase... . Coulee—Spokane—115kv...... O15 73. p OCGUCDEIAIN e's ours falar cise soso fens e's 62 Bin Oe 
; In case 14 only, it was assumed 
2 > 3 Pe there were two Midway trans- 
—, — Sets ot HE, Ow Le baee MAL! State, Laibar el Gh Patches a Ge Sem sos lau 61.5...) 154 Arca ys 
14.2... OTe Raat eo ts i a or as 2 former banks so as to obtain the 
y worst fault condition 
Figure 3 
USicars 2 phase to. . Coulee-Spokane—bus A....... Tb s CApEer esa. 4 LaL ses. 7: See ih Les) .58 105.5 
ground ' 
Gir cia 2 phase to. . Coulee-Spokane—bus C—..... OoV Dita CALrler savin + ) ot OG Gin. SLD. SOB foe an NOGS OG 
ground 230 kv 
‘In case 17 the Coulee generators 
on busses A and C and the Wash- 
Witter e's 2 phase to. . Coulee—Covington—bus C..... Bani Pal SPy 95a ARM OL OO On Eth OOor ce ena 58 ....Unstable.,.< ington waterpower system went 
Peciad out of step from the rest of the 
system 
In case 18 the generator should 
S t = co = have been tripped in 11.5 cycl 
— —bus C..... BY Bs CALTICE fcercais 1 ES ere Cored 2b cOS |e Le PP’ Cres; 
PSB. ons 2 Pea . Coulee—Covington—bus C Sav5: arrier Saaco : 5 ie evel 20 EhOneyetSly bette 
8 stable 
Opening of the Coulee-Midway 
HOM a 2 phase to. .Coulee-Midway—230 kv...... AsO tien the 22D sa B.... 4.5 ...58 .... 97.5 ...2line in case 19 automatically re- 
ground moves two generators from the 
system 
For case 20, even though there 
was but one Midway transformer 
. bank in service, the slow clearing 
DOwecs < 3 phase... .Midway—Hanford—115_ kyv,.. BA es basal rate tai ame eeat eae oh pes sete hn) ty 58 ....Unstable... ( of the fault caused the two Coulee 
15 miles from Midway generators on the Coulee-Midway 
line to run away from the rest of 
the system which was stable 
‘Figure 4 ; 
21.....2 phase to. .Coulee-Midway—bus A....... Oat Carrier, in tee Ledaeeelars As eel rD peiOo) odstene LLL 
ground 
Bocas 2 phase to. . Coulee—Covington—bus A..... 6. Vn, COLLIERS |. da Pe Dn tay: Als eel ooh SOOO hs sane Oe 
ground In case 23 two Coulee generators 
a —Spokane—230 kv...... a iste ericee Sere eevee OS) Deer Joes oor meee ee dare automatically removed from 
aoa: Sear Conte ALOE Eee Y if system by the opening of the 
Coulee-Spokane line at Spokane 
71 Sn 2 phase to. . Coulee-Midway—bus C....... SNP Carrier owe an WD aacieke (Ore cise Ue OYE kt 3! immense MeL dE 
ground 
25.....3 phase. . . . Covington-Chehalis—230 kv... APOE i SREIIORS ocak meh caninetisll ty earn Se tye 3. erate 59. cae ot pS0Go 
DAD la'e = « 3 phase... .Coulee—Spokane—115 kv...... O=frilive TO OC UOMOLAL wien tyrs sit lensiatatohaeest cua utel els 597 20 184 
27.....3 phase....Midway-Hanford—115_ kv,.. Ee Bit cota ER CPR Lisa. cal MeN T RET Re ERO a Re Ree ane 59) eee 2 
15 miles from Midway ¢ aaa 
Beas 3 phase... . Covington-Tide Flats—115 kv. .94+20.25. .Sequential.............-.0eeeeeeene BO), Aen at nde raises eerie 115-kv bus not split in 


case 28 


* Italics denote fault location. 
+ All times shown are measured in cycles on a 60-cycle base from the instant the fault was initiated. 


** Generators tripped by opening transformer breakers. L indicates a 108,000-kva generator and S indicates a 75,000-kva generator. 


t Angles were measured between the two machines which were farthest apart at that instant. 
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Airplane Engine and Propeller Test-Cell 
Lighting 


DAVIS H. TUCK 


NONMEMBER AIEE 


IRPLANE motor and propeller test 

cell design is relatively new and there- 
has not been sufficient experience in 
test-cell operation to determine the most 
practical design. Practically every new 
cell is designed to differ in many respects 
from older ones. This condition is par- 
ticularly true for the lighting systems 
which vary radically in design for each 
group of test cells that is built. The au- 
thor has made a study of existing installa- 
tions to determine the good and bad 
practices now in use so that definite and 
logical improvement can be made in the 
lighting design of future cells. In all 
fairness to the engineers who are respon- 
sible for the design of present test cells, 
it must be remembered that there has 
been no time for detailed study or investi- 
gations of the problem. Speed has been 
the order of the day, and any kind of 
performance was better than none. Now 
that we have time to catch our breath 
and think about doing things better, 
there has commenced a program of im- 
proving the lighting of the existing test 
cells. 

Before discussing the actual mechanics 
of a satisfactory lighting design, it is 
most desirable to review briefly from a 
seeing standpoint the fundamentals of 
good lighting which have such great im- 
portance in test-cell lighting and which 
have been neglected enéirely in past test- 
cell lighting design: 


1. The brightness of the work should not 

be less than that of its immediate surround- 
"ings. 

2. Foot-candle values are misleading be- 

cause the workers’ eyes do not see foot- 

candles (incident light) but foot-lamberts 

(reflected light). 


sary to trip off load simultaneously with 
the generation in order to obtain a ma- 
terial improvement in stability. Even 
with a high percentage of induction- 
motor load some improvement will be 
obtained. 

When transmission lines can be inter- 
leaved, many of the advantages of operat- 
ing the station solidly bussed are ob- 
tained without the high circuit-breaker 
duty otherwise resulting. General sys- 
tem voltage during a fault is higher than 
with a solid bus, and the shock of the 
fault to the system is reduced. Splitting 
the bus into sections also reduces the 
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3. In making measurements of light in test 
cells and control rooms, a photoelectric-cell 
meter should not be used. An equality-of- 
brightness meter should be used without a 
test plate so that readings can be made 
directly in foot-lamberts. 


4. The lighting for the test cell and control 
room must be designed separately. The two 
designs must then be co-ordinated, because, 
while the engine is running, the observer is 
in the control room (not the test cell). 


5. Veiling glare, as the term implies, is a 
reduction in seeing due to back reflections 
from a polished surface between the worker’s 
eyes and the work. In the case of test-cell 
lighting, veiling glare from the double test- 
cell window may be so bad that the window 
becomes practically opaque (like a mirror). 


6. Measurements on airplane engines show 
that they have an average reflection factor 
of 25 per cent which in practice means that 
when a photoelectric-cell meter shows 100 
foot-candles incident on the engine, the 
worker’s eyes see 25 apparent foot-candles 
(foot-lamberts). 


The most common faults found in 
existing test-cell lighting are: 


1. Too little light reflected from the engine 
both during setup and while on test. 


2. Too much light (relatively) in the con- 
trol room. 


3. Poor maintenance of lighting equip- 
ment (dirt and oil). 


Paper 44-233, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 24, 1944; made available for print- 
ing August 10, 1944, : 


Davis H. Tucx is chief electrical engineer, Holo- 
phane Company, New York, N. Y. 


effects of bus faults. When compared 
to an arrangement of isolated. lines and 
generators, less spinning reserve is re- 
quired for the interleaved system, and 
transfer of power from oné load center to 
another is more easily obtainable. The 
effects of faults remaining on a system for 
relatively long periods because of slow 
relay operation is less severe for the inter- 
leaved system than for the isolated system. 

In many ways the interleaved arrange- 
ment is a compromise between the solidly 
bussed and the isolated line and generator 
arrangements and has many of the ad- 
vantages of both. 
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4. Vibration causing disintegration of 
lighting equipment, 


5. Heat breakage of lighting eqttipment 
due to poor fixture design. 


Illumination Requirements 


Test cells require illumination on the 
motor or propeller from a// directions for 
setup work and on the observation wiit- 
dow side only during test. 

In order to meet in a practical way the 
fundamental specification that the bright- 
ness of the work (engine) should not be 
less than that of its immediate surround- 
ings (control-room work sheets, meters, 
gauges, and so forth), we must start at 
the control room and set the minimum 
illumination for sustained work under the 
intermittent seeing condition of control- 
room routine. 

An in-service brightness of ten foot- 
lamberts reflected from the horizontal 
work sheets, meters, and so forth is 


Figure 1. Cross section through typical con- 
trol room 


Mount lighting units as high as possible to 
keep angles b and d to a minimum 


sufficient for the seeing task. With a 
lamp depreciation of 15 per cent, dirt 
and dust on the lamp, reflector deprecia- 
tion of 20 per cent, a reflection factor of 
the work of 80 per cent, and a voltage 
drop of four per cent (lumen drop of 12 
per cent), there will be required a design 
illumination of 10/(0.85X0.80X0.80X 
0.88)21 initial foot-candles. 

The initial design illumination for the 


engine that will result in matching the 


ten foot-lamberts brightness of the control 
room is found by applying the following 
factors: reflection factor of engine 25 
per cent; dust and dirt depreciation of 
lighting equipment after four hours opera- 
tion, which includes smoke and oil 
vapor in air and oil and dirt deposit on 
inner surface of control-roony window, 50 
per cent; voltage drop four per cent 
(lumen drop of 12 per cent). No lamp 
depreciation is allowed because the nor- 
mal life expectancy of a lamp under the 
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Of 


0.975 0.9. 


severe vibration conditions is 200 hours 
and the lumen depreciation at 200 hours 
is negligible. The design illumination 
is (10/0.25 0.50 X0.88)90 foot-candles 
minimum, 


Lighting Calculations 


The average flux method of calculating 
illumination cannot be used successfully 
for either the control room or the engine 
room, because the average flux method of 

lumens 


floor area 
utilization factor X depreciation factor) 
is based on a uniform distribution of 
light which is exactly what we do not 
want for either the control room or engine 
room, 


calculation (foot-candles= 


Control-Room Calculations 


Lighting for the control room should 
be of the same type as that for the engine 
room, namely, incandescent type. The 
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Figure 3. Plot of foot-candle values 


Number 765—100 watts; 31/2-inch focus; no 
offset 
Mounting height—six feet, six inches 
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Figure 2. Typical 
candle-power distri- 
bution curve 


Number 765—3?/.- 
inch focus; no offset 
Test number 14,385 
—100 watts; 1,600 
lumens 
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lighting fixtures should be kept as high 
as possible, preferably flush in the ceiling, 
to give the largest angle of incidence 
possible between the light falling on the 
window and the normal to the window 
(see Figure 1), so that the reflected im- 
age of the lighting fixture will be below 
the operators’ eyes. The lighting unit 
should be located with special reference 
to the log and the instrument table. The 
ideal location is six inches in front of the 
edge of the instrument table (see Figure 
1). This location assures that the angle 
A is a maximum consistent with vertical 
illumination on instruments as far out 
as the edge of the table. Unless there is 
additional apparatus on the other side of 
the control room, it is advantageous not 
to have additional lighting units in loca- 
tion 2 (see Figure 1). Lights at location 
2 deliver light on the window at an un- 
favorable (low) angle for clear vision 
through the glass, and the wall opposite 
the window also is brightly lighted which 
contributes to the veiling glare in the 
window. Back reflection (veiling glare) 
from the window seriously handicaps 
vision through the window to the engine, 
and every precaution should be made to 
prevent this source of annoyance. It is 
advisable to tilt the glass at an angle of 
approximately five degrees and to paint 
all wall, ceiling, floor, and trim surfaces 
dark gray (reflection factor not over 15 
per cent). 

The lighting fixture should be of the 
direct-lighting type with a narrow candle- 
power distribution of light (see Figure 2) 
so that the walls will not be too brightly 
lighted. The lamp size and lateral spac- 
ing of the lights along the work table are 
determined by making a point by point 
calculation (see Table I) and then plot- 
ting the foot-candles against horizontal 
distance (see Figure 3). Referring to 
Figure 3, it will be seen that the foot- 
candle contribution from the unit di- 
rectly over the work table is 19 foot- 
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candles, The required illumination is 21 
foot-candles which leaves (21—19) two 
foot-candles to be contributed by the 
two adjacent units (one foot-candle from 
each unit). Figure 3 shows that at six 
feet horizontal distance the illumination 
is one foot-candle. Assuming, therefore, 
a horizontal spacing of six feet an 
examination is then made of the illumina- 
tion at the various intervals between two 
adjacent units using Figure 3, and a curve 
of uniformity is plotted ds shown in 
Figure 4 which shows too great a dip in 
the curve midway between units. The 
next approach is to determine at what 
position on the Figure 3 curve (21/2) 11 
foot-candles is produced and then to 
double this distance for the spacing be- 
tween units and make another examina- 
tion (full-line curve Figure 4). A 5-foot 
longitudinal spacing is the correct one as 
the illumination is essentially uniform 
at 21 foot-candles. In the instance taken 
for discussion the particular distribution 
curve, lamp size, and spacing give the 
correct results. Had the conditions been 
changed, other lamp sizes, spacings, and 
slightly wider or narrower curves could 
have been employed. In general the 
best seeing condition will be secured when 
small lamps, narrow distribution curve, 
and close spacing are used which is the 
exact opposite of present lighting practice 
in control rooms. If necessary local 
lights should be used for any special 
instruments, but extreme care must be 
taken not to increase the initial illumina- 
tion much over 21 foot-candles. The 
use of fluorescent lamps in control rooms 
is not indicated because the color of the 
light does not match that in the engine 
room. 


Engine-Room Calculations 


The cross section of engine rooms varies 
somewhat, but the methods for calculat- 
ing the illumination on the engine will 
be the same for all cross sections. For 
discussion a control room having a square 
cross section will be used. The most 
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Figure 4, Plot of uniformity of illumination 


- - - Illumination uniformity with number 765 
on six-foot spacing 

— Illumination uniformity with number 765 
on five-foot spacing 
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practical method of computing the nor- 
mal foot-candles on the engine is to use 
a modified form of the average-flux 
method. The distribution curve of the 
lighting unit is plotted on special rec- 
tangular co-ordinate paper on which the 
candle power is plotted vertically on a 
linear scale and the angles are plotted 
horizontally on a scale which is in direct 
proportion to the solid angle content 
for the various zones (see Figure 6). 
The area in square inches under the curve 
between any angles when multiplied by a 
constant (750 for the curve shown) gives 
the lumens in the zone bounded by the 
two angles. We can determine graphi- 
cally by plan, cross section, and longi- 
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Figure 5. Lighting study of rectangular test 
cell 


A—Section through cell 
B—Elevation, window side 
C—Plan view of test cell 


tudinal elevation the limits of the angle 
subtended from any lighting unit by the 
engine, and then determine the total 
lumens that will fall on the engine. 
Knowing the peripheral area of the engine 
the average illumination on the engine 
will be total lumens on engine/peripheral 
area of engine. 

Figure 5 shows a cross section, side 
elevation, and plan of a rectangular test 


0 Figure 6, Rectangu- 
og lar graph for plot- 


0.8 ting illumination 


CANDLEPOWER 


ol020 30 40 50 60 70 
{80170160 ISO 140 130 120 ii Te) 


Bs 
ODEG- 60 DEG USEFUL 60 DEG-90 DEG GLARE 
DIRECT LIGHT__PER CENT LIGHT —_ PER CENT 
. PER CENT 


90 DEG- 180 DEG UPWARD LIGHT —__ 


Lamp data—incandescent filament, 500 watts, 
115 volts, 9,850 lumens, PS-40 bulb 


Illumination computation  (point-by-point 
method): 
GF 
Illumination horizontal =— > Xk; 


GP 
Illumination vertical =— Xk, 


h2 
where 
Illumination horizontal =horizontal illumina- 
tion in foot-candles 
Illumination vertical=vertica iliumsration in 
foot-candle 


CP=candle power value at angle considered 
h=mounting height above working plane 


: t = constants (see graph) 

Luminous flux computation (for symmetric units): 

F=750XA where 

F =|uminous flux in lumens in zone considered 

A =area in square inches under candle power 
curve in zone considered 
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cell having a square cross section of 18 
feet with an engine in the center, 4 feet 
in diameter and 4 feet long. As already 
discussed, a foot-lambert brightness of at 
least ten is required which in turn re- 
quires an initial foot-candle with a cal- 
culated value of at least 90. For the 
purpose of illustrating the method of foot- 
candle calculation, 20 lighting units 
having a light distribution shown in 
Figure 6 are located in the window wall, 
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at 
opposite window wall, in ceiling for top 
of engine, and in ceiling for front and 
back of engine. The vertical and hori- 
zontal angles are secured graphically 
from the cross section, plan, and eleva- 
tion, and these vertical and horizontal 
angles are averaged for each unit (when 
the horizontal and vertical angles differ 
too greatly, the smaller angles are given 
double weight in arriving at the average). 
The various detailed steps of the foot- 
candle calculation are given as follows: 


FOOT-CANDLES FRoM UNITS 1 AND 2 


Vertical angle 10 degrees 

13 degrees 
Horizontal angle 15 degrees 

18 degrees 
Average 56 2144 
Average ik egrees 


Area in square inches under curve (Figure 6) 
0-14-degrees zone =4.36 X0.25 inch =1.085 
square inches. Lumens in Q-14-degrees 
zone=1.085X750=816 lumens from one 
unit; 816X2=1,632 lumens from two units. 


Area of engine toward window =7D=74= 
12.5 square feet 

9 

Foot-candles = ase 

12.5 


a. 


=130 


FOOT-CANDLES FROM UNITS 3 AND 4 


Vertical angle 17 degrees 

17 degrees 
Horizontal angle 12 degrees 

16 degrees 
Average oa 15.5 degrees 


Area in square inches under curve (Figure 
6) 0-15.5-degrees zone=4.36X0.28=1.22 
square inches. Lumens in 0-15.5-degrees 
zone = 1.22750 =915 lumens from one unit; 
915X2=1,830 lumens from two units. 


Area of engine toward window=aD=74 
= 12.5 square feet. 


1,880 


Foot-candles = = 146 


12.5 


Figure 7. Isometric 
drawing of large test 
cell ¢ 
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Total foot-candles on engine toward window 
(130 plus 146) 276. 


' Foot-CANDLES From Units 5 AND 6 


Vertical angle 10 degrees 

13 degrees 
Horizontal angle 15 degrees 

18 degrees 
Average “ =14 degrees 


Area in square inches under curve (Figure 
6) 0Q-14-degrees zone=4.36 inchesX0.25 
inch =1.085 square inches. Lumens in 0-14- 
degrees zone = 1.085 X 750 = 816 lumens from 
one unit; 816*2=1,632 from two units. 


Figure 10. Plan and section of test cell show- 
ing beam throw and spread of the lighting 
units 


A—Section through test cell 

B—Plan view of test cell 

Lighting units numbers 1 to 10 are number 
U-818-TCHS, 300 watts 
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48 FT 


4435-0 


A 


HOLOPHANE NUMBER 
U-818-TC , 200 WATT 


Figure 8. Plan and 

section of test cell 

lighted with recessed 
Refractolens units 


A—Plan view 
B—Section on A-A 


Area of engine =7D = 74 =12.5 square feet 


Foot-candles = page =130 
12.5 


FooT-CANDLES FROM UNITS 7 AND 8 


Vertical angle 17 degrees 
17 degrees 

Horizontal angle 15 degrees 
18 degrees 
6 


Average o =16.75 degrees 


Area in square inches under curve (Figure 
6) 0-16.75-degrees zone =4.36 inches X0.35 
inch = 1.53 square inches. 


Lumens in 0.16175-degree zone = 1.53 X 750 
=1,150 lumens from one unit; 1,150x2 
= 2,300 lumens from two units. 
Area of engine=7D =74=12.5 square feet 
2,300 
Foot- dles = ——— = 184 
oot-candles 125 


Total foot-candles on engine on side away 
from window (130 plus 184) 314. 


1,2,3,4 09-0 


5,6,7,8 


(8) 
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f 48 FT 


O©O\OD 
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ites ee oa a 


(c) . 
Figure 9. Test-cell lighting using two types 
of lighting units 


Unit numbers 1, 2, 3, 4; number 7474-1, 300 
watt 
Unit numbers 5, 6, 7, 8, 9, 10; number 
U-818-TC, 200 watt 
A—Elevation of window wall 
B—Elevation of wall opposite window 
C—Plan view of test cell 


FoOOT-CANDLES FROM Units OSLO stds 


Vertical angle 13 degrees 
13 degrees 
Horizontal angle 14 degrees 
16 degrees 
A 56 _ 
verage ang 14 degrees 


Area in square inches under curve (Figure 6) 
0-14-degrees zone = 4.36 inches X 0.25 inch = 
1,085 square inches. Lumens in 0-14-de- 
gree zone=1.085X750=816 rom one unit; 
816 X4=3,264 lumens from four units. 


Area of engine =7D =74=12.5 square feet 


3,264 


Foot-candles— oe = 260 on top of engine 


FOOT-CANDLES FROM UNITs 138 AND 16 


Vertical angle 20 degrees 
20 degrees 
Horizontal angle 6 degrees 
2 degrees 
6 degrees 


2 degrees 


56 
ere 9.3 degrees 


double weight 


Average 


Area in square inches under curve (Figure 6) 
0-9.3-degrees zone=4.2 inchesX0.1 inch= 
0.42 square inch. Lumens in 0-8.33-degree 
zone = 0.42 X 750 =315 from one unit; 315X 
2=630 from two units. 


2 
Area of end of engine = e125 


square feet 
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Figure 11. Longitudinal eleva- 
tion, section, and reflected ceiling 
plan of large test cell 


6: 
Foot-candles = ' == 5) 


Foor-CANDLES From UNITs 14 ANnpb 15 


20 degrees 
20 degrees 
Horizontal angle 6 degrees 
2 degrees 
6 degrees 
2 degrees 


Vertical angle 


double weight 


~ =9.33 degrees 

Area in square inches under curve (Figure 6) 
0-9.33-degree zone = 4.3 inches X 0.12 inch = 
0.53 square inch. Lumens ii 0-9.33-degree 
zone =0.53 X 750 =390 from one unit; 390 
2=780 lumens from two units. 


2 
Area of end of engine " = = 12.5 square 


Average 


feet 
Foot-candles = Bud =62 
12.5 


Total foot-candles on propeller end of engine 
(50 plus 62) 112. 


Foot-Canpies From Unirs 17, 18, 19, 20 


Total foot-candles on rear end of engine 
112. The same as from units 18, 14, 15, 16. 
The foot-candles on sides and top of 
engine average [(276+314+260)/3]283, 
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CENTER — SECTION “A-A” THROUGH THROAT 


RIGHT AND LEFT — REFLECTED CEILING PLAN 


BELOW — LONGITUDINAL ELEVATION 


which is too high. The ratio of lumens 
for a 300-watt and—500 watt lamp is 
(5,650/9,850)0.575. The ratio for a 200- 
and 500-watt lamp is (3,650/9,850)0.372. 
If the units were lamped with 300-watt 
lamps the foot-candles would be (283 
0.575) 162 and for 200-watt lamps wouldbe 
(283 X 0.372) 104 which is near enough to 
the 90 minimum foot-candles required. 
Units 1 to 12 inclusive should be lamped 
with 200-watt lamps and units 13 to 20 
inclusive with 500-watt lamps. It would 
not be advisable to reduce the number 


of units because no allowance has been 
made for lamp failure during test and for 
this reason, as well as for the reason of 
better diffusion, a multiplicity of smaller 
wattage units is preferable to a smaller 
number of larger wattage units. 

For engine setup and inspection all 
units should be burning. For test in- 
spection through window from control 
room units 1, 2, 3, 4, 9, and 11 should be 
burning. : 

The relatively small angles included 
by the engine from the lighting units rules 


Table I. Point-by-Point Calculation 
+ - £6 
Unit Number—765-100 Watts, 31/2 Inches Focus; No Offset b | is 
Mounting Height—Six Feet, Six Inches a fom cos’ 6 
Test Number of Curve—14,385 —— an 
{ 
d : 
d h h 0 cp h2 cos’ 9 fc 
 b Nes aE . 
UR Sect Miapeseen eins Oe ae cea (lene aaa. S05 ey edo yo eee 1 (a 119.1 
Penk rok: ate GBs ot ee 0:104..%. Bian SiS. nee B20) ees 4D Dig ee ee 0. SO 18.8 
Pie INE A 6.5: ate 0: 308)ene open LTR 680 seen tas PONE veda 0.878ar. ae 13.0 
ree a a Citas iereas sul OSCIS ey eae STG nae Datewise ie 450), en 0.62 Suemenen ye) 
Bite tin. es 6 Stts He, toes OE PP ciel crc ht BQ AT red ibache SOPs tae: 42 2s Deon 0.40); .teteies 0.85 
Serres OR pea 1: Dbrsesaert ty 500 heen Ble Bovcetre 42. Delis 0:25 ere 0.365 
LO seer SB sae: 1 BHA ores EM ae oh Oe oeear ene sacs 42.2 
1D eee (eee i TN Ne CH rian Byer deme 49° AOR Aeae 0. 11Ge eee 60.09 
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out the use of mercury lamps because due 
to the large light source accurate control 
is impractical. Also mercury lamps can 
be burned only base up or base down which 
rules them out for many test-cell loca- 
tions. Mercury lamps alone would have 
an interval of darkness of about six 
minutes from a momentary voltage inter- 
ruption. The stroboscopic effect of the 
mercury lamps might be annoying due 
to the moving parts of the engine. Units 
designed for mercury lamps to operate 
base up or base down not only are ineffici- 
ent but also often become so large that 
there is not sufficient depth of concrete 
to permit flushing (this is especially true 
for ceiling and radially mounted units). 
These inherent drawbacks of mercury 
lamps in test-cell lighting design are 
pointed out because they have been used 
in several test cells in the belief that 
something in the color helped the already 
unsatisfactory installation and in an 
effort to prolong the life of the lamp. 
To maintain the brightness balance be- 
tween the engine and control room the 
color of the light should be essentially 
the same for each location. Mercury 
lamps are not desirable for test-cell light- 
ing. 

The walls and ceiling of the engine 
room should be painted gray and have a 
reflection factor not greater than 25 per 
cent (same as engine). Contrary to gen- 
eral opinion, dark walls and ceiling do not 
increase the illumination more than ap- 
proximately 10 per cent for direct lighting 
with narrow-spread lighting units. 


Mechanical Requirements 
Test-cell lighting equipment is sub- 


jected to severe vibration which is com- 
parable to the vibration of the engine or 


Figure 12. A most satisfactory propeller test- 
cell lighting installation (Albert Kahn, Inc., 
engineers) 
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propeller itself and the greater the horse- 
power of the engine the greater is the 
vibration to which the units are sub- 
jected. To overcome maintenance prob- 
lems due to vibration, all parts of test- 
cell units must be of heavy generous 
construction. All bolts, screws, and nuts 
must be of generous size and of vibration- 
proof airplane construction. Consonance 
of the volume of air inside the unit will 
occur at some critical engine speed which 
will, if prolonged, result in lamp breakage. 
To overcome this consonant effect the 
design of the unit must be such that at 
normal testing speeds (2,300 to 2,700 
rpm) consonance does not occur. A 
relatively large (2 inch to 3 inch) opening 
to outside air will reduce the free period 
of the unit by one half and is the most 
practical method of detuning the unit to 
normal engine speeds. Vibration trans- 
mitted through the socket to the lamp 
should be reduced to safe limits by a 
vibration-absorbing mounting of the 
socket for low-horsepower engines and 
by eliminating any metal connection 
between the front of the unit and the 
socket for engines of high horsepower. 
Shock-proof sockets are not satisfactory 
because these are designed to reduce 
shocks (low frequency), whereas in test- 
cell operation comparatively high-fre- 
quency vibration corresponding to engine 
speeds must be dealt with. It has been 
found that the most effective means of 
reducing vibration transmitted to the 
lamp is to detune the unit, to mount the 
socket assembly entirely apart from the 
front of the unit, and to make all parts 
of heavy cast construction. 

Adequate gasketing must be used to 
prevent oil and oil vapor from entering 
the unit, as such deposits on the lamp and 
front glass cover quickly will reduce the 
amount of illumination on the engine and 
will cause overheating of the lamp and 
front glass cover by absorption of light 
and its conversion to heat. Overheating 
quickly bakes on the oil on the outside 
of the glass cover and further reduces the 
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illumination. Tests show that the nor- 
mal oil and dirt deposit on the front of the 
glass of the lights and on the glass of the 
observation window and the absorbing 
effect of the oil vapor and exhaust gases 
in the air will reduce the illumination 
on the engine by 50 per cent in four 
hours of engine operation. Not only must 
the front opening be gasketed properly, 
but also the gasket construction must 
stand frequent servicing without depre- 
ciation. The front cover glass must be 
cemented permanently into the face 
plate with a cement that will not rupture 
or depreciate under the action of vibra- 
tion, oil, and heat and will allow the 
necessary expansion and contraction of 
the glass from alternate heating and cool- 
ing without breaking the seal. The lens 
for controlling the direction and spread 
of the light must be held securely in the 
face plate and gasketed to reduce vibra- 
tion and uneven stress. The lens and 
cover glass must not be in contact with 
each other, and both must be able to 
withstand a mechanical shock of eight 
foot-pounds (a one pound steel ball 
dropped on the glass from a height of 
eight feet) and a thermal shock rep- 
resented by a sudden change in tempera- 
ture of not less than 100 degrees centi- 
grade. It has been found in practice 
that at /east these mechanical and thermal 
shock specifications are required for 
trouble-free operation. The cover glass 
should be of a homogeneous type (not 
laminated). 

Full life expectancy of 1,000 hours can- 
not be expected from lamps operating 
under the severe vibration condition of 
test-cell use, and a life of 300 hours should 
be considered normal for the service. 
This means that lamps will have to be 
replaced more often than for ordinary 
lighting units, and for this reason test- 
cell units should be constructed so that 


Figure 13. A satisfactory lighting arrange- 
ment for a rectangular engine-test room 
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Synopsis: A method is proposed for deter- 
mining the current capacity and the tem- 
perature of operation of cables in airplanes. 
The cable selected should in combination 
with the power plant result in the smallest 
weight for each electrical unit converted 
into useful work. A general equation is 
given for selecting the optimum current 
which is expressed in terms of the weight of 
the cable, power plant, and fuel; the length 
and resistance of the circuit, and the operat- 
ing voltage of the system. The method of 
selection indicates that the current capacity 
of a cable operated for short periods with- 
out requiring additional power-plant or fuel 
capacity is limited by the temperature the 
insulation will withstand. For open wiring 
requiring power-plant capacity bare copper 
conductors should operate from 50 to 65 
degrees centigrade above ambient tempera- 
ture, and insulated copper conductors 10 to 
25 degrees centigrade lower. The tempera- 
ture of the conductors in conduit will de- 
pend upon the installation. Measurements 
made upon two samples of cable in 0.5-inch 
conduit indicated that the conductors should 
operate at 45 to 80 degrees centigrade above 
ambient temperature. All bus bars and 
conduit should be enameled or painted to 
reduce their operating temperatures. Meas- 
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urements upon an aluminum-alloy tube indi- 
cated a drop of 35 degrees centigrade in 
100 degrees. The greatest reduction in 
weight of the electric system will be ac- 
complished by increasing the voltage. 
Further reductions may be accomplished 
by using aluminum conductors. If strip 
conductors are used terminal connectors 
may be eliminated and the connecting of 
aluminum conductors simplified. 


ABLE used for transmitting electric 

energy in airplanes may be divided 
into low-voltage and high-voltage cable. 
Low-voltage cable is used for trans- 
mitting energy at voltages less than 220. 
High-voltage cable is used for trans- 
mitting energy at voltages high enough 
to cause spark discharges. Some of the 
cable manufactured for low-voltage opera- 
tion will withstand 15,000 volts, but in 
the following treatment high-voltage 
cable will be considered as that type of 
cable fabricated primarily to be operated 
at high voltages. 

Because of the use of low voltages on 
airplanes there are circuits which must 
transmit heavy currents to deliver the 
required amount of energy. The selec- 
tion of 24 volts was made a few years 
ago, and in a paper! by Lieutenant Com- 
mander Grant and Melville F. Peters it 
was shown to be the optimum voltage for 
airplanes using a storage battery supply- 
ing part of the peak load. When the 


of 

if 
peak load is supplied by the generator 
the weight of the electric system will de- 
crease as the voltage is increased. For 
the same percentage loss in power the 
cross section of the conductor and con- 
sequently the weight will decrease as the 
square of the voltage. This relation 
between voltage and weight is well known, 
and perhaps because of what is called 
conservative practice the possible saving 
in weight of the electric system by in- 
creasing the voltage has not kept pace 
with the growth of the airplane. In the 
past it has been determined by what is 
considered safe for military operation, 
and it is beyond the scope of this investiga- 
tion to consider what may happen to the 
electric system in combat if shrapnel 
pierces a cable carrying what is con- 
sidered high voltage for airplanes. How- 
ever, it is possible to conduct an investi- 
gation of electric cable in such a way that 
the results are applicable to a wide range 
of voltage. Equipment of suitable fre- 
quency was not available to continue 
the study with alternating current. 
However, the general experimental pro- 
cedure is applicable to either alternating 
or direct current. 

Until recently high-voltage ignition 
cable was designed to conduct the energy 
from the spark generator to the spark 
plugs, and little attention was given to 
its effect upon the character of the spark 
discharge. Ignition cable today is de- 
signed to add as little as possible to spark- 
plug electrode wear, to suppress radia- 
tion from the ignition system, to serve 
as a means of supercharging the spark 
plugs, and to require the smallest amount 
of energy from the spark generator to 
fire the plugs without interfering with 
engine performance. Since most igni- 
tion-cable failures are caused by the 
insulation operating at high ambient 
temperatures, much attention must be 
given to the temperature range of the 
insulating material. 


relamping is simply and quickly accom- 
plished. Advantage should be taken of 
the relatively short life expectancy by 
using 115-volt lamps on 125-volt circuits 
which would give 132 per cent foot- 
candles and a life expectancy of 350 
hours. Lamp filaments are broken more 
easily when cold than hot. It is sug- 
gested that they be switched so that, 
when in the “‘off” position sufficient cur- 
rent will flow to keep the filaments red 
hot. Some industrial plants use this 
method of prolonging the lamp life where 
vibration exists. 


Installation Methods 
Lighting equipment should be flushed 
in the concrete wherever possible, be- 


cause the masonry helps to dampen 
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vibration and because flushed-in units 
do not interfere with the air flow. It is 
not practical to make any changes in a 
flushed-in job after the job is completed 
so it is important that full advantage be 
taken of past mistakes and fundamental 
knowledge to design new test-cell lighting 
to give satisfactory service. When 
flushed-in lighting equipment cannot be 
used, such as in relighting existing test 
cells, it will be necessary to use exposed 
mounted equipment. Such equipment 
should be as shallow as possible so that 
its projection from the walls and ceiling 
is a minimum. 

There are three lighting systems for 
complete test cell: 


1. The control room. 


2. Engine setup. 
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3. Engine inspection from control room 
through observation window. ; 


Each system should be switched sepa- 
rately from the control room. 
In making a test-cell layout for the 
engine room it is better to use a larger 
number of smaller lamps than a few large 
lamps, and it is desirable to design for 
25 per cent higher foot-candles than the 
initial calculated minimum of 90 because 
some lights may fail during test, and 
cleaning maintenance is usually very poor 
in actual operating practice. ¢ 
Figures 7, 8, 9, 10, and 11 show arrange- 
ments of lighting equipment taken from 
actual practice. A calculation of the 
foot-candles for each, shows that, with 
the exception of Figure 11, the illumina- 
tion is likely to fall below the calculated 
initial minimum of 90 foot-candles. ; 
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General Requirements for the 
Selection of Conductors Operating 
at Low Voltage 


Optimum weight of the electric system 
will be obtained with the selection of a 
group of conductors which in combination 
with the power plant affords the smallest 
weight for each electrical unit trans- 
formed into useful work. Such a treat- 
ment resolves itself into investigating 
the following: 


1. The weight of the power plant. 


2. The weight of fuel required for each 
kilowatt-hour of electric power developed. 


3. The portion of the power at peak load 
to be taken from the generator and the por- 
tion from the battery. 


4. The group of conductors supplying 
equipment which requires no addition to the 
power unit or the fuel supply. 


5. The group of conductors supplying 
equipment which requires addition to the 
power plant. 


6. The group of conductors supplying 
equipment which requires addition to the 


‘power plant and the fuel supply. 


Analysis of Factors Affecting 
Weight of Low-Voltage 
Electric System 


The weight of the power plant will de- 
pend upon the weight of the generator 
and the source of power. If the genera- 
tor is driven from the main engine the 
weight of the engine multiplied by the 
percentage of power taken from the main 
engine should be added to the weight of 
the generator. If an auxiliary engine is 
used, the weight of this power installa- 
tion must be added to the weight of the 
generator. In the computations used 
throughout this paper, the weight of the 
generator was taken as 6.6 pounds per 
kilowatt, and an additional weight of 6.6 
pounds was added for the source of 


Figure 1. Arrangement of apparatus for 
measuring the current capacity of cable in 
open wiring 


power. This is low for auxiliary-power- 
plant units and is approximately correct 
for main-engine-driven generators. 

Since the unit of electric power is the 
watt, it will be found convenient to ex- 
press the weight of the power equipment 
required to generate a unit of electric 
power as the weight in grams rather 
than the weight in ounces or pounds. 
For the value of 13.2 pounds selected for 
each kilowatt generated the simpler rela- 
tion may be used that it requires six grams 
of power-plant weight for each watt pro- 
duced by the generator to supply the 
losses in the cable. The amount of fuel 
required for continuously operated equip- 
ment depends upon the type of service 
and is taken as two grams of fuel for 
each watt of electric energy produced 
throughout the flight.. These values can- 
not be true for all types of service but 
are used as a basis for the calculations. 
The losses in the conductors are ex- 
pressed in watts, and here again it is con- 
venient to multiply the loss in watts by 
six or eight which gives the portion of 
weight of the power-plant unit and fuel 
which is dissipated by the conductor and 
cannot be utilized as useful power. For 
these reasons all weights of conductors 
are expressed in grams per meter so that 
the portion of the weight of the power 
plant which must be utilized to supply the 
losses in the conductor can be added 
without change of units to the weight 
of the conductor. 

Storage batteries are used in aviation 
for standby purposes and for supplying 


Figure 2. Arrangement of apparatus for 


measuring the current capacity of cable in 
conduit 
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energy in combination with the generator 
during peak loads. The size of a storage 
battery for standby purposes is deter- 
mined by the needs of the service, and 
the uses which make it necessary cannot 
be evaluated in terms of minimum weight. 
Such uses as lighting, signal purposes, 
and radio operation, may make a battery 
indispensable; the discussion which fol- 
lows, however, deals only with the use of 
the battery for supplying energy during 
peak loads. The size of the battery to 
be used in combination with the generator 
will be that size which makes the com- 
bined weight of the two a minimum, and, 
as shown in Appendix A,* its use cannot 
be justified from the standpoint of opti- 
mum weight. For this reason the storage 
battery will receive no further considera- 
tion. 
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Figure 3 


Curve 1—Bare copper tube—outside diameter 
0.498 inch 

Curve 2—Copper tube—one layer cotton 

tape, three coats varnish, brass wrap—out- 

side diameter 0.536 inch 
Curve 3—Copper tube—one layer cotton tape 
—outside diameter 0.524 inch 

Curve 4—Copper tube—one layer cotton 

tape, one coat varnish—outside diameter 
0.528 inch 

Curve 5—Copper tube—one layer cotton 

tape, two coats varnish—outside diameter 
0.531 inch 

Curve 6—Copper tube—one layer cotton 

tape, four coats varnish, carbon dust—outside 

diameter 0.532 inch 
Dotted line is average of curves 3, 4, 5, 6 


The rate of heat generation per unit 
length of the cable by a current 7 is 
given by the equation: 


_#p(1+aT») 


- = Eoi watt 1 
(11? —10") a it ( ) 


0 


where 


p=the resistivity of the conductor 

a =the temperature coefficient of resistivity 
To=the temperature of the conductor 

7, =radius of the hollow conductor 


* Recently batteries have been developed which 
give a greater output in kilowatt-hours per kilogram 
of weight than the values used in Appendix A, 
but these data are not available to the authors. 
For those to whom the information is available the 
values may be substituted in the equations and the 
advisability of the battery considered. 
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Figure 4 
Curve 3—Copper 
tube—one layer 


glass tape—outside 
diameter 0.523 inch 
Curve 4—Copper 
tube—one layer 
glass tape, one coat 
varnish—outside di- 


E ameter 0.524 inch 
Doz 0014 0016 .00l8 

WATTS PER SQ.CM. Curve 5—Copper 

Seeluval tube—one layer 


glass tape, two coats 
varnish—outside diameter 0.525 inch 
Curve 6—Copper tube—one layer glass tape, 
three coats varnish—outside diameter 0.528 
inch 
Curve 7—Copper tube—one layer glass 
tape, four coats varnish—outside diameter 
0.529 inch 
Dotted line is average of curves 3, 4, 5, 6, 7 


ro=inner radius of hollow conductor 
Ey=voltage drop per unit length of con- 
ductor 


The rate at which this quantity of 
heat Ho is conducted through the insula- 
tion per unit length of cable is given by 
the equation, 

27K (To— 71) 
is rnt+t 

nN 
where K is the effective thermal con- 
ductivity of the insulation and protective 
coating surrounding the conductor hay- 
ing a thickness ¢. 

T; is the temperature of the outer sur- 
face of the cable. 

To be in equilibrium HH) must equal 
the rate at which heat is lost per unit 
length from the surface of the cable. 
This rate of loss of heat is expressed by 
the equation, 


watts (2) 


i) 


log 


Hy =2re(r, +2) (T1—T)! watts (3) 


Figure 5 


Curve 1—Bare copper tube—outside diame- 
ter 0.247 inch 

Curve 2—Coppertuoe—one layer cotton tape, 
11 coats light varnish, two coats heavy varnish, 
metal wrap(brass)—outside diameter 0.293 inch 
Curve 3—Copper tube—one layer cotton 
tape—outside 
ameter 0.287 inch 

Curve 4—Copper a 


di- 120 


where e is the rate at which heat is lost 
from each square centimeter of surface 
for each degree centigrade difference in 
temperature, and T is the ambient tem- 
perature. 

The weight of the cable W, with a 
tubular conductor may be written as 


(4) 


and for a rectangular conductor or strip 


1+ root(2rr+8)1 


getty ut 
es Prereesenepnreees tte 
142t5,(a+b+20)1 (5) 


where 
To—T 
B=B\=—— 
ap(1 +a) 

a =width of conductor 
b=thickness of conductor 
1=length of conductor 
6, = density of conductor 
69 = density of insulation 


The rate at which the energy H is de- 
veloped by the power plant for a circuit 
requiring 7 amperes is Hz where £ is the 
voltage at the bus bars. The rate at 
which the energy is expended in a cable 
of length / is Hol so that H — Hol is the rate 
at which energy is delivered. If the cable 
weighs W grams per unit length the watts 
delivered for each gram of weight of cable 
is 


(6) 


Wikies ii 


If Ky grams are allowed for each watt 
generated by the power-plant installation 
the number of watts delivered per gram 
of weight may be written 


Ki E 
vie 5—aR 
Hz= = (7) 
ki W E 
W+K2 5 ae arse 7 
i 


where the resistance R= Ro(1+a7>). 
Putting the derivative of H,, with respect 


tube—one layer cot- 
ton tape, two coats 
varnish— outside 
diameter 0.287 inch 


tube—one layer 


cotton tape, 11 
coats light varnish, 


one coat heavy 


varnish—outside di- 


= 
wl 
: 
S 
Curve 5—Copper 8 , 
rs) 
. 
=I 
Ps 
: 
= 


ameter 0.293 inch 
Dotted line is aver- 
age of curves 3, 4,5 
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i 
Mf 
toz equal 0, the optimum current capacity 
for a cable may be written 


ay why? We 
KoxE}] Rs y 


If the cable is enclosed in conduit, the 
weight W designates the combined weight 
of the cable and conduit. If several 
cables are enclosed, the weight of the 
conduit must be distributed among the 
cables. 

The difference in temperature between 
the surface of the cable and the ambient 
temperature may be obtained from the 
equation, 


ee ee 
Tie Rigg 


(8) 


log 


n+t | 


nm  e(m-+e) 
(9) 
where the values assigned to e must be 


taken to correspond with 7;—T. After 
selecting these values of e the rate of heat 


Table |. Percentage Decrease in Crest Cur- 
rent Between Two Oscillations 


Resistance 
in Ohms 


Percentage Decrease 
in Crest Current 


lost J7y per unit length may be calculated 
for a range of values for Ty>—T from the 
equation, : 
2r(Ty)—T) 
11 +t 
| Fay ee 
iat 1 


K A eee 


y= 


(10) 


When these values are substituted in 
equations 6 and 7 and plotted versus 
To—T the optimum value for temperature 
of operation above ambient temperature 
of the cable is indicated. 


The weight of the cable and portion 


of the power plant supplying 7 amperes ~ 


may be expressed in the form, 


ip0:(1+aTo) 
Wat eee 
{ mine 


ae (ogee eho aha 
wo 
I4+-Kx(E+E)i (11) 


For bare wire t=0 and if the derivative 
is taken with respect to Hy and put equal 


to zero the drop in voltage may be written 


Atl hale 4 
realy] Pape eh (12) 


This equation indicates that the drop 


fe 


in voltage in any circuit is equal to the ~ 
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length multiplied by the square root of 
the product of conductivity by the den- 
sity, divided by the weight in grams for 
each watt generated, or it is equal to a 
constant multiplied by the length of the 
cable. Now it is obvious that for a light- 
ing circuit the drop in voltage should not 
be proportional to the length of lead, for 
a light near the source of supply should 
receive the same voltage as the one on 
the tip of the wing. To obtain an opti- 
mum voltage drop which should hold for 
all circuits we may follow the method 
used in obtaining the weighted mean. 
Suppose, for example, a calculation using 
equation 12 indicates a drop of one volt 
for 100 pounds of cable, a drop of five 
volts for 200 pounds of cable, a drop of 
eight volts for 300 pounds of cable, and a 
drop of ten volts for 400 pounds of cable, 
the total weight of cable is 1,000 pounds. 
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WATTS PER SQ.CM. 
T-T 


0024 


Figure 7 


Curve 1—Number-10 vinylite-insulated braid- 
lacquered cable 
Curve 2—Number-8 vinylite-insulated braid- 
lacquered cable 
Curve 3—Aluminum tube heated by passing 
: current through tube 
Curve 4—Aluminum tube heated by passing 
current through inclosed cable 
Curve 5—Same as curve 3 except tubing 
covered with enamel 
Curve 6—Same as curve 4 except tubing 
covered with enamel 
Curve 7—Same as curve 3 except tubing 
covered with carbon black in varnish 
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Figure 6 


Curve 1—Bare copper strip— 
0.5x0.063 inch—width hori- 
zontal 
Remaining curves width vertical 
Curve 2—Bare copper strip— 
0.5x0.063 inch 
Curve 3—Copper strip—one 
layer cotton tape, three heavy 
coats varnish, brass wrap— 
0.542x0.122 inch 
Curve 4—Copper strip, one 
layer cotton tape—0O.525x 
0.095 inch 
Curve 5—Copper strip—one 
layer cotton tape, three heavy 
coats varnish—O.540x0.103 
inch 
Curve 6—Bare copper strip— 
2.0x0.003 inch 


The weighted mean voltage drop is 

pe 

(100 X 1) + (200 X 5) + (800 X8) + (400 X 10) 
100 +200+300+-400 


=7.5 volts 


The actual weight of cable in each cir- 
cuit which must be used to obtain this 
average drop is 


1 

W,=100 X= =13.34 
7.5 

Ws =200X 2 =133.4 

ay hee} 


8 
W3=300 X—- =320.0 
: X75 


400 pee 535.5 5* 
ane 000°°7.5 1,000 ,000 


r 


From the foregoing it is apparent that 
there is no increase in the total weight 
of cable if the mean voltage drop is used 
instead of the optimum for each circuit. 

If the values of p and 6 are substituted 
in the equation with K.=8 grams per 
watt generated, the drop in voltage for 
aluminum, copper, and iron may be 
written 


Eo aluminum =0.098 volt per meter at 25 de- 
grees centigrade 


Ey copper’ =0.137 volt per meter at 25 de- 
grees centigrade 
Eo iron =().313 volt per meter at 25 de- 


“ grees centigrade 


Factors Affecting the Performance 
of High-Voltage Cable 


The following discussion will be limited 
to cable used for ignition. The char- 
acter of the spark discharge most suitable 
for internal-combustion-engine operation 
will be that which will ignite a com- 
bustible mixture under all conditions of 
operation, require a minimum expendi- 


* In Appendix B this is shown to hold for the general 
case. 
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ture of electric energy, cause the smallest 
amount of electrode wear,»reduce radio 
interference, and permit air for super- 
charging the spark plugs to be carried 
through the conductor. This freedom of 
selection is permitted since many investi- 
gations have shown that within reason- 
able limits the character of the spark 
does not affect the performance of the 
engine. 

The energy H in joules required to 
cause a spark discharge is given by the 
equation, 


H='/,CE? (13) 


where C is the capacitance of the second- 
ary circuit in farads and E the break- 
down voltage of the spark gap. Since # 
is determined by the mass of gas between 
the electrodes which is determined by the 
cylinder pressure, temperature, and elec- 
trode separation, the only means by which 
H may be decreased is by decreasing C. 
This is accomplished by increasing the 


Table Il. Wear of 18 Spark Plugs After 500 
Hours Operation at Room Temperature 


Electrode Wear in Inches 


— es 


Stainless-Steel Copper-Conductor 


Resistance Cable—Capaci- Cable— Capaci- 
of Resistor tance 22107 tance 45 x 10712 
(Ohms) (Farads Per Foot) (Farads Per Foot) 
INOHG Aisle Werssa OZOGD Matertatearetanaisis 0.110 
LOO Merete she OOO vas esse hater 0.003 
BOD a Gs chs Q002 Ss wiegia arele earns 0.003 
DL BO0 Zexie/s'a's O.002 5 ca raaietatel ae 0.003 
SQOO Is Fic. 0, O02 ries cS ate so 0.002 
LOROOO i clef 10 s002,\ 2 ...0.002 
25,000... :..0.001 +. , ...0.001 + 
50,000........0.001+.. ...0.001 = 
ZOL000 irate ates OPOO Treks reesei afeiue 0.001 + 


size of the metal tubing surrounding the 
conductor, decreasing the dielectric con- 
stant of the insulation, or decreasing the 
size of the conductor. Increasing the size 
of the tubing is objectionable, because it 
increases the weight. Decreasing the 
dielectric constant has been carried as far 
as is consistent with good thermal and 
electrical properties of the insulating 
compound. Decreasing the size of the 
conductor is possible and has been re- 
duced to 0.04 inch. Below this the 
mechanical strength is low, and the elec- 
trical gradient increases very rapidly so 
that failures may be expected with any 
appreciable decrease in diameter of the 
conductor below 0.04 inch. The Navy 


‘type of seven-millimeter cable with a 


one-millimeter conductor has a ratio of 


shielding of 4 This 


conductor to as 
value was selected after observing that 
it may be obtained by putting the deriva- 
tive of the product of the capacitance 
and electrical gradient equal to zero. 
When a capacitance C discharges 
through an inductance ZL and resistance 
R, the current at time ¢ after the begin- 
ning of the discharge may be given by 


Fen sd a 
1=—— 


(3) 


@! sin wt (14) 
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Shows the temperatures of bare 
and covered conductors 


Figure 8. 


Curve 1—Bare copper strip 

Curve 2—Copper strip—cotton wrap 
Curve 3—Bare copper tube—outside diam- 

eter 0.498 inch 
Curve 4—Copper tube and cotton wrap— 
outside diameter 0.524 inch 
Curve 5—Aluminum tube bare—outside di- 
ameter 0.540 inch 
Curve 6—A\luminum tube, one coat of white 
enamel—outside diameter 0.540 inch 

Curve 7—Aluminum tube, one coat of carbon 
black in varnish—outside diameter 0.540 inch 


where 


UP ev inte: 

Sion VOL ea 

and # is the voltage of the capacitance 
at the beginning of discharge. The 
damping in equation 14 is given by the 
term, 

Ru 
e~%—e ww (15) 


Table I shows the percentage decrease 
in crest current between two oscillations 
computed from equation 15 for a capaci- 
tance» of C=2< 110" farads, and 
L=2X10~° henrys, which corresponds 
closely to the ignition cable in a shielded 
harness. : 

Both radio interference and spark-plug 
wear are decreased by increasing the 
resistance of the secondary circuit. 
The spark-plug wear is decreased because 
thé energy which is normally dissipated 
in the spark-plug gap is dissipated in the 
conductor of the cable. For short-wave 
lengths compared to the harness length 
the present type of radiation suppression 
commonly called shielding is not adequate 
without sufficient resistance to make the 
circuit aperiodic. For long wave lengths 
the harness shielding is effective, because 
the current flowing in the cable produces 
a field equal to and in the opposite direc- 
tion to the field produced by the return 
current in the harness. The return of the 
current through the harness rather 
than the engine is explained by the 
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proximity effect. When the wave lengths 
are short compared to the harness, the 
current in the conductor is not in phase 
with the current in the shielding, so that 
part of the return current is through the 
engine. Radiation then takes place in 
such a way that the sum of the fields from 
the currents in the cable and in the 
return circuits is not zero at all points in 
the neighborhood of the antenna. By 
using a high resistance in the secondary 
circuit the spark discharge becomes aperi- 
odic and radio interference is reduced to 
a satisfactory level at all wave lengths 
when used in connection with the harness, 
The most satisfactory way to introduce 
the resistance so as to eliminate any possi- 
bility of oscillation in the secondary cir- 
cuit is to use high-resistance ignition 
cable. This may be accomplished by 
using a cord wound with high-resistance 
wire, the pitch of which is tisually long as 
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Figure 9. Curves for copper tubes using glass 
tape impregnated with varnish for insulation 


Curve 1—Hp calculated from equation 10 
for 200 amperes 
Curve 2—Weight of cable calculated from 
equation 4 
Curve 3—Calculated from equation 6 
Curves 4 and 5—Calculated from equation 7 


| 


compared to the diameter of the con- 
ductor. The wound cord is covered 
with conducting rubber or other suitable 
material to eliminate high electrical 
gradients. The resistance per unit length 
of the conductor is made so that 


Te = 1 
4h? CL Cy 
which is the condition that the secondary 
circuit remains aperiodic throughout its 
length. 
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The first completely shielded pressur- 
ized ignition system used in this country 
was installed on the Winnie Mae by 
Wiley Post. It was manufactured by the 
Breeze Corporation. The air was taken 
from the supercharger and fed into the 
magnetos which were inclosed in airtight ’ 
boxes to decrease the air leakage. From 
the magneto the air passed into the mani- 
fold and then into the flexible leads’ to 
the spark plugs. The air reaching the 
plugs passed through electrical gradients 
capable of producing ozone and nitrogen- 
oxygen compounds. By using hollow 
conductors air can‘ reach the plugs with- 
out ionization, since the gradient in the 
hollow conductor is zero. As tests made 
with solid conducting tubing indicated 
failure from fatigue, flexible conducting 


' tubing is now used. 


Experimental Procedure for 
Low-Voltage Cable 


The experimental procedure followed 
for low-voltage cable was to measure the 
voltage drop, the temperature of the 
conductor, and the ambient temperature 
for a range of current values. From the 
telation Hy)=Ey; the watts generated in 


‘the conductor were calculated, and when 


these values were substituted in equation 
3, which is 
Hy =2re(n+t)(T,—-T)l 


the value of e for bare conductors over 
the temperature range (7:—T) could be 
determined, since without insulation 
T,=T , and Ty and T were measured. 

The thermal conductivity of the insula- 
tion of the cables was computed from the 
temperature difference 7»>—Z, between 
the conductor and a brass tape wound 
around and cemented to the insulation 
with varnish. If the measured value 
To—T\ is substituted in equation 2, 
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Figure 10. Curves for a copper tube r, =0.3, 
tp = 0.288 insulated with cotton tape impreg- 
nated with varnish 

Curve 1 calculated from equation 6 
Curves 2 and 3 calculated from equation ’7 
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the thermal conductivity K may be deter- 
mined, 

With the thermal conductivity K 
determined the temperature 7; may be 
obtained from equation 2 when the cur- 
rent, voltage drop per unit length, and 
the temperature 7) of the cable are 
known. If these values are substituted 
in equation 3, the rate e expressed in 
watts at which heat is lost per square 
centimeter per degree centigrade differ- 
ence in temperature from the surface of 
the cable may be calculated. 


Experimental Procedure for 
High-Voltage Cable 


Three methods were used to determine 
the effect of ignition cable on the rate of 
spark-plug electrode wear. The first 
tests consisted of making measurements 
upon spark plugs operating for 500 
hours at room temperature, the second 
by photographing the spark discharge 
in an automotive engine, and the third 
by testing the rate of wear in an aircraft 
engine. Photographing the spark dis- 
charge is a rapid method of determining 
electrode wear, since the intensity of the 
metal lines is proportional to the rate at 
which the metal evaporates and ionizes 
in the gap. 


Apparatus for Low-Voltage Cable 


The method used for measuring the 
power input versus temperature of the 
conductor for cable used as open wiring 
is shown in Figure 1. The sample is four 
meters long and the distance between the 
potential leads, H—E; is three meters. 
The voltage drop was measured across 
these leads and the standard resistor [ 
with a potentiometer, from which the 
power input was calculated. The tem- 
peratures were measured at three points 
by thermocouples indicated by T>!, 
T,?, and T>*. A fourth thermocouple 
was used at 7; when the sample was 
wrapped with brass tape. The tempera- 
ture difference T7)?— 7, was used to deter- 
mine the thermal conductivity of the 
insulating material. The ambient tem- 
perature was determined by measuring 
the resistance of a wire stretched parallel 
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to, and about 35 centimeters below the 
sample. The sample was suspended 
about 50 centimeters above the table by 
means of electrodes at the ends and a 
cord at the center. 

Temperature measurements of conduc- 
tors inclosed in conduit were made by 
using the conductor as a resistance ther- 
mometer. The resistance Ry and the 
temperature coefficient a were determined 
by measuring the resistance of the con- 
ductor at the freezing and boiling points 
of water. The sample of cable was 
drawn into the conduit or aluminum tube 
after 20 feet of the sample had been 
doubled and potential leads soldered ten 
feet from the doubled end as shown in 
Figure 2. The tube was suspended by 
three silk cords. Measurements of volt- 
age and current were made with a poten- 
tiometer. The temperature of the con- 
duit or tube was measured by thermo- 
couples which were imbedded in the walls 
of the tube and wrapped around the 
outer surface two or three times to de- 
crease the rate of heat flow from the hot 
junction. 
to the cable, and the current and poten- 
tial difference were measured, from which 
the resistance R and the watts Hy per 
unit length could be computed. 


Apparatus for High-Voltage Cable 


A magneto for a nine-cylinder engine 
was connected to nine porcelain spark 
plugs by five-foot lengths of ignition 
cable inclosed in five-foot lengths of 
three-eighths-inch copper tubing. Two 
runs of 500 hours duration were made. 
The first run was made with ignition 
cable having a stainless-steel conductor 
and a capacitance of 221071? farads per 
foot, and the second run was made with 
cable having a copper conductor and a 
capacitance of 45xX10~" farads per 
foot. In addition to the resistance of the 
cable the following resistors were inserted 
between the spark plug and cable: 0, 
100, 500, 1,000, 5,000, 10,000, 25,000, 
50,000, and 70,000 ohms. 

Photographs of the spark discharge 
between the electrodes of the spark plugs 
were made by putting a quartz window in 
the head of an engine and focusing an 
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Figures 11 and 12. Curves for 
a 0.498-inch copper tube 


Curves 1, 2, and 3 are for the 
bare copper tube 
Curves 4, 5, and 6 are for the 
tube insulated with cotton tape 
impregnated with varnish 
Curves 7, 8, and 9 are for the 
_ tube insulated with glass tape 

impregnated with varnish 
Curves 1, 4, and 7 are com- 
puted from equation 6 
The rest of the curves were 
computed from equation 7 
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A voltage then was applied © 
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Figures 13 and 14 are curves for a 0.247-inch 
copper tube 


Curves 1, 2, and 3 are for the bare copper 
tube 

Curves 4, 5, and 6 are for the tube insulated 

with cotton impregnated with varnish 

Curves 1 and 4 were computed from equa- 
tion 6 

Curves 2, 3, 5, and 6 were computed from 

equation 7 


image of the spark discharge upon the 
photographic plate of the spectrograph. 
The engine was operated with alcohol 
during the warm-up period so as'to reduce 
the rate at which deposits accumulated 
on the window. During the photograph- 
ing of the spark discharge gasoline was 
used. 


Results of Tests for Low-Voltage 
Cable 


The curves in Figure 3 show the 
number of watts lost for each square centi- 
meter of surface for each degree difference 
in temperature between the surfaces of 
the cotton tape with and without varnish 
impregnation, the 0.5-inch copper tube, 
the brass wrap, and the ambient tem- 
perature. The diameter of the metal 
and insulated surfaces, together with a 
description of the insulation and varnish, 
is given with the curve. This method of 
giving a description of the curves with 
the figures is followed throughout. The 
difference in temperature between the 
metal conductor and the outer surface of 
the tape and varnish was calculated from 
equation 2, after the thermal conduc- 
tivity of the tape and saturants had been 
determined by wrapping the cable with 
brass tape. The thermal conductivity of 
the cotton tape and three coats of varnish 
was found to be 0.00045 watt per square 
centimeter per degree centigrade differ- 
ence in temperature. 

Figure 4 shows the rate at which heat 
is lost from surfaces of glass tape with 
and without varnish impregnation. The 
thermal conductivity of the glass tape 
and four coats of varnish was found to be 
0.0014 watt per square centimeter per 
degree centigrade difference in tempera- 
ture. An inspection of the glass tape 


after the tests showed that the coarse pores 
were not filled with varnish, and this may 
explain the smaller rate at which heat is 
lost from the glass-tape surface compared 
to the cotton-tape surface. 

Figure 5 shows the rate at which heat is 
lost from surfaces of cotton tape with 
and without varnish impregnation, the 
0.25 copper tube and the brass tape. 
These values when compared with the 
values in Figure 4 indicate that heat is 
lost at a greater rate from the smaller 
tube. The brass tape was badly cor- 
roded compared with the copper tube, 
and this is indicated by the greater rates 
at which heat is lost from the brass 
surface. 

Figure 6 shows the rate at which heat 
is lost from two samples of copper strip. 
Curve 1 was obtained with the greatest 
dimension or width of the 0.5-inch strip 
horizontal, and the other four curves 2, 
8, 4, and 5 with the width vertical. 
Curve 6 was made with the width of the 
2.03-inch sample vertical. The samples 
were supported 50 centimeters above the 
top of the table as indicated in Figure 1. 
The thermocouples were put into small 
holes bored in the strip and then wrapped 
two or three times around the sample to 
reduce the flow of heat from the hot 
junctions of the thermocouples. 

Curves 1 and 2 in Figure 7 show the 
rate at which heat is lost from the surface 
of two samples of vinylite cable covered 
with braid and lacquer. Curve 1 is for 
number-10 conductor consisting of 37 
strands, and curve 2 for number-8 con- 
ductor consisting of 183 strands. The 
outside diameter of the number-10 cable 
was 0.225 inch and of the number-8 
cable was 0.255 inch.” The surface of 
the number 10 was smooth, and of the 
number 8 rough. Curve 3 shows the rate 
at which heat is lost from the surface of 
an aluminum-alloy tube when heated 
by passing current through the tube, and 
curve 4 when heated by passing current 
through two number-10 vinylite cables 
placed in the tube. Curves 5 and 6 were 
obtained under similar conditions when 
the aluminum tube was painted with 
white enamel, Unfortunately the cables 
were shifted in the tube between the 
groups of readings shown as curves 3, 4, 
and 5, 6, so that the temperature differ- 
ence between the conductor and tubes 
for the two groups of readings cannot 
be compared. Curve 7 shows the rate 
at which heat is lost from the surface of 
the tube when covered with varnish and 
carbon black. 

In Figure 8 are seven curves which 
show the difference in temperature be- 
tween the conductor and the ambient 
temperature plotted versus current. 
These values are taken from the same 
data as used in plotting the curves shown 
in Figures 3-7 inclusive. Curve 1 shows 
the difference in temperature between 
the copper strip and the ambient tem- 
perature, and curve 2 shows the difference 


1276 


in temperature between the copper strip 
when wrapped with cotton tape and the 
ambient temperature for the values of 
current plotted as abscissa. The principal 
reason for the lower temperature of the 
covered strip is the greater rate at which 
heat is lost per square centimeter per 
degree difference in temperature com- 
pared to copper. The other five curves 
are for metal tubes and indicate that for 
open wiring all bus bars and other con- 
ductors should be either insulated or 
enameled. 

In Figure 9 are plotted five curves. 
Curve 1 is obtained by substituting the 
following values in equation 10, 7=200 
amperes, K =0.0014, t=0.047 centimeter, 
e=0.002 watt em?/7,;—T, T>=100 de- 
grees centigrade, T7=25 degrees centi- 
grade and /=100 centimeters. If the 
diameter is plotted as abscissa, the curve 
shows the number of watts ‘which must 
be dissipated from copper tubular con- 
ductors with glass insulation. 

Curve 2 is obtained from equation 4 
after putting 6,;=8.89 and shows the 


Table Ill. 


tty 
average of curves 3, 4, and 5 of Figure 5 by 
estimating 7,—T and substituting the 
corresponding value of e in equation 9. 
If the value obtained by solving the 
equation for T;—T did not agree with 
the estimated value, a second selection 
was made using the first selection as a 
guide. Usually the second trial gave 
the value of e which satisfied equation 9. 
Hy then was obtained by substituting 
these values of e in equation 10, When 
these data are substituted in equation 6, 
the kilowatts transmitted per kilogram 
of weight of cable are shown by curve 1. 
Substituting the same data in equation 
7 after assigning values of 6 and 8 to 
Ky respectively, the curves 2 and 3 were 
obtained. Curve 1 indicates that the 
higher the temperature the greater will 
be the number of kilowatts transmitted 
per kilogram of weight, whereas curves 2 
and 3 indicate that for this type and 
thickness of insulation the temperature 
of operation of the conductor should be 
35 to 40 degrees centigrade above 
ambient temperature. 


Comparison of Number-8 Cable Weighing 101 Grams Per Meter With Copper 


Conductor and Cable Weighing 73.6 Grams Per Meter With Aluminum Conductor and 
Same Resistance 


Wi+K:H Kilowatts Trans- 
Kilowatts Weight of Cable mitted Per Kilogram Kilograms 
Current Transmitted and Power Plant of Weight From _ for Each Kilo- 
(Amperes) H—Hol in Kilograms Equation 7 watt Transmitted 
E Al Cu Al Cu Al Cu Al Cu Al Cu Dif 
80...68,0...79.0....1.98 ...2.22 ....12:98 ...15.28°2...0.149.. .0.1462.. -6. 2c Grea amas 
100...70.8...82.8....6.96 ...8.12 . 48.22 ...60.69 ....0.161...0,160 ... 6120. oneemen une 
Difference 0.53...0.60 
Ka=6 
30...59.4...69.0....1.699...1.958....14.992...15.231....0.113...0.111 ....8.83...8.98...0/15 
100...61.7...71.9....6.080...7.068....50.096...50.691....0.121...0.1207....8.24...8.29.. 10.05 


Difference 0.59...0. 
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weight of the cable per meter length for 
the diameter plotted as abscissa, 

Curve 3 is computed from equation 6 
and curves 4 and 5 from equation 7 
taking K, as 6 and 8, respectively. The 
curves show the weight in kilograms for 
each kilowatt transmitted through ten 
meters of cable when the voltage E at the 
bus bars is taken as 28 volts. No change 
was made in e as the diameter of the 
tube decreased in size, as indicated by 
the values given for 0.5- and 0.25-inch 
tubing. 

Figure 10 shows the number of kilo- 
watts transmitted for each kilogram of 
weight of the electric system. The volt- 
age E at the bus bars was taken as 28 
volts, the tubular conductor ten meters 
long, the outside diameter of the con- 
ductor 0.3 inch=0.762 centimeter, the 
thickness of insulation 0.042 centimeter, 
the thermal conductivity of insulation 
0.00045 watt per square centimeter per 
degree centigrade difference in tempera- 
ture, the density of insulation 0.7, and 
a current of 200 amperes. 

Each value of e was taken from the 
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The data used in plotting the curves 
shown in Figures 3 and 4 were substituted 
in equations 6 and 7 and the values 
plotted versus current and temperature 
as shown in Figures 11 and 12, respec- 
tively. The diameter of the copper tube 
was 0.498 inch. These curves indicate 
that the copper tubular conductor should 
operate at a lower temperature when 
insulated with cotton or glass tape im- 
pregnated with varnish with the thick- 
nesses indicated, than when bare. The 
kilowatts transmitted for each kilogram 
of weight are practically the same for the 
bare and cotton-insulated conductor, — 
but slightly less for the glass-insulated 
conductor. x 

In Figures 13 and 14 are shown the 
kilowatts transmitted per kilogram of 
weight for bare and cotton-covered copper 
tubing having a conductor diameter of 
0.247 inch. The cotton was impregnated 
with varnish and had the same thickness 
as the cotton braid used on the 0.5-inch 
tube. These curves likewise indicate 
that the bare copper tube should oper- 
ate at a higher temperature than the in- 
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sulated tube and that the bare tube trans- 
mits a slightly greater number of kilo- 
watts for each kilogram of weight. 

In Figures 15 and 16 are shown the 
kilowatts transmitted per kilogram of 
weight for two bare copper strips and one 
cotton-covered strip. The data used in 
plotting these curves were obtained from 
the same set of measurements as used in 
plotting Figure 6. Only the narrow cop- 
per strip was covered with tape because 
of the difficulty of holding the insulation 
in contact with the wide metal strip. 

Using the aluminum-alloy tube as a 
conductor, the kilowatts transmitted per 
kilogram of weight are shown in plots 17 
and 18 for the bare and enameled tubes. 

The plots shown in Figures 19 and 20 
indicate the number of kilowatts trans- 
mitted for each kilogram of weight of the 
electric system. Plots 1, 2, and 3 were for 
number-10 conductor insulated with 
vinylite, braid, and lacquer. Plots 4, 5, 
and 6 were for number-8 conductor in- 
sulated with vinylite, braid, and lacquer, 
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in Figures 23 and 24 with the curves 
shown in Figures 21.and 22 indicates that 
the use of glass braid and varnish for an 
insulating and protective coating in- 
creases the kilowatts which may be trans- 
mitted for each kilogram of weight. 
Painting the tube with varnish and car- 
bon black lowers the temperature of the 
conductor. 

In Figure 25 is shown the drop in tem- 
perature between the conductor and con- 
duit, the conductor and ambient tempera- 
ture, and the conduit and ambient 
temperature. Curves 1 to 3 are for the 
number-10 conductor insulated with 
vinylite, braid, and lacquer in the bare 
conduit, and curves 4 to 6 are values for 
the same cable in the same conduit 
painted with white enamel. Curves 7 
to 9 are for the number-8 conductor in- 
sulated with glass tape impregnated with 
varnish in the bare conduit, and curves 
10 to 12 are for the same cable in the 
same conduit covered with carbon black 
and varnish. 


Figures 15 (left) and 16 (right). 


Curves for copper strips 


Curves 1, 2, and 3—Bare cop- 
per strip, 0.5x0.095-inch width 
horizontal 
Curves 4, 5, and 6—Bare cop- 
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and plots 7, 8, and 9 were number-8 
conductor insulated with glass tape im- 
pregnated with lacquer. The data used 
here were obtained from the same set of 
measurements used in plotting Figure 7. 


CABLE IN CONDUIT 


Only two sets of observations were 
made with cable in conduit, one using two 
number-10 cables covered with vinylite 
insulation, braid, and lacquer, the other 
using two number-8 cables insulated 
with varnish-impregnated glass tape. 

The results for the samples of vinylite 
are shown in Figures 21 and 22 and indi- 
cate that the maximum power is de- 
livered per unit of weight when the two 
cables carry between 80 and 90 amperes. 
These measurements apply only to the 
use of two cables in 0.5-inch conduit. 
The optimum temperature of operation 
of the conductor is between 50 and 60 de- 
grees centigrade above ambient tempera- 
ture for the bare tube. Painting the con- 
duit with white enamel slightly increases 
the number of kilowatts transmitted for 
each kilogram of weight and lowers the 
temperature of operation of the con- 


' ductor five to ten degrees centigrade. 


Comparison of the results for the 
samples of glass-impregnated cable shown 


perstrip, 0.5x0.095-inch width 
vertical 
Curves 7, 8, and 9—Copper 
strip insulated with braid and 
impregnated with varnish 
Curves 10, 11, and 12—Bare copper strip, 
2.03x0.003-inch width vertical 

Curves 1, 4, 7, and 10 were computed from 
equation 6. The remaining curves were 
computed from equation 7 


100 140 


ALTITUDE 


No measurements have been made at 
reduced pressures to simulate operation 
at high altitudes. From the little data 
available it seems that a tentative solu- 
tion is to assume the ambient tempera- 
ture has been raised 35 degrees centi- 
grade. For example, if cable operates 
satisfactorily at 25 degrees centigrade at 
sea level it should operate equally well at 
high altitudes and temperatures ten 
degrees centigrade below zero. The 
limiting value occurs when the air be- 
comes sufficiently rare to permit cooling 
only by radiation. 


VOLTAGE 


The same data were used for computing 
the curves shown in Figure 26 as were 
used in plotting the curves shown in 
Figures 19 and 20. The weight of the 
number-8 vinylite-insulated cable was 
101.1 grams per meter. The loss in 
watts when conducting a current of 
60.7 amperes was 8.7 watts per meter. 
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From these data the resistance was taken 
as 0.00236 ohm. Curves 1 and 2 show 
the number of kilowatts transmitted for 
each kilogram of weight for voltages 10 
to 100 using a cable ten meters long and 
assigning K» the values 6 and 8, respec- 
tively. The values were obtained from 
equation 7 after substituting in the 
values for optimum current obtained 
from equation 8. Curves 3 and 4 show 
the optimum current for the voltages 
plotted as abscissa after assigning Ke 
the values 6 and 8, respectively. To 
simplify the calculations the resistance 
was assumed constant, and the correc- 
tion R=Ro(1+aTo) was not applied, 
although sufficient data have been given 
to make the correction. 


Tests on Insulation 


These data have been given in such a 
way that the temperature requirements 
for the insulation can be determined when 
the ambient temperatures are known. 
Information regarding the highest tem- 
perature at which an insulation can 
operate without rapid deterioration may 
be obtained from the manufacturers of 
the better insulating materials. During 
this investigation insulations were found 
which melted and oozed through the pro- 
tective coating sufficiently to cause the 
cables to stick together, thus making it 
impossible to remove a damaged cable if 
a group of cables were inclosed in a con- 
duit. 

The number-8 conductor insulated with 
glass tape and impregnated with varnish 
seems to have possibilities. It was 
operated at 230 degrees centigrade with- 
out apparent damage. It was soaked in 
salt water with the ends immersed for 
24 hours and then withstood 1,500 volts 
alternating current with the ends pro- 
truding 1!/, inches above the surface of 
the water. After bending around a one- 
inch mandrel at —50 degrees centigrade 
it withstood the same voltage test. 


Results of Tests for High-Voltage 
Ignition Cable 


The spark-plug wear of 18 spark plugs 
after 500 hours operation at room tem- 
perature with resistors between the spark 
plugs and cables is given in Table II. 
The magneto was operated at 900 rpm 
and the gaps set at 0.025 inch. 

In Figure 27 are shown nine illustra- 
tions of the spark discharge together with 
the description of each discharge. 


Discussion of Results 


Figures 3 to 7, inclusive, show that the 
rate at which heat is lost per square centi- 
meter of surface per degree centigrade 
difference in temperature between the 
surface of the cable and ambient tem- 
perature is less for metallic than for 
nonmetallic surfaces. The surfaces of the 
copper samples, the brass tape, and the 
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Figures 17 (left) and 18 (right). 
Curves for aluminum tubing 


Curves 1, 2, and 3—Bare 
aluminum tubing 
Curves 4, 5, and 6—Enameled 
covered aluminum tubing 
Curves 1 and 4 were computed 
from equation 6 
Curves 2, 3, 5, and 6 were 
computed from equation 7 
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aluminum-alloy tube were oxidized, which 
probably represents an average condition 
for such metals in service. 

The glass tape referred to in Figure 4 
was only partly filled with varnish. This 
may account for the smaller rate at which 
heat was lost from the surface as com- 
pared to the cotton tape shown in Figure 
3. The rate at which heat was lost from 
the surface of the number-8 cable with 
glass braid is not shown, because there is 
some doubt as to the value obtained for 
the thermal conductivity of the insula- 
tion. The uncertainty in the value was 
due to the thinness of the insulation and 
stranding of the conductor. The tem- 
perature 7; could not be calculated with- 
out knowing the thermal conductivity 
K. It was not necessary to know the 
temperature 7; to plot the curves for this 
cable shown by Figures 19 and 20. The 
addition of carbon black to the varnish 
did not greatly increase the rate at which 
heat was lost from the surface of the 
cable, which is in accord with accepted 
theory. 

In Figure 8 are shown the changes in 
temperature when the metal surfaces are 
covered with braid and varnish. For 
example, covering a copper strip with 
thin braid and varnish decreased the 
temperature from 129 to 93 degrees centi- 
grade, covering an alloy of aluminum with 
white enamel lowered the temperature 
from 99 to 70 degrees centigrade, and 
covering the same tube with carbon 
black and varnish reduced the tempera- 
ture to 63 degrees centigrade. These 
results suggest coating ali bus bars and 
conduit with white enamel or prefer- 
ably varnish and carbon black. 

In Figure 9 the inner and outer radii 
of the metal tubes 7 and 7 are plotted 
as abscissa, and the difference between 
the two indicates the thickness of the 
wall. In curve 2 are values plotted from 
equation 4, indicating that for the 
values used in these computations a 
radius of 0.5 inch will give the mini- 
mum weight. Curve 3 which is the 
values obtained from equation 6 shows 
that there is a diameter and wall thick- 
ness which permit a substantial saving in 
weight, whereas curves 4 and 5 which 
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are values obtained from equation 7 
indicate that if the weight of the power 
plant is added to the weight of the cable 
a solid conductor should ‘be used. A 
change in the values substituted in the 
two equations may alter these conclu- 
sions. 

The three curves shown in Figure 10 
agree with the curves plotted from experi- 
mental data. These data are shown in 
Figures 11 to 20, inclusive. The curves 
indicate that if the weight of the power 
plant is neglected copper conductors 
operating at 100 degrees centigrade can 
transmit from 1.0 to 4.0 kw at 28 volts 
by a conductor ten meters long. The one 
exception is the 2.03-inch strip of bare 
copper which will transmit about 6.3 kw 
per kilogram of weight. The optimum 
current from equation 6 when the weight 
of the power plant is neglected may be 
written 
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If this value of 2 is substituted in equation 
6, 
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which shows that the density 6 and re- 
sistivity p of the metal determine the 
maximum value H, may take for a volt- 
age E applied to a circuit of length /, 
Figures 19 (left) and 20 (right). ae 
Cable with stranded conductors 


Curves 1, 2, and 3—Number- 

10 stranded conductor covered 

with vinylite cotton braid and 
lacquer 

Curves 4, 5, and 6—Number-8 

stranded conductor covered 

with vinylite cotton braid and 
lacquer 

Curves 7, 8, and 9—Number-8 

stranded conductor covered 
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and indicate the importance of dacteaeane 
the voltage when the length of the circuit 
is increased. 

If means are provided for maintaining 
the temperature of this strip at 101.7 
degrees centigrade either by forcing air 
over the surface or increasing the radiat- 
ing surface without changing the cross- 
sectional area the resistance will remain 
0.00386: ohm. The optimum current for 
the strip taking the length =10 meters 
and the voltage H=28 volts will be 
1=362.4, and the maximum number of 
kilowatts which may be transmitted per 
kilogram of weight is 9.6. 

If an allowance of six grams is made 
for each watt dissipated as heat the 
operating temperature of the bare copper 
tubes and narrow strip should be 50 to 
65. degrees centigrade above ambient 
temperature, the insulated tubes 40 to 
50 degrees centigrade above ambient 
temperature, the aluminum-alloy tube 
25 to 50 degrees centigrade above am- 
bient temperature, and the copper con- 
ductor insulated with braid and varnish 
30 to 40 degrees centigrade above am- 
bient temperature. The optimum tem- 
perature of the broad strip cannot be 
determined from the curves. If an allow- 
ance of eight grams is made for each 
watt dissipated the temperatures. should 
be five to ten degrees centigrade lower. 

If the broad copper strip were insulated 
its increase in weight would decrease the 
number of kilowatts transmitted per kilo- 
gram of weight and increase the operat- 
ing temperature. For insulated strips 
there is an optimum ratio between the 
width, thickness, and amount of insula- 
tion. 

In Figures 21 and 22 are shown th 
results of testing the two samples of 
number 10 conductor insulated with 
vinylite, braid, and lacquer in an alumi- 
num tube or conduit, and in Figures 23 
and 24 are shown similar curves for two 
samples of number-8 conductor insulated 
with glass braid and lacquer in conduit. 

If these values are compared with 
those in Figures 19 and 20, the increase 
in weight of the electric system after 
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with glass braid impregnated 12 Yale ae in 
with varnish Bm 
Curves 1, 4, and 7 were com- ll a 
puted from equation 6 ole = AS 
Curves 3 
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were computed from equation 7 
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inclosing two number-10 cables in the 
aluminum conduit was 30 per cent for 
K.=6 and 24 per cent for K.e=8. In- 
closing the two number-8 cables in- 
sulated with glass tape and varnish in 
the conduit increased the weight of the 
electric system five per cent for Ky=6, 
and four per cent for K»=8. 

Although these values may seem a little 
misleading, the two number-10 cables 
fit loosely in the conduit, while the two 
number-8 cables were tightly squeezed 
against the inner wall. If we refer to 
Figure 25 it will be observed that the 
drop in temperature between the con- 
ductor and the conduit is less for the 
number-8 than for the number-10 cable, 
and this greater rate of removing heat 
from the cable is an important factor for 
increasing the number of kilowatts trans- 
mitted by the electric system per kilo- 
gram of weight. An inspection of Figures 
21 to 24 shows that the range of tempera- 
ture for the cables in conduit is from 45 
to 80 degrees centigrade. This is higher 
than for open wiring. 

Aluminum of sufficient purity for 
electric conductors was not available to 
the authors at the time measurements 
were made, but a general idea may be ob- 
tained as to the possible saving in weight 
by the substitution of the constants for 
aluminum in place of copper in equations 
6 and 7. 

The weight of the copper conductor 
W,=A,6,J where A, is the cross-sectional 
area, 6, the density of the copper, and / 
the length. The resistance R,=p,l/A, 
where p, is the resistivity so that W,= 
Pcdcl”/ R.. 

In a similar manner the weight of the 
aluminum conductor may be written 
Wa= Padal?/ Ra 

If the same voltage drop is permitted 
for 7 amperes, 


PaPa 
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R,=R, and W,=W, 
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Figures 21 (left) and 22 (right). Two cables 
in aluminum conduit 


Curves 1, 2, and 3—Number-10 stranded con- 
ductér covered with vinylite cotton braid and 
lacquer in an aluminum conduit 
Curves 4, 5, and 6—Same cable in the same 
aluminum conduit after painting with white 
enamel 
Curves 1 and 4 were computed from equation 6 
Curves 2, 3, 5, and 6 were computed from 

equation 7 
Weight of cable 70 grams per meter 
Weight of conduit 101.7 grams per meter 
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Figures 23 (left) and 24 (right). 
Curves for two cables in alumi- 
num conduit 


Curves 1, 2, and 3—Number-8 


stranded conductor covered 

with glass tape impregnated 

with varnish in an aluminum 
conduit 


Curves 4,5, and 6—Number-8 ‘ 
stranded conductor covered 
with glass tape impregnated 
with varnish in an aluminum 
conduit after painting with 
carbon black in varnish 
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Curves 1 and 4 were computed from equation 6 
Curves 2, 3, 5, and 6 were computed from 
equation 7 
Weight of cable 83.5 grams per meter 
Weight of conduit 101.7 grams per meter 


If W, is substituted for W, in equa- 
tion 6, the kilowatts transmitted for 
each kilogram of weight are 


H H 
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which indicates with bare conductors a 
saving of 50 per cent in weight. This 
neglects the greater area of the conductor 
for dissipating heat as well as the lower 
rate at which heat is lost from the alumi- 
num surface compared to the copper 
surface. If neither surface is painted 
the losses from the two conductors should 
be nearly the same. If aluminum is sub- 
stituted for copper in the number-8 
conductor insulated with vinylite, braid, 
and lacquer the weight of the conductor 
would be 71X0.5=35.5 grams, since the 
weight of the copper conductor is 71 grams 
per meter. The diameter of the conduc- 
tors and consequently their circumfer- 
ence will be in the ratio of the square root 
of their resistivities, or 


The weight of insulation per meter of 
the number-8 vinylite cable is 30 grams, so 
that the insulation with the aluminum 
conductors will weigh 30X1.27=38.1 
grams for the same thickness of insulation. 
If these values are substituted in equa- 
tion 6, the kilowatts transmitted per kilo- 
gram of weight for aluminum compared 
to copper is 


101 
Hy=——~ H,=1.37H., 
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When the weight of the power plant is 
added to the weight of the cables it is 
necessary in comparing aluminum and 
copper conductors to use the optimum 
current for each cable. This current 
may be computed from equation 8 after 
the length of circuit, weight of cable, 
resistance, K2, and voltage of operation 
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are known. In Table III are given values 


which permit a comparison of the number- 
8 cable weighing 101 grams per meter 
and having«a copper conductor with the 
cable weighing 73.6 grams per meter 
and having an aluminum conductor and 
the same resistance. To simplify the 
calculations, it is assumed that the 
resistance of the copper and aluminum 
conductors remains at 0.00236 ohm per 
meter. In the second column of the 
table is given the optimum current for 
the voltages in column 1. In column 6 is 
given the weight in kilograms for each 
kilowatt transmitted by a cable ten 
meters long. At 30 volts the saving in 
weight by replacing copper with alumi- 
num is 0.13 kilogram for K,=6 and 
0.15 kilogram for K,=8, for each kilo- 
watt transmitted. If the voltage is in- 
creased from 30 to 100 the saving in 
weight is from 0.5 to 0.7 kilogram for 
values of K2=6 and K.=8, respectively, 
for each kilowatt delivered, so that, if a 
substantial saving in weight is desired 
for cables which operate continuously, 
an increase in voltage is necessary. Fig- 
ure 26 shows that the voltage for this 
installation which consists of a single 
conductor and power plant should not 
be less than 50 or 60 volts. 

In practice the optimum current ca- 
pacity of a cable may be determined expert- 
mentally with the arrangement of ap- 
paratus as shown in Figure 1. A table 
may then be compiled or a curve drawn 
showing the number of watts trans- 
mitted for each kilogram of weight with 
a circuit length /, voltage #, and current 
I, The measurements can be made with 
open wiring or the cable enclosed in 
conduit. If this procedure is used the 
increase in resistance with temperature 
becomes a factor in determining the cur- 
rent capacity of the cable. From these 
data the cable may be selected. 

For open wiring aluminum strips or 
bars offer many advantages. The cool- 
ing surface of strips may be large com- 
pared to the circular conductor. Ter- 
minals maybe eliminated at junction 
boxes and connections made by bolting 
the metal strips together. 

The three parts designated 3, 4, and 5 
in Figure 27, show that the intensity of 
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Figure 25. Curves showing the drop in 
temperature between the conductor and 
ambient temperature for two types of cable 


Curves 1, 2, and 3 show Ty)—T, Ty—T and 
To—Ti for the sample of vinylite-insulated 
number-10 cable in an aluminum conduit 
Curves 4, 5, and 6 show the corresponding 
values for difference in temperature when the 
tube is covered with white enamel 
Curves 7, 8, and 9 show To—T, T,—T, and 
To—T1 for number-8 cable insulated with glass 
braid in an aluminum tube 
Curves 10, 11, and 12 show the correspond- 
ing values for difference in temperature when 
the tube is covered with carbon black in 
varnish 


the metal lines in the spectra of the spark 
discharge increases with an increase of 
capacitance in the secondary circuit. 
This is in agreement with the well-known 
fact that an increase in capacitance in- 
creases the rate of spark-plug wear. 
Parts 6 and 8 indicate that the metal lines 
have practically the saeme intensity with 
100 ohms in the circuit as with 10,000 
ohms, and this agrees with the results 
shown in Table II. Photographing the 
spectra of the spark discharge offers a 
quick method of studying spark-plug 
wear. Recent tests made on aircraft 
engines indicate the wear may be de- 
creased 50 per cent by using high-resist- 
ance cable. 


Conclusions 


1. In practice the current-carrying capac- 
ity and temperature of operation of a cable 
may be determined by measuring the tem- 
perature and voltage drop for a range of 
current values. These data are substituted 
in equations 6 and 7, after selecting the volt- 
age E at the bus bar and allowing a value for 
K, which meets the conditions of the serv- 
ices. It may be six or eight grams as used 
throughout these calculations, or it may be 
radically different if an auxiliary power plant 
and storage battery are used. When these 
values are plotted, the greatest number of 
kilowatts transmitted per kilogram of 
weight and the temperature of operation 
may be selected as indicated in Figures 11 
to 20, inclusive. The value for current- 


1280 


carrying capacity and temperature of con- 
ductor will be different when the cable is 
operated in conduit or as open wiring. 


2. Substantial reduction in weight of the 
electric system for continuously operated 
cables can be obtained by increasing the 
voltage. Substituting aluminum conductors 
for copper reduces the weight of the installa- 
tion if the weight of the power-plant unit is 
neglected. For continuous operation in 
conduit a small change in voltage will pro- 
duce a greater saving in weight than substi- 
tuting aluminum conductors for copper. If 
bars are used, the troubles experienced in 
connecting the aluminum conductors to the 
apparatus or together are greatly simplified, 
since holes may be bored in the strips and 
two or more conductors bolted together. 


8. Conduit and bus bars should be painted, 
because the temperature of operation is 
lower when there is nonmetallic material 
between the metallic surface and the sur- 
rounding atmosphere. . 


Appendix A. Analysis of Peak- 
Load Supply 


The weight of a 24-volt battery in terms of 
output in watts for four rates of discharge 
is shown in Figure 28.* The relation be- 
tween battery weight in pounds, and power 
(H,,) in kilowatts, may be expressed suffi- 
ciently closely for all practical purposes by 
the equation, 


Wp=Kot (Kit Kot+ Kot?+ Kul?) Hy (17) 


where the constant Ky =20 is the intercept of 
the curve with H;=0 and the constants 
Ky — 12.43, Ke =4,767, K;3 = —0.32, K, =0.01 
are obtained by solving the equation with 
the values of H, and ¢t taken for four rates 
of discharge. The minute rate of battery 
discharge is t. 


* These curves were supplied by Carlos B. Mirick. 
More recent data on storage batteries indicating 
greater output per pound have not been released 
for publication. 
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Figure 26. Curves showing the optimum cur- 

rent and the number of kilowatts. transmitted 

per kilogram of weight for a range of voltages 
from 0 to 100 


Curves 1 and 2 were computed from equa- 
tion 7 

Curves 3 and 4 were computed from equa- 
tion 8 
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Tort 
The weight of the generator may be 
written 
We=Ki'+Ki'H, (18) 
The weight of the auxiliary engine or genera- 
tor drive from the main engine may be writ- 
ten in terms of output 


We=Ki"+Ki"H, 


If the weight of the generator and power 
supply are added together the sum of the 
two may be designated by the equation, 


(19) 


Wer=Ki'"+K.'"H, (20) 

In Figure 29 is shown a portion of the load 
chart where the greatest output H required 
of the combination of battery and generator 
is represented as occurring between the 
times tf, and ty41. 

The battery must supply H kilowatts for 
the time (t,41—f,), and the generator must 
recharge the battery during the time 
tn42—ty41. Since the battery is not 100 
per cent efficient, additional energy must be 
supplied by the generator. The energy 
supplied by the generator to charge the bat- 
tery during the time t,i2—t,41 after the 
latter supplied H, kw for (t,+41—f,) minutes 
may be written 


(ini —tn)a fe 


=H,B (21) 


x 
ty t2—lty+1 


where a>1 and designates the ratio be- 
tween input and output of the battery. The 
generator must supply H,+H,B kw and 
since 


H=H,+H,B+H; 


A,+H,B=H—H, (22) 
Equation 20 may be written 
Wer=Ki'"’+K.!""(H—-Az) (23) 


If equations 17 and 23 are added, the total 
weight of the generator and battery may be 
written 


W=Kot Ki!" + (Kit Kat4+ Kot? + Bat ) X 
H,+K.!"(H—-H2) (24) 


Putting the derivative of this equation equal 
0 and solving 

Ko!!’ = (Ki + Kot+ Kot?+ Kyl?) (25) 
which expresses that for an optimum weight 
of generator and battery the coefficient of 
H,, should be the same for both battery and 
generator. If the generator is used to 
supply all the power, equation 20 may be 
written 
Wor=Ki'"+K,'"H (26) 
Subtracting equation 26 from equation 24 
gives the difference between the weight of a 
generator—battery unit and that of a gen- 
erator capable of supplying the same peak 
load. The difference is 


AW =Ko+(Ki—Ki!""+-Kit +} KP + Ki) 

| 27) 
If W is positive a generator should supply 
all the power and if W is negative a battery 
should be used with the generator. 


With the data available to the authors 
K,’"’ is not known. By putting it equai'to 
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zero K»’’’=66/5=13.2 pounds per kilo- 
watt, which is the maximum value this con- 
stant can take assuming 66 pounds as the 
weight of generator and drive shaft for a 
five-kilowatt unit.” When this value is sub- 
stituted in equation 27 with the other con- 
stants, 


AW =20+4 (12.43 —13.24+4.7671— 
ic 0.3212-+0.0108) Hy 


and for a slightly smaller value of K’’’ 
which would be obtained by making 
K,'"’>0, the coefficient of H, would be zero 
for all values of ¢ within the range for which 
tand H, are shown in Figure 29. 

For a surge, where ¢ may for all practical 
purposes be taken as zero AW=0 when 

=20/0.77 =26 kw and a battery may be 
used when H,>26 kw. For ¢t>0.15 
minute rate, AW remains, positive regard- 
less of the value assigned to H,. 

No allowance is made for fuel, and this 
favors the battery, since for each gram of 
fuel consumed by the power plant only 1/a 
gram is returned by the battery as useful 
work. As the voltage is increased the 
weight of the battery is increased so that the 


' difference in weight AW is increased. 


A suggestion often has been made that 
the use of a battery may be justified for peak 
loads if it is charged at 28 volts and con- 
nected in series with the generator to supply 
that portion of the airplane equipment 
which causes overloading of the generator. 
This would permit a portion of the equip- 
ment to operate at 2E volts. 


Appendix B. Derivation of 
Equation for Selection of Tubular 
Conductors 


Figure 30 represents the cross section of a 
hollow conductor cable. The inner radius 
of the conductor is designated by 1o, the 
outer radius by 7;, and the radius of the 


’ cable by 1-+#, where ¢ is the thickness of 


the insulation. The rate of heat generation 


by the conductor is given by the equation, 
ppl (1 Dy 

pe ae (28) 

1 (11?— 10") 


where Hp is the heat in watts, 7) the tem- 
perature of the conductor, 2(732—707) the 
cross-sectional area of the conductor, / the 


Figure 27. The spectrum of the spark dis- 
charge across the electrodes of a spark plug 
during the operation of an automotive engine 


Photographed for 
identification of 
metal lines 

3. 50X107?2 farad secondary capacitance 

4, 150X10~-' farad secondary capacitance 


1. Iron arc 
92. Standard r.v. powder 
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Figure 28. The 


weight in pounds of 
a 24-volt aviation 


battery versus watts 
output for four rates 
of discharge 


WEIGHT -— POUNDS 


length of the cable, p the resistivity, and 
a the temperature coefficient of resistivity 
of the conductor. 

The rate at which heat is conducted 
through the insulation is given by the 
equation, 


2rK1(To—T;) 
rn+t (29) 


at 


o= 


log 


where 7; is the temperature of the surface of 
the cable and K is the thermal conductivity 
of the insulation. The temperatures 7» and 
T, will increase until the heat lost from the 
outer surface of the insulation is equal to 
the rate at which heat is generated by the 


conductor. This may be represented by the 
equation, 
Ho = 2rel(r, +t) (T1—T) (30) 


where 7 is the ambient temperature and e 
is the rate at which heat is lost in watts from 
each square centimeter of surface for each 
degree centigrade difference in temperature. 

The difference in temperature between 
the conductor and ambient is 7>—T, and 
this may be written as the sum of the dif- 
ferences of the temperature between the 
conductor and the outer surface, and the 
outer surface and the ambient temperature, 
that is, 


(To—T1) + (11 —-T) = (To—T) (31) 
The weight of the cable may be written as 
W.=2(n2—702) 16. + (271 +8) bo) (32) 


where 6; is the density of the conductor, and 
62 is the density of the insulation. 


5. 250X10-! farad secondary capacitance 

6. 100 ohms between ignition cable and 

spark plugs with 5010712 farad secondary 
capacitance 

7. 150X10~-}2 farad secondary capacitance 

8. 10,000 ohms between ignition cable and 

spark plugs with 5010712 farad secondary 
capacitance 

9. \ron arc, same as number 1 
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If equations 28, 29, and 30 are substituted 
in equation 31, and we solve for the cross- 
sectional area, 


a (112— 10?) ace ria ee (33) 
1 


Ot, th ts 


th tne tree 


Figure 29. A portion of a load chart where H 
is the greatest output of the generator and bat- 
tery and H, is the output of the battery 


where 


_ M—-T 
~ #p(1taTo) 


An inspection of this equation shows that 
if the outside diameter of the cable is 
(+4), the thermal conductivity of the 
insulation is K, and e is the rate at which 
heat is lost per square centimeter per ‘de- 
gree centigrade difference in temperature 
from the surface of the cable, then for a 
given current 7 and conductor temperature 
To, the cross-sectional area of the conductor 
is defined with ro serving as the only variable. 
After 7o=0 the equation continues to give 
values for the cross-sectional area as 7” is 
decreased, but an inspection of the values 
indicates that the cross-sectional area con- 
tinues to increase as 7, is decreased. This 
follows since the rat: of loss of heat is a 
function of the radius 7, and the solution 
of the equation gives the cross-sectional 
area required to dissipate the heat 2?R from 
the surface of the cable which is 27rel (7; +1) X 
(1,—T). Since nr, is decreasing R must de- 
crease, and this can take place only by in- 
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creasing the area. An inspection of the 
equation shows that this takes place when 70 
takes imaginary values so that the equation 
applies only for values of 7; making 7) 20. 

If equations 29 and 30 are solved for 
To—T, and T,—T, respectively, and these 
equations are substituted in equation 31, 
the following expression for Hp may be ob- 
tained: 


1 — 
log - | 
Y) Be 
ce 


If the value of Z»>—7Z, obtained from 
equation 29 and the value of Hy from equa- 
tion 34 are substituted in equation 31, the 
following equation may be written for 


(34) 


DN 


T,-T: 
rytt 
log 
rT) 
T,—T=(To—T) (1 
3 ( ; ) 1 mnt+t ce 
te} 
2 1) e(n+t) | 


(35) 


If equation 33 is put in equation 32, the 
weight of the cable may be written 


rijtt | 
1 Jlog 1 2 
= rn 
2 ees 
=e ps roe 
16; +-2(27; +12) tbol 


W 


(36) 


As stated in Appendix A, the weight of the 
power unit may be written as Wg=K2X 
(E+£,)I, so that for the portion of the 
power unit which supplies 7 amperes the 
weight may be written 


We=K(E+Eo)i (37) 


The weight of cable and power unit sup- 
plying 7 amperes is obtained by adding 
equations 36 and 37 which is 
mnt+t | 
W.=— BL fe 1 (> 
(ras e(rn,+t) 
l6;+-7(2n+1)til+Kx(E+E)i (38) 


If equation 28 is solved for x(r;2—710?), 
the relation may be written 
ip(1+aT») } 
Eo 


tp(1taT>)l 


n= q ree SSS 
TE» 


If these are substituted in equation 32, 
the weight of the unit supplying 7 amperes 
may be written 


—ti2—Fo2) = 


and 


_#(U+eTo) last 


1 


Es 
(2 ED e. ‘\x 
tEo 


lté2.+ Ko(E+£5)t 


We 


(39) 


1282 


The cross section of a cable with 
a tubular conductor 


Figure 30. 
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Figure 31. The cross section of an insulated 
hollow rectangular conductor 


Taking the derivative of equation 39 
with respect to Eo and putting it equal to 0 
gives the optimum value for the drop in 
voltage versus weight. Less is learned by 
following this procedure than by plotting 
equation 38 for a few values of 7; and deter- 
mining Ho=Eoio from equation 34. 

For bare conductors f=0 and the second 
term of equation 39 becomes 0. If the 
derivative of W, is taken with respect to 
Eo and set equal to 0, the drop in volts for 
bare conductors may be written 


lp(1+aTo) 
Eo mY K 6 (40) 

This equation indicates that for each cir- 
cuit of length / the drop in voltage should 
beaconstant multiplied by /. The following 
examination shows that an average voltage 
drop may be obtained throughout the dis- 
tribution system which does not change the 
total weight of wire. 

Let Wi, We, W3, etc., be the weights 
having voltage drops of E,, Eo, Es, etc., 
respectively. Then W,E,+W2E, ae 
WrEn= WE’ where W is the total weight of 
cable. 

If we solve for E’ 


» Wika t+ WeEst+ ...WrEn 21"Wakw 
W Mates 


E 


and the new weights may be written 
EE ype ay a Wal 
E 15 Ex’ 
(41) 


Wy’ 


or 


E'2y"We' =2;"WeEo=E'W 
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so 
W=2"Wa’ 


which shows there is no change in weight. 
There is a small change in the weight of 
the generator because of the change of the 
voltage drop in the line, but this change is 
small compared to the change which may be 
caused by the conductor. 
ve 


Appendix C. Derivation of Equa- 
tion for Selection of Rectangular 
Conductors 


The rate of heat generation by the current 
ZI in a rectangular hollow conductor as repre- 
sented in Figure 30 may be written 


_?p(1+aTo) 


ab—ayh, 


(42) 


0 


where ab—a,); is the cross-sectional area of 
the strip, and the other letters designate 
the same quantities as given in Appendix C. 

The rate at which this quantity of heat 
passes through the insulation is expressed 
by the equation, 


i= (a+b+2t)(To—T)I (43) 


and this must equal the rate at which heat 
is lost from the surface and is expressed by 
the equation, ' 
Hy =2e(a+b+4t)(T,—T)l (44) 
The relation between the temperature of 
the conductor and the ambient temperature 
may be written 


(Tt) lt) elias (45) 


The weight of insulated strip Wg is expressed 
by the equation, 


Ws = (ab —ayb1)16, + 2(a+b+218) tb. (46) 


When a,b,;=0, the same limitations are im- 
posed as for the tubular conductor. If 
equations 42, 43, 44, and 45 are substituted 
in equation 46, the weight of the insulated 
strip may be written 


1 t : 
Wena ett 


sia 16, +-2t(at+b+2t)ld2 (47) 


where 


To—-T 
B=—— 
p(1taTo) 
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Synopsis: Flight and laboratory tests are 
in progress to determine changes in design 
of aircraft generators which will improve 
their resistance to vibration-fatigue failure. 
Vibrations near mountings of generator 
voltage regulators and reverse-current re- 
lays are being measured to provide data for 
design and testing of these accessories. 

The paper presents flight vibration data 
and discusses sources of vibration in air- 

_craft, accessory-vibration characteristics, 
vibration test apparatus, and investigations 
of failures of generator mountings and flex- 
ible drive asemblies. 

On the basis of the flight and laboratory 
tests and other available information, recom- 
mendations are made for the design of gen- 
erators which will give most satisfactory me- 
chanical performance. The primary require- 
ments of a generator from the standpoint of 
avoiding vibration failures are a stiff mount- 
ing flange and a flexible drive assembly hav- 
ing a satisfactory damping device. 


AILURE of a part of the electric 

system of a combat aircraft can be 
responsible for the loss of the aircraft 
and flight personnel because of fires and 
reduced fighting capacity. The most 
prevalent failures in the electric system 
are caused by vibration of main engine- 
driven generators. 

Designers of electric accessories for air- 
craft have been handicapped by lack of 
knowledge of vibration conditions en- 
countered, and performance of accessories 
under operating conditions and by in- 
adequate testing facilities. Transla- 
tional vibration test specifications for 
other than engine-mounted accessories 
give some knowledge of conditions to 
be expected, but the specifications have 
been adjusted to meet the limitations of 
generally available test apparatus. The 
ability of generators to withstand engine 
vibrations has been determined by actual 
flight performance without measurement 
of vibration. This procedure has re- 
sulted in some designs which had inade- 
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quate factors of safety, and large numbers 
of units have been produced before fail- 
ures were encountered. 

To obtain flight vibration data on air- 
craft accessories for improvements in 
existing designs and for better new de- 
signs, a program of correlated flight and 
laboratory tests is being conducted by the 
author’s company in co-operation with 
the Army Air Forces. Initial flight tests 
were made in co-operation with the 
Westinghouse Electric and Manufactur- 
ing Company on a B-17 flying fortress. 
These tests consisted of measurements of 
vibration on main engine-driven genera- 
tors and adjacent to generator voltage 
regulators and reverse-current relays. 
Following the B-17 studies, the failure of 
generator mountings on the B-24 libera- 
tor bomber was investigated; the causes 
of failure were determined; and a service 
correction and a design change were made 
to prevent further failures. Laboratory 
and flight investigations of torsional 
vibrations on aircraft generators are now 
in progress. On the basis of these in- 
vestigations some design changes have 
been made and a number of new genera- 
tors are being flight-endurance tested. 
In addition, other types of flexible ac- 
cessory drives are being investigated to 
determine what further improvements 
can be made. 


Effect of Vibration on Accessories 


Vibration may interfere with satis- 
factory operation of the electric system 
by causing faulty operation of relays and 
regulators and by causing mechanical 
failures which render relays, regulators, 
and generators inoperative. 

Vibration may cause chatter of re- 
verse-curtent relays due to resonant vi- 
bration in springs or excessive accelera- 
tion of contact members. Generator 
voltage regulators, as installed on rubber 
mountings, usually have natural frequen- 
cies in the range from 20 to 45 cycles per 
second, If regulator bases are subjected 
to vibration at a natural frequency, the 
vibration will be magnified, and erratic 
voltage variations in the electric system 
may result in addition to the possibility 
of mechanical failure in the regulator. 
Possible vibration troubles in generators 
consist primarily of the following: ex- 
cessive brush deterioration and mechani- 
cal failure of screws, mounting flanges, end 
shields, drive shafts and couplings, brush 
pigtails, cables, and cable connectors. 


Miuller—Atrcraft-Accessory Vibration 


Sources of Vibration in Aircraft 


Knowledge of vibration frequencies 
and magnitudes which will be encoun- 
tered is a primary requisite for design of 
accessories. The possible exciting fre- 
quencies are indicated in the following 
discussion. Magnitudes of vibration can 
be determined only by measurement. 

Vibrations in aircraft are encoun- 
tered over a wide range of frequencies. 
The vibrations are caused by periodic 
forces and couples introduced by the 
engine-combustion cycle, moving masses 
in the engine and accessories, propeller 
dissymmetry, and air-flow disturbances. 
Accessory-vibration magnitudes depend 
upon the magnitudes of exciting forces 
and couples and the vibration-response 
characteristics of accessories and the ap- 
paratus through which the vibration is 
transmitted. 


VIBRATION DUE TO COMBUSTION CYCLE 


The predominant periodic components 
of torque delivered to the crankshaft by 
a single cylinder of a four-stroke-cycle 
gasoline engine are approximately twice 
the average torque delivered by the cyl- 
inder. In a multicylinder engine the 
more severe of the periodic components 
of torque of the individual cylinders are 
balanced out, contributing thereby to 
smoother operation of the engine. 

Fourier analysis can be applied to the 
torque output characteristics of an en- 
gine to evaluate the periodic components. 
A plot of the components of torque im- 
pressed on the crankshaft by a single 
cylinder of a four-stroke-cycle gasoline 
engine! is shown in Figure 1. The peri- 
odic torque frequencies in a four-stroke- 
cycle engine are integral multiples of one- 
half crankshaft revolution frequency. 
These frequencies usually are referred to 
as orders or multiples of crankshaft 
revolution frequency, 

In an ideal multicylinder four-stroke- 
cycle engine with identical torque char- 
acteristics for all cylinders and firing at 
equal time intervals, the orders of the 
only resultant periodic torque com- 
ponents would be all integral multiples 
of the number of explosions per revolu- 
tion, their magnitudes being the same 
percentage of the average torque as the 
percentages of the same orders for the 
single cyclinder. In engines of large 
capacity torsional vibration absorbers 
(pendulum type) are installed on the 
crankshaft to absorb vibration at firing 
frequency. With a perfect absorber on 
an ideal engine the only remaining peri- 
odie torque components would be all in- 
tegral multiples of firing frequency 
above the first. 

In any real engine the successive torque 
impulses of individual cylinders are not 
identical, nor are all cylinder torque 
characteristics identical. These irregu- 
larities are caused by variations in fuel 
mixture, distribution, combustion, and 
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Figure 1. Periodic torque components for 
single cylinder of four-stroke-cycle gasoline 
engine with 5.28 compression ratio 


Data from reference 1 


ignition timing; and they also may be 
caused by the inherent differences intro- 
duced in piston travel by the use of a 
master rod in the radial engine. As a 
result of these variations, complete 
balancing of orders other than firing- 
frequency integral multiples does not 
occur, and in the four-stroke-cycle engine 
there may be found all frequencies which 
ate integral multiples of one-half crank- 
shaft revolution frequency. Orders of 
vibration below firing-frequency order 
are particularly severe under conditions 
of misfiring due to faulty ignition or 
combustion. 

These periodic torques produce angular 
oscillations of the crankshaft, propeller, 
accessory drives, and the engine housing; 
vibrations of the engine housing are 
transmitted partially to the aircraft struc- 
ture. Severe vibrations in the engine 
.or accessories may be encountered when 
the excitation frequencies are near reso- 
nant frequencies of accessories or engine 
components involved, 

In a radial engine a whirling vibration 
of the crankshaft may be produced by 
firing impulses. The whirling of the 
crankshaft is accompanied by a corre- 
sponding whirl of the engine, and the 
longitudinal axis of the engine generates a 
conical surface. This whirl becomes most 
severe at engine speeds, such that the reso- 
nant frequency for this mode of vibration 
is equal to the frequency of explosions in 
a single bank of cylinders plus or minus 
crankshaft revolution frequency. When 
the whirl frequency occurs at the higher- 
order frequency, the crankshaft whirl is 
in the direction of crankshaft rotation. 
In a seven-cylinder single-bank or 14- 
cylinder double-bank four-stroke-cycle 
radial engine, this mode of vibration 
would be excited at 2.5- and 4.5- order 
frequencies. 


VIBRATION DUP TO INERTIA ForcEs 


Vibration at rotational frequency may 
occur because of dynamic unbalance in 
any rotating apparatus in the engine or 
accessories. Unbalanced inertia forces 
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in pistons, connecting rods, and crank- 
shaft may introduce vibration at integral 
multiples of crankshaft revolution fre- 
quency, particularly the first, second, and 
third orders. The orders above the 
first are caused by nonsimple harmonic 
relations between piston travel and crank- 
shaft revolution. 


VIBRATION DUE TO PROPELLER 
DISSYMMETRY 


In addition to vibration due to un- 
balanced mass in the propeller, geometri- 
cal dissymmetry will introduce whirling 
vibrations at propeller revolution fre- 
quency such as would be produced by a 
small single-bladed propeller. Propellers 
on large engines usually are geared to 
run below engine speed, on some engines 
as low as one-third engine speed, intro- 
ducing unbalance vibration below first- 
order frequency. 


APRODYNAMICALLY EXCITED VIBRATIONS 


Passing of propeller blades near the 
wing and fuselage surfaces and pro- 
peller backwash on wing and tail surfaces 
cause air-pressure and velocity variations 
which excite vibrations at frequencies 
which are integral multiples of the prod- 
uct of propeller revolution frequency 
and the number of blades per propeller. 

Flutter of wings, stabilizers, and con- 
trol surfaces may be excited by air flow 
at high speeds, but flutter is not en- 
countered generally under normal condi- 
tions of operation. 


Vibration Response Characteristics 
of Accessories 


The vibration response characteristics 
of an accessory must be known before its 
performance can be predicted for speci- 
fied vibrations imposed on the drive or 
on the attachment surface. As installed 
in an aircraft, the vibration on the drive 
or the surface of attachment will be af- 
fected by the vibration of the accessory, 
but laboratory investigations of response 
under idealized conditions are helpful in 
making improvements in design. 
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Figure 2. Steady-state vibration response 


characteristics of system with one degree of 
freedom and viscous damping 
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The response characteristics of an ac- 
cessory depend upon its mass distribution, 
flexibility, and damping properties. In 
general, an accessory with a simple 
mounting has vibration response char- 
acteristics similar to those of a simple 
system consisting of a mass suspended 
on a spring and provided with a viscous 
damper. The vibration response char- 
acteristics of stich a system are indi- 
cated in Figures 2 and 3. More complex 
mechanical systems have more than one 
resonant frequency. Damping deter- 
mines the magnification of vibration at 
any of the resonant frequencies. 

In most practical cases the damping 
is nonviscous, and the response character- 
istics differ somewhat from those of the 
simple theoretical case, but the same 
danger of large magnification of vibration 
at resonance exists. It should be noted 
that, where the exciting frequency is less 
than 1.4 times the natural frequency of 
the simple system, the vibration is magni- 
fied; and at higher frequencies the vi- 
bration is reduced. It should be ob- 
served also that damping is effective in 
reducing the transmission of vibration 
only at frequencies where the vibration 
is magnified. 

Because of the many possibilities of 
resonant excitation in aircraft, it is de- 


sirable to have sufficient damping to- 


prevent excessive vibration at resonance. 
‘Damping is present in accessory drives 
and mountings in the forms of mechanical 
hysteresis and rubbing friction on sur- 
faces in contact in addition to that pro- 
vided by damping devices. 

The torsional response characteristics 
of a generator with a quill shaft with and 
without an asbestos damper are shown 
in Figure 4. The data on the damper 
assembly were observed at the conclusion 
of a ten-hour run with an input amplitude 
of one degree at the resonant frequency. | 


Accessory-Vibration Test*Apparatus 


The vibration response characteristics 
of an accessory generally cannot be deter- 
mined except by experimental means be~ 
cause of the difficulty of analyzing damp- 
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Figure 4. Torsional vibration response char- 
acteristics of model 2CM80B5 generator at 
one-degree input amplitude 


ing properties. Test apparatus also is 
required for fatigue testing and observa- 
tion of faulty operation caused by vibra- 
tion. 

The most common type of apparatus 
used for vibration testing of accessories 
is the reciprocating shake table driven by 
an eccentric. Such shake tables are 
satisfactory for low-frequency vibration, 
but most of these are not satisfactory 
for use above 60 cycles per second because 
of wave-form irregularities introduced by 
backlash in linkages. This limitation is 
apparently the reason for the common 
upper limit of 50 to 60 cycles per second 
in aircfaft-accessory translational-vibra- 
tion test specifications. 

Lightweight apparatus may be tested 
on electrodynamic shake tables which 
operate in the same manner as the radio 
loud-speaker. These are particularly use- 
ful for calibration of vibration pickups. 

The apparatus shown in Figure 5 is 
used to investigate the flexural vibration 
characteristics of aircraft generators. 
It illustrates a generator and other ac- 
cessories installed on an engine rear 


A\rcraft-generator 
apparatus 
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flexural-vibration test | 


cover or accessory pad which in turn is 
installed on a 1,600-pound steel block. 
Vibration of the generator is excited by a 
magnet coil which has a-c and d-c wind- 
ings. The a-c winding is supplied by a 
300-watt amplifier which amplifies an 
oscillator signal. 

The apparatus is used for determination 
of generator natural frequencies and 
fatigue testing of mountings, end shields, 
and brush rigging. Initial tests have 
been made on devices for measurement of 
the vibration exciting forces and mount- 


ing flange deformations to permit evalua- , 


tion of damping properties. Data on 
damping properties are necessary before 
the response of the generator to engine 
vibrations can be predicted at frequencies 
near generator resonant frequencies. 

The apparatus shown in Figure 6 was 
made to check compliance of aircraft 
generators with Army Air Force tor- 
sional test specifications and to provide 
facilities for investigation of flexible drive 
and damper characteristics. The genera- 
tor is driven through a universal joint 
which introduces torsional vibration at 
twice revolution frequency with ampli- 
tudes which are a function of the offset 
angle between the shafts.2 The motor 
housing between the generator and the 
universal joint serves only as a shaft- 
bearing support. The flywheel between 
the driving motor and the universal 
joint has a large moment of inertia as 
compared with generator moments of 
inertia, so that the vibration on the drive 
spline of the generator will be nearly in- 
dependent of the vibration of the genera- 
tor. Too small a flywheel also would 
raise the resonant frequency of the 
generator on the test apparatus. 

A visual means of observing the ampli- 
tude of vibration displacement of the 
armature of the generator was devised for 
measurement of response characteristics 
and evaluation of vibration torques. The 
torsional vibration indicator, shown in 
Figure 7, is viewed under stroboscopic 
illumination at four times revolution 
frequency. The operation of the indi- 
cator can be visualized by considering an 
indicator disk with a single radial line 
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which is made visible by stroboscopic 
light at equal time intervals four times 
per revolution. The radial line would 
appear as two perpendicular diameters if 
there were no vibration or if the radial 
line had*no lead or lag relative to a con- 
stant-angular-velocity radius vector at 
the instants of flashing. If the indicator 
were viewed when the lead and lag were 
maximum values, the radial lines would 
appear as a pair of diameters not at right 
angles. The angle between the diame- 
ters would be greater or less than a 
right angle by an amount equal to twice 
the maximum lead or lag of the disk rela- 
tive to a constant velocity vector. The 
disk used for the tests has a pointer 
which indicates by its position on a scale 
the amplitude of the angular displace- 
ment. = 

Vibration Measurements on B-17 

Flying Fortress 


Measurements of vibration were ob- 
tained by oscillographic recording and 
wave analysis of amplified vibration de- 
tector signals. Quartz-crystal accelera- 
tion detectors were attached on genera- 
tors 63/, inches from the mounting pad 
as,shown in Figure 8. Rochelle-crystal 
acceleration detectors and velocity de- 
tectors were attached to nacelle and 
fuselage ribs, as shown in Figures 9 and 
10, to obtain measurements of vibration 
near generator reverse-current relays and 
voltage regulators. . 

The flight tests were conducted under 
various conditions of engine operation and 
at altitudes up to 33,000 feet. Data were 
not obtained over the complete range of 
engine operating speeds, and therefore 
vibrations more severe than those ob- 
served may be characteristic of the air- 
plane. 

The envelopes of the vibration fre- 
quency components observed are shown 
on the multilogarithmic charts in Figures 
11, 12, and 18. Very little data on fre- 
quency components below 25 cycles per 


Figure 6. Avircraft-generator torsional-vibra- 
tion test apparatus 
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Figure 7.| Torsional vibration indicator disk 


second were obtained, because the wave 
analyzer had a lower limit of 25 cycles per 
second, and the low-frequency velocities 
and accelerations were of small magni- 
tudes as compared with the higher-fre- 
quency components observed on the 
oscillograms. Low-frequency vibrations 
are most predominant during ground 
operation of the engines at low speeds. 

The bending moments to which the 
mounting flanges were subjected at fre- 
quencies below 200 cycles per second were 
approximately equal to the product of 
the static moment because of gravity and 
the vertical or lateral acceleration com- 
ponents (expressed as times gravity). 
The commutator vibrations at frequen- 
cies up to 200 cycles per second are greater 
than those indicated by the measurements 
because of maximum deflections at the 
commutator end of the generator. 

The actual flexural response of the 
generator at high frequencies as yet has 
not been determined accurately, but since 
the generator has two degrees of freedom 
in flexure it has two natural frequencies. 
At the lower natural frequency the mag- 
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net frame and armature vibrate in phase, 
and at the higher natural frequency they 
vibrate in phase opposition. The lower 
natural frequency of the General Electric 
model 2CM80B5 (United States Army 
Air Force type P-1) generator as mounted 
on an engine is approximately 150 cycles 
per second, and the other natural fre- 
quency is believed to be at about. 300 
cycles per second. Another natural fre- 
quency is four-node vibration in the 
magnet frame, which in the type CM-80 
generator is 900 cycles per second. This 
may account for some of the high-fre- 
quency vibrations observed. 


Investigation of Generator 
Mounting Failures 


Measurements of vibration on model 
2CM80B3 generators (Figure 14) on 
B-24 liberator bombers were made to 
determine the cause of failure of mount- 
ing flanges and the screws by means of 
which the flanges were attached to the 
magnet frame. Failures had occurred 
when the H series of the airplane with a 
new type of propeller was placed in pro- 
duction. 

Measurements were initially made with 
quartz-crystal acceleration detectors. 
From these measurements it was deter- 
mined that the generator flexural vibra- 
tion accelerations encountered during 
engine starting and ground operation at 
engine speeds below the flight range were 
less severe than those encountered at en- 
gine speeds used in flight. Failures of 
generator flange screws occurred during 
the tests due to the added weight of the 
vibration detectors. To avoid further 
failures due to this cause during the 
tests the investigation was continued by 
measurement of dynamic strains in the 
mounting flange, using Baldwin South- 
wark type SR-4 wire strain gauges. 

Flange-strain measurements were made 


Figure 8 (left). Installation of 

vibration detectors on model 

2CM80B3 generator on B-17-F 
bomber 
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Figure 9 (right). In- 
stallation of vibration 
detector near gener- 
ator reverse-current 
relay in inboard 
nacelle of B-17-F 
bomber 


United States Army 
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1) 
on the B-24-E model throughout the 
range of flight engine speeds on the 
ground and at altitudes of 3,000 and 
25,000 feet. Maximum flange strains 
were approximately the same for the 
three tests. Flange-strain measurements 
were then made on an inboard and an 
outboard engine on the B-24-H model at 
an altitude of 7,500 feet. Maximtim 
flange strains on both engines were ap- 
proximately the same and about 15 per 
cent higher than those observed on the 
B-24-E. 

The most severe strains in the mount- 
ing flange were caused by a whirling 
vibration of the engine at 2.5-order fre- 
quency at 2,500 enginerpm. A less severe 
whirling vibration at lower engine speeds 
was observed at 4.5-order frequencies. 

Laboratory static tests were made 
to correlate flange strains with bending 
moments at the mounting pad and with 
strains in the screws used to attach the 
flange to the magnet frame. Measure- 
ments of screw tensile strain as a func- 
tion of tightening torque also were ob- 
tained. The maximum flange strain ob- 
served corresponds to a mounting pad 
bending moment of 12,000 pound-inches. 
The static test data showed that the 
maximum screw strains were caused by 
flexure of the screws as the flange rim 
rocked alternately on the inner and outer 
edges of the magnet frame. Analysis 
of the screw-strain data indicated that 
without stress concentrations under maxi- 
mum vibration conditions the screws 
would have had a maximum stress of 
plus and minus 14,000 pounds per square 
inch superimposed on the initial thread 
root stress of 90,000 pounds per square 
inch. The actual stresses would be 
greater because of stress concentrations 
at the screwhead, the end of the threaded 
section, and the first engaged thread. 

Laboratory dynamic tests showed that 
the natural frequency of the model 
2CM80B3 generator as mounted on the 
engine-accessory pad was 135 cycles per 
second. The vibration response char- 
acteristics indicated in Figure 3 show that 
the flange deformation would be reduced 
if the flange were stiffened so as to raise 
the natural frequency of the generator, 
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since the natural frequency of the model 
2CM80B3 generator was above the fre- 
quency of the most severe vibration (104 
cycles per second). 

Jackscrews as shown in Figure 15 were 
used to stiffen the mountings of genera- 
tors already produced. Six jackscrews 
were installed with a compressional load 
of 1,000 pounds in each, which was suffi- 
cient to prevent loss of compression under 
the most severe conditions of vibration 
found on the engine. The natural fre- 
quency of the jackscrew generator as- 
sembly on the accessory pad was found 
to be 170 cycles per second. Fatigue 
tests and measurements of static flange 
strain introduced by installation of the 
jackscrews were made to determine the 
effect of jackscrews on the fatigue life of 
the mounting. 

A new flange, shown on the generator 
in Figure 16, was designed to replace the 
one on which failures had been encoun- 
tered. Internal fillet radii, flange arm 
thickness, and magnet-frame end thick- 
ness and diameter were increased to raise 
the natural frequency of the generator 
and to reduce flexure of screws. In 
addition, the contour of the ventilating 
holes was rounded to reduce concentra- 
tions of stress, and the number of screws 
used for attachment of flange to generator 
was doubled. - Stresscoat lacquer tests 
and dynamic strain measurements were 
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Figure 10. Installation of vi- 
bration detectors near generator 
voltage regulators in fuselage 


of B-17-F bomber 
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made to study the stresses in various 
parts of the flange. The natural fre- 
quency of the generator with this flange 
on the engine-accessory pad was 150 
cycles per second. 

Following the laboratory investigations 
of the vibration characteristics of genera- 
tors with the jackscrew assembly and the 
new flange, twenty generators with the 
jackscrew flange and twenty with the 
new flange were installed on B-24 libera- 
tor bombers at an air base where the air- 
craft would accumulate time rapidly 
at high engine speeds. No failures of 
mountings on these generators have been 
reported. 

To obtain quantitative data on the 
flight vibration performance of the jack- 
screw assembly and on the new flange de- 
sign, another series of flight tests was 
made on a B-24-H bomber. These tests 
were made in the same manner and under 
the same operating conditions as the pre- 
vious tests on the B-24-H. 

Data for comparison of the vibration 
encountered on the three generator as- 
semblies are shown in Figure 17. These 
data are plotted on the basis of flight 
strain measurements and laboratory cor- 
relation between flange strain and dis- 
placement of generator relative to the 
engine as measured at ten inches from the 
pad. The actual reductions in deforma- 
tion of the mounting flange with the new 


Figure 11 (left). 


flange and jackscrew assemblies are 
greater than those indicated by the 
curves, because with stiffer flanges greater 
percentages of total deflection are due to 
accessory pad deformation. The flexi- 
bility of the engine-accessory pad caused 
a reduction in the natural frequency of 
the type-CM 80 generator with the 
jackscrew assembly from 210 to 170 cycles 
per second. The most significant crite- 
rion for comparison of these assemblies 
is the ratio of the endurance limit of the 
mounting to the maximum vibration en- 
countered, but very limited data on the 
endurance characteristics of the new as- 
semblies have been obtained because ‘of 
the difficulty of causing failures with the 
vibration excitation facilities which have 
been in use. 


Investigation of Failures of 
Generator Drive Shafts 


Aircraft generators are equipped with 
flexible drive shafts or couplings for 
absorption of torsional vibrations of the 
engines and prevention of drive failures 
because of misalignment between genera- 
tor and engine splines. The most com- 
mon type of flexible drive is the quill 
shaft which provides torsional and lateral 
flexibility to meet the aforementioned 
requirements. Generators without flex- 
ible drives have encountered drive coup- 
ling failures and shearing of lamination 
keyways. The theoretical vibration re- 
sponse characteristics of a flexibly 
driven generator with a viscous damper 
are the same as those shown in Figures 2 
and 3. 

Absorption of relatively high-frequency 
vibration is accomplished at the expense 
of magnification of vibration in the 
vicinity of the generator natural fre- 
quency. The magnification of vibration 
near the natural frequency is a function 
of the damping characteristics of the 
drive. Ina quill drive without a damp- 
ing device, damping is furnished by the 
generator magnetic field and internal 
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hysteresis in the shaft, but neither of 
these is adequate to assure satisfactory 
operation on all main and auxiliary en- 
gines. Hysteresis damping due to in- 
ternal friction in the shaft does not pro- 
vide sufficient damping to prevent detri- 
mental stresses, because it does not be- 
come effective until high stresses are de- 
veloped. This condition is illustrated 
by a test on a quill drive without field 
excitation or asbestos damper at input 
amplitudes of one-half, one, and two 
degrees, which resulted in resonant 
armature amplitudes of 16, 20, and 23 de- 
grees respectively. 

The actual vibration response char- 
acteristics of the quill drive differ from 
those of a simple system with viscous 
damping because of backlash in splines 
and gearing in addition to the effects of 
nonviscous damping. Backlash causes 
a sharp reduction in magnification above 
the natural frequency when no load 
torque is present or when vibration 
torques exceed the load torque. 

Investigations of generator-torsional 
vibration response and durability char- 
acteristics and flight vibration measure- 
ments were made to determine the cause 
of failure of quill drive shafts on type- 
CM-80 generators on the B-24 Liberator 
bomber, 

Initial torsional tests were made to 
determine the endurance limit of the 
quill shaft. Tests then were made to 
determine the limits on the fit of the 
asbestos in the outer shaft which would 
assure satisfactory vibration response 
and damper durability. At the sugges- 
tion of the Army Air Forces a stress 
concentration in the commutator end 
spline was relieved by using a sleeve in- 
stead of a shoulder in the spline. This 
change resulted in approximately a 20 
_ per cent increase in the endurance limit 
of the shaft. The original shaft and the 
shaft with a sleeve on the spline are illus- 
trated in Figure 18. The effect of surface 
compression of shafts and splines pro- 
duced by induction hardening and shot 
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blasting is being investigated. The effect 
of such treatments was shown by test to 
be a considerable increase in shaft dura- 
bility at stresses above the endurance 
limit with smaller increases in the endur- 
ance limit itself. 

Torsional vibration measurements on 
generators and generator drive splines on 
a B-24-E bomber were made to deter- 
mine the vibration introduced by the 
engine and to correlate the laboratory 
vibration-response measurements with 
the vibration response of the generator 
as installed on the engine. Vibrations 
were measured with a detector which 
generates a voltage signal proportional 
to the velocity of torsional vibration. 
Oscillograms of torsional-vibration ve- 
locity and displacement were made, the 
latter being made by electrical integra- 
tion. 

Measurements of vibration were made 
during engine starting with ground opera- 
tion of the engines from 600 to 2,500 
rpm, and in flight at engine speeds from 
1,600 to 2,700 rpm (take-off rpm). 
Measurements were made on a pair of 
engines on one side of the airplane, these 
engines being synchronized during meas- 
‘urement of vibration. Engines were 
operated at maximum recommended in- 
take manifold pressures during flight 
tests, because the periodic torques pro- 
duced by the combustion cycle increase 
with the torque developed by the engines. 

The vibration causing failure of the 
shafts was found to be a one-half-order 
vibration component which reached a 
1.6-degree peak amplitude of angular 
displacement on the generator drive at 
2,700 engine rpm. This component de- 
creased with reduction in rpm, being 
0.25-degree amplitude at 2,400 rpm. 
This measurement was made on a special 
stiff shaft without armature or commuta- 
tor mounted in a generator housing to 
serve as a means of attachment of the 
detector to the generator drive pad. 
The angular inertia of the assembly was 
very small as compared with that of a 
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or 
7) 
generator armature. The large ampli- 
tude of vibration apparently was caused 
by a vibration in the engine or propeller 
which was excited near resonance by one- 
half-order engine-torque components. 

The envelopes of the frequency com- 
ponents observed on the generator drives 
and test generators are shown in Figure 
19. Components below 20 cycles per 
second were not determined accurately 
because of the vibration-detector reso- 
nant frequency at 8 cycles per second and 
detector transient signals introduced at 
16 cycles per second. The detector was 
found to generate signals due to flexural 
vibration such as is encountered by the 
generator in flight. The flexure signals 
obtained during laboratory test were 
small as compared with signals recorded 
during flight tests, and it is not believed 
that appreciable errors were introduced at 
frequencies below 200 cycles per second. 

The model-2CM80B5 generator has a 
natural frequency of 23-25 cycles per 
second or higher, depending upon the 
reduction in flexibility caused by the 
asbestos damper. Experimental response 
curves for these generators when tested 
without dampers indicate that the maxi- 
mum one-half-order vibration observed 
on the engine would be magnified to a 
displacement amplitude of 10 to 20 de- 
grees or more, the variation being due to 
small variations in generator natural 
frequencies. Similar magnification would 
be characteristic of a generator in which 
the damper was ineffective due to wear 
or improper fit on assembly. At maxi- 
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Figure 17. Vibration of type CM-80 gen- 
erators with three types of mountings relative 
to engines on B-24-H bomber 


mum one-half-order frequency the shafts 
which had failed in service were capable 
of withstanding an armature displace- 
ment amplitude of 12 degrees without 
failure for an indefinite time. At 20 
degrees amplitude and the same fre- 
quency, the shaft would be expected to 
last one hour. 

The flight measurements of torsional 
vibration on generator armatures were 
made on generators with commutators 
removed and magnet frames shortened 
to provide clearance between the tor- 
sional vibration detector and the engine 
lubricating oil tank. Two test assem- 
blies were used, one with and one with- 
out an asbestos damper. The resonant 
frequency of these was 26 cycles’ per sec- 
ond with response of four and six degrees 
amplitude at 22.5 cycles per second at one 
degree input amplitude on the damped and 
undamped assemblies, respectively. The 
observed magnification of one-half-order 
vibration on these assemblies was much 
less than that indicated by the labora- 
tory tests, though the magnification of 
the assembly with the damper was less 
than that of the other. The reduced 
magnification is believed to have been 
caused by backlash in splines and gears. 
If the reduction in magnification was 
due to backlash, it would not have 
been observed on electrically loaded 
generators until vibration torques were 
as high as the load torques. 

The apparent solution to the problem 
of generator shaft failure on the B-24 is 
an increase in the torsional natural fre- 
quency of the generator with those im- 
provements in shaft-endurance limit and 
damping properties which can be accom- 
plished without major design changes. 
Flight endurance tests are now in prog- 
ress on a number of generators with 
strengthened shafts and higher natural 
frequencies to verify the conclusions 
which have been drawn on the basis of 
the laboratory and flight tests. 

Most failures of quill shafts and coup- 
lings on main engine-driven generators 
apparently have been caused by resonant 
vibration in the mechanical system com- 
posed of the propeller, the crankshaft, and 


1944, VOLUME 63 


the engine-driven-supercharger shaft and 
impeller. Maximum amplitudes of vi- 
bration are encountered on the generator 
drive when this system is resonated in 
its simplest mode of vibration. In this 
mode of vibration there is a node between 
the propeller and the crankshaft, with 
amplitudes of vibration increasing with 
distance from the node. The range of 
resonant frequencies for this mode of 
vibration on present double bank engines 
is reported by the Army Air Forces power- 
plant laboratory to be 20 to 30 cycles 
per second. 

Failures of generator drive shafts and 
couplings on auxiliary-engine installations 
apparently have been caused by generator 
resonance to low-frequency vibratiom 
torques which are characteristic of an 
engine having a small number of cyl- 
inders. Most generators have  tor- 
sional natural frequencies from 20 to 40 
cycles per second—a range which results 
in absorption of the predominant vibra- 
tions of the main engines, except for low- 
frequency vibrations which may be 


magnified by resonances in the engine. 


Figure 18. Type CM-80 generator armature 
with original and improved quill shaft 


A generator having a torsional resonant 
frequency of 40 cycles per second as in- 
stalled on a two-cylinder four-stroke- 
cycle gasoline engine would encounter 
resonant first- and second-order vibration 
at 2,400 and 1,200 crankshaft rpm re- 
spectively. The periodic torques causing 
the vibration would increase with load 
on the engine and would be about 200 
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and 160 per cent of average torque for 
the first and second orders respectively. 
Less severe vibration would be encoun- 
tered below 1,200 rpm with resonant 
excitation at third, fourth, and higher 
integral orders. Resonant vibration 
would be excited at 1/5, 11/9, 21/2, and 
higher orders with magnitudes of excit- 
ing torques being dependent upon the 
design and the operating condition of the 
engine. The operating speed of an auxil- 
iary engine should be chosen to avoid 
resonant vibration at operating speed, ora 
flexible coupling should be installed in the 
engine to bring the generator natural 
frequency below operating speed reso- 
nances. The use of a damping device 
will reduce the possibility of failures due 
to vibration during starting, idling, and 
warming-up of the engine. 


Recommendations for Design 
of Accessories 


In general it is advantageous to design 
accessory mountings and drive couplings 
to provide low natural frequencies for 
absorption of vibrations characteristic 
of the airplane. Any mounting or drive 
coupling should have sufficient damping 
to prevent excessive vibration at reso- 
nance. Resonant excitation at any acces- 
sory resonant frequency is likely under 
some operating condition of the airplane. 

Ideal mountings and drive couplings 
for accessories would provide natural 
frequencies below the minimum one- 
half-order frequency encountered in flight, 
and would have sufficient damping to 
prevent excessive resonant vibration 
during ground operation. Adequate 
damping is in some cases difficult to 
obtain, and it may in some installations 
be found practicable to use soft bumpers 
to reduce impact forces when vibration 
displacements reach the limits of the 
clearances provided. 

Engine manufacturer recommendations 
and experience with various models of 
generators indicate that the lowest 
flexural natural frequency of an engine- 
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Vacuum-lTube Radio-Frequency 


Generator—Characteristics and 


Application to Induction-Heating 
Problems 


T. P. KINN 
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Synopsis: Induction heating by radio fre- 
quency is taking its place rapidly in many 
industrial processes. The high-power vac- 
uum tube, in the past used only in radio ap- 
plications, is now generating radio-frequency 
energy for industrial use. To apply this 
energy properly to industrial-heating prob- 
lems, it becomes necessary that engineers 
active in all phases of industry understand 
the characteristics and limitations of the 
vacuum-tube radio-frequency generator. 
The fundamentals of the vacuum-tube self- 
excited oscillator and design considera- 
tio=s which determine the characteristics of 
the radio-frequency generator are reviewed 
and illustrated. In general, the character- 
istics show a high-impedance constant-cur- 
rent variable-voltage generator which re- 
quires manipulation of load circuits to load 
the generator properly. Methods are il- 
lustrated for accomplishing proper loading, 
and numerical examples are given illustrat- 
ing the formulas and procedures necessary 
to any induction-heating problems. 


ECAUSE of wartime conditions ra- 
dio-frequency heating has had a 
chance to demonstrate that it can be a 
very useful tool. The vacuum tube used 
as a generator of this radio frequency 


therefore has placed itself in industry 
along with the more common generators 
of electric energy. The vacuum-tube 
radio-frequency generator, like any other 
piece of electric equipment, has its char- 
acteristics, and these characteristics dic- 
tate its uses and limitations. It is the 
purpose of this paper to define some of 
these characteristics and show how to 
apply the radio-frequency generator prop- 
erly to induction-heating problems. 

The phenomenon of producing heat 
by an alternating magnetic field was 
known as far back as the 1880's. In 1890 
Colby was granted a patent for heating 
in this manner. In 1900 it is believed 
the first practical induction furnace was 
placed in operation by Kjellin. It has 
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taken the ensuing years to produce elec- 


tric equipment suitable for supplying the 
alternating current at various frequen- 
cies for the purpose of induction heating. 
However, it has taken the need for “‘all- 
out’? war production during these past 
three years to provide the incentive for 
widespread use of this type heating in 
industry. With this rapid advance in 
the use of induction heating the use of 
the vacuum-tube oscillator as a source 
of alternating power for induction heat- 
ing has made great strides. 

Except in isolated cases, the small 
amount of induction heating used in in- 
dustry prior to the present war used 
power obtained from rotating machines 
or spark-gap oscillators. The vacuum- 
tube radio-frequency generator, along 
with the vacuum tube itself, is now show- 
ing its usefulness in industry. This is 
evidenced by the publicity electronics is 
now receiving. Because the vacuum- 
tube radio-frequency generator has been 
confined to the radio field up to this time, 
its operation and its characteristics are 
not too well known to those not con- 
nected with the radio industry. 

Induction heating is now being done 
at frequencies from 60 cycles to 10,000 
cycles and higher by rotating machinery. 
The rotating machine is a common 
source of power, and therefore its use 
and limitations for induction heating are 
simple. Service and maintenance prob- 
lems are well established. 


The spark-gap oscillator finds its most 
useful range of frequencies between 20 
and 150 kilocycles. This type of genera- 
tor is very useful for certain specific ap- 
plication. The main advantages are its 
simplicity and ease of operating tech- 
nique, while its limitations are power out- 
put and reliability. New developments 
surrounding the spark gap itself which 


mounted generator should be above 150 
cycles per second as installed on the en- 
gine. In the design of accessories to be 
installed on engines it is important that 
localized bending stresses and _ stress 
concentrations -be minimized to provide 
maximum stiffness and strength. Damp- 
ing in generator mountings has been 
shown by test to be due largely to rubbing 
friction between the mounting flange 
and the magnet frame. 

Generator flexible-drive couplings and 
shafts are deformed by load torque, 
thereby complicating the design of a low- 
natural-frequency drive. Experience and 
available information on engine charac- 
teristics indicate that the most suitable 
torsional natural frequency is approxi- 
mately 35 cycles per second. The drive 
assembly which was shown by laboratory 
tests to be better than any other type 
investigated is a quill shaft with a fric- 
tion-plate damping device. Friction 
plates are splined to generator quill and 
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outer shafts at the drive end to provide 
frictional losses for reduction of resonant 
vibration. Sintered metal plates such 
as are used in brakes and clutches are 
well adapted to use in the damper. 


Conclusions 


Failures and faulty operation in the 
electric systems of aircraft can be reduced 
to negligible proportions by improve- 
ments in design which can be accom- 
plished with the aid of an adequate flight 
and laboratory-test program. It is of 
primary importance that vibration meas- 
urements on accessories in new aircraft 
models be made before large numbers of 
accessories are manufactured for use on 
the new models. Such measurements 
will eliminate the need for corrective 
measures on accessories already dis- 
tributed. 

It is expected that the result of the 
present program will be generators which 
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will be suitable for installation on any 
present and near-future main or auxiliary 
engines. It is hoped that generators can 
be improved to the extent that servicing 
of generators seldom will be required ex- 
cept at the time of removal of engines for 
overhauling. 


References 


1. Harmonic COEFFICIENTS OF ENGINE TORQUE 
Curves, F. P. Porter. Journal of Applied Me- 
chanics, volume 10, number 1, March 1943, pages 
A33-A48. 


2. Harmonic ANALYSIS or A Hooxkr’s Joint Mo- 
tion, F. A. Hiersch. Journal of Applied Mechanics, 
volume 10, number 2, June 1943, page A76. 


3. MECHANICAL VIBRATIONS (book), J. P. Den- 
Hartog. McGraw-Hill Book Company, Inc., ew 
York and London, 1940. 


4. Accrdsory VIBRATION, Pratt and Whitney Air- 
craft Division of United Aircraft Corporation. 
Installation Bulletin, number 15, September 28, 
1942. 


5. PREVENTION OF FAILURE OF M&TALS UNDER 
REPEATED STRESS (book), Battelle Memorial Insti- 
tute. John Wiley and Sons, Inc., New York, 1941. 


AITEE TRANSACTIONS 


oc 
POWER 
SOURCE 


are appearing now and will appear after 
the war will help better the output and 
reliability of this type generator. 

The scope of both the rotating machine 
and the spark-gap generator is limited, 
and it is for this reason that the vacuum- 
tube radio-frequency generator has 
stepped into the picture to pick up where 
these other machines leave off. The 
vacuum-tube oscillator can do many of 
the jobs now being done by the rotating 
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machine or the spark gap and in addition 
many more jobs which neither of these 
types can accomplish. At the present 
time, when a job can be done by either 
rotating machine or a vacuum-tube gen- 
erator, the initial investment cost is two 
or three to one in favor of the rotating 
machine. This is primarily due to the well- 
established manufacturing procedures and 
facilities for the rotating machine. Post- 
war use of the vastly expanded radio 
facilities plus ever-increasing demand 
will reduce this difference rapidly. 


Radio-Frequency-Generator 
Characteristics 


The vacuum-tube generator is a brand 
new device to the average user, and as 
with any other new technical device a 
certain amount of study is necessary in 
order to enable the average user to under- 
stand its operation and application. The 
vacuum-tube self-oscillating generator is 
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fundamentally a simple device as evi- 
denced by the circuit shown in Figure 1. 
Tube T acts as a valve or switch which is 
used to take energy from the d-c source 
at regular intervals and supply it to the 
tuned circuit made up of inductance L 
and capacitance C. The grid of the tube 
acts as the control knob of the valve and 
determines when the valve shall be shut 
off and when it shall be open. The valve 
is opened for a short portion of a cycle of 
the frequency determined by the circuit 
Land C. The circuit L and C will then 
oscillate just as any undamped circuit 
will oscillate. The vacuum-tube supplies 
energy to maintain this oscillation dur- 
ing a short portion of each cycle. The 
grid obtains its controlling voltage at the 
right phase relation to accomplish this by 
induction to coil L-1, and the oscillator 


Figure 2. Typical tube 
voltage and current rela- 
tionships 
Ip 
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therefore becomes known as a self-excited 
oscillator, because the grid is excited (as 
the field of a generator is excited) by 
power from the oscillating circuit Z and 
C. If the grid-control voltage should be 
supplied by or from a separate source, 
then the generator would be known as an 
amplifier to differentiate from the self- 
excited type. The self-excited type of 
generator is the one most commonly used 
for industrial purposes. 

There are many types of self-excited- 
oscillator circuits, but they all reduce to 
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Figure 3. Oscillator and work circuits 


Kinn—Radto- Frequency Generator 


the fundamental circuit of Figure 1. The 
circuit shown in Figure 1 and the asso- 
ciated Figures 3, 7, 8, and 9 has been re- 
duced to the basic fundamentals by elimi- 
nation of filament supply, bias supply, 
plate supply, and control circuits normally 
associated with a complete oscillator. 

The spark-gap oscillator differs very 
little from the vacuum-tube oscillator. 
By replacing the tube with a spark gap 
which is capable of self-quenching or ex- 
tinguishing itself at a sufficiently rapid 
rate to permit the L-C circuit to oscillate, 
the action becomes the same as for the 
tube. The gap acts as the valve but no 
grid is necessary as in the vacuum tube 
because of the self-starting and extin- 
guishing characteristics of the arc. The 
limit of frequency in the spark-gap-type 
oscillator is determined by the time re- 
quired to extinguish or quench the arc. 
The frequency at which the vacuum tube 
will function as a valve is unlimited from 
this standpoint. 

In order for a self-excited vacuum-tube 
oscillator to oscillate properly, there must 
be sufficient stored energy in the L-C cir- 
cuit to maintain good regulation through- 
out a complete cyle. See Figure 2. 

The grid voltage and bias voltage 
(fixed grid voltage) are adjusted in value 
and phase so that the condition shown 
in Figure 2A exists. Plate current flows 
only during that portion of the cycle 
where the effective plate voltage E, is at 
a minimum. During the rest of a cycle 
any a-c energy required from the circuit 
must be supplied by the L-C circuit. To 
produce this condition, the kva/kw ratio 
must be kept high. The larger the ca- 
pacitor C, the more stored energy and/or 
the more circulating current in the L-C 
circuit. The higher the current in this 
circuit, the greater will be the kva/kw 
ratio. : 

Most induction-heating problems re- 
solve themselves into the number of am- 
pere turns necessary to produce the de- 
sired heating. For this reason it is al- 
most always necessary that the generator 
be capable not only of supplying power 
(kilowatts), but also of supplying a maxi- 
mum of current flow. The current avail- 
able from a vacuum-tube self-excited os- 
cillator is dependent on the value of the 
capacitance C in the oscillator circuit and 
the voltage across this capacitor. The 

relation kva/kw, therefore, becomes a 
figure of merit or means of easily describ- 
ing the capabilities of a vacuum-tube. 
generator. This value of kva/kw should 
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RELATIVE COST OF CAPACITORS 


RELATIVE COST OF CAPACITORS 


CAPACITOR KVA. 


Figure 4A. Variation of capacitor cost with 
kilovolt-ampere requirements 


be as high as practical, and in addition 
the current portion of the numerator 
should be as large as practical. Figure 
3 illustrates the usual method of utilizing 
the oscillator-L-C-circuit current for in- 
duction heating by placing the work cir- 
cuit in series with the oscillator induct- 
ance L. 

The radio-frequency voltage across the 
oscillator L-C circuit is a direct function 
of the plate voltage applied to the vacuum 
tube. From Figure 2A it can be seen that 
the peak of the alternating voltage is 
usually slightly less than the direct plate 
voltage and the rms value normally runs 
approximately 65 per cent of the direct 


Variation of oscillator output with 
tank circuit kva 


Figure 5. 
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plate voltage. This is only an approxi- 
mation, as the exact voltage depends on 
the characteristics of th tube in use, 
the degree of loading, grid-voltage rela- 
tionships and other items, but it does 
represent average conditions and will 
suffice for this discussion. If we refer to 
the relation kva/kw it can be seen that 
for a given tube and output the value of 
oscillating-circuit current (tank current 
as it is often called by the design engi- 
neer) is the only variable, and therefore 
the value of capacitance is the only 
means of controlling the kilovolt-amperes, 
The maximum kilovolt-amperes then are 
limited by the maximum value of ca- 
pacitance that can be used. 

There are two main factors which 
usually control the maximum value of 
capacitance. One is that of economy and 
space—it being impractical usually to in- 
clude large values of capacitance in the 
oscillator, because of initial cost of the 
capacitors and the added space required 
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Figure 4B. Variation of capacitor cost with 
terminal voltage 


in the generator to house or package the 
added capacitance. Further discussion 
of this subject is given in connection with 
work circuits. Figure 4A shows graphi- 
cally the relative increase in cost of ca- 
pacitance. The second factor is that of 
the allowable loss in power that can be 
tolerated in the oscillator Z-C circuit. 
Normal design of vacuum tubes allow 
for practically no excess power from the 
tube which may be dissipated in the os- 
cillator-circuit elements (Z-C) and still 
leave normal expected power for useful 
output from the generator. As pointed 
out, an increase in the capacitance C in- 
creases the currents in the L-C circuit, 
and this increased current flowing through 
the capacitor C and coil LZ increases the 


Figure 6. Typical oscillator characteristics 
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power lost or dissipated in those parts. 
This power must be supplied by the 
vacuum tube and is not useful output. 
This power loss therefore must be kept as 
low as possible to provide the maximum 
useful output from the generator. Figure 
5 illustrates this condition and is plotted 
from data on an actual 10-kw equipment. 

From Figure 4B, it is obvious that high 
current can be obtained more economi- 
cally at low values of voltage. It there- 
fore would seem desirable to use vacuum 
tubes which operate on low values of plate 
voltage, but here we run into the fact that 
the vacuum tube is basically a ‘‘high- 
impedance device’ and consequently 
requires high voltages to get the power 
desired. The designer of the radio-fre- 
quency generator and also the designer 
of the vacuum tube itself therefore is re- 
quired to use high-voltage and high- 
impedance circuits. 

In general, the plate potential used for 
the operation of vacuum tubes increases 
with the power output of the tube. This 
condition requires the use of high-current 
high-voltage high-frequency low-loss 
capacitors in the oscillating circuit of the 
oscillator. Such capacitors at the present 
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time are constructed from mica, pressur- 
ized gas, paper, or oil as the dielectric 
material. Each type has its construction 
limitations which restrict the kilovolt- 
ampere ratings to rather low values com- 
pared to that needed in the higher-pow- 
ered oscillators. The conventional oil 
and paper dielectric capacitors have 
relatively high power factor at the radio 
frequencies involved, with the result 
that power dissipated in such capacitors 
is abnormal and cannot be tolerated. 
The mica and compressed-gas capacitors 
have sufficiently low power factor to per- 
mit reasonable losses in the capacitor at 
high frequencies, but to date physical 
limitations in construction restrict these 
types of capacitors to relatively low values 
of capacitance and current-carrying capa- 
bilities. The design engineer must keep 
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Figure 7. 
capacitor circuit 


these limitations in mind with the result 
that present-day vacuum-tube genera- 
tors for induction-heating purpose in the 
frequency range of 100 to 550 kilocycles 
have characteristics approximately as 
shown in Figure 6, 

It will be noted that as the power out- 
put of the vacuum-tube radio-frequency 
generator gets above 50 kw the effective 
kva/kw ratio drops off, primarily because 
of the limitations in oscillator-capacitor 
capabilities. As future developments 
in the capacitor field are made, this con- 
dition will be corrected or bettered. 
The curve of radio-frequency voltage 
shown in Figure 6 represents the maxi- 
mum usable radio-frequency voltage 
from the generator and, as already ex- 
plained, is dependent on the plate volt- 
age necessary on the vacuum tube. 
This, of course, will vary with the type 
and make of vacuum tube used, but in 
general the curve is representative of 
what generally can be expected. The 
maximum radio-frequency-current curve 
is representative of current available and 


as pointed out previously, is dependent 
on the allowable power loss that can be 
allowed in the capacitor and coil of the 
oscillating circuit and the plate voltage 
necessary on the vacuum tube. 

The kva/kw curve shown in Figure 6 
is for full output from the radio-frequency 
generator. Quite often full power capa- 
bilities are not required from the genera- 
tor with the result that the kva/kw ratio 
increases in direct proportion to the drop 
in power requirements. It becomes pos- 
sible, by taking advantage of this charac- 
teristic, to supply power to excessively 
high kva/kw ratio loads. 

The generally accepted frequency range 
for the radio-frequency generator for in- 
duction-heating use lies between 100 and 
550 kilocycles. The upper limit of this 
range has been set arbitrarily for two 
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basic reasons. The frequencies between 
550 and 1,500 kilocycles are occupied by 
the broadcast stations of this country, — 
and it generally has been accepted as 
good practice to keep industrial genera- 
tors from operating in this frequency 
range to eliminate the possibility of in- 
terference to broadcast reception. Ex- 
cept for special case-hardening problems 
where extremely shallow depth of penetra- 
tion is necessary, the frequencies above 
1,500 kilocycles normally are used for di- 
electric heating rather than induction 
heating. This leaves 550 kilocycles as 
the normally accepted upper frequency 
limit for induction heating. 

For a given set of conditions it is pos- 
sible to raise the kilovolt-amperes in a 
radio-frequency generator by raising the 
frequency because lower capacitive react- 
ance and resultant higher generator cur- 
rent can be obtained as the frequency is 
increased. The majority of radio-fre- 
quency generators, therefore, operate at 
frequencies from 400 to 550 kilocycles to 
take advantage of this increase in kilovolt- 
amperes. This range of frequency is 
adequate for practically all types of in- 
duction-heating problems and provides 
the most economical design. 

In all rotating-machine problems the 
load is adjusted to a point where efficiency 
and output satisfy the ratings of the gen- 
erator. This same procedure is necessary 
for proper and efficient operation of the 
radio-frequency generator. The rotating 
machine and spark-gap oscillator are 
both generators with low internal-imped- 
ance characteristics. The majority of 
induction-heating loads are also low im- 


WORK CIRCUITS 


> 


(iy Figure 9 (above). 
Work circuitsin series 


pedance with the result that adjustment 
for proper efficiency and full power from 
the generator is relatively simple. The 
radio-frequency generator has an inher- 
ent high-impedance characteristic, and 
to apply this type generator to the low- 
impedance induction-heating loads it be- 
comes necessary to obtain a suitable im- 
pedance match between the load and the 
radio-frequency generator. 

In the case of the rotating machine 
full power is obtained from the generator 
by power-factor-correction capacitors con- 
nected across the load or by use of step- 
down transformers. In the case of the ra- 
dio-frequency generator the solution is 


handled in much the same manner. The 


usual method for taking power from a 
radio-frequency generator is illustrated 
in Figure 3. It is necessary first to ar- 
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rive at a suitable coil design which will 
allow rated power to be taken from the 
generator with the current available from 
the generator. This is accomplished by 
suitable selection of ampere turns and 
spacing between the work and the coil. 
In general, the number of turns in the 
work coil is selected to give the desired 
ampere turns. Many jobs are such that 
the impedance match and ampere-turns 
requirements cannot be met because of 
physical limitations. For instance, it is 
often physically impractical to get sufh- 
cient number of turns in the work coil 
because of the shape of the piece to be 
heated. Then again, the shape of the 
material may restrict the: proximity be- 
tween work and the work coil. This 
latter condition normally is referred to 
as coupling—with close proximity be- 
tween coil and work we have ‘“‘tight”’ 
coupling, and when the coil is a consid- 
erable distance from the part to be heated 
we have “‘loose’’ coupling. Tocorrect the 
condition where insufficient ampere turns 
are available to load the radio-frequency 
generator properly there are two or three 
methods which may be used. 

The first of these methods is similar 
to that used in the case of the motor 
generator set; that is, we connect ca- 
pacitance across the work coil to increase 
the current in this coil. This is a form of 
power-factor correction, as we are actually 
partially tuning the work-coil circuit to 
resonance with the generator frequency 
in order to realize an increase in current 
in the work coil. Figure 7 illustrates this 
circuit and the approximate phase rela- 
tion of voltage and current that exists in 
this circuit. 

The extent to which capacitance may 
be added across the work coil to increase 
the current is limited by the relation be- 
tween the kva/kw ratio in the generator 
‘circuit and the kva/kw ratio in the load 
circuit. From Figure 7 it can be seen that 
two separate circuits exist, one the nor- 
mal L-C circuit of the generator, and the 
other the circuit formed by the work coil 
and the added capacitor across this coil. 

Oscillations in a vacuum-tube oscilla- 
tor normally take place around the circuit 
with the lowest loss. When more than one 
circuit exists, as is the case in the circuit of 
Figure 7, it is absolutely essential that the 
main-oscillator L-C circuit remain the con- 
trolling circuit. Circuit loss normally is 
expressed by the value “Q” =w1/r and is 
therefore a function of reactance and re- 
sistance. If we multiply this expression 
by I? we have wLI?/rJ?=EI1/w or kva+ 
kw. The kva/kw ratio therefore can be 
used as a measure of circuit loss, and the 
higher this ratio the lower the loss. For 
the main-oscillator L-C circuit to retain 
control of oscillation its kva/kw ratio 
therefore must be larger than that of the 
load circuit. In this case the value of 
kilowatts is the same for both circuits 
and is taken as the total power dissipated 
in the load circuit. 
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To illustrate this condition let us keep 
Figure 7 in mind and assume the follow- 
ing conditions: 


Voltage across generator L-C 


Circilitec cate ccee Oe eo pene 00,000 Voles 
Current in generator L-C cir- 

CUES A Reem tie nae ee ree 100 amperes 
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When leva Kiwi sO sa ~ onions) nscqtlapsieiare aah 50 
Load current.................500 amperes 
WOad, VOLtagS Gener wor sei ene 1,500 volts 
Phew leva flew. 0? rive. co so wietal talerniorcree nine 75 


Under these conditions unstable opera- 
tion will result, because the oscillator will 
attempt to operate around the load cir- 
cuit, but, since this circuit requires only 
1,500 volts to produce full load of ten kilo- 
watts in the work circuit, it can be seen 
that the circuit is of too low impedance to 
match properly the normal radio-fre- 
quency plate voltage across the vacuum 


Figure 10. Two-kilowatt industrial radio-fre- 
quency generator 


tube. The result is an overload condi- 
tion on the oscillator tube with the re- 
sult that oscillations stop and overload- 
protection relays remove plate power to 
the tube. If on the other hand the load 
coil could be designed to produce full 
power of ten kilowatts at 500 amperes 
and 800 volts, the kva/kw ratio then 
would be 40 which is 10 less than the 
generator circuit, and stable operation 
around the generator L-C circuit will re- 
sult. The vacuum tube will be operating 
into its proper impedance and at the 
proper frequency. It has been found in 
practice that the work circuit kva/kw 
(Q) always should be 80 per cent or less 
than the generator kva/kw ratio. 

The second method which may be used 
to increase the load-circuit current is 
shown in Figure 8. A transformer is 
placed in series with the generator oscillat- 
ing circuit. This transformer is a step- 
down transformer with a high-current 
low-voltage secondary (low-impedance) 
winding to match the low impedance of 
a high-current load or work circuit. 
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This method of impedance matching 
is ideal when the work coil must nec- 
essarily be a low impedance such as a 
single-turn coil with very short leads. 
If the impedance of the secondary wind- 
ing gets the least bit high because of long 
coil leads or excess turns in the coil, the 
transformer cannot be used, and one must 
use the capacitor across the load method. 
The transformer for radio-frequency use 
of necessity must be an air-core design, 
which means the leakage reactance is 
high and the efficiency poor. A guide 
as to when a current transformer is desir- 
able can be obtained from the load cir- 
cuit kva/kw ratios. If this ratio is in the 
order of 10 or less and the current 
necessary is from three to five times that 
available from the generator, the current 
transformer will provide the best imped- 
ance match and performance. 

Still another method of impedance 
match quite often can be used to advan- 
tage when the impedance of the work 
circuit is low. It is possible to series 
two or more of the work circuits when the 
nature of the work permits the heating 
of more than one piece at a time. To do 
this it may be necessary to increase the 
heating time of an individual piece, but 
the effective heating time may be lower 
than for one piece, because more than one 
piece is being heated simultaneously. 

Figure 9 shows this type of proposed 
connection, This is an especially useful 
method when the radio-frequency gen- 
erator is of a higher rating than is neces- 
sary to perform the desired work. 

Combinations of the foregoing imped- 
ance-matching systems of course are 
possible and will present themselves as 
the individual problems arise. 

We now have the general characteris- 
tics of the radio-frequency generator 
roughly in mind, and we can proceed to 
study the application of this type gen- 
erator. The theory and calculations 
necessary to determine the work-circuit 
characteristics are given along with typi- 
cal calculations which illustrate the use 
of the radio-frequency generator. 


Radio-Frequency- 
Generator Application 


In general, when considering an in- 
duction-heating problem, we are con- 
fronted with finding the answers to the 
following questions: 


1. What is the rating of the oscillator best 
suited for the job? 


2. What extras in the form of power-factor 
correction or impedance matching are neces- 
sary? 

3. What is the general design of the work 
coil? " F 


The first step in calculation requires the 
finding of the power density (watts per 
cubic inch) required to accomplish the 
heating. 


AIEE TRANSACTIONS 


: 


thermal power in watts 


Power density = : - 
volume of metal in coil 


Thermal power = 1.76 X10-2MCAT 
=kilowatts (1) 


where 


M=rate of heating in pounds per minute 
C=specific heat of material 
AT ={emperature rise in degrees Fahrenheit 


Power density is computed for a hollow 
cylinder on the basis of the volume of a 
solid cylinder of the same diameter. This 
is necessary, because, as far as eddy cur- 
rent configurations and power input are 
concerned, hollow and solid shapes. of 
materials behave identically. Skin effect 
limits the depth of penetration of currents 
into the work with the result that the 
metal beneath this depth of penetration 
can have no electrical effect. 

The second step in calculation is that 


d=cylinder diameter in inches 
H,=peak magnetizing force in oersteds 
f=frequency in cycles 
p=resistivity at minimum temperature in 
microhm-centimeters 


It will be noted that the resistivity was 
specified at minimum temperature. This 
is necessary to insure maximum power 
(Ho”) into the work at the start of the 
heating cycle. As can be seen from the 
foregoing formula for Ho, the magnetiz- 
ing force necessary for a given power 
density will drop as resistivity (9) in- 
creases with temperature 

Figures 12 to 15 have been plotted for 
the magnetizing-force relationships in 
order to assist in calculations. 

The third step is that of determining 
voltage and current required in a coil to 
provide the required magnetizing force. 
Coil dimensions must be assumed in 


A 200-kw industrial radio-fre- 
quency generator 


Figure 11. 


of finding peak magnetizing force re- 
quired. The following relationships give 
this quantity for several simple shapes 
into which nearly any problem in induc- 
tion heating can be resolved: 

Magnetic cylinder: 


3.64PD Xd X108\?/s 
jek, = a 
ef 
Magnetic strip: 
i xtx ae 


(2) 


o= 


= (3) 
V of 
Nonmagnetic cylinder: 
_ (61.3PD XdX10*\1/2 
a) 
Nonmagnetic strip: 
eh 
eas 


(4) 


o= 


(5) 


where 


PD =power density in watts per cubic inch 
t=strip thickness in inches 
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correspondence with the conditions of 
the problem. 

Voltage and curren in terms of mag- 
netizing force are given as 


E=H, (2.86 X10-fNA K2) (6) 
1 

il =1{1 43K) (7) 

where 


E=coil voltage in volts rms 
I=coil current in amperes rms 
H,=peak magnetizing force in oersteds 
N =number of turns in coil 
A=cross-sectional coil area 
inches 
1=coil length in inches 


in square 


The constants K; and K; are factors by 
which coil current and coil voltage, re- 
spectively, are modified to correct for 
small length-to-diameter ratio of the 
coil and for the effect of metal in the 
field of the coil. These factors are based 
upon theoretical and empirical consid- 
erations and are plotted in Figure 16, to- 
gether with a nomograph for determining 
current and voltage using the foregoing 
relationships. 
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The coil-current facto A, is a function 
of the length-to-diameter ratio of the 
coil, and shows that in order to reduce 
the current required for a given mag- 
netizing force this ratio should be as 
large as possible. 

The coil-voltage factor Ke is a function 
of the ratio of work-diameter-to-coil- 
diameter coupling and indicates that at 
oscillator frequencies the coil voltage 
decreases as the diameter of the work is 
increased relative to that of the coil 
(tightly coupled). The effect is essen- 
tially the same for both magnetic and 
nonmagnetic cores at oscillator frequen- 
cies. 

All that remains to complete the analy- 
sis is to determine the rating of the os- 
cillator to be used. If current require- 
ments are greater than can be provided 
by an oscilfator of the correct power rat- 
ing, impedance matching as described 
previously is necessary. 

If we refer to Figure 7, the rated os- 
cillator current is shown as 77. If the 
work coil, L. is partially tuned as indi- 
cated, the current in the tuning capaci- 
tor Ig will be very nearly 180 degrees out 
of phase with the coil current Jz. A 
work-circuit capacitor therefore is used 
with a reactance such that 


I,=I,—Ir (8) 


The total power rating which must be 
provided by the generator will be the sum 
of thermal power generated in the work 
and the 7? coil loss. 

Loss in the work coil is given! by the 
empirical formula: 


we=140% [Pex Ww (9) 
dy Y pw 


where 


W,=coil loss in watts 

W.»=power generated in work in watts 
d,=coil diameter 

dyy=work diameter 
p-=coil resistivity at working temperature 
Pw=work resistivity at minimum tem- 

perature 
(Minimum temperature used to insure pro- 
vision for maximum loss) 


A curve has been plotted in Figure 15 
from which total power required may be 
determined for several materials. These 
curves include coil losses encountered 
in normal heating problems and can be 
used as a guide to generator power re- 
quirements. 

Case hardening of the surface of a cyl- 
inder will be accomplished if the depth of 
current penetration is less than the depth 
of case desired, since a major portion of 
the heat input is generated within the 
depth of penetration, and if the rate of 
energy input is rapid enough, so that heat 
conduction to the interior of the work is 
minimized. As an approximation, the 
depth of penetration will be made always 
less than half the case thickness desired, 
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Ho=PEAK MAGNETIZING FORCE — OERSTEDS 


fp= (FREQUENCY) x (RESISTIVITY AT MINIMUM TEMPERATURE) 


Figure 12. Magnetizing force required for 


magnetic cylinder 
Wd=2.75 X104y/foH,'/2 


W=power density in watts per cubic inch 
d=cylinder diameter in inches 
p=resistivity at minimum tempereture in mi- 
crohm-centimeters 
f=frequency in cycles 
H,=peak magnetizing force in oersteds 


and heat conduction will be depended 
upon for the remainder. The thermal 
problem of heat penetration into a cylin- 
der under the conditions of case hardening 
is extremely complex. Simplifying as- 
sumptions therefore will be made for 
practical results. On the basis of experi- 
mental work, it has been found that a 
minimum power density of two kilo- 
watts per square inch of surface area to 
be hardened is sufficient to cause a hard- 
ened case if the heating cycle is short 
enough to prevent excessive conduction 
to the interior of the object to be heated. 
The power density required is dependent 
upon the type of hardening problem under 
consideration, and may vary from 4 to 
10 kilowatts for normal applications to 25 
kilowatts or more per square inch for 
special thin case hardening applications. 
Experimental work is required, in gen- 
eral, to determine the correct power, 
It will be assumed further that the 
material remains magnetic to a tempera- 
ture of 1,300 degrees Fahrenheit, and 
that it must be raised to a final tempera- 
ture of 1,600 degrees Fahrenheit in order 
to produce a hardened case. If a fre- 
quency of 450 kilocycles and a resistivity 
of 20 microhm-centimeters at minimum 
temperature is used, it is found by an 
analysis shown in the appendix that 720 
oersteds (50) is the proper value of mag- 
netizing force to be used. Other values 
of final temperature, power density, fre- 
quency, and resistivity, of course, will 
require a similar mathematical procedure. 
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If the current and voltage requirements 
as calculated fall within the range of the 
radio-frequency generator, using imped- 
ance matching where necessary, and the 
kva/kw ratio of the work circuit is 80 per 
cent or less than that of the generator, 
it can be assumed that the problem is 
solved. Considerable flexibility is pro- 
vided in most applications where work- 
coil dimensions and turns can be varied 
and where combinations of impedance- 
matching systems can be used. 

When it appears impractical to do the 
job at hand with a generator of suitable 
rating, it may be possible that a rotating 
machine will perform the job, provided 
its frequency is above a minimum speci- 
fied by the following relationships. 

Solid magnetic or nonmagnetic cylin- 
der: 
bf a715, (10) 


Hollow magnetic cylinder: 


f=0.129 EP) XE%e (11) 
ts 

Hollow nonmagnetic cylinder: 
7.75p 

f=" (12) 
Magnetic or nonmagnetic strip: 
=35.2" 

uf =35. 2 (13) 


Magnetic permeability at minimum 
frequency (in terms of uf of equations 
10 and 13): - 


_ | 128uf 
B= Wop 


where 


(14) 


u=magnetic permeability under specified 
conditions of equation 30 

f=minimum frequency in cycles 

p=resistivity at maximum temperature 
in microhm-centimeters 


» 
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Tali 
t=wall thickness in inches (hollow-cylin- 
der) strip thickness (in inches) 
d=outside diameter of cylinder in inches 
PD=vower derisity in watts per cubic inch 


The resistivity at maximum tempera- 
ture is used in the equations for minimum 
frequency, because the largest value. of 
this quantity will occur when the re- 
sistivity is a maximum. The hot re- 
sistivity is computed as 


p hot=p cold (1+a At) (15) 


where 


a=the temperature coefficient of resistivity 

At=the temperature rise in degrees centi- 

grade=the temperature rise in degrees 
Fahrenheit /1.8 


The following examples have been pre- 
pared to illustrate the procedure to follow 
in arriving at the answer to the three 
questions listed previously for various 
typical types of heating problems. 


EXAMPLE 1. MAGNETIC STRIP 


To illustrate the problem of heating a 
magnetic strip of steel, let us assume that 
we desire to fuse electroplated tin on the 
surface of a strip 2.5 inches wide and 0.12 
inch thick. The temperature necessary 
to flow the tin is 550 degrees Fahrenheit, 
and we shall assume that the strip is 
traveling at a continuous rate of 15 feet 
per minute. 


p=20 microhm-centimeters (at minimum 
temperature) 


A. Volume to be heated per minute =thick- 
ness X width X speed 
=0.12X2.5X12X15=54 cubic inches per 
minute 


B. Weight heated per minute =volume per 
minute X pounds per cubic inch 
=54X0.286 =15.4 pounds per minute 


C. Thermal power=1.76X107-?X15.4X 
0.12 X (550-72) 
=15.5 kw 


To determine a power density it is nec- 
essary to assume a coil length. The turns 
per inch and the total length must be of 
the proper magnitude so that current 
and voltage limitations are not exceeded. 
This must be done by a cut-and-try 
method. In some cases, coil length is 
fixed by conditions of the problem, so 
that the only variation possible is in the 
turns-per-inch ratio. In this case the 
coil length will be assumed to be 12 


inches. . 


D. Volume of metal in coil (length=12 
54 ; 
inches) mr =3.6 cubic inches 


ae 15,500 
E. Power density == ay Tone watts 


per cubic inch 


F. PDXt=4,300X0.12=516; pf =450,000 
X20=9X 108 . 


ATEE TRANSACTIONS 


+o oe Vy 


G. From Figure 13, Hy=116 


H. Assume a coil 


1=12 inches (length); N=14 (turns); 
IN P= 4/12 = 1.17; area=4 inchesX1.5 
inches =6 square inches 


In order to determine coil current and 
voltage from Figure 16, the following 
procedure should be followed: 


I. Current 


Locate H,=116 (point A) 
Draw AB (B is the same for all values of H,) 
Note point C and then locate N/]=1.17 
(point D) 
Draw CD and locate point E = 142 
T=K,X(point £)=1.20142=171 
peres 


am- 


In order to apply the coil correction 
factor, J/d must be determined. As an 
approximation, d is taken as the so-called 
“effective diameter’ of a rectangular 
coil, or that diameter which gives the 
same area as in the rectangular cross sec- 
tion. 

Effective diameter: 


A (rectangular) SOAS 


see = 
ee a/4 T 
=2.76 inches; 1/d= Y 4.35 
= nches; = —— = 
2.76 
K,=1.20 
J. Voltage 


Locate H,=116 (point A) 
Draw A B’ (B’ is the same for all values 
of H,) 
Note point C’ and then locate N=14 
(point D’) 
Draw C’D’ and note point E’ 
(E/fakz) 
Locate A =6 (point F’) and draw E’F’ 
W=E/fx,=2.7X10-3 (point G’); dw/dc=0; 
K,=1 
B= WKof =2.77X10-3X4.5 X10®X 1 =1,250 
volts, coil voltage 


=4.5X1074 


K. Rate of heating =pounds per minute X 
At=15.4 X (550 —72) =7,360 
From Figure 15, total power required = 
20,000 watts 


The curves in Figure 15 give the ap- 
proximate power required to heat a given 
load plus the heater coil losses—a total 
of 20 kw in this example. 


L. Kva/kw for load circuit 


1.25 X171 
20 


This value of kva/kw for the load cir- 
cuit along with the 1,250 volts and 171 
amperes are all reasonable figures for a 
20-kw radio-frequency generator, and the 
coil assumption made to arrive at these 
figures is therefore entirely satisfactory. 


=10.7 


EXAMPLE 2. NONMAGNETIC STRIP 
Assume that a 0.0625-inch-thick strip 


_ of stainless steel 15 inches wide is to be 
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Ho= MAGNETIZING FORCE — OERSTEDS 


103 104 105 
fp= (FREQUENCY) X (RESISTIVITY AT MINIMLJM TEMPERATURE) 


heated to a temperature of 720 degrees 
Fahrenheit. This is to be done in order 
to heat the material for a toughening 
drawing operation with a quick oil 
quench to follow immediately after the 
heating operation. It is assumed the 
strip will be traveling at a continuous 
rate of 2.5 feet per minute. 


p=20 microhm-centimeters at minimum 
temperature 
A. Volume to be heated =0.0625X15X2.5 
X12 =28 cubic inches per minute 

B. Weight heated per minute=28X0.286 
=8.0 pounds per minute 

C. Thermal power =1.76X107?X8.0X 
0.12 X (720-72) =10.8 kw 

D. Volume of metal per minute in coil 

(assume ]=12 inches) =28/2.5=11.2 cubic 

inches 


10,800 
E. Power density = 
11.2 


=965 watts per 


cubic inch 
F. pf =450,000 X20 =9 x 108 


G. From Figure 14, =3.9X10-2 (by 
on 
extrapolation) 
H,? =965/3.9 X10? =2.46 X10!; Hy =157 
oersteds 


H, Assumea coil 


1=12 inches; N=12; area=18 inches X1.5 
inches =27 square inches 


From Figure 16, 7/K,=224 [=224X13= 
291 amperes coil current 


27 X4 
Daa A =65.86 inches; 


Gielea 


vw 


y=14.6X1073 


dc/dw=0 Ke=1;  E=14.6X1073X4.5X 
1051 =6,600 volts, coil voltage 
ZI. Rate of heating=pounds per minute 
X At=8.0 X (720-72) =5,190 
From Figure 15, total power required= 
20,000 watts 


.6X291 
J. Load circuit kva/kw === = 96 


This is beyond the limits of a standard 
20-kw generator. Therefore, it is neces- 
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Magnetizing force required for 
magnetic strip 


Wt=1.37X10!/fpH,'”2 


W=power density in watts per cubic inch 
t=strip thickness in inches 
p=resistivity at minimum temperature in mi- 
crohm-centimeters 
f=frequency in cycles 
H,= peak magnetizing force in oersteds 


Figure 13, 


sary to use a 50-kw generator operating 
at reduced power to provide the high 
kva/kw ratio necessary to satisfy this 
load condition. 


EXAMPLE 3. SOLID MAGNETIC CYLINDER 


Let us assume that, in order to anneal — 
0.25-inch steel wire before drawing it 
through a reducing die, it is required to 
heat the wire to a temperature of 1,000 
degrees Fahrenheit. A continuous pro- 
duction rate of 40 feet per minute is re- 
quired. 


p=20 microhm-centimeter at minimum 
temperature 


A. Volume to be heated per minute= 
ial =] X (0.25)?X40 X12 


=23.5 cubic inches per minute 
B. Weight to be heated per minute= 
23.5 X 0.286 =6.74 pounds per minute 
C. Thermal power=1.76X107?2X6.74X 
' 0.125 X (1,000-72) =13.7 kw 
D, Volume of metal in coil (assume /=12 
inches) =23.4/40 =0.585 cubic inch 


13,700 
JON M2 density = =23;4: 
ower density 0.585 23,400 watts 


per cubic inch 
F. fo=9X108; PDXd=23,400X1/,= 
5,850 
G. From Figure 12, H,=370 
H. Assumea coil 
1=12 inches; N=48; d=0.75 inch 
From Figure 16, J/K,=132; K,=1; [=182> 
amperes, coil current 


dw 0.25 
2.2410-3; =“? 0.334; K,=0.98 
rears dc 0.75 i 
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E=2.24X10-*X4.5 X10®X0.98 =985 volts, 
coil voltage 
I. Rate of heating = pounds per minute X 
At=6.74 X 928 =6,250 


From Figure 15, total power required 
=18 kw. A standard 20-kw rating gen- 
erator is therefore necessary. From 
Figure 6, this rating of generator is cap- 
able of 175 amperes output. The afore- 
mentioned assumed coil design does not 
make full use of this output current; 
therefere a change in coil design is neces- 
sary to match properly the generator im- 
pedance and to utilize the full 175 am- 
peres available. 


J. Assume a coil 
1=12 inches; N=36; d=0.75 inch 


ik 
From Figure Oy 175 Ky=1; 7=175am- 
1 
peres, coil current 
dw 0.25 
= 20.384; K, = 0.98; 
Che NORTE) 
E=1.68X107-?X4.5X105X0.98=742 volts 
K. Load circuit kva/kw 


0.742 X175 
18 


The current, voltage, and kva/kw ratio 
of the load circuit now agree with the char- 
acteristics of a standard 20-kw generator, 
and we therefore have arrived at a suit- 
able, work-circuit design. 


y=1.68X10-3; 


=7.2 


EXAMPLE 4. SoLiIp NONMAGNETIC 
CYLINDER 


We shall assume that it is desired to 
heat four-inch lengths of one-half-inch- 
diameter stainless-steel rod to a tempera- 
ture of 1,600 degrees Fahrenheit in order 
to perform a forging operation. A pro- 
duction rate of 15 such ends per minute 
is desired, neglecting loading time. In- 
duction heating is ideal for this applica- 
tion, since heating can be confined to 
the four-inch length at the end of the rod. 


A. Volume to be heated per piece=7/4X 
(0.5)? X4 =0.785 cubic inch 
B. Weight to be heated per piece =0.785 X 
0.288 =0.226 pound per piece 
C. Rate of heating =15 pieces per minute = 
0.226 X15 =3.39 pounds per minute 
D. Thermal power =1.76 X 107? ¥3.389 
0.125 X (1,600-72) =11.4 kw 


st 00 145550 tt 
0785 odes pa 


per cubic inch 
F. pf =450,000 X20 =9 x 108 


E. Power density = 


PD 
G. From Figure 14, —=9.8x10-3 
i 
14,550 
=—— X10? =1.48 108; 


H,2 
pean O18 


H,=1,220 
oersteds 


This is a relatively high magnetizing 
force to be easily obtained from an os- 
cillator. 

In order to obtain more easily the re- 
quired magnetizing force, three coils will 
be used in series, heating three separate 
rods simultaneously. 


1298 


IK 
C] 


Ni 
rN 


WATTS PER CUBIC INCH PER OERSTED SQUARED 


10? 104 10 
fp= (FREQUENCY) x (RESISTIVITY AT MINIMUM TEMPERATURE) 


‘ _ 14,550 
H. Power density per ROS aed =4,850 


watts per cubic inch 
I. Magnetizing force per coil 


4,350 
H,2= 
9.8 


X10? =49.5 101; H, =705 oer- 


steds per coil 


By the use of three coils, the magnetiz- 
ing force per coil has been reduced. The 
rate of heating per coil will be one-third 
the original rate using one coil, but the 
over-all rate of heating will remain the 
same. Figure 15 is based upon a coil 
loss which is proportional to the thermal 
power supplied. To this approximation 
the coil losses will remain unchanged, as 
will the total power capacity required of 
the oscillator. 


J. Assumea coil 
1=4 inches; N=23; N/l=5.75; d=0.75 
inch 


I 1 
From Figure 16,—=175; -=5.33; K,=1.0 
: Ky d 
I=175X1.0=175 amperes; y=2.04%1073 


dw _ 05 0.665; Ke=0.77 
ATM fp eee Sh akiaae 
E=2.04X10-*X0.77 X4.50 X105=710 volts 


per coil 
Total voltage =710 X3 =2,130 
K. Rate of heating =3.39 x (1,600-72) = 
5,200 =pounds per minute X Af 
From Figure 15, 20 kw will be required to 
supply useful power plus losses 
2.1380 X175 


20 


The voltage, current, and kva/kw 
ratio all satisfy the requirements of a 
standard 20-kw generator, and the load 
has been made to match the generator 


L. Load circuit kva/kw = =18.6 


perfectly by proper selection of the num- é 


ber of work coils and the proper number 
of turns in each coil. 


EXAMPLE 5. NONMAGNETIC HoLLow 
CYLINDER 


Assume that it is desired to heat a one- 
inch-diameter hollow brass tube with 
0.05-inch-wall thickness to a temperature 


Kinn—Radio- Frequency Generator 


10® 107 4 10® 


Figure 14. Magnetizing force required for 
nonmagnetic materials 


W _1.63X10-%/fo 


a d 
W 815X107" 'W/fp 
H,2 t 


W=power density in watts per cubic inch 
H, =peak magnetizing force im oersteds 

f= frequency in cycles 

p=resistivity at minimum temperature 
d=diameter of cylinder in inches 
t=thickness of strip in inches 
fo =(frequency) X (resistivity at minimum tem- 

perature) 


of 322 degrees Fahrenheit, in order to 
flow an alloy coating which has been plated 
on the cylinder. A continuous rate of 25 
feet per minute is required. 
p=8 microhm-centimeters (at minimum 
temperature) 


‘A. Volume to be heated per foot 


="(Don)'=(rn)="] 2-088 [a2 


=1.80 cubic inch per foot 

B. Weight of metal per foot =volume per 

foot Xweight per cubic inch=1.80X0.32= 

0.575 pounds per foot 
C. Rate of heating =25X0.575=14.4 
pounds per minute 
D. Thermal power=1.76X10-?X14.4X 
0.08 X (822-72) =5.05 kw 

E. Volume in coil of solid cylinder of same 

outside diameter (assuming a coil 12 inches 
long) 


V=ox(l)*x 12=9.44 cubic inches 


5,050 
F. Power density = aaa =535 watts per 


cubic inch 
G. fp=8X4.5X105 =3.6 X108 


PD 
H. From Figure 14, Wie ee i 
oO 


AIEE TRANSACTIONS 


OUTPUT RATING OF SET — KILOWATTS 


100 1,000 10,000 


A ZZ 
708 [Z 
TTA ZZ A 


00,000 1,000,000 


(POUNDS PER MINUTE) x (DEGREE FAHRENHEIT OF MATERIAL HEATED) 


Figure 15. Oscillator power capacity for 
radio-frequency heating requirements 


y 535 
H,? =, X10°=17.3X 10! 
H,=415 oersteds 
I, Assume a coil 
t=12 inches; d=1.25 inches; N=42; 
N/l=3.5; A =1.23 square inches 


ur, 
From Figure 16, ra =170; 1/d=9.6; K,=1; 
1 
I=170 amperes, coil current 
dw : 
=61. 4; —=——=(.8: K,=0.62 
y=61.4X1074; Bae ok 2 
E=61.4X1074X4.5 X10®X0.62 =1,710 
volts, coil voltage 
J. Rate of heating=14.4X (822-72) = 
3,600 =pounds per minute X At 
From Figure 15, total power required = 
10,000 watts 


K. The current of 170 amperes is beyond 
that obtainable from the usual ten-kilowatt 
oscillator. If the maximum possible cur- 
rent is assumed to be 110 amperes, the work 
coil must be partially tuned in order to ob- 
tain the benefit of high circulating currents. 


I,=I,—I,=170—110=60 


P I. 
Capacitance required = C=— 
wk 
60 
2x 450,000 X 1,710 
Kilovolt-amperes of capacitors=1,710X 
60 107-#=1038 kva 


=0.0125 microfarad 


cat kvalew 
OG, ork circuit kva W >> 9 000% 
=29.0 
M. Depth of penetration: 
p 
6=1.984/— 
uf 


Since 6 is proportional to ~/p, the value 
of p at maximum temperature will be used 
in order to make certain that the depth 
of penetration is at all times less than the 
wall thickness. Refer to equation 24 in 
the appendix for an explanation of the 
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formula for depth of penetration and the 
terms used therein. 
Resistivity at maximum temperature: 


p hot=p cold (1+a At) 
where 


At=temperature rise in degrees centigrade 
a=temperature coefficient of resistivity 
=0.003 for brass 


n=l 


0.003 X250 


1.8 
centimeters 


p hot= E + | =11.3 microhm- 


5-108) ue =0.01 inch 
ides: WABOQOO ISG be 


The frequency is therefore of a high 
enough value so that the depth of pene- 
tration is less than half the wall thickness, 
as was required. 

Alternate solutions are often desirable 
from the economic viewpoint. This ap- 
plication offers such an alternate solu- 
tion. The foregoing figures indicate a 
generator current of 170 amperes which 
is a value obtainable from a 20-kw 
generator without the aid of load ca- 
pacitors or transformer. The power re- 
quirements were ten kilowatts, and 
therefore, by using two work circuits in 
series and a 20-kw generator, the pro- 
duction rate can be doubled, and no ac- 
cessories to the generator are necessary. 
The current, voltage (1,710 xX 2) and 
kva/kw ratio satisfy the characteristics 
of a 20-kw generator. 


EXAMPLE 6. MAGNETIC HOLLOW 
CYLINDER 


It will be assumed that, in order to 
temper-0.25-inch-diameter steel tubing 
with 0.025-itich wall thickness, it is nec- 
essary to heat this tubing to a tempera- 
ture of 1,000 degrees Fahrenheit, while 
the tubing is moving at a continuous 
rate of 100 feet per minute. 
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p=20 microhm-centimeters (at minimum 
temperature) 

A. Volume to be heated per foot= 
a /4[0.252—0.202] X12 =0.212 cubic inch 
B. Weight to be heated per foot =0.212X 
0.288 =0.061 pound per foot 
C. Rate of heating =0.061*100=6.1 
pounds per minute 

D, Thermal power =1.76X107?X6.1X 
0.125 X (1,000-72) =12.4 kw 
E. Volume in coil of solid cylinder of same 
outside diameter (assuming a coil 12 inches 
long): 


V=7X(1/4)?X12=0.59 cubic inch 


12,400 


0.59 
per cubic inch 
G. fp=4.5X105X20=9 x 108; 
21,000 X0.25 =5.25 X 103 
H. From Figure 12, H,=344 oersteds 
I. Assume a coil 
=12 inches; d=0.8 inch; N=36; N/l=8; 
A =0.5 square inch 
From Figure 16: 
l/d=15; K,=1; J/K,=164; [=164 am- 
peres, coil current 


F, Power density = =21,000 watts 


PDXd= 


dc ). 
E=1.80X10-#X4.5X105X1=810 
coil voltage 
J. Rate of heating =6.1X(1,000-72) = 
5,650 = pounds per minute At 
From Figure 15, total power required = 
16 kw 


volts, 


810X164 
K. Work circuit po iy ocean 
16,000 


L. Depth of penetration: 


p 
6=1.984/— 
bf 
0.003 X 928 
p hot =29| | =50.6 
_ 28,500 _ 


344 


50.6 
6=1.984/——_ 
450,000u 


50.6 


o= roy 8 
450,000 X 83 
=2.32 1073 inches 


The depth of penetration is much less 
than the required half the wall thickness. 
Equations 30 and 37 in the appendix 
give the necessary explanation for the 
formulas for permeability and depth of 
penetration, respectively. 

The foregoing figures satisfy the re- 
quirements of a 20-kw generator, but 
they do not provide for full use of the 
power available from this 20-kw unit. 
It would be desirable, therefore, to se- 
lect a coil design to utilize the full rated 
current of 175 amperes and power of 20 
kw from a standard generator. The 
rate of production (100 feet per minute) 
thereby can be increased by the ratio 
20/16 or to 125 feet per minute. Recal- 
culation on this basis will give a coil de- 
sign capable of fully loading the standard 
20-kw generator. 


B 
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EXAMPLE 7, CASE HARDENING 


In this example we shall assume that 
a steel bearing 0.5 inch in diameter and 
one inch long is to be heated to a surface 
temperature of 1,600 degrees Fahrenheit 
in order to case-harden to a depth of 
0.03 inch. 


Figure 16, Voltage and current of a solenoid 
as a function of peak magnetizing force 


E=H,(2.86 ; 10-7NAfK2) 


E=coil ne in volts rms 

!=coil current in amperes rms 
H,=peak magnetizing force in oersteds 
N=number of turns in coil 


50 A=cross-sectional area of coil in 
square inches 
40 !=coil length in inches 
d=coil diameter in inches 
K,=coil current factor 
30 K2=coil voltage factor 
f=frequency in cycles 
Ke valid in oscillator frequency range 
20 
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15 \ 
40 
1.43 
1.0 
30 S 
6 
10 i 
9 3 
x 20 
2 2.86 
7 
! 15 1 | 2 
6 OF D, I10 , 
mS NOS 32 
: FS ~~ or \ 4 10"! 
2 \ 9 \ 3 8 
4 
ly 8 6 
F ~ 2 . 
2 xX “2 BA, 4 
> 6 Oo IR 
° 
3 = 8 = 3 
: sta\ 6f\i 
S 3 o 
3 9 Ns tr : 
oS 4 z 3 ke 
2+6 rm) 6, oie x 53 
< 3412 Rie 1071 
a6 
Wy mS 3ig\ 8 
es F 1o7+>/% Ne: 
15 " re 8 aiw ye 
< ° stole E's 
2Te bar) 4 
2 o4tk 
= 3 ° 
is4+> = 
4 i 
s orale 2 
= ” 
10% Sy 
O78 ! e 1041 
6 
8 
075 q 6 
5 
0.50 2 S. 
0.5 : 3 
10" 
2 
6 
4 
3 10° 
0.25 0.25 ; 
B! 
1300 


A. Area to be hardened =rd]/=nrX0.5X1 
= 1.57 square inches 
B. Power required =2 kw per square inch 
=1.57X2=3.14 kw 
C. Volume of metal in coil =7/4 X (0.5)?X 
1=0.196 cubic inch 
D d 3,140 
. Power density = 0.196 
per cubic inch 
E. H,=720 (from analysis in appendix, 
equation 50) 
F. Assume a coil 
N= eo 7=1 inch; N/l=2; d=0.75 inch; 
=7/4X0.75? =0.44 square inch 
From ee 16 


Wg 1 
—=514; =——=1 34; Ky=1.35 
K, 514; l/d 0.75 3 1 


=16,000 watts 


I=1.35X514=694 amperes, coil current; 


y=1.81X10~4 


“) 
“ 


a /i 
dw 0.5 
— =—— =0.665; K,=0.78; E=1.81X10-4 
de 0.75 6 a 
X4.5X 1050.78 


=63.5 volts, coil voltage 


G. Power loss in work coil (refer to equa- 
tion 9): 


GC - Ip 0.75 
Wen1405 yin. sw, Wee 


\ = X8i4= =2.12 kw 


Total power required =3.14+2.12 =5.26 kw 
_ 83. 5X 694 


d t kva/kw 
H. Load circuit kva/ 5,260 


=8.3 


I. Depth of penetration 


[p 28,500 28,500 
5=1.984/— = = 
uf H, | 720 


39.5 


ney: DIAMETER a COIL DIAMETER RATIO 


39 1.0 


K, = COIL CURRENT FACTOR 
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Figure 17. 


Propeller-edge brazing at 450 
kilocycles 


Equations 30 and 37 in the appendix 
give the necessary explanation for the 
formulas for permeability and depth of 
penetration, respectively. 


(1 +0.003 x 1,528) _ 
1.8 = 


71 
Oo arereretm 96X10-8 inch 
_ UPR eA oe bean 


The frequency used is therefore high 
enough so that the depth of penetration 
is less than half the depth of case desired. 

The coil current is considerably be- 
yond a value practically obtainable from 
an oscillator rated at five or ten kilowatt 
output. The load-circuit kva/kw ratio 
and the current requirements indicate 
that a current transformer is an ideal 
solution. 

The total power requirements given in 
G do not include transformer losses. To 
accomplish this heating job, it is there- 
fore necessary to use a ten-kilowatt gen- 
erator to provide the relatively high cur- 
rent-transformer losses in addition to 
work-circuit power. There will be a 
margin of safety if a ten-kilowatt genera- 
tor is employed which by proper design 
of the work circuit can be used to in- 
crease the kilowatt per square inch into 
the work and thereby reduce the heating 
time. 


p hot =20 iat 


Appendix 


The theoretical basis from which the 
equations used were derived, together with 


the derivation of these equations, will ‘be - 


treated briefly in this section. 

» When any conductor is placed in a vary- 
ing magnetic field, currents are induced in 
the conductor as in a transformer secondary 
winding. Since the conductor has definite 
resistivity, heat is generated by the induced 
currents. This principle is known as induc- 
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tion heating. The correct frequency to be 
used depends upon the size and electrical 
properties of the piece to be heated. This 
frequency may vary from 60 cycles or less 
for large objects to several hundred kilo- 
cycles for case hardening and heating of small 
objects. 

In general, magnetic properties make iron 
and steel below the Curie point, much easier 
to heat than the other metals. The Curie 
point, approximately 1,300 degrees Fah- 
renheit, is that temperature above which 
iron loses its magnetic’ properties. Ma- 
terials of low resistivity, such as aluminum 
and copper, are more difficult to heat than 
the poorer conductors. 

Nearly any problem in the induction- 
heating field can be resolved into that of 
heating either a cylinder or strip of magnetic 
or nonmagnetic material. Ifa hollow cylin- 
der is to be heated, satisfactory results re- 
quire that the depth of current penetration 
caused by ‘‘skin effect’’ be less than the wall 
thickness of the cylinder, which sets a lower 
limit to the frequency. 

It has been shown? that power loss in a 
cylinder may be represented as: 


_ (Ho')*om 
0.0872a 
ber (ma) ber’ (ma) + bei (ma) bei’ (ma) 
{ ber? (ma) + bei? (ma) \ 


watts per cubic centimeter (16) 
where 
8r?2uf X 1079 
ma =a HES (17) 
p 


f=frequency (cycles per second) 
p=resistivity (ohm-centimeters) 
a=radius of cylinder (centimeters) 
pu =permeability 


Let 
L 
G(ma) =— X 
ma 


ber (ma) ber’ (ma) + bei (ma) bei’ (ma) 
ber? (ma) + bei? (ma) 


(18) 
Then 
pa Hoomt ly 
0.087? ma 
ber (ma) ber’ (ma)+ bei (ma) bei’ (ma) 
ber? (ma) + bei? (ma) 
| (82?uf X 107%) 
Se NET INE eee 
(H,') A 0.08%2p G(ma) 
=(H,’)?fG(ma) X10-7 watts per cubic 
centimeter (19) 
where 


H,'=rms magnetizing force 

If 

H,=peak magnetizing force 

then 

Hy =~/2H," 

and 

P='/.uH,?fG(ma) X10-7 watts per cubic 


centimeter (20) 
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Power density will be maximum for a 
given frequency when the function G(ma) 
is maximum. This occurs with a value of 
(ma)28. Operation is unstable with values 
of (ma) less than 3, and the minimum fre- 
quency is taken to be that frequency which 
makes (ma)=3. This frequency is not 
critical and any frequency for which (ma) = 
3, will be satisfactory, providing current 
and voltage limitations in the work coil are 
not exceeded. An increased frequency 
lowers the power factor of the coil, but in- 
creases the power-input-to-magnetizing- 
force ratio. The highest possible ratio is 
desired without exceeding current or volt- 
age limitations. The function G(ma) may 
be replaced with very little inaccuracy when 


(ma) 210 by 


G(ma) = (21) 


1 
mar/2 
and for praetical purposes when (ma) 23. 
Power density therefore simplifies to 


1 
3 i re 
2mar/2 


For a coil long with respect to its diameter, 


uH,?fX10-7 watts per cubic 


centimeter (22) 


0.44 NI 
H,= ; +/2 oersteds 


(23) 


where NJ// =ampere turns per centimeter of 
the coil. If the diameter of the coil is com- 
parable to its length, the value given above 
for H, is modified by the factor K,, plotted 
in Figure 14. 

The same relationships are valid for a 
hollow cylinder, providing the depth of 
penetration of current is less than the wall 
thickness. 

Effective depth of current penetration is 
given as 


6=5,033 \ i centimeters (24) 
M 


where p=resistivity in ohm-centimeters. 
The minimum frequency for hollow cylinder 


Figure 18. Internal-gear-tooth hardening at 
450 kilocycles 
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has been taken arbitrarily as twice the fre- 

quency which would produce a depth of 

penetration equal to the wall thickness. 
The power input to a flat strip is given as 


P=!/.uH,*fG(Kst)X1077 watts per cubic 
centimeter (25) 
where 


4nrufX1079 
og Ae 


p 


(26) 


t=thickness of strip (centimeters) 
p=resistivity (ohm-centimeters) 


sinh (Kt) —sin (K,t) 


Gute) a t cosh (Kgt)+cos (Ket) 


(27) 


The function, G(K;t) has a maximum 
value of K;t&23, as in the case of the cylinder. 
For practical purposes when 


K,t23 (28) 
G(Kst) may be replaced by 1/2K;¢. In this 


case, the power-input equation reduces to 


P= 


uH,?f X10-7 watts per cubic centi- 
4K st meter (29) 

These equations are valid for magnetic 
materials, provided that » remains constant 
or varies according to some mathematical 
relationship. Since uw is ordinarily not con- 
stant and does not have a regular variation, 
approximation is necessary. If a constant 
value of u, based on empirical and theoreti- 
cal considerations and equal to 


1.784)3™ 
Vi 


is used, where Bm is the saturation flux 
density of iron and is approximately equal 
to 16,000 gausses, the equation will give 
reasonably accurate results, for both strip 
and cylinder. 

Equations 2 through 7 and 10 through 14 
are derived as follows: General equation for 
power input to a cylinder 


(30) 


PD=1/24H,’G(ma)fX10-7 watts per cubic 


centimeter 
=8.2X107-7ufG(ma)H,? watts per cubic 
inch (31) 
es 10-8 
ma=ae|—_—_—— 
p 
=0.356 \! d (32) 
p 
where 


d=diameter of cylinder in inches 
p=resistivity in microhm-centimeters 


Let 


1 
G(ma) = mae 
- 8.2H uf X 10-7 
/2X0.356d~/ pf 
_ 16.312 he Rie: 
watts per cubic inch (33) 
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Power input to a magnetic cylinder: 


1.78X16,000 _ 28,500 


= 


Fp apeeed, 
16.3 28,500 
= Vol 
= 2x" Vil (2) 


Power input to a nonmagnetic cylinder 
(w=1): 


IERIE pees 
PD ge: WV pf Ho? X 10-6 (4) 


General equation for power input to a strip: 


PD='/uH,2fG(Kst) X10-7 watts per cubic 


centimeter 
=8.2X10-"ufG(Kst)H,? watts per cubic 
inch (34) 

4 (ar) 2uf X10-9 , 
Kat [4(r)?ufX 107° 

p 
0.059"! (35) 

p 


where 


t=strip thickness in inches 
p=resistivity in microhm-centimeters 


Let 


G(Kst) = 


2Kst 
8.2 o2uf/p X1077 
2X0.505t/ uf 


hs 8.15H,?+/ uf 1077 
t 
watts per cubic inch (36) 


PD= 


Power input to a magnetic strip: 
28,500 
H, 
1 
pp=" Wie 28,500 
HA, 
_137X10-'WfpHo”? 


t 
watts per cubic inch (3) 


b= 


H,?X1077 


Power input to a nonmagnetic strip (u=1): 


8.15X10-1/fpHy? 
t 


PD= 


watts per cubic 
inch (5) 


Minimum frequency for heating a solid 
cylinder: 


ma =0.356d \! f 

iz 
Let 
ma=3 
then 
0.356d \"- 

p 
71p 

Cialger (10) 
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Minimum frequency for heating a strip /’ 


,=o.s05iq 
p 


Let 
Kea 
then 
0.505¢ y! =o - 
p 
p 
uf =35.2 5 (13) 


Magnetic permeability at minimum fre- 
quency for steel cylinder or strip below 
Curie point: 

PD=8.2X107"»fG(ma)H,? 
=8.2X10-"ufG(K;t)H,? 


At minimum frequency 


ma=3 
K;t=3 
G(ma) =G(Kst) =0.186 
PD=1.52X10"uf H,? 
28,500 28,500 
se ee Je = 
H, i & 


28,5002 
PD=1.52X10-"(uf) x(222) 
Mu 


123 
Pp" 


L= 


b= (14) 


Minimum frequency for heating a hollow 
magnetic cylinder: 


6=5,033 \" centimeters 
uf 
=1.98 \" — inches 
uf 


where 


(37) 


p=resistivity in microhm-centimeters 


1.98? 
uf = Toane 
Let 


d6=t=wall thickness of cylinder 


Let 


fl=2f 

1.98? X2, 
ase ie oe 

_1.98?X2pH, 
~ 28,50082 
2.75 X 10-44/f'pHo!/* 
Sea 
[eee 
igen a See 
Vf'p 

a oo aR 64PDXdX108}/* 
28,5002? A/flo | 
ee Pee 2/s 
28,5007 | 2.75+/f"p ] . 


PDXd 
p=oaso| 2xaxe 


(38) 


PD= 


(2) 


f= 


fi 
(a1) 
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Minimum frequency for heating a hollow 
nonmagnetic cylinder: 


3=1.984/— 
\; 


Let 
6=t 
if =2f\ 
' 2p 2p 
#?=1.98? —=1.98?— 
2f ue 
7.75p 
ee (12) 
Magnetizing force for case hardening of a 
cylinder: 
Let 
E,=energy input to work while it is mag- 
netic 
Ey=energy input to work when it passes 
the Curie point 


E,=total energy input to the work 
P,=power input in watts while magnetic 
P,=power input in watts when nonmag- 
netic 
t; =time material is magnetic 
t;=time material is nonmagnetic 


_aiv ufp 
: d 


TEAD) watts per cubic inch 


iP , 
—=K>Ho?~/ufp watts per square inch of 
surface area 


—, = Kal’ ufp 
wal 
P, 
eS HV fo (u=1) 
adl 
Py fics 
—=7/p, (for Hn = Ho) (39) 
P» 
13 
= 40 
Ei 16 Eo (40) 
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3 
a= 76 Ey (41) 
Ey=2(ti+te)rdl (2 kw per square inchX 
area X time) (42) 
13 
bank fC ome Pv gol eae ue (43) 
3 
Eo = Pile 4g sah tb) xd (44) 
P2=Pi/V a 
If we solve equations 39, 48, and 44, 
Pt ee 
SS 45 
i i3V" (45) 
Pit + Pate = Pest (ti +te) (46) 
(Pero 
PwwA+— x= t, =2(t +h) adl 47 
vt 7g ,=2(t +h) (47) 
3 
Pi= 1 63eai( ipVet 1 ) (48) 


Py pp wr X10 fol” _4Pi 


Volume _ d edt 
(49) 


ay MeteAaV at he 
rd? 


2.75 X10-44/foH, 
d 


Let 


f =450 kilocycles 
p =20 microhm-centimeters 
V/ fp =3 X 108 
H,?—7.9 X1084/H —3.08 X10 =0 


Hy, =720 (50) 


Coil. voltage and current as a function of 
magnetizing force: 


No NHA 
if 


hee X1078§= ~<LOmt (51) 
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E=oLI =wNH,AX10-3 


where H,=peak magnetizing force in oer- 
steds 


w= 2Qnf 


H, 
pa v3 * (2afNA X10~*), rms volts, for 
an air-core solenoid 


where A =area in square centimeters 
E=H,(2.86 X10-7fNA K2) (6) 
where £ =rms volts for coil with a metal core 


A =area of coil in square inches 


1 
He Iae (1%) 
0.404 N 


where /=length of coil in centimeters 
I =peak current in amperes 


fy els a Eo. 7 
ee OaafIN sp ee ae ead es 


where 


J =rms current in amperes 
1=length of coil in inches 
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Electrically Heated Clothing 


G. H. WOTRING 


NONMEMBER AIEE 


HE efficiency of our air forces can be 

reduced very materially by physical 
discomfort! especially from the effects 
of severe cold. To be able to aim and fire 
machine guns and to operate bombsights 
and navigation instruments calls for finger 
dexterity and a mind and body not 
numbed by the cold found at high alti- 
tudes. Tests and experience have demon- 
strated that heated clothing will keep an 
inactive man comfortably warm for many 
hours at subzero temperatures. Such 
clothing was used to a small extent in 
the first World War and is used by all 
belligerents in this war. While many of 
our military craft have heating systems 
utilizing either engine heat or com- 
bustion heaters, not all parts of the ship 
can be heated, especially exposed positions 
where gunners are located. For these 
men, and for all the crew because of pos- 
sible failure of the airplane heating sys- 
tem, electrically heated clothing is an 
important item in aerial warfare wherever 
subfreezing temperatures exist. 

In the war now being fought, the air- 
plane has changed the whole pattern of 
warfare. Our allied superiority in the 
air will shorten the war and save thou- 
sands or even millions of lives, not only of 
our own men but of the enemy as well 
by destroying his means to fight. The 
sticcess of our air forces is due not only 
to our airmen and the men and women 
who design and build the airplanes, but 
also to a small army of scientists and 
engineers who in laboratories throughout 
the world have been studying the physio- 
logical aspects of flight including the 
effects of high altitude and intense cold 
upon the human body. As a result of 
these investigations our flyers are able to 
fly at increasingly greater heights where 
there is less danger from enemy inter- 
ception and gunfire from the ground. 

The chief factors involved in high- 
altitude flight from the standpoint of 
personnel are a supply of oxygen for the 
reduced atmospheric pressure and a 
source of heat for the extreme cold. At 
a height of six miles above the earth’s 
surface the temperature often reaches 
60 or more degrees below zero Fahrenheit 
even at the equator. To combat this 
cold, many of our flyers wear clothing 
heated electrically by current from the 


Paper 44-183, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted October 11, 1943; made available for 
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1304 


airplanes’ generators. Thus fortified, 
they keep comparatively warm and 
comfortable on the longest bombing 
missions. 


History 


The use of electrically heated clothing 
by aviators is not new. Up to the first 
World War there was little need for it 
since the airplanes themselves could be 
flown only in good weather and at low 
altitude. A pilot required about the 
same clothing as a motorcyclist. 

During the first World War the Edison 
Electric Appliance Company designed 
and built under contract for the War 
Department about 5,000 electrically 
heated flying suits. One of the author’s 
associates, who was closely connected 
with this design and manufacture, has 
described the suit and its first test. 
Another associate, who was a pilot in 
World War IJ, claims to have had one of 
these suits issued to him in France and 
to have worn it on a flight to an altitude 
of 24,000 feet which was close to a record 
at that time. 

The suit was two piece. The trousers 
had the feet in them like an Eskimo parka 
complete with hood and fur ruff and was 
pulled on over the head in the same 
manner. The suit was completely lined 
with fur and the outer covering was an 
olive-drab-colored woolen cloth of 
medium weight. Between the two layers 
were the heating inserts consisting of 
cotton strips about two inches wide with 
a channel down the center carrying the 
heating wires. These inserts extended 
down the arms and legs and the front and 
back of the trunk. One circuit ran up 
the back of the neck and over the top of 
the head to the forehead. This heating 
of the head is not considered necessary 
at the present time. (The head except 
for the ears and face is relatively insensi- 
tive to the cold.) The circuit was sup- 
plied from the six-volt battery in the 
airplane, but the current is not known, 
and whether any control other than a 
switch was provided is doubtful. To 
determine the effectiveness of the suit, 
an open car was obtained and provided 
with suit connections, and early on a cold 
Sunday morning in February 1918 two 
men wearing civilian clothes and two 
wearing the new heated suits got into the 
car and sped for several miles across 
Chicago. This simple test may have been 
as useful for the conditions of actual use 
at that time, as our present cold rooms 
and high-altitude chambers are for 
present flight conditions. 
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During the 20 years between wars there ~ 
is little record of experiments with 
electrically heated clothing. Polar ex- 
plorers, because of possible failures and 
forced landings while flying over arctic 
regions wore fur parkas of the type worn 
by the Eskimo. In 1925 the Western 
Air Express started operating an air-mail 
line between San Francisco and Salt Lake 
City.2. Open-cockpit airplanes were used, 
and for a time the pilots reportedly wore 
electrically heated suits of the 1918 
production. Another reference to such 
clothing is in the list of items carried by 
the Lindbergs on their flight to the 
Orient. Two electrically heated flying 
suits appear there, although no reference 
is made to their use. 

Before proceeding to a discussion of 
present flying-suit construction, it may 
be of interest to compare the various 
methods available for heating military 
aircraft. 

The first obvious method is to use 
some of the enormous amount of the heat 
wasted from the engine exhaust. In its 
elementary form this is a cover over the 
exhaust pipe to produce an exhaust gas- 
to-air heat exchanger such as was used 
in the early days of the automobile. 
Its chief advantages are that it is cheap 
and there is little to go wrong with it 
mechanically, Its chief disadvantage is 
that there is always danger of, carbon 
monoxide poisoning, especially if a bullet 
passes through the exchanger. With a 
few exceptions this has banned its use 
in the past on airplanes. Also, on many 
liquid-cooled engines the exhaust dis- 
charges from each cylinder, and no 
manifold is available for such a heating 
system, 

The second method is to use a boiler 
in or around the exhaust stack with a 
fluid heat-transfer medium such as 
ethylene glycol piped to a convection 
radiator in the cabin through which 
ventilation air from an air scoop or from 
a recirculating air blower is forced to 
pass. By a combination of dampers 
both air temperature and ventilation air 
volume can be controlled. This type of 
heater is in general use by the air lines 
and is quite satisfactory for flying at low 
altitude and moderate temperatures if 
kept properly serviced. In military 
aircraft it constitutes another point of 
vulnerability in that a bullet through any — 
part of the system would put the heater 
out of commission because of loss of fluid. 

The third method is to use combustion 
heaters which utilize aviation fuel burned 
in a small combustion chamber with the 
heat transferred to air blown over the 
heating surface. These are of two general 
types, one drawing atomized fuel from 
the engine manifold into its combustion 
chamber while the other has its own car- 
buretor. These heaters are quite effective 
at low altitudes but involve a starting 
problem the same as the engines in 
regions of low ground temperature. 
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There is also the problem of carrying not 
only the weight of the heater and such 
piping and ductwork as is necessary but 
also the weight of the fuel which will be 
consumed for heating. The added weight 
means less pay load or bomb load. Also, 
there is again the danger of possible 
leakage and monoxide poisoning, al- 
though) in general, the heated air may be 
kept at a pressure above that of the 
combustion products. At high altitudes 
the heater requires supercharging the 
same as the engines to maintain proper 
combustion ratios. 

All of these types of heaters. which 
involve the transfer of heat to air become 
relatively less effective as the air density 
decreases. The specific heat of air, which 
is a measure of its capacity to absorb 
heat, decreases with its density. Hence, 
increasingly larger volumes must be 
passed across the heated surfaces to 
transfer the heat from source to receiver. 
It is a case where the heater itself gets 
increasingly hotter while the airplane 
interior gets colder. Obviously on air- 
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Figure 1A. Type F-1 heated flying suit and 


accessory clothing 


planes having supercharged pressure 
cabins these effects of altitude can be 
omitted. In fact, the heat of compression 
of the supercharger will supply all the 
heat necessary under certain conditions, 
depending upon ratio of compression, 
outside temperature, cabin insulation, 
and so forth.* 
The fourth method is the application 
of electric heat directly to the individual 
_ by passing a controlled quantity of cur- 
rent from the airplane’s generators 
through resistance wires sewn in the 


linings of the clothing, shoes, and gloves. | 


The following advantages are obvious: 


1. Heat is individually controllable, so that 
each man can adjust his own supply to suit 
his particular activity, location, amount of 
extra clothing, and so forth. For example, 
a turret gunner with cold air blowing 
‘through cracks or gun slots will require more 
_ heat than someone in a more sheltered 
location. 
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2. There is no danger from carbon mon- 
oxide, 


3. The added weight of the heated clothing 
over regular clothing, plus the added weight 
of generators, wiring, and rheostats, is less 
than any other type of heat with the possible 
exception of an exhaust heater. 


4. Electrically heated clothing becomes 
more effective at high altitude, since the 
heat loss to the cabin air is reduced and 
therefore less electric energy is required. 


5. Such clothing is less vulnerable to enemy 
fire since each suit has its own power- 
supply line. 

6. Certain exposed positions such as waist 


and tail gunners have not been successfully 
heated by any other means. 


Electrically Heated Suit 
Development 


In 1940 engineers of the General 
Electric Company, who had pioneered 
the electrically heated blanket, antici- 
pated that heated clothing would be 
necessary in this aerial war. In July of 


4 


Figure 1B. Man outfitted with the same 
equipment 
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that year a meeting was arranged with 


_the Wright Field clothing unit and it 


was found that they were looking at the 
same time for some organization to 
develop such a suit. The requirements 
were for a suit which would keep a flyer 
warm at any temperature from plus 70 
to minus 60 degrees Fahrenheit. A pro- 
posed suit design was worked out and 
taken back to the factory. There ma- 
terials were procured; a sewing machine 
of the proper type obtained; wire of the 
proper weight, resistance, and flexibility 
made up and sewed in place, and the 
first sample delivered 12 days later. It 
was an adaptation of the standard sum- 
mer flying suit into which wires were 
sewn in parallel lines. Fine leather 
gloves, wired on the back and at the 
wrists, plugged into the sleeve of the 
garment. These gloves were made of a 
material and design commonly used in 
ladies’ dress gloves. This construction 
assured a good tactile sense and per- 
mitted wearers to operate gun triggers, 
camera shutters, navigation instruments, 
and other devices used on airplanes which 
require a good sense of touch, 

In this initial model boots were heated 
by means of a boot insert shaped like a 
clover leaf.. Wires were cemented be- 
tween the two layers of this insert, anda 
connecting cord was provided for plug- 
ging into receptacles in the legs of the 
suit. When this clover-leaf element was 
inserted into a standard intermediate 
flying boot, the center leaf became a 
heated insole for the boot and the other 
two leaves folded over the ankles. 

Electrically the complete assembly 
consisted of two circuits for the suit, one 
circuit for gloves, and one circuit for 
shoe inserts. The four circuits were con- 
nected to a switch box at the waist, 
which permitted independent use of heat 
in shoes, gloves, or suit. From the switch 
box a short pigtail connection provided 
a means of connecting the assembly to 
the control box, which in turn was 
mounted on the ship and connected with 
the source of power. 

When this suit was submitted to Wright 
Field, they were interested in its funda- 
mental design and verbally placed an 
order for 15 suits incorporating improve- 
ments which they suggested. This order 
requested delivery within six weeks, in- 
asmuch as some of the suits were to be 
taken on a flight of bombers scheduled 
for experimental cold-weather tests in 
Alaska. 

The new suits were to be used in place 
of underclothing with a uniform and a 
summer flying suit over them. In this 
way with all of the clothing outside, the 
maximum heat utilization could be 
obtained. Heavy woolen union suits 
were selected for the garment to be 
heated, because knitted wool is elastic 
and a good thermal insulator. The wires 
were sewed in parallel waves to give an 
accordian effect which would stretch 
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with the wool to conform to body move- 
ments with the minimum stress on the 


wires. The switch box was eliminated 
and the pigtail connection improved to 
permit a quick disconnect in the event 
the wearer had to bail out of the airplane. 
The finished suits then were tested in 
three cold rooms, having temperatures 
respectively of 35 degrees, zero and 
minus 50 degrees Fahrenheit with final 
test at minus 63 degrees Fahrenheit in 
the cold room at Fort Monmouth. In 
this extreme cold a face mask and goggles 
were added so that no portion of the 
test subjects’ skin was exposed to the air. 
Although the tests were considered satis- 
factory for the initial model and the suits 
delivered on schedule, development work 
was continued for further improvements. 

During this development, other suits 
were studied. An electrically heated suit 
obtained’from a German aviator who had 
been shot down over Britain was 
examined thoroughly and analyzed for 
materials used, method of construction, 
and electrical characteristics. It was 
found to be expertly fabricated but very 
poor electrically. The materials were not 
flameproofed, and the suit produced so 
little warmth as to be almost worthless. 
A British suit also was examined. In 
this the heating wires were made of strips 
of stainless-steel wire mesh similar to 
window screen. These strips were in- 
sulated by a layer of cloth on each side, 
and they ran up and down the front and 
back of the suits and the arms and legs. 
Cloth shoe inserts with similar heating 
elements were worn inside of flying boots. 
A heavily insulated winter coverall was a 
part of the suit assembly. It appeared 
to be a satisfactory design, although 
somewhat bulkier and heavier than was 
considered necessary or desirable. 

The flight tests in Alaska pointed out 
additional improvements that were 
needed, and as a result of this experience 
a revised design was made in February 
1941. The garment consisted of an outer 
shell of all wool, cut on the bias for 
elasticity, with the wires sewn on the 
inside, as shown in Figure 1. Cotton- 
flannel cloth was used for the lining, 
because it is more comfortable against 
the body. 

The clover-leaf shoe insert of the earlier 
model was supplanted by a wired-cloth 
shoe of olive-drab overcoating material 
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Figure 2. A section 
of the factory where 
the electrically 
heated suits are 
manufactured 


with molded rubber soles which was 
worn inside of a standard light aviation 
boot. 

Samples of this design were delivered 
to the test pilots at Patterson Field for 
test under actual flight conditions to 
determine if any further changes were 
necessary or desirable. The design was 
then standardized and the specifications 
written. This is the design which went 
into production in September 1941. Fig- 
ure 2 shows a section of the factory in 
which these suits were made, and Figure 
3 shows an operator stitching the wir- 
ing, using a special type of sewing ma- 
chine. 

Since the start of the original develop- 
ment, much time and effort have been 
spent to improve the design. No less 
than 100 variations have been tried of 
suit, glove, and shoe designs. Some of 
the earlier designs are shown in Figure 4. 
A much later design is shown in Figure 5. 
Ideas constantly change as new informa- 
tion is obtained in reports from combat 
areas, from Arctic regions, from tests 
constantly being conducted, and from 
new materials which are made available. 

There are three general types of elec- 
trically heated clothing which have been 
considered and tried, and each has certain 
advantages and disadvantages. The 
first is the electrically heated undersuit 
of the type shown in Figure 1. The chief 
advantages of this design are: 


1. The heating wires are close to the body, 
and all thermal insulation is outside, thereby 
giving good heating efficiency. 


2. There is more simplicity in such a one- 
piece undersuit. There is less bulk around 
the waist than with a two-piece garment, 
and the electric connections are easier to 
make. There are no gaps for cold air to get 
in. 


3. Clothing worn on the outside tends to 
become soiled from dirt, oil, and grease. 
The surface of an undersuit is protected by 
the coverall worn over it. 


4, The design is considerably lower in cost, 
because the materials are less expensive and 
the tailoring is negligible. Less experienced 
help can be used to produce a satisfactory 
product. 


The disadvantages are: 
1. Having the wires so close to the skin 


tends to make the heat from the individual 
wires more noticeable. 
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2. The person wearing the suit, since it is 
an undergarment, tends to wear it all the 
time, sometimes even for sleeping. The 
wires which carry the current to do the 
heating will not withstand such continued 
rough usage over a long period of time. 


3. A suit worn next to the skin requires 
more frequent washing. The use of light 
underclothing under the suit is recom- 
mended. we 


4. This clothing was designed to be worn 
under a light summer coverall. In case the 
flier is forced down in enemy territory and 
taken prisoner, he has no uniform or other 
suitable wearing apparel. 


5. In case of a failure of the suit, or any 
part of it such as gloves or shoes, or a failure 
of the airplane electric system, or if the 
wearer is forced to bail out at high altitude 
or forced down in a location of low ground 
temperatures, he may have insufficient 
clothing to keep him warm. 


The second general type of garment 
is an electrically heated uniform such as. 
shown in Figure 5. This overcomes most 
of the afore-mentioned disadvantages, 
but again the wearer does not use it 
only as a flying garment. 

The third general type is heated winter 
coverall which, like other winter clothing, 
is pulled on over the regular clothing and 
is definitely for flying only. It appears 
to overcome the objections previously 
listed except that of getting soiled. The 
heat distribution in this design is more 
uniform, and there is less tendency to 
produce local overheating, such as under 
the knees when a gunner is kneeling or 
on the inside of the elbow when the fore- 
arm is bent back at a sharp angle. The 
increased thermal insulation possible in 
such a garment makes it more comfort- 
able for men who have to lean against | 
the cold metal of the ship instead of a 
parachute pack. (Because of the pressure 
of the suit against the skin when the 
wearer is seated on the parachute pack, 
heating wires are omitted from the 
trouser seat.) With this better-insulated 
garment the heat distribution for the 
different requirements of the various 
crew members is met quite satisfactorily 
with the one design. 

The problem of proper heating of hands 
and feet presents more difficulties than 
the suit itself. The shoes receive greater 
flexing than the suit, especially when 
walking, and consequently the heating 
wires are more vulnerable to breakage. 
There is also an individual variable in 
size and shape of foot. The shoes shown 
in Figure 1 are constructed of woolen 
overcoating material with rubber molded 
soles and were designed to be worn with 
rubber overshoes. Because the heat 
balance in the suit is not adjustable and 
has been arrived at by cold-room tests, it 
is quite necessary to maintain the proper 
balance in thermal insulation over the 
various parts of the body. For example, 
if A6 fleece-lined flying boots are used 
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over the electrically heated shoes in place 
of the rubber overshoes for which they 
were designed, the feet may become 
uncomfortably warm in comparison to 
the rest of the body. If heavy fleece- 
lined clothing is worn in place of the 
summer coveralls along with the A6 
boots, then the hands are too cold when 
the body and feet are comfortable, and a 
pair of mittens should be worn over the 
gloves. 

Another type of shoe which has been 
developed and tested with very satis- 
factory results is an all-felt model shown 
in Figure 5. It has a thin leather sole 
to protect the thick felt insulating sole. 
These shoes have been worn at minus 
60 degrees Fahrenheit without any addi- 
tional covering and are very comfortable. 
The felt being porous permits any mois- 
ture from foot perspiration to pass out 
through the sides of the shoe, and the 
feet remain dry. One of the most im- 
portant considerations where extreme 
cold is to be encountered is to make 
absolutely certain that the clothing re- 
mainsdry. Otherwise the thermal insula- 
ting value is so greatly reduced that the 
feet especially become easily frozen. The 
use of heated clothing for Arctic flying is 
discussed more fully under the subject of 
tests. 

At the present time the trend in thought 
in regard to electrically heated footwear 
is progressing in the direction of supply- 
ing a heated insert suitable for use with 
the A6 fleece-lined boot. These boots 


are standard issue to aircraft crews and 


Figure 3. An operator using one of the 
special sewing machines required for stitch- 
ing the wire to the cloth 


have good thermal insulation. By the 
application of a lightweight heated boot 
insert, the flier is equipped for extreme 
cold with the minimum amount of addi- 
tional equipment. Furthermore, the boot 
is waterproof and more satisfactory for 
walking through mud or wet snow such 
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as might be encountered in certain ground 
locations. The felt-type shoes, however, 
are more satisfactory in actual flight or 
for use in cold rooms, because with the 
rugged sole and heel they are more 
comfortable for standing or walking. 
Gloves inherently constitute the great- 
est problem in electrically heated wearing 
apparel. The greatest problemistobeable to 
keep the hands warm enough to do their job 
without becoming too cumbersome. In 
order to obtain the necessary finger 
dexterity the leather should be very thin 
and close fitting like a pair of women’s 
dress gloves, but a hand covering of this 
type is almost colder than no covering 
at all, because it tends to restrict circula- 
tion, while loose-fitting well-insulated 
gloves are clumsy. Another difficulty 
arises, because the hand is frequently 
held in a closed position around some type 
of control wheel, stick, or machine-gun 
handle. Hence, wires on the inside of 
fingers and palm would not only be un- 
comfortably hot and humpy but also 
would subject the wires themselves 
to such severe flexing that their life would 
be extremely short. Consequently, elec- 
trically heated gloves at present carry 


the wiring only over the back of the hand 


and along the backs of the fingers with 
relatively thin thermal insulation 
throughout. This tends to produce an 
uncomfortable concentration of heat 
over the back of the hand and the knuckle 
joints when the fingers are bent, while 
the palm which is clamped over a cold 
handle and where the nerves which feel 


Figure 4. 


temperature are highly concentrated 
become uncomfortably cold. This prob- 
lem is being studied constantly, and de- 
signs and samples too numerous to men- 
tion have been constructed. About the 
best solution. to date seems to be to wear 
over the electrically heated gloves a pair 
of gauntlet-type mittens with alpaca, 
wool, or fur lining. These mittens are 
fastened to a cord or strap which is worn 
around the back of the neck, a system 
which has long been used in the arctic. 
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These mittens furnish the necessary 
thermal insulation to keep the hands 
from getting cold and permit the heat 
being supplied to the back of the hand to 
distribute itself around the hand and 
fingers. When it is necessary to do some 
operation which requires use of the 
fingers, the glove hand may be easily 
withdrawn from the mittens temporarily 
and replaced before it gets cold. A similar 
method is to have the mittens heated 
and to wear unheated gloves inside. 
The former is preferable, since much of 
the time the temperature may not be so 
extremely low and the gloves are suffi- 
ciently warm without the mittens over 
them. 

There is probably a question in the 
minds of some readers as to why an elec- 
trically heated head covering is not also 
provided. The face and head seem to be 
the least susceptible to cold of any part 
of the body, and many people go about 
on relatively cold winter days with no 
head covering at all. Fliers are provided 
with warm fleece-lined helmets, and from 
experience in cold rooms and in the 
arctic at temperatures of 50 and 60 below 
zero, it has been found that the head is 
comfortably warm with this unheated 
covering, provided that the remainder 
of the body is not unduly chilled. How- 
ever, in cold as extreme as that just stated, 
in order to prevent frostbite, it is neces- 
sary to apply some type of covering to 
the exposed portions of the face. At sea 
level a fur ruff of the type worn by 
Eskimos, a woolen scarf, or some type of 


Early developmental samples of electrically heated 
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face mask will do. At altitudes above 
12,000 feet, oxygen masks must be worn, 
which, due to the exhalation of the moist 
breath, choke up with ice which has to 
be broken away at intervals until finally 
the ice builds up too much at which time 
the mask must be exchanged quickly for 
another one. Heated coverings for these 
masks which keep the mask from freezing 
and also warm the face have been ex- 
perimented with very successfully. At 
these temperatures even goggles frost 
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over on the inside from the moisture 
of the face and become useless. Rela- 
tively low-wattage heaters have been 
developed which keep them clear under 
the most severe conditions. These items 
will become more necessary as fliers go 
to higher altitudes and colder tempera- 
tures. 

The preceding sections have described 
the history and development of the 
electrically heated flying clothing worn 
by our fliers. It also has indicated 
briefly some of the problems which are 
encountered in any new development. 
Paralleling this work, investigations, 
studies, and tests have been carried on 
by laboratories throughout the United 
States and Canada where facilities are 
available in order better to understand 
the physiological aspects of the problem. 
There follows a brief résumé of some of 
those studies that apply to body heating. 


ToTaL HEAT REQUIREMENTS 


The human body is a heat engine 
which oxidizes fuel to do work and main- 
tain its temperature. When the body is 
at rest doing no external work, there is 
still internal work being done by the 
‘heart and other organs of the body and 
by- muscles in maintaining their tension 
or tone. The body automatically balances 
the production and loss of heat to main- 
tain an almost constant temperature of 
98.6 degrees Fahrenheit under quite 
widely varying external temperature 
conditions. Temperature control is ac- 
complished by the heat-regulatory center 
in the brain which is extremely sensitive 
to temperature variations and is com- 
pletely involuntary. Throughout a con- 
siderable temperature range the body is 
able to control its temperature by varying 
the rate of heat generation and the rate 
of heat loss. If the temperature, how- 
ever, goes outside of these limits, sec- 
ondary considerations manifest them- 
selves such as shivering which is a rapid 
flexing of the muscles to increase their 
rate of heat generation. 

The amount of heat generated by the 
human body varies widely with the 
amount of activity. The base rate of 
heat generation called the basal metabo- 
lism rate is that of a bedy sitting down 
completely at rest but not asleep and in 
a comfortably warm location. The 
slightest amount of exertion even sitting 
up or reading or eating increases this 
basal rate, and, for a person exercising 
violently, the rate may go up 12-fold. 
In the case of aircraft pilots or other 
crew members in normal conditions of 
flight an average value of 100 calories or 
400 Btu per*hour is assumed. 

Of course, not all of the heat generated 
by the body is transferred to the air 
through the clothing. A certain amount 
is radiated from the exposed portions of 
the skin such as hands and face, a certain 
amount is lost by perspiration, and other 
amounts are lost by evaporation to and 
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Figure 5A (above). 

Late developmental 

sample of two-piece 
heated suit 


Figure 5B (right). 
View of wiring in- 
side of suit 


Figure 5C. (below) 
Man wearing the suit 
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temperature rise of the air which is 
breathed. The amount of heat lost by 
each process varies with conditions of 
relative humidity and temperature. For 
example, when the air temperature is 
above body temperature, all of the heat 
loss must be by evaporation. DuBois* 
shows that in still air at temperatures 
below those producing sensible per- 
spiration, the heat loss is made up, ap- 
proximately, 25 per cent by vaporization 
of water, 15 per cent by convection and 
60 per cent by radiation. These per- 
centages of course will vary also with 
the amount of clothing and the wind 
velocity. 
| 
DETERMINATION OF HEATING REQUIRE- 
MENTS AS A FUNCTION OF CLO VALUB 


During the past few years and 
especially within the past year and a half, 
many laboratories throughout the coun- 
try have been experimenting on the types 
of clothing best suited to the various 
atmospheric conditions which exist: 


throughout the world and in the cold 
rarified air above it. It has been found 
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that the nude body at rest is comfortable 
in an ambient temperature of 86 degrees 
Fahrenheit and that when it is covered 
by normal indoor clothing in an ambient 
temperature of 73 degrees Fahrenheit 
the skin temperatures and body comfort 
are approximately the same. The in- 
sulatingyvalue of this amount of clothing 
is approximately equal to the ‘‘clo’’ unit 
as defined by Gagge, Burton, and Bazett® 
and will be so used in this paper for sim- 
plicity. For additional clo value the tem- 
perature may be dropped another 13 de- 
grees. For example, with clothing having 
a two-clo value the body is comfortable 
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at 60 degrees Fahrenheit, with three-clo 
value at 47 degrees Fahrenheit, and for 
four-clo value at 34 degrees Fahrenheit. 
Since the best Arctic clothing does not 
exceed 4 or 41/, clo units, it may be seen 
that it is impossible to keep an inactive 
man comfortably warm indefinitely at 
temperatures much below freezing. The 
slightest activity, however, increases the 
metabolic rate considerably, and, as a 
result, a man wearing the same four clo 
and walking at a rate which raises his 
metabolism threefold would be equally 
comfortable at minus 70 degrees Fahren- 
heit providing his face was protected from 


BASED ON RELATIONSHIP: 
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frostbite. DuBois‘ illustrates this by 
one of his tests. A subject wearing a 
woolen ski suit and woolen socks lay com- 
pletely relaxed in a calorimeter with the 
ambient temperature automatically con- 
trolled at 74 degrees Fahrenheit. Within 
two hours the subject complained of being 
uncomfortably cold, although a few days 
before he had worn the same clothing while 
skiing in an ambient temperature of minus 
16 degrees Fahrenheit without discomfort. 
The author found that in walking at 
minus 40 degrees Fahrenheit the difficulty 
was to prevent becoming overheated and 
perspiring which causes considerable dis- 


Figure 6. Nomograph chart for determining wattage required 
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Figure 7. Thermocouple harness worn inside 
of suit to measure skin temperature 


comfort. He became quite thoroughly 
chilled in a three-hour airplane flight 
wearing more clothing, although the 
cabin temperature was ten degrees above 
zero. 

When the total clo value of clothing 
containing electric-heating elements is 
known, it is possible to calculate the 
electric-energy requirements for various 
ambient air temperatures. For example, 


if the clothing has an insulating value of 
three clo without the application of any 
electric heat, the wearer would be com- 
fortable at a temperature of 47 degrees 
Fahrenheit (86 minus 3X13 degrees). 
It is assumed that of the total metabolism 
of 100 calories per hour (400 Btu) 75 
per cent is lost through the clothing by 
convection and radiation. Therefore, 
doubling the metabolic rate or putting 
in an equivalent electric input, (75 
calories equals 87 watts) would keep the 
wearer comfortable down to a tempera- 
ture of eight degrees Fahrenheit (47 
degrees minus 3X13 degrees), assuming 
that the electric energy is 100 per cent 
efficient in producing body warmth. This 
is an input of 2.23 watts per degree below 
47 degrees Fahrenheit. If the suit is to 
be worn at minus 40 degrees Fahrenheit 
which is 87 degrees below 47 degrees 
Fahrenheit an electric input of 2.23X 
87=194 watts would be required. 


In actual practice more power input is 
required than is obtained by this calcula- 
tion for the reason that the electric energy 
supplied to the suit is not so effective as 
the energy generated within the body 
itself. The reason for this is chiefly that 
in the latter case, the heat is inside of all 
the thermal resistance represented by the 
clothing. The electric-heating elements 
in the suit are usually outside of the 
inner layers of clothing, and therefore the 
efficiency is reduced. In fact, the effi- 
ciency in most cases is probably less than 
75 per cent. Figure 6 is a nomograph 


Figure 8 (left). 

Multicircuit test suit 

used to determine 
best heat balance 


Figure 9. Eight-hour 

suit test at minus 

60 degrees Fahren- 
heit 
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chart showing how to determine the - 
wattage requirements for electrically 
heated clothing when the clo value and the 
efficiency are known. The method of 
determining the efficiency also is shown. 
While many of the physical factors of the 
body cannot be determined as precisely 
as with electric or mechanical machines 
because the body helps to compensate’ for _ 
variables over a fairly wide range, 
nevertheless, the chart indicates quite 
accurately the result of experience to date. 


NorMAL Bopy TEMPERATURES AND 
Basic HEAT DISTRIBUTION 


It is a well-known fact that except in 
sickness body temperature when taken 
by rectal thermometer is very constant, 
but the temperature of arms, legs, hands, 
and feet may vary quite widely as the 
body regulates itself to environmental 
temperatures. To determine these tem- 
peratures under various ambient condi- 
tions, the test subject wears a thermo- 
couple harness such as shown in Figure 7. 
Then by means of a special electrically 
heated suit, Figure 8, in which various 
areas of the body are individually con- 
trolled, it is possible to produce com- 
fortable conditions on all parts of the 
body, to read the corresponding skin 
temperatures, and to determine the 
power input to each part of the suit under 
these conditions. Since, as stated before, 
the nude body is comfortable in an am- 
bient temperature of 86 degrees Fahren- 
heit with a skin temperature of 92 degrees 
Fahrenheit, the ultimate aim in clothing 
design is to maintain approximately 92 
degrees skin temperatures or 86 degrees 
between clothing and skin under all 
conditions of lower ambient tempera- 
tures. Below 86 degrees Fahrenheit the 
body begins to cool, and the temperature 
of the fingers and toes goes down as the 
body heat-control mechanism reduces 
the cooling area to maintain the vital 
body. areas at normal temperature. It 
has been found that at low ambient 
temperatures some lowering of the tem- 
perature of fingers and toes is desirable. 
In fact, hands and feet remain comfort- 
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able at temperatures down to 60 degrees 
and do not feel cold to the individual until 
they are below this temperature. Tem- 
peratures down to 40 degrees Fahrenheit 
are not considered dangerous although 
they are decidedly uncomfortable. When 
proportioning the heat input to the vari- 
ous parts of the body, it is desirable not 
to heat the hands and feet too warm, 
because such heating tends to throw the 
normal body regulatory system out of 
adjustment and the individual may lose 
heat too rapidly with a resultant danger- 
ous lowering of the temperature of the 
vital organs. 

Over the vital areas of the body, chest 
and abdomen, skin temperatures below 
90 degrees Fahrenheit feel increasingly 
uncomfortable, and 80 degrees Fahren- 
heit is considered to be the lower limit of 
endurance. 


Because of the body’s ability to regulate 
its own temperature throughout fairly 
wide limits of ambient temperature, there 
is no absolutely correct distribution of 
electric heat. Different investigators 
atrive at somewhat different results, but 
probably many are sufficiently close. 
The distribution also is influenced con- 
siderably by the thermal insulation avail- 
able. For example, our fliers are issued 
fleece-lined boots known as the 4A-6. 
An electrically heated shoe worn inside 
these boots will require a different 
electric input for foot comfort than if a 
different type boot is worn. Also, because 
of the fact that the boots can be much 
better insulated than the gloves if finger 
dexterity is to be achieved, the wattage 
requirements are lower, even though the 
feet make up a larger percentage of 
body volume than the hands. 


The following gives a distribution of 
heat which has proved to be quite satis- 
factory. It should be kept in mind, how- 
ever, that these values can be greatly 
modified by distribution of thermal 
insulation. 


 Leitciits .2 35 eee ee 45 per cent 
“TORS ie ee 25 to 28 per cent 
(CLOVES So See 7 to 8 per cent 


5 to 6 per cent 


As has been pointed out previously, 
the distribution of the wires in each part 
of the suit also is influenced by the 
wearer’s occupation. A pilot sitting for 
long periods of time on a thick silk 
parachute pack will become uncomfort- 
ably warm if there are wires in the lower 
back of the jacket or in the seat of the 
trousers. Without heat in this region a 
waist gunner or tail gunner may feel un- 
comfortably cold. This is especially true 
of the ball-turret gunner who wears no 
parachute. Tail gunners frequently oper- 
ate their guns while kneeling, and unless 
allowances are made in the wiring dia- 
gram the suit would become uncomfort- 
ably hot where the leg is doubled back on 


_ itself. To avoid having a multiplicity of 
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suits for different uses, one suit having 
the best average distribution is desirable. 
This can be done by: 


1. Keeping the total watts low which 
means good thermal insulation. 


2. Keeping the temperature of the indi- 
vidual wires relatively low by spacing them 
closely (this has to be balanced by the fact 
that an excessive wire length is a waste of 
material and makes the suit heavy). 


3. Distributing the heating effect of each 
individual wire by using sufficient insulation 
between the skin and the wire surface. 


By properly weighing these various 
factors a suitable garment can be de- 
signed. 

One of the suggestions made many 
times is to the effect that since it is the 
extremities, fingers, toes, and then hands 
and feet which first become cold, why 
would it not be sufficient to heat only 
these extremities? A little study proves 
why such heating is unsatisfactory where 
cold temperatures are encountered. By 
studying available medical literature, it 
was found that a large man’s foot has a 
volume of about a quart and a hand of 
approximately a pint, which makes the 
total of roughly three quarts for the two 
hands and feet. The minimum blood 
circulation through hands and feet is 
about one per cent of the volume of 
the tissue per hour or four pounds of blood 
per hour. If, as has been found, an electric 
input of 200 watts (680 Btu) is required 
to keep a man wearing an electrically 
heated suit comfortable at minus 60 
degrees Fahrenheit, it can be seen that 
the temperature of the blood in the hands 
and feet would have to be raised 170 
degrees Fahrenheit above body tem- 
perature to transfer the heat required. 
Skin temperatures in excess of ten degrees 
Fahrenheit above body temperature are 
extremely uncomfortable, and so it fol- 
lows that such a system is not satisfactory 
where any appreciable heating is re- 
quired. 


Arctic USE 


The question is frequently asked, 
“What happens if a man is forced to land 
or bail out while flying over regions of 
low ground temperatures? Would he not 
freeze to death?’ The answer to this 
question is that he would do just what 
he now does with unheated arctic-type 
clothing. It has been pointed out that 
with a well-insulated arctic suit a man 
can sit comfortably without muscular 
activity only at temperatures above 25 
to 30 degrees Fahrenheit for more than 
two hours. However, with the same 
clothing he can keep comfortably warm 
while walking in temperatures down to 
30 degrees or more below zero. The 
answer, therefore, is to wear a suit of 
good thermal insulation over the heated 
garment or a well-insulated type of winter 
coverall with the heating element built 
into it. Then the protection will be as 
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Figure 10A. Effect of cold on unheated 


goggles 


Figure 10B. Same with adapter-type heaters 


Mechanical-man suit tester 


Figure 11. 


good as at present. Anyone who flies 
over arctic regions should know how to 
exist on the ground until help arrives. 
Such information is issued in pamphlet 
form to all of the members of our air 
forces in those regions. Among the items 
carried in the airplane is always a good 
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Figure 12. Wire-flexing test machine 


sleeping bag in which a man can rest 
quite comfortably for several hours with 
ground temperatures of 40 or more de- 
grees below zero. The airplane also 
carries emergency rations and other emer- 
gency equipment, and the airplane itself 
serves as a visible landmark to searching 
fliers. Asa consequence, fliers are advised 
that if it is at all possible it is better to 
crash land the airplane than to bail out of 
it. 


CoLp-Room TEsts AND EFFECT OF 
ALTITUDE 


Up to the present time few fliers have 
ever flown in temperatures as cold as 60 
degrees below zero Fahrenheit. However 
many of the tests in cold rooms are con- 
ducted at that temperature to determine 
the suitability of the various articles of 
clothing which include face masks and 
goggles. By testing at such extreme tem- 
peratures, we know that the flier will be 
comfortable under all of the less severe 
temperature conditions which he will en- 
counter. Furthermore, temperatures as 
cold as 60 below zero are seldom found 
except at high altitudes, 30,000 feet or 
more above the surface of the earth. At 
those altitudes the density of the air is 
much lower, and its capacity to carry 
away heat by convection is also less. To 
test this effect with a heated suit, the same 
subject wearing the same clothing was 
tested at minus 60 degrees Fahrenheit 
both at sea level and at an equivalent 
altitude of 35,000 feet. The wattage to 
the heated clothing in the second case was 
reduced until the same skin temperatures 
were measured, and the individual was 
satisfied that he was equally comfortable 
froma temperature standpoint. The watt- 
age input was found to be approximately 
25 per cent less than at sea level. Of 
course, the amount of this reduction de- 
pends upon the total clo value of the suit, 
the wind velocity, and so forth. Addi- 
tional testing on a number of subjects 
will be necessary before the quantitative 
effect of altitude can be stated authorita- 
tively. 

One of the factors which no doubt has 
some significance when comparing cold- 


1312 


maintain its normal temperature. 


room tests and actual flight tests is purely 
psychological. A man sitting in a cold 
room for a period of four or more hours 
with nothing to do but to try to decide 
whether he is warm or cold is more likely 
to be critical of very minor effects than a 
flier who is over enemy territory on a mis- 
sion. The latter is too occupied with 
other matters to be much concerned with 
his physical comfort. This has been 
pointed out by cases of men who have 
flown on bombing missions without elec- 
trically heated clothing under tempera- 
ture conditions which would be almost 
unendurable in a testing laboratory. 
However, it is felt that if the suit is satis- 
factory from a heat balance and total 
heat standpoint in the laboratory, it will 
be at least as good under actual flight 
conditions. 

One very interesting cold-room test 
which has received considerable publicity 
was run in the General Electric Company 
cold roomin Bridgeport. A group of nine 
men, three from Wright Field, three from 
the Harvard University fatigue labora- 
tory, and three from General Electric 
Company went into the room in the morn- 
ing, and all but one spent eight hours in 
the cold which was at all times between 55 
and 70 degrees below zero Fahrenheit. 
One individual who was wearing standard 
unheated arctic clothing consisting of 
woolen underwear, woolen shirt and 
trousers, and a shearling winter flying suit 
and boots, was forced to leave the chamber 
after two hours because of very cold feet 
and was beginning to become chilled all 
over. After this experience he became ex- 
ceptionally tired, probably due in part to 
the energy his body had used up trying to 
All of 
the other eight individuals wearing elec- 
trically heated clothing with various com- 
binations of other arctic clothing remained 
for the full test, and none felt any worse 
for the experience after it was over. Dur- 
ing the eight-hour test, these men read 
magazines, carried on conversation, 
played cards (Figure 9), and ate a good 
lunch from an especially built electrically 
heated food cabinet within the room it- 
self. The test proved conclusively that 
properly designed electrically heated 
clothing will keep an individual comfort- 
ably warm on the longest and coldest of 
flight missions. 


HEATED Face COVERING 


It has been previously mentioned that 
under conditions of extreme cold it is 
necessary to protect the face. The arctic 
explorers who had only body heat avail- 
able wore a deep wolf- or wolverine-fur 
ruff which could be drawn in closely about 


the face with only a small space to see 


through and breathe through; see Figure 
9. Such a face covering is not satisfactory 
for an aircraft crew, since wide angle of 
vision is necessary, and the eyes should be 
protected against possible flash burns as 
well as the cold. Hence, some type of 
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goggles is very desirable in combat areas. 
In cold locations, however, the goggles 
almost immediately condense the moisture 
given off from the surface of the eyes and 
surrounding skin, and within a few min- 
utes they are so completely fogged and 
frosted on the inside as to be useless; see 
Figure 10. Heaters have been designed 
and built for several types of goggles 
which not only keep them clear of mois- 
ture indefinitely but also warm the air in 
front of the eyes. 

At high altitudes, or in fact at any alti- 
tude above 12,000 feet, it is necessary to 
wear oxygen masks. By making abso- 
lutely sure that the supply of oxygen in 
the tank is dry, no particular difficulty is 
encountered in the supply system. Ex- 
halations, however, are valved out 
through the mask, and the moisture 
causes the mask and valve ports to fill 
with ice. Breathing the extremely cold 
oxygen, like breathing air on a cold day, 
causes considerable watery discharge from 
the nose. This plus the exhaled moisture 
builds up ice inside of the mask and in 
the exhaust ports, making breathing first 
uncomfortable, then difficult, and eyen- 
tually impossible. Fliers frequently carry 
one or more extra masks for this reason. 
A heated cover over the mask and the 
supply tube not only warms the oxygen 
breathed in and prevents the mask from 
icing up, but the warmed mask is much 
more comfortable against the face and 
prevents frostbite. 

The application of electric heat, there- 
fore, to the face covering is not only a 
desirable adjunct to electrically heated 
clothing, but will become a necessity when 
airplanes fly at the high altitudes now 
contemplated. 


TYPES OF CONTROLS 


The wattage input necessary to main- 
tain comfort in electrically heated cloth- 
ing at sea level varies directly with the 
decreasing ambient temperature from the 
value of zero input at approximately 45 
degrees Fahrenheit to 100 per cent at the 
design temperature value of minus 60 de- 
grees Fahrenheit. Since the wearer will 
experience all of these temperatures while 
going from a region of moderate ground 
temperatures to the altitude where the 
minimum temperature is reached, it is 
necessary to be able to vary the electric 
input. Military airplanes in which it is 
expected that electrically heated clothing 
will be worn are provided with rheostats 
at all crew positions. Each man therefore 
has the means of adjusting the power 
input to suit his particular activity and 
location, This is a satisfactory arrange- 
ment but does require some conscious ef- 
fort on the part of the wearer to prevent 
his becoming overheated. 

Present experience indicates that a 
satisfactory type of control is one similar 
to that used on the automatic electric 
blanket in which a thermostat with a 
heating element is connected in parallel 
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with the load and exposed to the ambient- 
temperature conditions. The thermostat 
will then “‘cycle,’’ the per cent time on 
being in direct proportion to the decrease 
in ambient temperature, until at the 
lowest design temperature it remains on 
full time. A controllable resistor in series 
with the thermostat heating element per- 
mits the wearer to adjust the per cent 
time on within a narrow range to com- 
pensate for individual differences. For 
the suit control a small sensitive thermo- 
stat with its heating element and the 
necessary aircraft-type current-interrupt- 
ing relay are built into a compact unit 
which may be located in the suit connect- 
ing cord. With this arrangement the 
wearer of the suit plugs the suit cord into 
the receptacle in the rheostat located in 
the airplane and turns it to the ‘‘full on” 
position. The automatic control there- 
after will take care of the heating require- 
ments in proportion to the ambient-tem- 
perature condition. Should any failure 
occur in the automatic-controlling ele- 
ment, it can be short-circuited out with a 
switch provided for the purpose, and the 
suit may still be controlled by the manual 
theostat. In addition to its automatic 
feature, the control eliminates the heat 
which otherwise is lost in the resistance of 
the rheostat. With the ever increasing 
amount of electric equipment being used 
on airplanes and the necessarily limited 
capacity of the generators, any such power 
reduction is a decided advantage. 

One variation which might be desirable 
is to have a small thermostat in each 
glove and shoe which would help to com- 
pensate for possible differences in the 
amount of hand or foot covering. The 
relatively wide temperature range allow- 
able for hand and foot comfort and the 
relatively low watts required make the 
small thermostat practical for this appli- 
cation. 


Life Tests 


Since a failure of the electric circuit of a 
suit on a cold flight can be not only un- 
comfortable but also serious, the suit must 
last as long as possible. The life of these 
suits depends almost entirely upon the 
electric wiring and not upon the strength 
and life of the suit material which is the 
case with unheated clothing. Since the 
first suit was constructed, a variety of 
tests has been made to locate and correct 
by redesign the points where failuresoccur. 
Asa result, the operating life has been and 
is still being constantly increased. One 
of the tests devised for the purpose of 
determining the points of failure is the 
mechanical man shown in Figure 11, His 
hands and feet are connected to crank 
arms which cause his arms and legs to 
move through many of the equivalent 
motions of a flier in operating an airplane. 
Accurate resistance measurements of the 
_ suit are kept daily, and, when the resist- 
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Figure 13. Dairy-route delivery man wears 
suit for mechanical life test 


ance begins to change, it indicates a break- 
ing down of the electric-resistance wires 
which produce the heat. The suit then is 
carefully examined by making additional 
resistance measurements and by noting 
any deflection of the resistance-bridge 
galvanometer as different parts of the 
suits are flexed. In this way the point of 
failure can be located. A study of the 
conditions producing the failure is made, 
and, by shifting the position of the wires, 
or changing their direction to run parallel 
to the line of bending, it is possible to re- 
duce the mechanical forces which caused 
the failure. As soon as the correction is 
made, the revised suit is put on the me- 
chanical man. A counter on the mecha- 
nism records the total number of revolu- 
tions of the main crank and permits com- 
parisons among different tests. 

The wire itself constantly is being tested 
to find new and improved materials and 
methods of stranding. Figure 12 shows a 
testing machine which bends the wire 
through 180 degrees at a rate of 40 cycles 
per minute, and again a change in resist- 
ance measurements gives the first indica- 
tion of failure. 

A shoe tester and a glove tester have 
been used but have not been so successful 
as the clothing tester. In order to deter- 
mine the life of the shoes, actual walking 
tests were made. Various members of the 
engineering office and developing and test- 
ing staff walked in shifts, two miles a day, 
over a period of several months. At the 
end of each two-mile walk the shoe resist- 
ances were checked for possible indications 
of failure, In this way shoe life was raised 
from ten miles to well over 200 miles, and 
improvements now in progress would 
indicate that this mileage can be doubled 
or trebled. 

Another method of testing the clothing 
was to have them worn by people whose 
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occupation required considerable activity: 
walking, bending, and using the hands. 
Nine route delivery men for a dairy con- 
cern (Figure 13) volunteered to test suits 
of a new design. They were issued suits, 
and one of the laboratory staff visited the 
dairy once a week and made accurate re- 
sistance measurements. This test made it 
possible to determine the comparative life 
of suits either in hours of active wear or in 
miles of walking. These tests also were 
very helpful in producinga better product. 


The Future of Electrically Heated 
Clothing 


After the war is over it is not antici- 
pated that there will be any wide need for 
complete electrically heated clothing such 
as is being developed for our combat air- 
craft crews. There still will be some de- 
mand for it by men who work in cold labo- 
ratories developing aircraft equipment. 

For high-altitude flying of commercial 
passenger airplanes after the war, cabins 
no doubt will continue to be pressurized 
and heated. However, freight airplanes 
flying the polar routes probably will not 
be pressurized, and electrically heated 
clothing may be worn by the crew even 
if only as an insurance against possible fail- 
ures of the regular heating system. Me- 
chanics and ground crews stationed at 
those cold locations and even throughout 
northern United States and Canada may 
use this clothing. For mechanics on the 
ground less insulation could be used with 
an increase in electric input, since power is 
generally available at repair stations. 
The reduced bulk of the insulation would 
permit easier body movement. Sentries, 
guards, and lookouts at cold locations, 
including those on ships who do not move 
far from a fixed location may use heated 
clothing. Traffic policemen who stand on 
cold windy corners could be made quite 
comfortable by wearing heated ‘clothing 
which could be plugged in when they are 
at a fixed location. 

Very little thought, however, is being 
given to such postwar uses. The effort of 
those engaged in this highly interesting 
development is still being used to produce 
the best possible heated clothing for our 
Air Forces. 
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A-C Supplies for Services in Large 
Aircraft—a British View 


E. J. EARNSHAW 
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Synopsis: The paper deals with the increas- 
ing use of electricity as a source of power for 
operation of services in large transport air- 
craft. It outlines the advantages which are 
obtained from the use of medium-frequency 
a-c electricity and stresses the saving in 
weight which is obtainable from raising the 
present voltage (30 volts direct current) to 
around 200. Some suggestions are made in 
regard to form and layout for postwar in- 
stallations in the case of both land airplanes 
and flying boats of the larger sizes. 


HE use of electricity for operation of 

aircraft services has increased very 
greatly in the past ten years. Prior to 1934 
there was little electric equipment in- 
stalled in British aircraft, the main use for 
it at that time being in connection with 
navigation and cockpit lighting and radio. 
Transport aircraft seldom carried d-c 
generators of more than 300-400 watts 
capacity, and these were of the windmill- 
driven type, third-brush or voltage-con- 
trolled and, following automobile prac- 
tice, operating at 12 volts. 

About this time and following its suc- 
cessful development in the United States, 
electric starting of engines was adopted, 
first for military aircraft and later, when 
its reliability and advantages had been 
established, for the larger types of trans- 
port aircraft also. By 1936-37 many of 
the British medium-sized transport air- 
craft carried electric starting equipment 
and the then new 20-ton Short flying 
boats of the Empire Service of Imperial 
Airways were of course so fitted. It is 
our view that the successful employment 
of electric machines for engine starting 
constituted a powerful stimulant to the 
development of electric apparatus in 
general for aircraft purposes, and de- 
signers and operators alike were quick 
to realize its advantages once the bogy of 
reliability had been laid. At least one 
all-electric aircraft was produced, but it 
was doubtful whether the equipment had 
reached a sufficient stage of development 
to establish the principle at that time. 
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The initial period of expansion of the 
Royal Air Force, preceding the war years, 
while tending to slow up development of 
transport aircraft in England, saw a con- 
siderable increase in the number of elec- 
trically operated services in operational 
aircraft, and at least one all-electric 
the Short Stirling, was pro- 
duced. So far as is known, this machine 
has been satisfactory and reliable in opera- 
tion. : 

All these developments in electricity 
have played their part in establishing in 
the minds of those responsible for air- 
craft design that all-electric operation of 
services is more than a possibility, and 
today, when once more the design of 
large transport aircraft is in mind, there 
is undoubtedly a solidification of thought 
in the direction of electricity. 

The electrical designer therefore is con- 
fronted by a wide field for his ingenuity. 
Generating equipment, although up- 
rated and operating in numbers, is really 
inadequate for its purpose; cable runs 
have increased in length out of all knowl- 
edge; the necessary range of individual 
motor power is greatly expanded; vari- 
ous types of electric actuators are de- 
manded; and these and many other 
factors make it necessary to evolve com- 
plete electric systems, always with the 
overriding considerations of reliability 
and economy in weight. 

To return for a moment to the past, 
in the years 1935-37 when developments 
on these lines had been foreseen, a good 
deal of experimental work had been done 
in the United States on single-phase a-c 
systems at a frequency of 800 cycles and 
also three-phase at 400 cycles. The au- 
thors and others working on the same 
problem had come to the conclusion that 
for aircraft of approximately 100,000 
pounds. weight and over a three-phase 
400-cycle system operating at about 100 
volts would provide the best basic in- 
stallation. This view was put forward 
by a colleague, R. H. Woodall, in the dis- 
cussion following a paper delivered before 
the Royal Aeronautical Society in 1939 
by Chaplin and Nixon. Work had been 
started on this project in 1938 but was 
stopped in 1939, and it was not until 
1941 that resumption was possible, this 
time at a modified frequency of 250 
cycles for a large projected flying boat. 

Since this time improvemen 's in insula- 
tion, greater experience, and familiarity 
with the subject lead the authors to the 
view that it is possible where required to 
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ay 
increase the line voltage to 200 or over, 
and that the optimum frequency remains 
at 400 cycles. On this basis it is possible 
to provide a light and reliable power sys- 
tem which will show advantages in most 
respects over alternative schemes. 

The authors have endeavored in the 
following pages to provide justification 
for their views and to describe the lines 
upon which development is proceeding 
in connection with electric equipment for 
a large machine whose auxiliary-power 
requirement will be of the order of 100 kw. 


Advantages of Three-Phase A-C 
Systems Over D-C Systems 


The choice of a three-phase 400-cycle 
system is based on the following points 
which the authors believe accord closely 
with the views held in the United States: 


1. The simple robust construction of a-c 
generators and squirrel-cage motors. 


2. Absence of commutators which reduces 
size and weight and enables full use to be 
made of higher operating speeds. 


3. Elimination of filter circuits at present 
associated with d-c circuits and avoidance 
of excessive brush-wear phenomena, associ- 
ated with high-altitude operation. 


4. Replacement of rotary transformers by 
lighter static a-c equipment and dry-plate 
rectifiers. 
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Figure 1. Weights of motor—gearbox units 

to give a final shaft speed of 2,000 rpm 

(continuously rated 400-cycle induction 
motors) 


The difference in over-all weight between the 
four- and two-pole units is small : 

A—Six-pole 8,000-rpm unit with 4:1 gearbox 

B—Four-pole 12,000-rpm unit with 6:1 gear- 


box 
C—Two-pole 24,000-rom unit with 12:1 
gearbox fi 
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5. The simple and light design of switch- 
gear and contactors made possible by the 
ease with which a-c arcs are extinguished, 
particularly on the higher-frequency system 
proposed. 


6. Reduction in maintenance resulting 


from the absence of rotating machinery and 
rubbing contacts. 


7. The ability to use direct discharge 
lighting, 
8. The ability to use resonance and phase- 


displacement effects in the design of remote- 
indicating instruments and controls. 


9. The ability to operate a-c machines 
satisfactorily at higher voltages than d-c 
machines, and the saving in weight effected 
thereby. 


The aforementioned factors are self- 
explanatory, except perhaps in the case 
of the saving in weight mentioned in the 
last paragraph. 

It will be readily agreed that little or 
no weight saving may be effected by alter- 
ing the operating voltage of either d-c or 
a-c machines, but a considerable saving 
is attained on cable weight if the system 
is operated on a higher voltage. For 
instance, to transmit 100 kw over a dis- 
tance of 100 feet on a 30-volt two-wire d-c 
system requires a cable weight of 4,600 
pounds or two tons. To transmit the 
same power on a ,200-volt three-phase 
three-wire system at about 0.8 power 
factor requires 100 pounds. There is 
thus a very great advantage to be 
gained by operating the system at a 


Table |. Some Services for Which Electricity 


Is Needed, or May Be Used 


Motors for: 
Main-engine starting 
Undercarriage legs and doors 
Wing flaps 
Ailerons 
Elevators 
Rudder 
Trim tabs 
Pressure cabins 
Petrol cocks 
“‘Automatic pilot’’ and gyroscope 
Propeller control (feathering, and so forth) 
Deicing gear 
Cowl gills and radiator shutters 
Fans and air pumps 
Fuel and vacuum pumps 
Windscreen wipers 
Aerial winch and aerial control 
Landing lamp motors 
Jettison doors 
Luggage or cargo winch 


Indicating Instruments 
Oil pressure, flap position, and so forth 


Illumination 


All forms of lighting (crew and passenger com- 
partments) including illuminated signs, such as 
“Keep Your Seat,’’ and all signal or identifica- 
tion lamps 


Heating 
For all kitchen and buffet requirements, radiators 
and emergency flying suits (for flight me- 
chanics) 
Radio and Interphone Requirements 
Sound-Signal Devices 
“Take-off” horn, and so forth 


Miscellaneous 
Cigar lighters, passenger call bells, and so forth 
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higher voltage, and, while the use of 
high-voltage direct current would give 
about the same reduction in cable weight 
as with alternating current of the same 
voltage, switching and commutation 
troubles at high altitudes among other 
factors leave the advantage with the a-c 
system. 

It has been stated by some critics that 
a serious disadvantage of the a-c system 
lies in its inability to cater for storing 
electric energy for ground and starting 
purposes. In the opinion of the authors, 
this constitutes no problem in the cases 
considered, since these large aircraft un- 
doubtedly will operate from selected sites 
equipped with ample ground facilities, 
and, should it prove desirable to have a 
stand-by electric source for emergency 
ground operation, the view is taken that 
this will be best achieved by the use of a 
small auxiliary generating plant, the size 
of which will be influenced by the power 
required for engine starting. 

The batteries necessary for starting 
some of the newer projected engines would 
far outweigh an equivalent auxiliary 
generating plant, particularly when it is 
considered that no provision for altitude 
operation of the small engine need be 
made. 


Main Features of a Three-Phase 
System 


ALTERNATIVE FORMS 


A-c supplies normally are generated at 
constant frequency and constant voltage, 
but, if use is to be made of the aircraft 
engines, then such supplies will not be 
obtained over the full range of engine 
speed unless some special form of drive is 
used. If the alternators are coupled 
directly or through a fixed-ratio gearbox, 
then frequency and voltage and the speed 
of all a-c motors will vary with engine 
speed. Hence, with main-engine-driven 
alternators, there are at least two possible 
forms of supply, namely: 


1. Constant frequency and constant volt- 
age. 

2. Varying frequency and varying voltage 
(in which motors and generators operate at 
constant flux). 


For Briones of comparison, it is 
assumed that electric power is to be 
generated and utilized at all engine speeds 
between idling and take-off, and that 
the same frequency and voltage are to be 
generated by both systems at defined 
cruising speeds. Motors which are to 
operate a given service only at cruising 
speeds therefore will be of the same size 
and weight in each case. With these 
provisos the authors consider the con- 
stant-frequency and constant-voltage sys- 
tem to be the more economical. The chief 
advantages over the varying-frequency 
and varying-voltage system may be sum- 
marized thus: 

A. The total bulk and weight of electro- 
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magnetic apparatus is reduced, since no pro- 
vision is necessary for increased losses at 
high frequencies, or for the lower output of 
motors and generators at the lower speeds 
and frequencies. Definite figures cannot be 
quoted, since much will depend upon the 
frequency range and the periods during 
which the frequency differs from the cruis- 
ing value, 


B. No special generating set or regulating 
device is needed to give the constant-fre- 
quency and constant-voltage supplies needed 
or desirable for services such as radar, gyro- 
scopes, heating, cooking, and lighting. 

C. Although a variable-frequency system 
may be suitable for large military machines 
where full engine speed, and therefore full 
electric motor power, is available during 
combat periods, the conditions under which 
civil airplanes operate are quite different. 
In the first place, engine speeds are de: 
creased steadily during a long flight in 
order to economize in fuel, while, in addi- 
tion, the proportion of constant-frequency 
constant-voltage equipment is larger than in 
a military machine. 


D. Theidea of a variable-frequency system 
finds no favor with air-line operators, who 
always have been accustomed to the con- 
stant frequencies of commercial supplies. 


The authors therefore argue that a 
varying-frequency varying-voltage sys- 
tem is not suitable for a transport 
machine. 


ALTERNATOR DRIVES 


Although the authors have expressed a 
preference for a constant-voltage and 
constant-frequency system and have con- 
sidered that this is best provided by alter- 
nators driven from the main motors, it 
will be as well at this stage to examine 
methods by which the alternators may be 
driven and to give further reasons for the 
ultimate choice. 

Alternators on aircraft may be driven 
by one of the following four methods or, 
if required, by a combination of them: 


1. By the main engines through a single- 
ratio or multiratio gearbox. 


2. By the main engines through a constant- 
speed drive. 


3. By auxiliary engines. 


4. By gas orsteam turbines. 


To consider these methods in further 
detail: 

1. The driving of alternators from the 
main engines through a fixed-ratio gear- 
box, while having the important virtue 
of simplicity, produces a supply of vary- 
ing voltage and frequency, the disad- 
vantages of which already have been 
stated. Such a system, we understand, 
may be adopted as a temporary expedi- 
ent on certain military aircraft for want 
of a better, but it is only likely to be us- 
able because in such a case the power re- 
quired at constant voltage and frequency 
amounts only to a small proportion of 
the total generated output. 

A rather better scheme, though some- 
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what more complicated, makes use of a 
multiratio gearbox with automatic gear 
change. With this arrangement a speed 
variation of within +15 per cent is said 
to be obtainable over a range of engine 
speeds from 950 to 2,700 rpm (3:1 ap- 
proximately), which of course reduces 
the frequency range over which the 
motors must operate and eases the duty 
on the voltage-regulating system. It is 
understood that a mechanism on these 
lines is being developed, using centrifu- 
gally controlled oil pressure and that its 
weight will be approximately 90 pounds 
for an output of 50 kw with a five- 
minute rated overload of 50 per cent. 
The authors do not see such a scheme as 
an ultimate solution to the problem, 
however, on the grounds of speed varia- 
tion and weight. 

2. For many years attempts have 
been made to develop a simple and re- 
liable constant-speed coupling, so far 
without very much success. 

In the United States it is believed that 
there is an interesting project for a 
hydromechanical form of drive in which 
the relative speeds of annulus and sun 
gear of an epicyclic train are controlled 
by hydraulic methods, a centrifugal 
governor being provided to control the 
hydraulic flow for constant speed of out- 
put shaft with varying input speed. 

In Great Britain work is proceeding on 
similar lines and also on an adaptation 
of the Hayes gearbox which at one time 
was fitted to certain of our automobiles. 
Little is known of the latter scheme, but 
it is anticipated that the former will pro- 
vide a light, efficient, and reliable unit 
which should be capable of maintaining 
substantially constant alternator speed 
over a 3:1 drive range. It is possible 
that, through a refinement of this, paral- 
leling of alternators may be achieved, al- 
though as at present contemplated the 
electric system does not demand it. 

3. The provision of the entire electric 
supply from an auxiliary generating plant 
in the past has been considered as an 
attractive solution of the a-c generating 
problem, and much work has been car- 
ried out on suitable small power plants, 
both in Great Britain and the United 
States. 

Such a system is being used on a new 
medium-altitude flying-boat project in 
Great Britain which is to be all a-c- 
equipped and is to derive its power from 
two separate auxiliary-generating-plant 
units. The authors have not at their dis- 
posal complete figures for the installation 
which has the advantage of simplicity 
and of being self-contained. The engines, 
of course, must be of greater size and, 
consequently, weight than the electric 
output demands, because of the necessity 
for operation at altitude, although this 
in the project concerned is less serious 
than would be the case in a machine which 
was to fly at levels now envisaged of the 
order of 25,000 feet or over. 
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Figure 2. Weights of motor—gearbox units 
to give a final shaft speed of 2,000 rpm (90 
seconds rated 400-cycle induction motors) 


The difference in over-all weight between 
four- and two-pole units is small 


A—Six-pole 8,000-rpm unit with 4:1 gearbox 
B—Four-pole 12,000-rpm unit with 6:1 gear- 
box 
C—Two-pole 24,000-rpm unit with 12:1 
gearbox 


Should the system prove suitable, 
there would seem to be ample scope for 
further development of these engines, and, 
in order that it might approach its com- 
petitors, it would be absolutely necessary 
to equip the engines with small highly 
efficient supercharging equipment. 

The authors consider that it is, how- 
ever, in other directions that the real de- 
mand for small engine-driven electric 
sets ultimately will arise. It is their 
view that, as a basic unit and having re- 
gard to the necessity for duplication, it 
will be difficult to achieve a specific 
weight comparable with a main-engine- 
driven mechanism. 

In considering the use of constant- 
speed mechanisms, a rather interesting 
point arises—the question of apportion- 
ing that part of the weight of the main 
engine used for generation of electricity 
to the total weight of the drive. In order 
to satisfy all interested, this weight has 
been taken into account mainly on the 
grounds that small amounts of power 
lost might affect take-off performance. 

It was suggested previously that the 
demand for auxiliary-generating-plant 
units probably will be in other directions 
than that at present being considered. 
Although it is likely that aircraft of the 
size considered will operate only from 
points at which full facilities are pro- 


vided, nevertheless operating require- 
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operation remote from the point of fixed 
supply, and in such a case an auxiliary 
generating plant for starting and other 
ground purposes will be called for. The 
authors have no definite opinion on the 
subject at this stage, but it is a matter 
likely to be settled speedily by the air- 
craft operators themselves. 

4. Steam- and gas-driven turbirfés 
have been suggested as being convenient 
methods of feeding prime movers for the 
driving of alternators in the future. 
Some work was done in England on 
schemes of this nature some years ago, 
but the results of these investigations 
were not published. 

In the case of the steam-turbine sys- 
tem, an exhaust-heat transfer scheme 
was envisaged, whereas the gas turbine 
would be driven in a similar way to that 
now used in the United States for driving 
engine superchargers. Whether the speed 
control possible with such a system ren- 
ders its use satisfactory for constant- 
frequency a-c generation is not known. 

Exhaust-waste-heat energy, however, is 
being contemplated for a number of addi- 
tional purposes on aircraft, mainly those 
of deicing and cabin heating, and it seems 
questionable whether further energy will 
be available for the driving of large al- 
ternators. 

Internal-combustion turbines also have 
been suggested, but it is not considered 
that development of this principle has 
proceeded far enough for serious con- 
sideration at this time. 
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Figure 3. Variation of motor weight with 
horsepower (continuously rated 400-cycle 
induction motors) 


A—Six-pole 8,000-rpm unit 
B—Four-pole 12,000-rpm unit 
C—Two-pole 24,000-rpm unit 
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ments sorretimes may call for ground 


common. At voltages above 200-300, 
the reduction in conductor weight to some . 
extent is offset by the extra insulation 
required. Investigations carried out in 
Great Britain suggest that the optimum 
voltage for equipment such as motors is 
over 110 volts, though variations between 
110 volts and 250 volts appear to have 
little effect. 

It therefore is suggested that power 
be generated at a line voltage of between 
200 and 230 volts, that is, corresponding 
to 115-133 volts to earth for a star- 
connected system. Such values are con- 
sidered quite safe and are less than many 
used for domestic supplies. It is possible, 
however, that the effect of electric shock 
under high-altitude conditions may need 
investigation. 

The authors suggest that agreement 
between American and British interests 
on the question of frequency and voltage 
would be advantageous, since servicing 
problems and interchange of apparatus 
would then be simplified. 


Having regard to the pros and cons of 
all these systems, the authors have come 
to the conclusion that a constant-speed 
drive should be developed, and that this 
should form the basis for the generator 
drive in the type of machine considered. 


FREQUENCY 


_ The authors favor a supply frequency 
of 400 cycles per second for the following 
reasons: 


1. The frequency allows motors and gen- 
erators to be operated at speeds up to 24,000 
rpm which, although hardly practicable to- 
day, may well be used in the near future. 
At such speeds standard bearings with 
grease lubrication have given satisfactory 
continuous operation for periods up to 300 
hours between regreasing, and this period 
will be increased when special bearings be- 
come available and the method of lubrication 
improved. 


2. Motors of two, four, and six poles may 
be designed for high efficiency and power fac- 
tor, but both these figures fall off in motors 
with more poles, and it is considered that six 
poles is the economic limit for aircraft 
motors. This gives a synchronous speed of 
8,000 rpm on 400 cycles. The curves in 
Figures 1 and 2 show-that at this speed 
motor and motor-gearbox weights are tend- 
ing to increase rapidly for any given output. 


DETAILS AND CONSTRUCTION OF 
GENERATING EQUIPMENT 


In deciding upon the size of the generat- 
ing unit to be used on a given aircraft, 
the following factors should be con- 
sidered: 

3. The weights of transformers, chokes, 

and capacitors are all reduced by using a 1: The reliability of the drive or prime 
higher frequency within the limits envisaged, over employed. 

2. The availability of electric services at 


4. Skin effect in conductors and eddy cur- ate 
the termini. 


rent and penetration effects in magnetic 
circuits do not become severe at frequencies 
up to 400 cycles. 


3. The nature of the electric load. 


These factors will now be considered: 


VOLTAGE Pei : 
1. As the reliability of the generating 


system increases, the necessity for in- 
. stalling separate supplies decreases. 
From the safety standpoint, however, it is 
desirable that at least two independent 


The optimum service voltage is that 
which with reliability and safety will 
give the minimum total weight for the 
whole of the electric equipment. Cable 
forms a large proportion of the weight, supplies be installed, a point which is 
but, as already mentioned, this can be amplified later. 
reduced by increasing the voltage above 2. With electric supplies at all ter- 
the 12- or 24-volt values that are now mini, the servicing of the aircraft can be 
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Table Il. Characteristics-Including Specific Weights, of Typical A-C and D-C Generators 


1 2 3 4 | 5 6 
| Weight 
Output Weight Per Kw 
in Kw Volts Amperes Speed in Rpm (Pounds) (Pounds) 
D-C Generators 
DRED s fecislietis) «ovo 28.5 iy Sees oer Ors rentier cies < 2,000=9;,000) Site mins. Sees Boia woes oe 14 
5.70.. BOSD keene nace een te NORM at inci e oe ZO O=; OOO), miorsna he ete AD Midian taut wees 7.5 
PEON a ato! n''8/'s OB BE. dae tee cape TIQD}O ce peat ne 4,400-10,000........... Bow Ohpasapatecesrease 9.1 
Tes 7A A Sa Pasa NEUBUE s eRer Pe ec C301 Oa Rae ted aie ators 4,400-10,000........... OLE Og ik ee) SH 6.3 
RIOD Eyes eye, «2 2B Maeno he SRE EE Se, > 21) oe te aN 4,400-10,000........... 2G NOG eam, cones tae 5.4* 
Three-Phase 400-Cycle-Per-Second Generators—Excluding Exciters and So Forth 
CS 2OSAU20'4:). whe ace eee eee oe is PA GLOLOY 5 tl Mat eres ce 2 fy Ae Rees ERIS ee 5.67 
ac SE eee LOS /120 Aas" pr yma eae nC Re ae wo SOOO AL vers ereraitats ciats CYS ERO SiMe 3.67 
TPE faize ls. 5° «/x./0: 208 (120)! 55 cre trae pee see tea Bes th ScOOUMer atti prtvetrehes ate cies EVADE Nenana 2.56 
Basis eh Se BOS / 120 setae eM RR ONE aot sie: 8,000 jon «px: MOREA Ea OO SAA RUE RANE Rabat rers atc 2.07* 
DMs tells |. ts .« 208/120 rer te ra Scns SRE Ripe 7 SOOO rade it cree SOM ie der aren eee 1.70% 


_* Estimated weights. 


Comparisons between the weight of a-c and d-c machines are complicated by the many possible characteris- 
tics (time ratings, speed, cooling arrangements, and so forth) for which each may be designed. Fair com- 
parison can only be made between machines which are designed for similar services. On this basis, the 
advantage is definitely with a-c machines, since commutators are usually absent, and the weight saved, 
and higher speeds thereby made possible enable lighter machines to be designed than for d-c circuits. 
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performed without using any of the air- 
craft main generators, and consequently 
stand-by plant for such services may not 
be necessary. As has been stated pre- 
viously, however, operating experience 
may indicate that a small auxiliary 
generating plant should be carried in 
addition to the main supplies, and this 
will call for a generator probably of 
standard installation size or smaller. 
Likewise, a flying boat may need a larger 
stand-by auxiliary generating plant than 
a land airplane, because of the difficulty 
of readily obtaining shore-based supplies 
—especially in bad weather. 

3. Electric loads may be classified 
broadly under two main headings, 
namely: ‘‘Minimum Operational’ or 
those essential to flight and landing, and 
others not essential to the control of the 
aircraft. To, supply. these loads, the 
authors on an electrical basis only, favor 
the installation of two larger alternators 
rather than a greater number of smaller 
supplies of the same total capacity. 
From an electrical and weight stand- 
point, the former system has the following 
important advantages: 


A. The weight per kilowatt is reduced, 
since in large-capacity generators items such 
as housing, shaft, and bearings form a 
smaller proportion of the total weight than 
in smaller machines. Thus the weight of a 
12.5-kw alternator is about 32 pounds, 
while a 25-kw and a 50-kw generator will 
weigh about 52 pounds and 85 pounds 
respectively, exclusive of exciters. 


B. A large generator can cope more readily 
with given shock loads (that is, loads sud- 
denly applied) than a smaller machine, and 
on large alternators the voltage variation 
due to such loads is less. This is particu- 
larly advantageous with the sectionalized- 
ring bus system which is described later, and 
wherein paralleling of supplies is not in- 
tended. 


C. Circuit layout is simplified. 


Such consideratigns favor the installa- 
tion of two main generators, but for the 
sake of additional security it sometimes 
may be advisable to sacrifice some of the 
foregoing advantages and install a greater 
number of main generators on aircraft 
equipped with more than two main en- 
gines. In any case, however, the ca- 
pacity of any one alternator always should 
be sufficient to cope with the largest 
single load classified under “Minimum 
Operational.’’ The probable load re- 
quirements of existing projects therefore 
suggest the following types of installa- 
tion: 

Two-Alternator System. Each alter- 
nator to be capable of providing 50 ‘to 60 
per cent of the continuously connected load 
with a short-time overload capacity of about 
30 per cent. 


Four-Alternator System, Each genera- 
tor to provide 25 to 30 per cent of the con- 
tinuously rated load with a short-time over- 
load rating of about 60 per cent. 
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Figure 4. Variation of motor weight with 
horsepower (90 seconds rated 400-cycle 
induction motors) 


A—Six-pole 8,000-rpm unit 
B—Four-pole 12,000-rpm unit 
C—Two-pole 24,000-rpm unit 


The majority of aircraft alternators 
designed to date are of the salient-pole 
rotating-field type. Simplicity and rigid- 
ity of construction, together with good 
natural cooling properties of the field 
system, give this type of generator ad- 
vantagesover the “‘turbo”’ orinductortype. 
The field system is supplied through two 
relatively small slip rings which form 
the only rubbing electric contacts on the 
alternator. 

Blast cooling is employed; for example, 
up to about 100 cubic feet of air per 
minute is used for a 12.5-kw 400-cycle- 
per-second alternator, and 200 cubic 
feet for a 25-kw machine. A 50-kw 
generator is expected to need between 
300 and 400 cubic feet per minute. 

Class-B insulation (that is, glass, mica, 
asbestos) is employed, and current den- 
sities up to 10,000 amperes per square 
inch have been used in the armature con- 
ductors and 8,000 amperes per square 
inch in the field windings. The permis- 
sible working temperature is at present 
limited by the available insulating var- 
nishes to about 150 degrees centigrade. 

Flux densities of about 100,000, 87,000, 
and 53,000 lines per square inch are used 
for the armature teeth, core, and air gap, 
respectively. 

So far the alternators have been ex- 
cited by means of directly coupled d-c 
generators. At present, this method of 
excitation is preferred to self-excitation 
schemes, despite the introduction of a 
commutator and the additional weight of 
a separate machine. It provides a 
more stable system and one which will 
not collapse completely under fault con- 
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ditions. Voltage control usually has 
been obtained automatically by varying 
the field strength of the exciter by means 
of a carbon-disk-type regulator. 
Research work is proceeding on various 
methods of self-excitation, particularly 
those using electronic means and dry- 
plate rectifiers, either with or without 
the help of shunt or current compound- 
ing circuits. 
DISTRIBUTION 


1. Alternators and Bus Bars. It is 
not proposed at present to parallel al- 
ternators, since this introduces unneces- 
sary complications. Also, in the event 
of a short-circuit on or near the bus bars, 
larger-capacity switchgear probably 
would be necessary, because of the 
large “‘backup”’ capacity of the paralleled 
supplies. 

Instead of paralleling, it is proposed 
that the distribution circuit be divided 
into as many bus-bar sections as there are 
main alternators. If two main alter- 
nators are installed, then there will be two 
sections, and the arrangements will be as 
illustrated in Figure 6. The loads in 
each section would be balanced as evenly 
as possible. 

When the main alternators are idle, 
the bus bars automatically will be con- 
nected to form a ring bus, from which the 
main generators then will be isolated. 
The alternators automatically will be 
switched in by voltage-operated con- 
tactors, which will break the ring bus 
when they switch the alternators in. 
The switching in of supplies from an 
auxiliary generating plant, or from the 
airdrome, will be similarly controlled, 
suitable interlocking arrangements being 
provided, Should the supply from an 
alternator fail during flight, the contactor 
automatically will disconnect the faulty 
generator from its bus-bar section, and 


Table Ill. Possible Loads fora 100- Ton Civil Aircraft 


{ : 4 
switch the latter across that being/fed 
by the other machine. 

Such failures would be immediately 
apparent to the flight engineer, but, if 
no action were taken by him and the 
resultant overload were excessive, he 
would receive a further warning from an 
overheating indicator when the appro- 
priate temperature was reached, 

The change-over switching will .be 
sufficiently fast in practice to prevent 
the dropping out of essential service 
contactors, 

2. Feeders. Feeders to essential 
services will be duplicated, or in some 
cases, even more circuits might be used. 
Distribution boxes used in a similar 
manner to industrial practice, in con- 


junction with open wiring, insure the » 


most straightforward method of sub- 
dividing the circuits when the load 
centers are fairly well defined. Flared 
conduit and similar devices will be 
needed in certain situations. Solderless 
connections are preferred and isolating 
links should be used at situations such as 
wing breaks, removable panels, walls of 
pressure cabins, and engine bulkheads. 


FAULT PROTECTION 


This subject has been given very care- 
ful consideration for, while there is no 
doubt that a-c equipment generally will 
be more reliable than its d-c counterpart, 
fault conditions must be taken into ac- 
count. Faults can be caused by accident 
or emergency conditions, or perhaps in 
some cases by incorrect operation by 
the flight engineer. 

Faults can be separated into two main 
classes: 


1. Overheating due to overload or insula- 


‘tion failure, and so forth. 


2. Earth (or ground) faults. Phase faults 
(short circuits). Single phasing. 


1 2 3 4 5 : 6 
Continuous Loads Intermittent Loads 
Per Cent of 
Total 
Continuous 
Service Kw Per Cent Service Kw Loads 
Aslerons iti cin, clo ale cet ee GEOkSpe 80> cee Undercarriage (in-..... 36.0..... 21.48 
cluding doors) : 
Bleyatorsmy cet sts ees ee S20 eee 4EQ) trae Wing fapsic.as tons 25.0........ 33.3 
Ripdders ey fa) gaa-c dhe 8. 0y ae AAO eit iee Trim itabse ne omemieatee (OR 1.33 
Hgel pumps... cnc tr eta PIR UB AS Fe PTO AS Aor Propeller control...... 3. 0R gee 4.0 
Fans and air conditioning. ,.... PAS Ue Caches 33.33 
Automaticipilot iii ake NRCS: syaroin 1.33 
Lightitig igen aoe eae sihaiy LOS Onterninae 13.33 
Heating (including kitchen 
and buiket)'.3.: hie. hte eee 20): Ofer 26.67 
Radio and instruments......... SiO srs 4.0 
Miscellaneous domestic 
SOLVICES is Coa ss Meee RLU Ie op 2.67 
Total tortor. ty ihren ees U5 S sects ae 100 Lotal..s. ox sees 65. hop aes 86.63 


Total connected load =75+65 = 140 kw. 


Connected motor load = 105 kw =75 per cent of total connected load. 


In this case, main generating plant continuously rated at 75 to 100 kw should be installed. In order to 
allow for the operation of the intermittent loads, the plant should have an overload capacity of 60 per cent 


for a period of about two to three minutes, 
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AIEE TRANSACTIONS 


1. Overheating. Certain nonessen- 
tial services can be arranged to embody 
built-in thermal protective units and, 
depending on the duty, can be arranged 
to be self-restoring or otherwise on cool- 
ing. With essential services, it is pro- 
posed that visual and/or audible warning 
of excessive temperature be given by 
means Of built-in thermal devices. This 
will allow the flight engineer discretion 
regarding the delay allowable before 
switching out the defective unit. The 
alternators themselves should have these 
built-in devices which allow opportunity 
for transfer or removal of load before 
switching out. For very excessive over- 
loads and where rate of rise of tempera- 
ture is very rapid, the thermal device 
must operate directly on the protective 
device. Ina few cases it must be possible 
to force the switch against the thermal 
protection in order that the motor (such 
as undercarriage actuator) can be made 
to complete its function, even at the 
tisk of destruction of the motor in the 
attempt. 

2. Earth Faults, Phase Faults, and 
Single Phasing. These can be grouped 
together for the purpose of this discussion. 
One important requirement is that it 
should be possible to restore the service 
as soon as possible after the clearance of 
the fault, or alternatively, to maintain 
the service during the fault period. 
When sufficient backup capacity is avail- 
able it is sometimes suggested that the 
fault will “‘blow clear” without com- 
pletely interrupting the supply. This 
means, however, that the protective 
gear must be of relatively large capacity. 

Another method is to limit the fault 
current as much as possible, and line re- 
actors can be used to limit phase faults. 

A method of earth protection which has 
“given very good results in other industries 
is as follows: 

The alternator neutral point is con- 
nected to earth via a sensitive high-im- 
pedance relay which, in turn, operates a 
warning indicator. 

The occurrence of an earth fault is 
indicated immediately but, because of 
the very small current allowed to cir- 
culate, (20-50 milliamperes) immediate 
attention is not required. If, on investi- 
gation, it is found that the fault cannot 
be removed, it can without danger be 
left to persist until a landing is made. 


Alternatively, the relay can be discon- 
nected, thereby completely removing the 
circulating current but moving the earth 
connection from the neutral point to the 
point of contact. 

Any subsequent earth faults occurring 
before the first is cleared would rely on the 
normal overload protection to clear them. 

For short-circuit protection, electro- 
magnetic trips represent the best prac- 
tice. With the present» limited experi- 
ence it is doubtful whether special bus-bar 
protective schemes are justified. 

Unessential-service circuits can be 
protected by suitable fuses, but trip de- 
vices capable of being reset will be used 
for essential circuit protection. 

Generally, all plant and circuit over- 
load devices should be of the inverse- 
time-current type, and thermal relays 
therefore are proposed, since they give 
this characteristic very readily and to a 
large extent also allow for changes in 
ambient temperature. They have the 
advantages of light weight and simplicity 
and do not have the complication of vis- 
cosity changes inherent with the oil 
dashpot types. They are also more ro- 
bust than the clock-escapement types. 

The earthing of all alternator and motor 
neutrals as a measure of protection 
against single-phasing has been pro- 
posed. While this method may be worth 
while in military ,aircraft, the advisa- 
bility of its use in civil or transport air- 
craft is doubtful. First, it is not certain 
that the major risk in civil aircraft will 
be from open circuits, especially if mul- 
tiple-circuit schemes are used. The prior 
risk, as in industrial systems, would 
probably be from insulation failure and 
earth faults. Second, multineutral earth- 
ing causes an earth fault to be an excess- 
current fault, which might make it im- 
possible to keep the affected phase alive. 
Also, these excess-current faults some- 
times are attended by slight structural 
damage and a fire risk due to the flash 
and overheating. 

However, by earthing the motor neu- 
tral, a rotating field is provided in the 
event of one line becoming broken and 
this gives a pull-out torque of between 
40 and 90 per cent in excess of that ob- 
taining with an unearthed neutral—the 
exact value depending upon the size of 
the motor. Likewise, a start and run-up 
torque is produced which may vary up 


Table IV. Capacity of Generating Plant Installed in Some Typical British Aircraft 


$$‘ 


1 2 


All-up Weight 


3 4 
Electrical Generating 


Type of Aircraft Date (Pounds) Plant Installed 
PUNTA ial e:aretwis 6, 5°. (oes, 2 ave Warn VOB Tosatti: ais 32,500 ..ten+.Two 500-watt d-c generators 
C—class flying boat,........... TO8G ix ate: shia eaten EOSS10 10 re niaceet careers cuet Two 1,000-watt d-c generators 
G—class flying boat............ OS Cageatein stan sche me C4000 saree atest sod wen Two 1,000-watt d-c generators 
Mmimingibomber....€.....-...% LOS Srierokwy cide) sis) oul 103 ODO Mei ieee lao a Two 1,500-watt d-c generators 
Dancastetr bomber............. TOAD Ry vere Nieto stuns Se BS;000. Je mitesra rt sac Two 1,500-watt d-c generators 
SMRMERECITIORG Sota g cose cig oes a's Big elern eae sanlaeas TSO ;O00u are cre tee One 24-kw (a-c) auxiliary gen- 

erating plant +1 spare set 
MMR SESERR Orie 5) To ro eho Sic cay els rvs osha ea dearth ot afer LUGUN Soe A S56 Ateriow Four 6-kw d-c generators 
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Figure 5. Three-phase 400-cycle induction 


motors 


Variation of D?L with horsepower 
Solid line—continuously rated 
Dashed line—90 seconds rated 
A—Six-pole 8,000-rpm unit 
B—Four-pole 12,000-rpm unit 
C—Two-pole 24,000-rpm unit 


to about one third of the three-phase 
figure. 

The third harmonic which is allowed to 
flow in a star-connected machine by 
multiearthing should be minimized by 
suitable design of motor winding and/or 
slot combinations—otherwise there may 
be a tendency for the induction motors 
to crawl. The greater losses also may 
cause undue heating, and high-rated 
motors may not then have sufficient 
margin of power or temperature rise to 
operate under emergency conditions. 
Any out-of-balance load on the alterna- 
tors causes some displacement of the 
neutral point which, in turn, causes a 
general circulating current to flow. : 

Summarizing, the advantages of solid 
multiearthing, and relay earthing, to- 
gether with the probability of single- 
phasing faults and occurrences of earth 
faults all have to be balanced against 
each other. Only experience will indi- 
cate the best system, but meanwhile the 
authors favor relay earthing. 

Operating coils for short-rated con- 
tactors can be arranged for a-c operation, 
but continuously rated coils: are most 
economically operated by direct current 
obtained by means of suitable rectifiers 
located near the coils. All major serv- 
ices can be push-button-operated from 
panels located in the flight engineer’s 
cabin. 


D-C Supplies 


Certain d-c supplies still will be re- 
quired for services such as emergency. 
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lighting and fire-extinguisher control. 


These may be obtained from a small : 


trickle-charged storage battery, should 
all other supplies fail. 

Normal d-c supplies for radio or con- 
tactor coils may be obtained from dry- 
plate rectifiers. 

Alternator excitation already has been 
covered earlier in this paper. 


A-C Motor Characteristics and 
Associated Gear Drives 


The induction motors now being de- 
veloped for aircraft generally incorporate 
a laminated rotor mounted on a shaft, 
having cast or brazed bars and end rings; 
stator laminations either riveted together 
or held in a thin steel cylinder with ends 
rolled over; class-B insulation through- 
out except for leatheroid in the slots as a 
purely mechanical protection. (Attempts 
to omit the slot insulation and use simply 
varnish-sprayed slots have met with 
some success.) 

Intermittently rated motors usually 
are totally enclosed and continuously 
rated machines fan-ventilated and blast- 
cooled. In general, continuously rated 
motors should have a pull-out torque 
about equal to 2%/. times full-load 
torque, and a starting torque of at least 
ten per cent above full-load torque. 
Short-time-rated motors should have a 
starting torque equal to about 110-120 
per cent of full-load torque and, by adopt- 
ing special rotor-slot shapes, this value 
can be maintained nearly constant from 
standstill to 20 per cent slip. Figure 5 
shows a curve of motor D*L against horse- 
power for continuously rated and short- 
time-rated 2-, 4-, and 6-pole designs. It 
now has become apparent that the ratio 
of D/L may be varied over a wide range 
(from about 0.7 to 1.2) without greatly 
affecting weight, thus permitting con- 
siderable latitude in design. 

Figures 3 and 4 show the estimated 
weights of some 2-, 4-, and 6-pole 400- 
cycle induction motors, continuously and 
intermittently rated. Figures 1 and 2 
show the weights of motor-gearbox units, 
in each case arranged to give an output 
speed of 2,000 rpm. Other output speeds 
can be selected for comparative purposes. 
In these instances it will be noticed that 
the over-all reduction in weight due to 
the adoption of a 24,000-rpm motor speed 
instead of a 12,000-rpm motor speed is 
small, since the effect of gearbox weight 
must be taken into account when con- 
sidering the use of high motor speeds. 


Plant and Load Requirements 


The capacity in kilowatts and the 
weight of the generating plant installed, 
will depend mainly upon the load factor 
(that is, ratio of average to maximum 
load) and duration of the peak load. The 
capacity generally will increase with the 
size of aircraft, and some details of 
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Figure 6. Ring-bus system to insure continuity 
of supply 


This scheme is applicable to any number of 
alternators 

Switch 5W11 interlocked with §W3, and 5W2 

interlocked with 5.W4 

A—From alternator 1 

B—Allternative supplies from airdrome 

C—Panel switch 

D—From alternator 2 

E—Double-throw contactors 

F—Allternative supplies from airdrome or 

auxiliary generating plant 


the latter are needed before the generat- 
ing requirements can be estimated re- 
liably. 

The estimated loads for a 100-ton land 
airplane are given in Table III, from 
which it will be seen that a large propor- 
tion (70 to 80 per cent) of the power 
generated is allocated for the driving of 
induction motors. The maximum con- 
nected load is 140 kw, of which 75 kw is 
rated as continuous, but it is unlikely that 
all this connected load will be in circuit 
atthe sametime. In this instance, there- 
fore, the main generating plant should 
have a continuous rating of about 75 kw 
with an overload capacity of about 60 
per cent for about two or three minutes. 
This would amply cover the requirements 
of the intermittent loads. 


Conclusions 


In this paper the authors have at- 
tempted to record in broad outline their 
views on the most suitable form of power 
supply for operation of services in large 
aircraft; they may be summarized thus: 


1. Services should be operated by means of 
three-phase a-c power generated at a fre- 
quency of 400 cycles per second at a line 
voltage of 200-230. For various reasons 
such a system is preferred to a medium- 
voltage d-c system. 


2. On a purely electrical basis generators 
should be of the smallest number (not less 
than two) and consequently of greater indi- 
vidual size, depending on the load require- 
ments, but other considerations such as 
reliability and division of driving power re- 
quired may and probably will modify this 
conclusion, 


Thus for a four-engined aircraft requiring 
100 kw of power for optimum electrical per- 
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formance, two generators of say 60 per cent 
total load capacity should be provided, but 
other considerations probably would vary 
this arrangement in favor of four generators, 
each of say 30 per cent full system load ca- 
pacity. 


3. There should be a short-time overload 
capacity of about 60 per cent in respect to 
each individual machine in a two-alternator 
system and of about 30 per cent in the case 
of four alternators. Paralleling at this stage 
is unnecessary. 


4. The constant frequency and voltage re- 
quired are obtained best by means of some 
form of constant-speed drive from the main 
aircraft engines. 


5. It may be necessary to carry a small 
auxiliary generating plant for ground opera- 
tion on some types of aircraft or on certain 
routes. 


6. Power-driven services should be oper- 
ated in the main by high-speed induction 
motors with associated transmission appa- 
ratus where required. The speed should be 
chosen so that when used in conjunction 
with additional apparatus the lowest weight 
is achieved. 


7. A simple sectionalized ring bus is pref- 
erable for aircraft bus-bar systems, the num- 


ber of sections being equal to the number of — 


generators installed. 


8. Feeders, which should be duplicated 
where possible, should be assigned to each 
ring-bus section with a view to obtaining 
the best possible power balance from the 
complete system. 


9. Overheating should be dealt with by 
thermal overload devices with provision for 
maintaining an affected unit in circuit where 
required. 

Several forms of protection are put forward 


for other types of fault, ag these are de- 
scribed in detail. 


10. D-c supplies may be obtained ie 


metal-plate rectifiers. 


The authors regret that shortage of 
time and prevailing conditions have made 
it difficult for them to cover the subject 
as fully as they would have liked, but 
they hope that these notes will be inter- 
esting to American engineers as an 
expression of opinion on the lines upon 
which the larger electric’ systems will de- 
velop in Great Britain and a statement 
of some of the progress which has been 
made in that country. 
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Design of an Ignition System for an 


18-Cylinder Aircraft Engine 


J. R. HARKNESS 


\\ MEMBER AIEE 


HE designer usually starts a new 

design by asking himself this question: 
“What features are absolutely required 
in this product for it to fulfill its 
function?” After this question is 
answered, he makes a preliminary design 
and often builds a model to see if the 
basic requirements are met. After they 
have been met, he asks himself a second 
question: ‘‘What additional features can 
be incorporated in this product to make 
it outstanding?’’ The final design usually, 
therefore, contains some features from 
the first category, which can be called 
“design requirements” and some features 
from the second category, which can be 
called ‘‘design improvements.” 

The design requirements for an air- 
craft-engine ignition system are: 
1. It must generate a high enough voltage 
to spark at the spark plug. 


2. This spark must.occur at the proper 
time. 

3. This spark must be available from 
minimum cranking speed to maximum dive 
speed. 

4. The ignition system must fit the engine 
and airplane. 

5. The ignition system must endure and 
operate under all the conditions to which 
the aircraft is subject and those additional 
ones which it creates., 

6. The ignition system must not interfere 
with other functions of the complete aircraft. 


The design improvements which should 
be built into an ignition system are: 


1. It must be lightweight and have small 
bulk, 


2. It must be easy to install and service. 


3. It must require a minimum of main- 
tenance. 


4. It must be easily manufactured by 
mass-production methods. 


5. It must have a good physical appear- 
ance. 


These design requirements and im- 
provements will be enlarged upon and the 
methods for meeting the requirements 
and making the improvements will be 
discussed. The electrical design of the 
ignition system will then be discussed in 
detail for the benefit of those readers 
who are interested in actual ignition- 


system design. 


Tt must generate a high enough voltage 
to spark at the plug. This voltage is de- 
termined by the power output of the en- 


_ gine and the spark-plug gap (between 
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electrodes). The magneto is connected 
to each plug by a cable running through 
a grounded shielding conduit. The high- 
voltage conductor therefore has a certain 
electric capacitance to ground. In order 
to raise the voltage of the spark plug to 
the firing point, the magneto must supply 
enough energy to charge this capacitance 
to the breakdown voltage of the plug and 
to supply the energy losses. 

Several of the energy losses in the 
ignition system are at high voltage. 
The causes of these losses include shunt 
resistance due to fouled spark plugs, 
electric leakage in the distributor, and 
corona losses at high altitude. Other 
high-voltage losses are voltage drop at the 
jump gap distributor and resistance volt- 
age drop in the high-voltage winding of 
the coil. 

The low-voltage losses in the magneto 
include the energy required to charge 
the low-voltage capacitor; copper losses 
in the low-voltage winding; and hys- 
teresis and eddy-current losses in the 
laminations, magnets, and other con- 
ducting parts of the magneto adjacent to 
the magnetic circuit. There are also 
mechanical-energy losses in the bearings, 
windage, and breaker mechanism. 

The detailed electrical design required 
to supply sufficient energy to operate at 
the required voltage and to supply the 
losses will be discussed later. The me- 
chanical losses have been kept at a mini- 
mum by using ball bearings and eliminat- 
ing all internal gearing. 

This spark must occur at the proper time. 
The time at which the spark occurs is 
controlled primarily by a breaker and 
distributor. The breaker controls 18 
sparks so that they occur at the proper 
intervals, and the distributor routes 
each spark to the proper cylinder. The 
18-cylinder ignition system described 
consists of two magnetos which spark 
simultaneously as there are two spark 
plugs per cylinder. 

The over-all accuracy of timing must 
be within about + four degrees of crank- 
shaft revolution, This error includes 
gear backlash in the engine, timing error 
between the engine and niagneto, error 
of adjustment of magneto internal tim- 


Paper 44-189, recommended by the AIEE com- 
mittee on air transportation for presentation at the 
AIEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted June 13, 1944; made available tor print- 
ing July 11, 1944. 


J. R. HarKNEss is in the aeronautic and marine 
engineering division of General Electric Company, 
Schenectady, N. Y. 


Harkness—Ignition System for Aircraft Engine 


ing, delay due to electric charging of 
harness capacitance, variations in break- 
down voltage in the spark plug, and 
manufacturing tolerance in all the parts. 
This error must also include wear on the 
various parts during the operating period 
between overhauls. This is a total varia- 
tion in timing from all causes of plus or 
minus approximately 0.0003 second. 

This is somewhat remarkable, con- 
sidering that timing is obtained by com- 
pletely mechanical means and that the 
timing mechanism, the cam and breaker, 
opens and closes the circuit up to 600 
times per second. During the life of a 
set of breaker contacts it will open ap- 
proximately 1,000,000,000 times. An 
error of one degree in timing is caused by 
approximately */,,o0th of an inch wear 
of the breaker contacts or the cam fol- 
lower. Accuracy depends primarily there- 
fore on the elimination of contact and 
follower wear. It happens that contact 
wear advances the spark, whereas fol- 
lower wear retards the spark, and so a 
balancing of these two rates of wear will 
minimize shift in timing. In the ignition 
system described, a very small-diameter 
cam has been used to lower cam rubbing 
speed. The moving parts of the breaker 
arm and contact have been made as light 
as possible in order to reduce the inertia 
loading and cut down the spring tension 
required to keep the follower against the 
cam. Because of the large number of 
operations per second, the follower ac- 
celeration is quite high, being about 300 
times the acceleration of gravity, maxi- 
mum, 

The time delay during which the 
magneto is charging the harness to spark- 
plug voltage is quite variable. This time 
depends on the inductance of the magneto 
high-voltage coil, the capacitance of the 
harness, the magneto energy, and the 
breakdown voltage of the spark plug. The 
system described uses a low-inductance 
high-voltage coil in order to reduce this 
charging time. This delay can amount 
to two degrees of crankshaft revolution 
and can vary over one degree from one 
spark plug to the next. A reduction in 


.the capacitance of the harness (high-volt- 


age cables to the spark plugs) also will 
decrease this delay. We have kept the 
capacitance of the harness small by means 
discussed later in this paper. 

The interval from one spark to the next 
is not constant for radial engines. This 
is required in radial engines using one 
master rod in each bank, because the 
pistons in the remaining cylinders are 
connected to the master rod by link rods, 
rather than directly to the crank pin. 
This causes some of the pistons to come 
to top dead center before the crank pin 
crosses the radial axis of the cylinder and 
some of the pistons to come to top dead 
center after the crank pin crosses the 
axis of the cylinder. In an engine with 
more than one bank, for instance the 18- 
cylinder engine with two banks, the 
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cylinders containing master rods must 
fire with some angular spacing between 
them. Consequently, some cylinders 
fire with positive (advanced) compensa- 
tion directly after cylinders having nega- 
tive compensation. 

The cam must take into account this 
“compensation” of each spark. It has 
unequally spaced lobes and must revolve 
at the cycle frequency of the engine, 
or one-half crankshaft speed. It must be 
properly synchronized to the engine and 
distributor as well as the magnetic circuit, 
to give the correct compensation to each 
spark. 

Since the synchronization of the cam 
and breaker to the magnetic circuit and 
to the distributor is so critical, the breaker 
mechanism cannot be adjusted to syn- 
chronize the magneto to the engine. A 
differential drive coupling must be used. 
In the system described a vernier adjust- 
ment is obtained by using a gear and a 
spline, or two splines, both of which can 
be adjusted simultaneously. The mini- 
mum adjustment then becomes a very 
small fraction of a revolution (about one 
degree maximum). 

This spark must be available from mini- 
mum cranking speed to maximum dive 
speed. The design of the magneto to 
generate voltage at very low speeds is 
discussed later in the electrical-design 
section. In some cases, where extremely 
low cranking speeds are encountered, such 
as in the Arctic regions, a tremendous 
overdesign factor would be required to 
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Figure 2. High-voltage circuit of ignition 


system before distributor gap breaks down 


C;—Low-voltage capacitor 

Li—Inductance of low-voltage winding 

ls—Inductance of high-voltage winding 

Rr—Distributed resistance of high-voltage 

winding 

C,—Distributed capacity to ground of high- 
voltage parts in magneto 

G—Distributor gap 

C:—Capacity to ground of harness lead 

P—Spark-plug gap 

Rp—Shunt resistance of fouled plug 
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Figure 1. Magnetic 
circuit of 18-spark 
inductor-type mag- 
neto shown with 
rotor in two differ- 
ent positions 


generate sufficient voltage for starting. 
It is for this reason that most airplanes 
are provided with a ‘“‘primary booster.” 
This is a vibrator which sends pulsating 
current from the airplane battery through 
the low-voltage winding of the magneto. 
The magneto then functions purely as a 
transformer. While the breaker contacts 
are closed, no voltage is induced in the 
high-voltage coil, but when the breaker 
contacts are open high voltage is induced, 
and it is distributed by the magneto 
distributor. In half the sparks this cur- 
rent is in opposition to the permanent 
magnets in the magneto. Precautions 
must be taken in the design and use of 
the ignition system to keep this “‘booster’’ 
current from damaging the magneto. 
Provision of heavy low-voltage wiring 
and plenty of leakage flux across the 
magnets prevent damage to the ignition 
system described. 

At diving speeds there are both elec- 
trical and mechanical problems. The 
electrical problems will be discussed later. 
The mechanical problem is one of inertia 
of breaker parts. Any bouncing of the 
breaker follower will give either a spark 
at the wrong time or a weak spark. The 
acceleration has been kept as low as 
possible, and all moving breaker parts 
have been made as light as is consistent 
with strength. The complete magneto 
often is subjected to very high vibration 
acceleration, so that an excess of spring 
tension must be provided to keep the 
follower from leaving the cam. 

The ignition system must fit the engine 
and airplane. The ignition system for 
an 18-cylinder engine must connect to 
the engine in about 60 different places. 
There are 36 spark plugs to connect to. 
The spark plug leads emerge from the 
manifold as far as 30 inches from the 
spark plug, and these long leads must be 
supported en route and also pass through 
holes in the cooling baffles. Both magne- 
tos mount on drive pads on the nose of 
the engine and must be designed to clear 
governors, oil piping, shrouds, cooling 
blowers, propellers, push-rod covers, the 
nose itself, each other, and the harness 
manifold. 

The ignition system suffers from the 
same problem faced by all accessories on 
the engine—that is, it must be built under 
and around and through and over the 
rest of the engine parts and accessories. 
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It covers the engine very much like an 
octopus with 36 tenacles. The number 
of different lead lengths must be kept to 
a minimum from a service standpoint; 
yet there are four different spark-plug 
positions and many oil pipes, propeller 
controls, deicer pipes, baffles, and so on, 
to clear. 

There is usually only one control con- 
nected to each half of the dual-ignition 
system. This is the ground lead which 
is used to turn off ignition. Some mag- 
netos also have a differential coupling 
between the engine and magneto or 
magnetos to give manual or automatic 
control of the spark advance angle. 
These controls must emerge from the 
ignition system at suitable locations for 
connections to the control means. 

There seems to be only one way to 
make the ignition system fit the engine 
and airplane. That is a more or less 
continuous process of design, try, and cut. 
Airplane and engine designs are by no 
means static, and so this is truly a con- 
tinuous process. It is only by recognizing 
it as such that an ignition-system de- 
signer can keep up with the engine and 
airplane. 

The ignition system must endure and 
operate under all conditions to which the 
aircraft is subject and those which it creates. 
Various parts of the ignition system oper- 
ate between temperature extremes of 
minus 100 degrees Fahrenheit and plus 
250 degrees Fahrenheit. The breaker 
pivot sleeve must be lubricated, for 
example, for operation between mints 
50 degrees Fahrenheit and plus 250 
degrees Fahrenheit. This requires the tse 
of an oil-impregnated porous bronze 
sleeve and very close control of the sleeve 
to journal clearance, This bushing is 
being lubricated with ‘‘Unavis’’ number 
48 oil and a diametral clearance of 0.0004 
to 0.0007 inch is obtained by selective 
assembly. The upper ball bearing on the 
shaft must be packed with a grease which 
will lubricate and yet stay in the bearing 
over this temperature range. 

The design of the housing and air gap 
of the magneto are influenced by the 
operating-temperature limits. The mag- 
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Figure 3. External magnetomotive force 
for Alnico Il : 
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netic structure must be steel, and the 
housing cannot be steel and must there- 
fore be aluminum or magnesium. This 
means that differential expansion between 
the magnetic circuit and the housing 
will cause the air gap to vary. It is de- 
sirable to have as small ,an air gap as 
possible, and so this differential contrac- 
tion at low temperature becomes a limit- 
ing factor. To this are added clearances, 
tolerances, and allowances in bearing 
wear to give the actual-design air gap at 
room temperature. 

Flight at high altitude requires that 
the dgnition system function perfectly 
in an atmosphere with about one fifth of 
the density at sea level. This presents 
two problems—flashover and corona loss 
of energy. To prevent flashover, all 
points of high voltage are separated as 
far as possible from all other metallic 
parts, either at ground potential or other- 
wise. In the distributor this is a dy- 
namic separation, as the high-voltage 
point on the distributor rotor is moving. 
This requires the designer to move each 
distributor electrode as far as possible 
from any position of the distributor rotor 
except the one which is required to jump 
to that electrode. This necessitates a 
balance of three factors in the positioning 
of each distributor electrode, and results 
in a spacing of distributor electrodes 
which is neither uniform nor compen- 
sated the same as the cam. 

To prevent corona loss, all high-voltage 
conductors and connections must be sur- 
rounded by solid dielectric of as great a 
thickness as possible, and all exposed 
points of high potential should have 
curved surfaces of large radius. In the 
ignition system described, the high- 
voltage cables are insulated with rubber 
to a diameter of five millimeters, and these 
insulated cables are embedded in a semi- 
solid flexible dielectric material. This 
effectively prevents corona losses except 
in the distributor itself. 

To make provision for flight to even 
greater altitudes, the magneto has been 
designed as a hermetically sealed unit 
so that it can be pressurized from the 
turbosupercharger or an auxiliary pump. 
To provide ventilation under these 
conditions a metering orifice in each 
magneto housing allows a certain flow 
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Figure 4. Circuit of ignition system after 
spark-plug gap breaks down 


Li—Inductance of low-voltage winding 
L,—Inductance of high-voltage winding 
Rr—Distributed resistance of high-voltage 
winding. 
Re—Resistance of arc at distributor gap 
Rp1—Resistance of arc at spark plug electrodes 
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while maintaining sufficient air density 
to prevent flashover and minimize corona 
loss. 

Many airplanes operate under severe 
moisture conditions. Each part of the 
ignition system must be made of a ma- 
terial and design which is the: least 
affected by moisture. Those parts which 
would be affected by moisture must be 
protected. The harness-manifold and 
spark-plug leads are filled completely with 
solid dielectric to prevent the entrance 
of moisture, gasoline, or oil. The wires 
from the distributor to the harness are 
in a channel filled with solid dielectric, 
and the plugs between the magnetos and 
harness are designed of synthetic rubber 
which is compressed and completely fills 
the connection, leaving no space for the 
entrance or trapping of moisture. 

The distributor rotor, shield, and coil 
are made from a melamine formaldehyde 
plastic which is nonporous, and track- 
resistant. The coil itself is vacuum- 
impregnated with a solventless varnish 
to eliminate all voids and then is sealed 
inside the plastic case by a flexible semi- 
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Figure 5. Ignition system using series ca- 
pacitor C’ to decrease time constant of high- 
voltage circuit 
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solid dielectric material which prevents 
entrance of moisture. 

The metal parts of the ignition system 
are designed of aluminum, stainless steel, 
and monel, wherever practical, and all 
carbon or alloy steel parts inside the 
magneto except the magnetic circuit, 
bearings, shaft, and cam are _nickel- 
plated. These materials have been found 
to withstand best the highly corrosive 
atmosphere that is caused by fixation of 
nitrogen in the distributor spark. This 
condition is very severe, and any un- 
plated brass parts would turn bright 
green in an unventilated magneto in 12 
hours. Ventilation helps prevent this 
condition, and so about five vents screened 
by monel are used in each magneto. 
These vents are located so that any water 
which collects in the magnetos will drain 
in any position or flight aspect of the 
airplane. 

Vibration is especially severe on air- 
craft engines, as had already been men- 
tioned with relation to breaker bounce. 
All parts must be designed with this in 
mind and adequately engine-tested and 
flight-tested with all possible engine— 
airplane-propeller combinations, before 
they can be declared free from vibration 
troubles. The most important considera- 
tion in design of parts subject to vibra- 
tion is to avoid structures or parts having 
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Figure 6. Plot of coil-core flux with time 

showing variation in total flux change with 

variation in breaker opening and closing 
points on flux wave due to compensation 


C—Breaker points close 
O—Breaker points open 


low-resonant frequencies. On most air- 
craft engines this means avoiding resonant 
frequencies under 200 cycles per second. 
Where the resonant frequency must be 
low, as in the design of spark-plug leads, 
it should be quite low, and the damping 
should be as large as possible. Cantilever 
support of anything but the stiffest kind 
of parts should be avoided even at the 
expense of increased weight. 

The ignition system must not interfere 
with other functions of the complete atr- 
craft. In the past, the ignition system 
has been responsible for a large share of 
the interference of the engine with radio 
reception in the airplane. Effective radio 
shielding of the ignition system is ob- 
tained only by enclosing the complete 
system in a continuous-conducting con- 
tainer. This conducting container must 
be visualized as a fluid-tight vessel, con- 
taining electromagnetic radiation of all 
radio frequencies. 

To accomplish this effective radio- 
interference elimination, a high-quality 
liquid-tight flexible metal hose is used on 
the spark-plug leads. This metal hose is 
composed of spiral-convoluted metal 
tubing surrounded by a tightly woven 
metal braid. Two types of harness 
manifold are used. One is a continuous 
cast hollow aluminum ring. The other is 
a combination cast and tubular manifold 
which consists of three brass tubular 
sections and two cast aluminum sections 
where the manifold is connected to the 
magneto. The connections between the 
tubular and cast sections are made by 
spherical spring-loaded collet-type all- 
metal joints and give cylindrical symme- 
try to flow of high-frequency current. 

Connections between the magnetos and 
the manifold are metal to metal to mini- 
mize tolerance build-up, and contain a 
neoprene-loaded flexible metal-ring gasket 
for radio-shielding continuity. An exten- 
sion of the neoprene ring gaskets the two 
parts to exclude moisture. The magnetos 
themselves are made with as few joints 
as possible, and these joints all have 
metal-to-metal contact for dimensional 
continuity, and neoprene-loaded metallic 
gaskets for radio-shielding continuity. 
Aluminum has been used in preference to 
magnesium because of the more durable 
electrically conducting surface that can 
be obtained on aluminum. 

In the near future radio filters will be 
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ifistalled in the grounding leads to prevent 
the flow of high-frequency current into 
the rest of the airplane’s electric system 
via the primary booster. Radiation from 
this lead can be prevented by the use of 
the high-quality conduit now used on the 
spark-plug leads. 

The ignition system must be lightweight 
and have small bulk. These go hand in 
hand and are accomplished in the de- 
scribed design by grouping all magneto 
components on one shaft, in one housing. 
Both magnetos could be built in one 
housing, but this probably would be 
going too far, from the safety standpoint. 

The use of a large-diameter short- 
cantilever-length thin-walled stressed 
housing gives strength and rigidity with- 
out excessive weight. The harness mani- 
fold is partly supported by the magnetos 
to eliminate the complication of a flexible 
joint. By this means the same members 
are used for support, shielding, and 
protection. To reduce effectively over- 
all weight it is advisable to make a policy 
of considering no part too small for re- 
design from a weight-saving standpoint. 

The ignition system must be- easy to 
install and service. This is equally im- 
portant in wartime or peacetime service. 
In the described system each magneto is 
individually detachable without discon- 
necting any high-voltage wires. This is 
accomplished by the neoprene-insulated 
air-excluding high-altitude detachable 
radio-shielded plug already mentioned, 
Each spark-plug lead is individually de- 
tachable from the manifold as a unit, still 
containing its conductor. The connection 
at the manifold is made by a spring con- 
tact and is gasketed against moisture and 
insulated for high altitude. 

The right- and left-hand magnetos are 
completely interchangeable, so that only 
one kind of magneto has to be carried in 
stock. The number of spark-plug lead 
lengths has been reduced to four to ease 
the problem of stocking spare parts. 
When an airplane covers several thousand 
miles per day, many different stock piles 


must be maintained. The number of 
different spare parts is therefore im- 
portant. 


The four spherical joints in the harness 
manifold already have been mentioned. 
When these joints are loosened, the sec- 
tions of the manifold are free to rotate, 
translate, and bend at this joint. This 
extreme flexibility allows the manifold 
to be installed over the propeller and 
various accessories with ease, and yet, 
when the gland nuts are tightened, the 
manifold becomes a rigid supporting 
tubular beam. 

Access to all parts of the magnetos 
usually requiring servicing is obtained 
by removing two covers. One cover 
exposes the distributor, shield, cam, and 
breakers, timing lines on magnetic circuit, 
and engine hold-down bolts, The other 
cover exposes the coil, magnetic circuit, 
and ground connection, The complete 
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Figure 7. Plot of coil-core flux with time 
showing that ‘‘compensation” will have little 
effect on a magneto with rectangular flux 
wave 


C—Breaker closes 

O—Breaker opens 
CL—Breaker closes late 
OL—Breaker opens late 
CE—Breaker closes early 
OE—Breaker opens early 


rotating element of the magneto is re- 
moved by unscrewing the nut holding the 
splined drive gear and the four screws on 
the breaker plate. When the magneto is 
removed from the engine, the rubber 
plugs between the magneto and the mani- 
fold are exposed. ‘These plugs are re- 
movable, and contain the springs which 
make electric contact. 

The ignition system must require a 
minimum of maintenance. This means 
that the parts and materials used must 
not wear out quickly and that the system 
must be designed so that little service is 
required on the parts and materials that 
are used. One of the advantages of the 
half-crankshaft-speed drive is that it 
gives long bearing and shaft seal life and 
eliminates gearing in the magneto. 

Tungsten is used on the distributor- 
rotor sparking surface, and monel is ‘used 
on the stationary electrodes. These 
materials have a very low rate of erosion, 
and so they will last the life of the mag- 
neto without replacement, This also 
simplifies the design in that no provision 
for replacement is required. ; 

The upper ball bearing slides in a 
hardened stainless-steel bushing. This 
prevents scuffing corrosion at this point 
due to planetary rotation of the outer 
bearing race and vibration pounding. 

Platinum iridium contact points are 
used to provide stable breaker operation. 
The small-diameter cam and lightweight 
cam follower minimize maintenance of 
the breaker mechanism. Much effort has 
been applied to the proper lubrication of 
the cam and follower. 

The use of stainless-steel hardware 
wherever possible and adequate ventila- 
tion and drainage reduce replacement of 
screws, nuts, and washers. An effort has 
been made to keep the number of screw 
and nut sizes toa minimum. This allows 
the mechanic to provide more easily the 
proper tools for each operation and conse- 
quently minimizes mutilation of hardware 
during overhaul. 


Solid filling of the magneto and harness ° 


cable conduits has already been men- 
tioned, This reduces maintenance by 
preventing erosion due to chaffing of the 
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wires over cast surfaces and sharp cor- 
ners. At the high-vibration levels en- 
countered on aircraft engines this chaffing 
is often quite bad on unfilled harnesses. 
The solid filling of the coil also prevents 
shifting of the wires and fatigue of the 
insulation from corona. 

The ignition system must be Gist manu- 
factured by mass-production methods.” In 
the ignition system described, the number 
of milling operations has been reduced by 
making all surfaces concentric wherever 
possible. Handling has been reduced by 
concentrating most of the machining of 
the magneto in the one-piece housing. 
Intersecting parting lines have been 
eliminated because of the bad tolerance 
and interchangeability problems they 
present. 

Die castings and molded plastics are 
uséd wherever possible to reduce the 
amount of machining. The two covers 
are die cast, and all except the smallest 
plastic parts are molded. Insert design 
of the plastic parts has been improved 
constantly to reduce losses due to crack- 
ing. It has been found that imserts 
should be smooth, round, and small, but 
self-supporting in order to be molded 
successfully into melamine formaldehyde 
plastics. 

Selective assembly is only used between 
parts which will never be disassembled, 
such as the breaker pivot and bushing. 
The design should require little machining 
after assembly, since many man-hours 
are lost if any trouble is encountered in 
these subsequent machining operations. 
In order to reduce the cost of the coil, 
several high-voltage windings are gang- 
wound at the same time, and the indi- 
vidual coils are sawed apart and then 
assembled over the primary windings. 
This allows the coil to be impregnated 
with solventless varnish as a unit and then 
assembled into the case. 
due to poor impregnation therefore does 
not include coil case and connections. 

The ignition system must have a good 
physical appearance. 
sign can be accomplished by avoiding 
concave or re-entrant surfaces in the 
design and by making the external sur- 
face as smooth and curved as is consistent 
with functional design. Transitions from 
the engine should be made to ‘‘flow”’ as 
smoothly as possible, as this is also good 
design from a strength standpoint. All 
unmachined surfaces are painted black 
to reduce the effect of surface irregu- 
larities, and machined and plated sur- 


faces are left unpainted. All parts sub- 
ject to direct contact with tools are 
plated rather than painted, as paint is in- 


variably knocked off these surfaces and 
soon gives the system a poor appearance. 


Electrical Design of ra 8 
Ignition System 


A magneto is a hybrid machine. It is 


neither a sine-wave a-c — nor an . 


ate 


4 ie 1 


Spoilage cost 


An aesthetic de- — 


. 


AIBE TRANSACTIONS. 


‘ia 


induction coil, but has some of the charac- 
teristics of each. For simplicity it can 
be treated as an a-c generator with a 
transient load. 

Generally a magneto produces one 
spark for every flux reversal through 
the armature, or two sparks per cycle. 
Most magnetos produced in the United 
States are two-, four-, or eight-pole, 
producing two, four, or eight sparks per 
magneto revolution. It therefore has 
been the practice of magneto designers 
to drive the magneto generator through 
gearing to supply the proper number 
of sparks for a multicylindered engine. 
For example, on a nine-cylinder engine, 
requiring 4!/, sparks per revolution, a 
four-pole rotor is used with a 4-to-4!/»- 
gear ratio step-up. The distributor rotor 
for a four-cycle engine must run a one- 
half crankshaft speed, and so, unless the 
magneto generator produces the same 
number of sparks as there are cylinders, 
there- must be gearing between the 
magneto generator and the distributor. 
A magneto with a compensated cam also 
must have gearing between generator 
unit and cam unless the generator unit 
produces as many sparks per revolution 
as the engine has cylinders. It therefore 
is highly desirable to design an 18-spark 
magneto generator into an 18-cylinder 
magneto, as generator, distributor, and 
cam can all be on the same shaft. 

Because of the high voltage at which the 
magneto operates, it is not practical to 
use a distributed armature winding. 
The armature winding usually is wound 
around a single flux path in a position 
where it can be well insulated. If the 
magneto is designed with a rotating field 
of 18 poles, only two poles will be in use 
at any one time, and the magnetic circuit 
will be very inefficient in use of weight 
and space. An inductor-type generator 
thetefore is used. This uses each magnet 
half the time and about 70 per cent of the 
magnetic circuit all the time. The 
magnetic circuit of the 18-spark inductor 
magneto generator is shown in Figure 1. 

To operate as an induction coil, the 
magneto must have a low-voltage wind- 
ing and ‘a high-voltage winding, with 
essentially the same magnetic circuit. 
They are therefore both wound on a 
Jaminated-iron core, with the low-voltage 
winding next to the core. In operation 
the breaker contacts close, short-circuit- 
ing the low-voltage winding. The gen- 
erator action of the magneto then causes 
‘a current to flow in this winding. At the 
proper time this current is interrupted 
by opening the breaker. The accom- 
panying rapid change of flux generates 
the required voltage in the high-voltage 
winding. 

Although this Doctor-Jekyll-and-Mr.- 
Hyde illustration of the two roles of gen- 
eratorand induction coilserves toillustrate 
_ the operation of the magneto in general, 
a design analysis on this basis would be 
rather cumbersome. It is somewhat 
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easier, therefore, to visualize the opera- 
tion in three steps as follows: 


1. The magnetic circuit is in a position to 
send flux through the coil core in one 
direction. At this time the breaker closes, 
short-circuiting the low-voltage winding. 
2. The shaft is rotated so that the magnets 
attempt to send flux through the coil core 
in the opposite direction. The flux through 
the coil core tends to remain constant, 
however, because of the short-circuited low- 
voltage winding. A current therefore is set 
up in this winding. 

3. The breaker contacts open, interrupting 
the current in the low-voltage winding. 
The flux can now reverse, generating a 
voltage in the high-voltage winding. 


Based on these three steps, an analysis 
of the magnetic- and electric-circuit re- 
quirements can be made. First, the ques- 
tion of “how much voltage’’ must be 
settled. This depends on the following 
factors: 


1. Spark-plug electrode spacing—may vary 
from 0.008 to 0.035 inch; usually between 
0.012 and 0.025 inch. 


2. Partial density of air in cylinder at the 
time spark occurs: present maximum about 
seven tenths of a pound per cubic feet. 


3. Ratio of fuel to air in combustible 
mixture. 


4. Other factors contributing to ionization, 
such as shape of spark-plug electrodes, 
radiation from hot spots in cylinder, and 
vapor pressure of internal coolant. 


These factors will vary for every 
engine, and so the ignition-system de- 
sign also must vary according to the 
engine on which it must operate. Current 
engine design requires a maximum voltage 
of 12,000 volts if the spark-plug gaps 
are held to a maximum of 0.025 inch. 

Since a magneto does not produce 
energy at a constant rate, but rather in 
pulses, its output is stated more clearly 
in terms of the energy in each pulse, 
usually referred to as the energy per 
spark. Actually, a very small amount 
of energy is required to ignite the mix- 
ture. The electric energy produced by 
the magneto is practically all dissipated 
as heat at one part of the cycle or another. 
Since we are interested only in producing 
a spark, what happens after the spark 
occurs is only of minor interest. The 
distribution of energy before a spark 
occurs is as follows: 


1. The energy required to charge. the 
capacitance of the harness and all high- 
voltage parts of the magneto to the break- 
down voltage of the spark plug = Wi. 


1 
Wi, ys (C\+C,)E? (see Figure 2) 
2. The energy dissipated in shunt re- 


sistance at the spark plug because of 
fouling = W2 


1 t 
W2=— Edt t = charging time 
Rp J, 
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If rise of voltage is sinusoidal with time, 
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3. The energy dissipated in the spark at 
the distributor = W, (see Figure 2) 


Wi =oFe(1- 2 ) 
: Cit Cy 


where Eqg=breakdown voltage of distribu- 
tor gap. 


4. The energy stored in the low-voltage 
capacitor = W, 


1 = ee Ny 2 
W,=-— C3E? oe 
2 N2 


n2=number of high-voltage turns, 7; =num- 
ber of low-voltage turns. 


5. The energy lost in hysteresis, eddy- 
current, and insulation losses when the 
breaker opens and the flux reverses = W,. 
This amounts to about 50 per cent of the 
energy in current in the low-voltage winding 
before the breaker opens, 


By 
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The energy which must be available as cur- 
rent in the low-voltage winding, therefore, 
just before the breaker opens is W where 


W=Wi+W2+W3t+Wit Ws 
W=2(Wi+ Wet W3+ W,) 


Et 
We (C+ Ci)Et+ = + CiEy? X 
PF 


Cy nm \* 
eres C,B2) — 
C+ Cy + ; 2) 


This is the energy which would have 
to be available in the primary winding 
of an induction coil if straight-coil igni- 
tion were used. Now consider the 
magnetic circuit: this energy must now 
be available as flux stored in a magnetic 
circuit with reluctance. The energy stored 
in a magnetic circuit is 


1 


where ® is the total flux change necessary 
to release the energy. In a magneto the 


total flux change is twice the maximum 
flux through the coil, ®,,,at the time the _ 


breaker closes. Therefore, if ® = 2,, 
then the energy available when the 
breaker opens= W 


2,)2 
W=R OPO X10-*= RE EX 1078 


R is the mutual reluctance presented to 


any magnetomotive force at the coil . 


core. It is the ratio of magnetomotive 
force to flux in the coil core. This re- 
luctance can be calculated as a first 
approximation by adding the reluctances 
of the two series air gaps and the re- 
luctance of one magnet, based on a per- 
meability of six for Alnico II, and neglect- 
ing leakages. 

The required flux ®, in the coil core 
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when the breaker closes now can be 
calculated. This flux is due to the magne- 
tomotive force of the magnet. This 
magnetomotive force sends flux both 
through the coil core and through the 
leakage paths. In an inductor magneto 
the leakage flux is a large percentage of 
the total flux—in the described design, 
about 60 per cent. If p is the ratio of 
useful flux to total magnet flux, the total 
magnet flux (at the time of maximum 
flux through coil core) is ®,/p and the 
flux density in the magnet is ®,/(p-Am). 

A calculation of the magnetomotive 
force of magnet required to give a certain 
flux through the coil requires a knowledge 
of the mutual reluctances of the magnetic 
network, and there may be eight to 12 
different reluctances to consider. In 
making a completely new design, it is 
necessary first to flux-plot the proposed 
design and estimate these various re- 
luctances. Then, from a network analysis, 
the required magnetomotive force can 
be found. When a modified design is 
made, the reluctances can be estimated 
from the previous design. It has been 
found that a convenient figure to use in 
design calculations is the mutual reluc- 
tance between the magnetomotive force 
and the coil-core flux, Rmc. In the de- 
scribed magneto, this is roughly twice the 
self-reluctance of the coil core. Once this 
mutual reluctance, Rmc, is established, 
the required magnetomotive force of 
magnet (/) can be calculated. 


F=6,Rmc 


The external magnetomotive force of a 
permanent magnet depends on the flux 
density in the magnet because of its high 
internal reluctance. This is similar to the 
external voltage regulation of a battery 
due to its internal resistance. Since in- 
ternal magnetomotive-force drop is of 
no value, the external magnetomotive 
force usually is used in calculations. The 
internal magnetomotive force (and hence 
also the external magnetomotive force) 
depends on the degree of magnetization, 
of the magnet. If it is magnetized to 
saturation (roughly 75,000 lines per 


square inch), it has the greatest internal. 


magnetomotive force, but, since it cannot 
be used at this flux density, the flux 
density must decrease, and as it does the 
internal magnetomotive force decreases. 
The external magnetomotive force of 
the magnet depends, therefore, on the 
minimum flux density to which it is ever 
subjected, and the external magneto- 
motive force at this flux density is the 
value on the major hysteresis loop (see 
Figure 3). In the magneto described, 
this is a flux density of about 6,000 lines 
per square inch and occurs when the 
magnet cell is removed from the magneto. 
When the magneto is assembled and the 
rotor placed in the position of maximum 
flux through the coil core, the external 
magnetomotive force of the magnet 
drops by the amount of the increase in 
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flux density through the internal re- 
luctance of the magnet. (In the de- 
scribed magneto it drops from about 
850 ampere turns per magnet to about 
625 as the flux density in the magnet 
increases to about 11,500 lines per square 
inch.) 

By estimating the minimum and 
operating flux densities in the magnet, 
the required magnetomotive force per 
unit length in the direction of magne- 
tization can be obtained from the hys- 
teresis curve for the magnet material 
(see Figure 3). The required length of 
magnet is now determined by the re- 
quired external magnetomotive force of 
the magnet. 

It can be seen from the preceding dis- 
cussion that the magnetomotive force 
available at the magnet depends on the 
increase in flux density from minimum 
to operating flux density. The smaller 
this increase in density, the greater the 
magnetomotive force per unit length of 
magnet. This increase in density is 
minimized by using a large magnet 
cross section, as a certain increase in 
total flux gives a smaller increase in 
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Figure 8. Plot of coil-core flux with magneto 
shaft rotation, showing variation in flux change 
from low speed to high speed 


C—Breaker points close 
O—Breaker points open 


flux density. Any part of the leakage 
flux of the magnet which can be kept 
with the magnet at all times will be 
beneficial, as this will reduce the differ- 
ence between minimum and operating 
flux density. 

There are several modifying factors 
that so far have been neglected for the 
sake of simplicity. The first is “overlap,” 
a condition which occurs in magnetos 
producing over about 200 sparks per 
second. If a magneto is capable of charg- 
ing the harness to 12,000 volts, and the 
spark plug breaks down at 4,000 volts, 
most of the energy is still in the magnetic 
circuit, and it is dissipated as current 
flowing through the resistance of the coil 
and the distributor and spark-plug gaps 
(see Figure 4). The time constant of 
this circuit is such that under these 
conditions there is often an appreciable 
current flowing in this circuit when the 
breaker closes in preparation for the next 
spark. When the breaker closes, the time 
constant of the low-voltage winding 
being longer than that of the high- 
voltage winding, the current is trans- 
ferred to the low-voltage winding. This 
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current is in the opposite direction to 
the current which must flow in prepara- 
tion for the next spark, and so it reduces 
the energy available for the next spark. 
Consequently, if the gap is rather large 
on the next spark plug to fire, it may miss. 
This condition can exist easily if there is 
a lead or carbon deposit which decreases 
the breakdown voltage of one spark pltig. 

The remedy for this condition is to 
make the time for decrement of the 
current as long as possible and to make 
the time constant of the circuit as short 
as possible. The former can be accom- 
plished by closing the breaker as late as 
possible in the cycle, and the latter is 
accomplished in some magnetos by using 
a large capacitor in series with the high- 
voltage winding (see Figure 5). 

A second design factor is compensation, 
which has already been mentioned in 
connection with the cam and. breaker 
design. In a compensated magneto the 
sparks occur at a varying point in the 
magnetic cycle. To minimize overlap, 
the interval during which the breaker 
is open is constant in the described 
design. This means that the point of 
closing varies on one spark, and the point 
of opening varies on another, so that the 
interval during which the contacts are 
closed is quite variable, both in length 
and timing to the magnetic wave. For 
this reason, the flux change available for 
some of the sparks is much less than for 
others (see Figure 6). Since the magneto 
must be designed to provide sufficient 
energy on the weakest spark, there should 
be as little variation from spark to spark 
as possible. This can be accomplished by 
making the flux wave as nearly rectangu- 
lar as possible (see Figure 7). In actual 
practice a rectangular flux wave can only 
be approached. By making the width 
of the teeth on the magnet cells as narrow 
as possible and keeping air-gap leakage 
as small as possible, a nearly flat-topped 
wave can be obtained. Since narrowing 
of these teeth increases the tooth flux 
density and therefore decreases the flux 
through the coil core because of satura- 
tion, a balance between these two factors 
must be obtained. 

The third factor is design for cuneate 
voltage at low speeds. It has been stated 
earlier that the total flux change when 
the breaker opens is twice the flux in 
the coil core when the breaker is closed. 
This is only approximately true, since 
energy lost due to current flowing through 
the resistance of the low-voltage winding 
decreases the amount of the flux change 
when the breaker opens. Another way 
to show this is by a plot of the actual 
flux in the coil core with the breaker 
operating, at high and low magneto speeds 
(see Figure 8). * 

To increase the magneto output at low 
speed, therefore, the time constant of 
the low-voltage winding should be made 
long, and the time during which current 
flows should be made short. The former 
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Synopsis: The practicability of using 120- 
volt d-c power in large airplanes has been a 
subject of discussion for some time. This 
paper describes the 120-volt d-c system and 
the equipment used on the Navy flying boat 
Mars, the service requirements, and the 
problems incidental to development and 
design of the components of the system. 
Calculated weights for several arrange- 
ments of generating equipment including 
the installed system are tabulated for com- 
parison and the weight of the installed 120- 
volt d-c system is compared with the weight 
of the 28.6-volt d-c system. A summary 
report on flight tests and service operations 
provides the basis for conclusions relative 
to the practicability of 120-volt direct 
current for large aircraft. 


FPROM the inception of electric equip- 

ment in airplanes to the time of our 
entry into World War II the evolution 
of generating and utilization equipment 
followed a natural developmental trend. 
The first systems were built around a 
six-volt d-c supply and, as the require- 
ments and physical size of airplanes in- 
creased, 12-volt systems* and 24-volt 
‘systems** made their appearances in 
order. During this time the advantages 
of using still higher direct voltages and 
‘single-phase or three-phase alternating 
voltages were generally accepted, but 
‘development in this direction temporarily 
-was retarded upon our entry into the war. 
Notwithstanding the limitations imposed 
on development and manufacturing per- 
‘sonnel and facilities by the war, some 
progress has been shown in the application 
of high voltage to aircraft use, and some 
‘installations have been made and tested. 

Attention has been directed primarily 
‘toward single-phase and three-phase a-c 
‘systems of 800 and 400 cycles, respec- 
tively, because of their advantages over 
high voltage direct current?:*,4 under cer- 
tain conditions but some interest in 120- 
volt d-c systems has been shown.*® 
To the writer’s knowledge only one in- 
stallation of the latter-type system has 
‘been made and then flown for a sufficient 


*Consisting of 12-volt batteries and 15-volt 


generators, 14.25 volts at bus. 
**Consisting of 24-volt batteries and 30-volt 
_ -generators, 28.5 volts at bus. 


time to make a preliminary appraisal 
of its practicability, that on the Navy 
flying boat Mars. 


Historical Background 


The first electric-load studies made on 
the preliminary design of the Mars indi- 
cated that some voltage higher than the 
12-15-volt systems then in common use 
would be advantageous from a weight 
standpoint for the relatively-large loads 
contemplated. Studies were made early 
in 1938 on two electric supply systems 
based on proposed loads for the long- 
range bomber. Because most equip- 
ment at that time was designed for opera- 
tion on 12-15 volts direct current, it was 
considered desirable to use higher volt- 
ages only on equipment which could be 
designed or converted easily and quickly. 
The first system consisted of a 24-30-volt 
d-c supply for motor and heater loads 
and 12-15-volt d-c supply for lights, in- 
struments, signals, and other miscéllane- 
ous equipment. The second system 
differed from the first only by the sub- 
stitution of 120-volt 400-cycle three-phase 
alternating current for 24~-30-volt direct 
current for the motor and heater loads. 
Because it was assumed that the radio 
transmitter and receiver loads would be 
the same for both systems and would be 
supplied from a separate source of 120- 
volt 800-cycle, single-phase alternating 
current and 12-15-volt direct current, 
calculations did not include weights for 
any radio power supply. Generators in 
both systems were to be driven by auxil- 
iary power plants. From these studies 
it was determined that the system using 
24-30-volt d-c supply for motor and 
heater loads would weigh approximately 
825 pounds more than that using 120-volt 
400-cycle three-phase a-c supply. Fur- 
ther. studies of weights and operating 
characteristics showed that 120-volt di- 
rect current for motor and heater loads 
possessed advantages over the proposed 
120-volt 400-cycle three-phase alternat- 
ing current, and in July 1939 a decision 
was made in favor of a complete dual- 
voltage d-c system comprising 120-volt 
and 30-volt d-c generators and 24-volt 


-ean be accomplished by using as much 
copper as possible in the low-voltage 
winding and keeping the resistance of 
the breaker plate and connections at a 
“minimum. The latter can be accom- 
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plished by making the breaker closed 
interval short and having the flux wave 
as nearly rectangular as possible, as has 
already been discussed in connection with 
compensation. 
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batteries. The change from 15-volt to 
30-volt d-c generators was concurrent 
with a general movement in the aviation 
industry toward the higher voltage; this 
movement made available the necessary 
instruments, radio equipment, and so 
forth, designed to operate from a 28.5- 
volt bus. Provision for separate power 
supply for radio was eliminated. 

Final decision on the 120-volt d-c sys- 
tem in preference to the 120-volt a-c sys- 
tem was based on several considerations: 


1. The a-c system suffered a heavy weight 
penalty because of the necessity of supply- 
ing full electrical demand at altitude from 
auxiliary power plants. In contrast, the 
high-voltage d-c system provided a means of 
deriving most if not all of the electric power 
required in flight from the main engines, a 
procedure which at that time was not con- 
sidered feasible in the case of the a-c system. 


2. The torque-speed characteristics of d-c 
motors were known to be satisfactory for all 
applications involved, whereas little in- 
formation was available on high-frequency 
a-c motors at that time and all such units 
would have required development. 


3. Either main engines or auxiliary power 
plants could be used as prime movers, thus 
securing minimum weight and maximum 
operating economy under moored and flight 
conditions. 

4. Any two or more operating generators 
could be paralleled at any time without re- 
course to elaborate and unproved syn- 
chronizing equipment. 

5. Because of the relatively low operating 
altitude, commutation difficulties and re- 
duced brush life would not be serious.*7 

6. The possibility of arc-rupturing prob- 
lems would not become acute.* 


This d-c dual-voltage system was de- 
veloped and installed in the Mars, and it 
is the purpose of this paper to discuss the 
120-volt portion of the system based on 
the actual installation and operating 
data relative to its applicability to this 
airplane. : 


Service Requirements 


To obtain an idea of the electrical serv- 
ice requirements on the Mars, a short 
description of the airplane and its design 
characteristics will assist in clarifying the 
utility of the electric system. 

The Mars is a four-engine Navy flying 
boat designed primarily as a long-range 
bomber but later converted to a long- 


Paper 44-203, recommended by the AIEE com- 
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Flexible drive 


Enqing adapter 


Figure 1. Subassemblies of speed-increasing 
gear box drive for main-engine 120-volt d-c 
and 28.5-volt d-c generators 


ratio 2.7:1, generator-speed 
5,600 to 11,200 rpm 


Gear 


range 


range cargo transport of 140,000 pounds 
gross weight, 200 feet wing span, and ap- 
proximately 119 feet over-all length. 
The flying range may vary from about 
2,500 to 5,000 miles, and the cruising 
speed from about 125 to 240 miles per 
hour, depending on loading, power, and 
flying altitude. The service ceiling is 
approximately 15,000 feet. 

The items which are connected on the 
120-volt system are listed in Table I; part 
of the equipment is used only during 
moored operation, part is used only dur- 
ing flight, and some of the items are used 
during both moored and flight operation. 

Since most aircraft instruments, pro- 
peller controls, and other accessory equip- 
ment already had been designed to oper- 
ate on 28.5 volts and had been proved in 
service, no attempt was made to convert 
any of these items for 120-volt operation. 


Generators 


Economical generation of power for 
moored and flight electric loads of the 
long-range bomber, with provisions for 
reliability and standby capacity, necessi- 
tated the installation of both main-engine 
and auxiliary-engine generators. De- 
sign ratings of main-engine generators 
were fixed by the maximum load require- 
ments of the bomber version for flight, 
and allowance was made for approxi- 
mately 25 per cent spare capacity, or, 
under emergency conditions, by one main- 
engine generator and one auxiliary-engine 
generator with approximately ten per 
cent spare capacity. 

Thus the total 120-volt generating ca- 
pacity of the present airplane, based on 
the bomber requirements, comprises the 
potential output of four specially designed 
generators, two of which are driven by 
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Gearbox 


120- volt Generator 
Mode! No. 2CM53A1 


Air 
285-volt Generator. - 
Model Nezcmesar eke 


main engines and two by Lawrance auxil 
iary internal-combustion engines. 

The removal of several relatively large 
turret motors and the addition of the 
flight-controls boost hydraulic pumps 
during conversion to the present type of 
airplane resulted in a net decrease in the 
maximum load. Because of this and be- 
cause the probability of generator failure 
is less on this type of airplane, generator 
capacity is more than adequate to carry 
the present loads when compared with 
the total capacity of systems used on 
other airplanes of this type. 


MaIn-ENGINE GENERATORS 


In the case of the main-engine genera- 
tors, the space available for accessory 
mounting on the rear of the engines is 
limited, and the generator take-off 
mounting flange is limited to a maximum 
bending moment which precluded the 
direct installation of a single dual-voltage 
generator or two single-voltage generators 


Figure 2. Speed-in- 
creasing gearbox, 
generators, and flexi- 
ble drive shaft in 
position in nacelle 
before installation of 
engine 
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without changing the engine design. In 
addition, it was necessary to employ a 
step-up gearbox because of the low ratio 
available at the accessory drive pads. 
To circumvent these conditions one 120- 
volt generator and one 30-volt generator 
were mounted on a speed-increasing gear- 
box remotely coupled to the generator 
drive pad on the rear of the engine by 
means of a flexible shaft, Figure 1 and 
Figure 2. 

The 120-volt generators are square- 
frame four-pole fully compensated com- 
mutating-field units having the following 
ratings: 8.75 kw, continuous; 14.50 kw, 
five minutes; and 17.25 kw five seconds; 
for a generator speed range between 5,600 
and 11,200 rpm, and a reduced continu- 
ous rating of 6.25 kw at 4,200 rpm. 
These generator speeds correspond to 
60, 120, and 45 per cent of rated engine 
speed, respectively. However, operation 
over the entire design speed range is not 
being realized because of voltage-regula- 
tor limitations, and at present the design 
ratings are obtained for a speed range 
between 7,200 and 11,200 rpm with a 
reduced continuous rating of 6.25 kw 
at 5,760 rpm. 

These units were specially designed by 
the General Electric Company for this 
application, and their ratings are based 
on cooling by an air-blast pressure of 
three inches of water. The fact that the 
generators were designed to operate at 
this low pressure (which pressure was ini- 
tially considered to be the maximum ob- 
tainable for the design speed of the air- 
plane) and over a wide engine-speed 
range is responsible for the large weight 
per kilowatt. It has since been found 
that a ram pressure of six inches of water 
is available and that the original wide 
design-speed range is not required. Both 
of these factors would contribute to a 
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reduction of generator weight if redesign 
were contemplated. 

Two remote-driven main-engine gen- 
erator units as already described are 
used, one on engine 2 and the other on 
engine 4, 


AUXILIARY-ENGINE GENERATORS 


Each auxiliary-engine generating unit 
consists of dual field structures in a single 
frame and dual armatures on a common 
shaft, and is constructed to function elec- 
trically as two independent generators 
at 120 and 30 volts with separate voltage 


‘regulators and reverse-current relays, 


Figure 3. The two armatures are driven 
simultaneously by a vertical-shaft five- 
cylinder Lawrance internal-combustion 
engine. 

These dual-voltage units were specially 
designed for this installation by the Gen- 
eral Electric Company and the 120-volt 
sections are four-pole fully compensated 
commutating-pole type with ratings as 
follow: 6.75 kw continuous and 10.12 kw 
for five minutes at a generator speed of 
4,000 rpm. 

The 30-volt section also serves as a 
starting motor for the auxiliary engine, 
receiving energy from a 24-volt aircraft 
storage battery. 

Two auxiliary-power-plant units as 
previously described are used for anchor 
operation and for stand-by capacity in 
flight and are installed in a fume-tight 
compartment in the hull of the airplane to 
facilitate servicing at all times. 


Regulation and Control Equipment 


Complete control of the electric system 
is maintained by the flight engineer. 
Views of the flight engineer’s panel are 
shown in Figures 4A and 4B; all 120-volt 
controls are mounted on the right-hand 
section, and all 28.6-volt controls in 
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Figure 3. Auxiliary-power-plant dual-volt- 
age 120-28.5-volt d-c generator for vertical- 
shaft operation at 4,000 rpm 


addition to ammeters and voltmeters 
for both systems are mounted on the ad- 
jacent section. The ammeter and con- 
trol switch attached to the lower right- 
hand side of the 120-volt panel are for an 
additional 30-volt generator mounted 
on engine 3. The compartment below 
and in front of the 120-volt panel and a 
similar one directly behind contain all 
voltage regulators and reverse-current 
relays for the main-engine and auxiliary- 
engine generators. This arrangement 


Figures 4A and 4B. Flight engineer's panel 

with 120-volt d-c controls on large right-hand 

section and 28.6-volt d-c controls on the 
adjacent section 


facilitates adjustment during trial par- 
alleling tests and also during periodic and 
emergency servicing. In addition to the 
120-volt regulating equipment, these 
compartments also contain the 28.6-volt 
regulating equipment, and necessary ven- 
tilation is supplied by four centrifugal 
blowers directly connected to the 30-volt- 
generator terminals so that they are on at 
all times during generator operation and 
require no attention by the flight engi- 
neer. The 120-volt regulators, reverse- 
current relays, and all motor controllers 
are specially designed, but all circuit 
breakers and switches are standard stock 
items with the exception of the fuel-pump 
relays and the general hydraulic-system 
pressure-maintaining switch. 

Voltage regulators for the specially 
built 120-volt main-engine generators are 
adaptations of standard low-voltage Gen- 
eral Electric finger-type units. Initially, 
each 120-volt unit consisted of three rows 
of contact fingers, totaling 30, which 
were actuated in sequence by the arma- 
ture of a voltage-sensitive coil in order 
to vary the regulating resistance. These 
units, in initial tests, appeared to operate 
satisfactorily, but after the first flights 
routine inspections frequently revealed 
that contact fingers were burned off, al- 
though no reports of unsatisfactory 
operation were ever made. The facts 
that the regulators were used on high 
voltage, that the generator capacity was 
exceptionally high (17.25 kw for five 
seconds), and that the speed range was 
large (2.6 to 1) were all considered, but 
it was finally concluded that improper 
sequence of operation of the fingers was 
the cause of their burning off. It should 
be noted that the finger contacts were 
handling approximately maximum safe 
wattage and that any deviation from the 
proper sequence caused the fingers to 
insert two or three times as much resist- 
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Figure 5. Perspective view showing location 
of 120-volt d-c equipment and distribution 
cables in the Mars 


A—Wing-float receptacle 

B—To 120-volt generator 
C—Nacelle junction box 4 
D—Flight engineer's control panel 
E—Cargo-hoist motor 

F—General hydraulic-pump motor 


G—Distribution box, auxiliary-power-plant 
compartment 
H—Hydraulic-control booster pump motors 
(2) 


I—To auxiliary-power-plant generators 
J—Grill receptacles (3) 
K—A\t ventilation motor 
l—Galley receptacles (2) 
M—Refrigerator receptacle 
N—Nacelle junction box 2 
O—Condensate pump motor 
P—Fuel-pump motors (2) 
Q—Bilge-pump motor 
R—Receptacles, officer’s stateroom 
S—Vacuum-pump motors (2) 
T—Forward-vent motor 
U—Anchor-winch motor 


ance as they were designed to handle 
which resulted in sustained arcs and 
consequent burning of contact fingers. 
To provide more positive sequencing of 
fingers, thus eliminating the effects of 
vibration, accumulations of dust, and so 
forth, would require a greater total mo- 
tion of the finger-lifting bar, which was 
not obtainable without special develop- 
ment of a stronger moving system. The 
urgency of the units precluded the possi- 
bility of special development, and it was 
decided to revert to a unit with the nor- 
mal number of 24 fingers in order to ob- 
tain more lift between fingers. However, 
to adapt these units to this application it 
was necessary to control the same amount 
of resistance with 80 per cent of the former 
number of steps, and, since no substan- 
tial increase in resistance per step at the 
high-current end of the stack was pos- 
sible, it was necessary to make very large 
increases in resistance per step at the low- 
current end. These large resistance 
steps on the low-current end of the stack 
caused relatively large voltage changes, 
approximately 1 to 11/2 volts, when the 
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generators were operating near the upper 
end of the speed range. For single-gen- 
erator operation this degree of regulation 
would not have been overly objectionable, 
but during parallel operation this rough 
regulation caused the reverse-current re- 
lays to chatter almost continuously, espe- 
cially when the total load was small. 

As a result of power-plant and other 
developmental changes of the airplane up 
to the time of this trouble, the lower limit 
of normal engine-speed range was raised 
appreciably, thus eliminating the neces- 
sity for regulating voltage over the ex- 
ceptionally large generator-speed range. 
The reduction in required regulating 
range alleviated the difficulty, since it 
permitted the interposition of a fixed 
resistor in the field circuit which limited 
the maximum field current to approxi- 
mately 60 per cent of its former value. 
It also allowed increases in resistance 
per step on the high-current end of the 
stack to approximately 250 per cent of 
their former value without exceeding the 


generation and dis- 


- “ 
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maximum wattage per finger contact. 
These larger resistance steps at the high- 
current end of the stack completely elimi- 
nated the necessity for the objectionable 
large steps at the low-current end. With 
the changes described, the 24-finger main- 
engine-generator regulators now function 
smoothly over the reduced speed range 
with generators operating either singly or 
in parallel. Ratings for the reduced speed 
range are shown in Table I for the present 
main-engine generator—-regulator combi- 
nation. Similarly designed regulators for 
the constant-speed auxiliary-power-plant 
generators operate satisfactorily. 

The starter for the flight-controls 
boost-hydraulic-pump motor received 
special attention because under heavy 
loads and with low temperature it was 
thought that the motor might not come 
up to speed in a reasonable time and that 
this would be injurious to the counter- 
electromotive-force starter. An assembly 
with the desired time-delay characteris- 
tics was made, using commercial stock 
parts, which stepped up the voltage ap- 
plied to the motor after fixed intervals of 
time, regardless of motor speed. Later, 
the time-delay features were found un- 
necessary and a carbon-pile counter-elec- 
tromotive-force starter of approximately 
one-fourth the weight was substituted, 
and this has served very satisfactorily. 

Tests on the generating system showed 
erratic and unpredictable operation of 
the reverse-current relays, which were 
specially designed for this application. 
Investigation revealed that stray flux 
from the contactor coils of the four relays, 
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Table I. 


120-Volt D-C Equipment and System Load Conditions 


Units Moored 
Operating Seconds Operations Prepa- Flight 
Amperes Number Simul- Per Per Hr Normal ration Starting Take-Off Land Cruise 
Item Per Unit of Units taneously Operation Per Unit 1ois 1 Hr 30 Min 10 Min 10 Min 1 Hr 
Der ORACRE OU ROISE <0 522/25 ..c die v in eines oe ens (Wis beg Sota Dee Severe Ul Pert sae TON ein ete ahee~ Ges arccaageralapulsen state 42.1 
Mater anchor iwinch..... 5.0.00. 0c.ssere LBD rcere re Dieters setts Dai ee SOO Sere cists 1 Ber he Od OPO hd Oo nod 13.5 
Wovor PRP PUMP. . 5.52 cece sence ees Ag, leva tenable Disgcretaiere PIER Ors AAS (ORE oe ee (Os SAR COE a tC ETL SiOracce: S20 erie 805,057 860 
Motor general hydraulic pump.......... ABA Maes vhs Detain Os Soba santos Sa) Stster eFC OR REGAN. aierais elvis. s EARS Ol nmrance he wrosinscts. cise ¥48. 00045 *48.0 
Motor ventilation blower............... GO tetas Diets aaa TOKeiakaree eters (ideo AOnon Ceara aes 650, GrOiaie wot GO tates GOer gaa 6.0 12.0 
Motor hydraulic-pump auto pilot........ TiO cate SD eiayet sieve EIS M, tosa ti ceeke Srieeminiee 2 Ore sttakeiclate SPS Aare CL NRIGT CPLA eicacce aac, Oe ndere o aval a, poate wielsvesainte 7.0 
Motor-bilge pump, fixed................ Din OW eraveres fa 1 OOS NO epee 5 (rage aonela Cero vataiels BOs sree oars SiOx peta 3.0 
Motor bilge pump, portable............. biG Ugees Aig Peretaet INE Lis Bic coattya LOimist per hr- 5.6.0 os... SO SO OR 3.0 
Motor heater controls and condensate 
PMIRIPEREP Sts Vin i0 [sso 6 6s ove wee ele Gist omen Cae: Serene iE Can I acted et Casio rnrcrentet: (22 ee 1 Mig Meiaic.c an Lis eee ate (ORG bar Be a Savana rane 7.4.. 7.4 
Motor flight-controls boost hydraulic 
BREEN a cis, ss. o, os5k vce wie sl ovengsejecei ye LBC ieee Qenvae sd » UOrEah ne tderee COTA harcaaceae Crea gicls Ante aiaia'le ab nrstonehevatene iene oma wits alc BS ee ee Doe dewlee Lowe 
MVIRIEOESTOIDICCLALON:, 5 scree, i eee steele viehaee AE eee Lotiosteens 1B” se REO GOO se eapetecs, « Doaniitencte Qide's Diemideteione Dire neater DID tates Beau PHt3} 
SIMMER Follp 5 5685s ule we aluincens «ee gigi Seis bers Site retaat MEO Dirge ts ec Moers aan tar Peas Gon utes Py ea PMNS ei Neh, Fah (aia ate, avs bat tbe va okies 27.3 
RM RMREIION AS op x sx u,js ie ses'tat Oo) aie, ye) ils is ian PAL eres PEE PIES ROR Dives 3 Greco et icaye Oe 8.2.. See ae ee chair ores ite Kram a ha end Soairanae Pee As 8.2 
Spee NOSE LI AEN ps UTLPICEES 5 oie pos test fel oih oi ads dials hue es Ros P oes clare ans s(Dialet ri elacsGiaw p Wins eee Sele 02 4 o'> CLAD Gains os Ase aerate ars LOS. a= = 105.1....88.9 
Short-time peak (rms first 5 minutes), 
SR eet b FU CGE <n 9-1 cate fact sans, 6 salted Cea clal ars ete toy evevapale AERP ts po ek at's; ajeyc cha coPaye| ahs (erate: wae va caleenh § 57.5 TATA Biss 43.2 
SME PEC EREYER TOC, (ELESIPVET ES c1 60a. or airucio)syee-l'ai esa alse vin Cfevariad> ioe alle in: aearePe rater ola u/A(e'n\’o)e¥erbiele mr aletelsi scalelginise s 53.2 MAROReiice 26.0 
Short-time peak (rms first 2 minutes), 
ee i 8 OO ne OT AO EICLOS COU OID Gr Oise ribs (DE Or cIiris BCID OO UB IC HIOIDIIOM.HUIOIS 6 CCID COICUTCIO OO COLOR OTOCIC COCR Ten Ri iierea STAR oe 84.6....88.9 
eR TEES TEP OLLO LL ATT DELES eye luite ts is e's+ asp /a7s<atels silo) eiaer ete isiia/ Ahetavergy pravevala tera renelia loie%e' ee) aie) viaje (eisters silaje e¥oets\o vlsie.eie €.s\eiavozvie\e ve ieys' vi efeve/a: wis 0 vie GO ae HY (OO HA sf 
Total connected load, amperes......... 274.5 
Total connected generating capacity, 
PEND a ariie ayn.s hcl te! <\vi6 ss eles’ 258.0 


C—Continuous. 


* Preparation—14 operations; take-off—2 operations; land—2 operations. 


Generator Ratings: 
Main-engine 120-volt d-c generator 


7,200 to 11,200 rpm corresponding to 75 per cent to 117 per cent rated engine rpm 


Continuous 8.75 kw =73 amperes 
Five minutes 14.50 kw=121 amperes 
Five seconds 17.25 kw = 144 amperes 


5,760 rpm corresponding to 60 per cent rated engine rpm 


Continuous 6.25 kw=52 amperes 
Five seconds 7.50 kw =62 amperes 


Auxiliary-engine 120-volt d-c generator 4,000 rpm 


Continuous 6.75 kw =56 amperes 
Five minutes 10.12 kw=84 amperes 


which were assembled on a common panel, 
caused any one relay contactor to in- 
fluence the pickup and dropout voltages 
of adjacent relays. The character of in- 
fluence was dependent on their relative 
location. Although magnetic shielding 
was rather ineffective, more satisfactory 
operation was obtained by lowering the 
pickup voltage of the pilot contacts. 

It was found necessary to provide ram- 
air-pressure cooling to the flight-controls 
boost hydraulic motors in order to pre- 
vent overheating under normal opera- 
tion. Overheating was attributed to the 
location of the motors, since it was im- 
perative to provide completely enclosed 
explosion-proof units. In this connection 
future designs will locate motors in 
spaces free from fumes, thus reducing 
weight by eliminating cooling accessories. 

The design of the fuel-pump relays 
and the hydraulic-pressure switch only in- 
volved functional features adaptable to 
the specific applications. 


Distribution and Feeder System 


The 120-volt distribution and feeder 
system was designed as a two-wire un- 
grounded system in conformance with 
Navy specifications, supposedly as a pre- 
caution against injury to operating and 
servicing personnel,’ while the 28.6-volt 
system followed the conventional single- 
wire ground-return design. 

The disposition of loads and the ap- 
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proximate relative lengths of feeders for 
the 120-volt system are shown in Figures 
5 and 6. All cables are completely pro- 
tected and, wherever practicable, 120- 
volt cables and 28.6-volt cables are run 
in common conduits and ducts. 


Utilization Equipment 


As noted in Table I, fixed equipment 
consists of 15 motors and three grills 
with portable equipment consisting of 
one motor and two percolators. Of 
these motors, the cargo hoist, general 
hydraulic pump, anchor winch, and sur- 
face-controls boost hydraulic pump are 
large enough to require starting devices, 
all of the! counter electromotive-force 
type, the first three being step-resistance 
units and the last a carbon-pile unit us- 
ing much the same basic construction 
as the now familiar carbon-pile voltage 
regulators used in conjunction with 
standard 30-volt generators. Operating 
coils for all relays and contactors in the 
120-volt system are energized from 28.6- 
volt control circuits. 

All motors and other 120-volt power- 
consuming equipment are of special de- 
sign for aircraft application with the ex- 
ception of grills and percolators which 
are standard stock items. 


Radio Interference 


Responsibility for the radio installation 
and its operation was assumed by the 
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Navy, and the urgency of aerodynamic 
and operational flight-test data interfered 
with routine measurements correlating 
electric-equipment wiring and operation 
with radio performance. The presence of 
numerous temporary flight-test-measure- 
ment circuits in the airplane and normal 
high ambient interference level prevented 
anything but a superficial ground check 
on main-engine and auxiliary-power-plant 
ignition and power-circuit influence volt- 
ages. This check revealed defective in- 
stallations of the main-engine and auxil- 
iary-engine ignition systems which were 
satisfactorily corrected, but indicated 
almost negligible influence voltages from 
the 120-volt and 28.6-volt power systems. 
Detailed reports on radio performance 
have not been received since the airplane 
was put into regular service, but informal 
statements indicate no unusual difficul- 
ties. 


Operating Conditions 


With the possible exception of periods 
near the end of an unusually long flight, 
the main-engine speeds will vary from 
2,800 rpm at take-off to approximately 
1,800 rpm during normal cruising. Near 
the completion of long flights the lower 
limit of engine speed may be reduced to 
approximately 1,600 rpm, a speed dic- 
tated by resonance characteristics of 
engines and mechanical structure and 
not by aerodynamic considerations. 
Thus, during normal flight, with an over- 
all step-up gear ratio of 4.01:1, the main- 
engine-generator speed range is between 
7,200 and 11,200 rpm and at the end of a 
long flight the minimum speed may drop 
to about 6,400 rpm. With the installed 
main-engine generators and voltage regu- 
lators rated power output obtains under 
normal flight conditions, but operation at 
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6,400 rpm results in reduced output as 
noted on Table I. 

During take-off and landing it is com- 
mon practice to operate either one or both 
auxiliary-power-plant generators in paral- 
lel with the main-engine generators, thus 
providing standby capacity in the event 
of a main-engine-generator failure, but 
during cruise auxiliary power plants are 
normally inoperative. 

Each generator voltage is regulated at 
the generator terminals of its respective 
reverse-current relay. Load division be- 
tween paralleled generators obtains as a 
function of voltage-drop differentials be- 
tween paralleling resistors which are con- 
nected across the generator compensating 
and commutating fields. The taps on the 
paralleling resistors are adjusted so that, 
with two or more generators paralleled, 
the total load is divided approximately in 
proportion to the ratings of the operating 
machines. 

Maximum demand, short-time peak, 
and rms value for balance of period, as 


Weight Studies 


In 1939 prior to the final selection of the 
all d-c system now in use, weight studies 
were made on several power-supply sys- 
tems to determine the one considered 
most practicable for this application. 
Practicability was based almost entirely 
on weight and reliability with space re- 
ceiving secondary consideration. (Since 
the electric system for this airplane was 
conceived to provide power for armament 
equipment, the reliability factor was of 
major importance.) 

Weight studies were based on horse- 
power requirements for maximum flight 
and moored loads with compensation for 
generator and gear efficiencies and in- 
cluded weights of prime movers, gearing, 
generators, mountings, fuel and oil sys- 
tems, cooling systems, wiring ducting, and 
controls. Table III shows calculated 
weights of the several systems based on 
requirements as noted in Table II, each 
of which includes the total weights of the 
120-volt and 28.6-volt systems up to the 


Table Il. Power Requirements for Weight Studies 


———————— —= 


A. Maximum Power Requirements Used in Weight Studies 


Start Run 


a 


Average Peak* Maximum Average 
120-Volt D-C 28.6-Volt D-C 
Moored load........ 27.04kw..... 14.63kw..... 8.14kw...... 9.29 ee es SLO evs eto 3.52 kw 
Flight load.......... 51 OL kew ves 2) .48kwewies 10.95kw....... 9 2LEW 23 Fes 120K We elas 5.15 kw 
120-Volt 3-Phase 400-Cycle A-C 28.6-Volt D-C 
Bight load... viins «s SZC IEW nie orcs 20.3 kw..... LOLS Rew agers se ccieiesbtacers 9.63 kw...... 6.50 kw 
WS'.0 devas. 28.0 kva 15.1 kva 


* It was assumed that the batteries would carry the peak load over and above the maximum load; thus 
peak load was not considered when determining the 28. 6-volt d-c generator ratings. 


B. Calculated Power Requirements of Bomber Version 


120-Volt D-C 


28.6-Volt D-C 
Maximum Demand Rms Maximum Demand Rms 
Moored load.............. US. ewe Me eh nists Siete MONG war viccsi cbcsinaty 7, 66 Kwiacta,s shri 3.18 kw 
Bight loadin x ste vee tecters Ba TS lew ny ser acatecaars 14.0kw LY 22 Kw tose orem 6.16 kw 
C. Actual Power Requirements of Installed System 
Maximum Short-Time Maximum Short-Time 
Demand Peak Rms Demand Peak Rms 
Moored load....... LU cd RW rte ok U7 Rei cewte « 8.9kw...... 8.8kw 6.1k 
Flight load... ..... 13.0kw......: 10.7kw...... 10.5kw..-..., iB dows a eke fk eae 


shown on Table I, are pessimistic values, 
since under the conditions shown values 
are based on the assumption that all items 
which are to be used under a given operat- 
ing condition function simultaneously at 
full rating. In general, this severe condi- 
tion will occur infrequently. Inrush cur- 
rents caused by the usual sequence of 
motor starting for the operating condi- 
tions listed are within the short-time 
rating of the generators normally opera- 
ting; however, short-time capacity is not 
provided for simultaneous starting of all 
equipment as might occur under certain 
emergency conditions, 
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distribution bus but not including the 24- 
volt storage battery which would be the 
same in each case. System 3 has a de- 
cided weight advantage over all other 
d-c—d-c and a-c-d-c systems studied, with 
systems 4 and 2 following in order. It 
will be noted that systems 3 and 4 pro- 
vide 331/; per cent standby flight-gener- 
ated capacity plus the altitude output of 
the auxiliary-power-plant generators and 
no standby capacity under moored con- 
dition. In contrast to this, system 2 pro- 
vides 100 percent standby flight-generated 
capacity plus the altitude output of auxil- 
lary-power-plant generators and 100 per 
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oe vie 


1} 


cent standby under moored condition. 


£s 


The reliability of systems 2, 3, and 4 


when subjected to enemy gunfire may be 
summed up in a few words. One hundred 
per cent capacity would be available in 
any one of the systems after the loss of 
one main-engine generator; yet the 
probability of the loss of a single genera- 
tor is approximately twice as great for 
systems 3 and 4 as it is for system 2. 
The loss of two main-engine generators in 
any one of the systems would necessitate 
operation of at least one of the auxiliary- 
power-plant generators in any case; yet 
the possibility of the loss of the second 
main-engine generator is approximately 
three times as great for systems 3 and 4 
as for system 2. 

The system selected for installation was 
similar to system 2 of the weight study 
using two main-engine generators and 
two auxiliary-power-plant generators, but 
with normal moored and flight standby 
capacities of approximately 25 per cent. 
This system depends on flight operation 
of auxiliary power plants at reduced rat- 
ing for additional emergency standby. 

Weights of distribution and feeder 
cables and utilization equipment and con- 
trols were not included in these studies, 
since the locations of equipment had not 
been fixed. Also, because the weight of 
utilization equipment and length of feeder 


cables varies with the size of the airplane 


and its purpose, and because of the dis- 
similar nature of loads carried on the 
high- and low-voltage systems, weight 
figures on the distribution system external 
to the main distribution bus are of little 
value for general design purposes. 


The dual-voltage installation on the 


Mars lends itself very well to a study of 
weights of the generating systems because 
of the similarity of location of the com- 
ponent elements. 

From Table IV, pounds per kilowatt for 
the 28.6-volt system and the 120-volt 
system are calculated to be 65.6 and 39.0, 
respectively. The weight per kilowatt of 
the combined 28.6- and 120-volt system 
for the Mars is 45.5 pounds, and that for 
system 2 of Table III is 40.6 pounds; 
thus Table III appears to be within 
reasonable limits of accuracy. 


Service Observations 


The opportunity to make direct obser- 
vations of the 120-volt system in flight 
has been limited to those flights made for 
performance test purposes, the total time 


of which was approximately 195 hours. | 


This included a 32-hour nonstop endur- 
ance flight covering 4,600 miles, during 
which four floodlights totaling about five 
kilowatts were operated almost continu- 
ously in addition to the normal loads. 
During these tests the equipment was 
subjected to almost every condition of 
operation normally encountered in flight 
and some conditions which were more 


severe than those normally encountered. 


AIEE TRANSACTIONS — 


Table Ill. Calculated Weights of Several System Combinations 
Generating Units 
Total Weight 
Rating Rating of System 
Systems Studied No. of Each No. of Each (Pounds) 
120-Volt D-C 28.6-Volt D-C 
1A. Total moored or flight load supplied by 
‘either of two auxiliary power plants*............ Zitenleie 11.50kw..... Dat ets 0 OeOOMK Wii ees ces 2,650 
18. Total moored or flight load supplied by 
any two of three auxiliary power plants*........ Boke ete 5.75 kw..... Sib tise OKs at afin, hele 2,566 
2. Total moored load supplied by either of 
two auxiliary power plants.*..............0005 Ae em 5 8.60 kw..... 2.002. .0. 70 kw 
Total flight load supplied by either of two 
Main-engine generators**,.........00eeeceeece Diet Sore LL b0 kw. SD shetateyer= MOE Ws siete avers ane 2,382 
8. Total moored load supplied by two auxil- 
SMOG WOE DIADtS® 5... sisi cies weainiseceueee sale Disiatelots 4.30kw..... Dein ere 1.85 kw 
Total flight load supplied by any three of 
four main-engine generators**...............6.. Ce 3.85 kw..... BN weft TOQUE Wil terale sein 1,872 
4. Total moored load supplied by two auxil- 
8 0s ES 6 aa Dees 4.30kw..... Dike deters 1.85 kw 
Total flight load supplied by any three of 
four exhaust turbogenerators #.............0+5 OCC. 3.85kw..... AS tine PESO RVR A eto cax 2,352 
120-Volt 3-Phase 
400-Cycle A-C## 28.6-Volt D-C 
5A. Total moored and flight loads supplied 15.9 kva 
by either of two auxiliary power plants*........ iabevarele 11.4kw ..... meat ais sileig GO S5-Kws vaste cere 2,493 
5B. Total moored or flight loads supplied by 7.5 kva 
any two of three auxiliary power plants*........ Dic seks biT-Rwe' is ues BAe den CAS KW ois cee da 2,465 
120-Volt D-C 28.6-Volt D-C 
6. System selected for installation 
Total moored load supplied by two auxiliary 
NP RETO sd ein: o ecb lg) spss a Biers Bio's & Sale og ve eiiats tide 6.75 kw..:... Qivereatets 2.00 kw 
Total flight load supplied by two main-engine 
SUT eRe ic sl duieues nea yak kee ewe Drialrapte 8.75 kw...... DET nts SVOOK ws sitic svn 1,866T 


* Each auxiliary power plant driving one 120-volt generator and one 28.6-volt generator. 


Auxiliary power 


plants for flight operation were considered to give rated output at 22,000 feet. 


** Bach main engine driving one 120-volt generator and one 28, 6-volt generator. 


# Each turbogenerator consisting of one 120-volt generator and one 28.6-volt generator. 


## The use of alternating current necessitated redivision of loads between high- and low-voltage systems. 


+ To facilitate comparison this weight does not include a 28.5-volt P-2 generator, installed on engine 3 and 


its accessories. 


Smooth- and rough-water taxiing and 
take-off; dives; climbs; operation at 
16,000 feet altitude; and two-, three-, 
and four-engine performance with various 
power values were among the more severe 
conditions of operation. Performance of 
the 120-volt equipment was reported 
satisfactory under all conditions. 

After delivery of the airplane to the 
Navy in November of 1943, one nonstop 
trial flight was made from Patuxent, Md., 
to Natal, Brazil, a distance of about 4,300 
miles with a mail load of 13,000 pounds; 
the return trip was broken up into several 
hops. Assigned to the Naval Air Trans- 
port Service, the Mars has been engaged 
in flights between Alameda, Calif., and 
Pearl Harbor, Hawaii, a round-trip dis- 
tance of approximately 4,800 miles. With 
the exception of a mechanical failure in 
the shaft of one of the auxiliary-power- 
plant generator units, improper repair of 
which resulted in damage to the 120-volt 
field of that unit, the 120-volt system 
has functioned in a generally satisfactory 
manner. Neither of these failures can be 
attributed directly to failure of the 
120-volt system to meet the service re- 


quirements but rather to mechanical 


design deficiencies which may be cor- 
rected with further operating experience. 
The voltage-regulator design has not 
proved completely foolproof, and occa- 
sional faulty operation is reported. How- 
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ever, unsatisfactory performance of these 
units often has been traced to careless 
treatment by personnel. 

For comparison, it can be said that less 
trouble has been experienced with 120- 
volt equipment than with the conven- 
tional 28.5-volt equipment on this air- 
plane. 


Conclusions 


Although most of the equipment used 
was specially designed for this installation, 
the fact that it was designed and built in 
1939, 1940, and 1941 should not be over- 
looked. It is reasonable to believe that 
improvements could have been made on 
120-volt d-c equipment comparable to 
those that have been made on 28.5-volt 
d-c equipment since that time with corre- 
sponding weight reductions and better 
operating characteristics. As an exam- 
ple, the main-engine generators are ex- 
cessively large and heavy for the kilowatt 
rating, because initial calculations showed 
that at the design speed of the airplane 
the ram air pressure available for cooling 
at the generator intake would be limited 
to approximately three inches of water. 
It since has been found that up to six 
inches of water ram air pressure is avail- 
able at the generators and that only under 
unusual conditions are the limits of the 
speed range approached. 
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Table IV. Weight Comparison of Installed 
120- and 28.6-Volt D-C Generating Systems 
Up to the Distribution Bus 


Pounds 
120 Volt 28.6 Volt 
Items D-C D-C 

Main-engine generators...... 160.00... 65.00 
Flexible shafts, supports, 

gearboxes, ducting......... FAS 2 Deas 
Auxiliary power plants, ac- 

cessories and controls...... *516.24...*152.96 
Auxiliary-power-plant gen- 

erators and mountings..... 250.30... 101.30 

Voltage regulators........... OF 50S 8.40 

Reverse-current relays....... 20.00... 8.00 


Cables and terminals, plugs... 107.44... 213.67 


Conduits, fittings, and 

CIBMIDS Foose oes ro eeh 23.566... 29559 
Junction boxes, pull boxes, 

pressure seals............. 36.40... 36.40 
Ammeters and shunts........ C BAM} 4.16 
Voltmeters “and = selector 

SWICCHES ears niifoahiretiaieva ese OW 74 es 0.59 
Ventilator blowers........... 6.80... 6.80 
Switches and fuses.......... LaZr. 1,45 
DRESISEGTS dem einictnelnlssaralaioteterels ZL K as 3.60 


SYSECRE a cmb oicrere weralere tre 1,209.68.. 656.30 
Total weight of 120-volt 
and 28.6-volt generating 


BU SEC TAS Sct etaes aic'ova\ ol sfehauatsloterete Me ptistele 1,865.98 
Storage! hatteries . scyec an sleicie pavers srsieiereraiie 72.00 
WUACHION BOXES). -/ccietaicwtatets. sp anetaue Sala 6 7s 1.60 
Battery disconnect and contactor........ 3.86 
Cables and terminals................-5 28.43 
Conduits and: fittings oss tw riaae wave ot 3 4.20 
Ammeterand) SHUpES. <i, os alehs oles oot 0.95 
SSA EL A wieise yn lah iat Miata Pol ae tensions shrek Oa 0.31 


* Weights proportional to kilowatt rating of respec- 
tive generators. 


Based on the conclusions of H. H. 
Viehmann,’ “If absolute safety from acci- 
dental electrocution is thus to be avoided 
in aircraft, the supply voltages must be 
kept below 140 direct current and 35 
alternating current respectively,’’ the two- 
wire ungrounded system as employed in 
this installation is unnecessary from the 
standpoint of safety to personnel and the 
use of a single-wire ground-return system 
would result in reducing the conductor 
weight by almost one half. 

In consideration of these factors and 
from observations made on the installa- 
tion discussed, it is concluded that 120- 
volt d-c systems are practicable from 
weight, reliability, and safety standpoints 
for large commercial airplanes, providing 
the following conditions exist: 


1. The high-voltage d-c system is supple- 
mented by a low-voltage d-c system with 
connected storage battery to provide a 
source of power for engine starting, anchor 
lights, and boarding lights at times when the 
auxiliary engines and main engines are in- 
operative. 


2. The airplane operates at low or medium 
altitudes. 


3. A major portion of the electric load is 
composed of items such as motors and galley 
grills, which readily can be designed to 
utilize 120-volt power. 


Continued development of 120-volt d-c 
equipment to expand the utility and re- 
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Aircraft-Engine-Accessory Vibration 


JOHN TYLER 


NONMEMBER AIEE 


HE vibration of aircraft power-plant 

accessories is one of those orphan 
problems which has been given ‘‘a thor- 
ough tossing around’’ for a good many 
years. For example, when an accessory 
manufacturer finds himself in the midst 
of an epidemic of accessory failures on a 
particular power-plant installation, he 
ustially points to successful operation of 
the same accessory on other power-plant 
installations as proof of the fact that the 
failures are not due to a weakness in the 
accessory ; the engine manufacturer 
points to other installations of the engine 
where the accessories are not in trouble; 
the airplane manufacturer easily proves 
that the airplane does not cause the fail- 
ures. 

Those familiar with aircraft power- 
plant vibration problems will recognize 
that the whole vibrating system must be 
considered in the analysis of the vibra- 
tion of one of the members of the system. 
With the various parts of aircraft power- 
plant installations being built by several 
different manufacturers and designed to 
be interchangeable among other power- 
plant installations, it is not surprising 
that combinations of power-plant parts 
occasionally are put together which have 
unsatisfactory vibration characteristics. 
Since these vibration characteristics are 
not predictable, accessory failures are not 
the result of poor design. They are the 
result of bad luck. 

In past years the only information 
available to guide the airplane manu- 
facturer in his analysis of accessory vibra- 
tion has been the Army—Navy specifica- 
tion which imposed a limit on the over- 


Paper 44-227, recommended by the AIEE com- 
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ATEE Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944. Manuscript 
submitted July 17, 1944; made available for print- 
ing July 28, 1944. 
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Pratt and Whitney Aircraft, East Hartford, Conn. 


hang moment.* Considerable progress 
has been made recently in the analysis of 
the problem by both analytical and ex- 
perimental methods. This paper is pre- 
sented to make available to the aircraft 
industry as a whole and to the accessory 
manufacturers in particular the latest in- 
formation on aircraft power-plant ac- 
cessory vibration. In September 1942, 
Installation Bulletin 15, ‘‘Accessory Vi- 
bration,’ wasissued by Pratt and Whitney 
Aircraft to present data which had been 
accumulated on this subject up to that 
time. 

A philosophy of design also is presented 
which has been in vogue at Pratt and 
Whitney Aircraft for several years and is 
believed to be fairly well accepted by a 
major part of the aircraft industry at the 
present time. 


The Vibration System 


Starters, generators, and cabin super- 
chargers will be considered in this dis- 
cussion. Hydraulic pumps so far have not 
become large enough to require considera- 
tion from the accessory-vibration stand- 
point. Tachometers mounted on the 
engine by means of adapters have had vi- 
bration trouble, but solution was simple 
—eliminate the adapter. From the power- 
plant vibration standpoint, starters, 
generators, and cabin superchargers are 
so much alike that we need not differ- 
entiate among them. They are all small 
relative to the engine, and all have 
natural frequencies in bending with re- 
spect to the engine in the same frequency 
range. 

The vibration system to be considered 
is shown in Figure 1. It will be noted 
that only bending deflections are being 
considered. The engine is the largest 


* Overhang moment equals weight of accessory 
times the distance of the center of gravity of the 
accessory from the mounting face. 


duce equipment weights will increase the 
advantages for applications of this type. 
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mass, and the propeller is the next largest. 
The propeller shaft and the propeller 
blades are the most important springs 
in the system. The vibration of the 
engine—-propeller system is usually in- 
dependent of the accessories on the rear 
end of the engine. However, if a natural 
frequency of the accessory with respect 
to the engine happens to be close to”a 
natural frequency of the engine—propeller 
system, the engine—propeller vibration 
will be modified appreciably by the pres- 
ence of the accessory. Thus the accessory 
excitation, which is the engine-propeller 
vibration, may be studied without con- 
sideration of the accessories used, with 
reasonable accuracy with the exception 
already noted. 


Engine—Propeller Vibration 


The propeller selected for each air- 
plane installation is usually the result of 
several compromises involving airplane 
performance, engine cooling, propeller 
weight, propeller-blade stress, airplane 
vibration, and so forth. The savings in 
propeller weight made possible by the 
reduction of engine—propeller vibration 
are occasionally on the order of 50 to 150 
pounds per power plant. It so happens 
that for a given mode of vibration of the 
system, the propeller-blade stresses and 
stresses in the accessory attachments are 
approximately proportional to each other, 
For this reason the accessory manufac- 
turer may rest assured that the basic cause 
of accessory vibration, the engine—pro- 
peller vibration, is being considered in the 
selection of the propeller and is being held 
to an absolute minimum. 

The engine-propeller vibrations im- 
portant in accessory-vibration studies 
are modes in which the power plant whirls 
about a node on the thrust line near the 
engine center of gravity at resonance, so 


Figure 1. The vibration 


system 
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that an ellipse, usually a circle, is traced 
in the airplane of the accessory pads. 

The engine—propeller-vibration spec- 
trum, drawn on a scale of engine rpm, is 
a function of 


(a). The vibration spectrum of the propel- 
ler mounted on the propeller shaft. 

(>). The  engine-crankshaft-to-propeller- 
shaft bear ratio. 

(c). The orders of excitation produced by 
the engine. 


The mass of the engine is so large com- 
pared to the propeller mass that varia- 
tions in engine mass have no appreciable 
effect on this vibration spectrum. 

Typical curves of the vibration of the 
engine at the center of the rear cover are 
shown in Figures 2 and 3.t Figure 2 is a 
plot of the data as recorded by the Pratt 
and Whitney Aircraft vibration analyzer 
showing the amplitude of each important 
order of vibration versus rpm of the en- 
gine. Figure 3 is a plot of the amplitude 
of vibration versus frequency, cross- 
plotted from Figure 2, It will be seen 
later that Figure 3 is more convenient 
for checking the accessory excitation 
produced by the power-plant installa- 
tion against the response of the accessory 
installation. 

The accessory manufacturers’ field 
engineers should be interested in the 
curves shown in Figures 2 and 3 which 
represent the accessory excitation for a 
specific installation including a particular 
engine, propeller, and gear ratio. If the 
propeller or gear ratio is changed, the 
curves may be quite different. The 
accessory manufacturers’ field engineers 
should have curves similar to Figures 2 
and 3 for each of his accessory installa- 
tions and should keep track of any 
change in propeller, gear ratio, or, as will 
be discussed later, other accessories on 
the same installation.** 

The accessory engineers who are de- 
veloping accessories to be used on a wide 
variety of engine—propeller combinations 
should use the type of curves shown in 
Figures 4 through 8 as an indication of the 
amount of excitation which the accessory 
may be called upon to withstand. The 
curves may be identified as follows: 
Figure 4—early -1830 power-plant 
installations, Figure 5—revised R-1830 
power-plant installations, Figure 6— 
R-2000 power-plant installations, and 
Figures 7 and 8—R-2800 power-plant 
installations. 

The difference between the early and 
the revised models of R-1830 engines is 
that the latter incorporates modifica- 


+ The vibration curves are plotted as double ampli- 
tude (for no good reason except that we got started 
that way). 

** Pratt and Whitney Aircraft has established the 
practice of presenting curves similar to Figure 2 in 
reports to airplane manufacturers covering vibra- 
tion tests on power-plant installations, with a recom- 
mendation that copies of these curves be passed on 
to all accessory manufacturers who may be re- 
quested to supply accessories for the installation 
tested. This policy was established in September 
1940 and has been followed ever since. 
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Figure 2. Typical vibration-frequency spec- 
trum of R-1830 power-plant installation 


Motion of the rear-cover face 


tions which are designed especially for the 
purpose of reducing 2!/,-order propeller- 
blade stresses. The corresponding re- 
duction in engine-propeller vibration, and 
so forth, was extremely helpful from the 
standpoint of accessory vibration. It 
might be concluded from this that, with 
further improvements in the engine along 
the same or similar lines, the amplitude of 
vibration of the engine could be expected 
to be reduced step by step. To date this 
has not been the case. As soon as a 
change is made to reduce propeller vibra- 
tion, the propeller is lightened to take 
advantage of the reduced vibration 
stresses and the engine-vibration ampli- 
tudes and propeller-blade stresses come 
back again to the limiting propeller-blade- 
stressrange. This is good design practice 
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since it results in the lightest power-plant 
installation. However, for this reason 
we cannot hold out any hope to the ac- 
cessory manufacturer for smaller ampli- 
tudes of engine vibration in this frequency 
range so long as present-type conventional 
engines and propellers are in use. On the 
other hand, it is unlikely that the am- 
plitudes of engine—propeller vibration will 
be allowed to exceed those shown in 
Figure 4 where the propeller-blade stresses 
were just over the limit. Exceptions to 
this rule may be encountered if (a) the 
fatigue strength of propeller-blade ma- 
terial is increased or (b) the vibration 
characteristics of the blades changed to 
such an extent that new modes of engine— 
propeller vibration are introduced into 
the operating speed range. However, 
this is merely crystal gazing and should 
not be taken too seriously by engineers 
designing accessories to be mounted on 
power plants now in use or in the develop- 
ment stage. 
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In general the largest excitations for 
the 14- and 18-cylinder radial engines 
are 21/, and 31/2 orders, respectively. 
The exciting frequencies of these orders 
for these engines at their maximum rated 
speeds are 6,750 and 9,450 cycles per min- 
ute, respectively.f In Figure 4 ampli- 
tudes over 0.020 inch are ercountered in 
three installations. In one the curve 
peaks at 6,750 cycles per minute and in 
another at 6,250 cycles per minute. The 
difference between these two installations 
is that the latter has a slightly larger- 


{In the case of the R-1830 tests, data were taken 
up to engine speeds of 2,800 rpm although the high- 
est rpm rating is 2,700 rpm. Engine speeds above 
the highest speed at which the engine has a rating 
sometimes are encountered in manuevers or are due 
to faulty operation of the propeller or governor, 
However, operation under these conditions usually 
is limited to relatively short periods of time. If the 
overspeeding is due to faulty controls, it will last 
just long enough to get the power plant back under 
control again. Overspeeding during manuevers 
usually lasts for a matter of three to five seconds 
only, and during this time the overspeeding may 
amount to 20 per cent. 
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Figure 3. Typical vibration-frequency spec- 
trum of R-1830 power-plant installation 


Motion of the rear-cover face 


diameter propeller than the former. If 
progressively larger propellers were used, 
this particular mode of vibration would 
occur at lower and lower frequencies. 
If progressively smaller propellers were 
used, this mode would occur at higher 
frequencies. In general, after an engine 
has been in service very long a variety of 
propellers will have been used on the 
engine, and enough spread will have been 
found in the engine-propeller natural 
frequencies practically to blanket the | 
whole range of excitation produced by the 
engine, 

Beyond 6,750 cycles per minute the 
maximum amplitude of vibration encoun- 
tered in Figure 4 is that resulting from the 
4'/s-order excitation, The amplitudes of 
vibration of the engine at 42/2. order are 
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appreciably lower than those at 2"/2 order. 
Similarly, it will be noted in Figures 7 and 
8 that the 3!/:-order vibration of the R- 
2800 engine is the largest one and extends 
to 9,450 cycles per minute. Above this_ 
frequency the 51/2-order vibration is the 
largest encountered. The 51/9-order am- 
plitudes are much lower than the 31/2- 
order amplitudes. ey 

A chart, Figure 9, showing the engine 
vibration which may be encountered in 
the various frequency ranges, has been 
drawn from the data presented in Figures 
4through 8. The straight lines in Figure 
9 are envelope curves drawn along the 
peaks of the engine-vibration curves. 
They are extended to the minimum fre- 
quencies at which the order of excitation 
is produced on the assumption that dif- 
ferent propellers may be used on the en- 
gine which will raise or lower the engine— 
propeller natural frequencies into this 
range. A comparison of the vibration 
of individual installations in Figures 4 
through 8 will show that the maximum 
amplitudes in many installations do not 
even. approach these envelope curves. 
However, since these amplitudes have 
been encountered in several installations, 
it should be recognized that they may be 
encountered in any installation which has 
not been tested. 

As already pointed out, there is con- 
siderable variation in the amplitudes of 
engine rear covers at resonance for the 
various installations tested. This is 
indicated by the difference between the 
maximum amplitudes on Figures 7 and 
8. Considerable research will be re- 
quired to determine the reasons for this 
variation in engine vibration. Probably 
the two most important factors contribut- 
ing to this large variation in amplitude 
are: 


* 


1. Coupling between the various modes of 
vibration of the system. 


2. Damping within the system and aero- 
dynamic damping of the propeller. 


One example of variation in coupling 
which introduces variation in engine- 
propeller vibration between installations 
is the change in propeller-blade angle 
with air speed. On a ground test stand 
the propeller operates with the blades in a 
relatively low blade-angle setting; 
whereas, in flight, particularly at high 


Table | 
Weight ic i05 fay, eae ee 45.0 Ib | 
Distance of center of gravity from 
fnounting flanigey su. xian een 5,125 in. 


Mass moment of inertia about a 
line through the center of the Six) 
mounting surface. cic. cca pee ues 6.19 lb-in.-see.? 


Natural Frequencies Obtained With These Acces- 
sories ” * ‘ce Meme 
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2. Dummy on R-2800 rear . 
COVERS sinyceaors «xiteat te ena 14,500 cpm 

3. Starter on rigid block...... 11,400 cpm 
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speeds, the blade angles are quite steep to 
accommodate the forward speed of the 
airplane. Changes in pitch produce 
changes in coupling between the bending 
vibration of the propeller blades and the 
whirling vibration of the engine and, 
therefore, changes in the response char- 
acteristics of the engine—propeller system. 
There is never enough information avail- 
able to evaluate the magnitude of all of 
the various factors which produce changes 
in engine—propeller response character- 
istics, but tests show that these effects 
are important. 

From the foregoing, it will be obvious 
to the layman that power-plant-vibra- 
tion analysis is not an exact science. As 
a matter of fact, it is not at all unusual 
to encounter amplitudes of vibration 
twice as large or one half as large as those 
which had been predicted on the basis of 
tests run on other similar installations. 
For this reason a mass of data obtained 
on several different installations is prob- 
ably the safest procedure to follow for ac- 
cessory design and development purposes, 
even though some of the anomalies which 
will be found in the data cannot be 
scientifically explained. 


Accessory Response Characteristics 


Accessories do not ordinarily produce 
any vibration excitation themselves, but 
merely respond to the vibration of their 
support much the same as reed vibrom- 


eters respond to the vibration of the 
machine to which they are attached. 

The response characteristics of an ac- 
cessory are a function of: 


(a). The mass of the accessory. 


(b). The stiffness of the accessory, par- 
ticularly the stiffness of the end of the ac- 
cessory which is attached to the engine. 


(c). The stiffness of the rear cover, par- 
ticularly at the point where the accessory is 
attached. 


(d). The other accessories mounted on the 
rear cover. 


Figure 10 shows in (a) an elastic line for 
a single accessory-rear cover combina- 
tion with respect to the engine, in (b) the 
same for two accessories, and in (c) the 
same for three accessories whose center 
lines lie in the same plane. Other elastic 
lines exist for two and three accessories 
at other frequencies and with other ac- 
cessory arrangements. Starters and ca- 
bin superchargers are usually unsymmet- 
rical, and it is possible to orient them in 
any one of several different positions. It 
is, therefore, obvious that systems fre- 
quently may be encountered which will 
not lend themselves to paper studies. 
In practice it has been found that the 


Figure 8. Engine-vibration spectra of R-2800 
power-plant installations 


Motion measured at rear of engine, sheet 2 
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best way to determine the natural fre- 
quency of accessory—rear-cover combina- 
tions is by installing the accessory with 
the other accessories to be used on the 
rear cover and checking the natural fre- 
quencies experimentally. 

A set of data is presented in Table I 
to give some information regarding the 
stiffness of the rear cover to which the 
accessories are attached. To determine 
the ratio of the stiffness of a typical ac- 
cessory to the stiffness contributed by the 
rear cover, a dummy starter as shown in 
Figure 11b, with a comparatively rigid 
attachment end but with the same di- 
mensions and mass characteristics as the 
real starter shown in Figure lla, was used. 
The natural frequency of a real starter 
when mounted rigidly on a large steel 
block was also determined. The mass 
and dimensional data on both starter 
and dummy are as given in the table. 

These data indicate that the stiffness 
of the dummy starter was very high com- 
pared to the other stiffnesses involved 
and that the stiffness of this particular 
starter was about half of the rear-cover 
stiffness. Other accessory—rear-cover 
combinations obviously have other stiff- 
ness ratios. 

This example indicates that 14,500 
cycles per minute is about the upper 
limit of natural frequency for this starter 
mounted on an R-2800 rear cover. The 


dummy was constructed of steel tubing 
with the mounting flange extending in- 
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ward from the inside diameter, as shown 
in Figure 11b, instead of the usual con- 
struction in which it extends outward 
from the outside diameter of the necked- 
down end of the generator housing. This 
will serve to emphasize a fact that is now 
probably well appreciated by some ac- 
cessory manufacturers, that a wall from 
the outside diameter of the mounting 
flange directly to the outside diameter 
of the housing is an extremely effective 
method of stiffening the accessory mount- 
ing. © — 

In a practical installation there is 
usually more than one accessory on the 
rear cover of the engine. Typical in- 
stallations for use as examples are selected 
which include: 


1. A starter and a generator on the 


R-2800 rear cover. 

2. Astarter and two generators to simulate 
a starter, a generator, and a cabin super- 
charger. 


When these accessories are mounted sepa- 
rately, their natural frequencies are for 
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the starter only, 7,000 cycles per minute, 
and for each generator only, 6,250 cycles 
per minute. When the starter and one 
generator are mounted on the rear cover 
the lowest natural frequency is 5,520 
cycles per minute. When the other 
generator is added to this combination, 
the lowest natural frequency is 4,850 
cycles per minute. Higher natural fre- 
quencies are also present for other modes 
of vibration existing when more than one 
accessory is present. Thus, it is evident 
that the addition of a second and third 
accessory appreciably changes the vibra- 
tion characteristics of the previous con- 
figuration. This is illustrated in Figure 
10 which shows that the deflection of one 
accessory with respect to the rear cover 
will produce a deflection of the other ac- 
cessories and vice versa; that is, coupling 
exists between the vibration of accesso- 
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Figure 9. Envelope curves of maximum 
vibration at accessory mounting pads 
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Figure 10. Elastic lines for accessory con- 
figurations 


ries. These examples illustrate the fact 


that the natural frequencies of present — 


accessories may be encountered over a 
wide frequency range. This frequency 
range could be raised by stiffening the 
connection of the accessory to the rear 
cover. There is an upper limit to which 
the natural frequency of a single accessory 
can be raised, this limit being about 
14,500 cycles per minute in the example 


Figure 11. Accessories used in study of rear— 
cover accessory stiffnesses oF 
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tion spectra of R-2000 power-plant installations 
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previously shown, but perhaps not over 
10,000 cycles per minute in some cases. 
However, when two or three accessories 
are used, the first mode is certain to come 
at a frequency appreciably lower than 
this upper limit. This frequency often 
will be too low. In that case, the next 
best thing to do is to reduce the mass of 
the acdessory, or at least reduce its mo- 
ment of inertia about the mounting sur- 
face. Some progress is being made in 
this direction on starters which are being 
shortened in length and rearranged in- 
ternally to bring the main starter masses 
closer to the mounting surface. 

A series of curves in Figures 12 through 
22 presents data on the vibration of 
starters, Figures 12, 13, 14, 15, and 16; 
generators, Figures 17, 18, 19, 20, and 21; 
and cabin superchargers, Figure 22. The 
installations listed in Figures 12 through 
22 are the same installations as those 
listed in Figures 4 through 8, and the same 
symbols are used to facilitate cross refer- 
ence. The accessory vibration is plotted 
as differential vibration,* that is, the vi- 
bration of the accessory with respect to 
the engine rearcover. Differential vibra- 
tion is used, because it is a direct indica- 
tion of the amount of bending of the ac- 
cessory with respect to the engine. A 
determination of the relationship be- 
tween accessory bending and stresses in 


‘ the attachment parts may be desired, 


* See the appendix for method of measuring dif- 
ferential vibration of accessories. 


but to date it has been found most prac- 
tical to measure differential vibration in 
flight and to make further studies in the 
laboratory if necessary. 


Development of Accessories to 
Withstand Vibration 


Testing accessories for endurance on 
aircraft engines is a rather lengthy, un- 
reliable, and expensive method of proving 
the endurance characteristics of an ac- 
cessory. Itis obvious from the preceding 
discussion that an endurance test con- 
ducted on an engine—propeller combina- 
tion selected indiscriminately gives re- 
sults of little value in estimating the 
endurance of the accessory on any other 
engine—-propeller combination. It would 
be obviously impractical to conduct an 
endurance test of an accessory on all 
possible éngine—propeller combinations 
and with all other possible combinations 
of accessories on each engine. Further- 
more new engines and accessories are 
being put into production every year, and 
it would be an endless task for an ac- 
cessory manufacturer to continue check- 
ing all of his current and presumably 
completely developed models of acces- 
sories in combination with all other new 


Figure 16. Differential-starter-vibration spectra 
of R-2800 power-plant installations 


Measured at ten inches from mounting flange 


accessories on each new engine. On the 
other hand, we have not reached the stage 
where it is possible to make final designs 
on paper. Endurance testing is vital, 
and, although some endurance testing on 
an engine is necessary, the bulk of this 
work should be accomplished by tests 
on an accessory-vibration-testing ma- 
chine. 


Accessory-Vibration-Testing 
Machine 


Several vibration-testing machines 
are in use at accessory manufacturers’ 
plants. Pratt and Whitney Aircraft has 
supplied rear covers of R-1830 and 
R-2800 engines for attachment to these 
machines, so that the response character- 
istics of thevaccessories on actual engines 
could be duplicated as closely as pos- 
sible. The three most important power- 
plant vibration conditions to be dupli- 
cated in an accessory-vibration-testing — 
machine are: 


1. The mode of vibration of the accessory 
installation on the engine. 


2. The frequency range in which accessory 
natural frequencies will be encountered. 


38. The excitation sufficient to produce 


amplitudes as large as those encountered on 
the engine. 


While it is impossible to obtain exact 
duplication of all of these conditions, it 
is not difficult to attain a compromise 
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which is close enough for all practical 
purposes. 

Regarding the mode of vibration to be 
duplicated, it may be assumed that the 
engine vibration is the combined pitch 
and yaw known asa whirl. In this mode 
of vibration the thrust axis of the engine 
describes a double conical surface. The 
common apex of the two cones is at the 
node which is at or close to the engine 
center of gravity during resonant engine— 
propeller vibration. It is also desirable 
to construct the accessory-vibration- 
testing machine so that the effect of the 
accessory on the location of the node of 
the engine—propeller whirl will also be 
duplicated. 

Pratt and Whitney Aircraft developed 
an accessory-vibration-testing machine 
in an attempt to duplicate the modes of 
engine—propeller whirl encountered in the 
range of accessory natural frequencies. 
A schematic diagram of the machine is 
shown in Figure 23. A large mass is 
flexibly mounted by R-1830 engine- 
vibration isolators on a frame supported 
by the floor. A structure supporting the 
rear cover of an engine is attached to the 
large mass by means of a steel diaphragm. 
While this diaphragm prevents radial 
motion of the rear-cover support, it al- 
lows whirl of the support to duplicate 
engine—propeller vibration. 

The problem of producing amplitudes 
of accessory vibration as large or larger 
than those encountered in aircraft power- 
plant installations was solved by intro- 
ducing an adjustable-stiffness element 
between the rear cover and the large mass. 
This makes it possible to adjust the natu- 
tal frequency of the machine to any 
desired frequency in the range of frequen- 
cies to be studied. By operating the 
machine at or near resonance the power 
requirement is kept to a minimum. The 
adjustable-stiffness element is in the form 
of four arms with one end pivoted on the 
large mass at the rim of the diaphragm 
and the other end able to slide in the form 
of circular arcs on tracks attached to the 
rear-cover support. When these arms 
are perpendicular to a line from the node 
at the center of the diaphragm, they con- 
tribute their maximum stiffness to the 
whirl deflections of therear-cover support. 
In this position the arms are straight 
tension—compression springs and are used 
at their maximum effective stiffness. 
When the arms point toward the node, 


_ they contribute no stiffness to the whirl 


deflections, and the natural frequency 
in whirl is dependent only on the bend- 
ing stiffness of the diaphragm. The 
range of natural frequencies of the present 
machine is from 5,000 to 12,000 cycles 
per minute. However, a heavier set of 
arms would raise the upper limit, and a 
lighter diaphragm would reduce the lower 
limit if this were desired. 

The excitation problem for this ma- 
chine was solved by the General Electric 


a Company motor division at Lynn, Mass. 
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Pratt and Whitney Aiircraft ac- 
cessory-vibration-testing machine 


The, usual method of using a rotating 
unbalance to produce a whirl was cal- 
culated to be quite cumbersome for a 
machine which handled forces as large 
as those required for this machine. Gen- 
eral Electric Company’s solution con- 
sisted of a “‘shaker’” motor built mostly 
from conventional a-c motor parts with 
the field supported from the large mass 
and the armature supported from the 
rear-cover support. The field consists of 
two sets of windings, one set excited by 
direct current and the other set by an 
alternating voltage obtained from an 
alternator driven by a variable-speed 
motor. ' 

The armature is not allowed to rotate; 
in fact the torque is essentially zero, and 


Figure 24. Pratt and 

Whitney Aircraft ac- 

cessory-vibration- 
testing machine 
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only a rotating lateral force exists be- 
tween the armature and the field which 
causes a whirling motion of the structure. 

This is a very convenient solution to 
the problem of obtaining a large rotating 
unbalance force without any rotating un- 
balanced mechanisms. The excitation 
frequency is adjusted by setting the rpm 
of the a-c generator which is driven by a 
d-c motor. The amplitude of vibration 
of the machine is adjusted by varying 
the alternating and direct field currents 
in the shaker motor. 

A Pratt and Whitney Aircraft acces- 
sory-vibration-testing machine which has 
sufficient excitation capacity to produce 
rapid failures in any conventional air- 
craft-engine accessories is shown in Figure 
24. 

Although several bugs had to be worked 
out of the machine during the early 
stages, it has turned out to be a fairly 
successful tool (about 95 per cent of the 
operator’s time is spent in testing ac- 
cessories and rear covers and five per 
cent in maintenance of the machine). 

Shortly after fatigue testing of ac- 
cessory—-fear-cover combinations was 
started, the noise level became a problem. 
This problem was solved by the means of a 
soundproof hood suspended from the ceil- 
ing which could be placed over the ma- 
chine. 


Procedure for Establishing 
Accessory Strength Requirements 


The “‘logical’”’ procedure for vibration- 
testing an aircraft accessory is as follows: 


1. Adjust the frequency of vibration of the 
engine rear cover to the natural frequency of 
vibration of the accessory. 
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2. Imcrease the amplitude of the engine 
rear cover until it equals the maximum 
amplitude which can be encountered in a 
power-plant installation (see Figures 4 
through 8 for quantitative data*). 


8. Slide a wide basket under the machine 
to catch the pieces of the accessory as they 
fly off. 


It so happens that even if the accessory 
were strong enough to withstand at 
resonance the engine vibration encoun- 
tered at an engine-propeller resonance, 
the accessory mounting studs would fail. 
In the light of this experience, the testing 
engineer would decide quickly that the 
procedure which at first seemed logical is 
definitely not the most practical. 

Another procedure for accessory-vibrat- 
ing testing, one which reflects the “‘phi- 
losophy of design’? mentioned at the 
beginning, has been recommended by 
Pratt and Whitney Aircraft for several 
years and is now being followed by sev- 
eral accessory manufacturers. This pro- 
cedure is as follows: 


1. Adjust the frequency of the engine rear 
cover to a point near the natural frequency 
of vibration of the accessory. 


2. Increase the amplitude of the engine 
rear cover until the double amplitude of 
vibration of the accessory (at a point ten 
inches from the mounting face) with respect 
to the rear cover* is 0.010 to 0.015 inch. 


3. Run a fatigue test. If the accessory 
fails, ‘beef’ it up and rerun the test. Con- 
tinue this process until the studs in the rear 
cover fail before the accessory fails. 


The explanation of the philosophy on 
which this procedure is based is given in 
the following paragraphs. 

In the discussions among airplane, 
accessory, and engine manufacturers 
regarding strength requirements of the 
parts involved in the attachment of an 
accessory to an aircraft engine, the fol- 
lowing procedure has been established: 


1. If the accessory fails, it is up to the ac- 
cessory manufacturer to fix it. 

2. If the accessory mounting studs fail, 
there are three alternatives: 

(2). Change the accessory, usually by 
“beefing” it up until its natural frequency is 
moved far enough away from the engine- 
propeller resonance to reduce the excita- 
tion at its new natural frequency. 

(These changes in natural frequency some- 
times are made inadvertently as a result of a 
design change made for some other reason.) 
(b). Use another accessory. 


(c). Brace the accessory from the edges of 
the rear cover. 


The one solution that is neither re- 
sorted to nor even suggested is a change in 
the size or pattern of the mounting studs. 
This is understandable since any change 
in dimensions affecting interchangeability 
would require a special engine as well as a 
special accessory for that particular in- 


8 ee el) ae 
* See the appendix for method of measuring the vi- 
bration of an accessory with respect to the engine, 
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Figure 25 Li. 


stallation. An analysis of the accessory 
manufacturer’s problem will show that: 


(a). There will be no advantage to him in 
having his accessory stronger than themount- 
ing studs, because, if the vibration is severe 
enough to require this extra strength, it’ will 
have to be braced anyway to save the studs. 
(b). If the accessory is not so strong as the 
studs, the accessory manufacturer may sud- 
denly find himself with an installation where 
a propeller change has rendered unsatis- 
factory thousands of accessories which had 
previously given satisfactory service for a 
long time on a particular installation. 

(c). The only practical solution is to de- 
velop the accessory to have the same fatigue 
strength as the mounting studs, with a little 
extra for a factor of safety. 


In the preceding paragraphs, it has 
been implied that the AWN standard 
mounting studs for starters and gen- 
erators are not strong enough to with- 
stand the vibration which may be en- 
countered in normal engine—propeller— 
accessory installations. It should be 
explained, therefore, that when the 
natural frequency of an accessory occurs 
tight at the peak of one of the main 
whirling modes of the power plant 
nothing can keep it and/or the mounting 
studs from vibrating to pieces. In one 
airplane installation it was only possible 
to pass quickly through the resonance 
speed a few times before the starter was 
dangling in the accessory compartment 
with all of the studs broken. While this 
exact alignment of the accessory reso- 
nance with the engine—propeller resonance 
happens only once in a lifetime, an in- 
stallation with close alignment of these 
frequencies happens all too frequently. 

The use of conventional accessories 
(even though they are as strong as the 
mounting studs) will be satisfactory vi- 
brationwise on most of the assembled 
engine-propeller combinations. When 
close alignment occurs between the ac- 
cessory natural frequency and the engine— 
propeller resonance, stud failures will be 
encountered. 

The weight times. distance of the 
center of gravity from the mounting face, 
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that is, overhang moment, is an index of 
the natural frequency of an accessory on 
an engine rear cover, provided that the 
accessory stiffness and the proportions 
remain approximately the same as other 
accessories which are used for reference. 


Pratt and Whitney Aircraft recom-» 


mended the use of overhang-moment 
limits at a time when 14 was the maxi- 
mum number of cylinders and when 28 
to 32 pounds was the upper limit of ac- 
cessory weights. If these overhang- 
moment limits had been applied and 
maintained, vibration troubles on 14- 
cylinder engines could have been pre- 
vented, provided sufficient stiffness was 
incorporated in the accessories. 
tically all starters, generators, and cabin 
superchargers are so heavy that their 
natural frequencies are now in the range 
of the 14-cylinder engine—propeller natu- 
ral frequencies, and furthermore we now 
have to contend with the higher fre- 
quencies of the 18-cylinder engines. 
An overhang-moment limit large enough 
to allow the use of present accessories is 
not a remedy. If the accessory vibra- 
tions are too large as determined by 
ground and flight vibration tests, a job of 
tailoring will be required to unscramble 
the accessory vibration from the engine— 
propeller vibration. 


Remote-Mounted Accessory 
Gearbox ' 


The vibration level of an airplane 
structure is negligible in the frequency 
range between 5,000 and 12,000 cycles 
per minute compared with that encoun- 


Prac- . 


tered on the engine, particularly if a ~ 


modern type of engine-vibration iso- 
lator is used. An accessory gearbox 
driven by an extension shaft and mounted 
on the fire wall has several advantages 
from the standpoint of space required, 
accessibility, flexibility of arrangement, 
flexibility of gear ratios, and so on. There 
is also an advantage from the standpoint 
of accessory vibration which needs no 
explanation. 


The advantage of weight saving result- j 


ing from the lack of vibration is not pos- — 


of 


ae 
ee, 
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sible if the present engine accessories are 
used on the remote-mounted accessory 
gearbox. In order to make this weight 
saving possible the accessories must be 
redesigned as airplane accessories which 
would involve reverting to magnesium 
housings and flanges. A detailed analysis 
of the gearbox installation is beyond the 
scope of| this discussion, but it is believed 
that the accessory-vibration problem 
will be solved once and for all, when and 
if accessory gearboxes are mounted on 
airplane structure. 


Summary 


1. The overhang-moment limit, or still 
better a limit on the moment of inertia of 
the accessory about a line through the center 
of the accessory mounting surface, would be 
helpful by limiting one of the two factors 
which control the natural frequency of the 
accessory—rear-cover combination. How- 
ever, the natural frequency is the factor of 
prime importance, and, if control of the 
natural frequency is to be maintained, it 
should be applied directly. This control is 
not practical with the equipment now in use, 
because accessories have grown so large that 
sufficient stiffness cannot be built into their 
supporting structures to keep their natural 
frequencies out of the range of the engine— 
propeller natural frequencies. 


2. A survey of accessory-vibration data 
obtained on recent and current aircraft 
power-plant installations indicates that 
chance is the most important factor in deter- 
mining the suitability of an accessory instal- 
lation. Practically all accessory installations 
have natural frequencies in the frequency 
range where engine—propeller resonances 
exist. If an engine-accessory natural fre- 
quency coincides with an engine—propeller 
resonance in which large amplitudes of 
vibration occur, failures will result in the ac- 
cessory and/or the accessory mounting 
studs. To obtain a remedy for these unfor- 
 tunate installations, either some revision of 
the installations is required, which results 
in its being nonstandard, or some other ac- 
cessory or accessories must be used. 


3. Accessory development is facilitated 
greatly by the use of an accessory-vibration- 
testing machine. An aircraft-engine rear 
cover should be mounted on the machine for 
attachment of the accessories. This machine 
should produce vibration reasonably similar 
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to the vibration produced in the power-plant 
installation. Exact duplication of the vibra- 
tion of a particular installation is not neces- 
sary during general development work, since 
the vibrations of various installations differ 
appreciably. The general design features 
of an accessory-vibration-testing machine 
developed by Pratt and Whitney Aircraft 
have been presented with this discussion. 


4. Accessory manufacturers should keep 
a record of the vibration characteristics of 
each power-plant installation on which their 
accessories are used. Whenever a change is 
made in the propeller, the gear ratio, or an- 
other accessory on the same installation, the 
accessory manufacturer should be notified 
by the airplane manufacturer. He also 
should be supplied with a copy of the data on 
the vibration characteristics of the revised 
installation as soon as possible, so that he 
may determine whether his accessory will be 
adversely affected. If there is any question, 
he should check same by running endurance 
tests on an accessory-vibration-testing ma- 
chine. 


5. The only possibility of any real improve- 
ment in the accessory-vibration situation in 
future installations seems to be through the 
use of remote-driven accessory gearboxes 
mounted on the airplane structure. 


Appendix. Technique for Meas- 
uring Accessory Vibration 


The amplitude of vibration of the ac- 
cessory is measured at a point ten inches 
from the mounting surface of the accessory 
by means of a three-pickup differential cir- 
cuit as shown in Figure 25. This measure- 
ment gives the amplitude of vibration of a 
point on the accessory with respect to an 
imaginary. point on the engine extended to 
the location of the vibration pickup on the 
accessory and takes into account phase dif- 
ferences between engine and accessory vibra- 
tion. A reading of the sum of all orders of 
vibration present is desirable as well as a 
reading of each order separately, so that 
an analysis can be madeof the vibration char- 
acteristics of the accessory installation. 

The point ten inches from the mounting 
surface of the accessory was selected as a 
standard attachment point for vibration 
pickups. In many installations it is not 
possible to mount the pickups in this exact 
location because of interferences. In these 
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instances the pickups are located as close to 
ten inches from the mounting surfaces as 
possible. 

In Figure 25, A is the distance between the 
front and rear pickups, and B is the distance 
from the front pickup to the pickup on the 
accessory. Since A and B are constants for 
a given installation, a circuit, as shown, may 
be set up to measure “‘differential’’ or rela- 
tive vibration. For the whirling modes of 
vibration the engine vibrates at resonance 
about a node N. The pickups generate 
voltages F,, Z2, and Ey, which represent the 
vibration at the nose of the engine, at the 
rear of the engine, and at the accessory 
respectively. (; is negative because of 
phase relationship.) 3 is a synthetic volt- 
age representing the vibration of the engine 
in the plane of the accessory pickup and 
may be derived as follows: 
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The differential vibration is proportional to 


Fee jst a eames 
4 3 14 A 2 A J 


Prior to measuring the differential vibra- 
tion, the potentiometers are se* according to 
the fractions B/A and (B—A)/A. Since 
B/A is greater than 1, it is impossible to set 
a potentiometer for B/A XE». However, 
this may be taken care of by calling this 100 
per cent, that is, by setting the potentiometer 
to its full resistance and reducing the resist- 
ance settings of the other potentiometers by 
the factor 1/B/A or A/B. It must be 
remembered that the calibration constants 
of the pickups also must be changed by this 
factor. The three-pickup-differential cir- 
cuit measures only the vertical vibration. 
To define the vibration completely, three 
additional pickups are necessary in the cor- 
responding positions to measure vibration 
in the horizontal plane. 
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An Eight- Year Investigation 
of Lightning Currents and 
Preventive Lightning 
Protection on a 
Transmission System 


Discussion and authors’ closure of paper 44-50 
by E. Hansson and S. K. Waldorf, presented 
at the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
May section, pages 251-8. Other discussion 
presented at the winter meeting appears on 
pages 463-6. 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): Mr. Hansson and Mr. Waldorf 
have made a further addition to the growing 
fund of information on lightning currents, 
and they have made a careful analysis of 
the results of preventive lightning protection 
as practiced on their system. Additional 
useful information can be obtained from 
the data they have presented and from 
other relative data probably available in 
their files. 


TowER CURRENTS 


If the footing resistance (surge value) of 
each tower from which a current measure- 
ment has been obtained is known, the ap- 
proximate value of the current in the stroke 
to the tower can be obtained. The current 
in the same stroke, if it had occurred to a 
zero-resistance ground, also could be esti- 
mated. If overhead ground wires are 
present and the span length is such as to 
give a propagation time equal to at least 
50 per cent of the assumed time to crest of 
the high-current portion of the stroke 
(750-foot spans minimum for a 1.5-micro- 
second front), the total stroke current is 


2E 2R 
wars ea1( 14%) (1) 
Eo—E F 
== 2 
m @) 
where 


J,=tower current, amperes 

E=tower voltage due to ground-resistance 
drop, volts 

Z=combined surge impedance of ground 
wires; approximately 500 ohms for one, 
312 ohms for two (corona neglected) 

R=tower-footing resistance, ohms (surge) 

Eo= potential lowered to tip of leader stroke, 
progressing relatively slowly, prior to 
final contact; volts 

Zo=equivalent surge impedance of stroke 
channel during high-current period; 
approximately 325 ohms 

Then the full-stroke current, if the dis- 


charge had occurred to a ground terminal 
of zero-resistance, would have been 


E yy 
hh=—=I1o +3. 
2Zo+Z 
~if+2( ZZ, )| amperes (3) 


Equations 2 and 3 are based on the theory 
that the highly charged, conducting stroke 
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- channel is lowered toward the earth rela- 


tively slowly until final contact is made with 
the ground terminal. The essential char- 


‘ acteristics of a long highly charged con- 


ductor or cable discharging to ground or to 
the sheath at one terminal then are closely 
simulated. The conventional traveling 
wave analysis therefore can be applied to 
obtain an approximation of the initial per- 
formance characteristics of the circuit upon 
which the lightning stroke terminated. 

By means of equation 1 the actual total 
maximum current in the stroke to the tower 
can becomputed. The results obtained will 
be accurate only when the span length is 
sufficient to permit the current to rise to 
crest value before ground reflections have re- 
turned from the first adjacent towers. For 
the 1.5-microsecond front, which seems to 
be a good average value for the severe cur- 
rent peaks that have been recorded by 
cathode-ray oscillograph, the minimum span 
length necessary to permit the application 
of this equation is 750 feet. If a tower car- 
ries two ground wires, for example, and has 
a footing resistance of 20 ohms, the stroke 
current is approximately 13 per cent 
higher than the tower current. 

For general circuit performance studies 
it is convenient to know the current that 
would have been delivered by the lightning 
stroke, if it had terminated on a ground of 
zero resistance. This value can be esti- 
mated by means of equation 3. Careful 
study of available data indicates that the 
value of Zp is about 325 ohms, and the 
value of Z for low footing resistances is 
about 500 ohms for one ground wire and 312 
ohms for two ground wires. It would be 
interesting as well as valuable for use in 
further studies to have the current distri- 
bution curve of Figure 2 of the paper modi- 
fied by the application of equation 3. For 
a footing resistance of 20 ohms, Jp is ap- 
proximately 19 per cent greater than J, 
and for 75 ohms the increase is approxi- 
mately 71 per cent. As the resistance ap- 
proaches zero I) becomes equal to I,. 


APPARENT SURGE IMPEDANCE OF 
OVERHEAD GROUND WIRE 


In Table X of the paper the authors have 
evaluated the maximum apparent surge im- 
pedance of an overhead ground wire. The 
values obtained are very low and a different 
method of analysis has given results that 
agree more closely with conventional values. 
If the lightning-stroke channel impedance 
and charge characteristics discussed above 
are applied to strokes to ground wires in 
the mid-span zone, the following relation- 
ships are obtained. The ground-wire poten- 
tial at the point of stroke contact, before 
the return of ground reflections from the 
nearest towers, is approximately: 


Z Z1+2Z2 
E=1,>| 1+R{ ——— 
Al ( ZiZa ) volts (4) 


where 


Z,=surge impedance of single ground wire 
in affected span; reduced below low- 
voltage value by large corona sheath 
prior to high-voltage spark-over 

=>450 ohms 

Z2=surge impedance of ground-wire as- 

sembly outside affected span 
312 ohms for two ground wires 


Discussions 


This simple equation does not include the 
influence of the second ground wire in the 
affected span but gives results only ap- 
proximately 1.5 per cent high for tower foot- 
ing resistances of 20 ohms and approximately 
4 per cent low for resistances of 75 ohms. 
If R=20 ohms, equation 4 becomes 


E=255 I, volts (5) 


For spans 800-feet long, if the 1.5-micro- 
second wave front is assumed, equation 5 
becomes 


E=197 I; volts maximum (6) 


The voltage to ground appearing at mid- 
span is in the form of a wave rising to the 
above maximum value in 0.8 microsecond, 
at which time it is effectively chopped by 
ground reflections and drops rapidly toward 
zero. Because of the coupling factor of 
approximately 0.25 between the ground wire 
and nearest conductor, the voltage stress 
across the air gap between the ground wire 
and conductor at the point of stroke contact 
becomes 


E,=0.75X197 I,=147.5 I; volts max (7) 


The larger current for the first item in 
Table X of the paper substituted in equation 
7 gives 5,340 kv or 93.6 per cent of the 
listed spark-over value when corrected to 
0.8 microsecond. Spark-over, therefore, 
should not have occurred, and this is in 
agreement with the records. Equation 4 
indicates that footing resistances below 20 
ohms would have further reduced the mid- 
span stress for the tower currents observed, 
and a slower wave front would have had a 
similar effect. 

This analysis applied to item 10 of Table 
X of the paper indicates that the maximum 
tower current recorded would have resulted 
from a mid-span stroke that would have 
produced a voltage stress equal to 89.5 per 
cent of the listed spark-over value. Footing 
resistances and wave fronts different from 
those listed in the previous case would have 
similar influences on the final results in this 
case also. 

The same analysis applied to item 17 of 
Table X of the paper, allowing the greater 
spark-over time permitted by the longer 
span, indicates that the listed spark-over 
voltage should have been exceeded by ap- 
proximately 2 per cent. This condition is 
again contingent upon the footing resist- 
ances and current wave front having been 
of the orders of those chosen for the pre- 
vious examples. It will be observed that 
the above results, which, so far as can be 
determined, are in agreement with field 
records, were obtained by employing normal 
values of ground-wire surge impedance. 


PROBABILITY OF Mip-SpAN SPARK-OVER 


The approximate probability of mid- 
span spark-over in the foregoing examples 
can also be computed. For a stroke to mid- 
span, the full-stroke current or the current 
that would have resulted had the same stroke 


contacted a terminal of zero resistance is 


2Z0+Z1 , 
Iy = E\ ———— 
0 ( ZZo ) ampere : (8) 


For the circuit quantities used previously 
equation 8 reduces to 


Ip=7.5 E (kv) amperes (9) 
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If a span length of 1,000 feet, a wave front 
of 1.5 microseconds, and a coupling factor 
of 0.25 are assumed, the mid-span air-gap 
stress becomes 


E,=0.9X0.75 E=0.675 E (10) 
The factor 0.9 is the per unit value of the 
current wave in one microsecond, the time 
of arrival of the chopping reflection. The 
full stroke current and the one-microsecond 
sparkover voltage are then related by the 
equation: 


Jo=11.1 E, (kv) amperes (11) 


If the spark-over voltage listed in item 10 
of Table X in the paper is substituted in 
equation 11, a value for Jp of 106,000 am- 
peres is obtained. If it is assumed that the 
currents of Figure 2 in the paper were ob- 
tained from strokes to towers having an 
average resistance of 20 ohms, the correc- 
tion factor of 19 per cent applies as already 
discussed, and the full stroke current of 
106,000 amperes is the equivalent of 89,500 
amperes on the distribution curve in Figure 
2. Approximately 0.2 per cent of the 
strokes to 20 per cent of the line having 
spans of 1,000 feet and footing resistances 
of 20 ohms might therefore be expected to 
produce mid-span spark-over. Since there 
is an average of 113 strokes per 100 miles of 
line per year on the system studied by the 
authors, the above spark-over probability 
amounts to approximately one per 100 
miles in 22 years of operation. 

Inasmuch as such a spark-over would im- 
mediately precipitate spark-overs on the 
same conductor at the nearest towers, the 
ensuing power arc, if one developed, would 
be expected essentially always to choose the 
shorter path over the insulators at the 
towers where the arc voltage drop would be 
very much less. The reported observations 
of flashovers at towers and not at mid-span 
are in good agreement with this reasoning. 

A similar analysis for item 1 of Table X 
of the paper indicates a mid-span spark-over 
probability for such a line of approximately 
one per 100 miles each 5.5. years of opera- 
tion. 

This analysis applied to item 17 of Table X 
indicates a mid-span spark-over probability 
for such a line of one per 100 miles each 29 
years of operation. 

From the results of these analyses, it is 
not surprising that the tower currents listed 
in Table X, even though they are all well 
toward the low-percentage end of the dis- 
tribution curve in Figure 2, failed to pro- 
duce a spark-over or at least a spark-over 
that was followed by a power arc and line 
outage. 


/ 


Mip-SPAN STROKE CURRENTS 


Equation 4 substituted in equation 8 
gives an expression for the full-stroke cur- 
rent J) for strokes to mid-span in terms of 
the current in the nearest towers and the 
footing resistances of these towers. This 
expression, which again is in approximate 
form, is: 


YAN Z1+2Z2 . 
aa eae ree 12 
Io (143 (14 Za R amperes ( ) 


and makes possible an estimate of the poten- 
tial full-stroke current from adjacent tower 
The slight errors in this 
equation are the same as those given for 
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equation 4 and result from the same simpli- 
fication. Equation 12 applies only when 
the propagation time over the span length 
is not less than approximately two-thirds 
the time to crest of the current wave. Fora 
1.5-microsecond wave front and spans of 
1,000 feet, the additional correction factor 
is approximately 2 per cent additive. That 
is, the true value of the full stroke current 
is 1.02 times the value obtained from the 
previously corrected equation, the over-all 
error being negligible. 

For footing resistances of 75 ohms, I>= 
2.7 I;; for 20 ohms, J;=2.0 Jo, and for foot- 
ing resistances of zero ohms, Jy>=1.7 I;. It 
is apparent that the direct addition of tower 
currents believed to have been caused by 
the same stroke, especially if it were a near 
mid-span stroke, may give erroneous re- 
sults. For very low footing resistances, the 
sum of the adjacent tower currents for a 
mid-span stroke is considerably higher 
than the full value of the stroke that pro- 
duced these currents, even if it occurred to 
a ground terminal of zero resistance. 

I should like to ask the authors if there 
were instances on protected lines, particu- 
larly on their excellently protected 220-kv 
system, where tower-footing resistances 
were such that measured tower currents 
multiplied by independent tower-footing 
resistance would indicate that insulator 
spark-over voltage had been reached. The 
spark-over voltage for the 1 x 5-microsecond 
wave is referred to. 


E. Hansson and S. K. Waldorf: In com- 
menting on Professor Starr’s excellent 
analysis, the authors wish to state again 
that their “apparent surge impedance’”’ of 
an overhead ground wire is not intended as 
an evaluation of the theoretical surge 
impedance, but is only a practical factor 
which might be applied to a crest current 
to obtain an estimate of the voltage at 
mid-span. 

In reply to the question about the record- 
ing of any tower potentials exceeding the 
insulator flashover level, there have been 
none. The approximate 1x 5-microsecond 
flashover value of the insulators on the 
220-kv lines is 2,000 kv. 


Measured Electrical Con- 
stants of 270-Mile 


154-Ky Transmission Line 


Discussion and author's closure of paper 
44-80 by C. A. Streifus, C. S. Roadhouse, 
and R. B. Gow, presented at the AIEE North 
Eastern District technical meeting, Boston, 
Mass., April 19-20, 1944, and published 


in AIEE TRANSACTIONS, 1944, July 
section, pages 538-42. 


C. F. Wagner (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The principal value of this paper lies 
in the comparison between measured and 
calculated values of the constants of trans- 
mission lines. Naturally, therefore, the 
authors should be explicit in defining the 
assumptions made in the calculations. 


Discussions 


Frequently in calculating the characteristics 
of transmission lines the separation of 
conductors is taken as the values at the 
tangent towers. The authors in this in- 
stance have gone beyond this assumption 
and have averaged the separation, taking 
into consideration the difference in sag of 
the ground wires and conductors. Further 
clarification of the method of averaging is 
desirable. A statement from the authors is 
also desirable regarding the assumption 
used in determining the length of con- 
ductors. Did they use merely the geo- 
graphical length of the line, or did they 
compute the constants on the basis of the 
actual length of the conductors, taking the 
sag into consideration? Further  clari- 
fication is also desirable regarding the basis 
for using an earth resistivity of 100 ohms 
per meter cube. 


Eric T. B. Gross (Cornell University, Ithaca, 
N. Y.): Freedom from higher harmonics 
on the system during tests cannot be as- 
sumed implicitly. Harmonics may be 
significant factors, and it appears worth- 
while whenever possible to use oscillo- 
graphs to check wave shapes of currents and 
voltages. Small magnitudes of higher 
harmonics in the voltage easily can lead to 
a larger rms value of current. It must be 
kept in mind that the line discussed in the 
paper is long, in fact, longer than a full 
wave length for somé of the higher harmon- 
ics. It seems, that possibly higher harmonics 
are partially responsible for the difference in 
the results derived from voltage values and 
from current values only. This may help 
to explain some minor differences which 
appear in measurements. 

The paper is a valuable addition to the 
literature concerning long-line data. Con- 
sidering the fact that instrument readings 
are the basis for the measured values, I 
should think that the ‘‘measured’”’ values 
and the ‘‘computed’’ values check better 
than could be expected. 

Some simple and satisfactory data about 
impedances of conductor-and-ground cir- 
cuits can be found in a paper by Rtiden- 
berg! and a book by Ollendorff? which are 
known more widely in Europe, and these 
may be of interest to some of our colleagues. 
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E. A. Church (Boston Edison Company, 
Boston, Mass.): This paper demonstrates 
that the positive-sequence constants of 
long lines may be computed from the 
circuit configuration with sufficient accuracy 
for all purposes for which they are needed. 
The zero-sequence constants, which de- 
pend to a large extent on the resistivity of 
the earth-return path including counterpoise 
if such is installed, are not so easy to calcu- 
late accurately. If it were possible to 
determine the average resistivity of the 
earth-return path, it would be possible to 
compute the zero-sequence constants of both 
long and short lines with the necessary ac- 
curacy for relaying calculations. This re- 
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sistivity may vary over wide limits over the 
territory which a long line may traverse. 
Also where this resistivity is high, thecurrent 
may penetrate to depths where the resis- 
tivity may be quite different from what it is 
at the surface. In order to simplify the 
calculations of zero-sequence constants, it is 
necessary to assume a homogeneous earth 
of infinite depth over the whole length of 
the line, a condition which will not be ob- 
tained in practice. Thus the only sure way 
of obtaining accurately the zero-sequence 
constants is by test. Even this may not be 
accurate when the constants for the whole 
line-are reduced to a per unit length basis, 
if the line traverses territory with widely 
different ground resistivities. These errors, 
of course, will be reduced by ground wires 
and counterpoises which carry part of the 
zero-sequence current and which have defi- 
nite dimensions and distances from the con- 
ductors. 

On short lines high terminal resistances 
may cause large errors in the earth-return 
resistance per unit length, if the resistance as 
measured is divided by the length of the line. 
This terminal effect does not have such a 
great effect on the reactance. In fact the 
tested zero-sequence reactance of a line can 
be used to determine with reasonable ac- 
curacy the average earth resistivity of the 
territory over which the line traverses. 

A joint report! of the Edison Electric 
Institute and the Bell Telephone System is 
an additional valuable reference on this 
subject. 
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1. COMPUTATION OF ZERO-SEQUENCE IMPEDANCES 
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Technical report 2J-8, February 27, 1936. 


C. A. Streifus: With regard to questions 
on assumptions raised by Mr. Wagner, 
average vertical separation between con- 
ductors and shield wires and average dis- 
tance of conductors above ground were 
determined by first drawing to scale ap- 
proximate sag curve of shield wires and 
conductors for a typical ruling span of 600 
feet from sag-tension data specified for 
line construction. The sum of the vertical 
distances at equally scaled intervals, di- 
vided by the number of these distances, 
gave average vertical distances shown in 
Figure 2 of the paper. While this method 
is approximate and cannot include all 
effects of differences in length of spans, 
angles, and perhaps slight differences in 
tensions of conductors, it gives better 
values than the conventional method of 
using spacings at straight-line structure. 
Geographical length of line was used in 
computing theoretical constants. Because 
of lack of specific data on earth resistivity 
for the country traversed by the line, 100 
meter ohms, considered average, was used. 
As pointed out in paper, it is possible that 
actual resistivity may be less. 

Possible effect of harmonics, mentioned by 
Professor Gross, was considered in prepara- 
tion for the tests. During measurements the 
2,400/4,160-volt power source was the wye- 
connected winding of a delta-wye trans- 
former bank energized from a large system 
providing low total-input impedance as com- 
pared with impedance of the line under test. 
The system wave form is free enough from 
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harmonics to permit system-wide joint use 
of poles on distribution lines for both power 
and communication circuits. For these rea- 
sons the authors are confident that in respect 
to harmonics the tests were made under con- 
ditions representative of or even better 
than commercial operation of the line. 
Cathode-ray oscilloscope and magnetic 
oscillograph were not available for these tests. 


Current Rating of Cables 
as Affected by Mutual 
Heating in Air or Conduit 


Discussion and closure of paper 44-53 by 
the research committee of the Insulated Power 
Cable Engineers Association, presented at 
the AIEE winter technical meeting, New 
York, N. Y., January 24-28, 1944, and the 
North Eastern District technical meeting, 
Boston, Mass., April 19-20, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
pages 354-65. This discussion was pre- 
sented at the Boston meeting; discussion of 
this paper at the winter meeting appears on 
pages 424-6, 


E. A. Church (Boston Edison Company, 
Boston, Mass.): This paper is very instruc- 
tive in giving the effect of grouping in 
various ways on carrying capacity of cables. 
However, it appears that all the tests were 
made with cables in air or enclosed in 
conduits which were exposed to air where 
convection currents account for a part of 
the heat dissipation. 

An equally important problem is deter- 
mining the effect of mutual heating with 
ducts embedded in concrete floors or in the 
earth where convection is not effective to as 
great an extent. The effect of mutual 
heating is much more pronounced in these 
cases in reducing current ratings among 
large concentrations of ducts. 

Recently there was occasion to determine 
the proper separation of the ducts in a 
bifurcated 16-duct conduit line to be located 
within the confines of a public street in 
order to obtain the best over-all balance in 
cost per unit of transmitted power. The 
effect of close proximity of the two sections 
was quite surprising. The results of the 


Figure 1. Computed variation 

in current-carrying capacity as 

a function of distance between 

branches of a bifurcated 16- 
duct conduit 


“¢ 
computations are shown in Figure ¥/ The 
computations were made, using the well- 
known method of geometric mean distances 
and mutual resistances to heat flow. 

Since in this particular case it was no 
more expensive to locate the two eight- 
duct sections one on each side of the street 
than to separate them more than four 
feet, that procedure was followed; thereby 
obtaining the maximum segregation from 


both a current capacity and a reliability | 


standpoint. 

In general it can be concluded from these 
results that large concentrations of ducts 
carrying appreciable currents are not 
economical except where space limitations 
dictate them. 

It would be interesting, if the results of 
these computations should be checked by 
tests similar to those described in the paper. 


Robert J. Wiseman (The Okonite Company, 
Passaic, N. J.): Mr. Church’s comments 
are quite helpful in bringing out the factors 
that influence the rating of cables under 
various conditions of installation. We 
need more of such information and I hope 
that others will contribute data as oppor- 
tunity permits. 

It is true and was intended that all the 
tests on conduits were conducted in air. 
Because of convection currents we were 
not able to calculate accurately the mutual 
heating effect of groups of conduits. The 
results had to be obtained experimentally. 
Ducts embedded in concrete floors are 
assumed subject to the same conditions as 
ducts in the earth, and the same heating 
constants are taken. Perhaps some utility 
company might collect data for us and find 
out how correct we are in our assumption. 

Mr. Church’s reference to the value of 
splitting up a 16-duct line into two eight- 
duct lines economically is logical, yet we 
still find cases where duct lines are built 
with more than eight or nine ducts. If a 
similar study were made each time new 
duct banks were contemplated, the same 
conclusions would be made, and in time 
more efficient loading of duct banks would 
take place as Mr. Church indicates. 

There is an economic limit also to the 
number of conduits in a group. The re- 
duction factors given in Table IX of the 
paper may be used when a study is made of 
the kilovolt-ampere cost of distributing 
power in a group of conduits. 


A—Rating based on copper in 
hottest duct, not exceeding 
82 degrees centigrade ij ay 


B—Rating based on copper in 
coolest duct, not exceeding 
82 degrees centigrade 


Ambient temperature =20 de- 
grees centigrade 


CABLE RATING — AMPERES 


All ducts were equally loaded 
with 350,000-circular-mil 15- 
ky type-H cable 


Loss factor=60 per cent 


Discussions 
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Prevention of Rotor- Winding 
Deformation on 
Turbogenerators 


Discussion and author's closure of paper 
44-85 by John G. Noest, presented at the 
AIEE North Eastern District technical meet- 
ing, Boston, Mass., April 19-20, 1944, 
and at the AIEE summer technical meeting, 
St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
July section, pages 514-19. The first four 
discussions were presented at Boston; the 


fifth at St. Louis. 


H. D. Taylor (General Electric Company, 
Schenectady, N. Y.): Mr. Noest’s paper 
is a most interesting one and shows evidence 
of the great deal of thought which he must 
have given this intricate problem of rotor- 
winding distortion. Although, from a prac- 
tical point of view, the general nature of 
this problem seems to be fairly well under- 
stood, I believe it is not susceptible to 
precise mathematical solution on the basis 
of available data. There are many other 
ramifications beyond those treated by Mr. 
Noest, including such points as: the non- 
uniform lengthwise distribution of compres- 
sive stress caused by partial slipping of 
conductors on the wedges; the variation in 


temperature along the length of the coils. 


(which may be quite as important as the 
variation through their radial depth); and 
the quantitative evaluation of creep effects 
(or, more properly, relaxation effects). 
One rather obvious way to minimize this 
deformation is to wind the rotor with con- 
ductors made of materials having more 
favorable physical properties than those pre- 
viously used. Hard-drawn copper is, in a 
measure, such a material, although it is 
handicapped by some unfavorable charac- 
teristics, one of which is the tendency to 
lose its greater mechanical strength grad- 
ually over a period of years when subjected 
to even moderately elevated temperatures 
It is known that the addition of some other 
alloying element such as silver, in very slight 
percentage, tends to prevent this loss of 
strength without greatly affecting the con- 
ductivity. The company with which this 
writer is associated is accumulating both 
laboratory data and practical experience in 
the use of hard drawn copper suitably al- 
loyed, so as to be in a position as soon as 
possible to have as good a solution to the 
problem as ‘can be found in improved mate- 
rials. 
The preheating practice described by Mr. 
Noest seems to be an excellent method for 
preventing distortion due to restrained ex- 
pansion. However, it seems to me that in 

pioneering this operating practice, he may 
_ have gone a bit further than really necessary 

in outlining a complete and detailed pro- 
cedure. Recognizing as the real objective, 
the partial expansion of the coils before they 
are tightly restrained by centrifugal force, 
I am inclined to question the need for using 
full ventilation during preheating. Some 


ventilation is desirable, to be sure, to avoid 


overheating of the rotor end windings which 


lie outside the slots under the retaining rings. _ 


_ But more than is necessary for this purpose, 
_ it would seem, would merely delay the de- 
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sired temperature rise of the rotor winding 
and body. Also, I wonder if anything is 
teally gained by the momentary shutdown 
to standstill, in view of the fact that if the 
preheating is done at 20 per cent, or less, of 
full speed, the centrifugal forces are of the 
order of four per cent or less of full speed 
values and hardly can restrain the coils ap- 
preciably. Incidentally, I would like to call 
attention to two limitations on the amount 
of field current that should be used for pre- 
heating: ; 

1. The value chosen should be such that, with the 


degree of ventilation employed, it will not overheat 
the end portion of the field coils. 


2. Care should be taken to avoid oversaturation 
of the stator-core magnetically, which, at or near 
full speed, could lead to stray flux inducing exces- 
sive eddy-current losses in dovetail rib and frame 
structures, which might cause local burning if 
maintained too long. 


The reduction in excitation which Mr. Noest 
specifies as the generator comes up to speed 
apparently takes care of the latter very 
nicely. 

Preheating has benefits other than pre- 
vention of coil distortion. Without preheat- 
ing the full expansive force of the coil is 
exerted under the heavy restraint of high 
centrifugal forces, and there is considerable 
slipping of coils along the under side of 
wedges at each end of the core. This abra- 
sive action produces considerable wear and 
tear on the insulation, which, in times past, 
before the development of the present high- 
grade insulating materials, used to be almost 
disastrous. We have concrete evidence that 
this slipping may extend inward as much as 
five feet from each end of the rotor body. 
Obviously, if a considerable part of the coil 
expansion takes place before the centrifugal 
forces come into play, the wear and tear on 
the insulation will be reduced, even with 
present high-grade materials. Preheating 
for this purpose was recommended in a 1924 
AIEE paper by W. J. Foster, E. H. Frei- 
burghouse, and M. A. Savage,! from which I 
quote a few words: ‘‘...the unequal ex- 
pansions of the various materials of the 
rotor . . . undoubtedly exert mechanical 
strains that come with tremendous force on 
the insulation and must, when repeated 
often enough, result in disintegration. ...It 
is recommended:.. .if . .'. the rotor at rest 
has become very cold, run it at low speed 
with excitation sufficient to bring tempera- 
ture up to about 75 degrees centigrade... . 
before raising speed to normal.’”’ Preheating 
of turbine generator rotors would seem to be 
a very desirable operating practice on large 
machines, and I am hopeful that it may be 
more widely adopted. 
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E. F. Dissmeyer (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The author has provided a very excellent 
paper on the factors which are responsible 
for the deformation of turbogenerator rotor 
windings. His consideration of the prac- 
tical aspects of preheating rotor windings 
and his presentation of detailed calculation 


data undoubtedly will be helpful to others 


who may find it feasible to use this method 
for preventing excessive winding movement. 
Many of us who have been interested in 


Discussions 


the design, operation, and maintenance of 
turbogenerators have given considerable 
thought to the problem of rotor-winding 
deformation. It has been recognized that 
the preheating of rotors might provide a 
satisfactory solution, especially in those 
cases where machines are on _ base-load 
operation or where the variations in the 
load or cooling conditions are of somewhat 
minor importance. 

Many system and industrial applications 


‘require that the machines follow daily load 


cycles. Other machines operate on base 
load for a number of years and later are 
assigned to peak load or spinning-reserve 
type of operation. A generator which must 
follow the system load cycle is subjected 
to rather severe variations in temperature, 
depending upon both the kilowatt and 
kilovar requirements of the system. Possible 
variations in cooling water conditions also 
will affect the temperature rise of the rotor 
windings. For these applications the use of 
rotor preheating might be somewhat helpful 
but may not provide an adequate solution 
for the winding-movement problem. 

We believe, however, that it is agreed 
that the use of rotor preheating presents 
many problems. These include the neces- 
sity for special equipment, extreme care in 
execution, and possible loss in time when the 
machines must be started under emergency 
conditions. Although rotor preheating may 
provide a solution for existing machines, it 
would seem that the problem should be kept 
in mind by the manufacturers’ designers and 
that every attempt should be made to miti- 
gate those factors which lead to rotor-wind- 
ing deformation. 

In the past the problem of rotor winding 
deformation has been of serious interest 
primarily to the users of large machines. 
Now that 3,600-rpm speeds and the use of 
aluminum for rotor windings are common, 
the problem of winding movement is of 
interest to practically all purchasers of turbo- 
generators. The use of’the higher speed re- 
sults in greater centrifugal forces, and the 
use of aluminum accentuates the amount of 
movement possible. The coefficient of ex- 
pansion of aluminum is approximately 50 
per cent greater than that of copper. Since 
the coefficient of ‘expansion of steel is some- 
what less than that of copper, the relative 
movement of aluminum with respect to the 
steel rotor is two or three times that which 
would be obtained if copper conductors were 
used. This together with the fact that alumi- 
num is a poorer conductor of heat than 
copper indicates that the use of aluminum 
justifies serious consideration. 

Manufacturers’ designers assure us that 
the plasticity of aluminum is such that the 
deformation of the end turns should not be 
serious. The removal of aluminum saddles , 
on the end turns and the use of flexible © 
blocking all have resulted from the manu- 
facturers’ recognizing that there will be con- 
siderable movement of the aluminum con- 
ductors. These changes in design may com- 
pensate satisfactorily for the greater coeffi- 
cient of expansion of aluminum. On the 
other hand, they may present new and pos- 
sibly more serious problems. The combined 
experience of a complete generation of these 
new designs will have to be studied before 
we can be sure what the correct solution for 
the problem is. 

It is extremely unfortunate that our 
present standards permit temperature rises 
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up to 90 degrees centigrade for turbogenera- 
tor windings. Also, no allowance is made 
for the fact that the generator voltage at 
times must of necessity be five per cent 
above the rated voltage. Experience indi- 
cates that it is possible for manufacturers 
to design and build machines which have 
temperature rises considerably less than 
those specified in the standards, and it there- 
fore would seem that it is within the power 
of the manufacturer to do much toward re- 
ducing the possibility of rotor-winding de- 
formation. It is true that some change in 
temperature cannot be avoided. These ef- 
fects, however, can be reduced to the point 
where the forces within the conductors are 
within the elastic limits of the material or 
where the actual deformation is negligible. 

The manufacturers are now in the process 
of making new standardized designs for 
turbogenerators. The use of standardized 
designs supposedly will lead to reduced costs, 
better performance, and greater reliability. 
These are also possible due to repetitive 
manufacture. In the past repetitive manu- 
facture has made it possible for the manufac- 
turer to reduce his cost and the amount of 
material used and to approach more closely 
the design limits set forth in the standards. 
It would seem that an analysis of the prob- 
lem of rotor-winding deformation indicates 
that the manufacturer should take advan- 
tage of the possibility of repetitive manufac- 
ture to reduce the temperature rise of rotor 
windings and thus attempt to mitigate the 
effect of temperature on rotor-winding move- 
ment. Past experience indicates that where 
duplicate machines have been purchased the 
temperature rise of the rotors has been re- 
duced by as much as 20 degrees. 

It therefore appears that it is possible for 
a manufacturer to provide designs which re- 
sult in less mechanical movement of con- 
ductors and which will not be susceptible 
to an excessive amount of rotor-winding de- 
formation. Repetitive manufacture also 
will make it possible to improve designs to 
the extent that it will be feasible to revise 
present temperature-rise and operating- 
voltage standards. 


M. D. Ross (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Preheating of turbine generator rotors 
is somewhat like the weather—we have 
done a good deal of talking about it but, up 
to date, no one has done anything about it 
to put these ideas into concrete form. Mr. 
Noest is therefore to be congratulated on his 
very comprehensive paper on this subject. 
As he has pointed out, there will be some 
difficulty in obtaining the desired differential 
temperature between field winding and rotor 
forging on machines with internal fans; 
whereas in machines with separate fans, 
there is a means at hand to control the 
ventilation, as the blowers provide good 
ventilation at low rotor speeds. This prob- 
lem with machines having internal fans has 
no doubt hindered the adoption of such 
preheating cycles in many cases. 

In 1934, the company which I represent 
had some experience with a 7,500-kw 3,600- 
rpm turbine generator rotor which had 
undergone severe overloads and had been 
started and stopped each day and in which 
the rotor windings were badly distorted. 
At that time B. A. Rose of the Westinghouse 
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Figure 1 (a). Diagram of field winding in 
which normal pressure of coil on wedges 
is about 5,000 pounds per square inch 


A—this length partially. clamped by centrifu- 
gal force 
B—This length clamped by centrifugal force 
acting against wedges 


(b). 
(c). 


Section of soft copper at B 
Comparison of soft and hard field copper 
under repeated load cycles 


happening in the field windings. A graphic 
picture of the distortion of the soft-copper 
field-winding material then universally used, 
is shown at the left hand side of Figure 1. 
The action of repeated starting and stopping 
cycles is described very clearly in Mr. 
Noest’s paper and does not need to be re- 
peated here. 

Asa result of the study of this problem in 
1934, it was decided to cold-work the field 
copper about six per cent in area in order to 
give it elastic properties of a sufficiently high 
order that temperatures up to 125 degrees 
centigrade would. produce negligible dis- 
tortion of the field coils. The right side of 
the diagram shows the performance of a 
cold-worked copper field winding. The 
7,500-kw rotor mentioned was rewound 
in 1934 with such field coils and has oper- 
ated very satisfactorily since that time. 
The rotor of a 183.333-kva 1,800-rpm gener- 
ator then in process of construction also 
was equipped with cold-worked copper wind- 
ings. Shortly after it was installed this unit 
was run for a six-month period, starting and 
stopping each night. The loading later was 
changed to a more uniform one with shut- 
downs about every three months. Recent 
examination of this rotor indicated no notice- 
able shifting of the field windings after 
eight years’ operation. 

Experience with over 40 large 3,600-rpm 
rotors built since 1987 also has been uni- 
formly good which leads us to believe that 
cold-working of rotor field coils is a distinct 
forward step in the art of building large 
turbine generators. 


A. W. Rankin (General Electric Company, 
Schenectady, N. Y.): The paper by Mr. 
Noest has discussed the important problem 
of rotor copper deformation and has given 
in some detail a preheating method which ~ 
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those machines on which permanent strains 
can occur. The company with which this 
writer is associated has long advocated 
preheating where applicable and where 
desirable in order to minimize differential 
expansion between the winding and the 
body. Mr. Noest’s paper, however, is the 
first to present the quantitative aspects of 
rotor preheating and, as such, has presented 
information which will be helpful in the 
operation of other machines in similar 
circumstances. 

The winding distortion shown in the end 
turns in Figures 1A to 1C inclusive of the 
paper is due to a permanent strain in the 
rotor copper in the central portion of the 
rotor body. In this portion of the rotor 
body the reduced effectiveness of the venti- 
lating ducts causes the radial distribution of 
temperature to approach that of a machine 
ventilated only at the gap surface. If Figure 
3 of the subject paper were modified accord- 
ingly to apply only to the central portion of 
the rotor where the permanent strain is 
located, the diminished effect of the ventilat- 
ing ducts would cause an increase in the tem- 
perature of the conductor at the bottom of 
the slot. Better correspondence than is now 
shown in Figure 5 then might be available 
between calculated and test deformations. 

The General Electric Company’s calcula- 
tions of the radial distribution of tempera- 
ture in the rotor slots of the same 160,000- 
kva generator studied by the author do not 
agree exactly with the values shown on Fig- 
ure 3 of the subject paper. Our calculations 
show a considerably smaller differential be- 
tween maximum and minimum temperatures 
than is given by Figure 3. 

In considering the distortion of the rotor 
windings, it should be realized that the 
axial compressive stress which causes the 
permanent strain is induced by the frictional 
forces opposing the temperature elongation. 
The axial compressive stress increases lin- 
early from its minimum value under the re- 
taining rings to that compressive stress 
which just balances the potential elongation 
due to-temperature, and the rate at which 
this compressive stress increases is directly 
proportional to the coefficient of friction and 
the centrifugal force. It is accordingly 
evident that for a given operating tempera- 
ture, end blocking, and diameter there is a 
critical length below which no permanent 
deformation would occur, and that with 
greater lengths the rate of increase of the 
permanent strain is far greater than the rate 
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Since the compressive stress increases at a 
rate which is directly proportional to the 
centrifugal force per turn, it is accordingly 
evident that this rate of increase is much less 
for an aluminum field winding than for a 
copper winding because of the lower unit 
weight of aluminum. In addition, the mod- 
ulus of elasticity of aluminum is consider- 
ably less than that of copper. As a conse- 
quence of these facts, the actual compres- 
sive stress induced in an aluminum field 
winding is much less than is implied by a 
comparison of the thermal coefficients of ex- 
pansion of aluminum and copper. 

The preheating, the characteristics of 
which were discussed so well by Mr. Noest, 
is the most positive means of minimizing the 
winding distortion, and it is advocated 
wherever desirable and wherever possible. 
Even on more modern machines using de- 
signs and materials which minimize this 
permanent strain, preheating is inexpensive 
insurance in those cases in which the service 
is of extreme severity. Where the operating 
conditions are not sufficiently severe to re- 
sult in upsetting of the copper, the preheat- 


. ing described by Mr. Noest will also mini- 


mize potential damage to the insulation due 
to differential movement between the wind- 
ing and body. 


H. D. Braley (Consolidated Edison Com- 


pany of New York, Inc., New York, N. Y.): : 


The paper by G. A. Juhlien! referred to by 
Mr. Noest presents an admirable analysis 
of the causes of deformation in rotor wind- 
ings of turbogenerators and also suggests 
the use of preheating to minimize these 
effects. The paper by Mr. Noest presents 
what we believe to be the first practicable 
procedure for determination of the correct 
preheating temperature. This temperature 
usually can be established at such a value 
that the stresses in both compression and 
tension can be maintained within the elastic 
limits of the field conductors for all ranges 
of generator loading normally required. 
The damage to the rotor windings of large 
costly generators resulting from stresses 
set up by the combined effects of tempera- 
ture and centrifugal forces, therefore, may 
be reduced to a point where it need no longer 
be a matter of serious concern. The pro- 
cedure is simple, practical, and may be 
applied in one form or another by anyone. 
The question may be raised as to whether 


a little distortion more or less is of sufficient 


importance to cause alarm. In small ma- 
chines with short rotors and moderate speeds 
the distortion may take place at such a slow 
rate that many years may elapse before it 
becomes appreciable. In very large ma- 
chines with long rotors the opposite effect 
may be anticipated. Although we have 
made no survey of the industry in general— 
questionnaires being somewhat in disrepute 
at the present time—the experience of the 
Consolidated Edison Company of New York 
may be cited. Serious distortion of field 


windings have occurred on five generators , 


(two cases on one machine) ranging in size 
from 20,000 to 200,000 kva and having a 
total rated capacity of 670,000 kva. All of 
these troubles have been detected within the 
past six years. This distortion has caused 
field winding ‘‘grounds’’ to occur on all of 
these machines and four of the units have 
developed short-circuited turns in addition. 
New rotor windings had been installed in two 
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generators (twice in one of these); one is now 
at the factory for rewinding; two others 
have been repaired in the field, one of which 
is scheduled for rewinding. Machines of 
three different manufacturers are involved. 
This would appear to offer sufficient evi- 
dence that rotor winding distortion is of some 
importance and lends emphasis to the value 
of Mr. Noest’s paper. 

Though improvements in design have been 
made and will no doubt continue, it would 
appear that the physical nature of the prob- 
lem is such that entire elimination of wind- 
ing distortion may not reasonably be ex- 
pected in the near future. One such design 
might require the use of metals in rotor body 
and in field winding having the same ex- 
pansion at their respective operating tem- 
peratures and also the same rate of tempera- 
ture rise. Another method might lie in the 
use of winding conductors having higher 
mechanical strength than copper. In the 
meantime preheating of the rotor windings 
offers a satisfactory and practical solution. 

The testing methods and protective de- 
vices developed by the Consolidated Edison 
Company in connection with the troubles 
with rotor windings may be of interest and 
are mentioned briefly: 


1. A-c impedance of rotor windings has been 
found to be indicative of short-circuited turns. 
Readings, however, must be compared with those 
taken when it is known that no short circuits exist. 
This test can be made without removing the rotor 
from the machine. 


2. A field flux survey of the rotor surface with the 
rotor removed from the machine and the field 
excited with alternating current affords a positive 
indication of turn short circuits and also identifies 
the coil slot in which the fault exists. 


3. The exact location of grounds with respect to 
a point on the surface of the rotor body may be 
determined by a d-c potentiometer testing method. 
This test normally requires the rotor to be removed 
from the machine. 


4. A sensitive ‘‘ground”’ detector relay with a 
sensitivity of 10,000 ohms is connected to the field 
circuit of operating machines and supervises ap- 
proximately 95 per cent of the field winding. This 
relay operates to give an alarm indication only. 


5. A protective relay scheme responsive to me- 
chanical vibration amplitude has been developed. 
It has been used in two instances to protect a 
generator operating with a single ‘“‘ground” in the 
rotor circuit. A moderate increase in vibration 
operates an alarm, and a further increase auto- 
matically trips the generator main switch and field 
breakers. This equipment has been fully described 
in the paper entitled, ‘‘Vibration Protection for 
Rotating Machinery, presented before the North 
Eastern District technical meeting of the Institute 
by R. L. Webb and C. S. Murray in April 1944,? 
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John G. Noest: In regard to Mr. Diss- 
meyer’s question concerning the adequacy 
of preheating and controlling rotor-winding 
deformation, the author claims only that 
preheating permits minimizing of the 
stresses in the rotor winding. These stresses 
can not be eliminated completely as long as 
a cyclic load must be carried. However, 
since certain types of generators are more 
subject to winding distortion than others, 
generators known to be subject to distortion 
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can be favored in the loading, and, if calcu- 
lations disclose excessive stresses at the 
extremes of the load cycle which can not 
be further reduced by the correct choice of 
preheating temperature, steps can be taken 
for the reduction of temperature variations 
by reducing cooling water flow or by 
throttling cooling air flow at light loads. 

Mr. Taylor’s point in bringing out the 
ramifications of the problem of winding 
distortion which limit the precision of any 
analytical approach is well taken.. The 
justification of the mathematical treatment 
lies, not so much in the quantitative results, 
but in a better understanding of the factors 
involved. : 

In regard to the question of ventilation 
during the preheating period, it has been 
found by experience that best co-ordination 
between turbine-starting procedure and pre- 
heating results in some cases in preheating 
with full ventilation and in other cases in 
starting preheating without ventilation and 
finishing with ventilation. In none of the 
five cases where preheating is done on the 
Consolidated Edison Company system do 
the preheating operations prolong the nor- 
mal turbine-starting operations. 

With respect to the requirement of com- 
plete shutdown, the author believes that the 
complete release of all accumulated stresses, 
particularly in the longest rotors, is worth 
the little extra trouble. It also prevents a 
tendency on the part of the operators to 
allow higher turbine speeds than specified. 


Vibration Protection 
for Rotating Machinery 


Discussion and authors’ closure of paper 
44-71 by R. L. Webb and C. S. Murray, 
presented at the AIEE North Eastern District 
technical meeting, Boston, Mass., April 
19-20, 1944, and published in AJEE 
TRANSACTIONS, 1944, July section, pages 
534-7. 


R. P. Crippen (Ebasco International Cor- 
poration, New York, N. Y.): The damage 
that may be caused by a double ground on 
a 3,600-rpm rotor which  short-circuits 
enough fieid-winding turns to cause severe 
magnetic unbalance is illustrated by the 
failure of a 3,000-kw generator which 
occurred about five years ago. 

The circumstances surrounding this failure 
are not entirely clear, but, after it was all 
over, there was a dead ground on the rotor. 
There was no other disturbance on the sys- 
tem at the time the fault occurred, and 
there was no evidence of overspeeding on 
any part of the machine. The governor 
mechanism tested out perfectly. 

The conclusion is that the overspeed de- 
vice tripped the generator because of ex- 
treme vibration from magnetic unbalance 
due to a double ground of the rotor winding. 
Among other things the housing of this de- 
vice was broken. 

The extreme vibration caused the inboard 
generator bearing cap to break. The shaft 
was sprung, as the rotor was an old type with 
laminations built up on the shaft. The rotor 
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sprung over far enough so that the fan 
blades stripped insulation from the stator 
coils. The inboard fan failed. This may 
have occurred first and thus have aggra- 
vated the vibration sufficiently to break the 
bearing cap, but this is supposition. Stator 
iron was not damaged. Repair of the gener- 
ator required a complete new rotor, a new 
stator winding, a new bearing cap, and re- 
babbitting of bearings, new fans, and other 
Accessories. Very little damage was done to 
the turbine. 


A. W. Rankin (General Electric Company, 
Schenectady, N. Y.): The paper by Webb 
and Murray describes a relaying system 
with which generators have been operated 
while a single ground existed on the field 
winding. The efficacy of the relaying 
equipment itself will not be questioned here, 
but the practice of operating machines 
while one ground exists in the field winding 
does deserve discussion in order that the 
attending hazards are fully appreciated. 

The existence of a single ground in the 
field winding modifies the distribution of 
voltage induced in the field winding by 
armature transients and causes larger volt- 
ages to ground to appear than would be 
present in an ungrounded field. As a con- 
sequence, the operation of alternators while 
one ground exists in the field winding is par- 
ticularly inviting to the appearance of a 
second, or double, ground. 

A double ground on the field of an alter- 
nator partially short-circuits a portion of the 
field winding, and the resulting unbalanced 
magnetic forces may cause vibration which 
can damage the unit severely as described 
in the introduction of the subject paper. 
It should be noted, however, that with 
the occurrence of the second ground, the 
vpening of the field breakers does not 
immediately eliminate the source of the 
vibration. The second ground has com- 
pleted a circuit within the rotor structure, 
and current will continue to flow in this 
circuit for an appreciable period (measured 
in seconds) after the field breakers are 
opened; in addition, currents will continue 
to flow in the circuit completed by the dis- 
charge resistance across the field breaker. 
The time duration of the current flow in 
these circuits is controlled by the open- 
circuit field time constant modified by the 
resistances in the grounds and discharge 
resistor and by the percentage of the field 
winding which is short-circuited. During 
the period in which these currents continue 
to flow, there acts on the rotor the unbal- 
anced force which causes the machine vibra- 


tion. Under unfavorable conditions these 


time constants may be about 12 seconds for 
large turbine generators. 

Especially is there a danger present that 
internal faults will appear in the stator dur- 
ing the period in which the machine is run- 
ning with one ground. An internal fault in 
the stator induces transient voltages in the 
field circuit, and with a single ground already 
existing in the latter conditions are particu- 
larly favorable for the appearance of a 
second ground. Large induced currents then 
will be present in the field winding due to 
the stator fault, and these currents cannot 
be stopped instantly by opening either field 
or stator breakers; but they will decay by a 
time constant which approaches the short- 
circuit time constant. 
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The relaying equipment described in the 
subject paper opens both field and stator 
breakers upon the incidence of more-than- 
usual vibration, but it is evident from this 
discussion that these breakers do not 
directly or instantly stop the disturbing cur- 
rents. The hazards attendant upon opera- 
tion with a single ground naturally are re- 
duced somewhat by the use of this relaying 
equipment, but it is difficult to state the 
extent of this reduction. It would be inter- 
esting to study any data which the authors 
might have on the quantitative aspects of 
this protection; but it is suggested, never- 
theless, that operation of machines while one 
ground exists on the field winding should be 
undertaken only when conditions make such 
operation unavoidable and only after care~- 
ful review of the accompanying hazards. 


R. L. Webb and C. S. Murray: The discus- 
sion by Mr. Crippen describing an actual 
case of damage to a generator due to double 
field-winding grounds is very interesting 
and is appreciated by the authors. It is 
probable, had the machine been a larger 
one, that considerably more damage might 
have resulted before the rotor had stopped 
turning. The authors know of at least one 
other case where similar damages have 
resulted, except that in that case the stator 
iron also was damaged severely. 

Mr. Rankin’s discussion of machine char- 
acteristics and how they may affect genera- 
tor rotor vibration adds materially to the 
subject under discussion. The authors have 
considered all of the behaviors which Mr. 
Rankin brings to our attention and have 
found that the protection described, as ap- 
plied to the generator in question, does in 
their opinion provide satisfactory protection 
under the most adverse conditions which 
may be encountered. 
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Figure 1. Resultant attraction between two 
poles and stator iron with varying field current 
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Figure 2. Rate of field current change in 
windings measured from time second ground 
occurs 


1—The two short-circuited poles 
2—The remaining two poles 
A—27,000-pound pull, 12-mil vibration 
B—72,000-pound pull, 40-mil vibration 
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Calculations of field rotor vibration dite to 
double field-winding grounds require that 
consideration be given to the following 
items: 


1. The initial flux condition. 


2. The type of field-winding failure and how it — 
affects the flux in all of the magnetic poles. 


3. The rate at which field current and magnetic 
flux change for each field pole for both open-circuit 


and short-circuit armature conditions. By 
¢ 


4. The relation between unbalanced flux densities 
and unbalanced magnetic attraction. 


5. Calculation of shaft, bearing, and mounting 
steel deflections in both horizontal and vertical 
planes to follow these changes in magnetic forces. 


A practical calculation of a hypothetical 
or actual case to obtain the results for a case 
of double field-winding grounds necessarily 
must entail some simplifying assumptions. 
The field-winding ground on the machine 
with which this paper is concerned is located 
at about 30 per cent of the winding from the 
negative slip ring. This places the ground in 
the first coil of the second pole winding from 
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Figure 3. Field fluctuations for three-phase 
terminal short circuits 


A—Avrmature short circuit (three-phase termi- 
nal short circuit) 
B—Subtransient effect ended after about 
0.1 second 
C—Field decays for 0.15 second to follow 
standard decrement curve 
D—Breakers open by generator differential 
relays at 0.25 per second 
E—Decay of flux after field breaker opens 

a. Two poles short-circuited 
b. Two poles with winding on discharge 
resistor \ 
Maximum flux difference between poles is 
62 X 108 maxwells at 0.5 second 
F—About 0.007-inch vertical vibration or 
0.014-inch horizontal vibration would be 
expected to occur because of the 25,000- 
pound differential pull on one side of the rotor 


the negative ring. To simplify the solution 
it was assumed that this ground is located at 
25 per cent of the field winding, which places 
it between the first and second pole wind- 
ings from the negative ring. In order to 
obtain a very severe case, it was assumed 
that a'second ground occurs between the 
third and fourth pole windings, thereby 
short-circuiting one half of the field winding 
and leaving the other half connected to the 
supply, which is assumed to be a constant 
voltage source. “ 
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Figure 4. Rate of change in vibration 
amplitudes following second ground in field 
winding (two pole windings short-circuited) 


A—Vibration relay trip setting 

B—Breakers open (2.0 seconds), armature 
open-circuited 

C—Breakers open (0.8 second), armature 
short-circuited 

D—Calculated vertical vibration 

E—Estimated horizontal vibration and prob- 

able range of variation 


These assumptions assist the calculation, 
since they permit considering the magnetic 
forces being exerted along two resultants 
which are 180 mechanical degrees apart— 
one of which is controlled by the current in 
the pole windings which are not. short- 
circuited, and the other is controlled by the 
pole windings which are short-circuited. 

The curve of Figure 1 was obtained to 
show the magnetic attraction versus field 
current for the resultant of the magnetic 
forces of two magnetic poles. The curve 
takes into account the effects of saturation. 

The curves of Figure 2 show the rate of 
change of field current in the windings of the 
two short-circuited poles and in the windings 
of the poles which are not short-circuited 
measured from the time the second ground 
appears. The current in the short-circuited 
portion of the winding begins to decay at a 
slow rate immediately following the occur- 
rence of the second ground. The current in 
the other two pole windings increases ini- 
tially and then decreases at a more rapid 
rate, when the field breakers are opened and 
the winding is connected to the field-dis- 
charge resistor. The data presented on this 
curve are for open-circuit armature condi- 
tions. 

If the occurrence of a stator winding short 
circuit should, as pointed out by Mr. Rankin, 
be the cause of the higher voltages between 
turns of the field winding, which in turn 
cause the second field-winding ground to 
appear, the behavior would be somewhat 
different. Though the field current in the 
short-circuited and unshort-circuited por- 
tions of the windings would be widely dif- 
ferent, the field flux across the air gap would 
not be expected to increase. Since the 
armature short circuit is assumed to be on 
the generator terminals and since some time 
is required for vibration to develop, the gen- 
erator differential relays would be likely to 
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operate before the vibration-protection re- 
lays. The curves of Figure 3 show how the 
magnetic flux per field pole would vary with 
time following the occurrence of a three- 
phase short circuit at the generator ter- 
minals. When the field circuit breakers are 
opened by differential relay operation at 
about 0.25 second, the magnetic flux of the 
poles with short-circuited windings will 
decay relatively slowly, whereas the flux in 
the other two poles will be forced to decay 
rapidly, since the windings of those poles are 
connected to the field-discharge resistors. 
For this condition, the maximum machine 
vibration which would be expected is rela- 
tively small as indicated. 

The curves of Figure 4 are approximate 
only, since they involve the complications 
associated with determining the deflections 
which may occur in the generator foundation 
steel. However, the curves do indicate the 
approximate maximum vibrations which 
may be expected and how they vary with 
time for both open-circuit-armature and 
short-circuit-armature conditions. The gen- 
erator circuit breakers are opened at about 
0.8 second when the armature is short- 
circuited by action of the vibration-protec- 
tion relays. This permits a maximum vibra- 
tion of 50 to 60 mils at that moment. How- 
ever, the vibration following the opening of 
the circuit breakers would, for this case, be 
expected to decrease, since the field poles 
which are strong at 0.8 second would have 
their windings connected to the discharge 
resistors, and the field flux in them would 
decay at a more rapid rate than the field 
flux in the other two poles whose windings 
are short-circuited. 

The precautions which Mr. Rankin has 
called to our attention are important and 
should be considered for each machine to 
which vibration protection is applied. It is 
believed by the authors that the vibration 
protection applied to the machine with 
which the paper is concerned does provide 
adequate protection against serious machine 
damage due to vibration caused by double 
field-winding grounds. 


Behavior Factors of Rectifier- 


Driven D-C Motors 


Discussion and author's closure of paper 
44-86 by Victor Siegfried, presented at the 
AIEE North Eastern District technical 
meeting, Boston, Mass., April 19-20, 1944, 
and published in AIEE TRANSACTIONS, 
1944, July section, pages 530-2. 


B. J. Dalton (General Electric Company, 
Schenectady, N. Y.): This paper has 
presented a rather pessimistic picture of 
the operation of d-c motors on rectifiers. 
That this picture is not actually as pessi- 
mistic as might be assumed is proved by the 
operating performance of hundreds of 
drives of this type now in operation. 

The inductance in the motor itself pro- 
vides a great deal of filtering and aids in the 
smoothing of the current wave shape. Be- 
cause of the inherent characteristics of a 
motor operating on a rectifier, the form fac- 
tor is worse at light loads than it is at full 
load. Therefore the picture will look much 
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worse, if considered at light loads, than it 
will at full loads.. However, the totalamount 
of heating in the motor is least at these light 
loads and is greatest at full load where the 
current is generally continuous. 

The form factor of the armature current is 
dependent, for a given horsepower rating, 
upon the speed and the frame size of the 
motor. A low-speed large-frame-size motor, 
because of its inherent inductance, has less 
heating as contrasted to normal than a high- 
speed small-frame-size motor. 

Single-tube rectifiers, because they present 
a very discontinuous voltage, practically are 
limited in application to very small motors. 
Some tests have indicated that the heating 
losses of a motor on a single-tube rectifier 
may be about three times normal. 

Motor performance on two-tube rectifiers 
is not as bad as one might expect. The 
heating losses will be very roughly between 
a little over normal to about twice normal. 

A rectifier consisting of three or four tubes 
will provide a voltage which has only a small 
amount of ripple, and the current in the 
motor will be filtered to such an extent that 
the increased losses are often negligible. 
Economics alone usually will determine 
whether it is more feasible to use a small 
number of tubes and a large motor, or a 
large number of tubes and a small motor; or 
whether or not an external reactor may be 
added in the armature circuit to reduce the 
motor frame size. 

This paper mentions the harmful effects 
of the voltage peaks present. The peak 
voltage applied to the motor is dependent 
on the type of rectifier used. For a two-tube 
rectifier on a 230-volt motor the peak voltage 
will be approximately 440 volts, which 
should not present an undue stress on the 
motor insulation. 

In order to insure successful operation of 
motors on rectifiers these factors should be 
considered. However, with proper motor 
design and co-ordination of motor and con- 
trol these problems do not present too diffi- 
cult a solution. 


Victor Siegfried: Mr. Dalton’s discussion 
is very welcome, inasmuch as it appears 


_to confirm the convictions expressed in the 


paper. Far from being pessimistic, how- 
ever, these conclusions are intended to be 
realistic and to call attention to factors 
which, if neglected, may lead to improper 
engineering of rectifier drives, and hence 
hinder real progress. That such factors are 
being considered in the hundreds of drives 
now in operation is ample proof of the need 
for this consideration, although previous 
literature and experience with commercially © 
available units did not always show it had 
been given. In fact definite lack of it has 
been observed in a few installations where 
the disagreeable factors outweighed the 
optimistic features in the customers’ minds. 
The reputation of this attractive system, 
unfortunately, is harmed more by these 
few instances than it is enhanced by many 
other more favorable applications. 

With regard to the use of the inductance 
of the motor for smoothing, the least filtering 
is required if the full-load setting of the recti- _ 
fier is the full-on condition. There is a 
practical limitation, then, which calls for 
some remanent latitude in the controls, and 
thus requires a compromise at something 
less than this. We are thus back at the 


1357 


original situation where the heating by the 
pulsating current is excessive over the d-c 
ammeter value. In applications where duty 
cycles are to be considered, the true heating 
value is of utmost importance, as we cannot 
on the one hand say to disregard these dif- 
ferences, and then on the other figure the 
duty cycle with the lower value. 

It is gratifying to hear that the heating 
ratios are three times normal for single-tube 
rectifiers and up to twice normal for two- 
tube rectifiers, as these check the ranges 
suggested in the paper from the theoretical 
analysis. As Mr. Dalton points out, the 
combination of multiphase rectifiers and 
realization of filtering properties from in- 
ductance, either in or external to the arma- 
ture, may reduce this increase in loss to 
negligible proportions. Is not this ample 
justification within limits of economics for 
standardization on using the largest permis- 
sible number of tubes? That was, in fact, 
the most important of the conclusions in the 
paper, because the multiphase rectifier 
avoids the necessary derating of the motor 
and introduces other benefits which are 
more difficult to equate in the economics of 
the situation. 

I would urge caution in the philosophy of 
inserting inductance to secure better wave 
form. These 230-volt systems find the thy- 
ratrons already operating at the ragged edge 
of their 1,000-volt inverse voltage limit, and 
inductance serves to aggravate the occur- 
rence of additional voltages from sudden 
commutation of currents. It is my belief 
that from the voltage standpoint the less 
inductance the better. A compromise must 
be reached, of course, with the desire to 
smooth the current waves. 

As to peak voltages, there are apparently 
some conflicting ideas on possible values. 
With a quick reversal of the motor, for ex- 
ample, voltage peaks of more than double 
the 440-volt theoretical figure have been ob- 
served by oscilloscope, and commutators 
have been flashed over by these voltages. 
The possibility suggests itself of stray Ldi/dt 
voltages caused by sudden current changes 
in the armature beyond the scope of the 
suggested 440-volt peak. Once again the 
avoidance of high-inductance armatures is 
seen to be desirable. 

To reiterate, the relative importance of 
the various factors outlined in the paper 
must be left to the manufacturers’ or users’ 
discretion. Their inclusion in designs, how- 
ever, cannot hinder real and permanent 
progress in the art of rectifier drives. 


Aids to Quality Control in 
‘the Manufacture of 
Aircraft Generators 


Discussion of paper 44-83 by F. M. Potter, 
presented at the AIEE North Eastern District 
technical meeting, Boston, Mass., April 
19-20, 1944, and published in AIEE 
TRANSACTIONS, 1944, July section, pages 
525-9, 


R. R. Miille (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Mr. Potter has described many interesting 
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tests which should be very helpful in main- 
taining quality of aircraft generators. How- 
ever, he does not state which ones are used 
as regular production tests or to what degree 
they are used. 

If a large number of defects are likely to be 
found, tests in the early stages of manufac- 
ture are necessary. However, if by the use 
of proper manufacturing methods, quality is 
built into the parts in each step, there will 
be less rejects and no need for so many de- 
tailed tests. With this method only a few 
tests to assure satisfactory over-all perform- 
ance will be required, and a better product 
will result. 

Complete stators need be given only a 
comparison test, reading the watts input on 
alternating current to check electrical and 
magnetic qualities. Armatures need be 
given only a special high-voltage high-fre- 
quency test which checks insulation, short- 
circuits, connections, and reversed coils 
where the armature is part of a resonant 
tuned circuit. This test is unique in that it 
is simple to perform yet will detect faults 
which ordinary tests cannot find. The final 
over-all test should be the performance test 
on the complete generator. To obtain a 
thorough check this test should be made at 
full-load temperature. This is especially 
important on aircraft generators, since they 
are operated at higher temperatures than 
ordinary machines. Movement of commu- 
tator bars and of windings and poor connec- 
tions are more likely to occur at these high 
temperatures. 

Mr. Potter has not mentioned any special 
tests to check the quality of the carbon 
brushes used on aircraft generators. Brushes 
are a vital part of any d-c machine, and 
several special tests have been very helpful, 
not only in maintaining quality standards, 
but also in leading to material improvements 
in manufacture of the brushes. The usual 
brush life test does not give any indication 
of the results which may be expected from 
actual service on an airplane engine. The 
effect of vibration in particular must be 
taken into account in any test of the suit- 
ability of brushes for aircraft-generator serv- 
ice. The use of an impact tester to check 
the impact resistance of brushes has been 
very valuable in comparing brush material 
and also in determining whether the brush 
has been weakened by attachment of the 
shunt connections. 

The problem of shunt attachment on 
brushes, which must operate under condi- 
tions of high temperature and excessive 
vibration, is one that has given brush manu- 
facturers a great deal of trouble. An attach- 
ment which is too tight may damage the 
brush so that it will fracture, and any 
looseness in the attachment will result in 
high resistance and rapid failure of the joint. 
The endurance of shunt connections has been 
tested by a mechanical arrangement con- 
sisting of an eccentric commutator provided 
with several steps which drop the brush 
about /s4 of an inch. This is admittedly a 
very severe accelerated test, but it will 
show poorly riveted shunt attachments, 
solder in the shunt strands, and sharp edges 
on the terminals. Any mechanical weakness 
in the brush will result in failure in a matter 
of hours on this tester. This is not a quanti- 
tative test, but it has been very useful for 
quick comparisons of various lots of brushes, 
and its use has helped maintain the quality 
of the brushes. 
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“ft 

On aircraft generators where maxinium 
output for minimum weight is required, large 
safety factors cannot be allowed, so tests 
for maintaining uniformity in the quality. 
are essential. For economy, however, such 
tests should be kept to the minimum that 
will assure this quality. 


A Unit for Balancing the ~ 


Voltages of Three-Phase 


Aircraft Inverters Supply- 
ing Large Single-Phase 
Loads 


Discussion of paper 44-72 by Sydney 
Wimpie, presented at the AIEE North 
Eastern District technical meeting, Boston, 
Mass., April 19-20, 1944, and published 
in AIEE TRANSACTIONS, 1944, July 
section, pages 532-3. 


Alexander H. Wing, Jr. (Harvard Uni- 
versity, Cambridge, Mass.): The device 
which Mr. Wimpie describes is very clever 
indeed. There is one point in the analysis 
however, which did not at first seem clear. 
Following equation 11, Mr. Wimpie states, 
“It can further be seen that if the internal 
impedance of the power supply is small 
compared to the impedance of the load 


Lo/Ico.=Expp/Epa (12)” 


The operation of the tap on the inductor and 
the division of capacitor current might be 
explained as follows. 

The induetor may be regarded as com- 
bining the effects of an untapped coil across 
phases A and B, together with a tapped ideal 
autotransformer as shown in Figure 1. As 


a (DEAL AUTOTRANSFORMER ~~ 


Figure 1 


is clearly shown in Figure 7 of the paper, the 
capacitor current Jg is such that the load 
current plus the capacitor current equals I; 
as determined by equation 8 of the paper. 
This establishes Jg on Figure 7. The volt- 
age vector He, Figure 7 is drawn perpen- 
dicular to Jg, fixing point P and the location 
of the tap on the transformer. Since the 
transformer is ideal, the volt-amperes in 
each winding must be equal, so that 


Earla =Eppl ee 


Thus it is not necessary to assume a zero- 
impedance source to establish the division 
of the capacitor current. 

As a matter of fact, Mr. Wimpie’s device 
works just as well as a balancer, even if the 
generator has considerable balanced internal 
impedance, For example, if the addition of 
other balanced loads should cause the volt- 
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age to decrease considerably (indicating 
considerable internal impedance), the vector 
diagram of Figure 7 simply would shrink in 
proportion, and the balance would not be 
disturbed. 

Mr. Wimpie is to be congratulated on the 
development of this piece of equipment 
which is remarkable in its simplicity and so 
effective and useful in our war effort. 


ete and D-C Short-Cireutt 
Tests on Aircraft Cable 


(Discussion and authors’ closure of paper 44- 
81 by J. C. Cunningham and W. M. Davidson, 
presented at the AIEE North Eastern District 
technical meeting, Boston, Mass., April 19- 
20, 1944, and published in AIEE TRANS- 
ACTIONS, 1944, pages 961-9. P 


J. C. Cunningham (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): One of the most effective 
methods of improving the fault-clearing 
ability of an aircraft distribution system 
is to replace heavy cables by two or more 
smaller cables in parallel. By this means 
the probable thermal capacity of faults is 
reduced without a corresponding reduction 
in short-circuit current. The result is a 
reduction in fault time, damage, and fire 
hazard. The increased number of circuits 
further increases reliability by reducing the 
probability of losing all circuits. 

In the design of an aircraft electric system 
one should consider the need for sustained 
short-circuit current in order to assure 
clearing of heavy faults. This is provided 
in present low-voltage d-c systems by the 
use of batteries, although their ability to 
deliver current diminishes rapidly at low 
temperature. Unfortunately shunt-excited 
generators deliver less sustained current to 
a very heavy fault than to one of higher re- 
sistance. If the initial transient fault cur- 
rent is not sufficiently high to assure clearing 
of faults in a few tenths of a second, it may 
be advisable to provide sustained current 
by means of separately excited generators, 
by batteries or otherwise. In a-c systems 
the use of integral or coupled exciters has 
the additional advantage of improving the 
stability of the system, 


A. C. Monteith (Westinghouse Electric and 


Manufacturing Company, East Pittsburgh, 
Pa.): The results of the tests reported in 
this paper are of interest, since they furnish 
good comparative results of burning clear 
or the self-clearing characteristics of faults 
as a function of voltage and current for 
alternating and direct current under differ- 
ent altitude conditions. 

In studying the results of these tests 
there is always a question of how closely 
they represent all possible combinations of 
faults under service conditions. To attempt 
positively to test all conditions would result 
in a prohibitive number of tests. The results 
of the series of tests presented in the paper 
do, however, give a good comparison of the 
fault-clearing characteristics for the stated 
conditions and show how the fault-clearing 
characteristics are affected by the varying 
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conditions. There is reasonable expectancy 
that they are indicative of what will happen 
for all possible types of faults. 

In the case of making the original designs 
for secondary-network systems installed in 
metropolitan areas a similar set of tests 
were made under what appeared to be the 
most severe conditions. These likewise 
showed comparative results which have been 
substantiated by 20 years of service ex- 
perience. 


R. J. Lusk (captain) and M. M. Moorhead 
(lieutenant; Army Air Forces Matériel 
Command, Wright Field, Dayton, Ohio): 
Mr. Cunningham and Mr. Davidson have 
conducted an extremely well-reported series 
of tests covering the phenomena of clearing 
of a-c and d-c short circuits of aircraft 
cable. No disagreement can be made with 
their conclusions regarding fault phenomena 
with respect to current levels, air density, 
voltage, and thermal capacity. 

However, application of these conclusions 
to military aircraft should not be made 
without serious consideration of several 
pertinent factors. The report was con- 
cluded with statements which, in effect, 
say: Faults will occur and therefore pro- 
tection should be used. This conclusion 
would be more acceptable, if it were modified 
to state: Based on these tests serious faults 
may occur and protection therefore is 
justifiable, provided further considerations 
do not alter the picture. 

Because of errors in certain basic as- 
sumptions made during the course of the 
tests, it is believed that the results are 
unduly pessimistic and cannot be applied 
satisfactorily to military aircraft. 

Tests 25, 26, and 27 were made to deter- 
mine the effect of three types of severed 
wire ends ttpon clearing phenomena. The 
conditions represented by test 25 were 
considered ‘‘too favorable’? to be repre- 
sentative of many faults, in spite of the fact 
that tests conducted by the Army Air Forces 
Matériel Command and reports from 
theaters of operation indicate that the 
conditions represented by test 25 are 
actually the conditions encountered. This 
is an error in one of the basic assumptions 
and affects the practical application of the 
test results to military aircraft. 

It was stated that in order to obtain fault 
contact it was usually necessary to clean 
the aluminum alloy fuselage surface with 
emery paper. This represents a wide 
deviation from conditions likely to be en- 
countered in service. Military aircraft are 
subject to wide extremes of atmospheric 
conditions with the result that the aluminum 
alloy surface in all probability would re- 
semble the original condition of the fuselage 
used in the tests. In addition present trends 
toward anodic treatment of aluminum 
surfaces for aircraft will provide additional 
insulating properties. 

Deviation of test conditions from actual 
service conditions make the application of 
test results to military aircraft questionable. 
A practical application of even perfect test 
results to military aircraft cannot be made 
without proper consideration of other 
factors involved in the installation of pro- 
tective devices. 

Economics must be considered. That is, 
the cost of protection must be balanced 
against the value of the benefit derived. 
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Cost in this instance does not refer to 
dollars and cents but to the much more 
important factors of increased maintenance 
and increased weight. 

The function of a bombardment air force 
is to deliver bombs to a target. The effec- 
tiveness of a bombardment air force is 
measured by the weight of bombs it delivers 
to its targets in a given period of time. The 
weight of bombs delivered can be decreased 
by increasing the weight of the airplane thus 
decreasing the bomb load or by reducing 
the availability of airplanes for missions by 
increasing necessary maintenance opera- 
tions. The addition of devices to offer 
protection against cable faults does both— 
increases maintenance and decreases bomb 
load. 

Maintenance is a serious bottleneck in 
combat operation and seriously limits the 


.striking power of a combat air force. Avail- 


able schemes for protection against cable 
faults require considerable maintenance 
without furnishing completely infallible 
protection. These schemes probably would 
require a complete inspection of the electric 
system following each combat operation. 
This inspection is classed as preventative 
maintenance, but reports from combat 
areas emphasize lack of time for preventa- 
tive maintenance thus raising a serious 
objection to these schemes. 

Weight is all-important. A pound of 
additional weight added to a bombardment 
airplane decreases the possible bomb load 
by one pound plus the weight of fuel re- 
quired to carry the added pound from the 
target back to the home base. A hundred 
additional pounds added to each bomber 
in a 1,000 airplane raid would decrease the 
possible bomb load by considerably more 
than 100,000 pounds. This additional 
weight, in effect, would neutralize more 
than five fully loaded heavy bombers for 
each such raid. 

Because of the maintenance and weight 
factors it can be seen that a real need for 
protection against cable faults must be 
established before the incorporation of 
protection schemes in military aircraft 
can be undertaken. 

Careful consideration must be given to 
the probability of occurrence in service of 
the various fault phenomena demonstrated 
in the laboratory and to the relative serious- 
ness of these events with regard to the per- 
formance of the military mission and safe 
return to base. ; 

From analysis of combat reports and from 
results of actual gunfire tests it can be con- 
cluded that the occurrence of line-to-line 
faults and high-thermal-capacity faults, 
while admittedly possible, is of such a low 
order of probability that it fails to justify 
the use of extravagant protection measures. 
The great majority of gunfire faults ap- 
parently are of the low-thermal capacity, 
light-contact type, which, all indications 
show, burn clear with a minimum of danger. 

An analysis of the higher-voltage system 
proposed for use in military aircraft will 
show that the majority of cable faults which 
can be expected to occur will meet the 
conditions set up by Mr. Cunningham and 
Mr. Davidson for rapid clearing, that is, 
the available current level is high enough 
for quick clearing of light-contact faults on 
the smaller wire sizes utilized in these high- 
voltage systems. 


Aircraft-electric system reliability de- 
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pends not only on the rapid clearing of 
cable faults but also on protection against 
occurrence of open circuits and against 
faults occurring in electrical equipment and 
at cable-junction points. Service experience 
has shown these items to be worthy of 
serious consideration, not only because 
they may be caused by gunfire, but also 
because they may occur during main- 
tenance or as a result of normal wear and 
tear. 

Open circuits may cause loss of power to 
important electrical loads such as gun 
turrets, The use of multiple-channel busses 
and distribution circuits greatly reduces the 
danger of power interruption to important 
loads resulting from open circuits due to 
gunfire or other causes. 

Protection against faults at cable-junction 
points is difficult to attain by the use of 
current-interrupting devices without addi- 
tion of considerable weight and complica- 
tion, however, adequate protection may be 
obtained by preventing occurrence of such 
faults. The probability of occurrence of 
cable-junction faults may be reduced satis- 
factorily by proper isolation of junction 
locations from the grounded structure of 
the airplane. 

Investigation of circuit faults other than 
those due to gunfire indicates that the great 
majority of these faults could be averted 
by proper and careful installation. 

Electrical equipment is subject to faults 
due to gunfire, to normal wear and tear, and 
to misuse. These faults usually are not of 
the self-clearing type and it is usually 
difficult to clear these faults quickly. 
Thermally actuated devices should be used 
to minimize effect of equipment faults on 
the electric system. Circuit devices should 
act to remove faulty equipment from the 
line, when the circuit is dangerously over- 
loaded. Where it is deemed advisable to 
prevent fault current flow from damaging 
equipment, protective devices should be 
incorporated in the unit. 


J. C. Cunningham and W. M. Davidson: 
The authors agree with Captain Lusk and 
Lieutenant Moorhead that the tests do not 
represent typical gunfire faults and that the 
test results do not show that sustained 
faults are likely to occur. However, a care- 
ful review of the purposes of the tests and the 
primary conclusions stated in the synopsis 
will reveal that we were trying to determine 
why faults in present systems do clear, not 
whether or not they would clear; and 
whether higher-voltage systems would be 
less satisfactory in this respect. Our con- 
clusions attributed satisfactory clearing to 
cable fraying and adequate current level 
and reported no unfavorable effect of the 
higher voltages contemplated. 

In order to make a satisfactory compari- 
son between present systems and proposed 
systems of different voltage, fault current 
level, and frequency it is essential to use a 
type of fault which can be reproduced 
consistently and still represents actual 
conditions as nearly as possible. The type 
of fault which Captain Lusk and Lieutenant 
Moorhead recommend for ‘‘practical appli- 
cation of the test results’? would vary so 
much in a series of tests that the effect of 
voltage, current, and frequency would be 
obscured. 

Similarly, their objection to cleaning the 
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aluminum surface with emery paper to 
obtain contact would be tenable, only if 
we were attempting to show whether faults 
would occur, rather than how clearing is 
affected by circuit conditions. 

A third dissimilarity between test condi- 
tions and actual service conditions, which 
is perhaps equally as important, as frayed 
strands and a poorly conducting surface, 
is the test procedure where power was 
applied after the cables were placed in short- 
circuit position. While this procedure is 
justified in order to obtain identical fault 
conditions for comparative tests, a short 
circuit in actual service may be considerably 
different because the cable is energized and 
in motion before the short circuit occurs. 
This was mentioned in conclusion 7. 

From the foregoing discussion it may be 
concluded safely that the type of fault 
represented by the test conditions is more 
severe than those likely to occur in service. 
It is impossible to say, either on the basis 
of these tests or on the basis of observations 
made thus far under service conditions, 
how much more severe. 

With regard to aircraft electric systems 
it is interesting to note that in the 400-cycle 
systems now under development the ratio 
of available fault current to load current 
and to cable size is much more favorable 
than in present d-c systems, and, therefore, 
on the basis of these tests faults should 
burn clear more rapidly. At the time this 
paper was written it appeared very likely 
that protective devices would be required 
in proposed 400-cycle systems to avoid loss 
of synchronism or motor stalling. Although 
stability tests have not yet been made, it 
now appears that the few statements in 
this respect were premature. 


Conditions Controlling the 
Economic Selection of 
Prime Movers 


Discussion and author's closure of paper 
44-107 by Bernhardt G. A. Skrotzki, pre- 
sented at the AIEE summer technical meeting, 
St. Louis, Mo., June 26-30, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
volume 63, 1944, pages 1099-1108. 


W. E. Caldwell (nonmember; Consolidated 
Edison Company of New York, Inc.; New 
York, N. Y.) The paper is a noteworthy 
contribution and effectively portrays cause 
and effect in evaluation procedure. The ana- 
lytical treatment is rational and affords a 
simpleapproach in determining the justifiable 
investment factor for comparing alternate 
schemes of development. The importance 
of predictions which form the basis of evalua- 
tion is made obvious in the paper. Since 
evaluation studies precede initial operation 
of the equipment selected by about two 
years, it is necessary to forecast the plant 
operating history from a period long before 
it exists all the way to obsolescence. 
Predicting load growth, load factor, in- 
terest rates, system interconnections and 
other influences in choice of equipment is 
speculative but does not detract from the 
soundness of the principles of economic 
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justification. Among the influences which 
have altered past predictions in metro- 
politan systems might be mentioned: inter- 
connection with other systems or with hydro 
systems; topping of older plants with high- 
pressure units; the use of exhaust steam 
from high-pressure units for district heating. 
Topping of low-pressure plants may in- 
crease the useful life of the topped low-pres- 
sure units from an expectancy of 20 years 
to 50 years or more, with corresponding 
increase in load factor. This results in re- 


duced load factor for the untopped units on . 


the system. District heating with exhaust 
steam from high-pressure units reduces load 
factor on older plants in the same manner 
as dump hydro power. 

Past experience indicates that properly 
maintained power-generating equipment 
never completely wears out. Boilers, turbo- 
generators, and other plant equipment have 
been retired from service due to obsoles- 
cence, after 30 years of operation, which 
were practically equal to new, so far as the 
intended service was concerned. Except 
for obsolescence, this apparatus might have 
enjoyed a century of useful life. Future 
apparatus may not possess this longevity 
since present tendencies are to design with 
less margin. 

Since the cost of plant capacity diminishes 
with increasing size of the individual units 
and the unit labor cost for operation also 
diminishes, the tendency is to install larger 
sized units than strict evaluation procedure 
dictates. Furthermore, prudent manage-— 
ment is inclined to discount savings con- 
templated in the remote future. The pres- 
ent worth of savings expected 20 years or 
more from the date of purchase is not 
tempting enough to outweigh the uncer- 
tainty of the predictions. For this reason, 
the justifiable-investment factor is usually 
held to a prudent limit which is in keeping 
with the changing times. 

Experience often dictates sacrifice in 
efficiency in the interest of simplicity and 
reliability. With a background of past ex- 
perience and some indication of future possi- 
bilities, the range of probable savings may 
be readily appraised. To this end, the 
author’s graphical treatment of the factors 
involved is a welcome contribution. 


T. G. LeClair (Commonwealth Edison 
Company, Chicago, Ill.): The paper by 
Mr. Skrotzki including the development 
of the formula for economic selection of 
prime movers is an important contribution 
to the central-station engineering field. 
A variety of different methods have been 
used by electric power-companies in select- 
ing the most economical design of turbine- 
generator units for particular conditions. 
Most of these methods have not been pub- 
lished for the benefit of other engineers who 
may be interested in making such an eco- 
nomic study. The methods given by the 
author are quite complete and should be 
very helpful to engineers faced with this 
problem. : Dh cate 

This problem is of particular importance 
to utilities as distinguished from the manu- 
facturing\industry. In the utility industry 
the invested capital may be five or more 
times the annual gross income. This is the 
reverse of a manufacturing industry where 
physical plant may be only a fraction of an- 
nual business. Therefore, it is essential to 
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the success of a utility enterprise that all 
new plant equipment be judiciously selected. 
I should like to stress the statement made 
by the author after his equation 15 that 
“The investment will not be undertaken un- 
less its value is less than that determined by 
the equation.”’ This is particularly impor- 
tant as it is difficult to weigh the many 
factors which may enter into the deter- 
mination of the useful life of the equipment, 
especially those mentioned by the author on 
the future advancement of the art and the 
estimated life of the enterprise. 

The experience of the railroads is a suit- 
able illustration. Many years ago the rail- 
roads developed passenger equipment which 
had such stamina and wearing power that 
it was expected to remain in service for as 
long as 50 years. Not only was it built for 
this purpose but the rate of depreciation 
used in determining the annual charges 
was such that equipment must be used for 
this longer period in order for the enterprise 
to be financially successful. When styles 
changed and automobiles and busses were 
made more attractive and comfortable than 
railroad cars, the railroads could not afford 
to scrap the old equipment in meeting this 
competition. It was found that the newer 
equipment, even though lighter, would re- 
quire additional carrying charges and, 
therefore, old equipment was kept in service. 
The old equipment was naturally less popu- 
lar with customers than more modern design 
and this factor, in my opinion, had much to 
do with the inroads made by the automobile 
and motorbus into the railroad passenger 
business. The competing form of trans- 
portation had no existing equipment to be 
used up and had no inhibitions against the 
introduction of novelties which were an 
improvement. 

Fortunately for the railroads, the war 
period has increased travel and decreased 
the availability of the private automobile. 
Old equipment now is being regularly used 
which admittedly had little remaining value. 

The purpose of the preceding statements 
is merely to illustrate the fact that it is 
extremely difficult to predict the useful life 
of any equipment which is to be purchased. 
It, therefore, seems necessary in using the 
equations of the nature presented in the 
paper to put much greater value on the 
present than the future. In other words, it 
seems quite important that unless savings 
are to be obtained in the very near future, 
or the investment to be paid for in a short 
time, ordinarily it is not good judgment to 
undertake the new investment. 

In many specialized manufacturing plants, 
new tools and equipment are purchased 
only if they can be paid for out of increased 
efficiency in six months to a year. In the 
utility industry, where equipment may have 
a life of 15 to 40 years or more, it is my 
opinion that it is seldom good practice to 
install new plant solely for operating savings 
unless the net savings over and above 

operating expenses will add up to the total 
of the new investment in a period of from 
five to seven years. Such a discount on the 
expected savings is necessary to insure that 
new capital is prudently invested in the light 
of many contingencies which may occur. 
In the selection of prime movers, needed for 
additional generating capacity, the fore- 
going statements apply to the cost of im- 
provements for greater operating economy. 
In the last analysis, any formula supplies 
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figures only as a basis for sound judgment 
when weighing possible unexpected changes 
in the industry, possible new sources: of 
power, and other factors beyond our con- 
trol. 


Bernhardt G. A. Skrotzki: The discussions 
of Mr. Caldwell and Mr. LeClair emphasize 
the haze of uncertainties that the power- 
system designer is forced to work in when 
proportioning and evaluating the component 
parts of a system. Though these uncer- 
tainties exist, every precaution should be 
exercised to insure that all factors have been 
critically examined. 

Usually the justifiable-investment factor 
is discounted to guard against overoptimistic 
assumptions and estimates. An important 
distinction in the case of generating equip- 
ment must be made as to its annual pro- 
duction rate during life. A substantially 
uniform production rate will have a higher 
justifiable-investment factor for evaluation 
purposes than for the case of decreasing pro- 
duction rate arising from addition of units 
to meet load growth. In an endeavor to 
avoid the considerable work required to cor- 
relate the justifiable-investment factor and 
the load-growth estimate, the temptation 
may arise to apply arbitrarily a large dis- 
counting factor to the justifiable-investment 
factor applicable for the condition of uni- 
form annual production rate. The disad- 
vantage of such a procedure lies in the addi- 
tion of an avoidable uncertainty of major 
importance to a host of unavoidable un- 
certainties. 

Though the treatment in the paper is 
mainly theoretical, it is the hope of the 
author that it contributes to the field of 
practical economic evaluation in the same 
manner that the highly theoretical subject 
of thermodynamics contributes to the field 
of practical power-station design. 


The Summation of 


Load Curves 


Discussion and author’s closure of paper 44-98 
by R. F. Hamilton, presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, October section, 
pages'729-35, 


Percy H. Thomas (Federal Power Commis- 
sion, Washington, D. C.): This paper and 
an earlier paper by Mr. Hamilton provide 
an ingenious method of estimating the effect 
of load factor and peaks in the summation 
load curve of a group of consuming appli- 
ances. This plotting of summation load 
curves for the information of load dispatch- 
ers may be gotten at in other ways, to ad- 
vantage in some cases, 

For example each unit load curve may be 
divided into a series of portions distin- 
guished by the time period during which the 
energy is-consumed. At the bottom of the 
curve, for example, is set off a portion or 
block of power which includes all the 
energy under the load curve delivered over a 
period of at least 20 hours. This block 
would be set off from the rest of the load 
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curve by a horizontal line across the curve 
at the 20-hour level. A generator carrying 
this load would operate 24 hours but would 
catry full load for only 20 hours. 

The next block might be chosen as the 
power for which delivery requires at least 
16 hours but not over 20 hours. This 
would be set off by a horizontal line across 
the load curve at the 16-hour level. The 
generator carrying this block would operate 
at full load for 16 hours only and would be 
free after 20 hours. Next might be a block 
between 8 and 16 hours. This would leave 
the peaks constituting the zero-to-eight- 
hour portion the sum of the four portions 
covering the whole load curve. Five or 
more blocks might be used. For any local 
load each of these blocks will have a peak 
capacity value and an energy value. The 
sum of all the blocks corresponding to the 
first block of the several component loads 
in a system would give a larger block of 
energy having the same time period as 
all the first block components, a peak capac- 
ity equal to the capacity chosen for the 
first block peaks, and a total energy equal 
to the sum of all the first block energies. 
Similarly with the summation of all the 
local second-block peaks and their energies 
into a second block with a total capacity 
peak and a total energy. The treatment 
of the other blocks would be the same, and 
all taken together would give an approxi- 
mate group load curve for the whole load. 

It is clear that the various blocks of the 
same order, for example the eight-hour 
blocks, might not cover exactly the same 
eight-hour period, and the summation 
block might in fact extend over 9 or 10 
hours at the main generators. This fact 
offers no difficulty, for naturally these load- 
carrying generators will be operating as 
spinning reserve before and after their 
eight-hour load period and thus could handle 
readily any fringe of energy. The total. 
capacity value and the total energy remain 
unchanged, 

The peaks constitute a special block, 
since their time of occurrence and energy 
values are varied. A _ special diversity 
study may be made of them, or the peak 
load value may be estimated from the energy 
of the peak block, or the peak capacity 
may be merged with the spinning reserves. 
In each case the most appropriate method 
may be chosen. 

This will be found a very simple and effec- 
tive method of integrating a large number 
of scattered loads. At the same time it 
gives the necessary data for determining 
the loading and required capacity for the 
transmission lines concerned. 

It will not be necessary to have a load 
curve for each component load, because an 
appropriate set of load-curve blocks for any 
consumer, each with its own block capacity 
and energy values, can be estimated from a 
set of typical load curves. 

By this block method all numerical opera- 
tions are mere additions and subtractions, 
after the initial setting up of the problem. 
This method actually has been used but 
will not be considered further in this dis- 
cussion. 


W. J. Lynott, Jr. (French Supply Coun- 
cil, Washington, D. C.): A perusal of Mr. 
Hamilton’s paper which enlarges upon 
“Synthetic or Equivalent Load Curves” by 
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the same author! indicates a novel approach 
to multiple-load forecasting. 

For almost any conditions of load-curve 
summation the equations were found to 
possess a degree of accuracy consistent with 
plotted values. However, it might be 
stated in fairness to the author that equa- 
tion 12 must be used with discretion in 
reference to the time displacement of the 
peak loads. A wide time variation in the 
occurrence of peaks would prevent the 
accurate use of this particular formula. 

The peaks of range and water-heater 
demands actually measured on a large 
utility system and their resultant diversified 
loads were found to agree favorably with 
the values calculated by Mr. Hamilton’s 
equations. Anticipated postwar develop- 
ments of the electric industry will place 
many new loads on utility systems varying 
in magnitude, load factors, and diversities. 

To this end it would seem advisable to 
encourage the conscientious study of prob- 
able loads and their characteristics well in 
advance. Mr. Hamilton’s paper serves a 
useful purpose in provoking some thought 
in this direction. 


REFERENCE 


1. SynTHeTIc oR EQuIvALENT Loap CuURVES, 
R. F. Hamilton, AIEE Transactions, volume 61, 
1942, pages 369-81. 


Constantine Bary (Philadelphia Electric 
Company, Philadelphia, Pa.): I have had 
several discussions with Mr. Hamilton on 
his paper, and I pointed out to him the 
necessity for clarifying and extensively 
qualifying the limitations of certain of the 
formulas and statements contained in the 
paper to obviate the possibility of erroneous 
results in their applications to actual condi- 
tions. This discussion constitutes my com- 
ments on certain selected phases of the 
paper. 

The paper contains no adequate demon- 
stration of the accuracy that will be ob- 
tained from an application of the more im- 
portant empirical mathematical relation- 
ship developed (such as equations 12 and 14) 
to actual conditions encountered in practice. 
Examples contained in the appendix are 
helpful demonstrations of the arithmetic 
involved in the use of certain of the formulas 
shown in the paper but, except for one, do 
not demonstrate their validity for practical 
applications. 

The use in the paper of the well-known 
load-duration curves for obtaining the sum 
of individual loads at any time of day has 
no theoretical basis of fact. It may produce 
results with sufficient engineering accuracy 
for ,certain limited conditions. But its 
unqualified use for generalized conditions 
as indicated in the paper is not warranted 
by the fundamental characteristics of these 
curves. Basically, a load-duration curve 
depicts the relationship between load and 
its relative duration during a period under 
consideration. It gives no indication of 
the time occurrence of the load. Its use 
for determining the sum of loads at speci- 
fied times may apply with some degree of 
accuracy in a limited manner to load curves 
which have symmetrical shapes about their 
peak and which in their contours approach 
the shapes of curves obtained from a proba- 
bility function; but it is obvious that for 
the general case of load-curve shapes en- 
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countered in practice, which ordinarily are 
neither symmetrical about their peaks nor 
approach in shape a probability function 
over the entire day, the load-duration curves 
cannot serve as a reliable means for deter- 
mining the sum of the loads of various 
shapes at all times of day. 

Equation 12 in the paper is based upon 
the general characteristics of a load-dura- 
tion curve. To test its validity in practice 
and following the examples of calculations 
shown in the appendix to the paper, I 
had it applied to actual data of seven groups, 
each consisting of ten consumer load curves 


Table |. Summation of Loads—Comparison of 

Results Derived by Application of Equations 

12 and 14 With Actual Load Data for Seven 

Groups of Ten Consumers of the Commercial 

and Industrial Classification Selected at 

Random From Available Load Curves for a 
Day in December 1942 


Derived Values in Per Cent of Actual Load 


Application of Equation 12 
Load for Selected Time of Day 


Group 
Designation 4 A.M. 10A.M. 6 P.M. 10P.M. 
Commercial: 
GrouprAs aie. ss Do meres {2 ee SAA LOD Fase 128 
Grotip Bch «ai loOb ats Sosa ct OS's 109 
Groups a tous at SSS ora: WOSmorses NT ES pi tela) 
Group Dros. 135 29 .113 . 130 
Industrial: 
Group A’...... 128 a) ones 92 e ahve 78 
Group B’ 225 ree Oil Sot ak, 99) F ius 63 
Combination of 
Commercial 
and Indus- 
trial: 
Group Aarons IAGi whe TOR peek LZ Ore. cttre 94 


Application of Equation 14 
Coincident Group 
Peak Load Irre- 


Group Designation spective of Time 


Commercial: 


GrouprAl ae anieohieta ce taecet.ya ee eta 92 

Group Biss Sons aeieiate shat ace coaeee 95 

Gropp Gy see eee coe rere Nee once: 106 

Group Dia octs bis exebere ) ieere ahaa trees 114 
Industrial: 

Grosmplas oe usiskralt Moe e ake mea conree 94 

Grotiphe 56S See co Bene 88 


Combination of Commercial 
and Industrial: 


selected at random from available load 
curves of commercial and industrial con- 
sumers of the Philadelphia Electric Com- 
pany for a day in December 1942. The 
results derived by equation 12. then were 
compared with the actual additions of the 
loads at the selected hours of 4a.m., 10 a.m., 
6 p.m., and 10 p.m., and the ratios of de- 
rived values to the actual ones are shown in 
Table I. The results derived by the 
formula ranged from about one quarter to 
almost six times the actual values. For 
some groups and for some of the selected 
hours the calculated values approached 
closely the actual ones, but for the other 
selected hours of these groups the calculated 
values ranged from almost 60 per cent to 
over 200 per cent of the actual values, and 
for the same hours of other. groups the cal- 
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culated values ranged from 29 per cent /to 
130 per cent of the actual values. It is 
obvious that with such wide variations in 
possible accuracies equation 12 cannot be 
considered as producing reliable results in 
its unqualified and unrestricted manner of 
application. 

Application of equation 14 of the paper 
to actual data for determining the coin- 
cident peak load of a group of loads, irre- 
spective of its time occurrence, produced 
results of considerably better accuracy 
than those obtained from equation 12 for the 
sum of loads at specified times of day; 
but the derived results, even from this 
formula, showed a deviation from the ac- 
tual for the samples used as high as 14 
per cent (see Table I), which is probably 
the range of accuracy obtainable by the 
application of appropriate coincidence fac- 
tors to individual consumers’ maximum 
demands without the laborious application 
of the formula. 

Practical experience has demonstrated 
that no-one single relationship exists for all 
classes of consumers between coincidence 
factors of a group of loads and the average 
of their individual load factors. Empirical 
relationships may be developed for certain 
classes of loads and for given consumer ha- 
bits, and in general they will hold for similar 
classes of service under similar consumer 
habits in various communities; but different 
classes of consumers with different habits 
will establish different relationships. For 
example, our studies show that the rela- 
tionship of monthly coincidence factor 
versus load factor for the combined group 
of large and small light and power commer- 
cial and industrial consumers in the higher- 
load-factor range approximates the level 
indicated by the curves in Figure 4 of the 
paper, whereas those of the residential 
consumers without electric ranges and water 
heaters are substantially lower in the coin- 
cidence-factor level in the low-load-factor 
range. However, the use of an electric 
range by these consumers changes this 
relationship by raising its level on the coin- 
cidence-factor scale in the low-load-factor 
range. Thus, different load applications 
aud different classes of consumers will have 
different relationships of coincidence factor 
versus load factor, which can be deter- 
mined with any degree of certainty only 


from actual test observations. No one ~ 


simple mathematical formula with a given 
set of constants can be right for all condi- 
tions. Mathematical considerations can 
serve only as a means for rationalizing the 
results of practical observations. Such a 
mathematical rationalization of the rela- 
tionship of coincidence factor versus load 
factor has been made in a thorough and 
classical manner by H. E. Eisenmenger in 
1940 in a paper before the 55th annual 
meeting of the Association of Edison Illu- 
minating Companies, but a similar ration- 
alization is not offered in the paper under 
discussion. _ i 
Equation 10a of the paper represents 
the results obtained by the author in fitting 
a mathematical expression to the empirical 
relationship of coincidence factor versus load 
factor shown and first formulated in my 
paper presented in 1938 before the 58rd 
annual meeting of the Association of Edison- 
Illuminating Companies. That relation- 
ship depicted monthly conditions and, as 
indicated, was based on 80-minute inte- 
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grated demands. It is thus surprising to 
find a statement in the paper under dis- 
cussion that the curves for coincidence factor 
versus load factor developed therein from an 
empirical formula for a daily basis should 
check so closely with the empirical relation- 
ship shown and developed in my paper from 
actual test observations on a monthly basis. 
It apparently does so in the high-load-factor 
range only because the equation fitted to 
the \telationship depicting monthly condi- 
tions was assumed by the author to apply 
to daily ones. It is a well-known fact, 
however, that the values of monthly coin- 
cidence factors generally differ from those 
obtained on a daily basis. Furthermore, 
in the load-factor range below 20 per cent 
the difference is substantial between the 
curve labeled Ajo, in Figure 4 of this paper 


and the curve contained in my 1938 paper 
for the large and small commercial and 
industrial light and power service. Curve 
Aso, was derived in the paper from equation 


5, which in turn was based on the assump- 
tion that the exponent of Q is —1/.. Had 
an exponent of —1 been used instead, the 
derived coincidence-factor-versus-load-fac- 
tor relationship for 30 consumer loads by 
the formula would have had a much closer 
fit in both the high- and low-load-factor 
ranges with my relationship developed from 
test observations. This would indicate that 
the actual convergence of coincidence fac- 
tors at any given load factor toward the 
asymptote for an infinite number of con- 
sumers is actually more rapid than as- 
sumed in the paper. This is borne out by 
our test observations. 

In view of these facts, the comparison 
made in the paper between the termination 
points of curves at zero per cent load factor 
is erroneous. 

In concluding I want to commend Mr. 
Hamilton for the originality of his approach 
to a complicated subject, and I hope that 
he will find it possible to clarify, amplify, 
and particularly qualify the limitations of 
the formulas developed in the paper for 
practical applications. 


R. F. Hamilton: Mr. Thomas’ idea of divid- 
ing loads according to time zones is an inter- 
esting method of segregating certain por- 
tions of load curves for specific purposes. I 
understand that this method has been used 
particularly for the division of known loads 
on interconnected systems, and in the sched- 
uling of generators. Its further development 
has many possibilities. 

Mr. Lynott’s comments are encouraging. 
He might have told you of his finding that 
in the coal-mining regions of Pennsylvania 
electric-range loads appear to have an 
equivalent peak-time concentration of about 
61/. hours, in contrast to approximately 
41/2 hours found for Philadelphia, caused 
by differences in the daily habits of the 
consumers in the two areas. 

Mr. Bary’s opinions are always helpful, 
even if we sometimes do not agree fully. 
His use of equation 12 is a misapplication. 
It is evident that equation 12 is derived 
from a symmetrical load curve, one half 
of which would be represented by Figure 3, 
if one changed T to T/2 and fo to fy/2. 
A load-duration curve is, of course, also de- 
rived from a load curve. 

_ Suppose that you wish to find the summa- 
tion at 4 a.m. of several loads for which 
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the approximate peak times, the load- 
factors, and a few characteristics are known. 
Equation 12 is going to be of help if used in- 
telligently. Consider each load individually. 
Employ a log-log duplex slide rule with 
fractional scales for speed in calculation, 
and avoid needless reference to tables of 
logarithms. For any loads which do not rise 
above a minimum value until after 4 a.m., 
put down the minimum value. For loads 
known to have two peaks, divide the load 
curve into two separate portions of six 
hours each, or 12 hours, or any number the 
case may warrant, with corresponding new 
load factor for the portion considered. 
Change o and # to correspond to the new 
cycle. Ifaload is known to be unsymmetri- 
cal about the peak, make the necessary cor- 
rections from symmetry. Used with judg- 
ment, formula 12 (or others similar, see 
Table I, reference 1 of the paper) has proved 
very useful as confirmed by engineers who 
have employed it. No one can guess a 
curve shape for certain, but equation 12 
hits closely to average values for curves 
with a single peak, and average values are 
those usually sought. Allowances can be 
made for deviations from average values. 

As explained in the text, this equation 12 
is intended to be used as an aid when con- 
sidering all known facts. The greater the 
number of curves to be totaled the more 
accurate is the result likely to be. Bear 
in mind that, if one drops 10 coins on a 
table, the fact that one may obtain seven 
heads does not alter the fact that five is the 
most probable result. 


Since ao=&, equations 2 and 5 follow 


Q 

algebraically from equations la and 1. 
The latter was first developed by the author 
in 1916 in London to meet the specific 
problem of determining the peak loads on 
substations and generating plant for a rail- 
way electrification with about 90 trains 
operating at one time. (The derivation is 
repeated in Appendix H, reference 1 of the 
paper.) It has been used since by engi- 
neers in many parts of the world. With a 
equal to two, it conforms to the theory of 
least squares as applied to variations from 
average values. In practice, a has often 
been increased above two in value, as dis- 
cussed in the paper. I do not feel that 
Mr. Bary’s suggestion that a be made equal 
to one in value will be a solution to his 
difficulty. 


Instead of 
Ag=2+(1—2)Q7/ (5) 
I would suggest that he try 


Ag=1/Q11+[(Q—1)2?+ 
(Q—1)(1—2)z]'/?} (Sa) 


which also follows from probability laws, but 
based on the root-mean-squared value of all 
load combinations. Equation 5 gives 
higher peak values than equation 5a, and is 
preferred by me because it seems to agree 
more uniformly with peaks as actually en- 
countered in practice. The time of meas- 
urement of peaks also enters into these 
relations, , (See Table II, reference 1.) 
Zero load factor does not exist. The 
nearest approach to it, of which I can con- 
ceive, would be that of a short circuit rapidly 
cleared. Mr. Bary’s tests were made with 
peaks of one-half hour duration, or fo= 
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0.021. (There was presumably a peak 
each day commensurate in value with that 
of the monthly peak.) This load factor, 
0.021, would have been the minimum load 
factor possible, if there were no energy in- 
volved other than that of the peak period, 
which was hardly the case. His test points 
show one load factor as low as about 0.06. 

At a load factor approaching zero, equa- 
tion 5 would show a value of Q-'/2.  Equa- 
tion 5a, under the same conditions would 
give 1/Q. For these limiting conditions near 
zero load factor, I think that equation 5a is 
the more accurate, because it states that 
the peak has the value of the peak of one 
load. 

The Az curves as presented are intended 
to be average values for a daily cycle. 
There is not, in my opinion, a constant 
ratio between the value of the average of 
the daily peaks and the highest peak within 
a month. This ratio is a characteristic of 
each individual load (see Figure 12, refer- 
ence 1 of the paper). Should the monthly 
peak exceed the average daily value by ten 
per cent, its effect on the summation would 
be of the order of 10/Q per cent increase, 
since the probability of two or more of these 
peaks’ occurring together is negligible for 
usual conditions. 

Neither Mr. Bary nor Mr. Eisenmenger 
in the papers cited by Mr. Bary have made 
any reference to the variation of Ag with 
Q, since presumably they were considering 
only large groups of customers. Those who 
are familiar with diversity factors know that 
this variation is of fundamental importance. 

From tests summing 30 individual load 
curves in each of various load-factor groups 
on a unit peak basis, Mr. Bary produced 
A-¢ curves of the general shape shown in 
the paper, giving explanations for the shape. 

By making certain assumptions, notably 
the introduction of a concept which he 
termed a ‘‘distribution load factor,” Mr. 
Eisenmenger elaborated on Mr. Bary’s 
conclusions, in general demonstrating rea- 
sons why such curves are possible. 

Starting with the concept of p, an “‘equiv- 
alent time’ or fraction of a daily cycle in 
which the peaks may be considered to be 
concentrated and with the further assump- 
tion that there exists a probability relation- 
ship between this time and a function of the 
load-factor, the author has produced by 
simple mathematical solutions A-¢ curves 
similar to those Mr. Bary made from tests. 
These concepts are relationships which 
can be measured. 

It has already been demonstrated that 
the use of p reconciles the results of tests 
which seemed to be at variance for several 
types of equipment and load groupings. 

I believe that you will find that the reso- 
lution of these problems into a relationship 
of the number of units involved and the 
equivalent time of peak concentration is a 
novel approach, which is workable in terms 
of ordinary units. By no means can it be 
said that I believe the subject to have been 
fully covered. The possibilities have only 
been touched. 

You may have noted that Mr. Bary has 
read a few statements into the paper which 
do not appear. These were made inad- 
vertently, for Mr. Bary has always been 
very co-operative. In all fairness to him 
I must state that the constants of equation 
10a were the result of compromise and 
therefor do not fit his curve exactly. 
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The Effect of Weather on 
the System Load 


Discussion and author's closure of paper 
44-106 by Henry A. Dryar, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, pages 
1006-13. 


Uriah Davis (Commonwealth Edison Com- 
pany, Chicago, Ill.): Mr. Dryar’s paper is 
an excellent analysis of the effects of weather 
on the total load, and the data obtained 
from such a breakdown, where all the con- 
ditions are known, should be useful for 
future planning. 

From an operating point of view, it ap- 
pears to me to be a waste of time to go into 
so much detail making a forecast one day in 
advance with all of the factors unknown. 
This is brought out by the author in that 
he states it is revised about two hours 
before the peak and based on weather data 
that is known at that time. 

Total load predictions, to have any value, 
must be based on the weather conditions 
prevailing up to the shortest time that is 
available to bring in the necessary boilers 
and units to carry the load. With this 
last-minute weather information, the time of 
day, and day of the week all known, it isa 
very easy matter to predict the maximum 
load directly in kilowatts within the two 
per cent limits, which the author considers 
to be good. 

The advance scheduling of the order of 
use of all available capacity is possible and 
necessary, and must be revised each time 
there is a change in outage of major boilers 
or units. With this order known, and the 
last-minute load estimate of maximums 
prepared, the scheduling of station loadings, 
for best economy, is a very simple matter. 

Forecast of load should be made for the 
morning, afternoon, and evening. 

Practically all systems include a spinning 
reserve in their load estimates. This 
reserve should be large enough to cover the 
loss of the largest line or unit, and probably 
will be at least ten per cent of the load. If 
the error in forecasting is within two per 
cent, the error is easily absorbed by the 
reserve. 


Henry A. Dryar: With reference to the 
comments of Uriah Davis on the paper en- 
titled “‘The Effect of Weather on the 
System Load,’’ wherein he questions the 
necessity of a load forecast one day in ad- 
vance, we find this a desirable practice, 
essential to the economic scheduling of 
generating capacity on the systems of the 
Pennsylvania-New Jersey interconnection 
and the reliable operation of the individual 
system. Furthermore, it is considered 
essential also that each generating-station 
superintendent be informed of the expected 
demands on his station, so that he in turn 
may schedule his apparatus for operation 
or for maintenance. 

Whereas the daily system peak load 
varied more than 12 per cent over a period 
of several months, the revised load estimate 


-made the following morning in 92 per cent 


of the days involved did not depart more 
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than two per cent from the previous day's 
forecast. The change in the capacity 
schedule in these instances involved but 
one generating station and concerned the 
operation of oil-fired equipment at that 
station. 

I cannot agree with Mr. Davis in his 
comment that it is a very easy matter to 
predict the maximum load directly in 
kilowatts within two per cent of the actual. 
Keeping within a maximum error of two 
per cent in load estimating from past ex- 
perience will prove rather difficult, in my 
opinion. 


A-C Contactors for Aircraft 


Discussion and authors’ closure of paper 44-88 
by F. J. Russell and A. P. Charbonneau, pre- 
sented at the AIEE summer technical meeting, 
St. Louis, Mo., June 26-30, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 


September section, pages 613-16. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): The authors 
have prepared a very interesting and 
informative paper which thoroughly covers 
the work that has been accomplished to 
date in the development of subject equip- 
ment. The paper describes contactors 
using d-c-energized magnets. It is possible 
that a-c-actuated contactors would be pre- 
ferred in order to eliminate the need for 
any d-c wiring in an airplane. This does not 
infer that there would be no d-c power used 
in such an airplane. Possibly a weight sav- 
ing in the complete system could be realized 
by handling all power distribution as al- 
ternating current with suitable individual 
rectifying equipment built into those instal- 
lations where d-c power proved to be essen- 
tial. 

Contactors actuated by a-c power could 
make use of shaded-pole a-c magnets or of 
small torque motors. In either event such 
a device might result in a contactor weigh- 
ing somewhat more than its d-c-operated 
counterpart. However, if a saving of 
weight and a decrease in vulnerability were 
attained in the over-all system, the afore- 
mentioned greater weight of individual con- 
tactors would be justified, 

The paper covers the question of enclo- 
sures in connection with keeping dust and 
atmospheres of high humidity away from 
the contacts. It also deals with the diffi- 
culties encountered in the interruption of 
arcs at high altitude and the necessity of 
incorporating barriers in the contact en- 
closure in order to provide insulation be- 
tween phases. The purpose of this discus- 
sion is to point out that all of these prob- 
lems could be -greatly reduced and the ef- 
fects of dust and humidity completely elimi- 
nated by enclosing the entire contactor in a 
pressurized hermetically sealed container 
which carried an inert gas under pressure 
such that arcing would be practically im- 
possible. 

The contactors described in the paper 
were developed to operate at altitudes as 
high as 40,000 feet. We now are confronted 
with the possibility of operations at alti- 
tudes well in excess of this figure. Under 
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these conditions hermetically sealed pres- 
surized contactors would appear to be an 
actual necessity in order to insure absolute 
reliability of operation under all conditions, 

The authors are to be congratulated on 
the excellence of the contactors which they 
developed. It is hoped that contactors soon 
will appear which will incorporate the fea- 
tures pointed out in this discussion, 


er 

A. W. Nash (El Segundo, Calif.): This 
paper is timely in that the probable coming 
eminence of the 400-cycle a-c system will 
demand that numerous new types of 
switchgear be developed. Relays and con- 
tactors of various types are frequently the 
heart of such systems, 

This present paper presents a rather brief 
and concise discussion of general require- 
ments of 400-cycle contactors without going 
greatly into the detail of the design of these 
contactors. For instance, it is stated in the 
paper that it is desirable that the control 
circuits for these contactors be operated by 
direct current. No discussion nor description 
is presented regarding attempts at develop- 
ing 400-cycle coils, 

The convenience, reliability, and light 
weight of the auxiliary d-c power supplies 
now being used on aircraft indicate that 
such power supplies may be used in the 
future instead of the earlier proposed 
method using transformers and rectifiers 
operating from 400-cycle alternators. These 
auxiliary power supplies probably will be 
used for starting the main engines and then 
turned off for economic reasons, This would 
indicate the need for 400-cycle control cir- 
cuits as well as power circuits. If any work 
has been done along this line by the authors, 
it would be beneficial to readers of this pa- 
per to have some description of this work 
included in the paper. If no work along 
this line has been done, extensive develop- 
ment work should be carried out to obtain 
the lightest possible a-c-operated contactors, 

The convenience realized in past use of 
switch-type d-c circuit breakers indicates 
the desirability of developing a cireuit- 
breaker type of contactor for two-cireuit 
use. Such circuit-breaker contactors would 
be used both for main-bus and for equip- 
ment-feeder circuits. The use of overload 
relays in conjunction with power contactors 


is outlined in this paper. It is believed that — 


some additional weight might be saved by 
combining these two items into one unit. 
Some thought should be given to the pos- 
sibility of designing nontrip-free-type cir- 
cuit breaker contactors. In all of these cir- 
cuit-breaker-type contactors considerable 
attention must be given to the current-in- 
terrupting capacity of the contactors, It 
is noted from Figure 5 of the paper that 
present considerations have been given to 
circuits with current-interrupting capaci- 


ties as high as 4,000 amperes. Itis thought — 
that this is definitely a step in the right — 


direction, 


F. J. Russell and A. P, Charbonneau: Both 


Major Barden and Mr. Nash bring up the ~ 


question, of a-c actuating magnets. Ob- 
viously, a-c magnets could” be provided. 
Studies of the design of magnets to perform 


the same work as the d-c magnets now used — 


indicate that their weight would be from 
two to three times as great as that of d-t 
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magnets. This would increase the weight of 
the switches to 150 to 200 per cent of the 
present weight. Studies of the over-all 
electric systems of the plane would be re- 
quired to determine whether such weight 
increases are justified. If, as Major Barden 
points out, reduced vulnerability of the 
system results, some increase in weight may 
be justified. In this connection it may be 

ginted out that a-c magnets do not pro- 
vide the same operating voltage range as 
d-c magnets, since they will not holdclosed 
below approximately 50 per cent of normal 
voltage as compared with 25 per cent or less 
for d-c magnets, and, in order to prevent 
overheating on an increase of ten per cent 
above normal voltage, closing voltages re- 
quired will be about 85 per cent of normal 
voltage. In other words, the voltage regu- 
lation of the a-c system would have to be 
held much closer than required on the d-c 
system to obtain satisfactory operation. 

The question of hermetically sealing the 
contactors introduces a whole new set of 
problems in materials as well as construc- 
tion. The writers’ experience would indi- 
cate that the desired results would not be 
obtained by the provision of a sealed en- 
closure over the present structures but 
would involve a completely new approach in 
the materials and design of the component 
parts. Since all of the arcing tests were 
made at pressures corresponding to 50,000 
feet or more, there is little hope that very 
decided improvement would be obtained 
as far as arc extinction by hermetically 
sealing is concerned. 


An Aircraft Diferential- 
Voltage Cutout 


Discussion and author's closure of paper 
44-108 by O. C. Walley, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 


AIEE TRANSACTIONS, 1944, September 
section, pages 632-4, 


M. F. Gunderson (nonmember; Los Angeles, 
Calif.): Of the two fundamental improve- 
ments credited to the differential-voltage 
cutout, only the first one is entirely justified. 
Chattering of the conventional-type relay 
has been a constant source of trouble in 
multimotor aircraft, but it rarely occurs in 
single-motor aircraft. In a single-motor 
aircraft, the conventional-type relay will 
chatter because of low generator voltages 
encountered under two conditions of opera- 
tion: 

1. Low voltage due to faulty regulators—this 
condition is possible, but experience has shown that 


voltage-regulator malfunctioning usually results in 
high generator voltages rather than low voltages. 


2. Low voltages due to low generator speed may 
be encountered during ground operation, The par- 
ticular combinations of generator voltage, battery 
voltage, and loading conditions necessary to produce 
chattering are rare. 


However, elimination of cutout chatter in 
multimotor airplanes is an important im- 
provement, 

The second fundamental improvement 
listed is of importance when the system 
voltage is reduced somewhat below the 
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normal voltage at which the conventional 
cutout would operate. However, the 
particular example of the possible benefit of 
this improvement mentioned by the author 
is not clear. Engine speeds on all aircraft 
during flight, as far as we know, are high 
enough to run the generators at rated speed. 

Of the three additional improvements 
claimed for this relay, the following com- 
ments are in order: 


1. A reverse-current relay, or generator-control 
relay, which is in use at the present time and con- 
forms to AN-S-7 (drawing AN3024) will protect the 
system when a short circuit occurs in the generator. 


2. It is evident that a tight enclosure is necessary 
with a design incorporating several rather delicate 
relays, asin this one. However, from the standpoint 
of heat dissipation, the tight enclosure is not de- 
sirable. The generator-control relay mentioned in 
the preceding paragraph is not enclosed. Its opera- 
tion in aircraft has been satisfactory. 


3. Other relays have been designed and are being 
used which are not adversely affected by vibration 
encountered in airplanes. . 


The conclusion that the differential- 
voltage cutout has ‘‘none of the disad- 
vantages of the automotive type of cutout’’ 
does not appear to be entirely justified from 
the description of the design and operation 
given in this paper. 

The probability of short circuits on the 
bus or load side of the cutout in any air- 
craft electric system in most cases is greater 
than on the generator side of the cutout. A 
short circuit sustained a few seconds on the 
load side of the cutout will cause the con- 
ventional-type relay to chatter and the con- 
tacts to weld. Evidence introduced by the 
author of this paper does not indicate that 
the differential-voltage-type cutout has 
overcome this trouble. 

AN specification A N-S-42 (amendment 1, 
dated April 3, 1944) for a differential- 
voltage cutout does not state or in any 
manner imply that it is ‘‘intended to 
supersede the automotive type of cutout’’ 
as is stated by the author; that is, to be 
interchangeable does not mean to super- 
sede. 

Specification A N-S-42 ([-2) states: ‘‘In- 
terchangeability—The relay switch covered 
by this specification is interchangeable 
functionally and physically with switches 
covered by specification A N-S-7.” 


O. C. Walley: The opening sentence of my 
paper restricted the contents to aircraft 
electric systems containing two or more 


’ generators. No attempt was made to dis- 


cuss the merits of the conventional or auto- 
motive type of cutout when used on air- 
craft systems containing only one generator. 
The automotive industry has years of ex- 
perience to prove that the conventional 
type of cutout is entirely satisfactory when 
used with a single generator system. 

Mr. Gunderson has attempted to dis- 
credit the second advantage claimed for the 
differential-voltage cutout on the basis that 
the generators are always run at rated 
speed. There is evidence to show that on 
long flights, such as ferrying missions, 
generators have operated below rated speed 
with the result that the batteries became 
completely discharged during flight. 

If Mr. Gunderson will review specification 
AN-S-42, with which he seems to be 
familiar, he will find that the short-circuit 
protection on the load side of the cutout is 
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not one of the many functions required of 
this differential-voltage cutout. 

With regard to the _ heat-dissipation 
problem when the cutout is enclosed, this 
same problem had to be considered on the 
conventional cutout. Airplane manu- 
facturers have mounted these relays in very 
small unventilated compartments. 

While it is possible to design relays which 
are not adversely effected by the vibration 
test specified in specification A N-S-7, tests 
have shown that there are conventional 
types of cutouts now in use, made by more 
than one manufacturer, which do not pass 
this test. 

At the time this paper was prepared the 
tentative specification stated: ‘‘This speci- 
fication supersedes the current issue of 
AN-S-7 which superseded United States 
Army specification 94-32278 for aero- 
nautical use.”’ 


Aircraft Fuses Must Protect 


Discussion and author's closure of paper 44-90 
by John C. Lebens, Jr., presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, August section, 
pages 581-5. 


Julian Rogoff (nonmember; Burndy Engi- 
neering Company, New York, N. Y.): 
Considerable misunderstanding of both the 
application and function of limiters in air- 
craft electric circuits seems to be wide- 
spread. This misunderstanding is reflected 
in technical papers presented to the Insti- 
tute such as that by J. C. Lebens, Jr. 

In the first place it should be clearly 
understood that the function of the limiter 
is not to protect equipment or even to pro- 
tect the electric circuit against sustained or 
transient overloads. The limiter provides 
short-circuit protection for the electric 
circuit. Other devices are available and 
should be used to protect equipment at- 
tached to the circuits. The selection of 
limiters to provide short-circuit protection 
should be such that the time-current fusing 
characteristic of the limiter is well above the 
values which may be expected of any sus- 
tained or transient overloads at that point 
in the circuit. i 

The importance of providing short-circuit 
protection in the electric circuit, as well as of 
designing an electrical aircraft circuit that 
can be thus protected, is becoming increas- 
ingly apparent. 

Faults which may occur in electric aircraft 
circuits, usually as a result of combat dam- 
age, may be “‘opens” or “grounds.” In an 
electric system which provides parallel 
paths of current flow from the current 
sources to the electric loads the ‘‘opens’’ 
are self-correcting. ‘‘Grounds’’ may or may 
not be self-correcting. Undoubtedly the 
majority of ‘‘grounds’’ caused by gunfire 
will consist merely of a few strands of cable 
brushed out by the projectile coming in con- 
tact with the airplane structure. Such 
faults will burn clear rapidly and auto- 
matically become ‘‘opens.”’ However, the 
possibility always exists that some 
“grounds” will not burn clear, especially 
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those which may result from the grounding 
of junction points where cables are joined 
by means of terminals or connectors, Such 
“grounds” may weld shut to the airplane 
structure and result in sustained short cir- 
cuits, which will depress the voltage in the 
network to such an extent that the connected 
loads will become inoperative. 

Limiters are high-melting-point fuses ex- 
pressly designed to limit the duration and 
violence of faults in the electric circuit. 
Originally they were designed for this use 
in underground networks of utility systems 
where, theoretically, the available short- 
circuit current was more than ample to 
“burn off” any fault but where, as a prac- 
tical matter, many faults would sustain 
themselves and “roast’’ the cable insulation 
for great distances. In aircraft the need to 
clear the electric system of faults is of even 
more vital necessity. Even though, theo- 
retically, the fault should be self-clearing, 
it may sustain itself and cause gun-turret 
motors to stop functioning, landing gear to 
cease operating, and so forth, A device such 
as the limiter of highly stable characteristics, 
little affected by ambient temperatures, and 
very light in weight is almost essential as 
backup protection for the electric circuit, 

Tn order to take advantage of the ability 
of limiters to clear short circuits rapidly, 
the aircraft electric circuit should be de- 
signed with parallel paths of current flow 
from the current sources to the electric 
loads. Such parallel paths may be obtained 
either by multiple cables per conductor, 
or by an electrical network. In either event 
each parallel path of current flow should be 
protected by limiters. Careful co-ordination 
of limiters is of utmost importance to pre- 
vent fusing of the wrong limiter in the event 
of a fault. The fact that limiters are true 
to characteristic and that the current re- 
quired to fuse the limiters for any particular 
time varies only slightly means that limiters 
can be co-ordinated more successfully than 
thermal breakers or low-temperature fuses, 
which have characteristics with greater 
“spread,” 

Proper utilization of limiters in aircraft 
electric circuits will provide safer more con- 
tinuous operation of the circuits and thereby 
will expedite the trend toward more com- 
pletely electrified airplanes. 


A. W. Nash (1 Segundo, Calif.): The im- 
pression gained from reading this paper is 
that it is an attempt to revise an outmoded 
device. Although previously extensively 
used, the fuse now is being replaced in the 
home, in industry, and in aireraft by the 
more versatile circuit breaker, 

It appears from reading the paper that 
much emphasis is placed on the matter of 
electric-cquipment protection, Pxperience 
with aircraft electric equipment has indi- 
cated that protection of this equipment is 
not only difficult but also generally unneces- 
sary, The exceptions to this statement, such 
as motors, gencrators, and inverters, are 
best protected by means of thermally oper- 
ated devices mounted on the individual 
equipment item, It is difficult to visualize 
any advantage to be gained from using a 
fuse for this protection in place of the pres- 
ently accepted recycling thermally operated 
circuit breaker. This device has proved 
most useful in protecting electric equipment 
from various types of overloads, as well as 
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in resetting in case of the nuisance outages 
that invariably occur for one reason or an- 
other. The author does not mention these 
devices in his paper, proposing instead the 
use of a time-delay fuse. Any attempt to 
provide protection for aircraft electric 
equipment by means of replaceable fuses 
would require an inordinately large variety 
of sizes and types of fuses. This would make 
the stocking and replacement problem in 
the field cumbersome and difficult. 

Tt has been found from experience that, 
if the few equipment items outlined are 
protected suitably by integrally mounted 
thermal circuit breakers, the remainder of 
the airplane can be protected adequately by 
means of circuit protection, Since it is also 
difficult and sometimes impossible to place 
the circuit protective device in close proxim- 
ity to the majority of the circuit which it 
protects, the effect of ambient temperature 
will, in general, be the same for any type of 
protective device used. For this reason the 
combining of circuit protection ‘and switch- 
ing functions into one switch-type circuit 
breaker is extremely convenient, This tends 
to substantiate the opinion that the future 
use of fuses in aircraft is of a limited nature. 
Yor this reason it is not believed that this 
paper is particularly timely, The bibliog- 
raphy referred by the author is impressive 
in its size but appears to be a bit unwieldy 
and partially unnecessary. 


B. W. Jones (General Electric Company, 
Schenectady, N. Y.): Mr. Lebens outlines 
a theoretical arrangement of motors, con- 
trol, and wiring wherein, if all the assumed 
conditions obtained, he would accomplish 
the desired protection by means of the type 
of fuse which he has in mind, But there 
are some practical considerations which 
should not be overlooked, 

Since there will be several sizes of motors 
on the plane, there also will be an equal num- 
ber of sizes of fuses. When one set blows, 
there will be no assurance that the service 
man will put the same size fuse back, Also, 
there may be no permanent convenient 
record that a given size fuse is needed for a 
given motor, When it is realized that this 
servicing will be done by all kinds of per- 
sons in all parts of the globe, this mix-up 
in fuse sizes appears as a real problem, 

It was recommended in the paper that the 
fuse always should be in the same ambient 
temperature as the motor, the control, and 
the wiring. Since the layout for the wiring, 
the motors, and the control in the airplane 
will be done by many engineers and drafts- 
men, cach will put these devices where they 
best fit into his plan, which means that there 
is no assurance that this assumed condition 
will be carried out. It would appear to be 
more logical to make the protective device 
insensitive to ambient temperature and then 
select the protective device, so that it would 
give good protection based on some assumed 
average ambient temperature; the actual 
ambient will go above and below this, but 
the average life of the insulation auto- 
matically will adjust itself to this varying 
condition, Then the airplane designer will 
have a free hand to design his airplane with- 
out compromising what he is trying to ac- 
complish, 

It was assumed by the author that the 
proposed type of fuse had thenecessaryinter- 
rupting ability. But the amount of short- 
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circuit power that must be handled today 
on these planes is no measure of what may 
have to be handled tomorrow. The stand- 
ard types of fuses now on the market have 
their interrupting limitations, but the timeé- 
delay fuse shown in the author’s paper is so 
constructed that approximately half of its 
length is mortgaged for this time-delay 
feature, which means that its interrupting 
ability is correspondingly impaired. This 
point is not just theory. It has been checked 
by test. Therefore, if it has been found 
that this type of fuse could not provide the 
necessary interrupting ability, then it 
should not be used. To start such a practice 
now, when the available short-circuit cur- 
rents may be low and when the fuse may be 
able to handle the present power, might 
lead to an experience similar to that of 
many industries which put in low-interrupt- 
ing devices when their plants were small only 
to discover later on that these low-inter- 
rupting devices had become a real problem. 

The author makes a distinction between 
the inverse time characteristic of the re- 
quired fuse, depending upon whether it is 
protecting the branch circuit or the motor. 
The current density in the copper of the 
branch circuit is sufficiently near to that in 
the windings of the motor, so that no dis- 
tinction need be made, The thermal ca- 
pacity of motors, which is high because of 
their iron mass, need not be the basis for 
using two kinds of fuses, because this dif- 
ference is a transient effect, and because it 
applies only for small degrees of overcurrent. 
The insulation in the branch circuit can ab- 
sorb this transient temperature difference 
without injury. This has been done for 
years. 


In conclusion I think that Mr, Lebens’ — 


objective is very good in that he is trying 
to get the maximum of protection with the 
smallest and lightest type of device, but the 
practical considerations of his proposed 
method brings out certain features that 
should be well considered, 


J. M. Wallace (nonmember) and J. C. Cun- 
ningham (Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa.): 
The need for the time-delay fuse as de- 
scribed by Mr. Lebens in Figure 3 is predi- 
cated upon the protection of electric equip- 
ment by the fuse. There is no question but 
that a fuse application as shown in Figure 3 
of the paper, where the fuse has a thermal 
conducting member extending into the pro- 
tected equipment, will do a reasonably good 
job of supplying overload protection to the 
equipment, The intimate thermal contact 
between the fuse and the equipment will 
allow closely controlled characteristics of 
the fuse which are directly dependent upon 
the temperature of the protected apparatus. 

This type of protection should be built in 
by the manufacturer of the equipment, and 
a specific fuse design should be provided by 
the fuse manufacturer for this service. Only 
by carefully controlling the characteristics 
of the individual application can protection 
for the equipment be obtained, If sufficient. 
short-circuit interrupting capacity can be 
built into the fuse unit to take care of faults, 
a complete equipment protective device 
has been provided. 

In discussing the difficulty of replacing 
an equipment protective fuse in flight Mr. 


Lebens states that “the protective device — 
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will function only when the equipment is 
worthless.’”’ If the fuse characteristics were 
selected on this basis, it would not result in 
equipment protection but merely in equip- 
ment isolation. In this way protection 
would be afforded only to the supply of 
power to other equipment. For electrically 
driven equipment which may become 
jammed and later freed in flight equipment 

ge? would appear desirable to save the 
equipment for further use. Particularly for 
inaccessible equipment, a protective device 
with automatic or remote manual reset 
would be more desirable than a fuse. This 
feature could be provided in a bimetal pro- 
tective device. 


The paper shows the saving in weight pos- 
sible by the use of the time-delay fuse for 
circuit protection which is described in a 
specific case as weighing only 20 grams 
against 121 grams for the ordinary fuse. 
In Figure 1 of the paper it is seen that the 
over-all length of the fuse can be cut by 
75 per cent, if the time delay and thermally 
operable current interrupter be omitted 
and only the “short-circuiting strip’? or 
limiter used. In addition the size of the 
mounting is cut more than just proportion- 
ately, because the limiter generates rela- 
‘tively little heat and, consequently, the 
size of the fuse clips can be reduced as well 
as the over-all length. 


In considering protection for the distri- 
bution system, that is, the wiring, Mr. 
Lebens points out that fault resistance may 
reduce appreciably the short-circuit cur- 
rent, especially in low-voltage systems. 
Combat experience and gunfire tests indicate 
that this reduction usually will occur but 
that self-clearing results within a few sec- 
onds. It appears very doubtful that either 
time-delay fuses or limiters would clear a 
sufficient number of faults in present low- 
voltage systems to justify their use. 


The magnitude of short-circuit current in 
higher-voltage systems is affected less by 
fault resistance. Also, the ratio of minimum 
fault current to maximum load current is 
much higher in proposed a-c systems than in 
present systems. The probability of a low- 
current sustained fault is very remote, and 
there is little danger that limiters will be 
unable to clear or will be destroyed. This 
permits the use of fast-acting fuses or 
limiters without the additional weight or 
space required for time-lag elements. Even 
in these systems there is considerable doubt 
that circuit protective devices are necessary, 
although more information on _ stability 
characteristics and ability to recover from 
faults of several seconds duration is needed 
before any conclusion can be reached. 


Thomas B. Owen (Douglas Aircraft Com- 
pany, Inc., Santa Monica, Calif.): Pro- 
tection of aircraft wiring systems always 
has been a debatable subject. Actually, 
there is quite a bit of room for discussion. 
There are, however, several basic facts re- 
garding aircraft generating systems which 
form the basis for any discussion of circuit 
protection, and the author of this paper has 
stated these facts incorrectly. 

' A d-c aircraft generating system consists 
of one or more generators paralleling one 
or more storage batteries. In the majority 
of cases nowadays these generators are of 
100-ampere capacity with many 200-am- 
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pere generators in service, and 300- and 
400-ampere generators are projected. The 
short-circuit currents available are very 
large; it is doubtful if a single circuit exists 
on the airplane where the short-circuit cur- 
rents are under 100 amperes. I have made 
oscillographic records of bus short circuits 
on an airplane using two 200-ampere gen- 
erators and a 68-ampere-hour storage bat- 
tery where the sustained short-circuit cur- 
rent was over 2,000 amperes. Similar evi- 
dence is available from other sources. In 
the list of references Mr. Lebens has several 
papers which will confirm my observations. 

On 400-cycle 208-volt a-c systems the line 
and fault impedance undoubtedly will limit 
the current flow. I have noquantitative data 
on the currents available on a-c aircraft 
systems, but a paper entitled, ‘“‘Electric- 
Circuit-Burning-Clear and Damage Phe- 
nomena on Aircraft Structures,’’! does show 
that the currents here will not be small. 

In any event the procedure proposed by 
Mr. Lebens, that of leaving a short circuit 
on until the aircraft returns to its base, 
would not be tolerated on an airplane. The 
presence of explosive vapors in some com- 
partments and the possibility that the fault 
might be against fuel or hydraulic fluid 
lines makes it essential that faults be cleared 
as soon as possible. This does not admit of 
any argument; it is a well-established prin- 
ciple in aircraft practice. 

It is a common fault among those con- 
sidering aircraft-circuit protection to say 
that the protective device should have the 
same time-current characteristics as the 
wire it is to protect. Unfortunately, air- 
craft wiring is installed in bundles; a wire 
in the center of the bundle has a different 
characteristic from a wire on the outside. 
Also, the bundle may be routed in areas of 
good and poor ventilation successively and 
may have to run in areas where the ambient 
temperature is high. The question then be- 
comes: Which section of wire are you going 
to use for your basis? Obviously, you must 
protect for the worst condition, and in the 
interest of standardization a particular type 
and size of protective device must serve for 
a variety of installations. This means that 
the same protective device must be used for 
the cool and hot installation and the worst 
possible case protected. Let it be said 
here that this last statement is the key to 
most aircraft installations, and the worst 
case must be determined and provided for. 
This results in overprotection; but this is 
unavoidable in the same manner that the 
weight of a stressed spar in the wing is un- 
avoidable, since it must withstand the maxi- 
mum stress to which it may be subjected. 

The advantages to be gained from group- 
ing protective devices in one location, such 
as accessibility, and ease of replacement and 
inspection, so far outweigh the theoretical 
advantages due to matching the wire and 
protective-device characteristics that any 
change in present practices is unlikely. 
Incidentally, grouping the protective devices 
together does not require that the wire to 
the distribution panel be protected, as this 
wire is considered part of the bus. 

In conclusion, I believe that Mr. Lebens 
should consider the peculiarities of aircraft 
and make his design observations on that 
basis. Undoubtedly, aircraft designers 
may learn a great deal from commercial 
designers, but the reverse is even more 
true. The close tolerances necessary in air- 
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craft, together with the measures taken tc 
reduce weight and increase strength, have 
produced superior designs, which can wel 
be copied industrially. 
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A. H. Powell (General Electric Company 
Philadelphia, Pa.): Certain consideration: 
tend to discount the suggested universal us‘ 
of a time-delay fuse in aircraft systems 
The industry in general knows that an in 
terrupting device with time-delay charac 
teristics is most suitable for protection o 
aircraft motors, generators, and other de 
vices a, ere relatively large masses of meta 
to absorb the heat generated by passage o 
current through the associated coils. (Thi 
point is stressed in the recent AIEE pape 
by V. G. Vaughan,! which describes a1 
automatic motor protector.) 

However, when the protection of the dis 
tribution circuit in modern military air 
craft is under consideration, it is readily ap 
parent that continuity of service in eacl 
circuit must be maintained at all times, un 
less the circuit is rendered inoperable by | 
fault such as battle damage might produce 
Therefore, a fuse with a high-temperatur 
melting link is most suitable, for its charac 
teristic is similar to that of the associate: 
conductors. Reliable fuses of this desig 
are available, which will carry full loa 
without exceeding a specified temperatur 
rise, also will satisfactorily clear normal over 
load, and, of course, will not destroy them 
selves on low current. Such fuses now use 
on power systems are described by Princ 
and Williams in their 1989 AIEE paper 
Furthermore, for protecting aircraft circuit 
a high-temperature melting link would b 
preferred because of the wide range of ar 
bient temperatures encountered in opere 
tion. A low-temperature melting link : 
generally unsatisfactory for this purpose be 
cause of the large changes in melting time 
current characteristics due to variations < 
the ambient temperature. 

The author further seeks to differentiat 
between a fuse and a limiter by stating the 
the fuse will melt on currents only slightl 
in excess of its normal capacity, whereas 
limiter will melt at a current greatly in er 
cess of its safe carrying capacity. Th 
American Standards Association defines 
fuse as an overcurrent device with a circui 
opening fusible member directly heated an 
destroyed by the passage of current throug 
it. No distinction is made between a di 
vice having a low melting-temperature lin 
or a high-temperature melting link an 
therefore, the so-called limiter is in reality 
fuse. The word ‘“‘limiter’’ is used by ce 
tain manufacturers to designate an inte 
rupting device incorporating a reduced se 
tion link suspended in air and connected : 
cables of network systems, so as to provic 
a point at which the circuit may be inte 
rupted when the system develops a faul 
Although the devices may be designed 1 
have typical fuse characteristics of tim 
current relations, they do not have defini 
arcing times. Such a device will, of cours 
not be suitable for aircraft use, for it 
essential in the proposed systems that mel 
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ing and arcing time be controlled closely and 
definitely known. 

Though the time-delay fuse described in 
this paper undoubtedly can be used in cer- 
tain applications, the satisfactory perform- 
ance of the modern electric system in air- 
craft demands a fuse with “fast” character- 
istics obtainable by using a high-tempera- 
ture melting link surrounded by an arc- 
interrupting medium and correctly designed 
to operate under the specified conditions 
with a reasonable and safe temperature rise. 
Furthermore, recent information indicates 
that proposed aircraft systems will develop 
high short-circuit currents which must be 
interrupted satisfactorily by the fuses used. 
It would be interesting to know the inter- 
rupting rating of the fuse described in this 
paper when used on 208-volt 400-cycle sys- 
tems. 
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W. K. Boice (General Electric Company, 
Schenectady, N. Y.): The author has pre- 
sented some important and interesting 
principles regarding application and design 
of fuses. Certain of his conclusions, how- 
ever, require qualification, particularly in 
respect to use of fuses in military aircraft. 


The paper recommends that fuses remove 
electric equipment from the system, only 
after it has ceased to function or has become 
a hazard. If fuses are applied in this man- 
ner, it is not necessary to have fuses in loca- 
tions any more accessible than the equip- 
ment. However, in many cases this sort of 
protection is not acceptable. More satis- 
factory protection can be obtained by means 
of devices which remove the equipment just 
before it is destroyed. This can be done 
accurately by lightweight devices which 


respond to actual temperature in the wind- 


ings of the equipment and which will per- 
mit subsequent use of the apparatus, after 
the temperature has been restored to a safe 
value. 


The impression is given in the paper that 
increases in system voltage tend to in- 
crease short-circuit currents. However, 
changes in system voltage generally are ac- 
companied by changes in system character- 
istics, which often do not result in increases 
in short-circuit current. Certain 208 Y/120- 
volt 400-cycle, a-c systems now under study 
have maximum short-circuit cutrents in the 
order of 4,000-amperes, whereas 8,000-am- 
peres are available on some aircraft using 
27-volt d-c systems. The effect on short- 
circuit currents of a change in system voltage 
can be determined only after a study of the 
particular system under consideration. 


The relative ease of co-ordination of cer- 
tain types of high-temperature fuses ap- 
parently is attributed by the author to their 
short operating times. However, this ease 
of co-ordination must not be considered to 
be inherently due to these short clearing 
times. It is caused primarily by the absence 
of overlapping of characteristics. It is only 
necessary that the total clearing time, which 
is the sum of melting and arcing times of the 
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fuse which removes the fault, be less than 
the time required for the fault current to 
melt or damage any other fuses in the cir- 
cuit. 

The grouping of circuit protectors in air- 
craft has many advantages which must not 
be overlooked in spite of the disadvantages 
mentioned in the paper. Among the most 
important of these advantages are conven- 
ience in checking and servicing protective 
equipment and assistance in locating faults. 

The paper stresses the necessity of proper 
application of fuses. This requirement can- 
not be overemphasized. Careful study of 
each fuse application will be well repaid in 
terms of improved protection. 


John C. Lebens, Jr.: Mr. Rogoff’s discus- 
sion of the author’s paper is most welcome 
in that he substantiates the definition of 
limiters as being ‘“‘high-melting-point fuses 
expressly designed to limit the duration and 
violence of faults in the electric circuit.” 
Since he admits that the only purpose of 
the limiter is to ‘provide short-circuit pro- 
tection for the electric circuits’ and that 
other devices must be used in conjunction 
with the limiters to give complete protec- 
tion, he can have no quarrel with the time- 
lag fuse described, because it incorporates 
in the one enclosure the limiter Mr. Rogoff 
states is necessary for short-circuit protec- 
tion along with the thermally operable cur- 
rent interrupter needed to furnish complete 
protection at the lower overloads. 

Mr. B. W. Jones’s impartial, clean-cut 
discussion is appreciated. It is true that 
the author assumed conditions, but these 
conditions are fairly representative of the 
airplane electric circuits of today, as well 
as of the trend to be expected. 

The question of replacing the fuse with 
the correct one by untrained help is serious, 
but it finds its solution in commercial fuses. 
With minor changes in the fuse cutout itself 
overfusing is eliminated. These devices 
have been handled without complaint by 
housewife, druggist, and electrician so that 
certainly such a system would not be too 
complicated for the airplane maintenance 
crews no matter how meager their training. 

The argument that the protective device 
should be made insensitive to ambient tem- 
perature, so that the engineers and drafts- 
men can place them where convenient in the 
plane, isnot sound. In the final analysis the 
electric protective device is as important as 
the sprinkler system in a building and should 
be given the same consideration. No one 
would think of pushing the sprinkler heads 
into the back room, so they would not mar 
the beauty of the auditorium. They come 
first and so should the electric protective de- 
vices. Any other treatment of them makes 
the whole situation a farce and should not 
be countenanced. 

The interrupting capacity of the time-lag 
fuse has been proved in industry but, since 
we have not limited ourselves to any par- 
ticular dimensions, certainly this difficulty 
can be overcome. 

As Mr. Jones indicates the effect of the 
thermal capacity of the motor iron is a fac- 
tor only at the low overloads. However, if 
we are to have complete protection without 
needless blows, the time-lag of the protec- 
tive device at these loads must be greater 
when protecting a motor than when protect- 
ing a circuit wire. Hence, the time-current 
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“t 
characteristics of the protective device used’ — 
for the two applications will not be identica f 

The author heartily agrees with Mr. 
Owen’s opinion that the subject of aircraft 
wiring systems always has been debatable. 
However, unfortunately Mr. Owen failed 
to get a true picture of the protective de- 
vice described in the paper. Not only will 
this protective device interrupt the short- 
circuit current immediately, but also it will 
function protecting the wiring and its as- 
sociated equipment when damaging over-* 
loads not approaching short-circuit values 
are present. Therefore, Mr. Owen’s state- 
ment that the procedure proposed is “‘that 
of leaving a short-circuit on until the air- 
craft returns to its base’ has no foundation 
in the paper. 

Mr. Owen, in his discussion, emphasizes 
a fact which generally has been ignored by 
the aircraft engineers in choosing a protec- 
tive device. He points out that the wires 
in the circuit are grouped in bundles and 
passed through ‘high- and low-ambient- 
temperature spots in the same plane, yet 
no discrimination is made in the selection of 
the wire insulation or wire size for these 
unusual ambient-temperature conditions. 
The author contends that to obtain the 
most satisfactory installation with the least 
weight, all these factors should be con- 
sidered in the electric layout. Then with 
sectionalizing time-lag fuses located in the 
same ambient temperature the fuse will 
function protecting the wire, instead of the 
wire itself being destroyed. 

The advantage of grouping protective 
devices in one location is not as great as 
most people generally contend. The trend 
in modern aircraft is away from a single 
panel, because such grouping makes the 
electric system extremely vulnerable to a 
single gunshot through the panel. If we 
use a protective device that only blows when 
there is a case of trouble, the advantage of 
ease of replacement no longer can be con- 
sidered, because the wiring itself should be 
checked before the fuse is replaced. Under 
these conditions the sectionalizing fuse lo- 
cated close to the section of wiring or the 
equipment it is protecting should simplify 
the servicing by its very location. 

Mr. Owen, like so many aircraft electrical 
engineers, tried to explain away the rather 
inadequate protective job now being done by 
blaming it upon the close tolerances that 
are necessary in aircraft. However, if the 
protective devices are designed correctly, 
many of the limitations which have been 
imposed upon them resulting from the im- — 
proper operations of poorly designed de- 
vices would be eliminated, thereby placing 
the whole system on a sound engineering 
basis. 

Mr. Nash’s opening statement in his dis- 
cussion is argumentative to say the least 
and hardly worthy of an engineering discus- 
sion. The statement that “‘the fuse is now 
being replaced in the home, in industry, — 
and in aircraft by the more versatile circuit 
breaker” is incorrect; the fact is that cir- 
cuit breakers actually are being torn out of 
numerous installations and replaced with 
fuses, because the circuit breakers were — 
found to be unsatisfactory. However, his 
discussion of the relative merits of fuses and 
circuit breakers has no bearing on the article 
Mr. Nash intended to discuss, _ 

The purpose of the paper is to design a 
Protective device which will “permit the 
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equipment to function as long as it can sup- 
ply any useful work but to remove it from 
the circuit when it has ceased to function or 
has become a hazard.” This desire is not 
the author’s alone but that of the Army Air 
Forces as well. If such an ideal be realized, 
there is no need for a recycling protective 
device, because often recycling indicates 
sloppy engineering. The protective device 
designed or selected improperly operated 
when there was not a case of trouble so the 
undamaged equipment was returned to the 
line to try again. : 

Recycling in military aircraft hardly can 
be considered satisfactory, because the 
plane is at the mercy of the enemy while the 
crew sits around waiting for the cooling 
cycle to be completed. We all realize the 
problem is a difficult one and cannot be 
solved by any one man, but certainly we 
never will reach the solution, if we assume 
Mr. Nash’s attitude and, in his words, 
“become bewildered and give up in disgust.” 

Mr. Wallace and Mr. Cunningham in 
their discussion concur with the author’s 
opinion that complete electrical protection 
can be obtained by the time-lag fuse, when 
the fuse is placed in intimate thermal rela- 
tion with the equipment it is protecting. 
They raise a shadow of doubt as to the short- 
circuit interrupting capacity of such a fuse. 
Since this fuse is an adaption of a device 
already proved in industry to have sufficient 
short-circuit interrupting capacity, Mr. 
Wallace’s and Mr. Cunningham’s fear is 
groundless. 

Mr. Wallace’s and Mr. Cunningham’s 
interpretation that the author intends the 
protective device to furnish equipment iso- 
lation only is based on the statement that 
“The protective device will function only 
when the equipment is worthless.’”’ How- 
ever, if this statement is coupled with the 
sentence immediately preceding it in the 
paper: ‘It will operate, protecting the 
equipment, whenever the temperature of 
the hot spot exceeds a safe predetermined 
temperature” the fallacy of Mr. Wallace’s 
and Mr. Cunningham’s conclusions becomes 
‘apparent. The protective device as de- 
scribed in the paper will, as they state, give 
equipment isolation, but at the same time it 
also will give equipment protection. 

Mr. Wallace and Mr. Cunningham have 
followed the usual, but erroneous, line of 
thought in the consideration of the weight of 
the fuse. As soon as the thermally operable 
current interrupter is eliminated as they 
propose, the ‘“‘short-circuiting strip’? must 
take up the burden of opening safely over 
the entire range of available currents. 
Then the strip no longer can be designed 
with the sole func ion of protecting against 
short circuits, but instead its design must be 
modified by its performance at the lower cur- 
rents. This in turn drags the case size and 
link size up to those given for the straight- 
through fuse as illustrated in the paper. 

The question of the magnitude of the fault 
currents in distribution systems is debat- 
able, and the true answer will be obtained 
only from actual field experience. However, 
the larger the electric load of the airplane 
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grows the more closely the electric system 
approaches the low-voltage power system, 
and we know from field experience in this 
application that the time-lag fuse actually 
protects feeders from cooking out on a long- 
continued light overload caused by a light 
ground or by the connected load’s increasing 
beyond a safe value. 

Mr. Boice, like Mr. Wallace and Mr. 
Cunningham, has misinterpreted the pur- 
pose of the protective device as explained 
in the paper. He assumes that the protec- 
tive device will give equipmient isolation 
only instead of equipment protection. How- 
ever, the paper states that “‘it will operate 
protecting the equipment, whenever the 
temperature of the hot spot exceeds the 
safe, predetermined, temperature.”’ From 
this statement it is apparent that the pro- 
tective device not only will isolate the 
equipment, but also it will protect. 

The point Mr. Boice brings out that, as 
the aircraft supply is changed from direct 
current to 400-cycle alternating current, the 
maximum short-circuit current may de- 
crease instead of increase, further accents 
the desirability of the protective device 
outlined. Since the maximum short-circuit 
currents decrease, it is also reasonable to 
assume that it will be possible to obtain 
lower fault ‘current than the maximum, 
and some of these currents may be low 
enough to cause the limiter to burn up, 
destroying itself as well as the associated 
equipment. However, the time-lag fuse 
will handle all magnitudes of overloads 
satisfactorily, thereby assuring satisfactory 
performance. 

The author cannot agree with Mr. Boice 
in that grouping of the circuit protectors will 
assist in locating faults. The closer the 
protector can be placed to the point at which 
the fault has occurred, the simpler will be 
the circuit-checking job. Such a system 
would provide convenient test points, which 
would aid materially in buzzing out the cir- 
cuit. As already mentioned, the grouping 
of protectors in one location also increases 
the vulnerability of the circuit in military 
aircraft. 

The author heartily concurs with Mr. 
Boice’s opinion that ‘‘careful study of each 
fuse application will be well repaid in terms 
of improved protection.” If such a pro- 
cedure is followed, the protective devices 
will truly live up to their name and will 
perform the function for which they are 
designed. 

Mr. Powell’s conclusion that a fuse with 
a high-temperature melting link is most suit- 
able for maintaining the continuity of service 
in aircraft circuits is not justified by the 
facts in the case. With such links it is pos- 
sible to have a low overload of damaging 
proportions, which will be below the fusing 
point of the high-temperature melting links. 
Under such conditions the voltage drop will 
become excessive, and the load on the gen- 
erating equipment unusually heavy, so 
disturbing the whole system. Such a load 
definitely should be removed, and it only 
can be removed by protective devices as 
outlined in the paper. 
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The argument that the low-temperature 
melting link is not suitable because the effect 
of ambient temperature on it is not reason- 
able, if the low-temperature link is used in 
conjunction with a high-temperature link as 
outlined in the paper. The variation in 
ambient temperature will affect the capacity 
of the circuits, and for complete protection 
the protective device should be affected in 
the same manner. 

Mr. Powell’s contention that there is no 
distinction between the words limiter and 
fuse is true from a theoretical standpoint. 
However, the word “‘limiter’”’ has been as- 
sociated, as Mr. Powell states, with the 
“reduced section link suspended in air and 
connected in cables of network systems to 
provide a point at which the circuit may be 
interrupted, when the system develops a 
fault.’ Also, the term limiter has been as- 
sociated with those aircraft fuses which are 
used merely for short-circuit protection. 
They are made of a high-melting-point link 
and thé manufacturers frankly admit that 
on some loads the link itself will reach 
damaging temperatures, thereby destroying 
itself as well as the associated equipment. 
However, they justify the existence of such 
a fuse or limiter by assuming that these 
values of current will not be realized in the 
application and need not be considered in 
the design of the link. This, though greatly 
simplifying the design of the fuse itself, 
does not seem reasonable. Every designer 
appreciates that, no matter how severe the 
laboratory test may be, field conditions 
invariably find a point which has not been 
considered. Therefore, the protective de- 
vice to justify its name should be so perfect 
that it will take care of all the unforeseen 


, conditions and function to protect the circuit 


wiring as well as equipment no matter what 
condition may arise. 

The large number of people who have dis- 
cussed this paper seems to indicate that the 
subject of electrical protection for aircraft 
has not been given the clean-cut basic con- 
sideration that it deserves. This fact is 
further emphasized by the conflicting opin- 
ions expressed by the various discussers, 
In fact, almost every argument which has 
been brought forward has found its counter- 
part in a criticism offered by some other 
person in his discussion. The author well 
realizes that each and every one of these 
men are more than qualified to discuss the 
problem intelligently, so that the conflict of 
opinion only can be attributed to the fact 
that the fundamentals of the case have not 
been crystallized well enough to permit a 
complete solution as yet. The author has 
the utmost confidence in the ability of the 
time-lag fuse outlined to give the protection 
which he feels the electric circuits of the 
airplane justly deserve. However, this type 
of protection will not be obtained as long 
as the general attitude is to consider the 
protection after all of the other details have 
been worked out and then to compromise 
the design to meet conditions resulting pri- 
marily from the limitations imposed on it 
by the designers of the other component 
parts. 
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The Measurement of 
Lightning Currents in 
Direct Strokes 


Discussion and author's closure of paper 
44-114 by G. D. McCann, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, pages 
1157-64. 


E. Beck (Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa.): 
The growth of statistical data, as accumu- 
lated in the widespread investigation de- 
scribed by Mr. McCann, provides more and 
more reliable information on what we may 
expect of lightning strokes. In fact, it is 
now possible to make valid estimates of the 
probability of lighting damage. The inter- 
pretation of these stroke data in terms of 
the performance of protective devices such 
as lightning arresters will require some fur- 
ther clarification and relation to similar 
data on the lightning currents discharged by 
arresters in service. At the University of 
Pittsburgh, one of the stroke-current meas- 
uring stations, types of lightning arresters 
have been connected in the stroke circuit 
during the several years covered by the 
study. Certain strokes have been dis- 
charged without harm to the arresters, but 
in other cases some or all of the arresters 
have been damaged. The results correlate 
in general with laboratory tests. One would 
expect that, if arresters of any available 
type were called upon to discharge with 
appreciable frequency currents such as are 
measured in direct strokes, the mortality of 
arresters in service would be considerably 
higher than it is. This has been pointed out 
before in connection with some earlier pa- 
pers in which it was indicated that the se- 
verity of the arrester-discharge currents is 
in general considerably less than the stroke 
currents. An interesting point in this con- 
nection has been made by Mr. McCann to 
the effect that the major part of the total 
charge in the lightning discharge occurs 
during the flow of the low-magnitude con- 
tinuing current and that the high-current 
component, although it may reach a crest 
of 100,000 amperes or more, hardly involves 
more than a few coulombs. Apparently, 
arresters on systems usually are spared the 
necessity of discharging all of the low-cur- 
rent high-charge component. This results 
from the facts that system flashovers some- 
times are caused by the high-current com- 
ponent and provide a discharge path sep- 
arate from the arrester and the transformer 
windings on grounded neutral systems pro- 
vide a drainage path for the long-duration 
component. There is still another consider- 
ation that enters into this problem. Dur- 
ing the flow of the low-current component, 
the voltage produced by the lightning 
surge and the normal system voltage are 
of more or less comparable values. The 
actual voltage at the lightning-arrester 
terminals then will be a combination of 
these two, and, when this resultant voltage 
passes through zero, the lightning arrester 
will become insulating and will not restrike 
unless the resultant voltage later exceeds its 
spark-over value. Such conditions can be 
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set up in the laboratory, and they no doubt 
work in favor of the lightning arresters in 
the field. Although we can say, based on the 


‘University of Pittsburgh experience, that 


there are arresters that will withstand some 
types of direct strokes, it cannot be said 
yet that there is any arrester that will with- 
stand all types of direct strokes. Such a 
requirement seems hardly necessary, since 
the rate at which the modern arresters are 
damaged by lightning throughout the 
country is a very small fraction of a per 
cent per year. 

It is of interest to note that information 
on the rate of rise of lightning currents also 
is beginning to accumulate. This is an im- 
portant factor in the protection of electric 
apparatus, and it is to be hoped that the 
investigation of this aspect of the problem 
will continue. 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield, Mass.): Doctor McCann’s 
paper is a helpful contribution to the sta- 
tistical evaluation of lightning-stroke char- 
acteristics. It is remarkable how close these 
stroke data check with the Empire State 
Building! results reported in 1941. 

Differences should be expected, in par- 
ticular, with respect to the initiation of the 
stroke mechanism, as has been pointed out 
in the past. However, Table I of this dis- 
cussion shows that the differences are suffi- 
ciently small to conclude that the Empire 
State Building results are applicable to 
buildings of lesser height, as far as the over- 
all direct-stroke picture is concerned. The 
principal differences occur with respect to 
the long-duration component—total charge 
and total duration. This is a result of the 
difference in initiation of the stroke mecha- 
nism as has been pointed out in the past. 
Consequently, a larger number of strokes to 
the Empire State Building are of the con- 
tinuing variety only, with relatively long 
duration and charge. The rate of rise and 
wave front show differences which may be 
attributed to differences in measuring 
equipment. The cathode-ray oscillograph 
with an accurate shunt should give the 
most reliable data. It would be interesting 
to know how laboratory calibration of the 
magnetic surge-front recorder checks the 
oscillograph measurements, and, in particu- 
lar, what is its lower limit of recording. 

In any measurements on a single building, 
the stroke-current mechanism will be some- 
what different from what it would be on a 
transmission line. In the building the 
stroke current is collected through its own 
ground resistance, whereas on a line current 
is collected over ground wires or line wires 
over a considerable area, connected together 
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by metallic conductors. In this respect, 
the Empire State Building represents the 
stroke to a line perhaps better than a fire 
tower on top of a hill, because the building’s 
ground connections are very extensive 
through the maze of water, gas, and other 
service pipes in New York. 

With respect to continuity of current 
flow, record 118, Figure 6 of the paper 
seems to give definite indication that current 
below 0.1 ampere did not flow. On the 
other hand, record 141 of the same figure 
shows more illumination between current 
peaks than record 1238, and yet Doctor 
McCann concluded that current flow be- 
tween peaks did not exist. Is it possible 
that the smaller aperture of the pinhole 
may introduce sufficient error so that small 
currents cannot be read at all times? The 
great difference in recordable light sensi- 
tivity produced by aperture clearly is 
shown with the multiple-aperture camera.? 
It would seem that the success of record- 
ing small currents would depend to a con- 
siderable degree on the state of incandes- 
cence of the gap electrodes of the photo- 
graphic surge recorder and, therefore, on 
the previous history of current flow through 
the gap. Perhaps a sufficient number of 
coulombs have to flow through the gap be- 
fore a photograph of a 0.1- or 0.2-ampere cur- 
rent can be obtained. Although it is prob- 
ably not of particular practical importance 
whether a continuous current always con- 
nects current peaks, it seems quite impor- 
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tant from the theoretical point of view. 

It seems to me that the photographic 
surge recorder has not proved necessarily 
that small currents do not flow. It would 
seem wise to reserve final conclusions, until 
conclusive proof can be obtained. 

With regard to high-frequency fluctua- 
tions of high-current peaks, Doctor McCann 
explains these with successive tapping of 
branches during the progress of the return 
streamer toward the cloud. Though this 
explanation is very intriguing, it would not 
apply to the Empire State Building where 
downward branches rarely are photo- 
graphed, particularly on the second and 
third current peaks. Similarly, photo- 
graphs by Schonland and others rarely show 
branches on other than the first current 
peak. In spite of this, pronounced oscilla- 
tions were observed on all current peaks 
measured at the Empire State Building with 
the frequency of oscillations of a very regu- 
lar nature. Though it is difficult to see that 
each stroke has the same characteristics, it 
is quite possible that these oscillations are 
caused by charge distributions in the 
ground system. 

The oscillations on this basis then can 
be explained as produced by the front and 
the tail of the different component waves 
arriving from various portions of the charge 
centers of the ground system of the Empire 
State Building (zone 0), such as the base of 
the building (zone 1), nearby tall buildings 
(zone 1a), East River (zone 2), Hudson 
River (zone 3), and more distant points. 
This concept is shown on Figures 1 and 2 of 
this discussion, It is interesting to note 
that the type of wave shown on Figure 1 
occurs during the first current peak. If the 
interval between first and second current 
peak be long (0.05 second or more), the 
second peak will have a shape similar to 
the first. If the interval be short (0.01 sec- 
ond), a wave similar to Figure 2 results. 
Of course there is never an exact reproduc- 
tion. However, the time of current minima 
indicating the arrival of new charges re- 
occurs with great regularity. In many 
waves some of the component waves are 
missing indicating that no charges were 
available from these centers. Although this 
is only an assumption and has not been 
proved, it seems that it explains very well 
the current phenomenon at the Empire 
State Building. Perhaps at the University 
of Pittsburgh similar ground conditions 
exist. I always have been puzzled by 
Malan’s and Collens’ photographs which 
seemed to indicate to me that the branches 
and cloud discharge into the ground con- 
trary to the explanation given by them that 
the ground feeds into the branches. Cur- 
tent flow to ground is expected, when 
strokes occur to very high resistivity soil. 

I do not believe that the length of the 
tail of the current waves is a factor which 
will greatly influence co-ordination, since 
it is the voltage wave which will cause 
spark-over. The voltage wave, however, 
is not a duplicate of the current wave but is 
influenced by such factors as ground im- 
pedance and the multiplicity of paths taken 


‘by the current. Only as a traveling wave 


are currents and voltages of the same shape. 
For these reasons, a long-tail current wave 
at a given point in a system rarely will re- 
sult in a long-tailed voltage wave elsewhere 
in the system. 

It is hoped that it will be possible in the 
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near future to present photographic light- 
ning data obtained in Pittsfield and New 
York to buildings or places other than the 
Empire State Building which have been 
obtained during the years, 1935-41. 
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K. B. McEachron (General Electric Com- 
pany, Pittsfield, Mass.): When the investi- 
gation of lightning to the Empire State 
Building was begun in 1935, it was recog- 
nized that the great height of the building 
might have a pronounced effect upon the 
character of the lightning discharge. It 
was decided therefore to carry on a similar 
investigation in Pittsfield to study lightning 
to ordinary terrain, and to this end an ob- 
servatory was erected upon the roof of one 
of the highest buildings in the Pittsfield plant 
of the General Electric Company. 

The investigation in New York made use 
for the first time of oscillographs designed 
to record the wave shape of individual 
current peaks and also to record the varia- 
tions of current over times as long as one 
second, these results to be correlated with 
rotating lens or film cameras also designed 
for corresponding high- and low-speed opera- 
tion. 

Cameras of similar character were used 
in New York and in Pittsfield, the reason 
being that correlation might be effected 
through the photographs obtained to high 
buildings in New York and to ordinary ter- 
rain in Pittsfield. Since the correlation was 
to be through the medium of the photo- 
graphic film, a calibration of each film was 
essential, and, therefore, each film used in 
New York and Pittsfield was given calibra- 
tion through the use of a constant light 
source and a series of neutral filters as de- 
scribed by J. W. Flowers.!- In New York 
and in the laboratory, the lightning photo- 
graphs would be calibrated against the cur- 
rent measured oscillographically, and thus 
some measure of the Pittsfield stroke cur- 
rents would result. A microdensitometer 
was developed to measure the density of the 
image on the photographic film. 

A large amount of data have been accu- 
mulated, some of which have been pub- 
lished, but much remains which has not 
been put in shape yet for publication. The 
necessity of using man power on more ur- 
gent work in connection with the war 
stopped further investigation at the end of 
the 1941 lightning season. 

With recognition of the limitations of the 
photographic film, a camera with four iden- 
tical lenses was developed,! which was ar- 
ranged with various apertures and filters 
giving an effective f range from 4.5 to 
1,620. The results from this camera 
showed that many of the photographs 
taken with the previously used cameras, 
which did not show luminosity between 
current peaks, would have shown such ef- 
fects had the wider exposure range of the 
multiple-aperture camera been available. 
I cannot help feeling that Doctor McCann 
would have found evidence of continuing 
currents, if the conditions had been more 
favorable for recording it photographically. 


Discussions 


Distance and visibility have much to do 
with the answer. 

As for the difference between the Empire 
State Building and the University of Pitts- 
burgh, it does not seem likely that the dif- 
ference in building height can have much to 
do with stroke characteristics, once the 
stroke path has been formed. One might 
expect that with the 1,275-foot structure the 
cloud charge before the stroke would be 
less than for the 585-foot building, particu- 
larly when the stroke is initiated by the 
downward leader, although the data of 
Figure 12 of the paper seem to show the re- 
verse. 

It is difficult for me to reconcile the propo- 
sition that sometimes the continuing current 
is present and other times it is absent. Cer- 
tain conditions must be met so that new 
channels will not be formed as the result 
of cessation of the current, if the stroke is to 
be a true multiple stroke throughout its 
length. . Thus, in 1936? a stroke consisting 
of at least four successive current peaks 
made initial contact to a building 360 feet 
high and 1,200 feet west of the Empire 
State Building. This stroke was initiated 
by a downward step-leader. After the first 
current peak, the stroke shifted from a point 
655 feet above the top of the Empire State 
Building in such a manner that the three 
succeeding current peaks made contact with 
the top of the Empire State Building. The 
first one of these three succeeding current 
peaks showed evidence of downward 
streamers indicating the step-leader mecha- 
nism between at least the point 655 feet 
above the building and the top of the build- 
ing. Similar changes of path had been ob- 
served by others, and by ourselves in other 
locations. 

The reasons for such a change are not 
clear, since it would be expected that the 
path already travelled by the stroke pre- 
sumably will be a better path than would 
be a new one which had not as yet been 
formed. It would appear from these phe- 
nomena that there are cases at least where 
the original path loses its conductivity to 
such a degree that strokes do shift their 
path, whereas other parts of the same stroke 
remain sufficiently conducting so that the 
new current peaks remain in the old path. 
It is unfortunate in the case of this particu- 
lar stroke to the Empire State Building that 
we have only the photograph with the still 
lens, and therefore the time interval during 
the change from one path to another is not 
known. 

Laboratory tests reported in 1939? appear 
to indicate that, when the current ceases, 
the luminosity ceases also. Later, tests by 
Flowers’ seem to substantiate this conten- 
tion. Our unpublished data appear to indi- 
cate that in the cases where the stroke was 
near enough to the Pittsfield Observatory 
and the visibility good, illumination was re- 
corded between the current peaks. It 
seems to me, therefore, that more data are 
needed before the proposition that current 
peaks are not tied together by continuing 
current is acceptable. 
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G. D. McCann: As pointed out by Mr. 
Beck lightning arresters are seldom called 
upon to discharge more than a small frac- 
tion of the total energy in a direct stroke. 
One of the principal causes for this is that 
flashover usually occurs at some point on 
the power system before very much of the 
stroke energy has passed through the ar- 
resters. The preponderance of the energy 
is contained in the low-magnitude continu- 
ing portion of the discharge which passes 
through the flashover path rather than 
through the arrester, since the arrester offers 
a considerably greater impedance to the flow 
of such low-magnitude currents. The effect 
of the character of transmission- and distri- 
bution-line insulation and system ground- 
ing upon this factor is being studied in the 
Westinghouse lightning investigation. It is 
hoped to treat this more fully at some future 
time. 

Mr. Hagenguth points out that differences 
in the character of strokes to such tall ob- 
jects as the Empire State Building as com- 
pared to structures of more normal height 
might be expected. He, however, asserts 
that comparison of such data shows that 
these differences ‘‘are sufficiently small to 
conclude that the Empire State results are 
applicable to buildings of lesser height as 
far as the over-all direct-stroke picture is 
concerned.’’ The data of this paper show 
that there are important differences in the 
fundamental characteristics of the stroke 
mechanism and the wave shape of the dis- 
charge current (see Figures 3, 11, 12, 15, and 
16). These differences show quite clearly 
that for the practical problem of determin- 
ing the lightning performance of power sys- 
tems, only data obtained on structures of 
lower and more normal heights should be 
used. 

Mr. Hagenguth asks about the accuracy 
of the magnetic surge-front recorder as 
compared with the cathode-ray oscillo- 
graph in recording the front of current 
waves. Laboratory calibrations! show that 
this instrument should record the effective 
fronts that exceed one-half microsecond to 
an accuracy of 10 or 15 per cent, except for 
certain types of multiple strokes. In all 
such cases where a record cannot be ob- 
tained, however, the effect of successive 
high rates of current rise in the multiple 
strokes can be detected and the data ruled 
out. To date some five direct strokes and 
32 lightning-arrester discharge currents 
have been simultaneously recorded with the 
surge-front recorders and the cathode-ray 
oscillograph. The maximum difference in 
the effective front as measured by the two 
instruments has been 20 per cent. 

Mr. Hagenguth also points out the pos- 
sibility of fluctuations on the tail of current 
waves for strokes to the Empire State 
Building, which are produced by reflections 
from points of discontinuity in the ground 
path of the building. Such an effect seems 
quite plausible and very interesting. Ap- 
parently, however, it causes relatively small- 
magnitude fluctuations as compared to the 
greater ones possible from those described 
in this paper that result from the prominent 


branches that can occur in strokes to open ° 


ground or to objects much lower than the 
Empire State Building. 


Both Mr. Hagenguth and Doctor Me- 
Eachron question the reliability of the pho- 
tographic surge-current recorder in meastur- 
ing the low-magnitude continuing currents, 
since records obtained with this instrument 
refute their contention that continuing cur- 
rent should flow between components of 
multiple strokes. This instrument has been 
calibrated carefully in the laboratory for a 
wide range of discharge-current conditions, 
and it will record reliably all currents in ex- 
cess of 0.1 to 0.2 of an ampere. Contrary to 
Mr. Hagenguth’s belief, only the photo- 
graphic intensity of the arc between two 
electrodes is recorded with the instrument 
and not the luminosity of the electrodes 
themselves which is blocked off by a set of 
buriers. This device does not have the 
limitations in recording that result when at- 
tempts are made to photograph the actual 
stroke channel at a relatively great distance 
and very great variations in visibility are 
produced by intervening clouds. 

Doctor McEachron finds it difficult to 
reconcile the proposition that successive 
discharges in a multiple stroke can travel 
down essentially the same stroke path with- 
out a continuous flow of current in that 
path. To those familiar with the mecha- 
nism of conduction in gases, the principal 
consideration governing the maximum time 
interval that can exist after current has 
died out in an are path and a successive 
application of voltage will result in a dis- 
charge occurring in essentially the same 
path is determined by the rate of dielectric 
recovery of the are column. Studies of long 
ares produced in the laboratory® have shown 
that even for discharges of high magnitude 
and short duration that are not followed 
by continuing low-magnitude components 
of very great duration, the rates of dielectric 
recovery of the are path can be slow enough 
for time intervals of the same order of mag- 
nitude as those commonly occurring be- 
tween components of multiple strokes. 
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Ring Busses for Generating 
and Transmission Stations 


Discussion and authors’ closure of paper 44- 
116 by E. L. Michelson and J. P. Galassini, 
presented at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published in AIEE TRANSACTIONS, 
1944, September section, pages 665-9. 


R. L. Webb (Consolidated Edison Company 
of New York, Inc., New York, N. YOR 
This paper on bus design is indeed timely. 
Operators would find it advantageous to 
study bus layouts which are described here 
and which have been described in many 
other papers during the last five or six years 
to assist with new planning and moderni- 
zation programs, which certainly will have 
to be faced within a few years. 
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The authors have given some history of 
bus-layout development on the several volt- 
age systems used in Chicago. They have 
also described features of reliability, flexi- 
bility and protection which are of interest. 
Very little has been said about cost. It 
would be interesting if they could supple- 
ment the paper in their closure with infor- 
mation which would assist the reader in 
regard to comparative costs of the various 
bus schemes described and illustrated. 

The paper spends little space in discussing 
other features of bus design which we con- 
sider extremely important. These consist 
of: 


Physical isolation of major bus sections. 


1s 
2. Use of fire walls where good physical isolation 
annot be obtained otherwise. 


c 
3. Use of double breaks in tie circuits between 
isolated major bus sections. 


4. Ventilating system design for switch houses, 
which will prevent intercommunication by gases 
between major bus sections. 


A paper was presented in 1939 to describe 
recent switch-house designs used for generat- 
ing stations in New York City.! It will 
be noted by referring to Figures 2, 12, and 
22 that the company has favored a star 
bus arrangement, sometimes referred to as 
a ‘‘syn bus” station in recent modernizations. 
The syn bus consists essentially of a bus 
that may be sectionalized by breakers, 
which serves as the synchronizing connec- 
tion for several major bus sections. These 
major bus sections are supplied by direct 
generator connections and serve their re- 
spective loads through distribution feeders 
connected to feeder group busses or to feeder 
stub busses. The generators and their 
respective bus sections which form the 
points of the star arrangement are syn- 
chronized through reactors at the syn bus. 

It has been found that star bus arrange- 
ments serve satisfactorily in regard to 
flexibility, minimum short-circuit duties 
on circuit breakers, reliability of supply to 
the distribution circuits, and switch-house 
costs. As a matter of comparison, the ar- 
rangement shown in Figure 22 of Mr. de 
Bellis’ paper makes use of less than half the 
circuit breakers required in another station 
on the system having less than 80 per cent 
of the generating capacity. Though such a 
comparison does not bear a direct relation 
to cost, it is an index of the tremendous 
savings which can be realized by careful 
attention to all of the important features of 
bus design for generating stations. 
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E. L. Michelson and J. P. Galassini: The — 


authors wish to thank Mr. R. L. Webb for 
his comments on their paper. No attempt 
has been made by the authors to obtain the 
cost figures for the various bus layouts de- 
scribed in the paper; however, experience 
has indicated that the cost of these bus lay- 
outs will’ vary somewhat in proportion to 


the number of breakers used in the installa- _ 


tion. The cost of other items, such as con- 
trol and relaying equipment, is approxi- 


mately the same regardless of the type of | 


bus arrangement used. 
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Very little reference has been made to the 
physical design of the busses because this 
paper was written primarily from the view- 
point of the engineer who plans the electric 
connections of a bus rather than for the 
engineer who is concerned about the physi- 
cal design; however, in. answer to Mr. 
Webb’s questions, the following is a brief 
description pertaining to the physical aspect 
of our most recent bus installation shown 
on Figure 3 of the paper. 

The major bus sections, which make up 
this ring bus, are physically isolated from 
each other. Each bus section is installed in 
a separate room with a passageway between 
the rooms. The rooms have no windows 
and their steel doors are always kept 
closed. Each room has a separate ventilat- 
ing system and also an emergency smoke- 
exhaust fan. No fire-extinguishing equip- 
ment is installed because of the use of oil- 
poor breakers. Two bus-section-tie break- 
ers connected in series are used to tie ad- 
jacent bus sections.. Each of the bus- 
section-tie breakers is installed in a separate 
room in order to obtain physical isolation 
between them. The two main rings are 
installed on opposite ends of the switch 
house and are separated by a distance of 
approximately 80 feet. 


Transmission-Line Electric 
Loadings } 


Discussion and author's closure of paper 
44-115 by S. B. Crary, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
june TRANSACTIONS, 1944, pages 1198- 


H. P. St. Clair (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The author of this paper is to be commended 
for presenting a clear picture of the reactive 
kilovolt-ampere or kilovar requirements and 
losses involved in getting power over trans- 
mission lines. Real power losses, J?R val- 
ues, are recognized universally, but the full 
significance of [2X losses is not so generally 
understood. Perhaps one reason for this 
lies in the author’s observation that with few 
exceptions loadings for lines of 100 miles or 
over have not much exceeded the 2.5-kv? 
or unity-power-factor value, so that [2X 
losses have been taken care of by line- 
charging: kilovolt-amperes. Figure 4 of the 
paper shows how the net values of kilovar 
loss cross the zero line at about 2.5 kv?. 
This same curve, however, also shows the 
rapid building up of J*X loss at higher load- 
ings, up to 5 and 7.5 kv’, which the author 
suggests can be attained economically by 
providing the necessary supply of kilovar 
capacity. For example, referring also to 
Table II of the paper, these net losses on a 


-132-kv line would be zero kilovar at 44,000 


kw, 35,000 kvar at 88,000 kw, and 99,000 
kvar at 132,000 kw. It is true that these 
high loadings can be reached, assuming 
adequate conductor sizes, and it may ap- 
pear to be good economics to install the 
kilovar capacity to reach them. From a 


practical operating standpoint, however, it 


is important to have some extra margin of 
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line capacity available for emergencies, and, 
when lines are loaded in this manner, at 5 
kv? and higher, there is little if any ‘‘stretch” 
left. It is obvious from the shape of the 
curves of Figure 4 that each increment of 
synchronous-condenser capacity is going to 
be added at a rapidly diminishing return, 
and at each higher level of loading reached 
the line will have a decreasing margin for 
additional loading. We actually have ex- 
perienced this sort of thing on our 132-kv 
lines between Ohio and Indiana, where 
steadily increasing war loads have necessi- 
tated increased loadings on these,lines. In 
this case the recent installation of a fairly 
large synchronous condenser, although tak- 
ing care of a local voltage problem, seemed 
to provide a relatively small increase in the 
capacity of the already heavily loaded lines. 
At lower levels of loading the same con- 
denser would have provided several times 
the capacity increase that was actually ob- 
tained. It also may be of interest to point 
out that the installation of a new line pro- 
viding a third circuit, closing a loop between 
Ohio and Indiana, will reduce the loading on 
the existing circuits to the point where kilo- 
var requirements of the existing systems 
will be reduced by 75,000 to 100,000 kva. 

What I should like to emphasize, there- 
fore, is that along with the favorable eco- 
nomics of heavier loadings there are certain 
operating disadvantages, such as loss of 
marginal capacity, which must be considered 
carefully in studying any transmission 
problem. On this basis I question whether 
it would be sound practice in very many 
cases to load 100-mile lines, or even shorter 
sections of lines in a long system, to any- 
thing higher than about 5 kv? for normal 
load conditions. It would be sufficiently 
difficult, even at this loading, to provide for 
the extra capacity needed in an emergency. 

Although conductor size has a relatively 
small effect on reactance and [2X losses, it 
does permit substantial control of power 
losses. If a large enough conductor is used, 
the J?R losses attending transmission load- 
ings of 5 kv* and above can be held down. 
Here again, however, the curves are getting 
steep, and practical considerations must be 
added to the theoretical economics. Cost 
of lines may increase more rapidly above 
certain conductor sizes. 

In general, however, I believe the author’s 
plea for consideration of more generous con- 
ductor sizes in transmission-line planning 
may well be heeded. Most of us have had 
many occasions to wish that we had in- 
stalled larger conductors on some given 
line, both from the standpoint of losses, and 
of line capacity. The relative performance 
and kilovar requirements of lines with vary- 
ing X/R ratios shown in the paper indicate 
the strong desirability of using ratios closer 
to 0.2 than to 0.4. On this basis a conductor 
of 336,400 circular mils aluminum conduc- 
tor, steel reinforced with a ratio of 0.35 
is definitely small, whereas ones of 477,000 
or 556,500 circular mils, with ratios of 
approximately 0.25 and 0.21, respectively, 
are much to be preferred. 

One factor seems to have been overlooked 
by the author in his comparison of a 300- 
mile and a 100-mile line, both loaded to the 
same stability limit. It is shown that with 
the same conductor size (or with only a 
slight increase) the over-all percentage loss 
on the 100-mile line carrying three times the 
load would be no greater than that on the 
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300-mile line, even though the actual loss 
per mile is nine times as great. In this situa- 
tion it would seem that good economics 
would not permit the same percentage loss 
on a 100-mile line that would be considered 
reasonable on a 300-mile line. In other 
words there should be some relation be- 
tween the acceptable losses and the rela- 
tive size of the line investment producing 
those losses. If the comparison made by 
the author is carried down to still shorter 
line lengths, unreasonable results immedi- 
ately become evident. 

Again, I wish to commend and thank the 
author for the presentation of this paper in 
which, I believe, he has made a substantial 
contribution to a better understanding and 
a clearer perspective in viewing our present 
and future transmission practice. 


C. F. Wagner (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Crary refers variously to the load 
absorbed by a resistance equal to the surge 
impedance of the transmission line as the 
“natural loading,’ the “surge-impedance 
loading,’ or the “‘unity-power-factor load- 
ing.’’ I wish to comment briefly upon the 
significance of this quantity, 

When a resistance equal to the surge im- 
pedance of the line is connected across the 
receiving end of a resistanceless line, a surge 
introduced into the sending end is ab- 
sorbed completely without reflection. Thus 
a sinusoidal voltage introduced into the 
sending end, travels along the line and is 
completely absorbed. The voltage at the 
receiving end varies sinusoidally with time, 
has the same magnitude as the voltage at 
the sending end, and is displaced in time by 
an angle equivalent to that required for the 
wave to move from one end of the line to the 
other. Since electric waves propagate at the 
speed of 186,000 miles per second, in one- 
quarter cycle of a 60-cycle circuit a wave 
would travel 186,000/(4 < 60) or 775 miles. 
Thus, the voltages of a 775-mile line would 
be displaced 90 degrees, a 300-mile line 35 
degrees, and other lines proportionately. 
These relations can be used to plot the re- 
ceiving and sending power circles for resist- 
anceless lines. This has been done in Figure 
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Figure 2. Evaluation of K 


1. The unit of real and reactive power 
has been taken equal to the surge impedance 
loading, and all the circles have been made 
to pass through unit power and zero reac- 
tive power. If the resistor is replaced by a 
synchronous motor of zero impedance whose 
excitation is adjusted so that the load is 
unity power factor, it is quite evident that 
surge-impedance loading has no relation 
whatever to the actual amount of load that 
can be carried over the line under stable 
conditions. From a stability point of view 
the surge-impedance loading has no signifi- 
cance. Mr. Crary recognizes this fact in 
Figure 1 of the paper in which the upper 
curve shows the approximate effect of the 
length of the line upon the power that can be 
transmitted with equal stability margins. 

For comparative performance of straight- 
away transmission systems, or for estimat- 
ing loads such lines can carry, the following 
may be found useful. If 0.8-ohm reactance 
per mile is assumed, 


P=K———_ (1) 


in which 


P=power per circuit at receiving end of 
line in megawatts 

E=line-to-line voltage at both ends in 
kilovolts 

L=\ength of line in miles 

X,=sum of other series reactances 


The constant K is dependent upon the ratio 
of line resistance to total reactance, the 
angle between sending and receiving inter- 
nal voltages during the steady-state condi- 
tion preceding the assumed fault that the 
system must ride through, and the magni- 
tude of the internal voltages. If the total 
series resistance is zero, the internal voltage 
unity, and the angle 90 degrees, K will 
be equal to 1.0. The point A on the circle 
indicated by a full line in Figure 2 shows this 
operating condition. More representative 
conditions indicated by point B in the 
dotted circle in Figure 2 reduces the con- 
stant K to 0.85. 
The series reactance X, is 


Ei 
MVA 
Et 


P 


X,in ohms =X (per unity 
or approximately =X (per unit) 


(2) 
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When equation 2 is substituted in equa- 
tion 1 there results 


Et 


P=1.25 (K—X;) Fr (3) 


If the transmission system feeds into an in- 
finite system and 


X of receiving-end transformer =0.13 
X of sending-end transformer =0.13 
Xq/ of generator =(0,31 


then 
X,=0.18 +0.13 +0.31 =0.57 


and 


E22 
P =1,25(0.85 —0.57) Tt 


Fi 
=0.35 TL (4) 


With the data provided by reference 2 of 
Mr. Crary’s paper, the quantity P L/E? 
(number of circuits) was computed for all 
60-cycle lines over 100 miles in length that 
had no loads taken off at intermediate 
points, The Boulder line of the Metropoli- 
tan Water District of Southern California 
was omitted because the data in the table 
did not appear consistent. The results of 
the calculations give an average of 0.32 for 
this quantity with a maximum for the nine 
values of 0.48 and a minimum of 0.17. 
The larger values probably represent sys- 
tems that operate closer to their steady- 
state stability limits or that have lower val- 
ues of series reactance external to the line. 
Conversely the lower values are lower for the 
opposite reasons. The results indicate a 
substantial check for such an approximate 
relation. Slightly greater refinement can be 
attained by using equation 3 with K set 
equal to 0.8 or 0.85 and X, set equal to the 
sum of the terminal impedances. In this 
case the reactances for the generator may 
be taken as their per unit value times their 
power-factor rating. 


J. G. Holm (Boston Port of Embarka- 
tion, Boston, Mass.): One seldom comes 
across a paper written with so much clarity 
and simplicity as this paper by Mr. Crary, 
and it is by no means to increase the lucidity 
with which the, so to say, philosophy of 
power transmission has been presented in 
the paper that these comments are offered. 
It is my observation, however, that there 
exists among some engineers a slight mis- 
conception of the transmission of the “natu- 
ral” loading over a power line, which per- 
haps one should attempt to rectify. 

The “natural”, or surge-impedance, or 
the unity-power-factor loading as it is vari- 
ously called cannot be transmitted with 
stability at a certain voltage over a trans- 
mission line of any length. 

For example, for a system with represent- 
ative values of machine reactances, trans- 
mitting power at 138 kv, and connected to 
an infinite bus, a “natural” load of 47,500 
kw (2.5 K 138%) may be transmitted easily 
with stability over a 200-mile line, with 
practically zero reactive power taking part 
in the transmission. If the line length were 
to increase to 950 miles with the same ter- 
minal conditions and line voltage, the trans- 
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/ 
mission with stability of the “‘natural”’ toad 
would become impossible, and, in order that 
47,500 kw of real power could be trans- 
mitted, more than this amount of reactive 
power would have to take part in the proc- 
ess. In such a case, then, the concept of 
“natural’’ power may be discarded entirely, 
and the system designed on general sta- 
bility and economic principles. 

If a rotor-angle curve is analyzed for a 60- 
cycle representative system (machine dnd 
transformer reactances of 30 per cent) con- 
nected to an infinite bus, one will see that 
the ‘‘natural’’ loading may be transmitted 
with steady-state stability over a line whose 
length lies anywhere between the following 
approximate limits: zero to 625 miles, 
1,400 to 2,175 miles, 2,950 to 3,725 miles, not 
extending the figures to lines of still greater 
length. Inthesame system the transmission 
of “natural” loading may be accomplished 
with transient stability in lines of the 
following approximate lengths: up to 215 
miles, from 1,400 to 1,750 miles, and from 
2,950 to 3,300 miles. 

For other line lengths where transmission 
with stability of ‘‘natural’”’ loadings is im- 
possible at conventional frequencies with 
the present state of the art of the various 
voltage-regulating devices, or again for 
lines of this length transmitting greater than 
‘natural’ blocks of power, a larger or 
smaller amount of reactive power must be 
transmitted along with the transmission of 
real power. It is in this connection that it is 
important, as Mr. Crary points out, that 
conductors of lower resistance be used, if the 
maximum possible amount of real power is 
to be transmitted with minimum real and 
reactive losses. The importance of low- 
resistance conductors cannot be too strongly 
emphasized. This should be watched es- 
pecially carefully in lines operating at the 
lower voltages, where the conductor me- 
chanical requirements and the corona power 
loss allow the use of conductors of small di- 
ameters and of little copper. The engineers 
of the old school would say that a trans- 
mission line has been economically designed, 
when it uses just enough copper to allow for 
an efficiency of the order of 90 per cent. 
Whereas a properly designed modern line 
capable of operating with stability at high 


loadings will require such a low r/x ratio, — 


that it is practically impossible to obtain for 
it an efficiency of less than 95 per cent, and 
frequently its efficiency will be as high as 
98 per cent. An over-all economic study 
of such a system, with all the marketable 
power to be accounted for, will show that 
the additional copper used is far from wasted 
and heavier conductor and costlier sup- 
porting structures will result in a more 


economical system than had the line been — 


designed with as little copper as possible. 
Such lines, then, will not have to work at 
the low loadings of the systems listed in ref- 
erence 2 of Mr. Crary’s paper and shown on 
his Figure 1. 

Insofar as the various means for the sup- 
ply of reactive power for the purposes of 
power transmission are concerned, it is a 


pleasure for me to note in Mr. Crary’s paper ‘ 


that the synchronous condenser seems to be 
in a somewhat greater favor.than has been 
the case during the last few years under the 
pressure of existing war conditions. It is 
stated in the paper that the series-capacitor 
compensation is advantageous for lines of 
300 miles in length for stability loadings éx- 
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ceeding in a one-circuit line 750-kw miles 
per (ky)*. For shorter lines and lower 
loadings the synchronous-condenser com- 
pensation is recommended. Considering 
that a loading of 750-kw miles per (kv)? 
although practical is nevertheless none too 
low, if it is referred to a system equipped 
with devices for stability improvement, and 
that it may be rated as rather high, if re- 
ferred to a one-circuit line not equipped with 
such’ devices, it may be said that at lower 
loadings the series compensation will have 
advantages only for lines exceeding 300 
miles in length. This indicates that the 
recommended application of series capaci- 
tors is advanced to lines of somewhat 
greater length and higher loading than was 
considered good practice a couple of years 
ago. In addition it is noted in the paper 
that a series-compensated line also will re- 
quire controlled shunt compensation for the 
control of line voltage. It seems to me, 
therefore, that we are approaching a time 
when, with the problem of critical materials 
nonexistent, we shall return again to the use 
of synchronous condensers as, for various 
reasons, the best-recommended practice for 
the sole supply of reactive power and for 
voltage control in lines well over 300 miles in 
length. 


J. W. Butler (General Electric Company, 
Schenectady, N. Y.): During a national 
emergency, such as war, cost alone is no 
longer of primary importance, the end re- 
sult being the major objective. In view of 
this and other things, the last three or four 
years have witnessed large capacitor banks 
installed for kilovar supply to facilitate in- 
creased loadings in existing and new lines. 
In fact, some of these capacitor banks have 
been larger than economics would justify 
normally, but the end result justified the 
expediency. 

Early in the emergency this was recog- 
nized and the attention of the industry! 
was called to the possibilities of higher line 
loadings through the aid of kilovar supply, 
without the usual regard to economy. The 
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Figure 3. Economic loading of 400,000- 
circular-mil and 4/0 conductor, 132-kv lines, 
as a function of length, plotted on Figure 1 of 
i the paper 

A—Loading based on 25 per cent stability 
margin with representative terminal capacities, 

750—kw miles per (kv)? 
B—Surge-impedance loading or unity power 
factor 
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primary thought of the moment was that of 
getting maximum kilowatts in the shortest 
time with a minimum of critical materials. 

It is assumed that after the war there will 
be less need for saving critical materials, 
and economics will again be the ruling fac- 
tor. Therefore, a brief speculative analysis 
of the probable peacetime economics of 
heavier line loadings and larger conductors, 
as suggested in this paper, may be of inter- 
est. 

A particular circuit operates at its mini- 
mum annual charge per kilowatt delivered 
when the annual charge for the losses— 
kilowatt and kilovar—equals the annual 
charge on the total investment chargeable 
to the line, including the right of way. It 
can be shown that this loading, which is de- 
fined in this discussion as the economic 
loading, is independent of line length except 
for the effect of those terminal equipment 
costs that are not a function of the line 
kilovar loading, such as switching equip- 
ment and the terminal real estate. In order 
to determine the magnitude of this effect, 
the following case was analyzed. 


1. Line—132-kyv double circuit steel tower with 
two ground wires. 


a. 4/0—$15,000 per mile 

b. 400,000 circular mils—$20,000 per mile 

c, Right of way—$2,000 per mile 

2. Terminal equipment—Double-bus  double- 
breaker arrangement with 3.5 million kilovolt-ampers 
interrupting capacity—$83,000 per terminal per 
circuit. Kilovar costs—six dollars per kilovar. 


3. Per unit annual carrying charge on invest- 
ments—0.10. Energy charges—3 miles at 5,000 
hours equivalent operation. 


4. The kilowatt and kilovar losses for various 
loadings were estimated from Figure 4 of the paper. 


Figure 3 of this discussion shows the cal- 
culated economic loadings per circuit as 
defined above for each of these two con- 
ductor sizes. For comparative purposes, 
they are plotted on Figure 1 of the paper 
and are therefore in terms of per unit power 
per (kv)*. These data indicate that the 
terminal equipment investment increases 
the economic loading on short lines, but its 
effect practically disappears beyond line 
lengths of 40 or 50 miles. Larger conductors 
have correspondingly higher economic load- 
ings, but the general shape isthe same. For 
the assumptions made above, these data in- 
dicate that the economic loading of a line is 
substantially independent of its length fora 
given conductor size, if its length exceeds 40 
miles, and that the economic loading in- 
creases, but not greatly, as the length is 
made less than 40 miles. Different line 
costs, energy charges, per unit annual carry- 
ing charges, and so forth, obviously will af- 
fect the magnitude of these loadings, but 
the characteristic will be about the same. 

Inquiring further into the economic pic- 
ture, the annual charge per unit of power 
at the economic loading was determined 
for a 100-mile line for four voltages and 
three conductor sizes. Representative line 
and equipment costs for the various cases 
were used. These results are plotted in 
Figure 4, where it is readily seen how con- 
ductor size can be traded for voltage and 
vice versa. These data raise the question: 
Should a higher voltage or larger conductor 
be chosen for the larger kilowatt loads? 
These curves indicate that various voltages 
cannot be compared in terms of kw/kv? 
units, although these units do have certain 
analytical advantages. For instance, within 
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Figure 4. Comparison of annual charges at 
the economic loading of various 100-mile 
circuits for different voltages 
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Figure 5. Annual charges for losses of a 
100-mile line of r/x =0.2 and operated with 
E,/E,=1.0 


Per unit annual carrying charge on kilovar- 
supply investment=0.10 


the range studied the smallest annual 
change per kw/kv? is obtained with 66 
kv, whereas the smallest annual charge per 
kilowatt is obtained with the highest 
voltage studied, or 154 kv. Also, the high- 
est economic loading in (kv)? is obtained by 
66 kv, but the highest economic loading in 
kilowatts is obtained by 154 ky. These data 
all bear out the axiomatic conclusion that 
there is an optimum economic loading for 
a given circuit and that this loading in- 
creases with conductor size. 

Figures 5 and 6 of Mr. Crary’s paper give 
the kilovar and kilowatt losses of various 
100-mile lines. To obtain an anchoring 
point for the relative costs of these two 
losses, and to determine which probably 
would carry the most weight at heavy load- 
ings, the annual charges of a 100-mile 
r/x=0.2 line were determined and are 
shown plotted in Figure 5. These data 
indicate that the kilowatt losses in general 
should carry considerably more weight 
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than the kilovar losses in establishing the 
economic loading of a line. The use of kilo- 
var for maintaining terminal voltages of 
interconnected systems at high loadings is 
fundamental, but it does not appear as 
though it should be the controlling factor. 

The data in the paper on incremental 
losses show very high values out near load- 
ings approaching the so-called pull-out of 
the line. To appreciate more fully the mag- 
nitude of loadings in per unit of peak power 
which the curves are plotted against, the 
loadings corresponding to 750-kw miles per 
(kv)? (the locus of Figure 1) occur at a P,/P, 
of 0.60 and 0.61 for r/x of 0.10 (Figure 12) 
and 0.20 (Figure 13), respectively. Out to 
these loadings the incremental loss curves 
are reasonably straight, indicating that even 
at reasonably heavy stability line loadings 
(750 kw miles/kv?), the per unit kilowatt 
and kilovar losses in terms of receiver power 
are substantially directly proportional to the 
delivered power. 
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T. W. Schroeder (General Electric Com- 
pany, Schenectady, N. Y.): To observe 
the effects of sending- to receiving-end volt- 
age ratios other than unity, curves supple- 
menting Figure 4 of Mr. Crary’s paper were 
prepared. Kilowatt and kilovar losses ver- 
sus receiver power were plotted for the 100- 
mile line having x = 0.8 ohm per mile and 
y=5,2 micromhos per mile capacity suscept- 
ance considered by Mr. Crary, for ratios 
of sending- to receiving-end voltages 
E,/E, of 1.05, 1.10, and 1.15, with E, held 
at 1.0, and for r/x ratios of 0.2 and 0.4. 
Calculations were made using the trans- 
mission-line calculator.1 These supplemen- 
tary curves are shown in Figures 6 to 8. 

If operating conditions at the heavier 
loads Mr. Crary is considering permit, an 
increase of sending-end voltage with re- 
spect to the receiving-end voltage allows 
somewhat of a reduction in real and reac- 
tive losses, particularly if the conductor is 
of high resistance. For example, at a load- 
ing of 5(kv)?, a value of Es /EH, of 1.1 as 
compared with an E£,/E, = 1.0, the kilovar 
losses are reduced 18.8 per cent or 0.40 
(kv)? with an r/x ratio of 0.2 (Figure 6); 
whereas a similar comparison for an 7/x ra- 
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Figure 6. Reactive power loss with change 
in ratio of sending- to receiving-end voltage 
and loading for 100-mile line 


x=0.8 ohm per mile, b=5.2 micromhos per 
mile, r/x=0.2 
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Figure 7. Same as Figure 6 except that 
r/x=0.4 


tio of 0.4 (Figure 7) shows a reduction of 
29.6 per cent or 0.80 (kv)%. At 132 kv, 5 
(kv)? represents a load of approximately 
87,000 kw, and these reductions amount to 
7,000 and 14,000 kilovars, respectively. 
Similarly a power-loss reduction will ob- 
tain, and, although of a smaller magnitude 
as may be seen from Figure 8, it may repre- 
sent a larger saving in terms of loss evalua- 
tions. 

Conversely, a necessity of operating at 
a voltage ratio of unity increases the desira- 
bility of a low-resistance conductor. 

There is a broad family of line loadings 
at which the line neither takes in nor puts 
out kilovars and at which the ‘‘equivalent 
transmission line power factor” referred to 
in the paper is unity. Mr. Crary has termed 
one of this family the surge impedance, 
unity power factor, or natural loading. 
At this particular loading the power factor 
of load transfer is essentially unity all along 
the line, and the difference between send- 
ing- and receiving-end voltages corresponds 
essentially to the JR drop of the line. At 
any voltage ratio other than that governed 
by the JR drop alone, there is a loading cor- 
responding to the condition of zero kilovar 
loss in the line. At this loading the power 
factor, although not unity, is approxi- 
mately the same along the line and depends 
intimately upon the voltage. 

This loading decreases as the resistance 
increases and increases as the ratio E;/E, 
increases. Thus, for the line being con- 
sidered it is about 2.1 ky? for r/x = 0.4, and 
E;/E, = 1.0, increasing to 2.5 for E;/E, = 
1.15. With r/x = 0.2, it is less critical to 
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Figure 8. Real power loss with change in 
ratio of sending- to receiving-end voltage and 
loading for 100-mile line 


x=0.8 ohm per mile, b=5.2 micromhos per 


mile 
A. 1/x=0.4 
B. r/x=0.2 
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voltage ratio, varying from 2.4 kv? to’ 2.6 
kv? for E;/E, = 1.0 and 1.15, respectively. 
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Calculations were made by Mr. Shu Lee of the 
central-station engineering divisions, General 
Electric Company, Schenectady, N. Y. 
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H. B. Dwight (Massachusetts Institute of 
Technology, Cambridge, Mass.): In connec- 
tion with loading transmission lines more 
heavily or designing them with larger con- 
ductors, which seems very opportune and 
desirable, the choice of conductor size by 
cost comparison offers a simple and reliable 
criterion. As is well known, if the size of 
conductor chosen in a design is increased 


until the cost of reducing the loss at peak | 


load becomes equal to the cost of producing 
additional power, the point at which this oc- 
curs is given by a fixed value of current den- 
sity and is substantially independent of 
length of line, voltage, and so forth. For 
high-voltage transmission lines, where the 
energy is supplied from the power system 


and off-peak power is of small importance, © 


the load factor has little effect on the prob- 
lem, which depends almost entirely on con- 
ditions at peak load. 

Once the conductor size is determined in 
this way, it is not necessary to investigate the 
matters of per cent efficiency, ratio of R 
to X, incremental J?R loss, or other ways of 
looking at the effect of line resistance, so far 
as specifying a larger conductor is con- 
cerned. It pays to increase the conductor 
size up to the point for the standard cur- 
rent density at peak load, and it does not 
pay to increase the conductor further. 
It may be advisable to load up an existing 
line to a higher current density than the 
above value. 

For copper of a cost of 25 cents per pound 


in place on the line, 12 per cent fixed 


charges, and usual values for other well- 


known costs, the suitable value of peak- 


load current density for copper is about 900 
ampetes per square inch. This is below the 
heating limit for most practical conductors. 
Therefore, for lines not yet built whose peak 
load has been determined by calculations 
involving the reactance the size of conductor 
should be chosen so that the current density 
will not be greater than that determined as 
above. 

Note that changing the conductor size 
scarcely changes the reactance. Changing 
from 300,000 to 350,000 circular mils 


changes the resistance by 14 per cent, but 
the change in 60-cycle reactance at 8-foot 


spacing is only one per cent. 

For lines already built the load current 
sometimes can be increased up toward the 
heating limit. Even where the cost of syn- 
chronous condensers for a certain length of 
line seems out of proportion, this may be al- 
tered, if it is found possible to install an in- 
termediate station for load and synchronous 
condensers along that length of line. 

The aforementioned cost-comparison 
method :may be called an application of Kel- 
vin’s law, but, since there is a prejudice with 
many engineers against Kelvin’s law as 
commonly described, it is recommended 


that engineers make these cost comparisons | 


and judge them on their own merits, not 
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meaning of the 
ance loading. He indicates that this loading 
may be carried up to distances beyond a 
half-wave length. 


allowing their judgment to be affected by 
prejudice. 
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S. B. Crary: The discussions have all con- 
tributed very materially to a better under- 
standing of the problem of transmission-line 
electrical loadings. It is particularly grati- 
fying to obtain the comments of Mr. St. 
Clair, who represents both an operating and 
system design point of view. His comment, 
illustrated by an actual case, that kilowatt 
loading can be limited by synchronous- 
condenser capacity is particularly valuable. 
Mr. St. Clair gives an example of reduction 
in kilovar requirements by the closing of a 
transmission-system loop. The kilovar 
capacity saved by closing the loop will be 
lost, however, if the loop is opened when 
fully loaded. This requires making the loop 
transmission doubly reliable or providing 
sufficient kilovar capacity to meet the 
emergency condition due to the sudden 
opening. I agree with Mr. St. Clair that 
the percentage loss of the shorter lines 
should be kept down relative to the longer 
lines in order to keep the total transmission- 
line losses within reasonable limits. 

Mr. Wagner shows graphically the line 
angular displacement for different line 
lengths when the surge-impedance power is 
being transferred. The 300-mile line, with 
a loading of 750-kw miles per (kv)?, has an 
angular displacement of 35 degrees, and the 
150-mile line, with a loading of 375-kw 
miles per (kv)*, has an angular displacement 
of 17.5 degrees. Then Mr. Wagner shows 
by approximate formulas and representa- 
tive terminal reactances, that with a total 
angular displacement of 55 degrees be- 
tween internal voltages, the power trans- 
ferred is approximately 350 miles per (kv)? 
or in accordance with his formula, P= 
0.35 #?/L. He arrived at this load transfer 
by using his equation 1, which neglects the 
increase of internal voltages with increase 
in loading. By using this simple approxi- 
mation he arrives at this very conservative 
loading factor of only 0.35 or only 350-kw 
miles per (kv)?, which corresponds to a line 
angle of only 17 degrees. A more accurate 
analysis of the steady-state limits will show 
that it is possible to carry a loading of 750- 
kw miles per (kv)? with a reasonable mar- 
gin. This loading of 750-kw miles per (kv)?, 
of course, may apply to the period after the 
faulted section has been switched out subse- 
quent to a short circuit and, therefore, 
would be a partial explanation for the rela- 
tively low loadings given by some of the 
lines plotted in Figure 1 of the paper which 


' were based on full line capacity. There does 


not seem to be any justification for remain- 
ing at low loadings when full advantage now 
can be taken of modern design practices 
for improving stability and, therefore, real- 
izing important reductions in transmission 


costs. 


Mr. Holm has explained further the 
“natural” or surge-imped- 


Eyen if economically 
feasible, other difficulties can be expected to 


arise in the operation of these long lines such 
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as overvoltages following short circuit and 
loss of load which would require compensa- 
tion either shunt or series, or both. In gen- 
eral these line lengths appear doomed for 
sometime to remain only of academic inter- 
est. I appreciate Mr. Holm’s comments re- 
garding the use of kilovars for the transmis- 
sion of power but cannot quite agree that 
this paper has shown that it will always be 
advisable or economical to transmit power 
300 miles or greater distances straightaway 
by using synchronous-condenser capacity 
exclusively without series-capacitor com- 
pensation. Previous work and analysis have 
indicated that for lines of these lengths series 
capacitors appear altogether practical and 
economical as compared with the use of syn- 
chronous condensers exclusively. 

Professor Dwight and Mr. Butler have 
supplemented the study with discussions 
of economics which were not attempted in 
the paper and are therefore much appreci- 
ated. As Mr. Butler shows, the economic 
loading for a given conductor size is rela- 
tively independent of the length, above 
about 40 miles. It is important in any 
economic study of this kind to realize that 
the loading may vary considerably from the 
theoretically most economic point with 
only a slight increase in the transmission 
cost. This is particularly true for the lower 
ratios of r/x. The load factor is probably 
the most important factor for determining 
the cost for transmission, although it has 
less effect in determining the best conductor 
size. It is agreed with Mr. Butler that all 
the economic factors are not very expres- 
sible in terms of kilowatts per (kv)?, al- 
though it was found convenient to express 
the loading and losses in this way. Many 
cases are not as ideal as those expressible in 
a theoretical economic study, since the 
transmission-line voltages to be used will 
depend considerably on the established level. 
The load factor also may be important in 
some cases since the kilovar capacity cost 
depends more on the peak capacity require- 
ment, whereas the real losses are more de- 
pendent on the equivalent hours. Mr. But- 
ler’s Figure 5 shows a very interesting com- 
parison between the annual charges for kilo- 
var capacity versus losses, indicating that in 
general the real losses may cost more than 
the kilovar capacity. However, in the case 
of heavier loadings it would become more 
necessary to use a low r/x ratio, particu- 
larly for the higher-voltage lines, and the 
kilovar cost may exceed the cost of the real 
losses. If the 7/x ratio is changed from 0.2 
to 0.1, the ratio of annual charge for the 
cost of the real power losses to the reactive 
power losses will change from 1.73 to 0.87 
for the case of real losses evaluated at 2 
mills and 4,000 hours, and reactive kvar at 
ten dollars per kilovar at a loading of 7.5 
(kv)?._ Mr. Butler properly points out that 
incremental loss curves are reasonably 
straight up to the relative heavy loading. 
These curves were presented primarily to 
show that for an accurate evaluation of in- 
cremental losses it is not sufficient merely to 
take two times the total losses, and also 
that a distinction should be made between 
the incremental losses with respect to the 
sending or receiving end. Also, the curves 
point out the benefit from a loss standpoint 
to be gained by low-resistance conductor for 
a given receiver power. One of the impor- 
tant effects shown is the desirability of 
avoiding r/x ratios of greater than about 
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0.3 because of the decrease in pull-out power. 

Professor Dwight discusses further the 
economic and thermal factors. The diffi- 
culty of applying Kelvin’s law is that the 
system conditions, particularly the load to 
be transmitted, are not usually well known 
for the future system conditions. The im- 
portant feature is that the cost of trans- 
mission varies only slightly from the theo- 
retical best loading over a wider range of 
loads when the conductor resistance is small. 
This is another important advantage for 
the use of larger conductors and is probably 
more important to the average operator 
than the design of a line built to Kelvin’s 
law for a given assumed loading, which may 
not be accurately known at the time. 

Mr. Schroeder’s discussion is also a valu- 
able addition to the results presented in the 
paper. He shows the advantage of allowing 
for a voltage drop in the line in order to re- 
duce the real and reactive power losses in 
terms of the receiver voltage squared. His 
curves show a rather large percentage re- 
duction realized by increasing the sending- 
end voltage while keeping the receiving- 
end voltage constant. If the average or 
product of the sending- and receiving-end 
voltage had been kept constant in this com- 
parison, the reduction shown would be re- 
duced. Accordingly, a more accurate de- 
termination of the losses from the curves 
given in the paper can be obtained by tak- 
ing the product of the sending- and re- 
ceiving-end voltages rather than the square 
of either the sending- or receiving-end 
voltage. In any case the lowest percentage 
losses as well as the maximum stability for 
a given maximum line voltage are obtained 
with equal sending- and receiving-end volt- 
ages. 

Although these discussions have brought 
out differences of opinion as to where the 
emphasis should be placed and the need for 
further qualification, there appears to exist 
a unanimity of opinion as to the advantages 
obtained by the use of heavier loadings, 
larger conductors, and controlled kilovar for 
reducing transmission costs. 


A Method of Approach to 


the Consideration of 
Power-Distribution- 
System Costs 


Discussion of paper 44-119 by O. B. Falls, Jr., 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
pages 1078-84. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): Our company has been, 
and is making, studies of various methods 
and costs of expanding its distribution 
system, and our conclusions match those of 
Mr. Falls’ paper fairly closely. 

We think that, where the requirements 
for-continuity of service are not too high, 
individual substations of a single-unit type 
up to 2,000 or 3,000 kva are the most eco- 
nomical. We have made preliminary studies 
of several parts of our system and almost 
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have completed one section at this writing. 
It is apparent that we will require four in- 
dividual unit-type substations of 2,000-kva 
self-cooled transformers initially with ther- 
mostat-controlled fans for loads above this 
value in steps over five to ten years. The 
loads in this particular area have a distinct 
evening peak, and we believe that the gains 
in capacity in the 2,000-kva self-cooled 
unit made available by the use of thermo- 
stat-controlled fans is by far the most 
economical move. Hence, this points the 
way to the initial installation of a 2,000-kva 
self-cooled unit. 

We have in service now a 4,000-volt 
distribution network, which is about 15 
years old. The load of this network in 
1943 amounted to approximately 3,750 
kva, and it is supplied by three 1,500-kva, 
22/4 kv units. This area lent itself par- 
ticularly well to the installation of a 
network, for there were five 22-kv trans- 
mission lines going through this area, to 
which the substations could be connected 
quite economically. Actually, no trans- 
mission-line extensions or relocations were 
necessary. We think that the area re- 
ferred to in the paragraph immediately 
preceding might develop into a four-kilovolt 
network in the future, and are exploring 
this further at the present time. I realize 
that the cost of real estate will have very 
little effect on the cost per kilovolt-ampere 
over a long-range distribution development 
program. 

We believe that the author’s paper con- 
tains considerable basic data useful to those 
who are studying the expansion of distribu- 
tion systems, and strongly urge that they 
review this paper very carefully. 


Capacitor Installation at 
Newport News 


Discussion and authors’ closure of paper 
44-117 by V. R. Parrack and E. L. Harder, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
pages 1165-73. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): This is an interesting 
paper, and even though we have no im- 
mediate need for such an installation, I 
have a few questions to ask. 

Were there any special requirements for 
the fuse elements in the fused disconnect 
switches ahead of the oil circuit breakers? 
In reading over the paper, I gather that the 
current dies down so quickly (the inrush 
current lasts for such a short time) that the 
fuses are not affected. I would like some 
enlightenment on this. 

Was there any extra duty on the oil cir- 
cuit breakers from opening and closing 
when cutting in and cutting out the ca 
pacity banks? 

How frequently were the banks switched 
in and out? 

Did it appear practical to operate these 
capacitors at an unattended substation? 
I believe comments on this would be useful 
to those considering capacitors in such loca- 
tions. 
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Reference was made in the paper to ex- 
amining the bank to find a faulty unit, 
largely indicated by a bulge or distorted 
tank. In case such an inspection did not 
disclose the faulty unit, the bank was 
energized again and again until the evidence 
was disclosed. Now, my question has to do 
with the repeated energizing of the bank 
causing more damage—was there any dis- 
turbance on the system as a result of these 
repeated ‘‘shots’’? 


J. G. Holm (Boston Port of Embarkation, 
Boston, Mass.): The authors have pre- 
sented a very interesting and well written 
paper. In view of the apparently divergent 
views existing on the subject of relative 
costs of static capacitors and the syn- 
chronous condenser for the purposes of 
kilovar supply,! it would be interesting to 
have the authors comment on the cost fig- 
ures they gave of $7.04 per kilovar of static 
capacitors versus $7.93 per kilovar of the 
synchronous condenser based on 150 per 
cent of name-plate rating and 50 per cent 
lagging capacity. On what basis were these 
figures arrived at, and how was the cost of 
losses calculated? 

If the automatic control were to be in- 
stalled instead of the manual control as at 
Newport News, to what extent would it 
increase the costs? 

I think the authors should be commended 
for not claiming for the static capacitor a 
resulting increase in the system-stability 
limits. 


REFERENCE 


1. Capacirors, CONDENSERS, AND SySTEM STA- 
BILITY, J. W. Butler, T. W. Schroeder, W. Ridgway. 


AIEE Transactions, volume 63, 1944, pages 
1130-8. 
V.R. Parrack and E. L. Harder: Mr. Holm 


asked a question about the relative costs of 
static capacitors versus a corresponding size 
synchronous condenser. The figures were 
based on 15,000 kva of static capacitors 
versus a 15,000 kva synchronous condenser. 
Full-load losses on the synchronous con- 
denser were figured at 0.0213 kw per kilovar 
while 0.0033 kw per kilovar was used for 
capacitors. An operating cycle of eight 
hours per day was used in the loss calcula- 
tions, and the costs of losses were assumed 
to be subject to capitalization at 10 per cent. 
Estimated cost plus capitalized losses of the 
synchronous condenser based on its name- 
plate rating was $11.89 per kilovar. With 
the same investment and loss cost, but with 
an inereased rating of 50 per cent due to the 
inherent lagging capacity, there would re- 
sult 100/150 the cost per kilovar, or $7.93. 

In regard to the cost of automatic control 
questioned by Mr. Holm, adequate control 
to cut in capacitors as required for regulat- 
ing voltage would have cost less than 0.1 
of 1 per cent of the bank cost. This was not 
considered necessary, since an operator was 
in attendance and the amount of control re- 
quired was relatively small. 

B. M. Jones requested information con- 
cerning fuses. The standard-type BA fuses 
selected on the basis of 60-cycle current 
rating and interrupting capacity were ade- 
quate for the inrush currents. The maxi- 
mum inrush current obtained was 13,000 
amperes dying to a negligible value in one- 
quarter cycle. A current of 13,000 am- 
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peres would have to be sustained for one full 
cycle to damage the fuse. Inrush currents 
under normal operation would be not over 
half of that obtained in the tests, since the 
banks are discharged before switching in 
normal operation. This provides a large 
margin of safety from blowing fuses on in- 
rush current. 

Mr. Jones inquired about extra duty on 
the oil circuit breakers due to opening,and 
closing when cutting in and cutting out 
capacitor banks. An examination of each 
breaker, after about ten-months operation 
in cutting in and out capacitors, indicated 
no extra duty on the breaker contacts. A 
small housing which surrounded and 
shielded the contacts on two breakers was 
found to be bulged or distorted. Since the 
housing was useful only at near full inter- 
rupting rating of the breaker and since the 
breakers in this case only functioned under 
very light duty, the shielding housing was 
removed from the contacts, and operation 
of the breakers has continued entirely satis- 
factorily. The remaining three breakers, 
which did not have the contact housing re- 
ferred to, showed no evidence of extra duty. 

The capacitor banks ordinarily were 
switched in in the morning, out at noon, 
in in the afternoon, and out by approxi- 
mately midnight. In addition to this normal 
operating cycle, one capacitor bank and 
breaker were switched in and out on an 
average of three times per day for voltage 
regulating purposes. 
tions were rotated so that the breaker 
operations would average the same. 

It would be entirely practical to operate 
these capacitors at an unattended station 
with suitable automatic control mentioned 
previously. 

In connection with the detection of faulty 
units by repeated closure until a bulge is 
noted, Mr. Jones questioned whether any 
system disturbance resulted. A faulted 
unit being in series with several good units 
causes only a very small increase in the cur- 
rent of a bank and, consequently, has no 
undesirable effect, when the bank is con- 
nected to the system in the process of locat- 
ing a faulted unit. Individually fused out- 
door units are available also, which can be 
used if desired. Such were not available at 
the time of this installation. 


Capacitors, Condensers, and 
System Stability 


Discussion and authors’ ‘closure of paper 
44-118 by J. W. Butler, T. W. Schroeder, 
and W. Ridgway, presented at the AIEE 


These extra opera-' 


ee eee 


summer technical meeting, St. Louis, Mo., — 


June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1130-8. 
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J. G. Holm (Boston Port of Embarka- if 


tion, Boston, Mass.): The authors’ paper is 
most welcome at this time, for it definitely 
clarifies one phase of the capacitor-condenser 
comparison, namely that existing when 
both of these are connected in shunt with 
the transmission line at either its receiving 
end or at an intermediate point. 

However, the results obtained in the in- 
vestigation are buried in the large amount 
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‘of data presented, and the conclusions do not 


do justice to the paper in that they do not 
reflect the results forcefully. 

Insofar as the economics of the problem 
are concerned, the authors state plainly 
that at this time the choice favors the syn- 
chronous condenser when installed in sizes 
somewhat below 25,000 kva. 

The technical data obtained again favor 
the condenser practically on every point. 
In every case the condenser gives a larger 
margin of steady-state power limit than the 
capacitor, the margin ranging from 4 to 12 
percent. For three-phase faults at the send- 
ing end the condenser proves to be the more 
effective. For the composite loads the con- 
denser characteristics are of increasingly 
greater relative importance. The increased 
inertia at the receiving end is practically 
neutralized by the synchronizing power in- 
crease permitted by the condenser, because 
of the assistance it gives the receiving end 
to pull out after a fault. This is not the 
case with the capacitor. During sudden 
load changes the condenser, through its 
synchronizing power, maintains the system 
voltage, automatically increasing the volt- 
age at its terminals whenever it drops. The 
condenser reduces the voltage flicker which 
takes place with fluctuating loads. During 
faults and swings which follow it the con- 
denser again maintains the system normal- 
frequency voltage. Connected to an inter- 
mediate point on the line, the condenser also 
helps to hold the voltage. None of this can 
be attributed to the capacitor whose charac- 
teristics are such that it rather encourages 
the opposite effect. When kilovars must be 
supplied at times and absorbed at others, a 
condenser may be counted upon to perform 
both functions; whereas a capacitor will 
only supply the kilovars and for their ab- 
sorption a shunt reactor must be added to 
the system. Only the critical switching 
times of the capacitor have been shown by 
the authors to be in some cases slightly 
greater than those of the condenser. This 


difference, however, is of such small magni- 


tude that, under the simplifications made 
in the investigation, it may be said to be 
negligible. 

The point must be made clear that no ad- 
vantages of any significance have been 
shown to exist on the side of the capacitors, 
on the contrary, all advantages are on the 
side of synchronous condensers. And to 
the authors must go great credit in bringing 
this to light, especially when one remembers 
that they represent a manufacturer of this 
equipment. 

It seems to me that these results were to 


_ be expected. Just as a synchronous con- 


denser is better than a reactor,! so should 
the condenser have advantages over a 
shunt-connected capacitor, considering simi- 
lar flows of reactive power in the two cases. 
It is the condenser’s ability to keep the air- 
gap voltage constant and its power-syn- 
chronizing ability that count, and these 
are not to be found in either the reactors or 
the capacitors. 

It seems to me that the advantages of 
the condensers over the capacitors could 
have been shown to be still greater, had it 


_ not been for certain simplifications and per- 


haps flaws in the paper. 
The three-phase fault which the authors 


assumed for their transient-stability case is - 


not a very fortunate selection, not merely 
because this type of fault is rather rare but 
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_to a lengthening of the line. 


also because the condenser can better ex- 
hibit its synchronizing power with an un- 
symmetrical fault on the line. In a com- 
parison study made by the authors this 
might be of significance for it could place 
the condenser at a disadvantage, espe- 
cially when its kilovolt-amperes are selected 
at a rather low figure. 

The condenser was represented on the 
network analyzer by a capacitor in series 
with a reactance equal to the transient re- 
actance of the machine. The number of 
capacitors was regulated to maintain the 
voltage back of the reactance. If the ca- 
pacitor were represented as a capacitance, 
that is, by an admittance, it seems to me 
that the effect obtained would be equivalent 
This would 
work against the condenser case, favoring 
the capacitor. Oram I wrong? It did not 
introduce any appreciable error, but I can 
see no reason why a phase shifter could not 
be used. If used, it might have counterbal- 
anced whatever slight advantage the ca- 
pacitor in this case had over the condenser. 

In their conclusions the authors say that 
condensers at a junction point of the inter- 
connected system do not have much effect 
on stability. This is an altogether too gen- 
eralized statement. The authors investi- 
gated the effect of the intermediate con- 
denser on the steady-state stability of a 
150-mile 100,000-kw line operating at a 
voltage of 132 kv, which is certainly a low 
voltage for such a line. Here J am glad to 
notethatnumerically the authors’ data check 
with my own.! However, intermediate con- 
densers placed in sufficient capacities on 
considerably longer lines operating at higher 
voltages, suitably selected for the line’s 
length, have a highly beneficial effect on the 
system steady-state stability limit, lifting it 
to a very much greater extent than that 
obtained on the authors’ system. When as 
low a voltage as 132 kv is used for a 300-mile 
line then the potential beneficial results 
which may be obtained from the condenser 
appear in a still more unfavorable light and 
lead to a crippled generalized conclusion. 
This is why the Figure 11 of the paper, con- 
structed apparently about the one pivotal 
point obtained on a 132-kv 300-mile line, 
leads to erroneous conclusions. 

In studying their ‘“‘interconnected”’ sys- 
tem the authors reduced a three-machine 
case to a two-machine case. Although such 
a reduction is perfectly permissible for com- 
bining any number of steam stations at the 
receiving end of the main line, itis not quite 
clear why the authors combined with the 
steam stations also the hydroelectric station 
beyond the switch S (equivalent systeii 2) 
at the end of the tied-in line. It would be 
far more legitimate to consider the authors’ 
“interconnected”’ system as a three-machine 
problem (they previously having decided 
to consider the synchronous condensers not 
as machines but as capacitors in series with 
transient reactances, thus eliminating two 
more phase shifters on the network ana- 
lyzer), and it should have been studied so. 
A three-machine problem is simple enough 
to investigate on the network analyzer. 
For this reason it is not correct to say that 
the transient-stability results obtained for 
the ‘“‘noninterconnected”’ system apply also 
to the authors’ ‘‘interconnected’”’ system, as 
simplified in the paper. Moreover, the va- 
lidity of conclusions drawn for the ‘“‘inter- 
connected”’ system from Figures 16 and 17 
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of the paper is not convincing because of 
the method of reasoning applied: Swing 
curves obtained on the network analyzer 


by the point-by-point method are com- 


pared with the results obtained by the equal- 
area method (Figure 3b). Since there is a 
small difference in the switching times of 
the condenser and the capacitor cases, the 
different degree of exactness offered by the 
two methods may upset the conclusion 
drawn from their common use, even though 
the equal-area method was applied to a 
torque-angle curve also obtained on the 
network analyzer at another time. 

Finally, the reasoning leading to the state- 
ment that during the longer periods of 
“fault on”’ the capacitor renders greater serv- 
ice than the condenser is not clear. The 
authors apparently say that with the ca- 
pacitor on the system the longer the fault is 
on, the more load will be lost and therefore 
the easier it will be for the system to pull 
back. Is this not the same as saying that 
the longer the patient is sick, the more effec- 
tive the action of the medicine will become 
and the easier he will come back to health? 
After a long duration of the fault will the 
machines at the system end not swing too 
far apart, and will the capacitor be able to 
bring them back to equilibrium even at a 
light load? The synchronous condenser, 
with its ability to exert greater synchroniz- 
ing force resisting the separation of genera- 
tors during the fault, as well as greater force 
tending to restore the generators after the 
fault is cleared, in all probability can give 
the system more of a lift than the capacitor, 
even |during and after longer periods of 
“fault on.” 

Whatever is being said in the way of cer- 
tain details of the study, the paper definitely 
is a positive accomplishment. It is sug- 
gested that the authors now take up the 
next phase of the problem, namely the in- 
vestigation of the relative effects of the 
series capacitor and the intermediate syn- 
chronous condenser on the stability of 
transmission systems. Personally, I am 
inclined to believe that in this case also the 
over-all advantages will be on the side of 
the condenser. 


REFERENCE 


1. Srasmity Stupy or A-C PowER-TRANSMIS- 
sion Systems, John G. Holm. AIEE TRANSAC- 
TIONS, volume 61, 1942, pages 893-905. 


E. L. Michelson (Commonwealth Edison 
Company, Chicago, Ill.): This paper is an 
excellent contribution to the general subject 
of system stability under transient fault con- 
ditions. In the Commonwealth Edison 
Company, the problem of system stability 
as affected by static capacitors has been con- 
sidered from a somewhat different aspect. 

It appears that the limiting factor in de- 
termining the maximum number of capaci- 
tors that can be added to the system is 
generator stability. No detailed studies 
have been made as yet to determine the 
maximum number of capacitors that can be 
added safely to the system. A survey of 
the situation has indicated that it would 
be possible to improve the power factor up to 
100 per cent under minimum-load condi- 
tions, which would result in a power factor © 
of approximately 93 per cent under heavy- 
load conditions. 

Because of the nature of the Chicago 
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system, it does not seem to be necessary to 
consider transient stability under fault con- 
ditions in connection with this problem. 
The worst type of fault against which it 
would be necessary to protect would be the 
loss of a large generator or the loss of field 
on a large generator. 

If it is desirable to add more capacitors 
than are allowable considering generator 
stability, more capacitors could be added 
by use of the following corrective methods: 


1. Capacitors can be switched under light-load 
conditions. This method has the disadvantages of 
additional cost and relatively complicated equip- 
ment on the overhead system. 


2. Voltage regulators can be added on existing 
generators. 


3. Reactors can be installed on generating station 
busses, and used under light-load conditions to in- 
crease the field of the generators. This solution does 
not appear to be advisable from an economic stand- 
point. 


Any comments which the authors may 
care to make on this general problem will 
be greatly appreciated. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): I would like to ask the 
authors two questions. 

First, what would be the effect of single- 
pole or single high-phase high-voltage 
switching? 

As we know, single-pole switching has 
been discussed off and on before the Insti- 
tute, and some single-phase switching is 
in use in several transmission systems over 
the country and on some tie lines between 
different power companies. 

Secondly, on a concentrated system in a 
relatively small area, but one with heavy 
industrial loads and no long transmission 
lines such as the Duquesne Light system in 
Pittsburgh, Pa., what different effect, gen- 
erally speaking, would be encountered from 
that shown in the author’s paper along the 
lines of critical switching times and stability. 


J. W. Butler, T. W. Schroeder, and W. 
Ridgway: The tentative limits of power- 
factor improvement on the Commonwealth 
Edison system indicated by E. L. Michelson 
appears very rational. Experience and 
analysis both indicate that generator power 
factors of unity at minimum loads are satis- 
factory from the stability standpoint. 

The situation arising from loss of field 
on a large unit generally is one of low bus 
voltage and excessive kilovar demands. 
We feel this contingency can be handled 
best by the use of generator voltage regula- 
tors. 

Concerning the corrective methods listed 
in Mr. Michelson’s discussion, we believe 
the use of voltage regulators to be the most 
important. The switching of capacitors as 
dictated by system requirements is next in 
importance when such requirements arise. 
The cost and complexity of switching equip- 
ment are generally less than is usually be- 
lieved, so it is suggested that this principle 
of operation should not be excluded too 
hastily. 

It is presumed that B. M. Jones’ first 
question refers to the effect single-pole 
switching might have on the stability com- 
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parison of the capacitor and condenser. 
The use of single-pole switching infers 
single-phase faults, so that longer critical 
switching times obtain, since the ‘‘fault on’’ 
shock is not so great. Hence, the stability 
problem is minimized, so the difference in 
stability between the two types of kilovar 
supply—whatever it may be—becomes less 
important than that indicated by three- 
phase faults where reclosing is not used as 
it was in the case studied. Since the differ- 
ence was small in every case studied, we see 
no change in the conclusions for single-pole 
switching. 

A concentrated system with no long 
transmission lines, in general, should have 
relatively long critical switching times. 
Without further study it is believed that 
the stability of the Duquesne system should 
be better than the system studied. 

Mr. Holm seems to feel the case of the 
synchronous condenser was not presented 
with due emphasis. The application of con- 
densers in the systems studied was prima- 
rily for kilovar supply. The rating of the 
condenser being determined by the emer- 
gency kilovar requirements and not by 
stability. Therefore, the ratings selected 
were not necessarily““—on a rather low 
side’ as Mr. Holm feels. In conclusion 3 
of the paper, it is stated that ‘‘“—neither 
synchronous condensers nor capacitors hav- 
ing a rating corresponding to the emergency 
kilovar requirement have much effect on 
stability—.’’ And continuing, it is stated 
that appreciable improvement can be ob- 
tained by using very large condensers, so it is 
difficult to understand why Mr. Holm thinks 
this ‘‘“—is an altogether too generalized 
statement.’? The voltage chosen for the 
length of line studied may be on the low 
side, but this magnifies the stability prob- 
lem making the differences more important. 
If no stability problem existed, there would 
be no reason to be interested in stability, 
not to mention the small differences obtain- 
ing between capacitors and condensers. 

As a matter of fact, it is not considered 
that Mr. Holm’s condemnation of data 
given in Figure 11 is justified on the basis 
that the example of a 150-mile 132-ky in- 
terconnection selected for Table VII (in 
connection with Figure 11) is poor, because 
he considers the voltage selected for this 
line length to be low. The data given in 
Figure 11 is perfectly general and, as pointed 
out in the paper, may be applied to any 
line length and any voltage, with an appro- 
priate change in kilovolt-ampere base as 
given by the relation 


H 2 
Vela alee (line kv) 
line length, miles 


Thus, if an extreme example in the direction 
desired by Mr. Holm is taken and a 287-kv 
50-mile line is considered, the kilovolt- 
ampere base to which Figure 11 would 
apply is 2,840,000; the intermediate con- 
denser whose rating would be entirely used 
at the power limit would be 0.27 times this 
base or 765,000 kva; the power limit would 
be about 1.02 times this base or 2,900,000 
kw; and, if the condenser size were raised 
to 8,500,000 kva, the power limit would be 
raised to about 1.19 times the base or 
3,380,000 kva—a tremendous number but 
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still only 40 per cent of the condenser tating 
required! Figure 11 indicates that, for any 
voltage or line length, going from no inter- 
mediate condenser to one 3.0 per unit in 
size increases the power limit of the inter- 
connection only from 0.91 to 1.19 per unit, 
or 31 per cent, a fact that to us indicates 
undeniably that means other than the inter- 
mediate synchronous condenser should be 
considered when interconnected system. 
stability is the problem. However there is 
no denying its help is in the proper direction. 

Conclusions are drawn for the ‘‘inter- 
connected’”’ system on the basis of Figures 
16 and 17 of the paper no more extensively 
than they are for the ‘‘noninterconnected”’ 
system on the same basis. It is recognized 
that the step-by-step swing curve is less 
accurate than the equal-area criterion. 
But the fact that results by use of the equal- 
area method with a simplified two-machine 
approach checked so closely those obtained 
with swing curves and three machines (a 
longer process less desirable than the former 
when ‘‘mass data’’ are desired) led to the 
conclusion that the simplified approach 
was usable. It may be said that, although 
we were considering but small differences 
between the capacitor and condenser cases, 
the difference between the two-machine 
equal-area method and the actual three- 
machine swing-curve method was still 
smaller. 


The combining of the distant system Z by 
closing the switch S (Figure 1 of the paper) 
was justified by the assumption that the 
stability problem was between the hydro- 
electric station and the rest of the system. 
This is discussed in detail in the second 
paragraph of the section entitled “‘Effect 


' 
; 


on Stability Within One System of Inter- — 


connecting With Another System.” 


Apparently the term “‘critical switching 
time’? has been misinterpreted. Critical 
switching time is the maximum time the 
fault can hang on, and the system still main- 
tain stability. Therefore, the statement 
that the longer critical switching times 
favor the capacitor does not say that the 
longer the fault hangs on the more service 
the capacitor can render. It does say, how- 
ever, that, if the fault can hang on longer 
and stability still be maintained, the ca- 
pacitor shows up relatively better than if 
the fault must be removed quickly to main- 
tain stability. It was this fact that lead to 
the opinion that the results of three-phase 
faults on a relatively unstable low-voltage 
long-line system for making the comparison 
would be conservative from the capacitor 
standpoint. 


It is felt that data already presented?? _ 


before the Institute cover the question of 
relative effects of series capacitors and in- 
termediate synchronous condensers raised 
by Mr. Holm, 
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‘Aircraft Storage-Battery 


Design 


Discussion of paper 44-112 by John L. Rupp, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
November section, pages 773-7. 
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M. F. Gunderson (nonmember; Los Angeles, 
Calif.): The author states that it should be 
“definitely determined whether radio shield- 
ing is necessary.”” In view of the incorpora- 
tion of open-wire circuits in aircraft, it does 
not appear that battery shielding needs to 
be considered in future battery design—at 
least not in all types. Installations in many 
aircraft of recent design do not use the 
shielded junction box on the battery. How- 
ever, present battery AWN specifications call 
for battery shielding. 

Relative to simplifying the servicing and 
maintenance of the battery and thus in- 
creasing the efficiency and life of the bat- 
tery, the two design changes mentioned 
which seem to be of greatest importance are: 


1. The transparent polystyrene-type molded case 
makes it easy to check the level of electrolyte in 
the battery. Mechanics are tempted to neglect 
servicing the batteries when it involves removing 
the cover, the plugs, and so forth, especially if the 
battery is located in an awkward position. A 
polystyrene-type battery case or some type of 
visual] electrolyte level indicator would reduce the 
chances of the addition of needed battery water 
being neglected. 


2. Push-on terminals of the type which auto- 
matically make connection when the battery is 
installed would do much to eliminate disconnect 
troubles, such as loose terminal nuts and short- 
circuits, and the difficulties encountered because of 
space limitations. 


AN specifications are needed which will 
cover unshielded batteries and plug-in-type 


' batteries. 


Battery Booster Coils for 
Airplane-Engine Ignition 
Systems | 

Discussion and author's closure of paper 44- 


121 by A. V. Allvino, presented at the AIEE 


summer technical meeting, St. Louis, Mo., 


' June 26-30, 1944, and published in AIEE 


TRANSACTIONS, 1944, September sec- 
tion, pages 672-3. 


W. E. Berkey (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Magneto ignition systems on aircraft 
engines require extra ignition starting equip- 
ment, which is in use only a few seconds 
during starting, to be carried on the air- 
plane. It appears that engine-starting igni- 


- tion boosters will be necessary, until im- 


proved engine cranking can turn over the 
engine at speeds sufficient to start magneto 
firing of the spark plugs, or until new igni- 
tion systems can be developed to fire the 
cylinder charge at all speeds. 

As pointed out by the author, calculations 


of ignition systems are practically im- 
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Figure 1. Magneto 
secondary voltage 
to ground with 
booster operation 


Magneto rotation— 

1992-rpm_ crankshaft, 

57.5 sparks per sec- 

ond, 24-volt battery 

vibrating - contact 

booster as in Figure 
3 of the paper 


possible. However, ignition systems may 
be studied with the cathode-ray oscillo- 
graph. An oscillogram of the magneto out- 
put voltage to ground while excited with a 
booster circuit similar to that shown in 
Figure 3 of the paper is given in Figure 1 
of this discussion. The magneto tested 
was an 18-cylinder double-circuit type 
rotating at 192 rpm equivalent crankshaft 
speed and delivering 57.5 pulses per second. 
Magneto and distributor gears were driven 
with an electric motor. Spark gaps firing 
in air simulated the plugs. The booster 
vibrator superimposes a series of firing- 
voltage pulses of one polarity upon the 
magneto output voltage. The oscillogram 
shows a higher frequency of pulses from the 
battery-vibrator circuit, when the secondary 
magneto voltage is of opposite polarity to 
the voltage produced by the booster. 
When the magneto breaker contacts close, 
the magneto primary and booster-coil cur- 
rent are short-circuited to ground. The 
secondary voltage is not zero during this 
period because of a series capacitor built 
into the magneto coil secondary winding 
which effectively isolates the magneto-to- 
distributor high-voltage lead. A 60-cycle 
timing and calibration wave is shown in the 
oscillogram in addition to a zero-voltage 
line. 

In the paper three booster ignition cir- 
cuits are shown, which require batteries as 
the energy source for ignition starting. 
The question may be asked, why not use a 
battery-ignition coil system similar to those 
used in automobiles? Booster circuits then 
would be unnecessary. The points usually 
given in favor of magneto ignition systems 
for aircraft engines are 


1. Greator safety. 
2. Increased reliability, 
3. Higher firing speeds, 


Most airplanes now carry batteries for 
operating auxiliary equipment so that safety 
factor does not seem to be an argument. 
The use of a separate ignition battery with 
the regular airplane battery as emergency 
standby would increase the reliability of the 
battery ignition system. An experimental 
battery ignition system has been operated 
at speeds greater than 405 sparks per sec- 
ond, which is sufficient for most modern 
high-power aircraft engines. Modern de- 
velopments have resulted in lighter weight 
batteries, better circuit protective methods, 
and improved insulation. It appears thata 
comparison of battery with magneto ignition 
systems for aircraft engines again would be 
timely. : 

It is rather surprising that repeated 
starting or long periods of booster operation 
do not demagnetize the permanent magnet 
objectionably. Have quantitative tests 
been made upon this point? 


Discussions 


A. V. Alvino: It is true as stated in the dis- 
cussion that higher cranking speeds would 
eliminate use of boosters for engine starting, 
but in order to obtain higher cranking 


speeds starter motors of much _ higher 
capacity than present ones must be used. 
Such being the case, increased starter 
weight does not warrant elimination of the 
booster system. 

Quantitdtive tests on demagnetization of 
magneto permanent magnets have been 
made by Scintilla magneto division of the 
Bendix Aviation Corporation, Sidney, N. Y. 
I am certain they would gladly furnish any 
information desired on this subject. 


Rating of Electric Equipment 
Under Intermittent Load 


Discussion and author's closure of paper 
44-101 by Myron Zucker, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 


AIEE TRANSACTIONS, 1944, November 
section, pages 778-83. 


G. H. Fett (University of Illinois, Urbana, 
Ill.): It is agreed that the term, ‘duty 
cycle,’ while simple to understand and 
easy to use, is inadequate to rate properly 
intermittent loads of the type encountered 
in resistance welding. The duty factor as 
defined by the author is a big step forward 
in getting at the factors to be used in rating 
equipment. 

An extension of the method suggested 
by the author is developed in this discussion 
with the hope that it may lead to further 
work in rating intermittent loads. It is not 
expected that this extension is immediately 
practicable, because some of the data re- 
quired are not available. 

The rating of equipment is an attempt to 
set up a criterion which will give an answer 
to the question of how long the equipment 
will operate before the insulation deterio- 
rates to the point where the apparatus fails. 
The term, ‘‘duty factor,” satisfactorily speci- 
fies the maximum operating temperature 
in terms of continuous-duty temperature. 
It does not take into account the fact that 
insulation destruction depends, not only 
upon the maximum value of the tempera- 
ture, but also upon the length of time that 
the insulation is subjected to each tempera- 
ture. 

Hence it would seem desirable to include 
another factor in the rating of the equip- 
ment. Suppose that the curve of life of the 
insulation used in the welding machine is 
plotted as a function of temperature, as 
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Figure 1. Expected 
life of insulation as a 
function of temperature 


INSULATION LIFE 


TEMPERATURE 
FACTOR Fr 


TEMPERATURE 


Figure 2. Temperature factor as a function of 
temperature using T, as reference 


shown in Figure 1 of this discussion. This 
curve is known for some electric equipment 
and could be obtained experimentally. 
From this curve a temperature factor is to 
be derived. 

For a temperature 7, the expected life is 
A units of time. At a temperature 7) the 
life is B units. The temperature factor for 
T; is then A/B. 

A curve, such as that of Figure 2, is 
drawn in which the temperature factor is 
plotted as a function of temperature. This 
might be thought of as a weighting curve 
so that the higher temperatures at which ac- 
celerated deterioration takes place are 
given greater weight than the lower tem- 
peratures. 

Now suppose that the actual duty cycle 
and temperature variation for the welder 
are as given in the author’s Figure 12. Each 
ordinate of temperature is multiplied by the 
corresponding temperature factor F; and a 
new curve of this product as a function of 
time is drawn, as shown in Figure 3 of this 
discussion. The mean value of this curve, 


Tx Fr 


TIME 


Figure 3. Temperature factor times tempera- 
ture as a function of time during operating 
cycle 


M is the mean value averaged over a complete 
cycle 
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indicated by M in the figure, is the tempera- 
ture to be used in comparing the welding 
equipment. It is seen that by this method 
the value of M obtained actually does take 
into account the variation in destruction of 
insulation at different temperatures. 


Myron Zucker: Mr. Fett’s extension of the 
heating analysis is certainly in the right di- 
rection, It would be real progress if we 
could get the necessary information on rate 
of deterioration, express it analytically, and 
perform the integration indicated in Mr. 
Fett’s Figure 3. Then we would have a good 
measure of severity of service due to a given 
duty cycle. What we actually want is not 
an average temperature, but an expression 
for the integrated deterioration of the equip- 
ment subject to periodic load. 


The Design of Low-Voltage 
Welding Power 
Distribution 


Discussion and authors’ closure of paper 44- 
105 by Comfort A. Adams, John R. Fetcher, 
and Arthur C. Johnson, presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1180-90. 


G. H. Fett (University of Illinois, Urbana, 
Ill.): The authors have contributed a com- 
plete and unique solution to the problem of 
the design of the feeder system for resist- 
ance-welding equipment. The method takes 
into account the fact that there is a proba- 
bility of a number of welding machines on 
the same feeder being in operation at the 
same time. One basis for the design of the 
feeder is that the probability that the num- 
ber in operation at any one time in excess 
of the number for which the feeder is de- 
signed is equal to the probable number of 
poor welds which are permissible. This 
leads to what may be thought of as the most 
economical design of the feeder system, 
since the overdesign to accommodate all 
the machines simultaneously is avoided, 
In addition the authors have shown how to 
check the design for thermal and mechanical 
effects. 

One point which the authors did not men- 
tion specifically is the possibility of me- 
chanical resonance and consequent vibra- 
tion of the feeder. The feeder consists of 
two flat parallel bus bars of copper sepa- 
rated by a thin insulating slab and clamped 
together with insulating covers. Because 
of the currents in the feeder there is a peri- 
odic force tending to push the bars apart, 
the periodicity of the force depending upon 
several factors. 

First, there is the periodicity caused by 
the frequency of alternations of the current, 
since, each time the current passes through 
zero, the force between the conductors is 
also zero. This gives rise to a pulsating 
force at a frequency twice that of the sys- 
tem. 

Second, the periodicity of the welding 
operation will give rise to an average force 
which changes with the amount of on- and 
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off-time. In the case of a feeder supplying 
a number of machines the probability is 
small that a periodic force will exist over a 
time long enough to cause serious mechani- 
cal vibration of the feeder, In any event, 
the fundamental frequency caused by this 
effect will be smaller than the system fre- 
quency. 

If one bus bar of the feeder is thought of 
as a uniformly loaded beam (with the load 
in the horizontal direction), having fixed 
ends provided by the clamps, the funda- 
mental frequency of oscillation is given by 


fn =7.13(EMg/wl,$)'/? 


(assuming no damping is provided by the 
insulating covers), where HE, M, and |, 
have the same meaning as in the paper, g 
is the gravitational constant, and w is the 
weight per unit length of the bus bar.! 
If the design constants specified by the 
authors, namely, /,=16.5 inches, h=4.25 
inches, and ¢=%/,;5 inch are used, then the 
value of the fundamental frequency of 
oscillation becomes f,=196 cycles per 
second. 

The next natural frequency is 2.75 times 
the fundamental, or 540 cycles per second. 
The third is 5.4 times the fundamental or 
1,060 cycles per second. 

It is clear from these calculations that the 
likelihood of the bus bars’ vibrating in 
resonance with the applied force caused by 
the pulsations of current due either to the’ 
system frequency or to the welding fre- 
quency is small. It is to be noted that the 
damping effect of the insulating cover 
caused by the friction between the bus bar 
and the cover will tend to reduce both the 
natural frequency and the amplitude of the 
oscillation. If the damping is so great that 
the natural frequency is reduced from 196 
to 120 cycles, the effective Q of the mechani- 
cal system is reduced to a value of only 
0.61.* This means that the increase in 
deflection of the bus bar, if resonance 
occurred at 120 cycles because of the 
damping, is small indeed.? 

The critical spacing of the clamps for 
the bus-bar dimensions given by the 
authors for resonance at 120 cycles can be 
obtained from the foregoing equation and is 


1,! =1,(196/120)'/? =21 inches 


again assuming no damping. 

Have the authors observed any tendency 
toward vibration of bus bars for other 
dimensions or spacings? 
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*If fo is the frequency of the applied force and is to. 
be the same as the frequency of the mechanical 
system with damping, then, if an electrical analogy 
of a series circuit is used as a first approximation, 
2nfn=(1/LC)!/2 and 2xfo=(1/LC—R2/2L2)!/2 at 
amplitude resonance. (See reference 2, page 254.) 
Let 2rfoL/R represent the Q of the circuit. Then 
1=[(2afn/2xfo)?—1/202]'/2. Solution of the ex- 
pression for Q gives 0= (/2/ Gn/fo)?—1]*/. The 
larger the value of Q the greater will be the ampli- 
tude of the resonant peaking of the charge in the 
electric circuit and, by analogy, the deflection of the 
mechanical system. A value of Q less than one 
means virtually no peaking at all since the friction 
is so great. 
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L. W. Clark (The Detroit Edison Com- 
pany, Detroit, Mich.): The new low- 
reactance bus design described by C. A. 
Adams, J. R. Fetcher, and A. C. Johnson 
should prove a welcome addition to the 
several designs now commercially available 
for use in resistance-welder installations. 
There appears to be no question but that 
this arrangement of copper bars with a high 
width-to-thickness ratio placed in close 
proximity produces a bus with a minimum 
of reactance at a reasonable cost. A 
similar bus that has been commercially 
available for some two or three years con- 
sists of 1/,- by-4-inch coppers with 1/s-inch 
separation between the inner faces of the 
bars, instead of the !/,.-inch separation 
which characterizes the bus described in the 
paper. For the same copper cross section 
the reactance is reduced in a ratio of about 
2 to 1 with the separation reduced from 1/, 
inch to 1/15 inch. 

The authors do not go into detail as to 
how the circuits are tapped off from the bus. 
It is conceivable that with only 14/,.-inch 
space between bars there might be some 
difficulty in designing suitable tap connec- 
tions for the individual welder feeders, and 
it would be interesting to know how this 
was done. 

The authors have based their selection of a 
five per cent voltage drop for the secondary 
bus itself on the assumption of a ten per cent 
total allowable voltage drop including step- 
down transformers and the high-voltage 
supply ahead of the transformers. This 
should be satisfactory for conditions in 
large industrial areas where ample power is 
available. It should be cautioned, how- 
ever, that there are many locations through- 
out the country where it would be difficult 
as well as uneconomical to keep the com- 
bined voltage drop in the high-voltage 
system supplying the plant and in the step- 
down transformers within five per cent. 
Every installation, therefore, should be 
studied individually and the voltage drop 
in the respective parts of the system de- 
signed to meet the local conditions most 
economically. In some cases it will be 
found cheaper to design the secondary bus 
for some extremely low voltage drop, say 
one per cent or two per cent, to allow for a 
larger voltage drop in the balance of the 
system without exceeding a total drop of 
ten per cent. ; 

The example of 15 machines cited in the 
paper, each making a 10-cycle weld every 
two seconds, represents an average loading 


of the supply circuit considerably higher 
than ordinarily encountered. No mention 
is made as to the type of welding machines 
used, but one would suspect from the rapid- 
ity with which the welds are made that they 
must be portable gun welders. It is not 
often that a production rate as high as one 
weld every two seconds is maintained on 
manually operated floor-mounted machines. 

Many satisfactory installations have been 
laid out on the basis that the total voltage 
drop shall not exceed ten per cent with only 
the largest welder of the group in operation. 
Of this total drop perhaps !/; or 1/2 is in the 
secondary-supply bus or circuit. In these 
cases there have not been more than five or 
ten relatively large machines on the circuit, 
and the rate of production has been such 
that probably not more than two of the 
large machines “‘hit’’ together oftener than 
about once in every 5,000 or 10,000 welds 
produced by the group. With the number 
of machines cited in the paper and the high 
production rate given, it would become 
necessary to design the bus in such a way 
that it would be possible for more of the 
machines to weld at the same time without 
causing excessive voltage drops. 

It is gratifying to know that the authors, 
through use of the laws of probability, have 
developed a method for calculating the 
chances of machines hitting together. It is 
unfortunate, however, that the formulas 
and mathematics are so complicated. Most 
engineers are not familiar with the higher 
mathematics involved, nor can they take 
the time for such lengthy calculations. It 
is hoped, therefore, that some short cuts 
and simplifications can be devised, the use of 
which will result in acceptably accurate 
answers. 

As an example of one such simplification, 
it has been suggested that in designing a 
bus to serve a group of welders, the equiva- 
lent continuous current in the bus be taken 
as the equivalent continuous current of the 
largest machine plus 60 per cent of the sum 
of the equivalent continuous currents of the 
remaining machines on the bus. It is rela- 
tively simple to calculate the equivalent 
continuous current of each machine by 
multiplying the maximum current during 
the weld by the square root of the duty 
cycle. 

An opportunity to test the accuracy of 
this method was presented in the case of a 
plant having five welding circuits, all sup- 
plied from a common feeder. The types of 
machines included spot, projection, flash, 
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_ *Common feeder supplying circuits A, B, C, D, and E. 
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Discussions 


and seam welders in a wide range of sizes. 
After the plant was in production, tests 
were made to determine the equivalent con- 
tinuous current in each circuit and also the 
maximum current and operating duty cycle 
of each machine. 

The following table shows the comparison 
of the ‘calculated probable equivalent con- 
tinuous current (column 3), the actual 
equivalent continuous current as measured 
by thermal-type ammeters (column 4), and 
the maximum possible equivalent continu- 
ous current, if all machines hit together 
(column 5). The test indicated that the 
relatively simple method proposed for calceu- 
lating the equivalent continuous current 
was reasonably accurate and in all cases 
conservative. The authors’ calculated data 
for their example of 15 machines also is in- 
cluded in the table. It would be interesting 
to know whether the authors have any sup- 
porting test data on installations described 
in their paper. 


D.L.Beeman (General Electric Company, 
Schenectady, N. Y.): As pointed: out 
in this paper, careful design of the low- 
voltage circuits is extremely important in 
producing a distribution system with satis- 
factory voltage regulation for the operation 
of groups of welders. The impedance of 
primary lines and substation transformers 
also may be an appreciable factor in con- 
tributing to the total voltage drop. The 
apparent reactance of these parts of the 
circuit may be reduced to substantially 
zero by the use of series capacitors. Series 
capacitors unlike voltage regulators substan- 
tially are instantaneous in their operation. 

The shorter these secondary runs the less 
the voltage drop, hence, it is desirable to 
install the transformers at load centers and 
to use several smaller substations with 
short secondary runs instead of one large 
substation with long secondary runs. If 
there is a wide diversity of the load, the 
smaller transformers may be _ intercon- 
nected on the secondary side to form a 
secondary network so that the load is 
divided among several transformers. 

The application of the principles of sec- 
ondary-circuit design outlined in this paper 
plus the adoption of smaller transformers 
near the load centers and series capacitors 
to neutralize primary-circuit and trans- 
former impedance, should enable the design 
of power-supply systems for welders in 
almost any concentration without objec- 
tionable voltage drop. 


C. M. Rhoades, Jr. (General Electric Com- 
pany, Schenectady, N. Y.): This paper pre- 
sents the fundamental approach to the prob- 
lem of determining the loading and regula- 
tion of a single low-voltage welding feeder 
when the number, magnitude, and fre- 
quency of application of the loads are 
known. 

It readily can be seen that before making 
such an analysis, production, welding, and 
plant power engineers must contribute 
accurate data, if practical benefits are to be 
obtained. The material in this paper 
should aid the plant power engineer ma- 
terially in contributing his share of the in- 
formation needed in planning new or re- 
vised welding facilities. 

The illustration of the bus-type feeder 
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described in the paper indicated a long 
single-phase feeder. The question arises 
as to whether or not changes of section are 
made along the length of the feeder or 
whether the same size copper is used 
throughout. Welders are apparently dis- 
tributed uniformly along this feeder and, 
thus, the load decreases with increased 
distance from the distribution transformer. 
It is interesting to note that, if separate 
feeders consisting of two conductor concen- 
tric cables are run to each welder, the cables 
can be loaded to their full thermal limit on 
duty-cycle basis without exceeding five per 
cent voltage drop when the length of the 
feeder is approximately 300 feet or less. 
This suggests the possibility of centrally 
located unit substations with radial feeders 
to surrounding welders. In this way inter- 
ference between welders on a feeder is 
' eliminated, and the problem becomes one 
of determining the effect of several welders 
on the regulation of the distribution trans- 
formers. It would be helpful in completing 
the over-all picture of welder power supply, 
if the authors would comment on the selec- 
tion of substation size and the economies of 
radial feeds versus bus-type distribution. 
Where the load density is high enough, it 
would appear that over-all voltage variation 
could be minimized by feeding centrally 
located unit substations at high voltage 
and making secondary runs as short as 
possible. 


Comfort A. Adams, John R. Fetcher, and 
Arthur C. Johnson: The authors wish to 
acknowledge the comments of L. W. Clark, 
G. H. Fett, C. M. Rhoades, and D. L. 
Beeman, and to thank these men and the 
others who participated in the oral discus- 
sion of the paper at St. Louis, for their 
interest. 

The authors do not propose the low- 
reactance bus feeder of the type discussed 
in the paper as a cure-all for the problems 
encountered in resistance-welder power 
supply. The bus-type feeder is rather an 
addition to the already long list of devices 
and methods available to power supply and 
welding engineers as aids to solving their 
problems. 

The analyses we have presented are 
merely guides to be applied to the design 
of welding power distribution systems. 
They are based on a number of assumptions, 
some of which limit the scope and accuracy 
of the calculations but which are neverthe- 
less necessary, if anything which even 
approaches a rational analytical solution is 
to be obtained. 
| Following are the answers to the points 
raised by Mr. Clark. 

The feeder is built in 20-foot prefabri- 
cated sections. The copper is about two 
inches longer than the insulation at each 
end and bent at right angles to it. The 
prefabricated sections are installed about 
eight inches apart between ends. Where 
there are no load taps, the ends of the sec- 
tions are joined by semiflexible jumpers 
bolted to the right-angle flanges, thus 
allowing for expansion and misalignment. 
Where there are load taps, the jumpers are 
replaced by copper bars of the same size, 
in the shape of a channel and bolted to the 
ends of the feeder sections. An L-shaped 
section to which the riser can be bolted is 
brazed onto the channel-shaped jumper. 
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The ten per cent over-all voltage-drop 
variation is a sound criterion and should 
not be exceeded, if consistent welds are 
expected. Since the criterion specifies a 
variation in voltage drop, a considerably 
greater drop can be allowed from a weld- 
quality standpoint, if only one machine is 
permitted to operate at a time. Mr. 
Clark’s caution that in certain cases it may 
be necessary to allow for a larger drop in 
the high-voltage system and transformers is 
sound. 

The application of the probability formu- 
las is perhaps not as formidable as it may at 
first appear. The notation used merely 
indicates the sum of a series of terms, each 
of which is readily evaluated. The theory 
on which the formulas are based is perhaps 
complicated, but the application is a purely 
mechanical process, which can be mastered 
in a few minutes. 

The accuracy of the results obtained 
obviously will depend upon the soundness 
of the approximations as to equivalent 
average load and duty cycle and will vary 
for each installation. Some such estimate 
must be made in any case, but, once made, 
the determination is rational from there on. 
Since this estirhate is vital to the soundness 
of the results, it may be well to point out 
that it is not sufficient merely to average 
the duty cycles but that weighted averages 
are necessary. This is where the discretion 
of the engineer comesin. In fact, there are 
many special cases where this estimate in- 
volves special methods and sound engineer- 
ing judgment. 

Any of the more empirical methods of 
determining the rms feeder current, for ex- 
ample that proposed by Mr. Clark, is bound 
to yield results with widely varying accu- 
racies as shown by his own data. Taking 
an extreme case where there may be as 
many As 20 welders on the same feeder, the 
total feeder current would be substantially 
two thirds of the sum of the rms currents of 
the 20 welders. This would take some 
account of the fact, pointed out by the 
authors, that the rms feeder current is less 
than the sum of the individual rms currents. 
Thus the difference between the two 
methods is that between taking this as- 
sumed or empirical percentage or the calcu- 
lated percentage based upon sound proba- 
bility theory and upon a careful estimate of 
the equivalent current and duty cycle per 
machine. In other words, the authors have 
tried to eliminate a part of the empirical 
process. 

To answer Mr. Fett’s queries, the authors 
have encountered no trouble from vibration 
in any of the bus-type feeders which have 
been installed or were built for test pur- 
poses. The 3/1s-by-4-inch feeder has carried 
overload currents as high as 4,000 amperes 
with no more indication of vibration than a 
faintly perceptible hum. Mr. Fett’s formu- 
las probably. are correct, but he has over- 
looked a detail that renders them in- 
applicable to this particular case. The 
bars are free to deflect only in one direction, 
and, hénce, almost perfectly damped. 
There is consequently no natural frequency 
of vibration. 

In reply to Mr. Rhoades, the feeders the 
authors have used are of uniform cross sec- 
tion throughout their length. The plant 
layout is such that the feeder lengths from 
any one substation are not fixed. Separa- 
tion between substations is effected by 
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Hence the substation load can be adjusted 


by changing the feeder length. If neces- 
sary, one or more of the substations can be 
completely isolated and by-passed by the 
feeder. The welders are not necessarily 
distributed uniformly along the feeder 
length. 

The authors realize that a discussion of 
the economics of plant layout and substa- 
tion size are pertinent, but a complete dis- 
cussion of such problems would make fine 
material for a book on the subject. Given 
a rational basis for the design of the equip- 
ment, engineers are capable of comparing 
different arrangements to determine which 
best suits their needs. Thus the economics 
of the problem were discussed only insofar 
as it was necessary to show that the authors’ 
proposals could compete with existing prac- 
tices. 

Whether or not separate feeders to each 
welder can be used would depend on the 
plant layout, the load density distribution, 
the current required by each machine, the 
individual duty cycles, the thermal time 
constants of the feeders in question, and the 
standard sizes of concentric cables which 
are available. An offhand judgment with- 
out much investigation would seem to 
indicate that separate concentric feeders to 
each machine would be considerably more 
expensive. The heaviest 440-volt feeder 
the authors have designed is less than 
1,000,000 circular mils in cross section and 
will handle as many as 18 machines ranging 
in size from 70 to 500 kva, operating on a 
relatively low duty cycle. 

The answer to Mr. Beeman’s question is 
that the use of capacitors is obviously an 
asset from the operating standpoint. The 
deciding factor is usually the over-all 
economy, although in the minds of some 
executives the additional first cost looms 
unduly large. 

The question as to the optimum number 
of substations is one to be decided for each 
particular case and on the basis of sound 
engineering judgment. It should be noted, 
however, that with low-reactance feeders 
satisfactory regulation may be obtained for 
lengths up to several hundred feet without 
excessive cost and that the load factor on 
such long feeders is correspondingly higher 
for the same load density. 


An Improved Electronic 
Control for Capacitor- 
Discharge Resistance 


Welding 


Discussion and authors’ closure of paper 
44-125 by H. J. Bichsel and E. T. Hughes, 
presented at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published in AIEE TRANSACTIONS, 
1944, pages 1150-7. ‘ 
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E. M. Callender (Edward G. Budd Manu- 
facturing Company, Philadelphia, Pa.): One 
of the major problems today in capacitor- 
storage-discharge welder design is the at- 
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tainment of high-speed repetitive welding — 
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with more stored energy for some types of 
work than is now available. Typical jobs 
include high-production single-spot welding 
and roller spot welding such as would be 
used in the manufacture of seamless tubing. 

It commonly is stressed that the advan- 
tage to capacitor-discharge welders is their 
low demand on the power source. This is 
true as long as there is no limit on charging 
time. However, when the charging time is 
reduced greatly and the capacity is high, 
the power demand becomes as great as with 
most a-c resistance welders. When the 
roller spot-welding speeds are attempted, 
it is not a simple matter to charge more than 
a small ‘bank of capacitors without undue 
tax on rectifying equipment and line regu- 
lation. The paper brings out the disadvan- 
tage of released electrode sparking at high 
rates of operation for single spots, which is a 
detriment. 

The authors have worked with this 
problem of high operating speeds in a novel 
manner. Their arrangement provides: 


a. Reverse current flow that leaves capacitors par- 
tially charged following weld. 


6. Flux reset method that reduces the residual 
energy of welding transformer considerably, reduc- 
ing electrode sparking. 

¢. Forging pressure application, which is highly 
useful, { 


Undoubtedly the flux-reset method would 
decrease sparking on single-spot work. 
Whether it provides reduction in over-all 
work positioning time compared to the con- 
ventional short-circuit switch method de- 
pends on the actual apparatus performance. 
The problem of sparking does not exist in 
the design of a closed-roll discharge welder 
providing high speeds and output. 

Some disadvantages to the authors 
method employed in the paper come to 
mind. 


1. Large proportions of reverse current necessitates 
derating the capacitor-bank storage voltage. 


2. The reverse-welding-current loop is much 
smaller and will not contribute to weld fusion, act- 
_ img only as an annealing agent. Weldability is also 
less than for an equal shunt tube system. 


3. Common objection to usual discharge welders, 
perhaps necessarily so, is that they are very cum- 
bersome and involve much apparatus. 


Comment 2 should be given further ex- 
planation. It is believed that the magni- 
tude of the second current loop is too low 
to permit further weld fusion. We have 
found that a fairly large percentage of the 
peak current must occur before fusion 
takes place. If the current once falls below 
this level, as when it drops through zero, 
heat leakage precludes further weld fusion 
unless considerable energy again is im- 
parted. Heat leakage is most pronounced 
with aluminum but may also be a factor 
with stainless steel. 

Because some energy is returned to the 
capacitors, the weldability will be somewhat 
less for the author’s machine, than a regular 
shunt tube discharge unit having the same 
conditions imposed. 

The author’s have taken unique steps to 
improve machine speed, and perhaps of 
most interest is their use of the flux reset. 
It should be remembered that the stored- 
energy welder is one of the newest devices 
in the field of resistance welding, and many 
strides have and will be made in its further 
- development. 
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H. J. Bichsel and E. T. Hughes: Mr. Cal- 
lender in his discussion has summarized in 
brief form a number of factors influencing 
the design of the capacitor-discharge con- 
trol. 

He has added further emphasis to the 
need for increased speed of operation. which 
was also one aim of the design engineers in 
the development of the improved control. 

There are certain general considerations 
that must be understood clearly before at- 
tempting to compare relative kilovolt-am- 
pere demands for the: capacitor-discharge 
system and single-phase a-c_ resistance- 
welding systems to weld an equivalent 
thickness of material. 

The capacitor-discharge system was de- 
veloped to take advantage of all the time 
available between welds to store electrical 
energy to produce the desired weld current. 
The rate at which energy can be delivered 
to the capacitor bank and the corresponding 
rate at which energy can be taken from the 
supply system (kilovolt-ampere demand) 
therefore largely depends on the time that 
is permitted between welds, other factors 
being equal. 

In the welding of thin material at 200 
spots per minute, for example, 0.020-inch- 
thick aluminum, the kilovolt-ampere de- 
mand from the three-phase control de- 
scribed in the paper would approach the 
kilovolt-ampere demand for a single-phase 
welder for the same thickness material. The 
fact that the demand is divided among 
three phases of the supply system does pro- 
vide an advantage. 

In the welding of thicker materials, for 
example 0.064-inch aluminum or thicker, 
the weight of the structure to be welded, 
the additional heating of the electrodes, 
the somewhat slower operating speed of the 
machine, and the important factor of more 
frequent electrode cleaning all combine to 
make speeds considerably less than 200 per 
minute desirable. The corresponding ratio 
of time of weld current flow to total operat- 
ing time becomes very small which means 
that real reductions in the kilovolt-ampere 
demand can be obtained. 

Where higher speeds are required from 
the control with high-capacity setting, it is 
not difficult to alter the design of the recti- 
fier and main power transformer to obtain 
the short-circuit direct current and charg- 
ing rate desired. This has been accom- 
plished successfully in the design of the 
capacitor-discharge control for roll spot 
welding machines. It is also important to 
note that balancing of the power demand 
among the three-phase supply has even 
greater significance where the maximum 
demand is about 100 kilovolt-amperes: or 
greater. 

It is also important to understand clearly 
that standard spot-welding machines and 
roll spot-welding machines represent two 
distinctly different types of equipment with 
separate fields of application. The roll-type 
welder. has a tremendous speed advantage 
as long as flat stock is to be welded. How- 
ever, this equipment cannot be useful when 
welds must be made in complicated struc- 
tures with curved surfaces in three dimen- 


‘sions or for the welding of flat material 


where the spots are not in a straight line. 
During the preparation of this paper it 
was found that adequate presentation of 
both the electrical and metallurgical char- 
acteristics of the full-cycle capacitor-dis- 
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charge system could not be made, It was 
therefore necessary to eliminate any metal- 
lurgical discussion. However, during the 
development of this control, its welding 
characteristics were investigated experi- 
mentally for all thicknesses of aluminum 
where tests showed the full-cycle current 
could be obtained. It has been found that 
the full-cycle system has no detrimental 
effects on the weldability of aluminum. 
Aluminum of the same thickness can be 
welded with the same microfarad capacity, 
charge voltage, and transformer turn ratio 
for either a full-cycle or unidirectional dis- 
charge. Further analysis of the welding 
action with the capacitor-discharge system 
has confirmed the experimental data. When 
aluminum is being welded, the narrow 
plastic range of the material near its melting 
temperature plus the high thermal con- 
ductivity prohibits keeping the metal be- 
tween the welding electrodes at melting 
temperature for an appreciable period of 
time. The fused metal would be rapidly 
blown out, if too much heat is applied. 
Therefore, fusion of the metal is accom- 
plished with only that portion of the dis- 
charge current wave near the initial peak 
value. Solidification of the material is 
complete before the current wave has de- 
creased appreciably from peak value, The 
wave shape of the remainder of the dis- 
charge has little effect on weld strength or 
appearance, so long as any additional peaks 
in the discharge current remain appreciably 
less than the initial value. 

Two important advantages of the full- 
cycle discharge as pointed out in the paper 
are: 


1. The unused energy dissipated in the shunt tube 
can be returned to the capacitor banks as usable 
energy to aid in the next weld with the full-cycle 
discharge. 

2. The problem of electrode sparking is elimi- 
nated by the second half cycle of reverse-dis- 
charge current. The residual magnetic energy in 
the welding transformer is reduced to a very small 
amount at the end of the discharge by this reverse 
current flow. It is interesting to note that, when 
operating at 480-microfarad settings or lower for the 
capacitor bank, the inverse current in most cases is 
sufficient to reset the flux without the aid of the flux- 
resetting rectifier. The flux-reset rectifier is of little 
value in eliminating electrode sparking, as it can 
exert little effect on the welding transformer before 
the electrodes have been released. This is contrary 
to the comments regarding flux reset brought out in 
the discussion, 


The reverse-current loop does influence 
the maximum voltage to which the capaci- 
tors may be charged. However, the maxi- 
mum permissible charge voltage is still 
greater than the values commonly used by 
most operators of this equipment and the 
detrimental effects of derating the capaci- 
tors are of minor consequence. Present 
ratings on the standard 2,500-volt 120- 
microfarad capacitor are: 


1. For operation in combination up to 1,200 micro- 
farads the maximum charge voltage is 2,500 volts. 


2. For operation in combination from 1,200 to 
2,640 microfarads and higher the maximum charge 
voltage is 2,800 volts. 

These ratings are designed to work on most existing 
designs of capacitor discharge-machines, 


In the mechanical design of the capacitor- 
discharge system it has become standard 
practice to combine all electrical control in 
asingle cabinet. It is true that this involves 
considerably more control equipment than 
is required for an a-c single-phase welder. 
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However, in the case where the kilovolt- 
ampere demand on the single-phase power 
supply is sufficient to require a series-ca- 
pacitor bank, it is interesting to note the 
amount of equipment involved to provide 
circuit-control functions equivalent to those 
built into the single capacitor-discharge 
cabinet. It would be necessary to provide a 
synchronous welding timer with heat control 
and associated power ignitrons, a rack of 
series capacitors, a sequence-timing panel, 
a current-compensator panel, a d-c forge- 
delay-timing panel and in many cases a 
power autotransformer to obtain the cor- 
rect voltages across the primary of the 
welding transformer. 

If this a-c control equipment were to be 
mounted in a single cabinet, its size would 
compare favorably with the capacitor-dis- 
charge control. 

The authors wish to thank Mr. Callender 
for his discussion. 


American Telegraphy 
After 100 Years 


(44-197) 


Developments in the Field 
of Cable and Radio Tele- 


graph Communications 


(44-126) 


Telegraphy in the Bell System 
(44-128) 


Discussion and an author's closure of papers 
presented at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published as follows in AIEE TRANS- 
ACTIONS, 1944: 


44-127 by F. E. d’Humy and P. J. Howe, 
pages 1014-32. 


44-126 by Haraden Pratt and John K. Roose- 
velt, pages 1044-7. 


44-128 by J. A. Duncan, R. D. Parker, and 
R. E. Pierce, pages 1032-44. 


F. B. Bramhall (Western Union Telegraph 
Company, New York, N. Y.): Three valu- 
able papers on record communication in this 
country were fittingly presented at the St. 
Louis summer technical meeting, a full ses- 
sion being devoted to the marking of 100 
years of practical telegraphy. Each of these 
papers stands admirably on its own feet 
as a report on the present state of the art 
and the practices of these corporations 
which the respective authors represent. 
The paper by d’Humy and Howe, however, 
is not a complete report on land-line teleg- 
raphy unless augmented by the excellent 
paper of Duncan, Parker, and Pierce on the 
customer-to-customer teletypewriter ex- 
change service rendered by American Tele- 
phone and Telegraph Company. So, like- 
wise, the paper by Pratt and Roosevelt 
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gives an incomplete picture of present day 
technique in ocean-cable telegraphy without 
that section of the d’Humy—Howe paper 
which outlines Western Union Company’s 
modern ocean-cable practices. 

About a decade and a half ago, the de- 
velopment of cable-repeater and terminating 
equipment received a strong impetus when 
Western Union installed its first high-speed 
loaded cable. Since that time, the ro- 
mance, the delicate instruments, and the 
trial and error methods of duplexing have 
disappeared largely from that company’s 
cable system. Electronic devices, vacuum 
tube, repeaters, and terminal amplifiers 
now are used. Many cables now are 
operated with automatic printing telegraph 
equipment essentially identical to that 
used on land lines. The progress, perhaps, 
may be summed up easiest by pointing out 
that teleprinter customer-to-customer serv- 
ice between this country and Europe is 
now provided by the varioplex sytem de- 
scribed briefly in the d’Hunity—Howe paper. 


Haraden Pratt: The authors thank Mr. 
Bramhall for rounding out the technical 
picture concerning cable operating tech- 
nique. Our original paper was intended to 
cover only the development of the art as 
applicable to the cable operating companies 
of the International System. 


Impulse Strength of Insulated- 
Power-Cable Circuits 


Discussion and authors’ closure of paper 44- 
130 by Herman Halperin and G. B. Shanklin, 
presented at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published in AIEE TRANSACTIONS, 


_1944, pages 1190-7. 


L. I. Komives (The Detroit Edison Company, 
Detroit, Mich.): This paper, in the opinion 
of The Detroit Edison Company, is a very 
valuable and useful addition to the literature 
on this subject. We believe that the authors 
have done an excellent job in co-ordinating 
the data available, and that this paper will 
be a widely quoted reference. We agree 
with most of the major conclusions which 
the authors have drawn and would like to 
make observations only on some. 

The 1,200 volts per mil recommended for 
use as safe withstand impulse strength based 
on average insulation thickness is accept- 
able for average installations of paper- 
insulated cables. It is too low a figure for 
installations at higher potentials and under 
better than average conditions (the two 


dhe 

being almost synonymous), such as ce 
large conductors are used and means are 
taken to assure permanency of impregna- 
tion (oil-filled or Beaver-type gas-filled 
cables, for instance). Extra-high-voltage 
cables are designed on the basis of impulse 
strength. The adoption of 1,200 volts per 
mil in case of a 1382-kv cable would mean 
that the insulation thickness could not be 
less than 540 mils with 650-kv insulation 
level. If a manufacturer would design his 
cable to meet the practice of The Detroit 
Edison Company and abide by the specifi- 
cations recommended in this paper, the 
results shown in Table I would obtain. 

The manufacturer therefore easily could 
meet the requirements in case of the lower- 
voltage cables which are designed more on 
mechanical than electrical basis. However, 
in the really important case of extra-high- 
voltage cable his hands would be tied. 

A comparison of Figure 1 with Figure 2 
might have warned the authors that the 
maximum stresses should be taken into 
account. If the straight-line average in 
Figure 2 is accepted as correct, the line . 
drawn through the average values in Figure 
1 cannot be a straight line. 

The values on oil-filled cables in Figure 1 
below the average line all come from one 
manufacturer who made the tests more than 
ten years ago when the making of oil-filled 
cables had not yet been an established 
art. Why should we penalize the industry 
because of a few outmoded cable samples? 
Oil-filled cables of the same manufacturer 
made later, shown between the 500 to 700 
mils level, are all above average. The two 
results on solid-type cables in the same 
range, which are below the average line, 
were obtained in Detroit on cables made 
before 1931 and the impregnation of which 
was only fair. mh gt 

If this paper is to be used as an industrial 
standard for the design of extra-high- 
voltage cables, we would like to see a note 
added on Table I of the paper under oil- 
filled-type paper from 69 to 230 kv as 
follows: ‘‘For conductor sizes above 400,000 
circular mils, insulation thicknesses may be 
reduced if maximum voltage gradient does 
not exceed 1,800 volts per mil, with the 
effect of stranding omitted.” The 1,800 
volts per mil maximum voltage gradient 
used in this note is based on calculations 
of maximum stresses obtaining in com- 
mercial oil-filled cables having approxi- 
mately one-inch conductor diameter, 540 
mils insulation (for 132-kyv service) and 
meeting the insulation level requirement of 
650 kv. ‘ 

We disagree with the authors’ statement 
in connection with Figures 3 and 4 that the 


data available show little or no effect on 


the impulse strength of the insulation due 
to service or test aging except for special 


cases. We feel that in view of the con- 
Table | ; ' 
Insulation Thickness, Inches 
Rated Desired Impulse : 
Voltage, Breakdown Voltage, Specified Present Desired 
Kv Detroit Edison Co., Kv 1,200V/Mil Practice in Future 
~~ 
N20! 3 master (eee. Saat 7502) iin ake eee OF 626i. an ee 0.6007 25 ee 0.500 
VERO: Se ete eee 200 Li: iauinlaatd cae OWGT eee cae O28) hace 0.275 ¢ 
NATE Ste ols ob ae ke Ria ie LOO 2k: 5, ie etereeve een c 0.084 0 L56* 1... eee 0.125 minimum 
* To ground with ungrounded neutral. : 
Discussions 
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sistent showing of lower impulse strength 
of poorly impregnated cables on Figures 3 
and 4 this should be taken into account. 
We would like to see a statement made that 
service or test aging resulting in poor im- 
pregnation will decrease the impulse 
strength of the cable. 

The question of impulse fatigue not re- 
ducing the impulse strength in case of re- 
peated impulses is a very interesting one. 
What the authors state is generally ac- 
cepted as being true, however nobody has 
offered a satisfactory answer as yet. 

In Detroit we have observed that while 
repeated shots do not decrease the impulse 
strength of cables, they seem to decrease the 
breakdown voltage of joints and terminals. 
It may be that the radial strength (straight 
through) of a cable is much lower than 
longitudinal (leakage path), while in joints 
or terminals the opposite may be true. 

The shape of the wave appears to be of 
minor importance when compared to other 
variables according to the authors’ state- 
ment. This is in line with our thinking in 
the matter. In many tests when we did 
not have the capacity to obtain a full wave 
of sufficiently high potential to enable us to 
use the multiple shot method, we quite often 
used the single shot method with no re- 
sistances in the circuit. We trust that re- 
sults of such tests will be directly compar- 
able with other tests where full waves were 
obtained. 

In connection with the impulse strength 
of varnished-cambric- and rubber-insulated 
cables, we feel that there will be no change 
with aging. Although there is no direct 
evidence available for this, some statement 
to this effect may be made. 

On Table I in the paper basic impulse 
insulation levels for equipment are shown. 
We would like to remind the authors that 
another AIEE committee is working on 
standards for potheads. In their proposed 
tabulation they include voltage classes of 
0.6, 92, 196, 287, and 345 kv. Also a 7.5- 
kv class is included instead of the 8.7 on 
Table I. This committee proposes two 
sets of impulse withstand voltage values, 
one for indoor and one for outdoor pot- 
heads. For indoor units the figures on 
Table I are correct. For outdoor units 
the corresponding values are: for 1.2 kv- 
45, 2.5-60, 5.0-75, 8.7-95. It would seem 
appropriate that these various AIEE com- 
mittees get together and correlate their 
findings. 


R. W. Atkinson (General Cable Corporation 
Bayonne, N.J.): This paper well serves the 
very useful purpose stated for it by its 
authors. The present discussion is pri- 
marily for the purpose of proposing the pos- 
sibility of using these data for obtaining ad- 
ditional conclusions. 

As indicated by the authors, Figures 1 and 
2 give little basis for choice between calcula- 
tion on maximum or average stress. How- 
ever, analysis of the original data might well 
show that the high and low points of Figure 
2 are explainable on the basis of the specific 
quality of the insulation in terms of surge 


ie _ strength. Also, the low points on Figure 1 


may appertain to tests of cables on which 
the ratio of maximum to average stress is 
particularly high. Such data would in- 
dicate that maximum stress is, in fact, con- 
trolling. (Or the opposite conclusion might 
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be indicated by other data.) If pertinent 
supplemental data can be secured, it would 
be very desirable to do this and to include, in 
the closing discussion, tabulation of these 
data so that explanation may be available 
as to why certain tests do not conform to the 
main pattern. Such supplemental data can 
be furnished for the tests by the writer’s 
company. 

How such further conclusions may be 
drawn is well illustrated by the data in 
Figure 5 for gas-pressure cable. In this 
figure are grouped together the data for 
high- and low-gas-pressure cable. The 
conclusion is quite properly drawn from this 
figure that the average and minimum lines 
for these tests are in line with those of other 
paper-insulated cable. However, if. the 
points shown for high-gas-pressure cable are 
separated from the others it will be observed 
that these points are well above the average 
for saturated paper insulation. Further if 
we select from these points those applicable 
to the commercial high-gas-pressure cable at 
Detroit and plot the data on Figure 2, thus 
taking account of maximum instead of 
average stress, the very high strength of 
this type of high-gas-pressure insulation is 
still more striking. We do not consider 
that this means that high-gas-pressure in- 
sulation is, in itself, higher in surge strength 
than fully saturated insulation. We do 
believe the high surge strength of this cable 
results from its being strand shielded and 
because the innermost tapes were thinner 
than usual commercial insulation. 

Separating the data for low-gas-pressure 
insulation from Figure 3 and comparing it 
with that in Figure 2 shows that the strength 
for surge voltage of low-gas-pressure cable, 
while completely adequate for its purpose, 
is distinctly lower than that of fully satu- 
rated insulation. 

The authors recommend standardizing 
surge tests on the basis of the AIEE 11/2 x 
40-microsecond wave. There is a sound 
basis for this in view of current practice and 
because most apparatus available for surge 
testing is adapted for such a wave. More- 
over there is good basis for belief that re- 
sults of such tests will not be much different 
than for switching surges. It seems, im- 
portant, however, to have a great many 
more direct measurements under a wave 
comparable to switching surges. We have 
made a number of such tests and are setting 
up equipment to do this on a larger scale. 


Victor Siegfried (Worcester Polytechnic In- 
stitute, Worcester, Mass.): The authors 
have presented interesting and worthwhile 
data on a proposed standard withstand test. 
While such a test may be in the direction of 
progress, it should be borne in mind that 
there should be some criterion established 
which does not require destructive tests for 
routine checks. The preparation time and 
detail in analysis required in the proposed 
tests are tremendous, running up to 10 to 
20 hours for one sample, according to my 
experience. While this may be necessary 
for definitive tests, the usefulness of im- 
pulse testing will depend upon finding ways 
of interpreting data similar to the power 
factor tests of the sine-wave testing. 

Of interest in this direction is the curve 
of Figure 7 of the paper, in which breakdown 
time has a stepped inverse-time relation 
to voltage. This has been noted for other 
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solid insulations and suggests an approach 
to the fundamentals of breakdown per- 
formance, through investigation of the 
transition effects at the different steps. 
Impulse currents fed to these samples in 
different wave fronts may be the clue. 
Comparison of the optical and dielectric 
properties of some of the newer materials 
which exhibit these stepped characteristics 
in both realms may yield another clue in this 
broad problem. Fundamental concepts of 
insulation breakdown need further in- 
vestigation such as is covered by this paper, 
and should have further co-ordination with 
breakdown studies of other groups in- 
terested in insulation. It is my hope that 
there will be opportunities for continued 
researches along lines leading to more basic 
feelings for the mechanism of breakdown, 
and consequently to more efficient use of 
insulating materials. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Experience with transformer insulation has 
long since indicated to me that, in general, 
cables would meet present impulse levels for 
power apparatus. At various times we have 
also tested short sections of cables. 

To illustrate, paper insulation between 
conductors in oil-immersed transformers 
may well attain an impulse strength of 1,000 
volts per mil. Varnished-cambric insula- 
tion, we have found, is lower. Rubber comes 
further down the ladder. For instance, im- 
pulse tests we conducted six years ago om 
rubber-insulated cables show similar re- 
sults as in the lower portions of Figure 9. 
To illustrate again, a 400-mil thickness of 
rubber-insulated cable would break down at 
about 170 kv. 

Oil-impregnated paper in transformers 
and in other apparatus has an impulse 
strength 2 to 2.5 times the 60-cycle crest 
value of the one-minute-hold test. In view 
of the data on the volt-time characteristic of 
oil and of oil-impregnated insulation in 
reference 17, and from additional tests 
since, I am inclined to question Figure 7 of 
the paper. 

A volt-time curve such as Figure 7 should 
be anchored at several points; for instance, 
at 1/, microsecond, at 1 microsecond, and 
beyond including 500 or 1,000 micro- 
seconds, then, possibly, at 0.1 second and 
beyond including one minute. In each 
case the number of applications and the 
method of test should be stated. It would 
be of practical interest to have such a curve 
for rubber, as we now have for other insula- 
tion materials. 

In view of the impulse strength of cables 
these should render a good account of them- 
selves both from a lightning standpoint 
and switching surges of the usual variety. 
This would seem fundamentally so. How- 
ever, this consideration precludes oil run-. 
ning out of segments of the cable and as- 
sumes that vital details have been satis- 
factorily taken care of. Transformers con- 
nected to highly insulated wood-pole lines 
require more than usual attention, to pro- 
vide satisfactory protection against light- 
ning; and so does a cable under similar 
circumstances. It must be remembered that 
while a cable may provide some protection 
to other apparatus under certain conditions 
of operation, it may become a source of 
hazard. It has been my experience that 
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these and a host of other applications re- 
quire individual attention. 

A word on impulse testing. Whether the 
authors have in mind a type test or, even- 
tually, an acceptance commercial test, cable 
engineers would do well to avail themselves 
of the experience from the testing of trans- 
formers. With present impulse generators 
of high capacitance used in testing trans- 
formers, it should be possible to test a sub- 
stantial length of high-voltage cable, that 
is, for example, a 230-kv or 138-kv section 
well up ‘to several thousand micromicro- 
farads. This can be done maintaining some- 
what the same tolerances for the wave, and 
so forth, as are specified in the transformer 
test code. It is hardly possible to outline 
here impulse-test methods for cables, but 
this we can say, that the experience in test- 
ing other apparatus, and in particular trans- 
formers, should be helpful in establishing an 
impulse test code for cables when that day 
comes. 


Robert J. Wiseman (The Okonite Company, 
Passaic, N.J.): As a member of the cable 
working group under whose auspices this 
paper was written I was quite pleased when 
I found the authors felt it was possible to 
begin to draw conclusions from test data 
that had been accumulating for years on im- 
pregnated-paper cables. The setting up of 
withstand voltages and comparing them to 
the basic impulse insulation level for equip- 
ment may bea guide as to how much a factor 
of safety a cable has. If only slightly 
higher than the basic impulse level, then it 
would seem as if we have reached a limit in 
the insulation thickness for that particular 
type of insulation—for example, oil-filled 
cable. However, we can wonder why the 
withstand voltage for solid-type paper 
cable is at least double the basic impulse 
level and conclude from experience that 
there are other things to consider for solid- 
type paper cables than impulse strength, 
such as the change in degree of saturation 
with time or the possible deterioration of the 
insulation with temperature and time. Both 
may have an effect on impulse strength as 
well as on long-time voltage breakdown. 
Perhaps some day we will collect more data 
for further enlightenment, such as obtained 
by The Detroit Edison Company. 

It is to be regretted that the data avail- 
able on varnished cambric and rubber are 
quite meager. Some of us have had a few 
tests made, but there is room for plenty 
more. In view of the tests on sheets of 
varnished cambric as given in Figure 8, 
indicating this may be a method of col- 
lecting data, it might be possible that similar 
tests on slabs of rubber of varying thickness 
might result in worthwhile information. 
However, in these cases it seems as if we 
should calculate the maximum stress on the 
cables for the tests reported in both Figures 
8 and 9 and compare to sheets and slabs. 

I think the discussion of switching surges 
is very well done and helps us to feel that 
paper cables, at least, are capable of with- 
standing many such surges, of course, if 
properly made. Grant that the effects of 
switching surges are accumulative and 
approach the five-minute voltage-break- 
down tests, it will take a good many such 
tests to reach a fatigue point of the insula- 
tion and recovery of the insulation will 
probably take place between surges. Here 
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also, I hope that it won’t be too long before 
we will have a paper dealing with latest 
information on switching surges, their 
magnitude and effect. 

This paper has been needed for quite a 
number of years in order for us to get a 
composite picture of that which has been 
published in several places and the conclu- 
sions that can be drawn therefrom. The 
authors have done a splendid piece of work. 


Herman Halperin and G. B. Shanklin: The 
discussions (a) substantiate the judgment of 
the cable working group that there is con- 
siderable interest in the matter of impulse 
strength of cable circuits and (b) indicate 
the need for further researches and for 
further co-ordinating work by the AIEE 

It is gratifying to learn from Mr. Atkin- 
son that his laboratory is setting up more 
equipment for investigations with waves 
comparable to switching ,surges. The 
paper, as far as is known to the authors, 
takes the first really definite stand in this 
country as to switching-surge strength of 
some types of insulation, and incidentally 
test data on many types of equipment would 
be of interest. 

The authors are quite in sympathy with 
some of the detailed points made par- 
ticularly by Mr. Atkinson and by Mr. 
Komives, but the assignment was to collect 
and co-ordinate all available impulse- 
strength data and present them and ac- 
companying conclusions in a paper of 
reasonable length and simplicity. Further 
refinements in analyses and in conclusions 
do not seem warranted until more data are 
available. Regarding one of Mr. Atkin- 
son’s points, the supplemental data now 
available are so varied and voluminous that 
it does not seem warranted to include them 
in a tabulation in the closure. 

Mr. Komives’ first point indicates a 
desire for an insulation structure that for 
120-kv cable would have an average with- 
stand impulse stress of 1,500 volts per mil 
or 25 per cent higher than justified by the 
authors’ data for a general value. This 
does not mean that 1,500 volts per mil is 
unattainable, but means that special study 
and special developments, such as was done 
on the 120-kv cable installed in Detroit a 
few years ago, will be advisable for such cir- 
cumstances; in some cases overinsulation 
to meet the required withstand impulse- 
voltage strength may be the practical solu- 
tion. 

It is agreed with Mr. Komives that for 
solid-type paper cable “service or test 
aging resulting in poor impregnation will 
decrease the impulse strength of the cable.” 
Regarding his last point, the reference 
classes in Table I of the paper are prac- 
tically the preferred-voltage classes of the 
Association of Edison Illuminating Com- 
panies cable -specifications. Some of the 
classes he mentioned have not as yet ap- 
plied to .cables; however, some further 
co-ordination may be necessary by the 
AIEE, 

Doctor Wiseman’s discussion as well as 
his original encouragement to prepare the 
paper are all appreciated. His suggestion 
to make further tests on small samples 
seems good, and may be of immediate use in 
investigating some of the synthetics being 
discussed for wider use in cables. 

It is agreed with Mr. Bellaschi that more 


Discussions 


< : art 
ot 


“OM 


data in drawing Figure 7 are desirable, but 


it should be distinctly understood that the 
graph is based on more data than shown in 
the figure. 
test data obtained with voltage applications 
ranging from about one microsecond up to 
about one cycle on a 60-cycle basis. Sec- 
ond, similar graphs have been presented 
for composite insulation of oil and paper 
boards as in transformers. Third, there 
are the years of experience with switching 
surges on lines. 

It is agreed with Mr. Bellaschi that past 
experience in impulse testing of trans- 
formers is helpful and such experience was 
in mind in preparing section III, The main 
purpose of section III was to co-ordinate 
methods used in future tests and the refer- 
ence in part 4 was to indicate that AIEE 
Standards should be followed on other de- 
tails. 

Professor Siegfried’s discussion opens up 
interesting avenues for further investiga- 
tions of the nature and breakdown char- 
acteristics of insulation. It is hoped that 
some such studies will be undertaken. In 
regard to one of his points, it was not in- 
tended that impulse tests would be a routine 
for cables. 


Cyclic Movement of Cable— 
Its Causes and Effects on 


Cable-Sheath Life ) 
(44-131) 


An Investigation of the 
Relationship Between 
Temperature and 
Movement of Cables in 


Ducts (44-139) 


Discussion and authors’ closures of papers pre- 
sented at the AIEE summer technical meeting, 
St. Louis, Mo., June 26-30, 1944, and. 
published in AIEE TRANSACTIONS, 1944: 
44-131 by Clement S. Schifreen, pages 
1121-30; 44-132 by C. T. Nicholson and T. 
J. Brosnan, October section, pages 723-8. 


T. H. Haines (Boston Edison Company, 
Boston, Mass.): In an attempt to correlate 
the severity of cable-sheath troubles with 
racking conditions in the manholes a survey 
has been made of two heavily loaded double 
tie lines which have given considerable 
trouble in the past. They were installed 17 
years ago in a duct line having a consider- 
able variety of manhole conditions. — 

Pertinent data regarding the lines are as 
follows: 


1. Lines 4-1213 X and Y are 3x300,000-cireular- 
mil belted 28-kv cables with an outside diameter of 
approximately 2.96 inches. ~h 


2. Lines 4-1214 X and Y are 3x700,000-circular- 


mil shielded 15-k vceables with an outside diameter 
of approximately 2.96 inches. 


All four cables are installed in 31/2-inch 
fiber ducts with section lengths averaging 
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TROUBLES PER YEAR 
PER 100 MANHOLES HAVING TROUBLE 


-> 6-10 N-15 
MANHOLE OFFSET — INCHES 


16-20 ABOVE 20 


Figure 1. Expansion and contraction troubles 
(cable replacement and joint faifures), 1927- 
1943 inclusive 


A—Line 4-1213X and Y (two 3x300,000 cir- 
cular-mil cables) 


B—Line 4-1214 X and Y (two 3x700,000 cir- 
cular-mil cables) 


C—Combined trouble rate (four cables) 


300 feet with approximately 480 feet 
maximum. The contour of the duct line is 
approximately level. The load cycles for 
all cables have been variable daily from less 
than !/, load for two to three hours to over 
8/, load for five to six hours. 

In otder to avoid obscuring the trend 
with much inconclusive data, only those 
troubles were included which required re- 
placement of the cable or remaking of the 
joint. 

To eliminate error due to a concentration 

of manholes in any particular offset group 
the number of troubles in each group was 
converted into a rate per 100 manholes 
having trouble in that group. 
_ Figure 1 of this discussion shows the re- 
sults of the survey. The trouble rates for 
the two lines are of the same general magni- 
tude, particularly in the upper and lower 
offset ranges. Above a 20-inch offset, or 
about 63/, cable diameters, neither line had 
a serious trouble for the 17-year period. 
For a longer life and avoidance of lesser 
troubles a considerable increase in offset 
undoubtedly would be necessary. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Mr. Schifreen tells us that tests and oper- 
ating experience indicate that unsatisfactory 
sheath life can be caused by fatigue of lead, 
resulting from cyclical movement of cable. 
There recently has come to my attention 
an extensive system of communication 
cables in which 90 per cent of the breaks in 
the lead sheaths occurred at the wiped 
joints and 5 per cent at the duct mouth. 
The heating of these cables by current 
is quite negligible, so that some other cause 
than cyclical movement was at work. Per- 
haps the same cause, whatever it may have 
been, was at work in Mr. Schifreen’s cases. 
A suggested cause is vibration due to road 
traffic. This naturally would be most in- 
tense at the ends of the readily movable 
section between the more fixed joint and 
duct sections. 
If this should prove to be an important 
factor, cushioning to reduce vibration might 
have a very salutary effect. 
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A. Bodicky (Union Electric Company of 
Missouri, St. Louis, Mo.): An attempt was 
made to visualize the action that takes 
place during the heating and cooling cycle 
of the cable as illustrated in Figure 2 of 
this discussion, which was developed by 
making simplified assumptions and is on a 
greatly exaggerated scale in order to pic- 
ture the stress and movements in a cable. 

It was assumed that the initial state of the 
Cable was without stress or strain and was 
subdivided into unit sections with its fric- 
tion concentrated at the end of the section 
shown as a solid line. It was further as- 
sumed that the temperature coefficient of 
the cable was such that for every unit of 
temperature rise the cable expands one 
small division or 10 per cent. At the same 
time it takes slightly more than one unit of 
force to move the section against the fric- 
tion. Also, the compressibility of the cable 
is 10 per cent per unit force, or one small 
division. Since the movements are sym- 
metrical about the center of a horizontal 
cable, only the right half of the cable 
length is shown. 

As the temperature is raised by one unit 
of temperature, the whole cable will be 
under compression, and no part of the cable 
will move. This is also true of the end sec- 
tion, as it requires slightly more than one 
unit force to overcome the friction. If the 
temperature rise to two unit degrees, then 
all of the sections will be under compression 
with two unit forces, except the end section 
which will expand one division and still be 


Figure 2. Graphical representation of cable 
movement 


Each unit (ten divisions) expands one division 
for each one-degree rise 

Each unit compresses one division for each 

unit force; friction per unit one plus unit force 


under compression with one unit force. 
With a three-degree temperature rise, the 
second section from the end will expand one 
division, since it takes two unit forces to 
move the two sections to the right of it, and 
at the same time the end section also ex- 
pands one division so that the total end 
movement is two divisions. As the tempera- 
ture is increased further, more and more sec- 
tions will move, and the end movement will 
become greater and greater. 

After reaching the maximum tempera- 
ture of, for example, six unit degrees, the 
cycle is reversed, and the internal stresses 
correspondingly reduce by one unit force in 
each section per degree drop in temperature. 
At five degrees the end section will be with- 
out stress, and the end will not move until 
the temperature is reduced by two more 
degrees. It is noted in this stage that there 
occurs both tension and compression in the 
same length of cable, as indicated by the 
positive and negative figures. 

The same reasoning is applied for further 
reduction of temperature. It is interesting 
to note that, after reaching the original tem- 
perature of zero degrees, the expanded sec- 
tions of the cable are under tensions. How- 
ever, the center sections which did not move 
are again without stress. If the tempera- 
ture is reduced further by the same amount 
as the rise, the total end contraction from 
the normal position is the same as the 
original expansion. 

The following cycle shows that, if the 
temperature does not go below the original 
temperature, the expansion is only one 
fourth of the previous value, which checks 
the theoretical calculations that the expan- 
sion is proportional to the square of the 
temperature variations. 

This graph also shows that, regardless of 
how far the center line of the cable is moved 
to the left, the movement will remain the 
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COMPRESSION Se : 
x 1000 POUNDS 
Figure 4. Second and third cycle of com- 
pression and tension on a 13-foot 41/4-inch 
length of 350,000-circular-mil sector three- 
conductor belted 23x9/64 paper-insulated 
lead-covered cable in a 314-inch iron pipe 


Cable manufactured in 1923 
Average C=0.16X10 ° 


same for the same temperature variations. 
By substituting the correct constants and 
reducing the sections to smaller units, the 
movement will follow a smooth curve 
covered by a mathematical formula. 


MATHEMATICAL SOLUTION 


The movement of the cable in a duct due 
to temperature rise can be considered as the 
difference between the thermal expansion of 
the cable and the compression of the cable 
due to frictional resistance. In a horizontal 
conduit with uniform friction along the con- 
duit the cable in the center of the section will 
be stationary, and the cable will expand in 
both directions from the center. The 
movement at any point x from the center 
can be obtained from Figure 3. 


Let 


¢t=temperature rise above the average tem- 
perature 
w=weight of cable per inch 
L=half length of cable section in inches 
c=compressibility of cable 
J =coefficient of friction 
k=restraining force=nwf 
n = equivalent length of cable whose friction 
results in the restraining force k 
m=movement at any point x from center, 
M, in manhole 
e=thermal expansion of copper 


The forces on either side of element dx 
—dF=wfdx or —F=wfx+a when 


x=L+n 
then F=0 and therefore 
F=wf(L+n—x) 
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Figure 5. Movement of cable in manhole; 


350,000-circular-mil three-conductor sector 


93x9/64-inch paper-insulated lead-covered 


33-kyv cable” 

ert? 

A—Movement= ee 
wef? 


B—Movement=M=etl— 


e=thermal expansion=16.5 X10 ° 

c=compressibility=26X10 & 

w=weight of cable=13 pounds per foot 

f =frictional constant=1 

| =half length of cable feet 

t=temperature rise, degrees centigrade, or 
half of total temperature variation 


also 


dm =etdx—wfc(L+n—x)dx 


or 
x2 
m= (et—kc)x—wfcLx+wfc 6 


the integration is taken between the limits 
of zero or x and Z for the two cases re- 
quired. Zero movement will occur when 
x=0, that is, in the center of the section, 
and when 


or at a point where the compression of the 
cable equals its thermal expansion. 


(Fc =et) 
With a temperature rise from 0 to by 
ke ; 
when fy = A there will be no movement in 


the manhole, that is, the restraining force in 
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the manhole equals the compression of the 
cable. 

With a further rise in temperature from 
tp to ty the movement in the manhole is 


i (et—kc)? 


VG 
2: 2wfc 


where 


cad 


th ="(Luf+h) 


If the maximum operating temperature is 
below #, then the cable for the distance from 
the center to 


1h 4 
was wf wfc 


will not move, and all movement will occur 
beyond this point to the manhole. For the 
same temperature variation the movement 


in the manhole is independent of the | 


length of cable section. 
When the operating temperature exceeds 
t; then the movement becomes 


L?2 
M=(et—kc)L—wfc = 


A test was made on a 13.3-foot section of 
350,000 circular mils three-conductor sector 
23x9/64-inch paper, lead-covered 33,000- 
volt cable (that was removed after 20 years 
of service) in which the cable was com- 
pressed and elongated longitudinally in a 
31/, inch iron pipe without buckling, and 
the constant c was found to be 0.16X10~°. 
Figure 4 shows the hysteresis loop for the 
second and third cycle. The first cycle is 
similar to the latter two cycles, but because 
of equalization of the end clamps the initial 
cycle may not be representative of the daily 
movements. From these tests the move- 
ment in the manhole was calculated and 
shown in Figure 5. 

Since at the maximum temperature almost 
the entire length of cable is under compres- 
sion, then when the temperature is lowered 


below the original or starting temperature, | 


the cable will be under tension, and the 
movement will follow approximately the 
same formula as that for the temperature 
rise, except in the reverse order. During 
continued daily load cycles the cable 
ultimately will assume a neutral position, 


Figure 7 


\ 
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k somewhere near the average temperature 
ie and will be alternatively under compression 
and expansion during the load cycles. - If 
during the rise in temperature the cable 
does not buckle, then if the temperature is 
lowered by the amount of twice the original 
tise, the total movement of the cable will be 
twice that of the original expansion. On 
: this basis ¢ is to be considered as half of the 


total temperature variation, and the total 
Vi 


movement in the manhole is twice the calcu- 
lated value M. In other words ¢ then be- 
comes the variation of temperatures above 
or below the average temperature. 

The compressibility of smaller cables no 
doubt increases at a greater rate than the 
reduction of the unit weight of the cable, 
therefore, the neutral zone xo should in- 
crease, and the movements in the manhole 
would correspondingly decrease. Buckling 
or snaking of the smaller cables will reduce 
further the movement in the manholes. 


eT Sa ee ae ee 
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‘CABLE MOVEMENT ON A SLOPE 


If a cable is on a slope with an angle of a 
from the horizontal line, then the frictional 
constant f should be replaced by f cos a 
. = sin a, where — sign applies during in- 
| crease of temperature and + for lowering 
temperature. As long as the center of the 
‘section does not move either during expan- 
‘sion or contraction, then the cable will not 
smove downhill. 
et—ck 
= 
F we(cos a— sin a) 


; during expansion or as long as the tempera- 
ture ¢ does not exceed 


hy mee [k+Lw (f cos a — sin a)] no downhill 
e 
-movement will occur. 


CaBLE MOVEMENT IN THE MANHOLE 


The expansion of the cable in the conduit 
will cause a movement in the manhole, and, 
if the cable is trained around the manhole, 


‘the bending radii will change. Conse- 
- quently the lead sheath will compress and 
__-expand both along the inside and outside 


-of the bend, see Figure 6. 
Since the length of the trained cat le re- 
| ‘mains constant, that is, R6=R,A, it can be 


) -shown that 

pare 
1 

: where 

; h=2R(1— cos @) 

| -and 

: _D=2R sin 0 
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From suitable tables 6; can be obtained. 
The lead sheath on the inside of the bend 
will compress As as shown in Figure 7. 


Alora 
AS=1\ == 
R, R 


and the compression per unit length of 
cable becomes 


If this compression and expansion of the 
lead sheath has some relation to the life of 
the sheath, then the life should be inversely 
proportional to the diameter of the cable 
and directly proportional to the radius of 
the bend. However, if the ratio of the bend- 
ing radii to the cable diameter remains con- 
stant for all sizes of cables, then the life 
should be independent of the diameter of 
the cable, except for the fact that a larger 
diameter of cable with its relatively lighter 
lead will wrinkle more readily than a small 
cable. 

Considerable more movement of the 
sheath will occur near the joint and will 
depend upon the diameter, bending radii, 
and the stiffness of the conductor and the 
splice. If the conductor in the splice de- 
flects only slightly, then due to the rigidity 
of the wipe the unit compression will in- 
crease at this point, as is evident from 
Figure 8. Therefore it seems advisable to 
construct a rigid splice or reinforce the lead 
sheath for a short distance beyond the 
splice. This point has always been a weak 
point on the cable sheath. 


H. W. Clark (Potomac Electric Power 
Company, Washington, D. C.): As an 
example of cable movement, the behavior 
of a 450,000-circular-mil three-conductor 
type H 210-mil paper 149-mil 2 per cent tin 
lead sheath 40-kv oil-filled cable is pre- 
sented. This cable, which has an aver- 
age diameter of 2.64 inches, operates as a 
tie line between two generating stations, 


and at the time of our investigation the 
daily load factor was 60 per cent. It is 
thought that this survey may be of particu- 
lar interest in that the cable is installed in a 
tile duct of square cross section with an in- 
side dimension of 4%/s inches. The 5x13 
foot rectangular-shaped manholes, through 
which the cable passes, are 67 in number. 
The results of the survey are shown on the 
accompanying tabulation. 

Consideration of these data, together with 
an examination of the entire profile of the 
cable run, including sections where cable 
movement was and was not observed, 
would indicate that it is impractical to pre- 
determine where movement will occur. 
This is due to the number of variables that 
affect the phenomenon of cable movement. 
The study indicates that at least the follow- 
ing apply: 

Per cent grade of duct run. 
Load cycle on cable. 
Configuration of duct run. 


Relative elevation of ducts entering manholes. 


a 


Wedging of cable due to snaking. 


The field inspection indicates that there 
is no consistent relation between per cent 
grade, length of duct run, and cable move- 
ment. In the two sections between man- 
holes 21-22 and manholes 33-34, the cable 
apparently moved uphill. No movement 
occurred in section 45-46, although this 
stretch had a considerably greater slope 
than the adjacent sections 43-44-45 where 
movement did occur. 

That load cycles affect the movement of 
cable in the duct run is apparent and hardly 
requires demonstration. However, this is 
borne out in this case in the numerous in- 
stances where cable moved into one end of 
a duct run and did not emerge from the 
other end, indicating that the movement is 
caused by snaking from heat effects and 
not by slippage. 

Due to the fact that the profile can be 
checked only at the points where the con- 
duit enters and leaves the manholes, the 
actual path of the duct run between man- 


Table |. Cable Movement of Number 901 40-Kv Feeder—Benning to Buzzard Point 
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holes is not known. Construction specifica- 
tions require that all duct runs shall drain 
toward the manholes, but this can be done 
all in one direction or in both directions. 
The actual path would be determined by 
obstructions and economy in excavation. 
Cable movement would be affected by the 
different frictional resistances thus set up. 

In co-ordinating the movement with the 
profile, it was noted that in several instances 
the movement ended in manholes where 
there was considerable difference in eleva- 
tion between the duct entering and leaving 
the manhole, resulting in a combination 
vertical and horizontal radius in the cable 
which aided in absorbing the movement. 

Movement uphill probably is explained 
by the cable wedging itself at some point in 
the duct run as a result of snaking during a 
load cycle. On subsequent load cycles it is 
forced to move toward the higher duct en- 
trance. 

That a cable under a given set of condi- 
tions will exhibit a certain movement is 
shown by the fact that a similar cable 
operating in parallel with the cable under 
investigation, but racked on the opposite 
side of the manholes, exhibited practically 
identical movement. 


Charles F. Avila (Boston Edison Com- 
pany, Boston, Mass.): For cable rein- 
stalled after troubles due to cable move- 
ment in existing manholes which cannot 
economically be enlarged, flexible inserts 
consisting of brass bellows have been in- 
stalled in the sheath. When it is desired to 
repair a break in an existing cable, flexible 
inserts of Thiokol tape are installed; 
35 sets of bellows and 292 sets of tape in- 
serts have been installed to date. Since 
the majority of these have been in service 
only two or three years, a definite statement 
of their value, based on field experience, 
cannot be made. In the laboratory nine 
cable samples without inserts failed after 
730 to 11,075 cycles of bending at a rate of 
8 to 12 cycles per minute on a machine hav- 
ing a two-inch stroke. A large number of 
samples having Thiokol inserts applied in 
various ways were tested, the better speci- 
mens withstanding 6,200 to 91,948 cycles on 
the same machine. Six samples with bel- 
lows installed lasted from 7,149 to 75,060 
cycles, and one was still airtight after 
101,802 cycles. The latter sample, when 
subjected to a high-voltage time test with 
visual examination, indicated that no seri- 
ous damage to the insulation had occurred 
as a result of the bending. 

One test failure under bellows has oc- 
curred as a result of a leaky wipe and one 
service and one test failure because of 
moisture, which we believe was present in 
the old section, undetected, before the 
bellows was installed. Two failures have 
occurred in Thiokol-protected sections for 
the same reason, and two other failures near 
taped inserts resulted when the sheath 
opened at an old solder patch. The sheath, 
in question, previously has been weakened 
at such points, but manhole dimensions do 
not always permit the installation of a 
taped insert long enough to absorb suffi- 
cient bending for complete protection. 

It is not believed that either metal bel- 
lows or Thiokol inserts are the equivalent of 
new cable installed with adequate racking 
conditions. Where the alternatives are 
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pulling a great many sections of cable or 
the constant patching of cracks with the 
probability of numerous failures, the use of 
bellows or inserts appears to have con- 
siderable economic merit. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): Mr. Schifreen’s 
paper adds voluminous data to the picture 
showing that fatigue of sheaths due to daily 
movements incidental to load-cycle changes 
easily may be the limiting factor in loading 
up underground power cables, For in- 
stance, the author makes an important 
statement in reaffirming the fact that short 
sheath life is obtained in the regular daily 
loading of cables up to merely the tempera- 
tures allowed in standard specifications 
which include the limits set by the AIKE 
Standards. 

A comparison of Chicago and Philadelphia 
data and Mr. Schifreen’s data shows that 
for a temperature rise of 20 or 25 degrees 
centigrade, his 850,000 circular mil, three- 
conductor 13-kv cable has approximately 
one third less movement at the duct mouth 
than does the Commonwealth Edison's 
500,000-circular-mil three-conductor 12-kv 
cable. The cable discussed by Mr. Schifreen 
has smaller conductors, making it less stiff 
than Commonwealth Edison’s, and the 
latter’s studies on various cables show that 
this factor would explain part of the differ- 
ence. The former cable has more clearance 
in the duct than does the latter, and the 
other data show that snaking in the duct 
helps reduce the movement at the duct 
mouth. 

Schifreen’s data agree with the Chicago 
data in showing that there is a limiting cable 
length above which further increases in 
cable length do not cause additional in- 
crease in movement. For the temperature 
range he has studied, we agree that this 
critical length is about 300 feet. For extra 
high temperature ranges such as would 
occur during rare emergencies, the Chicago 
data show that the critical lengths may be 
as much as 400, 500, or 600 feet. However, 
Chicago studies do not indicate any great 
loss of life due to rare large cable movements 
that would occur incidental to emergency 
loading. 

Figure 6 of Schifreen’s paper does not 
confirm his conclusion number three that 
cable movement is a linear function of the 
temperature rise; instead it shows that the 
movement at the duct mouth increases at a 
rate greater than the first power of the 
temperature rise. 

The author’s discussions on the theory of 
sheath strains in appendix A and in con- 
nection with extrapolating Professor 
Moore’s data in Figure 13 are interesting 
and ingenious, but seem to rest partly on 
dubious grounds. The assumptions, for 
example, of a fictitious modulus of elasticity 
for the cable and that all bending occurs at 
points A and Care questionable. Worse yet 
is the apparent assumption that the strain is 
independent of the diameter of the cable. 
In cables in manholes the lead sheath is en- 
tirely in compression on one side and in ten- 
sion on the other side of the cable, whereas 
in Moore’s tests the thickness of the strip is 
partly in compression and partly in tension. 

Schifreen’s data on dummy-manhole 
cable-movement tests with the sheath 
heated are very valuable; they show a one- 
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third reduction in sheath life at 85 to {2 de- 
grees centigrade as compared with sheath 
life at room temperatures of 18 to 25 de- 
grees centigrade, In my 1942 ATEE' paper, 
I reported a one-half reduction between 
laboratory and field tests, which includes 
the effect of temperature, 

In connection with his. data on sheath 
strain, I should like to emphasize the tre- 
mendous benefit of having adequately large 
offsets between the cable at the duct mouth 
and at joint. This point was brought out 
in the test and field data in my ATBE papers 
in 19392 and 1943." The point also has been 
demonstrated with a vengeance, according 
to reports I have heard recently from five 
cities on how many sheath cracks oceurred 
on some lines having small offsets when the 
loads became moderate to neat but within 
the ratings. 

A recent Chicago survey on the effect of 
loading on sheath cracks shows that for 
500,000 circular mil, three-conduetor, 12- 
kv cable the rate of sheath cracks per 100 
miles of cable was seven times as much for 
lines having daily maximum loads of 275 
to about 375 amperes as for lines carrying 
from less than 200 amperes up to 275 
amperes. 

It was good to see the data based on a 
eycle in the dummy-manhole tests longer in 
time than that used in Chicago, Our time 
of 70 seconds was evolved many years ago, 
and much data have been accumulated on 
that basis. If we had started fresh in our 


studies within the past few years, then, 


based on our information which includes 
data from others, I would have advocated 
the use of a cycle even longer than 
Schifreen’s, that is, six minutes, 
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M. D. Hooven (Public Service Wlectric 
and Gas Company, Newark, N. J.): Mr. 
Schifreen’s treatment of his subject has 
been so complete that it is difficult to add to 
it. However, I have some pictures of ex- 
periments conducted with a different type 
of cable, which should add to the interest 
in the general subject. 

As a part of a Public Service Plectric and 


Gas Company investigation of causes of 


failure in large rubber-sheathed generator 
cables, a number of expansion experiments 
were conducted. Two parallel four-inch 
Transite ducts were laid on the ground, 
their tops cut off for purposes of observa. 
tion, and a 1,800,000-circular-mil varnished- 
cambric  static-sheathed rubber ~ belted 
cable was installed in each duct, One cable 


was clamped at each end, and the other was. 


left free to move. The cables were loaded 
and the unrestricted cable moved freely out 
of the ends of the duct with practlonily no 
waving in the duct. 

The restricted cable started! a visible 
waving movement at 23 degrees centigrade 
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with nodes forming every 16 feet; as the 
temperature approached 36 degrees centi- 
grade, the nodes doubled and doubled again 
at 55 degrees centigrade at which time the 
nodes wereabout fourfeet apart. A further 
increase in temperature resulted in the cable 
being forced against the top of the duct with 
considerable pressure. It was noticed that, 
prior to the formation of the additional 
nodes, the cable between nodes was under 
heavy compression. 

Some cable was then installed in a six- 
inch rectangular duct, and temperature runs 
made at 23.3, 33.3, 43.3, 53.3, 63.3, and 
73.3 degrees centigrade. As was to be ex- 
pected, with increase in temperature snak- 
ing increased and instead of the cable rising 
as occurs in a duct of circular cross section, 
all the movement took place horizontally. 
Figure 9 shows the position of the cable in a 
duct at the beginning of the test, which for 
all practical purposes, may be considered 
straight. Figure 10 shows the final posi- 


tion of the cable after the run at 73.3 
degrees centigrade. Note the very definite 
snaking of the cable to take up the increase 
in longitudinal length due to expansion. 


Figure 9. Essex station—100-foot 1,800,000- 

circular-mil cable anchored both ends in 

rectangular duct 534x4 inches at 3.3 degrees 
centigrade 


Essex station — 100 - foot 
1,800,000-circular-mil cable anchored both 
ends in rectangular duct 5x4 inches at 73.3 
degrees centigrade 


Figure 10. 
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These tests showed very clearly what takes 
place out of sight in actual service. Such 
studies as these indicate to us that it is well 
worth studying the part that the type of 
duct plays in cable operation. 

Mr. George Dolan, the engineer conduct- 
ing the tests, had a peculiar experience dur- 
ing the first experiment. When the cable 
was waved with nodes about eight feet 
apart, he pressed firmly on the cable at a 
point where it was pressing against the top 
of the duct. With a sudden snap the whole 
cable took a new wave formation with 
nodes about four feet apart. This occurred 
at the first heating cycle; after that, as Mr. 
Schifreen has pointed out in his paper, the 
cable takes a definite set and always waves 
at the same four-foot intervals. 


G. B. McCabe (The Detroit Edison Com- 
pany, Detroit, Mich.): Elongation meas- 
urements were made by The Detroit Edison 
Company on a number of belted- and 
shielded-type cables incidental to determin- 
ing the maximum ratings for 2/0 American 
Wire Gauge and 350,000-circular-mil 24,000- 
volt cables with loadings which might ob- 
tain under emergency conditions in service. 

Since the Buffalo tests were conducted on 
350,000-circular-mil 25-kv shielded cable, 
Table I following shows the elongation data 
taken on only new 350,000-circular-mil 
shielded cable when under high emergency 
loads. The cable was subjected to several 
normal-load cycles, followed by one emer- 
gency-load cycle in which the current ob- 
tained in corresponding steps of the normal 
load-cycle was doubled. This sequence was 
repeated five times, and the values shown in 
the table represent themaximumsattained at 
the end of each cycle for both elongation and 
sheath temperature. The cable under test 
was placed in anouter duct (bank three ducts 
wide and four high), and six of the outer 
ducts were loaded artificially, four to duct- 
air temperatures of 35 degrees centigrade 
and two to 45 degrees centigrade. A re- 
port on these tests is given in Electrical 
World! and the Edison Electric Institute 
Bulletin .* 

Comparing the elongation in inches per 
100 feet per degree centigrade on the various 
tests made on the Buffalo cable between 
Manholes 347 and 317 and the Detroit 
cables under much higher sheath tempera- 
tures, a reasonably close agreement is found 
for the values of the coefficient. 

The data obtained support in part ob- 
servation 3 in the Buffalo paper, that is, the 
amount of longitudinal expansion appearing 
in the manholes was less than one half of the 
theoretical free longitudinal expansion for 
the lead sheath. This figure, however, com- 
pared to the theoretical longitudinal ex- 
pansion of copper was found to be greater 
than one half for the high copper tempera- 
tures attained in the 15-hour test, but less 
than one half in the 3!/:-hour test. 

The limited data did not, however, sup- 
port observation 2, that the average longi- 
tudinal expansion appearing in the manholes 
per degree of increase in cable temperature 
was greater for the larger increases of cable 
temperature. No correlation could be 
noted between the two in the Detroit tests. 
For example, the same coefficient of expan- 
sion or movement, namely, 0.0147, was 
obtained in test 2 with only 73.4 degrees 
centigrade temperature rise as in test 4 with 
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Table II 
Load Sheath 
Rise, Elongation, 
Dura- Degrees Inches Per 100 
Am- tion, Centi- Feet Per Degree 
Test peres Hours grade Centigrade Rise 
Buffalo manholes 347-317 
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Nie OUU a A ce (LOC One .OvGhan 
0.0110 Average 
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Eb 4 BEN ie Oe va) BO oes OF ULLG 
Os ie. 380.... 4 1... 24.4...0.0148 
0.0145 Average 
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Bois 80005. 149" 1. 41 OL. VO Olga 
Detroit data 
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Bie scone BOO) ne 15 04..4108.0. 5.0. 0147 
Oireas 665,... 383/2..., 85.4...0.0114 
‘Orie ses 600 31/2....104.0...0,0110 


108 degrees centigrade rise. Test 6 had a 
smaller coefficient, namely, 0.0110, with a 
rise of 104 degrees centigrade than test 5, 
in which the coefficient was 0.0114 with a 
rise of 85.4 degrees centigrade. 

«lhe duration of application of a given 
load appears to be a factor influencing the 
value of the coefficient of movement. For 
example, in Detroit tests 4 and 6, it will be 
noted that with the 600-ampere load applied 
for 31/. hours the coefficient is but 0.0110, 
whereas the 15-hour test gives a coefficient 
of 0.0147. Likewise, in the Buffalo tests 
G, K, and N, the application of 300 amperes 
for four hours gives an average coefficient 
of 0.0110, whereas 800 amperes applied for 
149 hours in test D and 825 amperes for 72 
hours in test C results in coefficients of 
0.0134 and 0.0182, respectively. 

Although the use of the metal bellows 
insured a positive contact of the thermo- 
couple against the lead sheath, is not it 
possible that the increased radiating sur- 
face of the bellows might radiate heat and 
thus affect the reading? Likewise is not 
there a probability of the steel pipe from the 
manhole wall to the sink conducting heat to 
or from the ambient-temperature location? 

It is noted that in all these tests the fire- 
proofing was removed from the cables. 
Would not it have been desirable to have 
conducted some tests on cables as they are 
fireproofed normally in field installations in 
order to determine the restraining or stiffen- 
ing effect of fireproofing upon cable move- 
ment? 

In the paper under discussion, there is a 
statement that the maximum temperature 
rise of each section is at the end of maxi- 
mum elevation, which does not appear to be 
true of curves A and C between manholes 
205 and 247, and of C and D between man- 
holes 347 and 379 on Figure 7. 

There also appears the statement that the 
realized longitudinal expansion per unit 
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length of cable is less for a long section than 
for a short section. Was not this smaller 
expansion per unit length on the longest 
section, namely, 205-247, caused by the 
smaller increase in sheath temperature? 
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Clement S. Schifreen (Philadelphia Elec- 
tric Company, Philadelphia, Pa.): The 
authors, C. T. Nicholson and T. J. Bros- 
nan, have contributed some data on 27-kv, 
three-condactor 350,000-circular-mil cable 
to a gradually accumulating reported record 
on cable movement at duct entrances in 
manholes for various conductor sizes and 
voltage ratings. These data, however, are 
in terms of lead-sheath temperatures six to 
seven feet up the duct from the manhole. 
Mr. Halperin in his paper, ‘‘Load Ratings of 
Cable,’”! shows about a five degrees 
centigrade difference in empty-duct tem- 
perature alone between this point and dis- 
tances further up the duct. Our experience 
with field-temperature surveys also demon- 
strates this influence of ambient air in the 
manhole on the temperatures of empty ducts 
and operating cables close to the duct en- 
trances. It is therefore difficult to compare 
the present results with data previously re- 
ported on the basis of conductor-tempera- 
ture ranges, computed by accepted methods 
to reflect effectively the conditions of the 
entire section. 

A theoretical analysis of the mechanism 
of cable expansion is also given. Although 
we also originally had entertained some of 
these conceptions, it was found advisable to 
reconsider them in the light of our test re- 
sults. For example, Figure 11 (left) in this 
discussion is representative of the positions 
assumed by cables when initially drawn into 
a duct. The cables were installed by a 
regular cable crew using field methods. A 
tension representative of the leading end of 
a 600-foot section was applied to each cable. 
We consequently have abandoned the idea 
that a cable lies in a “‘straight path along 
the bottom of the duct.’ Figure 11 (right) 
shows the same cables when heated to a 


40 degrees centigrade conductor tempera- 
ture rise above a 20 degrees centigrade 
ambient. Figure 19 in my paper “Cyclic 
Movement of Cable,’’ also shows that 
cables, after a heating cycle, fail to return 
to their original position when cooled to 
ambient temperature. The initial straight 
line in this figure is merely the reference 
center line of the cable, which was not 
actually straight. Snaking in Figure 11 of 
this discussion was mostly sidewise, whereas 
that in Figure 19 of my paper was chiefly in 
one major vertical deflection. 

Figure 12 in this discussion is submitted 
in view of the authors’ theoretical assump- 
tion that “initial increase in the length of 
cable is taken up principally by the lateral 
displacement or snaking of the cable within 
the duct, since the resistance of this snaking 
is less than the resistance to the longitudinal 
motion.’ Our test data show that the 
forces involved in the heating of the cable are 
at first effective in overcoming friction. 
This figure applies to a test run with 500 
pounds restraint at the duct entrance in 
addition to the frictional forces along the 
cable. Horizontal and vertical snaking is 
seen to be negligible. Furthermore, Figure 
19 of my paper shows that horizontal move- 
ment is a necessary component of snaking, 
which increases considerably when move- 
ment at the duct entrances are prevented. 
This requires larger restraining forces at the 
duct entrances (Figure 16 of my paper). 

The authors emphasize differential ex- 
pansion of lead sheath and copper con- 
ductor as a factor in producing cable ex- 
pansion and in wrinkling the lead sheath at 
bends in the cable and at splice wipes. 
Tests in our dummy manhole developed 
exactly the same circumferential sheath 
cracks and ripples of the sheath at the joint 
wipes found in service. In these tests there 
were no long section lengths from which ex- 
panded lead sheath could have accumulated 
at the wipe. Our tests merely suggest that 
ripples at the wipe or at bends in the offset 


Figure 11. Snaking of 15-kv three-conductor 

350,000-circular-mil'semisector belted paper- 

and-lead cable (outside diameter—2.5 inches) 
in 41/4-inch terra-cotta ducts 


(Left) Cables as installed in ducts at room tem- 
perature. (Right) Same cables when heated 


to a 40-degree-centigrade rise in conductor 
temperature 
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Figure 12. Movement of 15-kv three-con- 
ductor 350,000-circular-mil compact-sector 
belted paper-and-lead cable (outside diameter 
—2.24 inches) in 41/4-inch terra-cotta ducts 


The upper curves show for four values of 

conductor-temperature rise how the cable 

moved along the duct when firmly fixed at 

one end and restrained by only 500 pounds at 
the other end 


result from stretching of the lead by the 
stresses at these points while the joints 
move through the test or operating cycle. 
These ripples occurred only on sheaths 
maintained at temperatures of about 40 
degrees centigrade during the test period of 
about 5,000 cycles lasting about two weeks. 
They did not occur on sheaths which were 
tested at room temperature. This differ- 
ence appears to reflect the great reduction in 
the ability of lead to withstand stresses at 
elevated temperatures. 
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I. A. Rohrig (The Detroit Edison Company, 
Detroit, Mich.): The authors, C. T. 
Nicholson and T. J. Brosnan, are to be 
commended for a very practical investiga~- 
tion of the movement of lead-sheathed 
power cable resulting from increase in 
sheath temperature. Movement of cable 


sheath is of particular significance, because ° 


it has an important effect on the life of the 
sheath, not only of underground cables but 
also of aerial cables, and my comments on 
the authors’ paper will be concerned with 
this effect as it concerns the latter type of 
cable installation. Ae 

A study was made recently by The De- 
troit Edison Company of cracked sections 
adjacent to wiped joints in 24-ky sector 
shielded antimony-lead-sheathed aerial 
power cable. The sheath at many of the 
joints in the line had bulged and cracked as 
shown by Figure 13 of this discussion. 
Most of the cracking had occurred between 
the bulge and the edge of the wiped joint as 
shown by Figure 14. \ 

From our study it was concluded that the 
bulging and cracking were caused by longi- 
tudinal strains on the sheath. Such longi- 
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Figure 13. Typical cracks and bulge in lead 

sheath of aerial power cable adjacent to 

wiped joint in service approximately seven 
years, one-third actual size 


Figure 14. Cracks adjacent to a wiped joint 


tudinal strains, or cyclic stressing of the 
sheath, are believed to be caused by ex- 
pansion and contraction stresses on the 
sheath which result from variable loading 
on the cable, which in turn causes changes 
in sheath temperature. Atmospheric tem- 
perature change was also a factor in in- 
creasing the stress intensity on the cable 
sheath. In warm summer weather the cable 
under discussion has been known to snake 
in much the same way as a cable in a duct, 
and at times sections of the cable have risen 
at the side of the messenger until they were 
in the same horizontal plane as the mes- 
senger instead of being suspended from it. 
This gives some indication of the intensity 
of the longitudinal thrust on the ends of the 
joints under certain conditions of operation. 
Furthermore, because of their weight, the 
joints had sagged below the center line of the 
cable with the result that the longitudinal 
stress became a bending stress at the joints. 
Secondary causes of the sheath failures 
adjacent to the joints were: 
(a). Scraping of the sheath before wiping the joint. 
This reduces the cross section of the lead sheath and 


results in a weakened section in which bulging and 
cracking later occur. 


(b). Stiffness of the joint. Since the joint is rela 
tively unyielding, the longitudinal strains on the 
sheath are concentrated in the area adjacent to the 
joint. 

(c). Metallurgical changes in the structure of the 
lead sheath. This is manifested as an agglomera- 
tion of the antimony constituent. This effect is 
accelerated by temperature and stress and results 
in lowering the strength of the sheath. 


There was no indication that cracking of 
the sheath was due to annealing or soften- 


_ ing of the sheath as a direct result of mak- 


ing the joints. 

Since it is improbable that temperature 
stressing of cable sheath, particularly 
aerial cable, can be eliminated, it becomes 
necessary to design the cable line so that 
damage to the lead sheath can be pre- 
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vented. This might be done either by re- 
design of the joints so that the longitudinal 
strains on the sheath will not be localized 
in the areas adjacent to the joints, or 
through the use of carefully placed ex- 
pansion bends to minimize the effect of 
longitudinal strains on the sheath. 


Robert J. Wiseman (The Okonite Company, 
Passaic, N. J.): It is with considerable re- 
lief, if not pleasure, that a time comes when 
a cable manufacturer can read a paper deal- 
ing with the operation of power cables and 
find no comments on the shortcomings of 
the insulation; nor in fact of the quality of 
the lead sheath also. It speaks well for 
that which has been accomplished in the 
technique of cable manufacture, but it also 
tells us that the utility engineer still has 
operating troubles which are noninherent 
but are truly present. 

Both Mr. Schifreen’s paper and that by 
Nicholson and Brosnan should be studied 
carefully by all operating engineers, and the 
information reported compared to their 
own experiences. We know that all utili- 
ties have experienced cable failures because 
of cable movement. Some companies have 
made investigations to determine the causes 
and have reported same, but we are fortu- 
nate in having these two companies de- 
scribe the well-thought-out and thorough 
investigations made by them and give us an 
insight as to what can happen, if proper 
care is not taken in designing manholes and 
in the training of the cables in the manholes, 
and what might be done to reduce the 
amount of cable movement into a manhole 
without causing damage to the cable in the 
duction: 

It is fortunate that Mr. Schifreen made 
both dummy-manhole and dummy-duct 
tests at elevated temperatures, as we know 
that temperature greatly influences the 
fatigue properties of lead. About two years 
ago we started bending tests on strips of 
lead in order to determine what influence 
the composition of the lead may have on its 
ability to withstand bending. We en- 
deavored to bend strips of lead somewhat 
similar to the bending of a cable until they 
broke. The strips broke in either of the 
bent sections and always showed an inter- 
crystalline fracture similar to that of cables 
failing in service and as shown in Figure 4 of 
Mr. Schifreen’s paper. Figure 15 of this 
discussion shows the layout. We have ob- 
tained some interesting information. Tests 
at 110 degrees Fahrenheit (48.5 degrees 
centigrade) gave values about 60 per cent 
of the values at room temperature, and at 
150 degrees Fahrenheit (65.5 degrees 
centigrade) they were about 60 per cent of 


Figure 15. S-strip bending test 


Three cycles per minute 

One-half-inch longitudinal movement 

Test made at 110 degrees Fahrenheit and 150 
degrees Fahrenheit 
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the values at 110 degrees Fahrenheit. As 
cable sheaths are operating in this tem- 
perature range, we readily can see the pros- 
pects of a shortening of cable life, if cables 
are operated through a wide temperature 
range. 

The description of the results on restraint 
of a cable in Mr. Schifreen’s paper is quite 
interesting. Why was it so, that as the 
paper states: ‘“‘The reversed force was 
needed to prevent the cable end from re- 
tracting into the duct”? Had the ambient 
temperature dropped below its value when 
the cable was first installed, or did the 
cable snake in the duct and cause a perma- 
nent wave along its length? 

Reference to friction in the duct along 
with Figure 6, which indicates that there is 
no difference in the amount of cable move- 
ment for duct lengths of 300 feet and over, 
may be partially explained by the kind of 
surface of the duct over which the cable 
slides. During our studies with S strips 
we noticed that we obtained varying results 
according to the kind of a surface we used as 
a plate for the sample to slide over. In the 
beginning we used steel and obtained a low 
number of cycles, 9,000-10,000 at room 
temperature. Changing to a sheet of 
varnished cambric increased them some. 
We finally changed to glass and obtained the 
values given in Table III of this discussion. 
For comparison we now are making tests 
with pressed wood to duplicate partially a 
fiber duct and a cement block made for us by 
the Commonwealth Edison Company as a 
duplicate of their concrete duct. The glass 
plate may be considered comparable to a 
glazed-tile duct. At 110 degrees Fahren- 
heit the glass plate gave high values and no 
difference between greasing and not greas- 
ing the surface of the plate with an increase 
of about 3,000 cycles when the strip also 
was greased. At 150 degrees Fahrenheit 
there was a decrease in the number of cycles 
when both plate and strip were greased, 
showing the effect of temperature. The 
pressed wood showed 70 per cent of the 
values for the glass plate and almost no 
difference for either side when no grease 
was used, but an increase of 11,500 cycles 
when the wood was greased, bringing it up 
to the values obtained for the glass at 110 
degrees Fahrenheit with the plate greased. 
The values for the cement block at 110 
degrees Fahrenheit when no grease was used 
are about the same as for pressed wood, and, 
when the block was greased, there was an 
increase of 10,000 cycles, bringing it up to 
the same number as for the glass and for the 
pressed wood when greased. This seems to 
indicate that, if there is sufficient grease on a 
cable to act as a lubricant, there is no 
difference in friction for a duct of any ma- 
terial, but, if there is not sufficient grease, 
then it is possible that there could be a re- 
straint of the cable in the duct, and this 
might have an influence on the life of a cable. 

The degree of snaking of a cable in a duct 
will depend upon the ability of the cable to 
snake. If there is restraint of a cable at the 
duct mouth and plenty of space in the duct, 
then one would expect snaking. It seems 
as if we should want. snaking, provided it 
does not result in injury to the cable in the 
duct, in order to reduce the amount of cable 
movement. However, it is necessary to 
make further studies before we actually 
block the cable at the duct mouth to pre- 
vent cable movement. It would seem as 
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Table III. S-Strip Bending Tests 
Sample Temperature, Type of Number of 
Number Degrees Fahrenheit Surface Bends to Failure Remarks 

Dtaset es heratet tre DIO at el Glass plate maninictenn etseete 22,245,050. No grease on plate and no 
UD aie Td i Ca ABE RE me nt Be Met SCPE ACAI ate! bist pNe tec valiatbe  vpaliaey o's haus a) la a'in 24,645 grease on strip 

Average 23,450 
Jove ht ler rate aus pale TOs on witaatats Glass plate vitiide ss eis) sts oat QOS GIF erate Grease on surface of plate and 
DCN Te ieRLae Dacha. | rice By Tie eodass or anndnve ete Ria o-ciisthe Gitar'd wile cae isiie ts; sant cl faite 24,235 no grease on strip 
SR Nass AOS mrale pehoteti Navallcfiaion teeta Taterat sha oo tei os) arte Lavoceis al ewhnvact fe) 23,895 
AU Oee. Vee cence at Che ayawih Phosis earth Sia le, athe te cried 24,220 
Fe palin lepes ate ATI SORAY hh) ol Rabe dot ai mene a Me RU eo eat 25,250 

Average 23,950 
Dee ler wre ore Seatete TOE er ete Glassiplateyis cintesuiet tere iets 275660 ces ere Grease on surface of plate and 
pas uh Acct aeae al AE ad EURO OR OT MER Reis GRRL OI ALORA Tee 26,441 grease on lead strip 
Seah NED APN Ye ORAM cialis Js oteRe nad olakeoni Seis tvavs suse) voters) eteyh ere 23,994 

Average 27,020 
Diarrhea a tells lasts MO e ke eater. GIABS Plate is \<4i sities eb ares ot 7 644 sears Grease on plate and grease 
2 Paha TR thn PAU ARTO ee Ae PLANE al ole Giea'e ohe aie eFalaleyehe 16,441 on strip 

Average 17,040 
ee Sa partcisees he 3G KO Ub Bey oa PEESSEAIWOOM sinirinie since orth) = 16,203. 2.44 No grease on wood and no 
De AMR ahaa tea nate eee ees VOMPHISIGE Ste wis, ous onesies 15,897 grease on strip 

Average 16,050 
Ue epaneateneee eat aes LA Oreos kadton'ls Pressed ‘Wood... 00800 e00s TES OD atnnse No grease on wood and no 
Dr a a Ende AN gh edn tele Gabe SMOOEH SIGE: fins in x ssio ce eee = 16,983 grease on strip 

Average 16,940 - 
Ete uctenade tea tenis WIO HS Re hae Pressed WOO os 30s 1ecs et ss PAS op Virender Grease on wood and no grease 
DAE Sotare wwe tax thet nal seetiessis ane ts SmOOth Sides «gels eis < soe everett 27,481 on strip 

Average 28,550 
Ger iserhatew oi eke ore UY Ree Seto Cement blocle > 25. ..ies:4.a0 ateier 16,896...... No grease on block and no 
DATES hire a GRO TEP NEETU Red allyl WOR o Libel tie baie e aleilel ploidy stacdadas 18,421 grease on strip 

Average 17,660 
Dae iar take [ord ch TNO ete ccksete tacks Gementiblockso\s 2) o%)./s fies 26,488...... Grease on block and no grease 

28,841 on strip 


Average 27,660 


though we are forcing the cable to do that 
which is wanted rather than provide means 
for letting it do so itself. For example: a 
square duct would permit a cable to snake 
easily horizontally, whereas a circular duct, 
which is commonly used, makes the cable 
try to climb up the side of the duct and 
finally the cable lifts itself in order to take 
up the expansion. About 12 years ago I 
suggested for three conductor cables that 
the conductors be permitted to expand 
radially to take up the longitudinal ex- 
pansion. It takes only a few mils of radial 
expansion to do so. A few years ago a 
utility tried this idea out on some 27-ky oil- 
filled cable. I hope some day that they will 
give us a report on that which they found 
actually to occur. 

The theory advanced by Mr. Nicholson 
for cable movement is plausible and does ex- 
plain some types of cable movement, but I 
would hesitate in entirely following his sug- 
gestions. If the tests carried out by Com- 
monwealth Edison on belted and type H 
cables have any significance, a strong bond 
between core and cable sheath will shorten 
the life of the cable sheath. My afore- 
mentioned suggestion of permitting the 
three conductors in a cable to expand 
radially is a possible solution of the problem. 
For single conductor cables we would have 
to loosen up on the tightness of the wrap- 
ping of paper tapes to permit the strands of 
the conductor to expand radially. For low- 
voltage cables this could be done, but for 
high voltages it would not be practical be- 
cause we would lower the electric quality of 
the cable. 

This same problem has occurred in 
England on cable buried directly in the 
ground, where the cable was restrained from 
movement at bends, and failures resulted. 
A solution was obtained on three-conductor 
cable with a loose lead sheath and a flexible 
connection at the joints for the conductors. 
For single-conductor cable it has been 
proposed to wrap over the conductor a 
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spiral tape somewhat like a BX tape, which 
would permit the conductor to expand 
radially and “‘snake’’ a bit inside the spiral 
tape without upsetting the insulation. I do 
not know if the idea ever was carried out. 
It has merit but increases the cost of a 
cable. 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): This question of 
sheath fatigue from cable movement leads 
logically to the two papers by Schifreen, 
and by Nicholson and Brosnan. I fully 
agree with Mr. Schifreen’s conclusion that 
present Association of Edison Illuminating 
Companies copper temperature limits can 
lead under certain conditions to sheath- 
fatigue troubles. This applies particularly 
to cable rated at 23 kv and below. The 
maximum allowable copper temperature in 
this voltage range is relatively high and is 
not limited by a corresponding allowable 
daily temperature range. Unless very 
liberal manholes and expansion bends are 
provided for, sheath troubles can, and have, 
occurred within the present limits. It 
would be more logical to reduce maximum 
allowable copper temperature on a graded 
scale for daily load factors less than 100 
per cent. One simple and practical way of 
doing this would be to follow European 
practice and base all load ratings on 100 per 
cent load factor only, regardless of the actual 
daily load factors encountered. This 
automatically would control daily copper 
temperature cycles and keep cable move- 
ment within safer limits without the need 
of paying further attention to daily load 
cycles. 

Prior to the present two papers by 
Schifreen, and Nicholson and Brosnan, 
there was very little published data on 
cable movement. Their contributions are 
correspondingly valuable, and it is hoped 
that these gentlemen will continue their 
studies and make the results available. At 
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present it is very difficult to draw reliable 
conclusions about those factors that govern 
cable movement. We do know that the 
following factors are important, but we do 
not know their relative weights: 


1. Temperature range during daily load cycles. 


2. Manhole size and provisions for cable and joint 
movement in the manhole. 


3. Clearance in ducts. 


or 
4. Friction coefficient of ducts and other 


restraining forces, 
5. Ratio of cable flexibility to weight. 


6. Snaking in ducts and total length of cable be- 
tween manholes. - 


There are other factors involved, but the 
problem is quite complicated and not yet 
fully understood. This doubtlessly ex- 
plains why there are so many different 
theories, some of them conflicting, about 
the best methods of controlling cable move- 
ment and the best designs of cable for this 
purpose. Present standard designs of cable 
have been proved in service, and a manu- 
facturer would hesitate to change these de- 
signs without clean-cut evidence that such 
changes actually would solve the cable- 
movement problem. Theoretically, a more 
flexible cable would, if this flexibility could 
be carried far enough, allow cable move- 
ment to be taken up by snaking with lesser 
movement in the manholes. A more 
flexible cable, however, would mean a cable 
of looser cross-sectional construction, and 


_ one of the first principles in high-voltage 


cable design is to make the insulation 
cross section as compact as possible. 

In a like manner, there are other con- 
flicting requirements in some of the present 
theories relating to cable movement and its 
amelioration. Systematic studies, such as 
those being carried out by Schifreen, and 
Nicholson and Brosnan eventually will 
clear up these questions. In the meantime, 
a close control of daily load cycles and 
liberal manhole expansion bends offer a 
reliable solution. 


C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
Two very interesting and timely papers 
have been presented on cable movement by 
C. S. Schifreen, and C. T. Nicholson and 
T. J. Brosnan. The expansion of cable is 
one of the most important things which we 
have to consider with the operation of cable. 
As stated by Mr. Schifreen the majority of 
cable failures today are associated with 
lead-sheath rupture caused by either in- 
herent defects, corrosion, mechanical dam- 
age, or cable movement. Inherent defects 
lie within the manufacturers control; cor- 
rosion and mechanical damage can be con- 
trolled largely by the user of the cable; 
while damage to the sheath by cable move- 
ment is the common problem of both manu- 
facturer and user. It is important that the 
manufacturer give serious consideration to a 
cable design that will provide minimum 
longitudinal expansion and that the users 


provide adequate conduit and manhole ~ 


space for proper installation conditions. 
Mr. Schifreen in his paper, has presented 
data on laboratory tests on the life of lead 
sheaths when subjected to movement under 
load conditions, and on how the life is cor- 
related with manhole racking conditions. 


4 
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For the past five years we have had under 
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study, both in laboratory and in the field, 
the question of longitudinal cable expansion 
and the factors affecting it. From our data 
we corroborate a number of Mr. Schifreen’s 
findings as follows: 


1. Total movement of a section generally is not 
divided equally at the two duct mouths. 


2. There appears to be no perceptible lag between 
cable movement and change in conductor tempera- 
ture. 


3. Ona heavily loaded feeder with adverse racking 
conditions in the manholes buckles and breaks oc- 
curred at the edge of the joint wipe. 


The formula evolved by Mr. Schifreen 
appears to be one that will be of great 
assistance in determining the life of lead 
sheath ina manhole. On a three-conductor 
800,000-circular-mil cable, having an over- 
all diameter of 2.7 inches, which was heavily 
loaded, buckles and breaks in the lead sheath 
occurred in elapsed time from several 
months to two years after the heavy load 
was applied, resulting in cable movement. 
If the formula is used with Z as 33 inches, 
cable movement as 0.55 inches, and offsets 
of 12.15 inches and 4 inches, values of 4 
years and 1.5 years of sheath life are ob- 
tained from Curve II of Figure 9. These 
values check very closely with actual life. 

Mr. Schifreen’s statement in reference to 
reduction in sheath life due to snaking of 
the cable in the duct is important, as this has 
been considered as a means for reducing ex- 
panson into manholes. This point certainly 
warrants further investigation. 

Mr. Nicholson and Mr. Brosnan in their 
paper have presented a very interesting 
point concerning cable elongation, namely 
the lead-sheath expansion as affected by 
change in earth temperatures. 

Assuming that cable movement caused by 
sheath expansion due to earth temperature 
changes is absorbed by snaking in the duct, 
then adequate space between cable and duct 
wall is very important. Cable expansion 
caused by change in copper temperature is 
then reflected in longitudinal movement, 
after all free space for snaking has been used 
up. To lessen this longitudinal expansion 
due to change in copper temperature it 
would appear that a cable designed for 
radial expansion is desirable. 

The authors statement that one milli- 
meter of longitudinal expansion occurs per 
degree centigrade sheath-temperature rise 
should be used as a design factor has been 
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checked from measurements made on cable 
operating on our system. Data was ob- 
tained on two different types of installations. 


Test 1 


Three-conductor 800,000-circular-mil 
cable 2.7 inches in diameter in a duct 
approximately 3.25 inches inside diameter. 
Feeder was carried through cycle of no load 
to full load, and cable expansion was meas- 
ured on twosections. -One section measured 
2.15 millimeters per degree centigrade 
sheath rise and the other 2.06 millimeter per 
degree centigrade sheath rise. Correspon- 
ding joint movement was 0.009 and 0.035 
inch per millimeter of cable movement. 


Test 2 


Single-conductor 1,250,000 circular-mil 
cable 2.98 inches diameter in a duct four 
inches inside diameter. Feeder was carried 
through cycle of no load to 85 per cent full 
load, and cable expansion was measured at a 
number of locations. Expansion ranged 
from 0.508 to 1.22 millimeters per degree 
centigrade sheath rise. It was also interest- 
ing to note that the lowest temperature rise 
and millimeter expansion is at a lower ele- 
vation than the highest values. 

Tests have been made by the Consolidated 
Edison in connection with factors affecting 
cable expansion. One of the factors studied 
was the affect of conductor lay in a three- 
conductor cable on longitudinal expansion. 
A curve was plotted of the results and is 
shown in Figure 16. The results may have 
been influenced somewhat by other factors 
affecting the cable expansion, but it is felt 
that conductor lay is important. I thor- 
oughly agree with the authors of both 
papers that further extensive study and tests 
are necessary on this subject of cable move- 
ment and its relationship to sheath life. 


Clement S. Schifreen: Appreciation of the 
importance of cable movement as a factor in 
determining cable performance is demon- 
strated by the amount of fine work done as 
well as in progress by several companies in 
the laboratory and field to correlate the 
various significant factors. This is re- 
flected in the valuable operating and test 
data incorporated in the foregoing discus- 
sions. The material ranged from actual 
measurements under practical load condi- 
tions to purely theoretical computations, 
and in some cases outlined practical ex- 
pedients in dealing with cracked sheaths in 
service. 

Mr. Avila very kindly has brought us up 
to date regarding the experience in Boston 
with flexible brass bellows inserts and 
Thiokol tape in connection with cable re- 
placements and repairs respectively, where 
manhole rehabilitation could not be justi- 
fied. Their laboratory tests indicate ade- 
quate life to warrant their installation under 
appropriate circumstances, although their 
two or three years of service may be too 
short to evaluate whatever unknown factors 
might be involved. 

Mr. Bodicky restricted his comments to 
computations of cable movement and sheath 
strain based on theoretical considerations. 
His graphic analysis of cable movement is 
helpful in visualizing the effects of the 
forces at work. Such a study, however, 
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together with his mathematical analysis, 
although instructive, remains qualitative 
and does not portray the broad range of 
cable movements found under operating 
conditions. The crucial problem of es- 
tablishing permissible loading limits re- 
quires more specific evaluation of the proba- 
bility factors which defy purely mathe- 
matical analyses and.can be secured only 
by field surveys. His very fine curves in 
Figure 5 would be more helpful if correlated 
with the ranges of movement found in 
actual field measurements on the particular 
size cable. It is unfortunate that Mr. 
Bodicky did not mention whether he tried to 
demonstrate the integrity of his formula for 
compression per unit length of cable by 
applying it to the Philadelphia test data set 
forth in Table III of my paper. I had found 
it necessary in my preliminary computations 
to discard a method of evaluation that 
assumed eonstant magnitude of strain over 
the curvature of the cable (somewhat 
similar to Mr. Bodicky’s equation) in favor 
of the method outlined in appendix A of my 
paper in an effort to secure a good sheath 
life—per cent strain correlation as shown 
in my Figure 9. This is also corroborated 
by the strains actually measured (Figure 12 
of my paper). 

Mr. Clark is undoubtedly correct in 
stating that it is “impractical to determine 
where movement will occur.’’ However, it 
is necessary to conduct field surveys in 
order to correlate cable movement with load 
and conductor-temperature fluctuations in 
a broad pattern of probabilities applicable 
toa large number of cable sections. There is 
no intention to predict what a particular 
section will do. These correlations, how- 
ever, require hundreds of measurements and 
cannot be established by the limited num- 
ber included in his tabulation. I do agree 
with Mr. Clark that the effect of per cent 
grade is masked by some of the other con- 
trolling variables which he listed. 


Mr. Del Mar referred to an interesting in- 
stance of sheath breaks at wiped joints and 
duct mouths, where daily heating cycles 
were negligible, and suggested vibration as 
the probable cause. He then infers that 
vibration may have been a controlling 
factor in Philadelphia. We have had cases 
where vibration contributed to sheath 
breaks, for instance, in manholes at the 
ends of bridges, and at short distances be- 
low potheads on terminal poles. Further- 
more, the analyses of sheath breaks on 
heavily loaded cables at times have been 
complicated by the fact that the conduit 
routes lay along busy city streets with 
heavy street-car and truck traffic. How- 
ever, the worst concentration of failures 
caused by broken lead sheaths (analyzed in 
Table VI and Figure 11 of my paper) oc- 
curred along a route that did not involve 
truck or street-car traffic but only occasional 
freight trains on a spur line. Moreover, the 
sheath cracks were experienced exclusively 
on six heavily loaded cables in the conduit 
bank which also contained six relatively 
lightly loaded cables. After 18 years of 
operation there has not been a single cable 
failure or sheath break reported on the 72 
lengths of the lightly loaded cables in the 
trouble area, whereas an excessive failure 
rate occurred on the equal number of heavily 
loaded cables in the same manholes. 


Mr. Haines supplied corroborating evi- 
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dence based on actual field experience that 
wider offsets result in better sheath life. The 
studies in Philadelphia also are in accord 
with the fact that the three-conductor 
700,000-circular-mil 15-ky cable had a 
greater amount of sheath cracks than the 
28-kv cables with a lower temperature 
range. The reversal for the 16-20-inch 
offsets, however, suggests a fortuitious com- 
bination of circumstances in a small number 
of cases. 

Mr. Halperin indicated a gratifying con- 
sistency between the test results and ex- 
periences in Chicago and Philadelphia. The 
author gratefully acknowledges the personal 
assistance afforded by Mr. Halperin in con- 
nection with setting up the dummy-manhole 
test machine and the cable-movement sur- 
vey in Philadelphia, but frankly is puzzled 
by the statement in Mr. Halperin’s dis- 
cussion regarding the “apparent assump- 
tion that the strain is independent of the 
diameter of the cable.”’ The strain formula 
(equation 7, Appendix A in my paper) 
allows for cable size in the radius term, 7. 
Furthermore, the derivation of the strain 
formula is not predicated on an assumption 
that “all bending occurs at points A and B,”’ 
but follows the cantilever-beam analogy. 
This implies bending and consequent strains 
at all points along the beam, but with 
maximum strains at points A and B. The 
latter logically would determine sheath life 
and consequently warrant evaluation of 
strains at these points. As far as the 
characterization of Figure 6 is concerned, 
plotting of considerably more data are 
necessary to permit an accurate determina- 
tion of the exact slopes of the curves in- 
volved, particularly in view of the great 
spread of the data. However, all quantita- 
tive analyses would be based on values taken 
directly from the curves. 


Mr. Hatcher not only corroborated from 
his own tests and studies the conclusions 
stated in my paper, but also found that he 
could match the experience in New York 
involving broken sheaths on heavily loaded 
three-conductor 800,000-circular-mil cables 
with the results of computations based on 
the sheath-strain equation in Appendix A 
and Curve II of Figure 9. This should be 
very encouraging to all who are struggling 
with the difficult problem of determining 
optimum cable ratings. Mr. Hatcher’s 
comment on the effect of snaking in the 
duct is being investigated in further tests in 
Philadelphia. 


Mr. Hooven’s description of the experi- 
ence with single-conductor cable during 
tests by the Public Service Electric and Gas 
Company stands out in striking comparison 
with the single large peak of snaking by a 
three-conductor cable shown in Figure 19 of 
my paper. This phenomenon is being 
analyzed further with an improved tech- 
nique in tests now under way. 

Mr. Shanklin characteristically goes to the 
crux of the movement problem and dis- 
cusses the reduction of maximum allow- 
able copper temperatures on a graded scale 
for lower daily load factors. Practical con- 
siderations of rating cables in duct banks 
with multiplicity of circuits suggest cata- 
loguing cables into several typical load- 
factor groups so that grading of allowable 
peak loads will fix the optimum daily move- 
ment for given manhole conditions. Maxi- 
mum utilization of underground plant 
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dictates such flexibility rather than a 
blanket rule of 100 per cent load-factor rat- 
ings. The author is in sympathy with Mr. 
Shanklin’s present reluctance to change 
cable design in the interest of reducing cable 
movement. There is insufficient data on 
hand to prove the way, and misguided 
thinking may result in a cable inferior 
electrically without a commensurate im- 
provement in the mechanical character- 
istics. Much experimental work remains to 
be done to clarify this point. 

Doctor Wiseman inquired why a “‘reversed 
force’ was needed to prevent the cable end 
from retracting into the duct. The answer 
is found in Figures 16 and 19. Although the 
cable originally was far from lying perfectly 
straight in the duct, its initial center line 
is shown as the horizontal zero axis to the 
left of Figure 19. As the conductor tempera- 
ture rose and the force for total restraint 
was increased (Figure 16), the cable snaked 
considerably near the middle ef the stretch. 
Although the cable shown in the right of 
Figure 19 cooled to one degree centigrade 
below the initial temperature, it retained a 
0.4-inch maximum vertical deflection, de- 
spite the application of about 350 pounds to 
maintain the cable length at its original 
value. Apparently, the cable, once forced 
to “‘snake,’’ required a greater force to reduce 
the snaking deflection than could be exerted 
by the frictional force alone of the cable 
along the duct. Consequently, the cable 
would have retracted into the duct, were it 
not for the external force applied in “‘re- 
verse.” 


C. T. Nicholson: The effect of the ratio of 
cable diameter to duct diameter on longi- 
tudinal cable movement may be gleaned 
from the interesting tests which Mr. Hatcher 
has made. In the first test where the cable 
diameter was 83 per cent of the duct 
diameter, longitudinal motion was over two 
millimeters per degree centigrade increase in 
sheath temperature. In the second test 
where the cable was less than 75 per cent of 
the duct diameter, cable motion was around 
one millimeter per degree centigrade. 

It is interesting to note that the diameters 
involved in Mr. Hatcher’s second test 
closely parallel the diameters on the Buffalo 
tests, and that the realized expansion is al- 
most identical. This is of particular interest 
since the New York cables were single con- 
ductor whereas the Buffalo cables were 
three conductor. 

Mr. McCabe has called attention to the 
fact that tests conducted in Detroit show 
that an increase in length of load cycle, 
rather than an increase in final temperature 
level, is effective in increasing longitudinal 
expansion. In all probability the variation 
in the coefficient of realized longitudinal ex- 
pansion is a function of both length of load 
cycle and temperature level. As indicated 
in the report of the Buffalo investigation, 
expansion may be related to the expansion 
of the lead sheath and the copper conductors. 
If a load is applied to a cable for such a 
length of time that the rise of sheath tem- 
perature is approximately one half of the 
rise of the conductors, the free elongation 
of the sheath and conductors will be identi- 
cal. Under this condition the cable will 
suffer no internal longitudinal forces and 
consequently will tend to snake in the duct. 
The coefficient of realized expansion under 
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Figure 17. Sheath-temperature increase and 
section elongation for 72-hour 325-ampere 


load cycle on section between manholes 
317 and 347 (curve C) 


this condition is apparently in the order of 
0.01 inch per 100 feet per degree centigrade 
of sheath-temperature increase. 

A combination of loading and load cycle, 
such that the sheath temperature rise ex- 
ceeds 50 per cent of the rise of the con- 
ductors, will produce a sheath expansion in 
excess of the conductor expansion, and the 
internal stress so created may account for 
an increase in the coefficient to a maximum 
of 0.015 inch per 100 feet per degree centi- 
grade. 

Of course, the coefficient will vary from 
other causes, such as the amount of internal 
stress and snaking present at the start of 
the load cycle, the total capacity for snak- 
ing, and possibly the rate of heating and the 
thermal constants of the cable and duct 
bank. Figure 17 shows graphically the 
measured expansion and sheath tempera- 
tures taken for the section between man- 
holes 317 and 347 for the 72-hour 325- 
ampere test reported in the paper. Com- 
puting the coefficient at several stages dur- 
ing the heating cycle brings out its variable 
nature. At the end of two hours of heating 
it is 0.0112; at 16 hours it is 0.014; it 
reaches a maximum of 0.0144 at the end of 
40 hours; and it falls to 0.0132 at the end of 
72 hours. Figure 18 shows this variation 
graphically. . 

In reply to Mr. McCabe’s questions 
about the possibility of error in sheath- 
temperature and ambient-temperature 
measurements produced by the presence of 
the bellows mechanism and the steel pipe, it 
should be pointed out that some prelimi- 
nary investigation, as well'as experience over 
a number of years, has indicated that the 
accuracy of measurement on the average is 
superior to other methods, with the possible 
exception of very elaborate arrangements — 
employing thermocouples soldered to the 
cable sheath. The error indicated by a 
laboratory study of soldered couples and 
the pressure bellows couple was less than 
one degree centigrade. Thermal variations 
in the duct section are of more consequence 
than difficulties with the bellows couple. 

The buried steel-pipe system used for 
ambient-temperature measurement was 
carefully checked in the field for errors of the 
type suggested by Mr. McCabe and was 
found te be sufficiently reliable. 

On the subject of arcproofing, the arc- 
proofing was removed from the cables on 
test to permit close observation of the 
sheath reaction to the expansion cycles. 
The arcproofing, if it were allowed to re- 
main, would not have changed the results in 
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Figure 18. Variation in realized coefficient 
of longitudinal expansion for load cycle of 
a Figure 17 


any way, because it consists simply of a 
felted asbestos tape impregnated with 
water glass and consequently has no 
rigidity. 

It is interesting to note in Mr. Hatcher’s 
temarks that he has observed a correlation 
between duct profile and thermal profile. 
The fact that this tendency existed for all 
of the sections extensively tested in Buffalo 
suggests that thermal studies in general can 
be made at the higher end of each section. 
The sections between manholes 205-247 
and 347-379 from the data given in Figure 7 
and Figure 1 of the paper do not display 
this characteristic as well as the other sec- 
tions on the tests. This may be a function 
of fact that the profile of Figure 1 does not 
tepresent actual field conditions as to the 
exact position of the ducts throughout the 
section. 

There is undoubtedly some error in the 
sheath-temperature measurements, which 
were taken as close as six or seven feet from 
the duct entrance. However, the error, if 
any, is made consistently. W.B. Elmer ina 
report to the transmission and distribution 
committee of the Edison Electric Institute 
in 1987 indicated that temperatures taken 
at this location were substantially correct. 

I. A. Rohrig’s discussion on the movement 
of aerial cable is very interesting and closely 
parallels the reaction of cable suspended in 
rigid conduit on long bridges. In fact the 
ambient-temperature limits for bridge in- 
stallations may exceed those of any other 
type of installation, and this has been 
known to produce sheath failure without the 
assistance of load-current heating. Whena 
cable structure is heated entirely from ex- 
ternal sources over long lengths and with- 
out the benefit of expansion loops, the ex- 
cessive expansion of the sheath over the 


_core readily produces circumferential sheath 


buckles and ruptures, particularly in the 
vicinity of joint wipes. ; 

Added investigation on the subject of ex- 
pansion is needed urgently, if the cable 
now in operators’ hands is to be put to the 
service of which it is inherently capable. 
Means of reducing the rate of damage, 
whether it be the result of sheath buckling 
from bending or longitudinal stress or a 
combination of these two, is the most 
pressing need. In his recent paper Mr. 
Schifreen has given us an excellent means of 
determining the sheath life which may be 
expected from installations as they are 
currently made. Means must be found, 
however, to improve sheath performance, 
preferably by modification of installation 
practices, so that a great deal more service 
can be expected. ' 
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Gas-Filled-Cable Research 
and Experience (44-133) 


Operation of Low-Pressure 


Gas-Filled Cable 
(44-134) 


Discussion and authors’ closures of paper 
44-133 by G. B. Shanklin, and paper 44-134 
by C. T. Hatcher, presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, August and No- 
vember sections, pages 549-53 and 788-92. 


R. W. Atkinson (General Cable Corpora- 
tion, Bayonne, N. J.): In his paper Mr. 
Shanklin contributes important data. 
However, some of his conclusions appear to 
be based not on these or other available 
data. In part, this discrepancy seems to be 
due to his placing perhaps an unwarranted 
weight on the “self-healing property.’? He 
discusses this subject in a very interesting 
manner but he, himself, gives reason to dis- 
count much of its practicalimportance. For 
example, Mr. Shanklin states that at the 
higher pressures “‘this working-voltage stress 
is well below the ionization-voltage stress” 
and cites specifically cables designed for 80 
and 40 pounds per square inch to confirm 
this point. Inasmuch as he also contends 
that it is ionization which produces this 
self-healing, it is difficult to see how he can 
expect any self-healing to occur in service at 
these pressures. He even indicates that 
what he says of higher pressures is true, 
though to a lesser degree, in cables intended 
to operate at a pressure as low as 12 pounds. 
He expects, however, that future reductions 
of insulation thickness will make operating 
stresses higher with respect to ionization 
stresses. This apparently may make the 
self-healing feature of some significance at 
very low gas pressure, but there is no reason 
to suppose that any such changes can bring 
stresses in high-gas-pressure cable to the 
point where the self-healing feature can be of 
any practical significance. 

Another cause for what I believe to be 
erroneous deductions is that he has formu- 
lated these on the basis of tests or experience 
at low-gas pressure and has stated these as 
though they apply without qualification as 
to degree of gas pressure. 

It is clear that the paper is intended to 
apply to high- and medium-gas-pressure 
cables as well as to low gas pressure, and the 
author cites successful operating experience 
of medium- and high-gas-pressure cables. 
It should be noted, however, that the only 
high-gas-pressure cables on which there are 
service data depart sharply in many ways 
from the materials and construction which in 
the author’s conclusion he specifies as neces- 
sary or desirable. 

It is well to study the author’s specific 
conclusions in respect to gas pressure. Ex- 
cept for measurement of initial ionization, 
he has shown no new data pertaining to 
high pressure. Specifically, he has no en- 
durance tests on other than low gas pressure. 
The first paper shows that four samples were 
given load-cycle tests at high pressure, but 
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these tests apparently were not encouraging 
and perhaps helped lead to the discouraging 
view the author took at that time concern- 
ing the use of high gas pressure. Hence 
these previous tests hardly can be the basis 
of new conclusions as to what can be ex- 
pected from high gas pressure. 

The author’s seven individual conclusions 
may be discussed in order: 


I agree with his statement that gas- 
pressure control gives close control of per- 
formance characteristics. 

His second conclusion is to the effect that 
in general average stress rather than maxi- 
mum stress determines performance of 
mass-impregnated, gas-filled cable and that 
it is not necessary specially to strengthen 
the inner zone of insulation in the high- 
stress field near the conductor. He properly 
confines this conclusion to mass-impreg- 
nated cable as he should do with the remain- 
ing conclusions. The tests and theory 
indicating ‘“‘self-healing’’ lend some sup- 
port to this conclusion but are entirely in- 
adequate, without suitable comparative 
tests, to warrant so unqualified a statement. 
It is to be noted that all of the tests he re- 
ports, except on certain sector conductors, 
are on cables having the comparatively low 
ratio of about 1.3 of maximum to average 
stress. There is no basis to indicate that 
the conclusions would hold for high values of 
this ratio obtained with thicker insulation 
walls or smaller conductors. On sector 
cables there is a good basis to expect higher 
specific strength at the corners and the 
data on these are not directly applicable to 
other types. 

He states: ‘“‘Strand shielding of mass- 
impregnated gas-filled cable has shown no 
marked benefit.’’ No experimental data 
leading to this conclusion are indicated. 
Also it should be noted that theory indi- 
cates that strand shielding has its most 
fertile field where thin tapes are used; 
no indication is shown that this has been 
considered. 

He concludes that “‘Extra thin paper tape 
in the high-stress field has shown no marked 
benefit in mass-impregnated, gas-filled 
cable....’’ In the 1939 paper,! he stated 
that ‘‘the thinnest paper tape allowed by 
practical limitations (5 to 6 mils) should be 
used.’’ He gives no hint of having found 
means of avoiding his former ‘“‘practical 
limitations’? and of having tested “extra 
thin tapes.”’ Thus his present conclusion is 
not only at variance with the technical im- 
plications of his former conclusions but 
appears to be without an experimental 
basis. 

His fifth conclusion reads, “‘Extra-high- 
viscosity impregnating compound lacks 
self-healing properties and should not be 
used in gas-filled cable.’’ In the test he now 
reports with high-viscosity oil, it should be 
noted that the apparent instability is due 
to the increase of low-voltage power factor— 
not to the difference between high- and low- 
voltage power factors, that is not to ioniza- 
tion. Ionization continued to decrease 
throughout the test. If failure was im- 
minent from instability, it was not indicated 
clearly to be from ionization. The increase 
of low-voltage power factor may well be of 
the sort that has occurred with many cables 
from the effect of heat alone. No basis is 
indicated why, even with the type and con- 
struction of cable tested, the result is not 
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due to deficiency of the saturant with regard 
to time-temperature stability of power 
factor, instead of to its viscosity. In the 
1939 paper, a report is made of a test with 
another type of high-viscosity saturant with 
somewhat similar result, and it was recog- 
nized then that the results probably were 
caused by the grade of material used, but a 
similar explanation seems now to have been 
overlooked. Contrary to Mr. Shanklin’s 
experience with high-viscosity oil, we have 
used other types of high-viscosity saturant 
and have found them remarkably stable. 


There is no occasion to comment here con- 
cerning the conclusion which concerns very 
fluid oil. 


The author states in effect that optimum 
results are obtained with an intermediate 
impregnating compound of sufficiently 
high viscosity. This conclusion falls, 
along with his fifth on which it depends. 
In short, Mr. Shanklin’s unfavorable result 
with high viscosity oil is simply a result of 
the character (clearly unsatisfactory) of the 
oil he used for this test. He mistakenly has 
attributed this result to the viscosity of the 
oil instead of to its other characteristics. 


REFERENCE 


1. Low-Gas-PressuRE CaBLe, G. B. Shanklin. 
AIEE TRANSACTIONS, volume 58, 1939, July section, 
pages 307-15. 


Robert J. Wiseman (The Okonite Company, 
Passaic, N. J.): Mr. Shanklin’s paper may 
be considered as a progress report on 
previous papers presented by him on the 
subject of gas-filled types of paper cables 
and as such contains some very interesting 
data. 


When we read this paper, we must keep in 
mind that Mr. Shanklin is describing and 
discussing a particular kind of a gas-filled 
cable, namely, one that is first impregnated 
as a solid-type cable by what is known as 
mass impregnation. The insulation (paper) 
and spaces between layers are thoroughly 
filled with oil and then deliberately drained 
of as much oil as possible with the intention 
of replacing the drained oil with nitrogen 
gas. Here we have a combination of oil 
and gas through the insulation, and Mr. 
Shanklin shows the power-factor-ionization 
characteristics of such a type of cable. A 
second type is the so-called Beaver type also 
known in the United States as the SMD 
cable in which preimpregnated paper tapes 
are wrapped on the conductors, and, as 
there is no excess oil to be drained, the spaces 
between tapes are already prepared to re- 
ceive gas. This type of cabie will have its 
particular power-factor-ionization char- 
acteristics which already have been re- 
ported in papers at the June 1942 AIEE 
convention in Chicago by representatives 
of the Detroit Edison Company and the 
General Cable Corporation. There is a 
third type which has been developed by the 
Callender’s Cable and Construction Com- 
pany of England and which the Okonite— 
Callender Cable Company is introducing in 
this country which takes the mass-impreg- 
nated cable and impresses on the cable a gas 
pressure. This cable also will have its 
particular power-factor-ionization character- 
istics. A 1942 article gives information on 
this cable.! Since then, we have tested 
single-conductor 132-ky cable and obtained 
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the values of average voltage stress given in 
Table I at which ionization started for 
various pressures. This is comparable to 
Figure 2 in Mr. Shanklin’s paper. 

I feel that Mr. Shanklin has overempha~- 
sized the influence of the viscosity of the im- 
pregnating compound on the life stability 
of a gas-filled cable. Perhaps it is peculiar 
to his type of gas-filled cable. I am in- 
clined to believe that, when he used an oil 
having a 1,000 second viscosity at 100 
degrees centigrade, it was so heavy that it 
originally did not permit proper impregna- 
tion of the paper tapes and the space be- 
tween the tapes; so that, when he drained 
the cable, he had an improperly impreg- 
nated cable and a low-quality cable with 
which to start. On the other hand, when he 
tried a very thin oil like number 5314 oil, it, 
being so fluid, easily drained out of the 
paper as well as from between the layers of 
paper and gaps, and he had practically an 
oil-free insulation which would, in time, 
show instability, because it was operating 
at too high stresses for that kind of insula- 
tion. We agree with him that impregnating 
compounds in the region of 100 to 200 
seconds Saybolt viscosity are the best for 
gas-filled types of cable for his design and 
also for the Callender’s design. 

As the three types of gas-filled cables 
have different degrees of oil saturation, we 
find it necessary to use different insulation 
thicknesses. For the present, on the 
Callender design, we here are using the 
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same thicknesses as for oil-filled cables. 
The company is furnishing to the Central 
Electricity Board in England a three- 
conductor 132-kyv cable of following con- 
struction: conductor size is 0.4 square 
inch (518,000 circular mil); thickness of 
insulation is 0.500 inch, including metal- 
lized paper which is the insulation shield- 
ing; in one of the interstices of the assembled 
conductors is a gas channel pipe of alloyed 
lead 5/s:-inch outside diameter, 1/15 inch 
thick; in another of the interstices is a two- 
conductor, lead-sheathed pilot cable 0.484- 
inch outside diameter; copper-woven fabric 
tape binder; 0.190 inch lead sheath with an 
inside diameter 0.100 inch larger than core 
diameter of cable; one copper-woven fabric 
tape; one layer of 56 steel strips 1/, inch 
wide, 0.020 inch thick; one layer fabric 
tape; one layer of steel tape 2 inches wide, 
0.020 inch thick with !/s inch gap; one 
layer fabric tape; one layer of steel tape, 
2 inches wide, 0.020 inch thick, 1/s inch gap. 
The over-all diameter will be 5.09 inches. 


This cable will operate under a 200 pounds 


per square inch pressure. 
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VELOPED IN ENGLAND, R. J. Wiseman. Electric 


Light and Power, July 1942. 


T. F. Peterson (American Steel and Wire 
Company, Cleveland, Ohio): In offering a 
general discussion on Mr. Shanklin’s paper, 
I am torn between two strong urges—to 
expound Emerson’s essay on ‘‘Compensa- 
tion,’’ or to tell the story of Oscar who found 
mixed satisfaction and disappointment in 
the loss of one wife and the subsequent 
acquisition of another with her many 
children, and her huge house and accom- 
panying property. 

It seems that the production of gas-filled 
cable necessitates delicate balance and 
compensation of many diverse variables and 
characteristics. The cable is first impreg- 
nated thoroughly to provide what would 
normally be considered very good insulation, 
and then it is quite thoroughly drained, with 
resulting bad properties. Then it is filled 
with gas which under pressure suppresses 
ionization, and this of course is desirable. 


However, there appears to be intentional — 


ionization to produce good dielectric wax. 
But the incidental consumption of com- 
pound necessitates replacement. Viscous 
material, though possessing nonmigrating 
(good) qualities, is not self-healing, whereas 
thin compounds possessing remarkable self- 
healing properties are bad because they 
“drain too readily for safe use in gas-filled 
cable.’’ The final structure obtained by 
judicious balance of these extremes, seems 
to be one that develops in operation an un- 
usually high percentage of sheath failures, 
which, of course, would be very serious in 
normal cable, and in the case of gas-filled 
cable is compensated by the sheath super- 
visory system, which provides alarms prior 
to insulation failure at sheath breaks. 


It would seem that by contrast with exist- 
ing oil-filled or solid cable, so many critical 
boundary conditions have been set up which 
limit or define the region in which cable with 
satisfactory test qualities appears, that it 
would be difficult to realize uniformity of 
cable quality—foot by foot and day by day. 
Even when the optimum conditions are 
reached, we have what may be called an 
ionization-free cable, but wherein have we 
either tests or operating results to support 
the suitability of this cable from a mechani- 
cal and thermal point of view. The claim 
is made that ‘‘the cable is the only known 
type that offers a direct way of predetermin- 
ing safe operating voltage stress and insula- 
tion thickness by means of a simple short 
laboratory test.’’ This, of course, is only 
true insofar as ionization voltage is con- 
cerned and exists only because other types 
of cables do not show ionization voltages 
near the chosen operating range. 


I doubt if anyone will question any of the 
findings insofar as curves in Figures 1 to 5 
are concerned. It would appear, however, 
that some of the data have been extrapo- 
lated unreasonably far into what normally 
would be operating life, and certainly tre- 
mendous importance is placed on a single 
point, approximately determined, to form 
the middle position of the curve of Figure 7. 
Cable of Figure 6c shows maximum ulti- 
mate as well as maximum percentage in- 
crease in ionization starting voltage, and 
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shows maximum life test—yet is ruled out. 
Both 6c and 6b show progressive improve- 
ment in ionization up to the point of failure. 
What causes failure at point of maximum 
ionization starting voltage? 


Undoubtedly mechanical and thermal 
characteristics of the cable have been given 
consideration. It would be interesting to 
have the presentation of such of these 
characteristics as may have been de- 
termined. Is there any possibility that rela- 
tively dry paper gas-filled valleys and per- 
haps loose sheath caused by slight stretch- 
ing from the core may result in unusually 
high thermal resistance from copper to 
sheath and that this in turn may con- 
tribute to high differential expansion of 
copper as compared with lead, resulting in 
sheath buckling and breakage? As clearly 
indicated in other papers presented this 
afternoon, these mechanical characteristics 
are many times more important in determin- 
ing cable-failure rate than the inherent 
electrical properties of the insulation. It 
would be helpful, I think, if the picture 
could be rounded out with some discussion 
of these properties. 


K. S. Wyatt (Phelps Dodge Copper Prod- 
ucts Corporation, Yonkers, N. Y.): Has 
Mr. Shanklin drawn a logical conclusion 
from the results of his experiments relating 
viscosity of compound to life of gas-filled 
cables? In one experiment he takes a 
standard cable oil of medium viscosity and 
finds it results in a cable having “‘self- 
healing’ properties and hence of long life. 
This medium viscosity oil is chemically un- 
saturated. Then in a second experiment he 
takes a standard cable oil of low viscosity 
and finds it gives a cable with fairly good 
self-healing properties and hence of fairly 
long life. This oil is also chemically un- 
saturated. Finally, he takes a special hydro- 
genated oil of high viscosity and finds it re- 
sults.in cable having no self-healing proper- 
ties and hence of short life. This oil, being 
hydrogenated, would be expected to be 
chemically saturated. From these results 
he concludes that a high-viscosity oil re- 
sults in a gas-filled cable having short life. 

This I believe to be an erroneous conclu- 
sion. Would it not be more logical to say 
that these experiments demonstrate that a 
chemically saturated oil results in severe 
ionization in such cable and, hence, in short 
life? Supporting this is more than 20 years 
of experience in both the practical and 
scientific work of the cable industry. 


' Chemically saturated oils give off great 


quantities of gas under electric discharge 
and magnify ionization troubles in cable. 
One kind of chemically saturated oil is 
petrolatum, and we all know the ionization 
and life characteristics of cable made with 
that. In England important cable lines im- 
pregnated with oils nearly saturated chemi- 
cally have had to be drained and the oil re- 
placed with a chemically unsaturated oil of 
approximately the same viscosity, because 
the saturated oil caused serious gassing and 


jonization troubles. Moreover, the goal . 


toward which we all have been looking for 
some time has been a chemically unsaturated 
cable oil having good oxidation stability. 

It is true, of course, that, if this reasoning 
is correct, Mr. Shanklin’s explanation of why 
gas-filled cable works would need consider- 
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able rehabilitation, and this is unfortunate. 
However, we may be comforted in that there 
are other explanations of why gas-filled 
cable operates satisfactorily. 

Although Mr. Hatcher’s paper leaves 
little doubt that gas-filled cable is a practical 
solution at low and medium voltages, I feel 
that a note of warning should be sounded 
concerning this type of cable at extra-high 
voltages. I wish to call attention to 
the voltage-time-to-breakdown curves of 
Figure 1 and their significance. Oil-filled, 
compression, and oilostatic cables reach an 
asymptote after four to six hours, and the 
long-time value is high, that is, about 1,000 
volts per mil maximum stress.! The life of 
solid cable falls off with time for 100 hours or 
more and reaches an asymptote at the low 
value of 438 volts per mil (Enfield Cable 
Works, London, England). Also, see D. M. 
Robinson’s book.? The difference between 
the shape of the curve for oil-filled types of 
cable and that for solid cable usually is ex- 
plained by saying there is no ionization in the 
oil-filled types of cable, whereas ionization 
in the solid cable progressively deteriorates 
it. Now we come to the curve for 120-kyv 
gas-filled cable (taken from Figure 13 of 
AIEE paper?) which has roughly the same 
shape as that for solid cable, reaching an 
asymptote after about 100 hours, and at the 
low value of 420 volts per mil (compare this 
with the oil-filled types at 1,000 volts per 
mil). Even to achieve this low value, con- 
ductor shielding had to be employed, and 
it is believed dense paper also. It seems 
that here, as with solid cable, ionization 
causes a progressive deterioration. 

It is true that breakdown curves of this 
type represent accelerated tests which can- 
not be extrapolated to normal operation. 
However, they do furnish us with a clue as 
to possible types of deterioration in operat- 
ing cables. To my mind the lesson is that 
we should watch very carefully for signs of 
deterioration caused by ionization in extra- 
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Figure 1. Voltage versus time-to-breakdown 
curves of several types of cable 
A—Oil-filled cable types: oil-filled, com- 
pression, and Oilostatic 

B—Solid-type cable 


. C—120-kv gas-filled cable at 225 pounds per 


square inch, nitrogen 
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high-voltage gas-filled cable over a period 
of years, as the deterioration, if any, is 
likely to be cumulative. 
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Victor Siegfried (Worcester Polytechnic 
Institute, Worcester, Mass.): Mr. Shank- 
lin’s paper on the experience of gas-filled 
cables is quite gratifying, as it indicates 
continued progress in making better use of 
insulating materials through control of the 
gaseous portions of the insulating medium. 
The use of pressure long has been attractive, 
since the early work of Paschen, and yet we 
have not begun to realize in a practical way 
the full value of additional strength secured 
in this way. It is almost superfluous to sug- 
gest that even higher pressures than those 
described offer additional advantages to 
offset the increasing difficulties of contain- 
ing the higher pressures mechanically. 

Where Mr. Shanklin appears to be dis- 
appointed in the increase in voltage for 
initial ionization at higher pressures, where 
in Figure 3 it departs from theoretical 
values by Paschen’s law, he should take 
courage from other work done at both high 
and low pressures showing marked de- 
partures from this law. At less than atmos- 
pheric pressure, such as encountered at high 
altitudes, the voltage for breakdown has not 
decreased as fast as the pressure or air 
density—a decided benefit. At higher 
pressures the same departure occurs and 
must be accepted, even though it is not ad- 
vantageous. In some work done by the 
discusser both at Stanford University and 
Worcester Polytechnic Institute, the so- 
called Paschen’s law relationships have been 
found to relate to air density at a 2/3; power 
rather than directly. That is, ionization 
voltage is varied as (relative air density) /s, 
Although this is a somewhat empirical 
figure, it indicates the direction that may be 
expected in such comparisons. 

In spite of this effect, there is still much to 
be realized in progressing to true high-pres- 
sure cable insulation. Marked changes may 
be necessary in basic cable structure and 
terminating equipment, but it seems appro- 
priate to keep in mind the possibility of 
working up toward the plateau pressures 
from 200 to 250 pounds’per square inch. 


L. F. Hickernell (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
After all these years of worry about our old 
enemy “X”’ wax, it is quite a relief to learn 
that all the time he was a friend in disguise 
whose ‘‘X’”’ mask is now removed to reveal 
his true character—a self-healer! 

Data are presented by Mr. Shanklin on 
three oils with a range of viscosities: 


1. Hydrogenated—1,000 Saybolt universal seconds 
at 100 degrees centigrade. 


/2. Standard 5317—100 Saybolt universal seconds at 


100 degrees centigrade. 


3. Thin 5314—37 Saybolt universal seconds at 100 
degrees centigrade. 
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Hydrogenated oil is of a different base than 
the other two oils. Hence, there are two 
variables (oil base and viscosity) in the ex- 
perimental data which do not support con- 
clusions drawn from a viscosity analysis 
only. 

The last two oils, numbers 5317 and 5314, 
are of a type which does not form waxreadily. 
If the presence of wax is desirable from a 
“self-healing”? standpoint, it would seem 
logical that the next step would be to re- 
place the standard number 5317 with a type 
of oil which does produce wax readily. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The self-extinction of ionization is a fact of 
basic importance in the design and operation 
of gas-filled cables, and its proper under- 
standing will influence, in no small measure, 
the future of this important type of cable. 

For this reason I want to bring under 
scrutiny the very ingenious and plausible 
theory which Mr. Shanklin advances in his 
paper, as I do not find that the theory 
squares with all the facts as I know them. 

According to Mr. Shanklin’s theory the 
migration of oil under the influence of stress 
differentials and capillarity should take 
place at voltages just below the ionization 
point about as readily as at voltages just 
above the ionization point. In my experi- 
ence that is not the case under load-cycle 
conditions. Even with load-cycle tests of 
gas-filled cable at voltages slightly above 
the ionization point we found plenty of free 
oil at the outer layers, the amount decreas- 
ing with depth. The laboratory report for 
5317 oil says: ‘‘Tapes very dry at con- 
ductor’; and in the case of the more vis- 
cous oil, “Tapes rather dry near the con- 
ductor.” 

Although an accurate analysis of the 
forces is very involved, a cursory study indi- 
cates that the electric forces at play are very 
small compared to those produced by 
thermal expansion and that whatever redis- 
tribution of compound may occur in load cy- 
cles is largely the result of the latter. As the 
paper has higher specific inductive capacity 
than the oil, it is the paper, rather than the 
oil, that tends to move toward the conduc- 


O4IIL4-d 


=e VOLTAGE RAISED — 


zZ 
Qu [FROM 18.7 TO 22 KV + 
ER 
NO 
S x 
w 
2 z 
BOSC CRC EES | 
(| 4000 eS aes ROR 
“2 too Li-AREHeO vc 
52 Time icon sae 
of of faapachea fon | 
Te ERG) 50 100 150 200 


“ LOAD CYCLES 


Figure 2. lonization of low-pressure gas-filled 
cable at room temperature 


Pressure is ten pounds per square inch 

lonization factor is the difference between 

power factor at 20 volts per mil and at test 
voltage 


—— Number 5317 oil 
——— Rosin-blended oil 
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tor and thereby prevents the return of part 
of the oil expanded outwardly in load cycles. 

The suppression of ionization is, in my 
opinion, the result of ionization and cannot 
take place at the rate observed unless 
ionization is present. It occurs equally with 
voltage alone at room temperature or with 
voltage and current in load-cycle tests. 

Tests with voltage alone made by J. H. 
Palmer in 1934 showed that a drained cable 
which had an initial ionization stress of 52 
volts per mil (maximum stress), after 109 
days at 60 volts per mil, had its ionization 
stress raised to 65 volts per mil. This cable 
differed from the type of cable under dis- 
cussion in containing air at atmospheric 
pressure instead of nitrogen at higher pres- 
sure. In this cable the inner layers of tape 
at the conclusion of the tests showed more 
oil than the outer. Perhaps, when heating 
effects are absent, the electric force is suffi- 
cient to operate. Indeed Mr. Palmer com- 
mented in his report, ‘‘The only explana- 
tion I can offer for this is that it was caused 
by redistribution of the oil, and this ex- 
planation is not very satisfactory.” 

Another experimental fact which con- 
troverts the oil migration theory is that 
cables made in our laboratory with high- 
viscosity oil showed less wax and markedly 
more self-extinction than those made with 
5317 oil, after the load-cycle tests. This 
difference in favor of the high-viscosity oil 
persisted through about six months of 
daily load cycles, after which their ioniza- 
tion voltage became and remained equal. 
That Mr. Shanklin obtained the opposite re- 
sults with his oil was not a matter of visco- 
sity but of the peculiar chemical character- 
istics of his very unusual type of viscous oil. 

Our test results are shown in Figure 2, at 
the bottom of which the applied voltage 
stresses and ionization stresses are shown, 
while the resultant ionization factors are 
shown above. Data are given both for 
cable made with 5317 oil and for a more vis- 
cous rosin-blended oil. The more rapid 
and more complete suppression of ionization 
with the latter oil, is evident. 

Although wax formation may necessarily 
precede self-extinction of ionization, it is not 
the primary cause, that is, it is not a matter 
of choking the interstices with wax, because 
we have found in our load-cycle tests that 
wax formation was considerably less in the 
cable showing the greater self-extinction. 

I do not feel confident that I know the 
correct explanation of self-extinction of 
ionization, but I rather suspect that it re- 
sults from either the lowering of stress 
across the inner gas-filled tape gaps or an in- 
crease of gas pressure therein. 

It was shown by Hirshfeld and col- 
laborators in The Detroit Edison Company 
that the formation of cable wax is accom- 
panied either by a great evolution of gas or 
the formation of water. Either or both of 
these would explain the phenomenon. 
Another possible explanation is that cable 
wax, like polyethylene and several other 
organic insulating materials, forms a slightly 
conducting surface layer when subjected to 


electrical discharges in gas. I have no evi- ; 


dence that this occurs and mention it only 
as a possibility. 

Self-extinction of ionization remains an 
open field for investigation. 

I endorse all that Mr. Shanklin has had 
to say about the success of low-pressure gas- 
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filled cable and the permanent place it has 
won for itself both for technical and eco- 
nomic reasons. 


Joseph Sticher (The Detroit Edison Com- 
pany, Detroit, Mich.): The detailed in- 
formation presented by Mr. Shanklin con- 
cerning the self-healing effect that wax 
formation in cables produces by way of ex- 
tinguishing ionization in voids is of particu- 
lar interest. Wax formation occurring in 
cables has been looked upon for a number 
of years by some of us! in Detroit as a sort 
of natural self-defense of the cable against 
the ravages of ionization occurring within 
the cab e. This opinion is expressed also ina 
paper, ‘‘The Effect of Corona Discharge on 
Cable Insulation,’ by Joseph Sticher, D. E. 
F. Thomas, C. D. Robb, and F. M. Hill, 
presented at the conference on electrical in- 
sulation of the division of engineering and 
industrial research of the National Research 
Council in November 1938 in Pittsburgh, 
Pa. In his paper Mr. Shanklin states that 
“the puzzling thing has been where all of 
the surplus compound came from that 
formed this wax, which completely or 
partially filled up the void spaces” and that 
‘Sf the impregnating compound is of 
sufficiently low viscosity to be mobile it will 
be drawn into the high-stress field both by 
capillary action and by the electric-stress 
field itself.’’ I am just a bit skeptical of this 
explanation and wonder whether Mr. Shank- 
lin has made calculations of the electric 
forces involved in this mechanism. A 
rough calculation indicates that the electric 
force involved is negligible. As to the 
capillary action, it would seem that, unless 
there is an amount of excess oil outside the 
insulation that is available for the insulation 
and of a larger amount than the combined 
void volume inside the insulation, this 
mechanism might be detrimental rather 
than helpful, inasmuch as the larger voids 
might serve as reservoirs for the smaller ones 
and become entirely depleted of oil. "In a 
solid-type cable there probably is such ex- 
cess oil, but whether this is true for a low- 
pressure gas-filled cable that is purposely 
drained of excess oil is problematical. In 
any case it would appear that neither 
electric stress nor capillary action as it exists 
in cables could be a great factor in oil 
movement, otherwise one would expect to 


find that cables that have been in service 


for some time would be nicely impregnated 
throughout as long as excess oil exists out- 
side of the insulation. This is known not 
to be the case, as evidenced by dissection of 
cables. . 

In our early attempts to explain the self- 
healing effect occurring in solid-type cables 
the following reasoning was employed: 
Since wax is a result of ionization in a void, 
it will form only in those voids where 
ionization occurs, and these voids are the 
only ones with which we are concerned, If 
the impregnating compound is of such a 
nature that wax is readily formed, then a 
protective layer of wax will be formed over 


the void surface in a short time, and this — 


layer will serve to decrease the volume of the 
void. During a subsequent*loading cycle 
impregnating compound will be forced into 
the void as a result of the thermal expansion 
of the compound and accompanying in- 
crease in pressure surrounding the void, and 


a certain amount of this compound will be 
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DAYS ON ACCELERATED AGING TEST 


Figure 3. Effect of accelerated aging without 
load cycles 


Three-conductor 350,000-circular-mil shielded 
solid-type cable 


Standard compound impregnated paper, 20/64 
inch 

A—111 volts per mil 

B—18.5 volts per mil 


retained on the surfaces of the void, when 
the load is taken off the cable. This fresh 
layer of compound will be bombarded 
again, and additional polymerization 
(or condensation) will occur with conse- 
quent further reduction of the void by wax, 
since the polymerized material, being semi- 
solid, is no longer free to escape from the 
void. In this manner loading cycles, ioni- 
zation, and resulting wax formation will 
continue to reduce the void size, until 
further ionization is no longer possible, 
that is, the ‘‘sore spot’’ is healed. If the 
waxing ability of the compound is low, how- 
ever, the insulation might fail before 
sufficient wax can be formed adequately to 
reduce the size of the affected void. 

In this connection, I wonder whether in 
Mr. Shanklin’s cables self-healing would 
have been observed with the thin-oil and 
with the standard-compound impregnants, 
if load cycles had not been applied, that is, if 
oil movement into the voids does depend 
on capillary action and on electric stress, 
then self-healing should be observed also 
when load cycles are not used. Figure 3 of 
this discussion shows the results of an ac- 
celerated aging test, conducted at the re- 
search laboratory of The Detroit Edison 
Company in which a_ three-conductor 
350,000-circular-mil, shielded  solid-type 
cable with paper insulation of 20/64-inch 
thickness impregnated with standard com- 
pound was subjected to an average stress of 
144 volts per mil for 144 days without load 
cycles. The impregnating compound was 
somewhat more viscous than the standard 
compound used by the author, but its vis- 
cosity was well within the range of that of 
compounds used for solid-type cable. 
From the differences in power factors 
measured at 111 volts per mil and at 18.5 
volts per mil it was concluded that self- 
healing was practically. nonexistent. The 
type of mechanism of self-healing is of 
practical importance, when cable has to re- 
main energized at extremely light loads for 
periods of long duration (depression, 
strikes, shifting of load areas, and so forth). 

Figure 3 brings up the question of per- 
formance of low-gas-pressure cable as com- 
pared with that of solid-type cable. 
parison of Figure 3 of this discussion with 
Figure 4 of the paper shows that the endur- 
ance characteristics of the solid-type cable 
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Figure 4. Load-cycle endurance test on two 


samples of solid-type cable 


A—Evacuated sample; evacuated to ten inches 
mercury at room temperature 


B—Nitrogen-filled sample; filled to ten pounds 
per square inch with nitrogen at room tem- 
perature 


—— 77 volts per mil 

—--— 18.5 volts per mil 

Load cycle—six hours on; 18 hours off (65 
degrees centigrade conductor temperature) 


under high-potential stress compare favor- 
ably with those of the low-gas-pressure 
cable, particularly when it is taken into 
account that the solid-type cable did not 
have the benefit of compound redistribu- 
tion provided by load cycles. 

An investigation that was started at 
The Detroit Edison research laboratory 
approximately two years ago and is still in 
progress adds some information concerning 
the effect of gas pressure in cables. The test 
was undertaken to determine the feasibility 
of operating 24-kv solid-type cable, joints, 
and duct splices at 41.6 kv, as judged by the 
comparative test life of two experimental 
cable setups. It was anticipated that it 
would be necessary to provide a positive 
gas pressure in the cable in order to make it 
operate safely at the increased voltage. For 
this reason the cable, joint, and duct splice 
of one setup were filled with nitrogen to a 
gage pressure of 10 pounds per square inch. 
The other setup was to simulate cable condi- 
tions as they exist in service operation of 
solid-type cable and was evacuated to 10 
inches mercury. In both setups a potential 
of 41.6 ky (24 kv between conductor and 
ground, or 77 volts per mil) was applied con- 
tinuously, and daily load cycles to reach 65 
degrees centigrade conductor temperature 
were used. It was intended to determine 
the time to failure and to follow the progress 
of any deterioration by means of power-fac- 
tor measurements. The two pieces of cable 
were cut from a length of 350,000 circular 
mils three-conductor round, 20/64-inch 
paper-insulated shielded lead-covered cable 
that had been manufactured in 1929 and 
had been in service for 11!/2 years. Figure 
4 of this discussion shows the load-cycle 
endurance of both specimens up to the 
present, as indicated by power-factor values 
measured on one conductor at 77 volts per 
mil, 18.5 volts per mil, and at room tem- 
perature. At the end of 550 cycles there is 
little difference in the power factors of the 
two samples, and the ionization in both sam- 
ples is zero. The variations of ionization 
with time for the evacuated cable probably 
are caused by disarrangements of com- 
pound and subsequent self-healing. It is 
interesting to note from the figure that both 
specimens, the one at ten pounds per square 
inch nitrogen and the other at ten inches 
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mercury, stood up well under the average 
stress of 77 volts per mil, particularly in 
view of the statement in Mr. Hatcher’s 
paper that the average stress for the gas- 
filled cables operating on the Consolidated 
Edison Company system ranges between 
39 volts per mil as a minimum and 68 
volts per mil as a maximum. 
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E. Richman (General Cable Corporation, 
New York, N. Y.): Once more Mr. 
Shanklin gives us new and interesting data 
on a type of cable which he rightly states no 
longer can be considered experimental. 
Regarding specifically the high-voltage 
high-pressure gas-filled cable, it should be 
borne in mind that the only high-pressure 
gas-filled cable installation in the United 
States, namely the 120-kv SMD installation 
in Detroit, differs in design from the type 
discussed by the author. Likewise the 
Beaver-type cable installed in England, 
which now totals over 100 conductor miles, 
including 25 miles of 132-kv cable, differs 
from Mr. Shanklin’s design in a similar 
manner. These cables are not mass-im- 
pregnated but are insulated with preim- 
pregnated paper tapes in order to eliminate 
any possibility of physical or electrical 
trouble from compound drainage even on 
vertical runs of any height. In the Detroit 
cable a very high-viscosity saturant (3,000 
seconds Saybolt Universal at 100 degrees 
centigrade) was used, whereas the English 
cable contained either a high-viscosity 
saturant, or very special means were used to 
remove all excess surface compound from 
the individual tapes. The SMD cable 
and the Beaver cable used conductor 
shielding and tapes of graded thickness be- 
ginning with very thin tapes of 21/2 mils and 
less in the high-stress region next to the 
conductor. 

Mr. Shanklin intimates that the design 
he has discussed, which has proved itself 
technically and economically sound for low- 
gas-pressure operation, therefore should be 
used for high-pressure operation. It has 
been found desirable to use average stresses 
of 65 to 75 volts per mil for this low-gas- 
pressure cable, whereas economic considera- 
tions and practical dimensions dictate 
going to maximum stresses of 200 volts per 
mil or more for the high-pressure type. 
Technical considerations or design details 
certainly will carry different weight for these 
widely different stresses. 

The author has emphasized in this paper 
and in previous papers that the beauty of 
gas-filled cable lies in the fact that the 
critical voltage stress can be determined 
far more accurately and therefore can be 
more safely approached than in the case of 
other types and that this is so because the 
size of the voids and the pressure in the 
voids are under control. This is very true, 
but full advantage is taken of the control 
over void size only when strand shielding 
and thin tapes are used. The strand shield- 
ing eliminates the stress in the voids caused 
by the conductor strands, and thin tapes re- 
duce the thickness of the tape butt spaces, 
thus taking advantage of the increase in 
specific dielectric strength of gas in very thin 
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films. An additional fact, undoubtedly of 
far greater importance, is that the thinner 
the gap the smaller will be the amount of 
energy dissipated by a voltage sufficient to 
produce ionization. Thus, at a given over- 
all voltage or surge sufficient to produce 
ionization there is twice as much energy 
dissipated in a given area of a five-mil gap 
as there is in the same area of a 2!/,-mil gap. 
This means that in a five-mil gap there is 
twice as much energy ready to bombard and 
to start to burn the oil and paper or to find 
a path around the paper. 

Undoubtedly the greatest practical ad- 
vantage gained by the combined use of 
strand shielding and thin tapes is the im- 
provement in pulse strength. This is im- 
portant, since at the higher operating volt- 
ages it is well known that the normal 60- 
cycle working stress is not a limiting factor 
in determining minimum insulation thick- 
ness but that the latter will depend upon 
the required impulse strength to resist light- 
ning and switching surges. The arguments 
against the use of strand shielding and thin 
tapes presented by Mr. Shanklin therefore 
would be more convincing, if he had pre- 
sented data showing their effect on impulse 
strength. In Mr. Shanklin’s previous 
paper he reports an average impulse break- 
down on the basis of maximum stress on 
five samples of a cable without strand shield- 
ing or thin tapes of 2,130 volts per mil. 
Faucett, Komives, Collins, and Atkinson in 
their AIEE paper report an average for five 
samples of over 2,760. 


C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
Mr. Shanklin’s paper presents further data 
on the theory of operation of gas-filled cable. 
The data relative to the automatic grading 
action and self-healing action is extremely 
interesting. Study of these data would 
indicate that the higher the average stress, 
without exceeding the initial ionization 
voltage, is the desirable point at which to 
operate. Gas-filled cable has been operated 
on our system with average stresses from 39 
volts per mil to 68 volts per mil. Measure- 
ments made on cable operated at an average 
stress of 68 volts per mil for one year indi- 
cated that it had lower dielectric loss and 
power factors than cable operated at 44 and 
53 volts per mil average stress for approxi- 
mately 3!/2 years. If the difference in 
period of service is disregarded these data 
would appear to check the theory that a 
high average stress is desirable. 

The data on cables made with oil of vary- 
ing viscosities are interesting. Apparently 
an oil which has low viscosity drains too 
rapidly for satisfactory results with normal 
cable. Considering these two character- 
istics, I would like to know if for vertical 
runs of approximately 200 feet or greater 
it would be safe to use a medium viscosity 
oil to provide self-healing, or should a 
higher viscosity oil be used to prevent 
migration and thereby lose some of the self- 
healing properties. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): At the beginning 
of his paper Mr. Hatcher states: “that if 
supervision could be maintained over the 
lead sheaths of solid-type cables a large per- 
centage of electrical failures could be 
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eliminated.’’? Apparently expected elimina- 
tion of service failures due to admission of 
air and water at sheath cracks by locating 
and repairing the break before failure is the 
main justification for the extra investment 
expense and slight complication of low- 
pressure gas-filled cable for operation at 
11 to 38 kv. 

This assumption is reinforced by the fact 
that in Chicago, for example, we have not 
had a single service failure due to de- 
ficiencies of the insulation in the 1,900,000 
feet of new solid-type cable installed on 12- 
and 33-kv lines in the ten-year period of 
1934-43. Almost one half of this cable was 
belted three-conductor 12-kv cable, and 
over 12,000 feet was installed on three 33-kv 
lines. Most of the remainder was shielded 
three-conductor cable installed on 12-kv 
lines. 

Of course, the need for special designs of 
cable varies with the circumstances such as 
high rates of troubles with existing solid- 
type cables and limitations on’ cable size by 
the internal diameter of the duct. Our rate 
of failures of 12-kv cables due to all causes 
has been for several years about three per 
100 miles per year. This includes very old 
cable with poor insulation and deficient 
sheath, as well as the cable made in the past 
several years that has given relatively good 
performance. These data mean that for 
the present average Chicago 12-kv line 
from a station to a substation, which is 
about three miles long, we may expect a 
service failure once in ten years due to all 
causes and that. for new installations the 
interval between failures will be longer 
than ten years. Then the question might be 
this: ‘‘How much extra is it worth to havea 
cable design with which a failure on a line 
will occur once in, for example, 20 years in- 
stead of once in 10 or 15 years as we may ex- 
pect with the normal solid-type cable’? 


It seems to me that for cable for ordinary 
distribution voltages, that is 9 to 35 kv, it is 
essential to obtain simplicity in design and 
operation and to obtain minimum costs. 
The pressure to obtain lower costs is as 
great as ever. The insulation thicknesses 
now used on our shielded three-conductor 
cable for 12-kv and 33-kv lines are, re- 
spectively, 141 mils and 344 mils. These 
thicknesses have been demonstrated by 
many accelerated aging tests and trial field 
installations with reduced insulation to be 
adequate for long service. The thicknesses 
are a little above the thickness that would 
be used for the low-pressure gas-filled cable. 
The joints on our lines are filled simply 
with a compound and sealed. These prac- 
tices seem adequate and economical for 
35-kv and lower voltages, except possibly 
for special cases of very high elevations or 
very steep slopes. In connection with the 
latter, we have many risers of several feet to 
30 feet on the 12-kv cable and a few on the 
33-ky cable, and in one dry tunnel we have 
several 12-ky cables which drop down 60 
feet; and no particular trouble has de- 
veloped due to compound drainage in these 
risers. 

In Chicago, as in some other cities, it is 
common practice to use portions of existing 
lines in connection with installing new lines. 
This means that in many instances the 
apparatus that would be necessary in con- 
nection with the low-pressure gas-filled 
cable would call for extra installations be- 
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tween the ends of the new portion of the 
line and the substation or station. 

It is of interest to note some increase in 
dielectric losses in the low-pressure gas- 
filled cable after it goes into service accord- 
ing to Figure 11 of the paper and the 
supplementary data given by the author in 
the presentation of the paper. Although 
undue emphasis may have been placed on 
the economic aspects of dielectric losses in 
the past, still it seems that the relative mag- 
nitude of losses in cables of various types 
after being in service a number of years is 
not a negligible matter. 

In Table IV the author assumes that 
service failures would have resulted from 
one half of the gas leaks. According to our 
experience in Chicago and what other utili- 
ties, including Philadelphia Electric Com- 
pany, have reported on sheath cracks that 
did and did not result in service failures, it 
seems to me that the ratio should be more 
like one fifth or less instead of one half as 
far as solid-type cable is concerned. Sheath 
cracks occur almost entirely in manholes 
and are found by inspection and repaired 
before failure occurs. 

As brought out in other papers at this 
session and in previous AIEE papers, a 
very fruitful method for obtaining a low 
rate of sheath openings is to have proper 
manhole design, including adequate offsets 
between the duct mouth and the joint, and 
to use good installation and maintenance 
practices. 


A. F. Gambitta (Phelps Dodge Copper 
Products Corporation, New York, N. Y.): 
Low-pressure gas-filled cable first applied in 
the field by Consolidated Edison Company ~ 
in 1938 is now beyond the experimental 
stage and is firmly established by the ex- 
tensive field data given in Mr. Hatcher’s 
paper. 

As for the contents of the paper, I may 
say that it answers every operating question 
which the cable industry wanted to know. 
The major questions are: 


1. Has any cable failure been experienced? The 
answer is no. ; 


2. How much cable has been installed, and for how 
long has it been in operation? The answer is 138,075 
feet in the Consolidated Edison Company system 
alone and over 200,000 feet in all systems with six 
years as the maximum time of operating experience. 


3. Has there been any deterioration of the cable 
during service? The answer is no, 


4. Is the supervision of the lead sheath a foolproof 
characteristic of gas-filled cable? The answer is 
yes. 


5. Are all the accessories developed to the extent ~ 
that they are considered satisfactory? The answer 
is yes. 


6. Has there been any trouble caused by migration 
of compound? The answer is no. 


In the paper Mr. Hatcher says that in 
general leaks have developed shortly after 
the cable has been in operation. It would 
be interesting to know what gas-pressure 
test was made in each line before it was 
placed in service. The 38-kv low-pressure 
gas-filled cable manufactured by Habir- 
shaw Cable and Wire Division of Phelps 
Dodge Copper Products Corporation and 
installed in 1943 by Virginia Electric and 
Power Company at Norfolk, Va., was sub- 
jected to a rather severe gas-pressure test — 
after the installation work was completed 
and before it went in service; namely, 20° 
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pounds per square inch for 24 hours with- 
out any drop in pressure. Consequently, 
no gas leaks nor any kind of trouble what- 
soever has been experienced with this cable 
during its first year of service. 

It also would be interesting to know the 
details of cable arrangement and manhole 
sizes of the 13.2-kv Sherman Creek feeder 
where buckling and cracking of the lead 
sheath adjacent to the joint wipes were ex- 
perienced. Only by knowing the actual 
cable installation conditions besides the 
load conditions may we be able to explain 
the real cause of such troubles and how they 
could be avoided in future installations. 

It is apparent that gas-filled cable does 
not eliminate lead-sheath trouble to such an 
extent that it can be installed in any small 
manhole. I believe that gas-filled cable re- 
quires manhole sizes as large as for solid- 
type cable. The gas-filled cable, however, 
gives an alarm signal when a gas leak occurs 
and, therefore, eliminates electric failures 
due to lead trouble. Also for this very 
reason, it is the most suitable type to be 
used in existing ducts with small manholes 
which was the type of location for the 38-kv 
low-pressure gas-filled cable in Norfolk, 
where every possible attention was given in 
order to anticipate and, therefore eliminate 
as far as possible, lead-sheath troubles dur- 
ing operation. 

Finally, I want to say that the gas-flow 
direction indicator described in this paper is 
a very useful device for the maintenance of 
gas-filled cable lines. 


L. F. Hickernell (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
Figure 11 of Mr. Hatcher’s paper shows that 
after one year in service the power factor at 
fated operating temperature (74 degrees 
centigrade) rose from 0.46 to 0.62 per cent 
or an increase of 35 per cent and the dielec- 
tric loss from 0.18 to 0.20 watt per foot or 
an increase of 11 percent. It will be inter- 
esting to learn if these rates of increase 
continue in subsequent years of service. 

It is difficult to reconcile this aging 
characteristic with the statement: ‘‘Visual 
examination and power-factor measure- 
ments of the paper tapes from the cable did 
not reveal any indication of deterioration.” 
Ordinarily, radial (tape-by-tape) power- 
factor characteristics are more useful in the 
study of aging or deterioration. 

If this insulation deterioration and the 

_ oxidation products in the five tapes next to 
the conductor are of any concern, it is sug- 
gested that consideration be given to in- 
corporating the carbon-black principle in 
subsequent designs of this type of cable. 


Joseph Sticher (The Detroit Edison Com- 
‘pany, Detroit, Mich.): The paper by Mr. 
' Hatcher gives a very interesting account of 
the operation of low-gas-pressure cable, and 
brings out the advantages gained by the 
automatic sheath supervision that can be 
obtained with this type of cable. Table IV 
of the paper gives the “‘estimated failure 
rates which would have obtained if gas- 
filled cable had not been'used and one half 
of the gas leaks found in cable sections and 
joints had resulted in failures during this 
two-year period of operation.” I cannot 
help but wonder what is the basis for the 
assumption that one out of each two gas 
leaks might result in failure. When Tables 
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III and IV are compared, it would appear 
that one mile-year of gas-filled cable is in- 
cluded in the figures for 1941, and ten mile- 
years for 1942; also, that in the one mile- 
year for 1941 two leaks were encountered in 
the cable, and in the ten mile-years for 1942 
four leaks. Now it seems reasonable to 
assume that sheath leaks that occur in gas- 
filled cable also would occur if the cable 
were of the solid type and installed under 
the same conditions, the only difference be- 
ing that the existence of the leaks in the gas- 
filled cable would be known. In that case, 
the four known leaks in 1942 in ten mile- 
years of gas-filled cable might correspond to 
101 leaks in the 253 mile-years of solid- 
type cable under consideration. There were, 
however, only nine failures in the 253 mile- 
years, or a possible failure-to-leak ratio of 1 
to 11. It is not intended to establish a 
definite failure-to-leak ratio but rather to 
point out that a ratio of one half is likely to 
be too severe. The failure-to-leak ratio is 
important, since it can be considered a 
criterion of the significance of automatic 
sheath supervision, that is, the larger the 
ratio, the greater would be the desirability 
of obtaining sheath supervision. 

This consideration leads us to the 
economic aspect of low-gas-pressure cable. 
Although it is realized that there are certain 
cases in which continuity of service must be 
maintained regardless of cost and in which 
reduction of service failures may decrease 
stoppage of critical processes and prevent 
loss of good will, a question arises as to what 
is the more economical course in general: 
to install a solid-type cable without sheath 
supervision and repair cable failures when- 
ever they occur, or to use low-gas-pressure 
cable with sheath supervision and locate 
leaks whenever they are indicated and re- 
pair the sheath to prevent cable failure. 
There is, naturally, a multitude of con- 
siderations that make up the complete 
economic analysis of the low-gas-pressure 
cable, but it would be enlightening to have a 
comparison between this and solid-type 
cable, both as to unit over-all installed costs 
and as to cost of maintenance. 

The low-gas-pressure cable is a relatively 
new type of cable, and many questions re- 
main to be asked and answered before a 
clear picture of the ultimate possibilities of 
this cable will be available. It is in this 
direction that such papers as those pre- 
sented by Mr. Shanklin and Mr. Hatcher 
are doing a real and worth-while job. 


T. F Peterson (American Steel and Wire 
Company, Cleveland, Ohio): Technical 
papers which include results of tests and ex- 
tended theories of operation of cable usually 
provoke much discussion. By contrast, 
papers of the type presented by Mr. Hatcher 
—largely factual—although not leading to 
lengthy discussion, are none the less ex- 
tremely valuable. Operations under normal 
conditions automatically integrate all in- 
fluences and effects which normally precipi- 
tate failure or lead to ultimate destruction of 
the item under observation. Mr. Hatcher 
has studied carefully the operation of low- 
pressure gas-filled cable and has indicated 
the trends in basic characteristics during 
operation. All of this should prove very 
helpful in evaluating the intrinsic worth of 
the design. 

In explaining what appears to be an un- 
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usually high rate of sheath breaks he indi- 
cates that ‘‘the same sheath failures would 
have occurred in solid cable of the same con- 
ductor size and so forth and would, without 
doubt, have been responsible for a number 
of electrical failures.’’ I fail to see the 
justification for this statement, especially 
since sheath breaks in gas-filled cable may 
well be caused by inherent characteristics 
tending to precipitate these failures. I have 
in mind the possibility that, because of the 
higher thermal resistivity from copper to 
sheath, greater differential temperature rise 
of copper and lead may develop in gas- 
filled cable than in the case of solid or oil- 
filled cable, and this ultimately may result 
in sheath breaks. 


G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): Mr. Hatcher has 
made available for the first time operating 
records of low-pressure gas-filled cable from 
which the performance of this type of cable 
can be evaluated. Three pertinent con- 
clusions can be drawn from Mr. Hatcher’s 
paper: 

(a). Uniformity of insulation quality can be main- 
tained in service, and insulation deterioration of a 


kind that might lead to service failures has not oc- 
curred. 


(b). Operating experience to date has proved the 
self-supervising feature of gas-filled cable. Leaks 
from sheath damage or other causes are controlled 
by maintained gas pressure and can be detected, 
located, and repaired before other damage develops 
or service interruption occurs, 


(c). Under severe conditions sheath fatigue due to 
cable movement can occur, and its prevention needs 
the same careful attention that is necessary with 
other types of lead-sheathed cable. 


The fact that sheath-fatigue cracks due to 
excessive cable movement can be detected 
and repaired before serious damage is done 
does not justify the use of gas-filled cable 
under conditions more severe than would be 
used for other types of cable. It would be 
much better to avoid conditions leading to 
sheath fatigue by providing liberal expan- 
sion bends in the manholes and by keeping 
daily-load temperature fluctuations within 
safe limits. Occasional sheath leaks or 
other such mishaps then can be kept under 
control without danger of service interrup- 
tions and without undue replacement and 
maintenance costs. 


G. B. McCabe (The Detroit Edison Com- 
pany; Detroit, Mich.): I concur in the 
remarks by my colleague, Mr. Sticher, in 
commending Mr. Shanklin and Mr. Hatcher 
for their excellent contribution to the litera- 
ture in the gas-filled-cable field. In addi- 
tion to the points of discussion presented by 
Mr. Sticher, it is felt that further considera- 
tion should be given to statements by Mr. 
Shanklin condemning the employment in 
gas-filled cable of high-viscosity impregnat- 
ing compound and questioning the ad- 
vantages of strand shielding and graded in- 
sulation, especially in view of the satis- 
factory operating experience for 2!/2 years 
of The Detroit Edison Company with a 
seven-mile circuit of 120-kv high-pressure 
gas-filled cable incorporating all three of 
these types of design. 

This cable,! the insulation of which con- 
sists of paper tapes preimpregnated with 
a compound having a viscosity three times 
as much as that of the most viscous com- 
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pound used by Mr. Shanklin in his tests, 
namely, 3,000 Saybolt universal seconds at 
100 degrees centigrade, was designed to be 
entirely free of ionization up to about twice 
operating voltage. In the absence of ioniza- 
tion there is no need for ionization-extin- 
guishing or self-healing effects in the cable, 
and, accordingly, it makes no difference what 
the viscosity of the compoundis. Instating 
that high-viscosity compounds are unde- 
sirable and should not be used in gas-filled 
cable, it would seem advisable for Mr. 
Shanklin to qualify such a statement by re- 
stricting it to mass-impregnated cables 
operating at much lower voltages and pres- 
sures than 120 kv and 200 pounds per square 
inch, respectively. 

Mr. Shanklin’s load-cycle endurance tests 
have strengthened his opinion that no 
particular benefits accrue from such expedi- 
ents as strand shielding and graded insula- 
tion in which the thinnest papers are used in 
the high-stress zone. Mr. Shanklin ap- 
parently has overlooked another very im- 
portant characteristic of a cable, which in 
operation is subject to lightning and 
switching surges, namely, impulse strength. 
In papers presented by the writer before the 
transmission and distribution committee of 
the Edison Electric Institute in Atlanta,” 
and in Detroit,* the results of impulse tests 
conducted on three-conductor, 24-kv, type- 
H cables with and without strand shielding 
showed conclusively an improvement in 
average impulse stress of from 17.5 per cent 
in the case of poorly applied strand shield- 
ing to 35 per cent in the case of well-applied 
shielding. This improvement is largely due 
to the fact that the conductor shielding tapes 
tend to eliminate the effect of individual 
strands and to give the conductor more 
nearly the surface characteristics of a 
smooth copper rod with consequent higher- 
impulse breakdown values. Such construc- 
tion should, of course, be just as effective in 
improving the surge strength of gas-filled 
cables as solid-type cables. 

In reference to the effect of grading on im- 
pulse strength of 120-kv gas-filled cable, im- 
pulse tests were conducted on several sam- 
ples of cable, identical in all respects except 
for variations in the thicknesses and densi- 
ties of individual paper tapes comprising the 
600-mil wall of insulation. Test specimens 
with five-mil tapes of medium density 
throughout averaged 630 kv on impulse 
breakdown, whereas several specimens con- 
structed with 2!/,- and 3-mil tapes of high 
density in the inner 20 per cent of the insu- 
lation could not be broken down by the im- 
pulse generator, the capacity of which was in 
excess of 900 kv. 
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L. I. Komives (The Detroit Edison Com- 
pany, Detroit, Mich.): We consider the 
development of the low-gas-pressure cable 
a distinct advance in the art of cable making 
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and therefore welcome these interesting 
papers on the subject. 

The advantages of the low-gas-pressure 
cable over the solid type fall in two classes: 


1. Improvement of the insulation. 


2. Supervision of the lead sheath. 


The problem of the insulation is discussed 
by J. Sticher of The Detroit Edison Com- 
pany. From his discussion it is apparent 
that we do not agree with some of the claims 
which Mr. Shanklin makes for the low-gas- 
pressure cable. However, we agree with 
Mr. Shanklin that some positive gas pres- 
sure in the cable is better than very low 
vacuum, and as operators of an extensive 
cable system, we are very much in favor of a 
lead-sheath monitor system, which the low- 
gas-pressure cable system provides and 
which is described by Mr. Hatcher in his 
paper. The use of low gas pressure in newly 
purchased cable appeared to have such 
decided advantages that we were wondering 
whether existing solid-type cables already 
in service could not be benefited by it. 

We have experimented with nitrogen 
feeding of solid-type 24-kv shielded cables 
in service since January 1942. This ex- 
perimenting is still in progress but the data 
on hand permit the drawing of some tenta- 
tive conclusions and some speculating. 

We shall list first the tentative con- 
clusions: 


1. It is not difficult to feed short (manhole to man- 
hole) lengths of shielded cables with nitrogen gas, 
provided there is a fairly uniform distribution of 
compound. The poorer the impregnation of the 
cable and the higher the vacuum in the cable during 
off peak periods, the easier it is to fill the cable with 
gas. 


2. Over a longer distance (1,000 feet or more) 
there is an appreciable pressure drop. At the feed- 
ing point one might have 12-pounds-per-square- 
inch pressure while 1,500 feet away the pressure is 
three to four pounds per square inch. This finding 
makes the sheath supervision on solid cables in 
service rather problematical. 


3. Joints filled with plastic compounds, which are 
constructed in such a way as to provide a gas chan- 
nel through the center filler space, will not interfere 
with the transmission of the gas. 


4. On a lightly loaded line a pressure of 25 pounds 
per square inch must be used before the gas will 
travel to distances of 1,000 feet or more. However, 
if a path is established, a lower pressure may be 
sufficient. 


5. The gas must be conveyed to the center of the 
cable or at least it must be made sure that there is 
no stoppage near the lead sheath. Nipples pene- 
trating the lead sheath only may or may not be 
reliable gas channels. 


6. The employment of helium in place of nitrogen 
resulted in no advantages as far as gas travel is 
concerned, 


Let us now speculate how an existing 
solid-type cable system may be improved 
by the judicious use of low-gas-pressure 
cables. Suppose there are several feeders 
between a power plant and a substation, 
which are getting old and have high dielec- 
tric losses. Instead of replacing most or all 
of these feeders, suppose we pull out one 
and replace it with a low-gas-pressure cable. 
Gas in this low-gas-pressure cable then will 
be available at every manhole to be fed into 
the adjacent solid-type cables. One does 
not have to make such connections in every 
manhole. Depending upon the flatness of 
the terrain and what degree of perfectness 
desired, gas connections at every 1,000 or 
1,500.feet only are conceivable. The low- 
gas-pressure cable thus will serve as a gas 
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main for adjacent solid-type cables and will 
enable the cable users to increase the pres- 
sure in the adjacent solid-type cables from 
a very low vacuum to somewhere near 
atmospheric. If it is true that the power 
factor of an old cable operating under 
vacuum can be improved by filling it with 
nitrogen gas, the installation of one low- 
gas-pressure cable line among a number of 
old high-dielectric-loss cable lines may not 
only provide added capacity of its own btit 
also may permit the operation of old cable 
lines for many additional years. 

Mr. McCabe of The Detroit Edison 
Company suggested that it is not even 
necessary to install a low-gas-pressure cable 
to supply nitrogen gas at every 1,000 feet 
or so, A gas reservoir could be installed at 
the desired locations, or a small copper pipe 
installed in vacant center ducts might 
parallel existing cable lines from substation 
to substation to convey the gas. 


C. T. Hatcher: Discussions of my paper 
have brought out two main questions, 
namely 


1. Is the assumption that one half of the sheath 
cracks would result in electrical failures, if the cable 
had been of the solid type, too pessimistic? 


2. Does the failure record, on solid-type cable 
justify the use of gas-filled cable? : 


Mr. Halperin and Mr. Sticher have 
questioned the assumption that one half 
of the sheath breaks in the gas-filled cable 
would develop into electrical faults. As 
stated in the paper the probable number of 
failures is purely an assumption, as the 
number of failures which would result from 
openings in the sheath in a two-year period 
only can be estimated. Data presented by 
Mr. Schifreen! show that on generating- 
station tie feeders, of all the failures ex- 
perienced during an eight-year period 46.6 
per cent were caused by sheath cracks. 
From company operating records we know 
that failures occur when the sheath on solid- 
type cable is broken. The length of time 
that these cracks existed before failure oc- 
curred and the number of undiscovered 
cracks which existed or which still exist can- 
not be established. Local conditions will 
affect the failure rate since in some locations 
there may be no moisture to enter the sheath 
cracks, whereas at other locations the cable 
may be submerged continually, and failure 
quickly follows the rupture of the sheath. 
It was on these facts that the assumption 
was based. 

Mr. Halperin has raised the question of 
the necessity for a cable which provides 
greater reliability than the present-day 
solid-type cable. Our total system cable 
failure rate is between five and six failures 
per 100 miles of cable per year which is some- 
what in excess of the figures quoted by Mr. 
Halperin for the Chicago 12-ky system. We 
have, in general, used gas-filled cable for 
station outlets and for tie feeders where 
maximum reliability is desirable. Failure 
rates quoted by Mr. Halperin are not de- 
sirable for installations of this type, whereas 
an occasional outage on a distribution sys- 
tem maybe tolerated. Basically the gas- 
filled cable system does not cost an appreci- 
able amount in excess of the cost of a similar 
solid-type cable system. In some cases, it is 
possible to install gas-filled cable of a larger 
conductor size than solid-type cable in 
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existing ducts. On this basis it becomes 
economical to use gas-filled cable. 

In answer to Mr. Gambitta’s questions 
the gas-filled cable is subjected to a 20 
pound per square inch pressure test for one- 
half hour on each joint as it is completed. 
A check for leaks is made at this time on 
each joint with liquid soap. A pressure- 
drop test is made on a completed feeder for 
16\ ‘hours at 15 pounds per square inch, 
when time permits. 

The Sherman Creek feeder was installed 
in an existing duct system with manholes 
of a variety of shapes. The type of manhole 
most frequently found on this line is oc- 
tagonal with a maximum width of five feet 
and a length of eight feet. Most of the 
sheath cracks have occurred in this type of 
manhole. Cable arrangements vary in the 
manholes from the worst condition, where 
the cable is racked through the manhole 
with only small horizontal or vertical 
offsets, to conditions, where greater offsets 
are possible at one or both ends of the 
manhole. 

Mr. Peterson points to the possibility that 
sheath breaks might occur in gas-filled 
cable more frequently than in solid-type 
cable due to the development in the gas- 
filled cable of ‘‘greater differential tempera- 
ture rise of copper and lead.’”’ If his point is 
that this greater differential in temperature 
will result in more relative stress between 
copper and lead, then sheath breaks thus 
caused could be expected to be distributed 
uniformly along the cable. We have found 
that our sheath troubles generally are con- 
centrated adjacent to wipes, and, therefore, 
it does not appear that breaks would result 
from the greater differential in temperature 
rise which he suggests. 

Mr. Komives suggested the use of nitro- 
gen gas in old solid-type cables to increase 
their life. This suggestion appears to have 
some merit, and we tried it out a number of 
years ago. The use of gas in solid-type 
cables, however, has definite limitations. 
The formation of slugs of cable compound 
will without doubt prevent gas from flow- 
ing through a solid-type cable for any con- 
siderable distance. This fact led to the in- 
clusion of a solid-wall tube in three-con- 
ductor gas-filled cable after early experience 
with cable having three spiral metal gas 
channels. This situation would be im- 
proved, if the solid cable were supplied with 
gas at numerous points along the route as 
from a parallel gas-filled cable as suggested 
by Mr. Komives. 
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G. B. Shanklin: There is a draftsman’s 
error in Figure 7 of my paper that was not 
discovered in time for correction. The 
point for low-viscosity oil was plotted 
wrongly for a viscosity of 33 and an ioni- 
zation voltage increase of 275 per cent. 
The correct values are 37 and 175 per cent. 
This error does not affect the conclusions 
given, nor does it materially affect the shape 
and trend of the curve in Figure 7. 

As stated in the introduction, my present 
paper is the third of a series of progress re- 
ports covering our studies of gas-filled cable. 
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The conclusions in the present paper are 
based on the results presented in all three. 
Many points raised in the discussion dis- 
regard the 1938 and 1942 papers. For in- 
stance, Mr. Atkinson claims that no test 
data are presented on extra thin paper tape 
and strand shielding. He should refer to 
all three papers to obtain the whole story. 

Mr. McCabe and Mr. Atkinson believe 
that extra thin paper and strand shielding 
are essential in the design of gas-filled cable. 
Our test results do not conform as far as 
mass-impregnated gas-filled cable is con- 
cerned. They are, of course, referring to 
the preimpregnated Beaver-type cable for 
which this is correct. A distinction must 
always be drawn between the two types for a 
clear understanding of characteristics. One 
has mobile compound and _ self-healing 
characteristics. The other does not. 

Mr. Del Mar and Mr. Sticher present 
long-time aging results on solid-type cable 
that are not in agreement. Lack of control 
of both pressure and compound migration 
explains this. The drained cable Mr. Del 
Mar tested in 1934 was of the solid type and 
showed some ionization self-healing effect 
because he had at least some degree of both 
compound migration and pressure control. 
The solid-type cable in Mr. Sticher’s 
Figure 1 shows no self-healing effect, as he 
made no attempt to control either migration 
or pressure. On the other hand, the 
evacuated sample in his Figure 4 does show 
self-healing effect because of better pressure 
and migration control. On the same basis 
the nitrogen filled sample in his Figure 4 
has no ionization discharge at all at 77 volts 
per mil and shows complete stability. 

It is not difficult to control pressure in- 
equalities, and thereby migration, in short 
test samples of solid-type cable. Doing the 
same thing in long service lengths is another 
story. There are no gas channels for trans- 
mitting pressure and the cross section is too 
dense to allow this. ; 

Mr. McCabe, Mr. Komives and Mr. 
Sticher propose to improve old solid-type 
cable in service by introduction of nitrogen 
gas pressure. Doubtless this will help in 
some cases, but the same degree of control 
obtained in the true gas-filled cable would 
be impossible. Neither can they expect 
equally effective, nor even sufficient sheath 
supervision. When it comes to using one 
gas-filled cable for controlling parallel runs 
of solid-type cable, I am not enthusiastic. 
In the design of the low-pressure type of gas- 
filled cable only sufficient pressure margin is 
allowed for maintaining pressure control 
and exclusion of impurities in that one cable. 
It cannot be expected to undertake the same 
burden for several parallel solid-type 
cables. It would be much better to use 
separate gas tanks at each joint or a gas pipe 
manifold connected to each joint of the solid- 
type cable lines, if conditions warrant this 
extra expense and complication. 

Mr. Del Mar, Mr. Sticher, Mr. Wyatt, 
and Mr. Atkinson question the theory I 
have offered that self-healing effect in gas- 
filled cable is chiefly due to capillary action 
and a drawing of the mobile compound into 
the high-stress field by electrostatic attrac- 
tion. The first two gentlemen have ad- 
vanced countertheories and all of them, as 
well as others, have questioned the results 
with high-viscosity hydrogenated oil, sug- 
gesting imperfect initial impregnation and 
inherent instability of this type of oil. A 
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study of Figures 5 and 6 will show that, at 
least in this particular test length, the 
initial impregnation was excellent and the 
hydrogenated oil did not show inherent in- 
stability in the presence of ionization dis- 
charge. In fact, this test length withstood 
severe ionization for 300 days without 
failure or tendency toward cumulative 
action. 

Conclusions about the lack of self-healing 
effect in cable impregnated with high-vis- 
cosity compound are not based on this test 
length alone. We have tested all available 
types of high-viscosity impregnants, in- 
cluding rosin blends, soluble synthetics, 
and others, in the forms of mass-impregnated 
cable, preimpregnated cable, and pretreated 
paper tape for reinforcement wrappings in 
accessories. Without exception there has 
been a marked lack of self-healing effect with 
impregnating compounds having viscosities 
above 250 Saybolt at 100 degrees centigrade. 
On long-time endurance test failure takes 
place only a little above the initial ioniza- 
tion voltage with these extra-high viscosity 
compounds. 


If those advocating the preimpregnated 
type of gas-filled cable can present over- 
voltage load-cycle aging data that contra- 
dict this conclusion, I would very much 
like to see them. So far, such aging data 
have not been presented in the United 
States nor abroad. Mr. Atkinson states 
that self-healing effect is not important in 
his type of high-pressure gas-filled cable, 
because it operates well below ionization 
voltage. The latter is correct. In fact, it is 
of vital importance to make sure that this 
type of cable operates well below ionization 
voltage at all tines and under all conditions. 
This can be done only by maintaining a high 
excess-gas pressure in the order of 200 
pounds per square inch. 


We have verified a number of times that, 
other things being equal, self-healing effect 
is related to viscosity (mobility) of the im- 
pregnating compound in gas-filled cable. 
Capillary and electrostatic attraction appear 
to explain this better than other theories. 
Mr. Sticher suggests compound expansion 
movement under load cycles. This might 
be a factor, but it should be noted that the 
cable Mr. Del Mar subjected to overvolt- 
age test in 1934 showed self-healing effect 
without load cycles. Mr. Del Mar suggests 
a conducting surface layer of wax in the 
voids. This also might be a factor, but it 
does not explain the observed relationship 
of self-healing effect and viscosity of com- 
pound. Neither does it explain the fact 
that the voids often are completely filled 
with wax after long-time overvoltage tests. 

Mr. Del Mar’s Figure 2 was taken from 
his Roanoke, Va., paper of November 1948. 
The viscosities of the two impregnating oils 
were respectively 100 and 200 Saybolt at 
100 degrees centigrade, too close together to 
throw any light on self-healing effect as a 
function of viscosity. Likewise, the initial 
ionization voltage of these cables was only 
11.5 kv at ten pounds per square inch, cor- 
responding to 52.5 volts per mil. This 
indicates lack of control during the treating 
process and is not representative. 

Another question raised by Mr. Del Mar 
relates to automatic grading at voltage 
stresses below the ionization voltage. All of 
our tests were made at overvoltages, but 
I would refer Mr. Del Mar to the interest- 
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ing test results on removed service lengths of 
15-kv and 27-kv gas-filled cable as given in 
Mr. C. T. Hatcher’s contemporary paper. 
Neither of these removed lengths showed 
any signs of ionization. Initially, before 
shipment from the factory, they both had 
an ionization voltage of 75 volts per mil at 
ten pounds per square inch. The 27-kv 
cable retained this ionization voltage after a 
period of service during which it operated at 
a stress approximately ten per cent lower. 
The 15-kv cable, however, shows an ioniza- 
tion voltage after service that is somewhat 
lower than the initial value and is also 
approximately ten per cent above the serv- 
ice stress. These results would indicate an 
automatic grading action during service, 
corresponding to the respective service 
stresses. Additional data should clear up 
this point more definitely in the future. 

Mr. Peterson inquires about the thermal 
and mechanical characteristics of gas-filled 
cable. The measurement of thermal re- 
sistance of the insulation is a routine by- 
product of the numerous long-time load- 
cycle tests we have made. In no case have 
we found compound bleeding to be excessive 
in standard cable, or to affect materially the 
thermal resistivity of the insulation. In 
average cases the resistivity seldom exceeds 
700, which is a typical value for old solid- 
type cable. 

As regards mechanical characteristics, I 
assume Mr. Peterson is referring to sheath 
fatigue due to cable movement in service. 
In this respect, gas-filled cable is no differ- 
ent from any other type of lead-sheath 
cable, with the exception that the internal 
pressure is always under control. There is 
no proof, however, that this is of sufficient 
help to warrant exceeding the same safe 
limits of cable movement established for 
solid-type cable. 

Mr. Peterson’s remarks about the exact 
balance required, and the compromises 
necessary, in the design of gas-filled cable 
are obviously humorous. I would like to 
ask Mr. Peterson if he knows of any design 
of high-voltage cable, worth its salt, that 
does not require the same exhaustive study 
and close attention to detail. 

Mr. McCabe’s statement that strand 
shielding improves the impulse strength of 
impregnated paper-insulated cable from 
171/2 to 35 per cent is not confirmed by any 
test data I have seen from other sources. 
The effect of maximum stress on impulse 
strength of cables is dealt with in a con- 
temporary paper by Mr. Halperin and the 
present author.! An analysis of those re- 
sults does not confirm that maximum stress 
plays such a prominent part. 

All points raised by Mr. Richman have 
been answered in the foregoing relating to 
extra-high-viscosity impregnating com- 
pound and the effects of strand shielding 
and extra thin paper on impulse strength. 
It should again be pointed out that distinc- 
tion should be drawn between the different 
characteristics of these two types of gas- 
filled cable. 

Mr. Hatcher wants to know if higher-vis- 
cosity impregnating oil would not improve 
compound migration in long vertical runs 
of gas-filled cable. This is best answered by 
actual field experience for several years with 
a 250-foot vertical riser of 27-kv low-pres- 
sure gas-filled cable in Mr. Hatcher’s sys- 
tem. This cable was impregnated with 
standard compound having a viscosity of 
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100 Saybolt at 100 degrees centigrade. The 
amount of compound bleeding as de- 
termined by removal of surplus compound 
at the lower end of this vertical riser has 
been no more than experienced on gradual 
slopes or level ground, and the cable has 
operated successfully in all respects. The 
answer is that compound bleeding in gas- 
filled cable is very different from com- 
pound migration in solid-type cable, be- 
cause all surplus compound not held in the 
insulation by capillary attraction has al- 
ready been removed. There is, accordingly, 
no building up of head pressure along the 
vertical length and no more tendency to 
bleed compound into the gas channels than 
occurs in horizontal lengths. This is best 
explained by pointing out that all such 
bleeding into the channels is radial and not 
longitudinal. Theoretically, a higher vis- 
cosity compound always looks better for 
such vertical risers, because the factors just 
outlined usually are ignored., Actually, it 
is only necessary to have a compound of 
sufficient viscosity to be held in place by 
capillary attraction. A higher viscosity 
accomplishes little, if any, more in this re- 
spect. 

Mr. Hickernell suggests that an impreg- 
nating compound with maximum waxing 
characteristics would be the most desirable 
for gas-filled cable. Unfortunately, such 
compounds have always proved the most 
unstable and the most likely to fail quickly 
on overvoltage test due to cumulative 
ionization damage. 

Mr. Siegfried’s comments on Paschen’s 
law are very helpful and undoubtedly ex- 
plain why actual ionization test results on 
gas-filled cable do not agree with theoretical 
calculations. 
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Insulation Temperature 
Standards for Industrial- 
Control Coils 


Discussion of paper 44-140 by B. W. Erikson, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
July section, pages 546-8. 


G. H. Garcelon (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Mr. Erikson’s paper brings out a 
condition that certainly requires some 
action. The performance record of indus- 
trial-control coils has been good in spite of 
the fact that the prescribed temperature 
limits are in excess of those recognized for 
rotating machinery. This record also in- 
cludes many years when the insulating 
materials and processes were inferior to 
those in use today, and, with the advent of 
the new materials and techniques, it is 
definitely in order to develop standards 
permitting higher temperature rises. 

This standardization work should be 
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carried on systematically and thoroughly 
by a technical committee, giving considera- 
tion to all factors which affect the life of 
coils in actual operation. This work also 
should take into consideration the un- 
desirability of having a large number of 
permissible temperature levels, if economic 
production is to result. 

We have been doing a great amount of re- 
search work with the silicones, and there isa 
very definite indication that materials of 
this class are suitable for continuous opera~ 
tion at considerably higher temperatures 
than those suggested in the paper. This 
would result in a third additional tempera- 
ture level if the other two suggested in the 
paper were adopted without further con- 
sideration. Without any desire to delay 
taking advantage of these new materials, 
I do think that considerable caution should 
be exercised before setting up new standards 
on such an important subject. 


The Degree of Short-Circuit 
Protection Afforded Small 
Low-Voltage A-C and 
D-C Starters by Means of 


Fuses and Circuit Breakers 


Discussion and author's closure of paper 
44-139 by B. W. Jones, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, August 
section, pages 611-12. , 


G. H. Garcelon (Westinghouse Electric and — 


Manufacturing Company, East Pittsburgh, 
Pa.): This paper by Mr. Jones clarifying his 
previous AIEE paper on the same general 
subject is beneficial in that it definitely 
should eliminate the misunderstanding held 
in many places that National Electrical 
Code fuses were recommended for interrupt- 
ing short-circuit currents up to 100,000 
amperes. Although we believed that no 
such recommendation was intended, we re- 
ceived many assertions to the effect that 
they were being recommended for such 
service. As a result of this controversy 
numerous tests were made on several makes 
of National Electrical Code fuse, and we 
found nothing to indicate that any make of 
National Electrical Code fuse was good for 
much more than its Underwriters’ Labora- 
tories rating of 10,000 amperes. 

We still disagree with the recommenda- 
tions in the present paper. If the short 
circuit occurs at a point where the im- 
pedance of the fuse, the starter, and the 
overload relay heaters are all in series 


with the fault current, it is possible that — 


satisfactory operation may be obtained. 
We have, however, no assurance that the 
fault always will occur at such a point, and, 
if a short circuit should occur elsewhere 
within the starter, the current would be 
much higher; and serious damage to the 
starter and possibly to personnel would 
result, 


When tests on circuits of various current — 


capacities were made, it was found that 
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much worse results were obtained when 
the starter was closed on the short circuit 
than when the short circuit was produced 
with the starter closed. This is probably 
caused by the bouncing of contact result- 
ing in a short circuit at the contactor, thus 
cutting out the impedance of the overload 
relays, the contacts, and some of the 
internal wiring. 

National Electrical Code fuses are tested 
and approved on the basis of Underwriters’ 
Laboratories, Inc., specifications on a cir- 
cuit which will deliver 10,000 amperes 
when it is short-circuited ahead of the 
fuses. Some fuses may have higher inter- 
rupting capacity than indicated by this 
specification, but others can and will be 
found on the market which have very little 
excess capacity; therefore it seems to us 
that it is not good engineering to apply 
standard National Electrical Code fuses on 
any circuit having a greater available cur- 
tent capacity than provided for in the 


Underwriters’ specifications. 


Philip N. Ross (nonmember; Bureau of 
Ships, Navy Department, Washington, 
D. C.): This paper has corrected satisfac- 
torily the erroneous impression created by 
Mr. Jones’s previous paper! with regard to 
the interrupting ability of 250- and 600-volt 
National Electrical Code fuses. However, 
the author’s two major conclusions, namely, 
that (1) fuses are entirely superior to circuit 
breakers in providing short-circuit protec- 
tion for motor controllers and (2) that such 
protection must be located in the controller 
are not clearly and completely supported by 
the data presented in the paper. 

In Figures 3, 4, and 5 of the paper, it will 
be noted that the fuse and circuit breaker 
being compared in each case have equal 
ratings. This is not a sound basis for com- 
parison, since, for example, in an a-c motor 
circuit the fuse size required is usually 
equal to at least 400 per cent of the motor 


rating, whereas a circuit breaker may have 


a rating equal to that of the motor. Thus, 
the Jt value of 288,000 shown in Figure 3 
of the paper for a 25-ampere circuit breaker 
should be compared with the J*t value of 
170,000 shown in Figure 5 of the paper for 
afuse. It is evident that under this condi- 
tion the fuse is far less superior with 
respect to the circuit breaker in limiting 
the energy dissipated in the short circuit 
than is implied in the paper. It should be 
noted also that as the fuse size becomes 
larger the J*t value increases more than 
proportionately, so that for fuse sizes of 
approximately 150 amperes or more the 
circuit breaker is very definitely superior 
from the standpoint of limiting the energy 
dissipated in the fault. 

The relative merits of the fuse and the 
circuit breaker are further distorted in the 
paper by placing all of the emphasis on 
extremely high values of available short- 
circuit current, that is, 50,000-amperes 
alternating current or 23,000-amperes direct 
current. It is well known that it is quite 


unusual, if not impossible, to obtain cur- 
rents of these magnitudes on low-voltage 


circuits of small sizes such as those supply- 
ing motors of the horsepower ratings dis- 
cussed in the paper. To illustrate this 
fact we need only consider that the im- 
pedance of a 4,500 circular mil cable ca- 
pable of carrying 20 amperes is 0.15 ohm per 
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Figure 1, Co-ordination of protective devices 
on a single-motor-load circuit 


Curve A—Induction-motor starting current 
Curve B—Motor overload-relay time—current 
characteristic 
Curve C—Circuit-breaker time—current char- 
acteristic 
Curve D—Fuse  time-current characteristic 

Curve E—Circuit-breaker operating time 


50 feet, giving a short-circuit current of only 
1,730 amperes or 86 times rated current 
when it is connected to an infinite 450-volt 
a-c bus. When the impedance of the 
starter also is included in the circuit to the 
fault, it is evident as shown in Figure 2 
of the paper that a further substantial re- 
duction in the actual short-circuit current 
takes place, Insofar as short-circuit pro- 
tection of the starter is concerned, the cur- 
rent to a fault on the load side of the 
starter should be used in making the 
comparison of fuses and breakers. 

The significance of the actual values of 
short-circuit current in determining the 
relative performance of circuit breakers 
and fuses in the protection of motor con- 
trollers can be seen by reference to Figure 
1 of this discussion. This figure shows the 
time-current characteristics of a fuse and a 
circuit breaker when they are applied to a 
single-motor circuit and clearly demon- 
strates that for short-circuit currents up to 
80 times the circuit rating the breaker is 
faster than the fuse. . As previously stated 
this is the current range wherein most, if 
not all, of the short-circuit currents will 
be for faults on the load side of motor con- 
trollers. Thus, except in cases where the 
length of circuit to the controller is ex- 
tremely short or the rating of the overload 
relay is appreciably below the minimum 
available circuit-breaker ampere rating, 
a circuit breaker provides equal if not su- 
perior protection to that of a fuse. 

The possibility of operating a _ three- 
phase motor on single phase, when fuses are 
used for short-circuit protection, also should 
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receive attention in making the comparison 
between breakers and fuses. Because of the 
lack of consistency and uniformity in the 
time-current characteristics of low-voltage 
fuses, blowing of only one fuse often may 
occur on a line-to-line fault on a three- 
phase system. The resulting single-phase 
operation usually is not readily detected 
by personnel and will soon injure motors 
operating under load. 

Sound practice in fault protection on 
low-voltage systems requires that each 
motor branch circuit be provided with short- 
circuit protection at the branch point. 
Consequently, the addition of a short-circuit 
protective device in the motor controller 
means that two devices have been installed 
in the same circuit for the same purpose. 
The apparent reason for advocating such an 
arrangement in this paper was to insure that 
the fuse, which the paper has concluded to 
be essential for protection of the starter, 
will not be applied where its interrupting 
capacity is exceeded. However, as pre- 
viously stated, the superiority of the fuse 
is questionable. Therefore the desirability 
and need for providing short-circuit pro- 
tection integral with the starter in addition 
to that which should normally be provided 
at the branch point of the motor circuit are 
also of doubtful value. The use of circuit 
breakers at the circuit-branch point will 
in the majority of cases provide adequate 
protection for the starter, and, since break- 
ers unlike fuses can be operated successfully 
in cascade, it is unnecessary to be con- 
cerned over the fact that the available short- 
circuit current may exceed the interrupting 
rating of the breaker. The practice of 
using fuses in motor controllers was discon- 
tinued by the United States Navy several 
years ago. Service experience following 
this change has been very satisfactory and 
has proved that little, if any, loss in the 
degree of protection afforded the starters 
was incurred by removal of the fuses. 

In view of the foregoing considerations 
and in the absence of more complete and 
accurate data covering a wide range of 
current values it is not believed that any 
sound conclusions can be drawn relative 
to the superiority of fuses over circuit 
breakers in protecting motor starters under 
short-circuit conditions. 
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B. W. Jones: Mr. Ross questions the con- 
clusions about starters in this paper regard- 
ing the superior short-circuit protection 
that fuses provide as compared with that 
provided by small circuit breakers and 
points out that the data presented in Figures 
3, 4, and 5 are not a sound basis for com- 
parison because a 30-ampere fuse is com- 
pared to a 25-ampere breaker. 

In dealing with short-circuit protection 
for a line of starters it is essential that we 
protect the starters in all applications. 
This includes the ones that are the hardest 
to protect, as well as those that are less 
difficult to protect. The motor sizes that 
would be used in conjunction with the 
smallest frame size of breaker (50-ampere 
frame, but having several lower trip-coil 
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ratings) would cover approximately the 
whole range of motors that are under dis- 
cussion down to the smallest size. Let us 
assume the latter to be one horsepower. 
If fuses were used for this same range of 
motors in place of the circuit breaker, their 
sizes would range both below and above the 
30-ampere fuse size that was used for com- 
parison with the 25-ampere breaker in 
Figure 3. For the sake of brevity only one 
size fuse was used per breaker, and that 
was the one nearest the breaker rating. 

It should be noted that the 25-, 50-, and 
100-ampere breakers in Figures 3, 4, and 5 
all required approximately 12 milliseconds 
to interrupt the current. It therefore 
follows that, if the 25-ampere breaker was 
fitted with a five-ampere tripping coil, it 
would not interrupt the circuit any faster 
than 12 milliseconds. It is thus obvious 
that, if the motor was of such a size that it 
required a 15-ampere fuse to give it full 
protection, then any size circuit breaker that 
could be selected in place of the 15-ampere 
fuse would allow an even greater ratio of 
I*t values than that shown in Figure 3. 
Therefore, the values shown in Figure 3 
are really too conservative, if we consider 
the worst condition instead of the average 
which all three figures were intended to 
convey. The same can be said for the 
remaining figures. It should be noted also 
that even the 100-ampere fuse allowed a 
smaller J?t than did the 25-ampere breaker. 
Therefore, since the fuse shows a superior 
short-circuit protecting ability, even when 
the most adverse ratio of fuse to breaker 
size is selected and since this superiority 
increases as the fuse size diminishes relative 
to the breaker size, I think that sufficient 
supporting data were submitted to warrant 
the conclusions. 

Mr. Ross further points out that, as the 
size of the fuse and the starter increases, 
the ratio of the 7*t values decreases. This is 
very true, as was pointed out in the original 
paper. It should be noted that this is the 
basis upon which the size of the starter 
was limited to size three (50 horsepower 
for 440 and 550 volts) where fuses were 
recommended because of their superior 
short-circuit protection. Above this size 
of starter the abilities of the breaker and 
the fuse become sufficiently similar, so that 
there is no occasion to select either one in 
preference to the other because of any 
superior protecting ability. 

Mr. Ross also says that “the relative 
merits of the fuse and the circuit breaker 
are further distorted by placing all the 
emphasis on extremely high values of avail- 
able short-circuit current.’ As previously 
pointed out, when short-circuit protection 
is being studied, as much consideration is 
not given to the less difficult part of the 
problem as is given to the part which may 
cause the most destruction. If some 
installations have 50 feet of number 14 
wire in series with them, which limits the 
current to a low value such as 1,700 am- 
peres, that simply classifies the installa- 
tion as one of the less difficult ones, which 
perhaps can be protected by either fuses or 
circuit breaker. But, when a general ap- 
plication is being considered, it is essential 
that the more difficult parts of the problem 
be considered. In today’s industries, 
10,000, 20,000, or 50,000 available amperes 
are fairly common; many installations are 
coupled closely to the bus supply; and the 
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smallest size of motors may be connected 
to the larger power supplies. 

The value of currents which the small 
starters are likely to receive during a short 
is shown in Figure 2 of the paper, aad these 
values have been verified by tests. Also, 
the lower end of this curve (below five horse- 
power) shows values that would be delivered 
from a small power supply, approximately 
500-kw rating, which means that the 
circuit breaker is too slow to protect this 
group against even this small source of 
power. From another short-circuit test 
record taken on a 25-horsepower 550-volt 
starter which was protected by means of 
a circuit breaker and connected to a source 
of power that had an available short- 
circuit current of 24,000 rms amperes, it 
was learned that approximately 13,000 
rms amperes got through each of the three 
phases, but a second test on the same device 
showed 20,000 rms amperes got through 
one phase with less currents in the other 
phases. I think that this shows that the 
relative merits of the fuse and the circuit 
breaker were not distorted. 

Mr. Ross submitted his Figure 1 as 
evidence that ‘‘a circuit breaker provides 
equal, if not superior, protection to that of a 
fuse,’ because the figure shows that the 
breaker is faster than the fuse between 13 
and 80 times the normal current rating of 
the motor and because, he says, that this 
range is where most short-circuit currents 
fall. Let us assume that the data shown in 
his Figure 1 is correct, and then see whether 
his is a correct conclusion. My whole 
paper emphasized that fuses provided this 
superior protection to only the smaller 
sizes of motors, such as from 1 to 25 horse- 
power. Therefore, as an example, let us 
select a five-horsepower 550-volt three- 
phase induction motor, which has a full- 
load current of five amperes, and then, 
according to Mr. Ross, a short circuit on the 
motor side of the starter would be limited 
to from 13 to 80 times five amperes, which 
is 65 to 400 amperes. Now this hardly 
can be classified as a short circuit. Actu- 
ally, according to a number of test records, 
this range falls between 300 to 600 times 
rated current or 1,500 to 3,000 amperes, 
and for small starters it matters little 
whether the available short-circuit current 
of the supply is 5,000 or 10,000 amperes. 

There is also another point that should 
not be overlooked. The weakest thermal 
link in the starter is fully protected by the 
fuse over the full range of currents under 
consideration, and this includes the range 
from 13 to 80 times normal. Or, saying it 
another way, this extra protection that is 
supplied by the breaker over the last men- 
tioned range is not needed. But the range 
from 80 to 600 times normal current, where 
the short-circuit values generally fall, is 
the place where the breaker does not protect 
this starter as is graphically shown by Mr. 
Ross’s figure. Therefore, I think that 
Mr. Ross has drawn an entirely erroneous 
conclusion because of his incorrect assump- 
tion that the short-circuit currents fall 
within this low range of currents, and 
that the starter needs this extra protec- 
tion over the 13 to 80 times normal range. 

If the circuit breaker will not protect 
the starters as they are now being made, it 
does not improve the lack of protection to 
locate the breakers at the branch point of 
the power supply. If the breakers are 
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used, then this lack of short-circuit protec- 
tion should be recognized. But, if full 
short-circuit protection is essential, then 
fuses should be used and mounted in the 
starter. Thus it might be stated that both 
fuses and breakers have certain limitations; 
the fuse is limited to being located in the 
starter instead of at either the starter or 
at the branch point of the power supply, 
one of which migh be considered more,de- 
sirable. The small size breaker is limited in 
its ability to protect fully the smaller 
starters against damage during short cir- 
cuits and also is limited in its ability to 
protect itself against damage where the 
available current is above its interrupting 
rating. 

Mr. Ross generalizes by saying that the 
“practice of using fuses im the motor con- 
trollers was discontinued by the Navy 
several years ago and the service experience 
following this change has been very satis- 
factory.”’ Now this statement is correct, 
but it is said in such a way that it would 
leave the casual reader with the impression 
that is just opposite to the facts. The facts 
are: that in general for the 1- to 7!/2- 
horsepower starters the fuses are still used 
as the short-circuit protection means, and 
that the change consisted in removing the 
fuses from the starter and mounting them 
back at the distribution center. Circuit 
breakers are being used to protect motors 
above this size. Then, Mr. Ross concludes 
by saying that ‘‘in the absence of more com- 
plete andaccurate data,no sound conclusions 
can be drawn. ...” I would like to em- 
phasize the fact that these two articles were 
based upon a large number of tests that have 
extended over a period of ten years or more 
and have been made with the most up-to- 
date testing facilities and on actual commer- 
cial starters. I know of no better basis 
upon which to rest sound conclusions. 


Industrial Control—Shunted- 
Armature Connection for 


a D-C Shunt Motor 


Discussion and authors’ closure of paper 
44-141 by G. F. Leland and L. T. Rader, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
September section, pages 61 7-19. 


H. G. Moore (General Electric Company, 
Erie, Pa.): The determination of the values 
of shunt resistance S and series resistance 
R can be made by an alternative method 
which is believed to have advantages in 
certain cases over the graphical method pre- 
sented by the authors of the paper. This 
alternative method is based on the fact 
that the armature circuit, with shunted- 
armature connections, can be represented 
by an equivalent simplified circuit com- 
prised of an armature having an effective 
resistance R,’ and connected to a supply © 
having an effective voltage’ V’ as shown in 
Figure 1 of this discussion. ; 
Equation 4 of the paper may be written: 


() 
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Figure 1 
SHUNT FIELD 
E 
Al yo a2 
ARMATURE 
\\ v' 
RS VS 
borers". Res 
In Figure 1 of this discussion: 
E=V'—I,R,’ (2) 


The speed-current (or speed—torque) 
characteristic of the motor connections 
shown in Figure 1 of this discussion would 
be identical with that of the shunted-arma- 
ture motor connections if 


pV S. 
V SLR (3) 
and. 
ee) (4) 
~ SHR Ra 


Since £ is proportional to motor speed, 
the speed regulation per unit armature 
current (or torque) is proportional to 
R,’, and bears the same proportion to R, for 
the normal connection of the motor arma- 
ture direct to line voltage V. 

The ratio of no-load speed with shunted- 
armature connection to no-load speed at 
line voltage is also the ratio of V’ to V, or 
is uumerically equal to S/(S+R). 

The simplified procedure in calculating 
the values of R and S, then, is as follows: 


1, Obtain the value of S/(S+R) by determining 
the ratio of no-load speed with shunted-armature 
connection to no-load speed with armature con- 
nected directly to line voltage. 


2. Obtain the value of Ra’/Ra by determining the 
relative speed regulation per unit torque (or per 
unit armature current) for the two connections. 
From the known value of armature resistance Ra, 
calculate the ohmic value of RS/(R+S) from the 
relation 


BS _(®_,)x 
R+S \Ra i 
3. Having thus evaluated S/(S+R) and RS+ 
(S+R), solve for R and S by simple substitution. 


(4a) 


The number of calculations involved is no 
more than required to set up the points 
on a chart and translate the graphically 
determined points back into numerical 
values by the method presented in the paper 
—and the errors of graphic determination 
are avoided. 


EXAMPLE 


Using the same motor and slow-down 
application calculated by the authors, it is 
first noted that the internal resistance of 
the motor is ten per cent normal ohms. 
Therefore, the no-load speed is 111.1 per 
cent of full-load speed and 


230 volts 2 
0 percent = 0:59 ohm 
39 amperes 


Rq= 
The ratio of no-load speeds for the two 
connections is 


66.7 per cent 


es SN R 
111.1 per cent 0 Paros 
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whence 
R/(S+R) =1—0.6 =0.4 


The specified speed regulation from 0 to 
34 per cent armature current with shunted- 
armature connection is 66.7 per cent—45 
per cent=21.7 per cent of rated full-load 
speed. The speed regulation from 0 to 100 
per cent armature current at line voltage 
is 11.1 per cent of rated full-load speed. 
The relative regulation per unit armature 
current, therefore, is 


21-7, » 100 Ene 
ee a ee 
oy: enon Gl ea Re 
whence 


Ra 


Dividing this value of RS(S+)R by the 
values of S/(S+R) and R/(S+R) deter- 
mined before, 


(% = 1)Re=474X0.59 ohm =RS/(S+R) 


4.74 X0.59 
ee Be See ohms 
and 
4.74X0.59 
Gaerne =6.99 ohms 
0.4 


G. F, Leland and L. T. Rader: We thank 
Mr. Moore for his discussion outlining an 
algebraic solution to the shunted-armature 
connection. 

This method is quite applicable when 
data are given as one speed-torque point 
and the no-load speed. If the no-load 
speed is not given but instead two speed- 
torque points are specified, the graphical 
method appears to us to offer advantages in 
time and simplicity. In some cases a cer- 
tain speed reduction is required but the 
load is not known at the required speed 
point. By laying out graphically the speed- 
torque lines for various conditions of as- 
signed series and shunt resistances, a sys- 
tem having reasonable regulation can be 
decided on most easily. In general, in 
industry, loads are not known to any good 
degree of accuracy and even graphical 
layouts are usually much more accurate than 
is warranted by the data. 


Modern Cargo-Winch 
Control for Use on 
Victory Ships 


Discussion and author's closure of paper 
44-142 by F. H. Holt, presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, September sec- 
tion, pages 623-8. 


D. C. Gray (American Hoist and Derrick 
Company, St. Paul, Minn.): In this dis- 
cussion, we wish to comment on the control 
requirements for the cargo winch listed in 
the first part of Mr. Holt’s paper. In refer- 
ence to requirements 1 and 5 we believe that 
it is impossible to match control points to 
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facilitate burtoning, because of the wide 
range of loads which are handled on the 
cargo winch. In the process of burtoning 
cargo on aship, a slight variation in the path 
of the load,during the transfer across the 
deck compensates for appreciable differ- 
ences in the hoisting and lowering speed- 
torque curves. The fact that successful 
burtoning is obtained with controls having 
widely different speed-torque characteristic 
curves would indicate that the selection of 
such curves is not a critical matter. 

We agree with requirement 2 that rapid 
acceleration and deceleration are desirable 
to give responsiveness to the winch. In 
the latter part of the paper, Mr. Holt dis- 
cusses deceleration from the viewpoint of 
motor commutation but does not discuss 
the effect of full-load deceleration on the 
ship’s rigging. We believe that a study of 
actual load handling with an oscillograph or 
acceleratometer would disclose transient 
decelerating rates of such magnitude as to 
reduce seriously the safety factor in the 
ship’s rigging. The strength of the rigging 
can, of course, be increased to stand such 
forces, but it adds weight and cost to the 
ship. A better solution might be to alter 
the control sequence to prevent the occur- 
rence of such high rates of deceleration. 

For the handling of cargo, we question 
in requirement 3 the usefulness of the first 
point lowering speed of 15 feet per minute 
at full load. Based on our experience in 
handling materials, we believe that three- 
ton loads (which is the winch capacity on 
single line) can be landed satisfactorily at 
40 feet per minute. For larger loads, the 
tackle is changed, and slower landing speed 
automatically will be provided. Since a 
very appreciable power loss and consequent 
resistor heating is required to produce this 
speed of 15 feet per minute at full load,.we 
believe that the control design could be 
modified profitably to give the higher land- 
ing speed indicated. 

Although Mr. Holt indicates a light-line 
lowering speed of 400 feet per minute in 
requirement 4, we believe that during actual 
paying out of light line on the Victory ships, 
a speed of around 350 feet per minute is 
obtained. Any consideration of a higher 
light-line speed should be based on the 
ability of the wire rope to run through the 
boom sheaves as fast as the winch drum un- 
windsit. Ifthe rope does not reeve through 
the sheaves as fast as it is unwound, it 
becomes tangled, and considerable time is 
required to straighten it out. 

We agree with requirement 6 that good 
jogging characteristics are very necessary. 

In addition to the requirements which 
Mr. Holt has given, there are several others 
which we believe deserve consideration. 
Since approximately 90 per cent of the 
winch loads are less than 50 per cent of the 
winch rating, the aim of the control designer 
should be to provide for the best perform- 
ance at the lower loads. The rising speed- 
torque characteristics of the motor auto- 
matically provide this in the hoisting direc- 
tion, but existing designs are notably weak 
in the lowering direction. It will be noted 
from Figure 2 in Mr. Holt’s paper that a 
2,000-pound load, which by the way is 
extremely common, has a maximum lower- 
ing speed of only 260 feet per minute. We 
suggest consideration of a control design 
that will provide a flat speed-torque curve 
for the high-speed lowering point to give 
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approximately 375 feet per minute at full 
load and for no load as high a speed as is 
practical but not less than 325 feet per 
minute. This change in control would 
raise appreciably the speed for lowering 
2,000-poundloads, and lower slightly the no- 
load lowering speed, resulting in faster winch 
performance. With such a design, the load 
relay with its attendant faults could be 
omitted. 

Load-relay operation is as follows: 
When the stevedore moves the master 
switch handle to the full lowering position, 
the load is accelerated to about 450 feet per 
minute. At this point the relay operates to 
slow the load to its normal lowering speed. 
This slowing down is objectionable to the 
stevedores, because it gives them the feeling 
of not being able to control the load. 

An additional requirement for good 
winch service is a resistor having capacity 
for whatever mishandling the stevedore may 
give the equipment. We have found from 
hoist applications on many cranes that the 
resistor design is not determined by the 
average requirements but by the occasional 
misuse of the equipment by the operator. 
The most frequent abuse is the handling of 
heavy loads slowly, with the heaviest 
loads being handled most slowly. This 
same operating psychology seems to apply 
to stevedores as well as to crane operators. 

We find, too, that in many foreign ports 
the stevedores are not as skilled as they 
are in the United States and will not, or 
cannot, take advantage of the full speed 
performance built into our winches. In- 
stead they operate on intermediate speed 
points. Since all winch resistors are of the 
ribbon type for mechanical reasons, they 
have very low heat storage; so the only 
way they can stand this abnormal opera- 
tion is to have sufficient built-in capacity. 
Based on such operating requirements, our 
specification of a winch resistor would per- 
mit operation on any master switch point 
for as long as desired without damage, We 
know that such performance can be realized, 
because it is being done. 

The overload relay of the control panel 
has a tripping point of 300 per cent of 
motor current, having been raised from 
250 per cent about three years ago. The 
reason for this increase is not known defi- 
nitely to us, but we assume that too many 
tripouts occurred with the lower setting. 
We wish to point out that this increase in 
motor-current trip setting has resulted in 
heavier and more costly gears and shafts 
for the cargo winches to meet strength re- 
quirements. A modification of the exist- 
ing control sequences to permit the use of a 
250 per cent overload trip setting would be 
very desirable for any new winch designs. 

Mr. Holt neglected to mention one very 
important part of the winch control: 
the master switch. This is the only part 
of the control with which the stevedore has 
contact, and in many instances his judg- 
ment of the winch is based on the conven- 
ience and ease of master-switch operation. 
When the master switch is mounted on 
the ship’s deck near the hatch coaming, the 
operator may either sit on top of the mas- 
ter switch and lean over the hatch coam- 
ing, or stand and lean over the hatch coam- 
ing. Either way, he must manipulate mas- 
ter-switch handles which are behind him, 
and this is very tiring. 

To provide reasonable operating comfort 
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for the stevedores, we suggest the following 
design requirements for a winch master 
switch: 

1. Provide natural up-and-down handle motion 
instead of back-and-forth motion. 

2. Make provision for seating the operator. 

8. Whether seated or standing, the stevedore 
should be able to see into the hatch, and at the same 
time manipulate the control handles without 
fatigue. 

When such a master switch is available, 
the naval architect will have the responsi- 


bility of properly locating it so that its full 


possibilities are realized. 

Our experience with other types of ma- 
terials-handling machinery has demon- 
strated conclusively that operator comfort 
brings increased daily output. We believe 
that making it easier for the stevedores will 
give similar results for cargo handling. 


G. H. Garcelon (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In commenting on Mr. Holt’s very 
interesting paper, I would like to mention an 
additional very important reason which 
brought about the consideration of the unit 
winch. Prior to the use of the unit winch, 
the control panels and resistors for all 
winches on a ship were concentrated in two 
deck houses. Damage to one of these houses 
would probably render useless one half of 
the ship’s winch capacity. 

Some of the earlier history also may be 
of interest to the members. The first unit 
winches were streamlined so thoroughly 
that it was very difficult to service the 
equipment. The next step resulted in 
leaving the winch, the motor, and the 
brake in much the same location as on the 
old-type winches but in mounting the con- 
trol and resistor on the winch in watertight 
compartments practically identical with 
those illustrated in the paper. Then came 
the present co-ordinated design as shown 
in the paper resulting from the joint efforts 
of the Maritime Commission and several 
electrical manufacturers and winch builders. 
With this design any complete winch is 
interchangeable with another make of 
winch; the motors used are interchange- 
able, as are the brakes or the entire combi- 
nation of brake, resistor, and control panel. 

This co-ordinated design now is being 
manufactured by five or six winch builders, 
and electric equipment is being supplied 
by several manufacturers. 


F. H. Holt: Mr. Gray questions the need for 
the matching of motor speeds for burtoning. 
A close study of the burtoning cycle will 
show that one winch is often required to 
handle full load, while the other winch is 
handling light load. In order easily to 
transfer load into the ship without excessive 
manipulation of the master switch, the 
speeds of the two winches with their differ- 
ent loads must be matched. Although it is 
not possible or too important to match these 
speeds exactly, they should be approxi- 
mately the same. On d-c control for cargo 
winches the characteristics match up fairly 
well regardless of the control scheme used; 
however, on a-c winches it is very difficult to 
obtain the various light-line speeds. The 
feature never should be neglected when 
designing control for cargo winches, if ease 
of operation is to be considered. 

The maximum rate of motor deceleration 
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has been limited by motor commutation 


and it is generally left to the operator to — 


operate the equipment to protect the ship’s 
rigging. This permits maximum rate of 
deceleration during emergencies and slower 
deceleration with slower movement of the 
master-switch handle. If any difficulties 
have been encountered with riggings, a 
careful study of these stresses should be 
made. It must be remembered that a 
reduction of the decelerating rate will 
present operational difficulties, which must 
be weighed against reduced rigging stresses. 

The extremely’ low speed of 15 feet per 
minute has been required by a number of 
the cargo ship operators, but it might be 
possible to increase this speed slightly. 
The landing of a load in small craft must 
be considered when increasing this speed. 

The upper limits of light-line speeds have 
been reached for the reasons Mr. Gray has 
given, and, until better methods of handling 
the cable are found, these speeds may not 
be materially increased. 

Mr. Gray has outlined several additional 
requirements for cargo winch control, and 
I agree that higher speeds on the fourth 
point lower would be desirable on the West 
Coast, but I doubt whether they would be 
widely used on the East Coast because of 
the fact that two men are used in the East 
to operate a pair of winches. This two-man 
operation materially reduces the operating 
speeds, and the higher speeds are seldom 
used. The faults of the load relay have 


shown up usually with one-man operation, 


as a result of the better co-ordination of the 
two winches and the resulting increase in 
speed. The emphasis on higher light-line 
speeds has come about as a result of the 
desire for higher cargo-handling rates. The 
higher speeds do not always result in higher 
cargo-handling rates because of the long 
rest time during each cycle. 

Mr. Gray has recommended 4 continu- 
ously rated resistor for this application, 
but past experience on this application does 
not justify the use of such a resistor. It is 
true the resistor is not designed on an operat- 
ing-cycle basis but on the basis of experi- 
ence. The size of the resistor would have 
to be increased materially to give continuous 
capacity, and the increase in cost, weight, 
and size could not be justified on the basis 
of past performance. 

The increased settings of the overload 
relays have resulted from faster operation 
of the master-switch handle and the larger 
current peaks obtained. This operation is 
more or less general shipboard practice, and 
a compromise between speed of response 
and cost of gears can be established only 
by the purchaser. 

The change in the design of the master 


, 
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switch is a very interesting problem and is © , 


made difficult by the fact that a pair of 


switches may be operated by one or two 


men. The type of switch, its location, and 
its operation for this application raust be 
determined by joint efforts of the electrical 
manufacturer, the Commission, and the 
ship operators in order to get all view- 
points. This matter should be investigated, 
and I appreciate Mr. Gray’s suggestions. 

It should be pointed out that a number 
of the requirements which Mr. Gray has 
questioned have been established by the 
Maritime Commission on the basis of their 
experience in operating vessels on which 
such winches are installed. 


i 


AIEE TRANSACTIONS | 


st 


Oo 


: 


History and Development 
of the Electronic Power 
Converter 


(44.143) 


The Electronic Converter for 
Exchange of Power 


(44.144) 


Design of an Electronic 


Frequency Changer 
(44.145) 


Switchgear and Control 
for an Electronic Power 
Converter 


(44.1 46) 


Pentode Ignitrons for 
Electronic Power 
Converters 


(44.147) 


Discussion and authors’ closure of papers 
presented at the AJEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published as follows in AIEE TRANS- 
ACTIONS, 1944; 


44-143 by E. F. W. Alexanderson and E. L. 
Phillipi, September section, pages 654-7. 


44.144 by F. W. Cramer, L. W. Morton, and 
A. G. Darling, pages 1059-69. 


44-145 by C. H. Willis, R. W. Kuenning, 
E. F. Christensen, and B. D. Bedford, pages 
1070-8. 


44-146 by W. N. Gittings and A. W. Bate- 
man, August section, pages 585-9. 


44.147 by H. C. Steiner, J. L. Zehner, and 
H. E. Zuvers, October section, pages 693-7. 


S. B. Crary (General Electric Company, 


Schenectady, N. Y.): The authors of paper 
44-144 and its companion papers have done 
a thorough job in presenting a complete 
and full analysis of the electronic type of 
frequency converter, which should make 
possible rational comparisons with other 
types of frequency-conversion equipment. 
The authors have indicated the possibility of 
using this type of converter to control the 
power flow between systems of the same as 


well as unlike frequency. It might be well 


to review briefly the experience and trend in 
system design as regards the exchange of 


power between areas and systems. 


SYNCHRONOUS-SYNCHRONOUS TIE 


Large areas now are served by intercon- 
nected systems operating in synchronism 
which exchange power with a high degree of 
reliability. An overhead tie line represents 
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probably the most economic type of connec- 
tion that can be made between systems of 
similar frequency. Performance of such an 
interconnection has been improved very 
greatly during the past 20 years by the de- 
velopment of quick-operating relays, quick- 
clearing breakers, properly applied tie-line 
and frequency control, and a more complete 
understanding and appreciation of system 
performance and stability during sustained 
and transient load changes. As a result of 
this very substantial progress, systems can 
be connected together by tie-line capacity 
or synchronous-synchronous frequency- 
changer capacity, which is relatively small 
compared to the size of the interconnected 
systems. For example, some systems can be 
operated successfully in a synchronous— 
synchronous relation when the tie capacity 
is appreciably less than 10 per cent of the 
smaller-system capacity. 


NONSYNCHRONOUS TIE 


The nonsynchronous tie between systems 
has the advantage that the load change can 
be isolated to one system, usually the smaller 
of the two interconnected systems. This re- 
quires that the prime movers of the smaller 
system be subjected to greater changes in 
prime-mover output due to the load changes 
of the smaller systems, than if the systems 
were tied together in a synchronous relation. 
This may or may not have advantages de- 
pending upon the conditions peculiar to the 
case under consideration. If the smaller 
system is a steel mill, for example, with a 
large rapid varying load, the larger system 
will be relieved of taking as much or any of 
the load changes of the smaller system, and 
therefore the operation of the larger system 
will benefit correspondingly. However on 
the other hand, the smaller system will be 
subjected to greater changes in frequency 
and the prime movers to greater changes in 
output. There are available at least two 
methods of isolating the load changes to the 
smaller system, such as using a Scherbius 
frequency changer set or an electronic con- 
verter of the type described in these papers. 

It can be concluded, therefore, because of 
the greatly improved performance of syn- 
chronously operated systems that the need 
for a nonsynchronous tie will be limited in 
general to those areas where it is desirable 
to insulate from the larger system the ob- 
jectionable load variations of a smaller sys- 
tem, requiring the smaller system to operate 
with larger frequency deviations than would 
be required, if it were operating in a syn- 
chronous-synchronous relation with the 
larger system. 


B. M. Jones (Duquesne Light Company, 
Pittsburgh, Pa.): The Duquesne Light 
Company’s 60-cycle system and the Car- 
negie-Illinois Steel Corporation’s 60-cycle 
system now operate in parallel, and the 
converters which tie the steel corporation’s 
60-cycle and 25-cycle systems also tie the 
Duquesne Light 60-cycle system to the 
25-cycle system of the Carnegie Steel 
Corporation. 

Figure 1 of this discussion shows the Duq- 
uesneLightsystem diagram, andthe Carnegie 
Steel Corporation interconnection is shown 
in the lower right near a bend in the river. 
Actually, the 60-cycle load of the Steel Cor- 
poration carried on the Duquesne system be- 
fore these electronic converters were installed 
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has been much greater than the 28,600 kw 
shown, reaching 60,000 to 70,000 kw at 
times. The total installed name-plate gener- 
ating capacity of Duquesne Light is 624,000 
kw, with 262,500 kw at Colfax, 180,000 kw 
at Reed, 116,500 kw at Brunot Island, 60,000 
kw at Phillips, and 5,000 kw at Stanwix. 
Phillips is the newest plant, having been 
placed in service in January 1943. It was 
planned and authorized prior to our entry 
into the war, in anticipation of the large war 
loads to come, which actually did come, and 
we take a little pride in this advance plan- 
ning. 

We are very glad to state that these de- 
vices are not causing any concern or disturb- 
ances at the present time. Some interfer- 
ence did occur on the Duquesne Light Com- 
pany’s system at the time of initially placing 
the first 10,000-kw converter in service in 
December 1943, resulting in rather wide- 
spread voltage-flicker complaints on our sys- 
tem which, we believe, resulted from spo- 
radic faulty tube operation (commutation 
failures) which lasted intermittently from 
the time the original cut in was made at 
about 9 p.m., throughout that night, the 
next day, and to a lesser extent spasmodi- 
cally thereafter. Since that time, the second 
10,000-kw unit has been cut in service (on 
February 15, 1944), and some voltage com- 
plaints were encountered, although there 
were not so many as there were, when the 
first unit was cut in. 

It is interesting to note that the electronic- 
frequency-converter installation requires 
each system to provide its own reactive cur- 
rent, for the converter installation itself does 
not do this. The frequency records for our 
system during the time these frequency- 
changer installations have been in service 
and during the initial tryout thereof show 
no appreciable effect of this interconnection. 
Figure 13 of paper 44-144, item d, shows 
the 60-cycle system frequency at the time of 
certain tests on the electronic installation. 

One attractive feature of such a frequency 
converter tying two large systems together is 
the steady load that can be interchanged be- 
tween the two systems. The authors’ 
paper, including their exhibits, brings this 
out very clearly. The ideal condition of an 
electric interconnection is for the power 
flowing over the interconnection to be at 
absolutely steady load. This same condi- 
tion is desirable for any load, but the fluctu- 
ating nature of most loads is inherent and 
unavoidable. 

Another interesting feature, which is very 
satisfactory to us, is the fact that under fault 
conditions on either system, the electric con- 
verter prevents excessive flow of current and 
actually limits it to slightly more than full 
load, as the authors bring out. A big inter- 
connection which does not limit the flow of 
short-circuit current, as this does, imposes 
greater short-circuit duty on equipment and 
easily could cause much expense in circuit- 
breaker replacements in addition to affect- 
ing the stability of the systems. These elec- 
tronic converters eliminate these two diffi- 
cult and expensive problems. 

Even for ties between systems of the same 
frequency, the degree of control of the power 
between the two systems obtained by 
electronic-frequency-converter installations 
would be a distinct advantage in some cases, 
although modern steam turbine governors 
and load controls make interconnections be- 
tween systems very practical and have in 
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| cycle systems see Figure 1 of paper 44-144 


recent years minimized the degree of power 
swings over such connections. Even so, 
there might be installations requiring a 
smooth control of the flow over interconnec- 
tions, and the engineers planning such inter- 
connections should explore the possibilities 
and economic advantages of electronic fre- 
quency converters before arriving at their 
decision. 

It is interesting to note the authors’ state- 


ment, that the converter handles fault cur-, 


rents, internal and external, and restores 
power under normal conditions after an 
elapsed time of not over 4/,;-second after 
fault release, thus reducing fault damage, 
duty, and stresses on equipment and circuit 
breakers below extents created by corre- 
sponding size rotating equipment. This is of 
particular interest to the relay protection 
engineers and is more important to such en- 
gineers for a large power system. It is par- 
ticularly interesting to engineers applying 
circuit breakers and to those concerned with 
the stability of the generators. 

The Duquesne Light Company has been 
operating in parallel with adjacent power 
systems, the West Penn Power Company, 
and the Pennsylvania Power Company 
since about 1925, and such interconnections 
are still in satisfactory service. Several years 
ago we installed a regulating transformer in 
The Pennsylvania Power interconnection to 
permit the parallel operation of our system 
with both these interconnections simultane- 
ously and to control the flow of power rea- 
sonably close (within steps of 2,000 kw 

_ more or less) over the tie with the Pennsyl- 
vania Power Company. In our case, each 
interconnection above one requires a regulat- 
ing device to control the flow of power, so 
that it will not flow into our system from 
one interconnection and out over the other 
one, the regulating transformer being set to 
make the second interconnection feed into 
our system. Of course, rapid load swings 
cannot be controlled by this regulator. 

We are making investigations and doing 
research jointly with the Steel Corporation 
and the General Electric Company to com- 
pare the 60-cycle voltage with the flicker in 
it caused by forced commutation failures 
with a standard 60-cycle laboratory wave to 
determine the magnitude of the fluctuating 
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voltage. These staged tests were just fin- 
ished late last week and have not been com- 
pletely analyzed, but they appear to indi- 
cate that the voltage fluctuation at the con- 
necting point between the 60-cycle systems 
of Duquesne Light and the Steel Corpora- 
tion was in order of four to five rms volts for 
forced commutation failures. These devia- 
tions were observed on a cathode-ray oscil- 
lograph and photographic records were ob- 
tained. Varying reports were received from 
previously informed observers. Some could 
not even discern the flicker; most of them 
could but did not consider it objectionable, 
although the fluctuations were not nearly so 
prolonged during the test as they were when 
the units first were placed in service. The 
two tests were of very short duration (about 
five or six seconds each), and continued 
flicker of this magnitude would have been 
objectionable to many. Certainly it was 
during the first stages of operation of the 
sets. The test fluctuations occurred at the 
rate of 1.5 per second, which is approaching 
the most critical frequency for visual per- 
ception and objection. 


I have a few questions to ask the authors: 


1. Iam interested in the over-all efficiency of the 
installation, and some reference is made to the 
efficiency of a typical electronic converter in 
Figure 10 of the paper. What I would like to 
know is this: Shall we consider the efficiency shown 
in Figure 10 as that of the Carnegie corporation 
installation, and if not, what is the Carnegie cor- 
poration efficiency? 


2. Under the heading, ‘“‘Control of Electronic 
Disturbances,” reference is made to large currents 
in the a-c supply line during arc-backs, and else- 
where there is a statement to the effect that for 
short circuits on the receiving system the installa- 
tion will permit only slightly more than full-load 
current to be drawn from the supplying system. 
Probably the high-speed relaying as covered in the 
same section of the paper covers this, but I believe 
a further statement might be helpful. 


3. Suppose the load keeps. increasing on the set 
for reasons other than faults, such as the tripping 
off of one of the large 25-cycle generators. Then, 
what load conditions exist on the converter set? 
Does it automatically shirk the increase and hold 
to its former load and thus force the other 25-cycle 
generators to pick up what has been dropped? 
Or does it just absorb the load? My reading of 
the article is that the electronic converter is so 
fast that it does not absorb the load. 


4. The section of the paper, ‘General Applica- 
tions for the Electronic Converter,” raises the 
question as to just what kind of load—load which 
can or cannot produce its own reactive current? 
Just any industrial load? High-power-factor load? 
Low-power-factor load? If I understand rightly, 
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these electric converters cannot pick up a “dead” 
system, as the system to be picked up must provide 
the reactive from some other source. I would like 
some enlightenment on this. 


5. Toa public utility man, the matter of repairs 
and spare equipment is very important, and I 
would like to ask Mr. Cramer about his company’s 
experience on this: How many spare tubes on 
hand? How long to replace? and so forth. 


F. W. Cramer (Carnegie-Illinois Steel Cor- 
poration Pittsburgh Pa.): Carnegie-Illi- 
nois Steel Corporation operates three large 
25-cycle power systems; one in the Chicago 
district with a generating capacity of 
297,800 kw, another in the Pittsburgh 
district with a generating capacity of 
138,000 kw, and a third in the Youngstown 
district with a generating capacity of 47,200 
kw. There is also a 60-cycle generation of 
50,000 kw in Pittsburgh. 

Since these systems supply steel-mill 
loads, a close control of voltage and fre- 
quency as practiced by utilities is not re- 
quired, and variation in frequency from 22!/2 
to 26 cycles due to sudden load swings, or a 
drop in voltage of 10 per cent does not inter- 
fere with operations. 

In the Chicago district, Gary Sheet and 
Tin Mill’s wide-strip operation was installed 
in 1936 using 60-cycle equipment with a 
load demand of about 42,000 kw. The 
power is purchased from the public utility 
company. This 60-cycle load since has been 
increased as new equipment was placed in 
operation, and 60-cycle power gradually is 
replacing 25-cycle power in that area. 

In 1940 studies were made on possible 
methods for interconnecting the 25-cycle 
system with its wide variations in fre- 
quency and voltage to the utility 60-cycle 
system with practically constant voltage and 
frequency conditions and have power feed 
either way. . 

These studies indicated that the mereury- 
arc rectifier and inverter combination, could 
be used, where frequency variations would be 
eliminated in the d-c tie, and a 6,667-kw unit 
was purchased. The war emergency handi- 
capped the development of this project and 
delayed completion of the unit. However, it 
has been in operation for several months and 
is a very satisfactory addition to our facili- 
ties. 

In the Pittsburgh district the Irvin plant, 
installed in 1938, together with the Edgar 
Thomson slabbing mill operation, were de- 
signed as 60-cycle plants and the power— 
about 45,000 kw—purchased from the public 
utility company. 

In 1941, when the emergency expansion 


program was authorized, the electric fur- — 


naces at Duquesne works and the blast 
furnaces at Edgar Thomson were designed 
for 60-cycle power. 

The additional blast furnaces at Edgar 
Thomson works produce enough gas for 
steam production over and above all other 
requirements to generate 50,000 kw, and, if 
the gas were not used for this purpose, it 
would be wasted. Two 25,000-kw 60-cycle 
turbogenerators were installed to utilize this 
available waste fuel. This, however, did not 
solve the power problem for the open-hearth 
slabbing mill, 160 inch platé mill, and forge- 
shop project located in the Homestead 
works, which project is lecated in a 25-cycle 


area near modern mills with 25-cycle main- 


drive motors. The topography of the coun- 
try plus lack of space on mill property made 
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a 60-cycle high-voltage line a costly project 
with complications of dual transmission sys- 
tems. Studies on this problem indicated 
that the 50,000 kw produced by the 60-cycle 
turbines would about balance the additional 
electric load created by the three new proj- 
ects, and, if a frequency converter could be 
installed, the 20,000-kw 25-cycle load in the 
new Homestead project could be served 
from those turbines. 

As in the Chicago district, means for 
this frequency conversion were studied and 
propositions requested on both electronic 
and rotating equipment. The cost for an 
installed 20,000-kw electronic unit without 
foundations or building was $50,000 greater 
than for a rotating unit. However, the main 
unit for a Scherbius set weighed 715,000 
pounds and for a Kramer set weighed 
507,000 pounds plus two rotary converters at 
76,600 pounds each. Either type of rotating 
unit would require a 50-ton crane to handle 
the heaviest piece. The total weight of the 
48 units comprising the electronic converters 
was 135,000 pounds, and these could be in- 
stalled without foundations on a floor de- 
signed for a load of 150 pounds per square 
foot. The location for this unit is in the 
flood area, so that the floor level for equip- 
ment must be 12 feet above ground level. 
This made the heavy foundations for rotat- 
ing equipment more expensive. 

When the total cost of the project, includ- 
ing building, foundations, crane, steel work, 
and ventilating system for the rotating 
equipment, was compared to the similar 
total cost for electronic equipment, there 
were considerable savings in favor of the 
electronic. There was also the benefit of 
having two complete units in the electronic 
project. 

Delivery of the electronic equipment was 
promised in 427 days compared with 650 
days for the rotating, and the quantity of 
critical materials involved was considerably 
less. 

The efficiency of the electronic unit oper- 
ating at a monthly load factor of 50 per cent 
should be about five per cent better than the 
rotating unit, which on 100,000,000 kilowatt- 
hours per year would mean a savings of 
5,000,000 kilowatt-hours. This saving at 
0.005 cent per kilowatt-hour equals $25,000 
annually. In addition, no operator is re- 
quired. 

For the past two months there have been 
no outages of the equipment; the over-all 
efficiency from 69 kv 60 cycles to 44 kv 25 
cycles has been 94.88 per cent. 

As for operating costs, it will require sev- 
eral years to obtain an average value. A 
tube life of five years is expected. Other 
than tube replacements repair costs should 
be very minor. 


H. E. Kent (Edison Electric Institute, 
New York, N. Y.) and E. B. King (Ameri- 
can Telephone and Telegraph Company, 
New York, N. Y.): Wave shape of power- 
circuit current and voltage is one of the 
important factors in the inductive co- 
ordination of power and telephone circuits. 
Rectifiers as a source of wave-shape distor- 
tion have been discussed before the Insti- 
tute in the past and are treated in various 
published engineering reports of the Joint 
Subcommittee on Development and Re- 
search of the Edison Electric Institute and 
the Bell Telephone System. However, a 
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Figure 2. Harmonic current on 60-cycle 
supply side 
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large majority of the available experimental 
data on rectifier wave shape is for rectifiers 
operating without grid control. Conse- 
quently, representatives of the Joint Sub- 
committee on Development and Research 
were especially glad to have an opportunity 
to co-operate in a study of the wave shape of 
the electronic frequency converter described 
in the paper by F. W. Cramer, L. W. Mor- 
ton, and A.G. Darling. At the time the test 
was made only one of the 12-phase 10,000- 
kw units was in operation, transferring power 
from the 60-cycle to the 25-cycle system. 
The following results were observed with the 
unit carrying 125 per cent of its rated load. 

The solid bars in Figure 2 of this discus- 
sion indicate the measured harmonic cur- 
rents expressed in percentage of the rms line 
current on the 60-cycle supply side of the 
electronic converter. Also shown in the 
Figure 2 are calculated harmonic currents 
for a rectifier of the same size and of the 
same equivalent transformer impedance op- 
erating six-phase without grid control. A 
comparison of these two sets of values at the 
11th and 13th, 23rd and 25th, and 35th and 
37th harmonics (nonsuppressed in 12-phase 
operation) indicates the frequency converter 
harmonics to be about two or three times as 
large as those for the rectifier. This re- 
lation is in general agreement with observa- 
tions in several other situations, namely, 
that a rectifier operating with substantial 
grid control gives rise to materially larger 
harmonics than one operating without such 
control. 

The characteristic suppression of certain 
harmonics by the 12-phase arrangement is 
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Table | 
Voltage 
Current X TIF,* 
TIF* Voltage Converter 
(I-T) TIF* Off 
69-kv 60-cycle side....21,000...... SOE watete 18 
44-kv 25-cycle side....11,000...... Le ee 9 


* Telephone influence factor 


illustrated also in the figure. A high degree 
of effectiveness is indicated at the 5th and 
7th harmonics. For the higher order of 
suppressed harmonics (17th and 19th, 29th 
and 31st, and so forth) the effectiveness de- 
creases as the order of the harmonic in- 
creases. 

Corresponding information for the same 
orders of harmonics on the 25-cycle load side 
is presented in Figure 3. The relationships 
exhibited here are very much the same as 
for the 60-cycle side. 

Tests results from which these values are 
taken carried the analyses considerably 
higher in the frequency range. In general, 
the harmonics decreased in magnitude with 
increasing frequency. On the 60-cycle side 
the harmonics above the 37th (2,220 cycles) 
did not contribute materially to the over-all 
inductive influence. However, on the 25- 
cycle side the 37th harmonic (925 cycles) is 
about the middle of the band of frequencies 
important from a telephone noise stand- 
point. This is illustrated in Figure 4 show- 
ing for a wide range of harmonics the current 
times telephone influence factor product 
(I:T), the usual index of the effect of power 
current on telephone noise induction. The 
relatively substantial magnitudes of some of 
the triple series harmonics (such as the 27th, 
39th, and 45th) shown appeared to be 
caused by the operation of the inverter. 
Comparable values were not observed on the 
60-cycle rectifier side of the unit, although 
there were found small but appreciable even 
harmonics, the largest of which was the 4th 
with a value of about one per cent. Such 
even and triple-series harmonics are not 
ordinarily present in the supply to nongrid 
controlled rectifiers. 

The over-all influence factors of the power- 
system current and voltage, as measured at 
the electronic converter location are given in 
Table I of this discussion. 

In this particular situation there was no 
telephone noise problem caused by the op- 
eration of the electronic frequency converter. 
There were no extensive exposures between 
telephone lines and the high voltage power 
lines, and the 60-cycle power-system ar- 
rangement was stich that the increased 
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Figure 4. 25-cycle harmonic current times 
telephone-influence-factor products measured 
with 12,500 kw on 12-phase unit | 
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wave-shape distortion did not reflect back 
appreciably to the lower-voltage distribu- 
tion circuits. 

It appears that the choking effect on the 
harmonics of the relatively high effective 
reactance of the frequency-converter trans- 
formers was a factor comparable in im- 
portance to the multiphase operation in 
minimizing wave-shape distortion. The 
transformer with an auxiliary reactor had 
about three or four times the reactance 
commonly encountered with ordinary recti- 
fiers. _ 


E. R. Whitehead and V. E. Hill (Duquesne 
Light Company, Pittsburgh, Pa.): As a 
supplement to B. M. Jones’s remarks on 
paper 44-144 herewith is a brief description 
of the scheme employed to measure the 
flicker and some more detail on the reports 
of the observers. 

Measurement of the transient voltage 
drop at the 66-kv bus of the interconnecting 
substation was effected by a null method 
utilizing a cathode-ray oscilloscope to com- 
pare this voltage with that furnished by a 
sine-wave generator at the meter standard- 
izing laboratory of the Duquesne Light 
Company. ; 

For convenience both voltages were 
brought over telephone lines to the system 
operator’s office where the oscilloscope and 
high-resistance voltage dividers were con- 
nected as shown in Figure 5. The phase 
shift caused by the capacitances of the tele- 
phone lines was compensated by adjusting 
the stator position of the sine-wave genera- 
tor, and the magnitude balance was ob- 
tained by means of the slide wire potential 
dividers. In this way, almost perfect funda- 
mental frequency balance was achieved, 
leaving only the harmonic unbalance. The 
latter was between one half and three quar- 
ters ofa volt: In order not to darken the film 
excessively with this residual trace while 
time-exposing the film to record the tran- 
sients, a mask of approximately one-volt 
width was applied to the screen. 

Figure 6 shows the record obtained during 
one of the staged multiple electronic faults. 
The scale marking is an over-all calibration 
made by depressing the voltage at the inter- 
connecting substation in accurate two-volt 
steps. The maximum drop indicated is 4.9 
volts and the minimum is 4.0 volts. 

There were eight fluctuations in about five 
seconds, or about 11/, dips per second. The 
frequency was obtained from an Esterline 
ammeter chart run at high speed, which is 
satisfactory for recording this data, but it 
is not accurate, of course, for the magnitude 
of the current swings. 

Two stich tests were performed, and the 
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Figure 6 


results from the previously informed ob- 
servers are presented in this discussion. It 
is recognized, however, that- tests of such 
short duration would not be objectionable, 
and they were satisfactory for this particular 
purpose. 

We did not get as many questionnaires 
back from observers as we had hoped 
for. There were no observers located at 
the Illinois substation where the voltage 
fluctuations were measured, all the ob- 
servers being fed from other substations on 
the 66-kv ring. In all but one case this 
meant that observers were fed from the 
usual 4-kv distribution system supplied over 
22-kv lines emanating from the 66/22-kv 
ring substations. The one exception is a 
66/4-kv substation known as Brentwood. 
In the case of the ring substations nearest to 
Illinois, where it was calculated the dips 
amounted to approximately 31/2 volts, five 
out of nine observers detected the flicker on 
both tests. At another ring station still 
further away where the fluctuation was only 
21/. volts, only three out of 14 observers dis- 
cerned the flicker in both tests. However, 
at the Brentwood station, which is between 
the two ring stations and had about three- 
volts fluctuation, seven out of nine noticed 
the flicker. We do not know just why the 
flicker is so much more noticeable from this 
type of station, but the complaints received 
when the sets were first placed in operation 
seemed to justify this test experience. 

Some observers saw the flicker from one 
test but not the other, but these have not 
been included in the above results. Six ob- 
servers on the other half of the ring, which is 
separated electrically from the half under 
observation by transformers and bus reac- 
tors at the generating stations, did not ob- 
serve any flicker at all, as was expected. 

It has been calculated that it takes ap- 
proximately 50,000 kva to give a 4!/»_ volt 
dip at the Illinois substation bus. 

We realize that these tests are not com- 
plete, but they were performed with the 
idea of trying out the scheme to see if it 
would work and then possibly making more 
exhaustive tests later. We did learn a con- 
siderable amount about testing procedure 
and would make the tests somewhat differ- 
ently, if we decided to perform them again. 
The tests have demonstrated to our own 
satisfaction that the electronic converter can 
give rise to sufficient voltage flicker on the 
high-voltage lines of a large power system to 
cause perceptible flicker, which is objection- 
able if sustained. As Mr. Jones has said, 
these flickers were frequent enough to be 
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objectionable only during the first few days 
after the sets were placed.in operation; 
since then, even though we understand that 
there may be several dips a day, we have had 
no trouble or complaints from this source. 


J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors of the group of papers 
on electronic power conversion are to be 
highly congratulated on an excellent piece 
of engineering. It must be obvious to all 
that the converting of power from one 
frequency to another in large blocks by 
electronic devices in the present state of 
the art involves many difficult problems. 
Apparently all of these problems were solved 
in a manner which resulted in a satisfac- 
torily operating unit. However, there is 
some danger that the very excellence of 
the engineering job done will give rise 
to over-optimism and the unjustified im- 
pression that the development is now fin- 
ished, that the electronic frequency con- 
verter is now a fully developed device and 
can take its place alongside the mereury-are 
rectifier for the familiar job of converting 
alternating current to direct current, ready 
to be installed widely the same as other 
familiar electrical apparatus. At the risk of 
being considered a pessimist, I definitely do 
not believe that this is the case. I share the 
opinion of most engineers working with elec- 
tronics that as time goes on we are going to 
witness a tremendous further increase in the 
use of electronics in the power field, and the 
uses will include probably frequency chang- 
ing and possibly d-c transmission, but the 
time for the general application to these 
special services has not yet arrived, 

I would like to emphasize some of the 
more important attractions and limitations 
of the electronic frequency converter, many 
of these being treated only lightly in the 
papers just presented. The most valuable 
feature of the electronic frequency con- 
verter is the variable frequency ratio. This 
feature avoids the sometimes prohibitive 
procedure of tying the frequencies of two 
a-c power systems rigidly together. Less 
important attractions are extreme ease and 
flexibility of control and absence of noise 
and vibration. Against these attractions 
must be weighed the following disadvan- 
tages: 


a. A present high initial cost. (The cost of upkeep 
can be estimated only when the life of the rela- 
tively expensive tubes is established.) 


b. Adverse power factor and harmonics. 
c. Low overload-current limits. 
d. Complicated control and protection circuits. 


e. Inability to supply isolated loads without a 
further considerable increase in complication, 


An electronic frequency converter trans- 
mits only kilowatts and contributes nothing 
to the reactive kilovolt-ampere require- 
ments of either power system. This would 
not be so serious, but the converter itself re- 
quires additional reactive kilovolt-amperes 
for its own operation, particularly on the in- 
verter or receiving system, and this require- 
ment is)really relatively large. An indica- 
tion of the magnitudes of this requirement is 
given in Figure 9 of the Cramer, Morton. 
and Darling paper. 

This requirement for reactive kilovolt-_ 
amperes is related to the more serious limi- 
tation in overload current. For a given set- 
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ting of inverter operating angle there is a 
definite limit in the current that can be sup- 
plied by the inverter without failure, even 
though the tubes perform perfectly. Un- 
fortunately the higher the setting for over- 
load current the greater becomes the re- 
quired reactive kilovolt-amperes during con- 
tinuous normal operation. Also, variations 
in the voltage of the inverter or receiving 
system have a profound influence on this 
overload current limit. As described in the 
papers, the converter will not supply an iso- 
lated load. This can be accomplished by a 
considerable increase in apparatus and com- 
plication, or by a considerably different 
basic circuit. 

There is a minor point in the papers I feel 
deserves criticism. The word ‘‘shoot 
through” to indicate a failure of commuta- 
tion is a rather unscientific term to be 
used in engineering work. 

In closing, I want to say that I am very 
happy to see the great amount of work being 
done on all phases of electronic power con- 
version and to be participating in that work. 
It is certain to bear fruit. Usually it is more 
orderly and safer to do the work in the 
laboratories, until satisfactory and eco- 
nomic operation is assured. If apparatus is 
installed in commercial service prematurely 
and unsatisfactory performance results, the 
apparatus suffers for a long time from an 
initial bad reputation. I trust that the 
splendid engineering job done on the 
Carnegie-Illinois installation will avoid a 
bad reputation for the electronic frequency 
converter. 


C. W. Frick (General Electric Company, 
Schenectady, N. Y.): The effect of the 
equipment on the wave shape of the power 
system mentioned in paper 44-144 in several 
places, is treated in considerable detail in 
the discussion presented by Mr. Kent and 
Mr. King. That discussion makes available 
the results of co-operative tests made espe- 
cially for the purpose of obtaining data 
pertinent to wave shape. In general it sub- 
stantiates the conclusion that the harmonics 
and wave-shape distortion for rectifiers and 
inverters depend upon the same factors. 
This equipment differs from an ordinary rec- 
tifier installation in two respects: 


(a). The percentage reactance of the transformer 
is much higher. 


(b). Phase control is used to a greater extent than 
usual, 


The tests reported by Mr. Kent and Mr. 
King were made with 12-phase operation only 


‘because but one of the two units in this sta- 


tion was available at that time. The paper 
states that the complete installation of two 
units operates 24 phase. This eliminates or 
reduces the 11th, 13th, 35th, 37th, and other 
harmonics associated with odd multiples of 
12. Figures 2 and 3 of the discussion men- 
tioned show harmonic currents for the 12- 
phase unit together with calculated values, 
which evidently allow for the transformer 
reactance but do not include phase control. 
The increase of some two or three to one due 
to phase control seems reasonable. Oscillo- 
grams similar to the current waves which 
were analyzed are shown in Figure 6 of the 
paper, curve } for 25 cycles and curve d for 
60 cycles. 

A short-cut method for estimating voltage 
and current telephone influence factor asso- 
ciated with ordinary rectifiers is described in 
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Table Il 
SS ee ee eee 
Current Times Voltage 
Telephone Telephone 


Influence Factor Influence Factor 


Esti- Meas- Esti- Meas- 

mated ured mated ured 
60-cycle side, .25,000....21,000..... CE RE Ras 39 
25-cycle side. .10,000....11,000..... ye 54 


reference 3 of the paper. Applying this 
method and making further allowances for 
transformer reactance and phase control as 
already mentioned, the estimates given in 
Table II were obtained, which are compared 
with the measurements reported by Mr. 
Kent and Mr. King. 

The agreement is reasonably good. It is 
too early, however, to establish any general 
factor for this purpose. 

The complete installation carries twice the 
load of the unit tested but operates 24 phase. 
Therefore, the telephone influence factor 
does not increase and is actually reduced 
considerably. Harmonic analyses and tele- 
phone influence factor measurements were 
not made for 24-phase operation, but the 
improvement in voltage and current wave 
shape is shown by the oscillograms of curves 
E and F in Figure 6 of the paper. 


H. Winograd (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): I wish 
to congratulate the authors participating 
in the symposium on their accomplishment 
in this development work. It is evident 
from the papers that much brain power 
has been expended on this job, and the 
papers are a valuable contribution to the 
electronics literature. 

A 6,700-kw electronic frequency changer 
consisting of two parallel sections was sup- 
plied by Allis-Chalmers for the Gary, Ind. 
plant of the Carnegie-Illinois Steel Corpora- 
tion, to provide a flexible tie for the transfer 
of power between the 25-cycle and 60-cycle 
systems. The complete unit is in opera- 
tion, and one section has been in service 
since the fall of 1943. 

The introduction of the electronic fre- 
quency changer in the United States is an 
important milestone in the application of 
electronic power equipment and in the field 
of power transmission. The Carnegie- 
Illinois Steel Corporation and the engineers 
of that company deserve great credit for 
pioneering these installations. 

The frequency changer in the Gary plant 
differs from that described in the papers 
under discussion in regard to the type of 
converting equipment used, the operating 
voltages, and the switching and control cir- 
cuits. One essential difference is that the 
Gary rectifiers have a continuous excitation 
arc maintained at the cathode. This re- 
sulted in a considerably simpler cathode ex- 
citation and grid-control system as com- 
pared to that of the pentode ignitron. A 
pentode tube with a continuous excitation 
arc would have only one auxiliary electrode 
at the cathode instead of five. Such a de- 
sign would require other internal changes, 
but an over-all simplification would un- 
doubtedly result. 

Another advantage of using a tube with a 
continuous excitation arc would be the 
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elimination of shoot-throughs resulting from 
misfires. Although such disturbances are 
taken care of by arc suppression in the recti- 
fiers without tripping of circuit breakers, 
they are objectionable, nevertheless, if they 
occur frequently. According to the oscillo- 
gram in Figure 14 of Dr. Willis’ paper, the 
current surges in the supply circuit reach 
values of about three times normal, and this 
is followed by a number of cycles of zero 
load. 

These remarks should not be considered as 
criticism of the designers, who have done a 
splendid job in making the equipment per- 
form successfully. Time, operating experi- 
ence, and further development will deter- 
mine which type of converting equipment is 
best suited for this service. 

I should like to ask the authors several 
questions in regard to the operation of the 
equipment: 


1, What is*the function of the reactor in the d-e 
circuit? Is it used for suppressing the harmonic 
currents, or is it intended also to reduce the rate 
of current rise in case of a fault? 


2. In Figure 14 of Dr. Willis’ paper, why does the 
bottom trace of the 60-cycle oscillogram indicate 
zero up to the time of the fault, and why does it 
have a decremental shape after the fault? 


3. Ifthearcin a tube is sustained for several cycles 
during a disturbance, is it possible for the are to 
jump to the tank, and what would be the effect? 


4. On the average how frequently do shoot- 
throughs due to misfires occur on the frequency 
changer? 


W. E. Gutzwiller (Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis.): 
The five papers presented give an interest- 
ing account of the equipment, the installa- 
tion, and the early commercial operation 
of this new electronic frequency changer. 
They not only stress the advantages of this 
type of converter, but also give its limita- 
tions in comparison with the older rotating 
type converters. 

Referring in particular to the paper of 
Alexanderson and Phillipi, I believe it is in 
order for completeness’ sake to say that 
other manufacturers of power electronic 
equipment in this country and abroad also 
have contributed to the development of this 
electronic converter. 

A 25/60-cycle electronic frequency changer 
of ?/; the unit capacity of the one described 
in this paper built by Allis-Chalmers Manu- 
facturing Company, was put in commercial 
service in September 1943 in one of the 
Midwestern mills of Carnegie-Illinois Steel 
Corporation and has been used for power 
demand control ever since. This unit, 
though performing a very similar service to 
the one in the Pittsburgh area, uses a some- 
what different type of equipment and cir- 
cuits. It also has, however, a d-c link be- 
tween two separate electronic units and is 
provided for power conversion in both 
directions. 

In Europe mercury-pool-type electronic 
power inverters in various forms have been 
used extensively since early in 1934. In that 
year I made a trip through Italy, Switzer- 
land, and Germany for the specific purpose 
of studying these installations and obtaining 
first-hand information on the equipment, on | 
its protective and control devices, and its 
operating performance. 

Among several 3,000-volt electronic power 
converters installed on the Italian State 
Railways and designed for rectification and 
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inversion for the purpose of supplying the 
railroad with d-c power and of absorbing 
regenerated power from locomotives, one in- 
stallation was particularly noteworthy as it 
represented, according to my records, the 
first commercial high-power electronic fre- 
quency changer. It consisted of a railway 
substation with three 2,000-kw 3,000-volt 
d-c rectifier-inverter units rated for heavy 
duty railway service. A-c power was fur- 
nished from two separate systems, one hav- 
ing a frequency of 42, the other of 50 cycles. 
Both systems could supply jointly or sepa- 
rately the entire railway load. However, it 
was desirable at times to feed surplus power 
from the 50-cycle into the 42-cycle system 
through the 3,000-volt d-c railway bus, 
under which condition the equipment op- 
erated as a frequency changer. 

In 1935 six 1,500-kw 3,000-volt rectifier— 
inverters were installed on a mountainous 
section of the South African Railways, where 
heavy regeneration from freight trains had 
to be absorbed. Several additional dupli- 
cate units were ordered two years later. All 
these installations have now, according to 
information available, been in successful op- 
eration for some ten years. 

In 1936 the first electronic frequency 
changer rated 3,000 kw supplying a 16?/s- 
cycle single-phase electric railway system 
from a three-phase 50-cycle utility power 
system was placed in service. This unit, in 
contrast to previously mentioned installa- 
tions, did not make use of a d-c link but con- 
verted the power in one electronic unit. 
Power conversion was accomplished in both 
directions and the unit could take care of its 
own reactive kilovolt-ampere requirements 
as well as of those of the single-phase rail- 
way system. 

A paper was presented before the AIEE by 
O. K. Marti, describing this typeof frequency 
converter.} 

In 1939 another electronic frequency 
changer of 1,600-kw capacity was installed 
in Switzerland and formed a flexible two- 
way tie between a 40-cycle three-phase rail- 
way power system and a 50-cycle municipal 
system. Here again no d-c link was used 
and conversion was accomplished in a single 
electronic unit. 

Worth mentioning in connection with the 
application of electronic power converters 
for future high-voltage d-c transmission is an 
experimental installation made in Switzer- 
land in 1939. It consisted of a 15-mile d-c 
transmission over an existing three-phase 
line at 50,000-volt direct current and 500-kw 
capacity. It used, at times, only one line 
conductor with ground return. The rectifi- 
cation and inversion was accomplished on 
only one electronic unit at each line termi- 
nal. This installation probably represented 
the highest voltage obtained in a single elec- 
tronic valve of the mercury-pool type. 

In conclusion, I would like to say that 
with two large-scale installations already 
made in this country, this new electronic 
power-conversion tool now definitely has 
left the laboratory stage and should find 
many new uses in the near future. One of 
the most interesting ones undoubtedly will 
be its use in connection with long-distance 
transmission of high-voltage d-c power. 

The management and the engineers of the 
Carnegie-Illinois Steel Corporation, who 
have made these two pioneering installa- 
tions possible, deserve a great deal of credit, 
and their co-operation and pioneering spirit 
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is being appreciated fully by the manufac- 
turing and power industry. 
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W. N. Gittings, H. C. Steiner, and A. G. 
Darling: The discussions presented have, 
in general, contributed either additional 
information or given valuable and con- 
structive criticism, so enhancing the value 
of the material presented in the papers. 

F. W. Cramer, to whom much credit 
is due for his foresight of desirable character- 
istics and his confidence in the abilities of the 
manufacturers to meet requirements, has 
added much valuable background informa- 
tion leading to the selection of the electronic 
converter and contributed interesting re- 
sults of operation. 4 

Mr. Kent’s and Mr. King’s discussion of 
wave shape has been ably reviewed by C. 
W. Frick. 

B. M. Jones’s presentation of the ef- 
fects of the electronic converter upon the 
operation of the Duquesne Light Company 
shows how little the operation of the con- 
verter can be noticed, after the period of ini- 
tial adjustment. It can be assumed that the 
reactive kilovolt-amperes required by the 
converter aresupplied by the Steel Company. 

Replies to Mr. Jones’s specific questions 
are as follows: 

1. The efficiency of the Carnegie con- 
verter is illustrated in Figure 10 of the 
Cramer, Morton, and Darling paper. That 
these data are realized in practice is sub- 
stantiated by Mr. Cramer’s statement that 
94.88 per cent efficiency has been attained 
under normal running condition. 

2. The current drawn from a supply sys- 
tem of zero impedance during an arc-back in 
the rectifier is a function of the impedance of 
the transformer and rectifier circuit. In 
this instance this current is in the order of 
five to six times the kilovolt-ampere rating 
of the rectifier transformer. 

Mr. Jones then mentions that ‘‘elsewhere 
in the paper there is a statement to the effect 
that for short circuits on the receiving sys- 
tem, the installation will permit only 
slightly more than full-load current to be 
drawn from the supply system and suggests 
a more complete statement would be helpful. 

Apparently, Mr. Jones referred to clause 6 
“Fault Control” under the general heading 
of ‘Distinguishing Characteristics.” This 
subject is treated in more detail later in the 
paper under the heading, ‘‘Effect of External 
Faults.” The duration of fault currents is 
discussed under the preceding heading of 
“Control of Electronic Disturbances.” 

3. This question has to do with a control 
of load through the converter with condi- 
tions under which prime movers have to in- 
crease or reduce their loads. Most prime 
movers maintain a relatively constant fre- 
quency and in so doing increase or reduce 
their output. The electronic converter in- 
herently transmits power not as a function 
of frequency but as a function of change in 
ratio of input to output voltages. Unless 
this ratio changes during a fixed load set- 
ting of the control, there will be no change 
in the output or the converter. Changes in 
loads of a system will be noticed mostly in 
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a) 
frequency changes and to a less degree in 
voltage changes. Therefore, unless the 
voltage ratio of the converter changes be- 
cause of load changes, there will be no 
tendency for the converter output to change. 
The watt regulator of the converter acts 
to restore the load through the converter 
as changed by voltage-ratio changes. 

An inspection of the recording meter 
charts of Figure 13 of the paper will show 
that the converter does not respond to fre-, 
quency variations and maintains practically 
constant output with system voltages vary- 
ing. 

The constant-load type of control was 
specified to be used for thisinstallation. The 
paper points out that other forms of con- 
trol are applicable, one of which would make 
the converter share load proportionally with 
other prime movers. 

4. Further explanation of the types of 
independent loads that the converter can 
carry is requested in this question. 

The general types of electronic converters 
described in the paper, providing flexible 
frequency ratio ties, have characteristics 
such that reactive kilovolt-amperes must be 
furnished to the converter when it is in par- 
allel with synchronous generation or when it 
is supplying an isolated load. The reactive 
kilovolt-amperes of the load also must be 
supplied by suitable means. Voltage regula- 
tion of a converter supplying an isolated 
load rests solely upon a condenser, which 
must be available for this purpose. When 
these conditions are satisfied, stub-end feed 
from an electronic converter seems entirely 
feasible. : 

The foregoing statement answers Mr. 
Jones’s questions as to character of loads— 
there are no restrictions provided the con- 
denser is of appropriate size. The converter 
cannot, of itself, pick up a ‘“‘dead load.” It 
depends on the condenser to supply the ini- 
tial action. 

5. Mr. Cramer replied to question 5 
about as follows: 

In regard to repairs and spare equipment, 
the electronic frequency changer has been in 
operation too short a time for us to have ob- 
tained any reliable data. Outside of the 
tubes, which have an expected life of five 
years, there should be very little equipment 
which will require repairs or replacement. 
Six spare tubes are carried at the station. It 
requires about an hour to remove the unit 
from the line, change a tube, and replace the 
unit on the line. 

The tests reported by Mr. Whitehead and 
Mr. Hill necessitated that the converter be 
forced intentionally into electronic fault con- 
ditions. The eight voltage fluctuations 
which occurred in five seconds were due to 
the operator’s wish to be certain that the 
faults were sufficient to be observed. Nor- 
mally, only one fault occurs which is cleared 
by the fault-suppression control. Elec- 
tronic faults evidently are not a cause of 
noticeable system-voltage disturbance, and 
single faults do not cause customer reaction. 

The authors are to be complimented on 
the ingenious and accurate method used in ~ 
making these interesting tests which con- 
tribute valuable information to the project. 

Mr. Cox summarizes, very well, the char- 
acteristics of the converter brought out in 
the papers which he terms disadvantages. 
Some further comment is needed to assign 
value to these limitations: 

(a) and (b). Mr. Cramer has, in his dis- 
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cussion, given data which pertains to these 
points. 

It has been pointed out in the papers that 
the reactive current required by the con- 
verter represents a charge against this type 
of unit. Once this is recognized and evalu- 
ated, it becomes a tangible factor and can be 
equated against advantages. 

The question of adverse harmonics has 
bedi answered ably by Mr. King and Mr. 
Kent insofar as telephone interference is 
concerned. There is no noticeable interfer- 
ence, The effect of the irregular wave 
shape on rotating machines would be a diffi- 
cult point to determine. Suffice it to say 
there have been no cases evidencing such 
effects to date. The effect of irregular wave 
shape in isolated-load cases might be ana- 
lyzed more readily and provision made for 
compensation, if any were required. 

(c). That “low overload-current limits” is 
a disadvantage would be true, if. the objec- 
tive were to try to sustain system voltage 
under fault conditions. Low-overload cur- 
rents, on the other hand, reduce short- 
circuit duties and consequent destruction of 
equipment. 

(d). It is true that the control and protec- 
tion of the electronic converter presents 
problems unusual to the designer familiar 
with rotating machine control. However, 
these problems were handled by men whose 
previous experience had been with conven- 
tional rotating machines and transformers. 

(e). Mr. Cox charges the electronic con- 
verter with an inability to supply isolated 
loads without a further increase in complica- 
tion. Experience in other instances, cited 
by Mr. Gutzwiller and tried out in experi- 
mental form by members of the authors 
organization, show that the additions needed 
are largely in the form of conventional syn- 
chronous condensers and frequency-sensitive 
relays. 

The points brought out by Mr. Cox as 
limitations therefore do not represent un- 
solved problems. What is known to be can 
be met with confidence. 

Certainly no one can object to laboratory 
experiments as a road to gaining confidence 
for commercial installations. Field experi- 
ence, backed by laboratory tests, and in- 
volving all elements is in the end the ulti- 


mate proof. 
Mr. Winograd’s description of the Gary 
electronic frequency changer and _ his 


comments regarding the difference between 
the continuously excited electronic tube 
employed there and the cycle-by-cycle- 
excited pentode ignitron are interesting. 
Either method of excitation could be em- 
ployed with the appropriate design change 
in the tubes and circuits. Some provision 
must be made in the continuously excited 
unit in case the arc goes out, and there is 
some question as to whether the tube sim- 
plification due to the use of an ignitor does 
not overcome any increased circuit com- 
’ plexity. Also, as Mr. Winograd points out, 
there are other causes of inverter shoot- 
throughs than ignitor misfires. 

In regard to Mr. Winograd’s specific 
questions: 

1. The function of the reactor in the d-c 
circuit is to keep the reactifier current con- 
tinuous at light loads. It also tends to limit 
the rate of rise of current in case of fault. 

2. The bottom trace in Figure 14 in Dr. 
Willis’s paper represents the rate of current 
change in the d-c link. That is, it is the 
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direct current as seen through an ordinary 
a-c transformer. It is therefore zero as long 
as the direct current is constant. The decre- 
mental shape is caused by the current decay 
through the d-c reactor and by possible 
saturation of the current transformer. 

3. The tubes are provided with an arc- 
retaining ring in the cathode, which tends to 
prevent the cathode spot from wandering 
when direct current passes through the tube. 
Tests indjcate that the ring is effective over 
a period of seconds and for fairly high cur- 
rents. If the are were to leave the cathode 
pool and anchor on the wall, it would, of 
course, burn a hole through the wall in time. 
For a period of several cycles it is improba- 
ble that anything would happen other than 
some slight vaporization of the wall metal. 

4. Shoot-throughs may be due to a num- 
ber of causes other than ignitor misfires. In 
the units described there are fault indicators 
which tally and differentiate between shoot- 
throughs and are-backs. On the average 
and from all causes there have been be- 
tween two and three shoot-throughs per day 
at full-load conditions. These are decreas- 
ing in frequency as minor circuit adjust- 
ments are being made. Considering one unit 
with power flow to the 25-cycle side, there 
are nearly 26,000,000 ignitor operations for 
the 12 tubes in a 24-hour period. Assuming 
that all of the faults are caused by ignitor 
misfire, the percentage of failure is very low. 
With such operation there is every reason to 
believe that ignitor misfire can be reduced 
to zero. 


Totalizing Contents of 


Aircraft Fuel Tanks 


Discussion and author's closure of paper 
44-148 by J. R. Macintyre, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, September 
section, pages 663-5. 


G. F. Tate (nonmember; Wright Field, 
Dayton, Ohio): The increase in size and 
range of aircraft and the change in installa- 
tion and operation requirements have ac- 
centuated the need for more accurate and 
reliable fuel quantity gages which are not 
affected appreciably by reasonable changes 
in the attitude of the aircraft under flight 
conditions. 

The totalizer system described is a good 
step in this direction. By using a multi- 
plicity of units the indications of which are 
averaged together or ‘‘totalized,” it is pos- 
sible to obtain a more accurate over-all 
measure of the fuel available. The loca- 
tion of the units are not limited to the 
lateral plane only, as shown in Figure 1, 
but can be used in the longitudinal or wing 
chord plane as well. 

Units similar to those described now are 
being installed in large aircraft to correct 
difficulties experienced with an earlier ‘‘step- 
type” fuel-gage system initially installed on 
this aircraft. Totalizers also have been pro- 
posed for several new aircraft now being 
constructed. 

Present designs of float-operated totalizer 
systems are limited to the use of indicators 
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with 90 degrees to 110 degrees of arc- 
pointer movement. The resulting short 
scale lengths are not ideal, especially for 
measurement of large quantities of fuel. 

Effort should be directed toward develop- 
ing and refining the totalizer method to pro- 
vide instruments with concentric pointers ° 
which can be read through 300 degrees of 
are or more. 


J. R. Macintyre: Mr. Tate’s comments are 
most welcome. He is in an excellent posi- 
tion to understand aircraft instrument re- 
quirements. 

Some work has been done on a moving- 
magnet-type ratio meter having a scale 
length of 300 degrees. With suitable de- 
mand for these instruments their develop- 
ment can be completed, and, if the same 
methods described in the paper are applied, 
a totalizing indicator having the long-scale 
feature cah be produced. 


Design Considerations in 
Aircraft Instruments to 


Meet War Service 


Discussion and authors’ closure of paper 
44-150 by C. F. Savage and J. M. Whittenton, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
pages 992-8. 


John G. P. Callahan (nonmember; captain, 
United States Army Air Corps, Wright Field, 
Dayton, Ohio): This paper is an excellent 
compilation of many of the detail considera- 
tions which have entered into the design 
of aircraft instruments for the Army Air 
Forces. The general design problem may be 
stated in two parts: 


(a.) The instruments should provide satisfactory 
indications on any military aircraft operating in and 
over any part of the world from several hundred feet 
below sea level to 50,000 feet above sea level. 


(b.) The instruments and their packages should per- 
mit satisfactory shipment by any available means— 
coolie, truck, rail, water, and air—and satisfactory 
storage for at least eight months in any part of the 
world, 


Most of the aircraft instruments have 
answered the problem in a manner which is 
reflecting great credit on the label, ‘“Made 
in U.S.A.” 

The following elements of the problem re- 
quire continued development: 


(a.) Vibration insulation methods and materials 
for use in aircraft installations. 


(b.) Satisfactory substitutes or additional sources 
of supply for sapphire and ruby ring jewels. 


(c.) Lubricants and lubrication methods which will 
permit instruments to operate for at least one year 
of normal service. 

(d.) Fungus growth prevention on and within air-_ 
craft instruments. 

(e.) Prevention of rusting and corrosion of internal 
parts. 

(f.) Simplified test equipment for first, second, and 
third echelons of maintenance. 

(g.) Design of electric instruments so that they will 
be dust-tight and yet not fog on the interior of the 
cover glass. 
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- Much good work has been accomplished 
to make aircraft instruments perform satis- 
factorily under combat conditions in this 
global war, but more work must be done. 
We must all continue to try harder. 


J. T. Gove (Los Angeles, Calif.): The 
statement in this paper that ‘‘The urgent 
need for remote compass indication in 
heavily armored fighter airplanes, where 
direct-reading compasses are of little value, 
is satisfied by this really significant contri- 
bution~to the art of instrumentation” 
should have been qualified. The conditions 
which resulted in unsatisfactory operation 
of direct-reading compasses, namely the ad- 
dition of armor plate and equipment, are 
catching up rapidly with the remote-indi- 
cating compass. To obtain a satisfactory 
location for the remote-compass_ trans- 
mitter is an ever increasing problem with 
the aircraft manufacturer. It appears at 
the present time that the only relatively 
safe place for the remote-compass trans- 
mitter is in the wing near the tip where 
there is a minimum of equipment. The 
problem of finding a location with the 
minimum of magnetic disturbances may not 
be as great in large aircraft as it is in the 
smaller fighter and. dive-bomber types in 
which practically all the available space is 
occupied by fixed equipment, such as radio, 
electric wiring and control cables, and re- 
movable equipment such as oxygen bottles, 
guns, and bombs. 

It should be noted that in many military 
aircraft using the remote-indicating com- 
pass, the direct-reading panel compass also 
is installed. Some pilots have more faith 
in the direct-reading compass, even though 
it may possess greater errors than the re- 
mote-indicating compass. In combat the 
wiring to the remote compass is just as 
vulnerable as any other wiring installed in 
the aircraft. Damage to the remote-indi- 
cating compass wiring necessarily would 
render the system useless, but it would not 
in any way affect the direct-reading com- 
pass. 

Exception is taken to the following state- 
ment in this paper under ‘‘Standardization 
of Mechanical Features’’: 


“Except for such an instrument as the flap and land- 
ing-gear indicator, to which there are numerous con- 
nections, there are very few cases where the stand- 
ard screw-type terminals would nct suffice and 
would still retain the desirable feature of inter- 
changeability. The difficulties with standard 
Army-Navy electric connectors have been so 
numerous (corrosion being one of the worst of- 
fenders) that the present tendency is to avoid their 
use wherever possible.” 


C. F. Savage and J. M. Whittenton: The 
discussion by Captain Callahan of this 
paper is just another indication that the de- 
sign of aircraft instruments is not static. 
The importance of continued work on de- 
signs for satisfactory operation over a wide 
range of altitudes, from several hundred 
feet below sea level to 50,000 feet above 
sea level, cannot be overlooked. 

Recent operation of aircraft under 
world-wide climatic conditions has increased 
the importance of correctly packaging spare 
instruments for shipment such that they 
would not be affected by high temperature 
and high humidity, or by shocks and vibra- 
tion due to all types of conveyance. Instru- 
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ments will soon be packaged in hermetically 
sealed metal containers which will go a long 
way toward meeting the high temperature— 
high humidity problem, and scientific study 
is well under way to determine adequate 
packaging such that instruments will not be 
damaged by any type of transportation. 

It is gratifying to know that the efforts 
of the manufacturers have met with the 
approval of such an authority as Captain 
Callahan. 

The comments further the thoughts of the 
authors that the paper, as presented, was an 
interim report on the status of an art which 
is not static. It is recognized that con- 
tinued development of design is necessary in 
order to meet the demands of the users. 
This will be done. It is agreed that ade- 
quate vibration-insulation methods must 
be devised and that adequate shock resist- 
ant materials must be provided in order to 
mount adequately aircraft instruments for 
long-time service under adverse shock and 
vibration conditions. ? 

Much work has been done on substitute 
bearings for sapphire and ruby ring jewels. 
Thousands of aircraft instruments are being 


made on a production basis today having 


glass ring jewels in place of sapphire and 
ruby ring jewels. Indications are that their 
performance is satisfactory. 

The developments in lubricants as a re- 
sult of the war effort really have been sig- 
nificant. It is the opinion of the authors 
that some of these new materials will enable 
the objective as set forth by Captain Calla- 
han to be reached for many instruments. 

Tropicalization of aircraft instruments is 
receiving more attention from the instru- 
ment designer as additional information is 
received from field operations. 

The importance of properly protecting all 
metal parts; the use of proper varnishes on 
coils; the elimination of certain materials; 
and the proper treatment of others to pre- 
vent fungus growth, rust, and corrosion are 
being studied. Large-scale work on this 
most important problem is being done, and 
test results thus far have shown great 
promise. 

The importance of providing dust-tight 
instruments which will not fog from rapid 
changes in altitude is not being overlooked, 
and this will provide a very significant 
change in instrument design in the future. 
The ways of accomplishing this end are now 
in sight. Hermetically sealed instruments 
would assist in overcoming the difficulties 
now experienced in jeweling, fungus growth, 
corrosion, rust, and fogging by preventing 
oxidization, entrance of fungus spores, 
moisture, and other deleterious elements. 

The authors feel that the experience which 
has been gained by the use of aircraft in- 
struments during the present world con- 
flict will aid materially in the making of 
better designs. 

The authors have noted the comments by 
J. T. Gove regarding remote-indicating 
compasses and methods of connecting in- 
struments as given in this discussion. 

It is recognized that direct-reading com- 
passes have been made and used for many 
hundreds of years, and it should be pointed 
out that the remote-indicating compass 
described in the paper is in its infancy, both 
from the standpoint of its design and its use. 
It has served a very useful purpose in spite 
of any limitations which can be pointed out. 
Each airplane has its own installation prob- 
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lem, and it is hoped that, as Ienowhedsiel is 
gained in both the design and application of 
this new tool, any limitations which are 
imposed will be minimized. Both the re- 
mote-indicating compass and the direct- 
reading compass have their place. 

It is agreed that the statement regarding 
difficulties which have been found with 
Army-Navy electric connectors should 
have been clarified, since the standard 
screw-type terminals are used on the class’of 
instruments of the ammeter—voltmeter 
types. 


A Unique Moving-Magnet 
Ratio Instrument 


Discussion and author's closure of paper 
44-152 by F. R. Sias and D. B. Fisk, presented 
at the AIEE summer technical meeting, St. 
Louis, Mo., June 26-30, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
September section, pages 634-6. 


A. W. Nash (El Segundo, Calif.): This 
paper goes rather extensively into the de- 
sign and construction of a new type of in- 
strument proposed for temperature indica- 
tion in aircraft. No information is given 
as to whether such instruments have been 
used in aircraft service. 

The substitution of a permanent magnet 
for the armature and attaching coil springs 
increase the simplicity and should decrease 
service maintenance problems. Some ques- 
tion arises as to the probability of increased 
bearing troubles as a result of the increased 
mass of the armature. 

Probably the report would be more valu- 
able if it included some of the experiences 
gained with other similar types of instru-_ 
ments which indicated the desirability of 
the development of this moving-magnet 
type of instrument. If the instrument has 
been used in aircraft service, a paragraph 
might be added to indicate the degree of 
success obtained. 


C. W. Muller (nonmember; Wright Field, 
Dayton, Ohio): This is a very good paper 
on this indicator. When these indicators 
were first made, the scales were photo- 
graphed individually and so were not inter- 
changeable. The General Electric Company 
reports that now the dials are alike on all 
dual indicators, A.N5795-6, and 85 per cent 
of the dials are alike on the single indicators, 
A N5790-6. 

The Army Air Forces desires scales which 
are interchangeable in, order to simplify 
instrument overhaul and stocking of parts. 

The use of adjustable rheostats to obtain 
scale length and proper location of the center 
scale point is particularly advantageous 
from a maintenance standpoint, since it 
allows the stocking of fixed-resistance spools 
for the instrument. In addition, the instru- 
ment repairman does not have to wind > 
spools to a definite resistance to obtain the 
correct calibration. This operation, hereto- 
fore, has consumed a considerable part of 
the total time for overhaul of an instrument 
of this type and required the use of addi- 
tional decade resistance boxes. ‘ 


AIEE TRANSACTIONS ‘ 


The assembling of the coils and rotor into 
one compact unit introduces a maintenance 
problem. Would it be more efficient and 
economical to replace the complete unit 
rather than supply a customer separately 
with all the spare parts that comprise the 
coils and rotor unit? 


D.\B. Fisk: The authors are indebted to 
Mr. \ Muller for his discussion of the paper 
as well as for practical suggestions offered 
during the development of the device. In 
connection with the question on spare parts: 
Complete elements or the component parts 
are available as desired. Complete ele- 
ments can be interchanged speedily by per- 
sons not possessing the skill required for re- 
placing element components, and, for this 
reason, in the field it might be more eco- 
nomical to replace whole elements. In the 
factory or a place similarly staffed with 
traifted personnel the substitution of com- 
ponents probably would be more economical. 

The authors appreciate the comments 
and the questions raised by Mr. Nash. 
Thousands of these instruments have been 
furnished for aircraft service with gratifying 
results. The mass of the moving system 
amounts to about 0.7 gram, which is com- 
parable to other movements using vee jewel 
and pivot bearings. Severe vibration tests 
have demonstrated the adequacy of this 
bearing system. The high value of torque 
to weight has been stated in the paper. 


Recent Advances in 
Aircraft Tachometer 
Design 


Discussion of paper 44-153 by R. G. Ballard 
and C. P. Hall, presented at the AIEE summer 
technical meeting, St. Louis, Mo., June 
26-30, 1944, and. published in AIEE 
TRANSACTIONS, 1944, September section, 
pages 646-8. 


R. L. Williams (nonmember; Wright Field, 
Dayton, Ohio): This paper describes very 
well the improvements recently incorpo- 
rated in aircraft tachometers. 

The improvements in the tachometer gen- 
erator, aside from the increased range of op- 
erating temperature which involved a lubri- 
cation problem, have been the direct result 


of service difficulties encountered since the 


advent of higher performance aircraft. 

Although improvements in the tempera- 
ture compensation of the indicator have 
been made, an examination of the compen- 
sated curve in Figure 6 will show that there 
is still need for improvement in the neigh- 
borhood of —30 degrees centigrade. Further 
improvement will depend upon the com- 
mercial availability of a better magnetic 
compensator material. 

The magnetic-drag-type tachometer has 
proved satisfactory in the majority of in- 
stallations due to its accuracy and installa- 
tion flexibility and with the advances in de- 
sign already mentioned, should provide a 
highly satisfactory aircraft tachometer sys- 
tem. Its chief disadvantage is its weight, 
which exceeds that of other tachometer sys- 
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tems which have been used. Consideration 
should be given to reducing the weight of 
the tachometer generator, which at present 
exceeds 2.5 pounds. 


A New Frequency Relay for 
Power-System Applications 


Discussion and authors’ closure of paper 44- 
172 by H. J. Carlin and J. L. Blackburn, 
presented at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published in AIEE TRANSACTIONS, 
1944, August section, pages 553-7. 


George Steeb (Buffalo, Niagara, and 
Eastern Power Corporation, Buffalo, N. Y.): 
An underfrequency relay with the proper 
characteristic will provide a new tool to 
protect power systems. The idea of using 
these relays as the authors suggest may be 
repelling to some people, but unquestion- 
ably there are some merits which ought to be 
considered. 

Of course, the power companies may be 
accused of showing favoritism by dropping 
certain loads during a disturbance, but, 
when it becomes a choice between losing 
all the load and the sacrifice of a part of the 
load, the answer ought to be obvious. 

In the paper Figures 5, 6, and 7 indicate 
that the relay has favorable characteristics. 
It would have been helpful to know how 
fast and at what frequency the contact of 
the relay reopens, after having been set at 
a predetermined value to close the contact. 

The part that is not entirely clear from 
the paper is whether the relay would close 
its contact by the loss of potential. If this 
were so, load would be interrupted unless 
an instantaneous wundervoltage relay is 
provided, which would operate when the 
voltage drops to a certain value and thereby 
open the trip circuit of the underfrequency 
relay. 

Could the authors suggest a practical 
way of testing these relays in the field? 


J. T. Logan (Georgia Power Company, 
Atlanta, Ga.): The authors have described 
the development of a device that might be 
applied as an ultrasensitive frequency relay. 
They describe applications for relieving 
overloaded generating plants by discon- 
necting loads at predetermined frequencies. 

It has been my experience that load 
segregation on the basis of an assigned 
frequency value without regard to rate of 
frequency change is a dangerous practice. 
It ignores the recovery properties of gen- 
erators either lightly loaded or floating un- 
loaded for protection only, particularly in 
hydroelectric units whose gate responses 
are inherently sluggish. 

We recently had an experience in Georgia 
where the practice described in Figure 2 
of this paper would have been very bad. 
The system setup was approximately as 
follows: 


Syatemtilouds eee chiles. So pyds as 520,000 kw 
System generation.............0.ee00- 380,000 kw 
Received from other companies........ 140,000 kw 
Spinning reserve capacity............05 100,000 kw 


System shortage in generating capacity. 40,000 kw 
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Under this setup the external power 
source not only failed completely but left 
20,000 kw of its load connected to our 
system. The picture within a second or 
two became: 


Generating capacity deficit......... 160,000 kw 
System frequency.................. 58 cycles 
Generation increase (spinning 

LOSEIME)) icra wussevoe Sohn o ae sealerere 100,000 kw 
Net generating capacity deficit. 60,000 kw 


System frequency. 606i wie satin 59.2 cycles 


The external power source isolated a 
generating plant, synchronized it to the 
Georgia Power system, and normal fre- 
quency was restored. The above dis- 
turbance lasted 18 minutes, but no load was 
interrupted. 

Had the authors’ proposed relay system 
been in service on our system during this 
disturbance it would have interrupted per- 


‘haps the entire 160,000-kw load, if the 


underfrequency relays had been applied 
for 100 per cent protection. 

Such problems in Georgia are handled by 
means of inertia-type underspeed relays 
which, except for very low voltage, respond 
only to the rate of frequency change. There 
are 15 such relays on oursystem. Only one 
of these relays operated, and it did so 
properly because of an out-of-step condition 
caused by a relatively weak tie between 
the particular generating plant and the main 
power system. 

The application shown by Figure 1 of 
the paper would be very limited on our 
system, because there would be other cus- 
tomers supplied from the power system 
interconnection which should be receiving 
the benefits from high-speed circuit re 
closure. I seriously doubt that any flat 
frequency responsive device would be fast 
enough for applications where high-speed 
circuit reclosure is involved without having 
its contacts set so close together that they 
would be making contact repeatedly for the 
slightest system disturbance. This being 
true, then the reliability of the scheme 
would depend upon the watt-relay interlock, 
thus eliminating the need for the under- 
frequency relay. 


A. J. McConnell (General Electric Com- 
pany, Schenectady, N. Y.): The fre- 
quency relay, though a necessary member 
of the relay family, has been one of the least 
used and until now, has received little 
attention in the technical press. For this 
reason it is a little-known fact that a fre- 
quency relay which uses the same principle 
as that of the subject paper was designed 
and produced in 1941. This discusser, 
however, takes no credit for the conception 
of this principle, since it is rather old. The 


Reproduction from United States 
patent 649,007 


Figure 1. 
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disclosure was made by Charles P. Stein- 
metz in 1900 in a United States patent.} 
Figure 1 is reproduced from this patent 
together with the following quotation: 


“The relative values of resistance, inductance, and 
capacity are so chosen that their effects so far 
neutralize each other at some predetermined 
frequency as to render the circuit shunted about 
the coil A of the same time constant as coil A 
itself. Under this condition currents in coils A 
and B are in the same phase with each other, and 
no effect, therefore, is produced upon the short- 
circuited member m within their influence.” 


REFERENCE 


1. United States patent 649,007, C. P. Steinmetz, 
May 8, 1900. 


E. E. George (Southwest Power Pool, Little 
Rock, Ark.): It would be helpful, if the 
authors will tell us how this relay responds 
to rate of frequency change. It would seem 
that the induction-timing characteristic 
of this new relay would be largely responsive 
to the rate of frequency change. This would 
provide a valuable operating characteristic 
For special applications, the inertia type of 
relay (developed by J. T. Logan of the 
Georgia Power Company) has been very 
successful, because it is responsive almost 
entirely to the rate of frequency change. 

The timing curves presented by the 
authors are based on instantaneous changes 
in frequency. Such curves would be more 
useful to the operating engineer if based on 
the frequency change occurring on a system 
with an inertia time constant of five seconds. 
Another set of curves based on ten or 15 
seconds might be desirable. 


J. L. Blackburn and H. J. Carlin: The 
authors appreciate and thank all the dis- 
cussers for their comments. The patent 
reference given by Mr. McConnell may 
have historical interest for the indicating- 
instrument designer but appears to have no 
bearing on the relay art. The design 
principles for an indicating device are 
entirely different from those of a frequency 
relay. An wunderfrequency relay, for ex- 
ample, must close contact at a certain 
preset frequency or below and not operate 
above that frequency. The frequency meter 
is not set for any specific frequency but must 
indicate continuously over its entire range. 
It should be noted that putting contacts 
on a frequency meter does not make a satis- 
factory frequency relay. The line of 
reasoning developed by Mr. McConnell 
would preclude the development of’ any 
new electrical device since they all use re- 
sistors, reactors, and condensers, and these 
were discovered long before 1900. 

Mr. Steeb raises several points of im- 
portance to the operating engineer. The 
frequency-relay contact closing and opening 
points are essentially the same. The relay 
will reset to the maximum time lever setting 
when the frequency changes 0.1 to 0.2 cycles 
from the setting. For example, suppose 
the 60-cycle underfrequency relay is set 
to close its contacts at 59 cycles from the 
number 10 lever setting. The contact will 
start to move at 59.1 to 59.2 cycles but will 
not close until the frequency drops to 59 
cycles or below. As the frequency rises 
just above 59 cycles, the contacts open 
but will not completely reset to the number 
10 lever setting until the frequency rises to 
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59.1 or 59.2 cycles. With the time lever 
set at less than its maximum position, the 
0.1- to 0.2-cycle differential is corre- 
spondingly less. 

The stationary contact can be set with 
no follow to provide three- to six-cycles 
opening time. Since the relay has spring 
bias which opens the contact when the relay 
is de-energized, loss of potential will not 
cause the relay to operate. 

In order to make a complete check of the 
relays a variable-frequency source would be 
required. To our knowledge, the nearest 
to a portable variable-frequency source is 
a low-frequency electronic oscillator. This 
should have a good sine-wave output. 
Perhaps a more convenient way to test 
these relays is to obtain them in Flexitest 
cases. Then the relay elements can be 
removed easily from the switchboard and 
taken toa central laboratory where variable- 
frequency equipment is available. 

The general practice in taking time 
curves on relays is to assume an instantane- 
ous change in the quantity to which the 
relay is responsive. This has been the pro- 
cedure followed for the frequency relay. 
Although it would be desirable to plot time 
curves for various rates of change other than 
instantaneous, this would require a large 
family of curves. When one considers that 
the change of frequency time curve, after 
a disturbance on a system, generally would 
be nonlinear and vary considerably for 
different systems and different operating 
conditions, it can be seen that it would be 
dificult conveniently to present information 
that could be useful for all cases which might 
arise. The curves shown are a reliable 
indication of the operating time for an 
instantaneous or very sudden change in 
frequency. If the system frequency during 
a disturbance changes very slowly, the 
relay, of course, will take longer to operate, 
but this should not be objectionable, since 
the disturbance would not be so severe as 
that which would cause the more rapid 
change. 

The example given by Mr. Logan is one 
where the system was flexible enough to 
adjust itself and be adjusted to the loss of 
sizable generation without the continued 
loss of frequency and instability. For this 
case the frequency relays if applied to the 
system would have been set below 59 cycles 
and for a time delay such that the short 
drop to 58 cycles would not cause opera- 
tion. Thus, if the frequency continued to 
drop or if the external generator were not 
available and the frequency dropped below 
the setting for a period of time, load would 
be dropped as indicated in Figure 2 of the 
paper. As a matter of fact the frequency 
relay described has a time characteristic 
dependent on a combination of rate of fre- 
quency change and definite frequency drop 
as stated by Mr. George, whereas we under- 
stand that Mr. Logan’s inertia relay operates 
on the rate only, except at low voltages 
where it would trip regardless of the fre- 
quency. 

The frequency relay described is not 
designed to initiate reclosing operations but 
to co-ordinate with reclosing schemes. 
In general, such schemes are intended to 
reconnect system capacity as quickly as 
possible after an outage, and the frequency 
relay should be capable of being set with 
long enough time delay to ride through the 
reclosing cycles. Should the breakers fail 
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to hold in after the reclosure, it then moti 
be the function of the frequency relay to 
disconnect load on the loss of frequency. 
There may be special cases where the above 
reclosing practice does not apply, and in 
such cases the relay described may not be 
applicable. However, it is far from our 
intention to claim that the relay will solve 
all problems of this type and no doubt, Mr. 
Logan’s inertia relay might have applica- 
tions that our relay would not fill. If’is 
maintained, however, that the new relay 
for a majority of frequency-relay applica- 
tions is inherently better than any previ- 
ously used in the art. 


Current-Transformer Output 
and Application Charts 


Discussion and author's closure of paper 44-93 
by R. Koller, presented at the AIEE summer 
technical meeting, St. Louis, Mo., June 
26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, August section, 
pages 573-7. 


C. A. Woods, Jr. (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper is a companion to the 
paper presented in 1942! by A. C. Schwager. 
It, like the paper presented in 1943? by S. D. 
Moreton, is a further analysis and extension 
of the principle of using the open-circuit ex- 
citation characteristics of a current trans- 
former with negligible secondary leakage 
reactance for determining its performance as 
covered by the paper presented in 1940? by 
Mr. Bottonari and me. 

The subject paper shows in detail the 
methods to be followed for obtaining useful 
curves of current-transformer performances 
from the admittance-vector locus. The 
author should be commended on the clear 
presentation of the limitations in output 
and accuracy of current transformers having 
a single-turn primary winding of low 
current ratings. The paper with Figures 4 
to 7 shows quite clearly the effect of the 
output limits dictated by core saturation. 
Since core saturation occurs between 0.2 
and 0.8 volt per turn per square inch of gross 
core area, the maximum volt-ampere in- 
put is the product of this voltage for the 
total core area and the primary current. 


The maximum secondary volt-ampere out-_ 


put is then less than the input by the ex- 
citation volt-amperes required to obtain 
the foregoing value of voltage. Thus, 
maximum output for any specific trans- 
former and value of primary current re- 
quires that the turn ratio and burden im- 
pedance be properly matched to obtain the 
maximum value. \ 
The practical importance of this from a 
relay-application viewpoint is in the 
selection of the proper relay tap for ground 
relays. The transformer ratio and line 


relays are often fixed by other factors such — 
as normal load current and indicating in-. 


struments. The burden of_the line relays 
is usually small and does not often require 
the maximum output, but the burden (in 
ohms) of the ground relay is usually high 
and a higher-current relay tap with lower 


ohmic burden value may often be more 
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sensitive than a lower tap due to a closer 
approach to the optimum value for maxi- 
mum transformer output. These condi- 
tions are further emphasized when taking 
into account the effect of the exciting cur- 
rent drawn by the secondaries of the re- 
maining connected transformers located 
in the unfaulted phases. 

Hence, while the information given in 
this paper is of considerable interest to 
design engineers, its use as a practical 
method of designating current-transformer 
performance may be somewhat limited 
because of a reluctance to become familiar 
with admittance vectors. 

In reviewing the large amount of pub- 
lished information on the subject of current- 
transformer overcurrent performance, it 
would appear that the following conclu- 
sions may be drawn: 


1. Current transformers having low equivalent 
secondary leakage reactance, such as bushing types, 
readily lend themselves to the use of the open- 
circuit excitation characteristics for portraying per- 
formance characteristics. 


2. For most relay applications the algebraic 
rather than the vector addition of currents utilizing 
the simple open-circuit excitation curve is satis- 
factory since the errors introduced are usually less 
than those resulting from the variation of individual 
units from an average curve. 


3. Excitation characteristics may be 
shown by means of the following curves: 


readily 


(a). Curves showing secondary volts versus second- 
ary amperes are most desirable for standard trans- 
formers, requiring a family of curves for multiratio 
transformers. However, a single curve for any 
specific transformer on a_ volt-per-turn—ampere- 
turn basis is almost as simple to use. 


(b). Where vector addition rather than algebraic 
addition is required, such as in making phase-angle 
calculations, the excitation curve along with neces- 
sary data to determine the magnetizing and loss 
components of the exciting current all on an am- 
pere-turn—volt-per-turn basis may be easily ap- 
plied. 


Such curves are relatively simple to use and are 
readily accepted due to the wide familiarity with 
the equivalent circuit and related vector diagrams 
of current transformers, 


4, It would appear desirable that further effort 
be directed toward obtaining a widely accepted 
method of determining the equivalent secondary 
leakage reactance‘ of those current transformers 
where it is of appreciable magnitude, thus permit- 
ting use of the same desirable methods for determin- 
ing the overcurrent performance on all types of cur- 
rent transformers. 
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Otto A. Knopp (Pacific Gas and Electric 
Company, San Francisco, Calif.): Using A. 
C. Schwager’s excellent paper! asa basis Mr. 
Koller has developed very ingenious charts 
which will be of great service to utility oper- 
ating engineers in determining the perform- 
ance of bushing-type multiratio current 
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transformers for various primary currents 
and secondary burdens. Schwager’s 
method thus becomes of increased practical 
value. 

With this method errors are still apt to 
be quite large, however, unless, for one 
thing, the manufacturer’s test data are 
taken on the individual transformer for 
which performance data are required by 
the utility engineer in order to determine 
relay settings. Also, even if the data are 
taken on the individual transformer, the 
aging of the iron or the history of the iron 
core in the transformer after installation and 
use may change the constants of the trans- 
former an appreciable amount. Further- 
more, the service load conditions of the 
transformers are in most cases not exactly 
known, principally due to the fact that the 
burdens of these transformers consist 
mostly of relays with iron cores having 
characteristics which vary more or less be- 
tween individual relays of the same type. 
To determine these secondary burdens in 
the field involves considerable work and 
instrumentation. 


Consequently, in view of the difficulties 
in obtaining accurate results by the use of 
the manufacturer’s test data, it appears 
highly desirable to determine the char- 
acteristics of the bushing-type current 
transformers directly in the field, with its 
individual field burden. Such tests do un- 
fortunately require considerable equipment, 
more than the burden test, some of which 
cannot be classed as portable. However, 
some years ago the writer developed semi- 
portable multirange current transformers 
and loading transformers for large current 
ratings combined in one unit? and a number 
of power companies are using such equip- 
ment for determining the characteristics 
of bushing-type current transformers in the 
field. 


Therefore, the writer makes a suggestion 
which amounts to using the Schwager- 
Koller method in reverse. Instead of 
determining in the manufacturer’s labora- 
tory typical admittance-vector-locus charts 
and having the operating engineer use 
these charts to calculate for the particular 
field burdens the characteristics of the 
transformer in service, it is suggested that 
some of the characteristics be determined 
by test directly in the field, and that from 
these the admittance-vector-locus charts be 
determined. This would give the utility 
engineer the assurance that the charts apply 
to the individual transformer in question 
under its service and field-loading condi- 
tions. Each of these charts would consti- 
tute a permanent record for each individual 
transformer. It would then be possible at 
any time after the test to obtain from the 
charts additional data which were not taken 
at the time of the field tests. The need for 
frequent tests would thus be obviated. 
Only at such times as it appears advisable 
because of possible aging of the iron and 
because of severe overloads and short cir- 
cuits impressed upon the transformers need 
the tests be done over to verify the original 
test results or to obtain the new somewhat 
altered characteristics of these  trans- 
formers. © 
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R. Koller: The chief purpose of my paper 
was to develop simple but still generally ap- 
plicable charts for the representation of 
bushing-type current-transformer perform- 
ances. This could best be done by means of 
the admittance-vector method. Figure 2 of 
my paper completely solves the ratio-error 
data problem in a simple and general form. 
Figure 7 gives the essential information 
about secondary output. It should be em- 
phasized that the use of these charts does not 
require any understanding of the admittance 
vector. These charts can even be obtained 
directly by tests without necessitating the 
use of the admittance-vector locus. On the 
other hand, if the admittance-vector locus is 
available« the ratio-error and the output 
charts can be constructed from it in a few 
hours. 

Mr. Woods’ interesting analysis of the 
limitations in secondary output by core 
saturation gives a good explanation for 
the nonlinear relation between maximum 
secondary output and primary current. 

Mr. Knopp’s excellent suggestion for 
determining the performance charts for 
individual transformers in the field would 
greatly widen the applicability of the 
developed charts. It is to be hoped that 
a portable test set can be developed by 
means of which direct performance charts 
and the admittance-vector locus can be 
obtained at once. 


A New Carrier Relaying 
System 


Discussion and authors’ closure of paper 
44-135 by T. R. Halman, S. L. Goldsborough, 
H. W. Lensner, and A. F. Drompp, presented 
at the AIEE summer technical meeting, St. 
Louis, Mo., June 26-30, 1944, and published 
in AIEE TRANSACTIONS, 1944, August 
section, pages 568-72. 


E. E. George (Southwest Power Pool, Little 
Rock, Ark.): Results with carrier-current 
protection of high-voltage transmission 
lines have been so successful that the only 
question today is what type of carrier pro- 
tection to install, rather than whether to use 
carrier protection. The greatest possibility 
in reducing the cost of carrier protection is 
probably along the line of simplified relay 
equipment and simplified carrier equip- 
ment. This should provide a reduction in 
both investment and maintenance costs. 

The scheme outlined by the authors seems 
to have considerable merit, but they should 
give credit for extensive development work 
on the same scheme to J. T. Logan and 
other engineers of the Georgia Power Com- 
pany who have been working on improving 
carrier protection since 1937, and on this 
particular scheme since 1941. 

Although this scheme follows in its funda- 
mental principles the original carrier scheme 
developed by Fitzgerald, of the General 
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Electric Company, about 15 years ago, this 
fact is no reflection on the present develop- 
ment. Many of the most useful develop- 
ments in the electrical field have resulted 
from further refinement of ideas which had 
already been tried, but discarded for the 
time being. 

A lot of time and manpower would be 
saved if the AIEE committees responsible 
for technical programs could adopt the 
following objectives: 

1. If one manufacturer offers a paper on a new 
development, all manufacturers and operating com- 
panies should have an opportunity to present papers 
on that development if they claim to have made 


important contributions to it. Such presentations 
should consist of papers on the regular program and 


not discussions. 


2. Discussions should include something of more 
technical value than the mere statement that some- 
body else tried the same idea years ago but dis- 
carded it. All major manufacturers have been 
using up valuable time at AIEE meetings trying to 
attach priority and nonutility to their competitors’ 
projects, Such time ought to be reserved for dis- 
cussions on the material features of the project in 


its present form. 


A. J. McConnell (General Electric Company, 
Schenectady, N. Y.): In describing the 
first carrier-current pilot-relaying system in 
1927, A. S. Fitzgerald! introduced the funda- 
mental principle of phase-angle comparison 
of the currents at two terminals of a trans- 
mission line, each terminal comparing and 
transmitting during alternate half cycles of 
the power-frequency current. Later, the 
operating record of equipments using this 
principle was published.?;? The equipment 
described in this paper uses the same funda- 
mental principle. 

The initial concept of the use of a phase- 
sequence network in conjunction with 
phase-comparison carrier relaying came in 
1931. Figure 1 of this discussion is a wiring 
diagram of such equipment. As shown, the 
phase-sequence-network output was pro- 
portional to negative- and zero-phase-se- 
quence currents, according to the expres- 
sion, J2+KIy. Although not indicated 
in Figure 1, K was adjustable. With the 
interchange of two phase-current wires, the 
network output was proportional to 1,;+ 
KIy. Equipments in accordance with Fig- 
ure 1 were placed in service in 1933. 

The operating record of these early in- 
stallations demonstrated the soundness of 
the phase-comparison principle, but they 
were ultimately discontinued, principally 
because of excessive tube maintenance. 
However, present-day tube reliability 
should contribute to the success of phase- 
comparison carrier relaying, and the au- 
thors, together with J. T. Logan,* deserve 
much credit for its revival. 

In all relaying systems there are certain 
limitations the neglect of which may result 
in improper application. The paper omits 
such information as minimum operating 
current on various types of faults, ability 
to operate sequentially, burden, and so 
forth. Consequently, limitations must be 
deduced, and perhaps incorrectly, from 
whatever information is available. 

It would appear that under certain con- 
ditions the minimum operating current 
will be quite high. For example, if five am- 
peres secondary current is the maximum 
full-load current, seven amperes would be a 
reasonable minimum pickup of the fault 
detector. The operating thyratron setting 
would then be 10.5 amperes. Bearing in 
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mind that this means positive-phase-se- 
quence current pickup, the positive-se- 
quence current, for a fault at a given loca- 
tion, is approximately half as great for a 
phase-to-phase fault as for a three-phase 
fault. Thus, a three-phase fault current of 
approximately 21 amperes secondary cur- 
rent would provide just 10.5 amperes posi- 
tive-phase-sequence current during a phase- 
to-phase fault at the same location. 

In the application described in the paper, 
21 amperes secondary current corresponds 
to 850,000 kva. For a fault at Trenton 
Channel on one of the four parallel lines, 
the minimum fault-current contribution 
from Warren station would have to be 
equivalent to 1,400,000 kva (that is, 
350,000 kva per line) just to obtain relay 
pickup during a phase-to-phase fault. 

If the three-phase short-circuit contri- 
bution from Warren station is less than 
1,400,000 kva, sequential operation might 
reasonably be expected. However, there 
appears to be a blind spot with the system 
as described, because if the current from 
Warren station is between the operating 
values of the fault detector and the operat- 
ing thyratron (V2), both terminals will be 
blocked, that is, locked in. This is because 
the carrier-current starting thyratron (V1), 
which blocks, can be shut off only by firing 
the other thryatron (V2). If V2 is not 
fired, V1 cannot shut off, and a continuous 
blocking signal is transmitted, thereby pre- 
venting tripping at Trenton Channel re- 
gardless of the current magnitude there. 

This possibility of locking in on an in- 
ternal fault would be especially serious on 
any system, such as a loop or network, fed 
from one point only. This is easiest seen by 
consideration of the simplest loop, a pair 
of parallel lines, fed from one end. During 
an internal fault on one line, the short-cir- 
cuit current through the terminal away 
from the source can vary between zero and 
a maximum, depending on the fault loca- 
tion. Thus, the current through one ter- 
minal easily can be between the settings 
of the fault detector and the V2 thyratron. 

It is stated that the paper describes a 
one- to three-cycle system. This statement 
appears to be extremely optimistic, and in 
fact, it can be stated that the equipment, as 
described, cannot operate in one cycle. 
With Figure 7 of the paper, relay-tube plate 
current does not appear until more than 
one cycle after the inception of the fault, 
even though operating voltage is present 
before that time. This might indicate that 
the fault-detector time is greater than the 
0.75 cycle given. The fact that contact 
hash appears at the end of the fault-de- 
tector trace in Figure 8, rather than at the 
beginning, seems to indicate that circuit 
opening contacts were used to obtain this 
trace. The closing time of circuit closing 
contacts then would be greater than 0.75 
cycle. The time of the trip relay adds to 
that of the fault detector, and it is doubted 
that the operating time of the trip relay can 
be reduced below about 1.5 cycles with 
reliability and lack of vibration. Dia- 
grams G, H, and J of Figure 3 of the paper 
cannot be as shown, and the relay current, 
diagram J, must contain a large double- 
frequency component. The  afore-men- 
tioned is based upon the most favorable time 
of inception of the fault. Unfavorable 
timing of the fault results in the loss of up 
to one-half cycle. Further time will be 
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lost if the currents entering the line/ter- 
minals on an internal fault are out of phase, 
as indeed the positive-phase-sequence cur- 
rents must be if the line carried load pre- 
vious to the fault. It would appear that 
2.5 to 3.5 cycles would be a more reason- 
able claim for the range of operating time. 

It is admitted in the paper that the posi- 
tive-plus-zero-sequence filter is subject to 
blind spots under certain conditions. 
Other statements, intended to minimize the 
importance of possible blind spots, seem at 
least questionable. For example, it is 
stated that the blind spot can occur only if 
all of the positive-phase sequence comes 
from one end of the line and all of zero- 
phase sequence comes from the other end. 
This is merely the worst or limiting case. 
The blind spot can occur if the zero-phase- 
sequence current at one end is small relative 
to the positive-phase-sequence current at 
that end. It may be claimed that, if there 
is any zero-phase-sequence current available 
at all, its effect can be magnified to over- 
come that of the positive-phase sequence. 
Theoretically, this may be so, but practi- 
cally, it may be a dangerous procedure. Ifa 
true zero-phase-sequence current is magni- 
fied, so also will be false or fictitious zero- 
phase-sequence currents. Figure 7 of the 
paper shows a phase-to-phase fault during 
which there should be no ground current. 
TheJy current shown, therefore, is fictitious, 
and it is apparent that too great an am- 
plification of this fictitious ground current 
could result in false operation. The paper 
further states that to have a blind spot, 
“magnitudes must be exactly right and the 
phase angle of the positive- and zero-se- 
quence impedances must be equal.”’ These 
statements are surprising in view of the 
fact that this system is a phase-angle system 
subtantially unaffected by magnitude above 
the V2 tube setting and in view of the 60- 
degree blocking zone shown in Figure 4 of 
the paper. Also, it is stated that the use 
of positive sequence alone is a solution. 


' This is a solution only if there is no positive- 


phase-sequence current fed from one end of 
the line or if the positive-phase-sequence 
currents from both ends are above the posi- 
tive-phase-sequence relay pickup. In either 
case there must be sufficient positive-phase- 
sequence current available during all types 
of faults, including single phase to ground. 

In conclusion, I wish to make it perfectly 
clear that I believe that phasg;comparison 
carrier relaying is fundamentally sound. 
However, in its present stage of development 
it cannot be considered as a cure-all, but 
designs which will extend its application 
undoubtedly will be available. 
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T. A. Cramer (General Electric Company, 


Schenectady, N. Y.): In their description 
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Vacuum-tube filaments are operated continu- 

ously from a storage battery. Thyratron fila- 

ments are operated continuously from. the 
' 4115-volt a-c bus through a transformer 


of two-frequency operation of the carrier 
channel, the authors state that the line trap 
at a given station is tuned to the frequency 
transmitted from that station. A carrier 
channel used for pilot relaying should be 
isolated at the receiving as well as the send- 
ing end. Although transmission takes 
place only when faults occur beyond the 
transmitter location, there are other causes 
which may reduce the received signal if the 


- line is not trapped at the receiving end. For 


instance, if a circuit is opened at a location 
in such a way that an odd quarter wave- 
length stub is connected to the bus at the 
receiver location, the resulting open-end 
reflection may reduce the received signal be- 
low the required operating level. Difficul- 
ties of this type due to changes in system 
configuration can be avoided by tuning the 
line traps to both operating frequencies, 
thus completely isolating the channel. 

The use of a thyratron position relay to 
control the transmitter and receiver provides 
the desirable characteristic of constant 
output regardless of current magnitude. 
When the 60-cycle grid voltage reaches the 
operating level of the tripping thyratron, 
the ‘combination operates like a driven 
parallel inverter. With the simple excita- 
tion circuit shown on Figure 2 of the paper, 
the commutation time must be such that 
the relay will be able to follow the highest 
frequencies impressed on the control cir- 
cuit. Failure of the thryatrons to com- 
mutate will result in both conducting cur- 
rent continuously, thus preventing tripping 
for internal faults. It would appear that 
the random closing of the plate circuit by 
the fault detector will result in cases where 
one tube is triggered just at the end of the 
cycle, and then the other tube is immedi- 
ately triggered when the excitation reverses. 
With a high value of excitation this reversal 
may occur at such an extremely high rate 
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that commutation fails. The oscillograms 
taken during the tests would not show this 
phenomenon, since the fault-detector con- 
tacts were in a different location from that 
shown in Figure 2. I wonder if it is pro- 
posed to use the circuit described for the 
tests rather than that shown in Figure 2? 
If so, the carrier-relay system would no 
longer be of the intermittent type. 


J. T. Logan (Georgia Power Company, 
Atlanta, Ga.): It is gratifying to see the 
manufacturers again propose to employ the 
sequence method of fault-detection and 
line-terminal current polarity comparison 
by carrier as the medium for determining 
fault locations. Being unable to purchase 
a carrier relay system embodying these 
features, Georgia Power Company during 
the past three years has developed a system, 
one form of which is described in ‘‘Fault 
Current Polarities Compared by Carrier,” 
reference 7 of the paper. 

As for the Westinghouse Company’s 
version of this system of carrier relaying, I 
regret that they have not been so free in 
passing along to me information concerning 
their system as I have in the past been in 
keeping their engineers informed regarding 
our experiences. 

This is doubly regrettable inasmuch as 
we have had actual field experience during 
three lightning seasons. More than 200 
tripping and blocking operations have been 
recorded by oscillographs, and, needless to 
say, these records have influenced us to make 
many changes in the electronic circuits. 
Just how the manufacturer expects to turn 
out an infallible scheme directly from the 
laboratory, without this valuable field 
experience to which they could have had 
access, would be of interest. 

Apparently the system has been tested 
under conditions of solid faults only. 
Naturally those are ideal conditions. Arc- 
ing faults, those practically always en- 
countered in the field, will afford the real 
test. I mention this because at least 
one featuré in the electronic arrangement 
shown in Figure 2 of the paper we have 
eliminated from our scheme in the interest 
of reliability. 

It is hoped that this carrier relay system 
will not have to undergo major circuit 
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changes such as ours did based on field ex- 
perience, but if a few failures to operate 
or incorrect operations occur, the basic 
scheme should not be condemned because 
it is definitely a step in the right direction. 


T. R. Halman, S. L. Goldsborough, H. W. 
Lensner, and A. F. Drompp: With regard to 
Mr. Cramer’s discussion, the use of single- 
frequency line traps for two-frequency opera- 
tion is feasible in many installations where a 
carrier frequency can be selected which 
will give a received signal of adequate 
strength for all system conditions. In 
special cases, where the choice of frequency 
is limited and system switching results in 
too great a variation in received signal, 
double-frequency traps are justified. 

The thyratron trigger circuit used in this 
relaying scheme has given reliable trouble- 
free operation throughout a very extensive 
series of laboratory and field tests. The 
time constant of the RC circuits is of the 
order of 0.0005 second, which allows de- 
pendable triggering and yet reduces the 
possibility of loss of control to a minimum. 

As explained in the paper, the plate cir- 
cuits of the two thyratrons were energized 
continuously for the field tests. This was 
done for the express purpose of obtaining a 
complete record of the trigger circuit opera- 
tion from the very beginning of the fault. 
In a typical installation the fault detector 
would energize the trigger circuit only 
during a fault, and the carrier relaying sys- 
tem would be of the conventional inter- 
mittent type. 

We are pleased to note the success Mr. 
Logan has had in applying our HCB relay 
to carrier. The article referred to by Mr. 
Logan did not appear until after the paper 
“A New Carrier Relaying System” had been 
submitted to the AIEE. Mr. Logan’s 
article presents an interesting development 
on the same general subject. 

With reference to Mr. McConnell’s dis- 
cussion, the sequence filter described in the 
paper has an output proportional to the 
positive-plus-zero-sequence components of 
the fault current. This is only one of several 
possible combinations of sequence com- 
ponents. It is desirable, as it allows opera- 
tion on three-phase faults and provides in- 
creased sensitivity on ground faults. In 
applications where phase-to-phase fault- 
current magnitudes are below full load cur- 
rent, the use of positive- and negative- 
sequence components is a solution. 

With regard to the possibility of block- 
ing on an internal fault due to difference 
in current magnitude at the two ends of the 
line, recent developments have completely 
eliminated this condition. The margin 
of safety between fault-detector pickup 
and tripping current has still been main- 
tained. This will allow correct tripping 
on an internal fault with any current dis- 
tribution from the line terminals. 

Under proper conditions this carrier re- 
laying system can operate in one cycle. 
The fault detector and operating elements 
are high-speed polarized d-c devices which 
have an operating time of one-half cycle or 
slightly less when energized at two or three 
times minimum pickup. If the fault de- 
tector closes for an internal fault just as the 
sequence filter output voltage causes the 
operating thyratron V2 to fire, the total 
relay time will be approximately one cycle. 
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However, in the interest of reliability, the 
operating element has been slowed down in- 
tentionally, as mentioned in the paper. 

Thescheme shown in Figure 1 of McCon- 
nell’s discussion uses a negative- and zero- 
sequence filter to control carrier and to 
operate the relay. A three-phase fault 
cannot be tripped when such an arrange- 
ment is used, except by the use of addi- 
tional relay elements. This results in some 
of the simplicity of the scheme being lost 
and introduces a co-ordination problem, 


The Evolution of Standard 


Lines of Current 
Transformers for High 
Overcurrent Capacity 


Discussion and author's closure of paper 44-94 
by E. C. Wentz, presented at the AIEE sum- 
mer technical meeting, St. Louis, Mo., June 
26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, September section, 
pages 658-62. 


W. K. Dickinson (General Electric Com- 
pany, West Lynn, Mass.): The subject of 
high overload-current capacity of current 
transformers has been one of much interest 
and has received considerable discussion in 
recent years—particularly the mechanical 
overcurrent capacity. In fact, there is still 
some question regarding the present Ameri- 
can Standards Association definition of the 
term ‘‘mechanical overload limit.’’ It is 
this angle of Mr. Wentz’s paper that I 
would like to discuss briefly. 

As the author points out, it is possible to 
calculate the forces (/) tending to disrupt 
the coils and also the strength (S) or re- 
sistance to the disrupting forces, but these 
calculations become rather complex. Fur- 
thermore, the actual values of F and S are 
subject to considerable variation, the 
former because of variations in the align- 
ment of the coils and the latter resulting 
from variations in the strength of materials 
as well as manufacturing tolerances. There- 
fore, actual tests become the final criterion 
as to the proper mechanical overload rating. 

The results of recent tests on 31 different 
transformers may be of interest. These 
tests were made on six types, covering a 
voltage range from 600 to 15,000 volts, as 
well as several different current ratings for 
each voltage class. For 29 of these trans- 
formers, a considerable number of tests 
/ were made on each, increasing the current in 
relatively small steps, in an endeavor to de- 
termine as closely as possible the exact 
point at which a distortion of the coils be- 
gan. In every case, the first noticeable dis- 
tortion was a bowing or radial stretching of 
the primary winding. 

For the remaining two transformers, the 
initial current applied was much greater 
than calculations indicated they would 
stand without distortion. In both trans- 
formers axial distortion occurred similar to 
that described by Mr. Wentz. All of the 
transformers tested were standard stock 
units in which no special care was taken to 
align the coils. The shape of the primary 
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coil was designed to be nearly circular, 
except for one flat side surrounded by the 
core, so that the radial distortion repre- 
sents an actual stretching of the coil. 

Based on the result of these tests, it is 
this writer’s conclusion that in most cases a 
radial distortion constitutes the mechanical 
limit and that it occurs at a lower current 
than that which causes an axial distortion. 
This is somewhat in variance with Mr. 
Wentz’s conclusions which are that the 
axial forces establish the mechanical limit. 
It is true that an axial distortion is likely to 
be more pronounced and destructive, where- 
as a slight radial distortion is not likely to 
cause immediate failure of the transformer. 
However, even a slight distortion should be 
considered as a failure since the insulation 
strength is decreased and the life of the 
transformer shortened. 

Therefore, in establishing a mechanical 
overcurrent rating the value assigned should 
be a “‘withstand”’ value which is lower than 
the value causing radial distortion and can 
be demonstrated successfully in accordance 
with paragraph 4.046, American Standard 
C57-1943. The amount by which this 
assigned value is less than the value caus- 
ing radial distortion may be considered a 
factor of safety which depends on varia- 
tions inherent in the design, material, and 
method of manufacture. 
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F. J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): Many pieces of apparatus 
are built for special applications, even to the 
point where there are more special ones than 
standard. This takes engineering time and 
can be a source of field trouble as well. It is 
easy to go along in this way, but, if the 
reasons for the special equipment can be de- 
termined, it is possible to establish limits 
and a new line of standard designs to serve 
the purpose. This latter procedure re- 
quires initiative to find the problem and 
ability to analyze it before anything is done 
about it. This paper shows the value of 
attempting to determine the requirements 
for a new line of apparatus and then so de- 
signing the line that the major mechanical 
parts are standard for several different 
assemblies. 

In the design, the subject of mechanical 
forces obviously has assumed great im- 
portance. Each of the problems described 
is met in the design of power transformers 
as well as of instrument transformers. In 
the case of core-type transformers, expand- 
ing force is present in the outer coils and 
results in tension in the copper. In the case 
of the inner coils, the force is contracting, 
and there is compression in the copper. 
This is exactly the same as if we had a 
cylindrical tank with external hydraulic 
pressure. Such a coil may collapse long be- 
fore any great compressive stress is exerted 
on the copper. Formulas regarding vessels 
under external pressure involve usually 
comparatively simple conditions, a single 
material, and a knowledge of its modulus of 
elasticity. The transformer coil may be 
wound on an insulating tube and involve 
several layers of insulation and cooling 
ducts. Calculations using the copper alone 
lead to too conservative results, based on 
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several tests. It has been found necessary 
to make tests and determine an empirical 
value of modulus of elasticity for such com- 
posite structures. Fortunately, except in a 
few special cases, the coils will be sufli- 
ciently strong, and failures from this cause 
arerare. 

Fortunately, the unwinding force in most 
transformers is low, although there are some 
types of transformers where it must be 
considered and where it is not possible ‘to 
obtain a rigorous solution for the mechanical 
structure. Recourse to tests again are re- 
quired. 

The solution for the axial forces is the 
most interesting one. The stress calcula- 
tions made by designers often have been 
based on the position of the so-called elec- 
trical centers of both windings. The total 
expanding force has been calculated and 
has been considered to act at the electrical 
centers of both windings. If the electrical 
centers coincide axially, there should be no 
axial stress. Usually, a displacement of 
some arbitrary amount, say, one inch, is 
assumed, and the vertical component of the 
expanding force is used as the axial force. 
This method is incorrect, but tests to de- 
struction of several models led to the con- 
clusion that this method, although not 
rigorous or correct, gave a practical answer. 
Again, the trouble is that the actual centers 
are not fixed, the coil structure itself is not 
simple, and the bracing of the coils at the 
ends is not usually simple enough for exact 
strength calculations to be made. The 
author has determined the stresses more 
accurately, but still has to make tests to 
show the adequacy of the mechanical parts. 

The three cases just described show that 
exact analysis of mechanical stresses in 
transformers is not possible, and the 
strengths of supporting structures to with- 
stand them also cannot be estimated exactly. 
Hence tests are desirable to demonstrate 
the strength of typical struetures. There is 
easily the possibility of single designs not of 
a standard line being weaker than intended. 

Under short-circuit conditions in the 
field, the voltage at most power trans- 
formers is not maintained. Since the stress 
goes down very rapidly with decreased cur- 
rent, distribution and power transformers 
are not apt to be stressed up to their de- 
signed strength very often, and failures 
practically never occur. Nevertheless, it is 
desirable for manufacturers to make tests on 
sample or typical designs to be sure of their 
strength. 


F. E. Davis (Commonwealth and Southern 
Corporation, Jackson, Mich.): Mr. Wentz 
in his paper brings out into the open two 
important factors relating to the manufac- 
ture of current transformers, and I will 
venture to say they also apply to many 
other lines of electric equipment: 


1, The manufacturers make a considerable effort 
to supply their customers’ needs economically as 2 
they are conceived to be, even when they seem quite 
special as compared to standard lines of equipment. 


2. The demand for special current transformers is 
apparently so great that by applying exceptional 
ingenuity considerable cost “Saving is possible 
through a unification of the special requirements. 
Thus ‘‘standard’” current transformers with 
“‘special’’ characteristics can be offered the industry 
at costs comparing favorably with standard lines 
although in some cases with impaired metering ac- 
curacy, 
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These factors also suggest the more ob- 


scure possibilities that more thorough engi- 


neering of the wiring situations in which the 
special transformers are required might 
eliminate or greatly reduce such require- 
ments and the fact that manufacturers’ 
standard lines of current transformers 
possibly might be incrementally broadened 
in application to eliminate some of the 
“standard specials.”’ 

For instance, it is somewhat surprising 
that transformers of such low current rat- 
ings as from 20 to 50 amperes in the insula- 
tion classes of from 5 to 15 kv are required 
on circuits of such high short-circuit 
capacities as a more or less general proposi- 
tion. It would be interesting to know the 
details of such applications where a 20- 


“ampere circuit would be used from a circuit 


or bus having a short-circuit duty of the 
order of 1,000,000 kva. It would seem that 
the necessity for high-voltage circuits of 
such low current ratings could be eco- 
nomically avoided at least in a good many 
cases through a judicious use of power 
transformers to supply utilization equip- 
ment of such comparatively small rating at 
lower voltages. 

It will be noted that the maximum rat- 
ing of the ‘‘special’”’ transformers discussed 
by Mr. Wentz is 300 amperes. The stand- 
ard line is suitable under the imposed con- 
ditions above this rating. This would seem 
to suggest that it may be practicable to in- 
crease the thermal and mechanical limits of 
transformers in the standard line of, say, 100 
amperes and greater rating to meet the 
specified special conditions and thus sub- 
stitute them for a good many of the special 
ratings. Then, if requirements for the 
special ratings of less than 100 amperes 
could be minimized by a more thorough 
engineering of the wiring systems and utili- 
zation equipments, the special current 
transformers required by the industry 
might become truly special, and improved 
over-all economy result. 

While it is presumptious for me to com- 
ment on design and manufacturing processes 
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of current transformers, Mr. Wentz’s dis- 
cussion of axial forces of the primary with 
respect to the secondary coils as being most 
destructive does suggest the possibility of 
reducing such axial stresses by a more ac- 
curate positioning of the two coils so as to 
be electrically centered with respect to each 
other even to the extent of less than the 0.1 
inch he assumes. It would seem possible to 
position the coils by electrical comparative 
means and hold them in place by the in- 
jection of a suitable thermoplastic or similar 
material instead of with cement. 

In this way it may be practical to extend 
the mechanical limit of some of the lower- 
rated current transformers in the standard 
line as previously suggested in order to sub- 
stitute for some of the ‘‘specials.”” A closer 
co-operation of the users with the manu- 
facturers will go a long way toward accom- 
plishing the desirable result of the elimina- 
tion of special requirements on the part of 
users for equipment used in appreciable 
quantities. 


E. C. Wentz: Mr. Dickinson has found 
that nearly all the transformers he has tested 
fail by expansion of the primary coils. This 
shows that the transformers in question were 
sufficiently symmetrical that the axial force 
was not large enough to cause failure. 
However, it is not conclusive proof that 
other units would not be unsymmetrical 
and that they would not fail. 

The point which neither of us can be sure 
of is the point about which we differ; that 
is, what degree of unsymmetry should be 
allowed for in giving the transformer a 
mechanical rating? Our experience has 
indicated that it cannot be assumed safely 
that the electrical center of the secondary 
coil is never displaced by less than 0.1 inch 
from the electrical center of the primary coil. 
This of course is a somewhat arbitrary 
value, but that it is hardly too large a value 
for safety can be estimated from a considera- 
tion of the following sources of dissym- 
metry: 
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1. Dissymmetry in the coils caused by misplacing 
the last (partial) layer. 


2. Dissymmetry in assembly of the coils. 


The last layer in the secondary coil is 
rarely full, especially in these designs 
where the secondary coils have to be all 
specially designed to go with a certain pri- 
mary coil. Theoretically, it is possible to 
put this last partial layer in the center of the 
winding, but it is actually not practical for 
the winder to calculate exactly where to 
start the last partial layer for each coil. 
Each coil is slightly different. Our ex- 
perience is that we can count on the winder 
placing the last partial layer within three- 
eighths inch of exact center. Ifthe winding 
has only 21/2 layers (and some of the heavy 
current windings do), the average center 
may be displaced at least one-fifth of three- 
eighths, or 0.075 inch. 

The error in centering the coils in their 
assembly can certainly be !/32 inch. 

The results of Mr. Dickinson’s tests can 
then be accounted for by supposing that: 


1. He tested only standard designs, with perhaps 
five or six layer coils, with the last layer nearly full. 


2. His method of holding the coils together has 
greater strength. This will be true if the design is 
made with one coil wound directly over the other, 
without separately insulated primary coils. 


3. His coils are relatively less resistant to radial 
distortion. 


This discussion has disclosed that the 
author should not have said ‘‘never’’ in 
relegating the expanding forces to a second- 
ary position, but should have qualified it 
specifically. ; 

There can be no argument as to the abso- 
lute magnitude of the forces; the only 
points to be cleared are: 


1. Whether it is safe to assume a smaller initial 
displacement. I believe it is agreed that our as- 
sumption of 0.1 inch is safe, and that the exact 
“‘safe’”’ value will always be a matter of opinion. 


2. Whether it is safe to assume that the dynamic 
strength or resistance to very sudden motion can be 
assumed to be appreciably greater than the static 
strength. Our experience indicates not. 
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Protection of Large D-C 
Machines by Means 
of High-Speed 


Circuit Breakers 


Discussion and authors’ closure of paper 44- 
157 by J. Elmer Housley and Otto Jensen, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
September section, pages 637-40. 


R. C. Dickinson (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): It appears that the authors have done 
a good job in remedying an unhappy situa- 
tion by means of high-speed breakers. How- 
ever, the general value of this development 
to the industry is somewhat doubtful, since 
the generation of large amounts of d-c power 
is now quite generally accomplished with 
rectifiers instead of rotating machines. The 
performance of this breaker appears to com- 
pare favorably with other devices, which 
have been in production for more than 12 
years. As shown by the authors’ bibliog- 
raphy the value of high-speed breakers in 
limiting high d-c short circuits to less than 
the ultimate current has been known for a 
good many years, and devices of this type 
have been applied in continuous ratings up 
to 3,000 amperes for more than 20 years. It 
thus would seem unnecessary to use such 
high figures as 450,000 amperes from “a 
300-volt 3,000-kw generator’? and 700,000 
amperes on an unstated number of machines 
presumably at 650 volts. There is no doubt 
that, although ultimate short-circuit currents 
in heavy d-c installations can be quite high, 
actual circuit and short-circuit resistances do 
not permit the extreme values given by the 
authors. 

Tests on a 10,000-ampere 750-volt high- 
speed breaker in d-c high-power laboratory 
show a limitation time of 0.405 cycle (60- 
cycle basis) and complete interruption in 
0.81 cycle on a short circuit on four 1,500 
kw generators in parallel at 750 volts 
direct current. The ultimate short-circuit 
current is 80,000 amperes at 750 volts, and 
this high-speed breaker limits it to 32,000 
amperes. The rate of rise is 6,000,000 to 
7,000,000 amperes per second. This breaker 
was applied commercially in 1932, and a 
large number have been applied since then. 

A 3,000-ampere high-speed breaker was 
tested in the field in 1925 on four 4,000-kw 
620-volt rotary converters in parallel. The 
maximum current obtained with this breaker 
was 67,400 amperes on a carbon monoxide 
test. Limitation time was 0.46 cycle, and the 
complete interruption time was 0.8 cycle. 
The rate ofrise was approximately 13,000,000 
amperes persecond. Although current limit- 
ing resistance is not used in the design of 
these breakers, the maximum bus voltage 
recorded in the above tests was only 1,200 
volts with 620 volts normal. 


J. Elmer Housley and Otto Jensen: We 
agree with Mr. Dickinson that we have 
found a happy solution to an unhappy situa- 
tion. The trouble is there are so many other 
unhappy situations which require similar 
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solutions. Mr. Dickinson does not agree 
with our figures of the ultimate short- 
circuit-current values. We are not too sure 
either, but the possibility of the current 
reaching the values we have mentioned 
seems to be there, and we should welcome 
the opportunity to stage a test in a modern 
installation to see whether or not high-speed 
circuit breakers are warranted. 

We are happy to hear about the good per- 
formance of Mr. Dickinson’s breakers but 
believe that we definitely have contributed 
to the art, partly by the simplicity of the 
design, partly by the numerous protective 
devices which can be incorporated in the 
breaker, and partly because it is a self- 
sufficient unit which does not require any 
external-cooling medium. 

We are perfectly well aware of the trend 
toward rectifiers as the source of d-c power 
and have for several years manufactured 
the necessary equipment for their protec- 
tion. However, it appears that for the 
time being rotary machinery must be used 
for driving the rolls in a modern mill, and 
the breaker was developed for this type 
of service. 


A Pneumatic Mechanism 
for Outdoor Oil 


Circuit Breakers 


Discussion and authors’ closure of paper 
44-102 by L. J. Linde and E. B. Rietz, pre- 
sented at the AIEE summer technical meeting, 
St. Louis, Mo., June 26-30, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
July section, pages 543-6. 


A. W. Hill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors have presented a very 
interesting discussion of the various methods 
of closing circuit breakers and have brought 
out particularly well the advantages ob- 
tained with the use of compressed air where 
modern high-speed breaker performance 
is required. It has been found that while 
Pneumatic mechanisms represent some- 
what of a change in maintenance problems, 
the trade in general has accepted this type 
of apparatus, and in fact showed a pref- 
erence for it, especially for high-voltage 
outdoor breakers where improved system 
performance can easily be secured from the 
faster breaker reclosure. It has been found 
that a pneumatically trip-free mechanism 
built along the same lines has found so 
much favor with purchasers of this equip- 
ment, that during the past three years 
more than half of the oil breakers rated 115 
kv and above built by the Westinghouse 
Company have been equipped for pneu- 
matic operation. 

The linkage shown in Figure 3 appears 
to be quite simple and easy to inspect and 
maintain. However, we might inquire 
whether on fast reclosing from a part-open 
position of the breaker would there not bea 
considerable impact at the moment the 
piston rod meets the roller on the toggle 
crank, inasmuch as the piston is rising 
freely with no load until it meets the toggle 
crank coming down as the breaker is being 


Discussions 


sy 
7% 
4 


i 
opened. It is recognized, of course, that 
air below the piston has considerable 


cushioning effect and it may be that the 
result is to give satisfactory performance 
in spite of the apparent tendency to strike 
hard. 

Figure 5 shows the temperature rise at 
various points inside the mechanism hous- 
ing when it is operating in an ambient tem- 
perature of —40 degrees Fahrenheit. Since 
this indicates a rise of approximately 80 
degrees for measurements made at the 
check valve and control valve, we would 
expect that the temperature might become 
excessive in case the ambient rises to +50 
degrees Fahrenheit at which point the 
thermostat operates. In other words, the 
temperature would then be 1380 degrees, 
which over a long period of time would seem 
to be far more than would be desirable. 
We would ask whether such a high tempera- 
ture rise is found necessary inasmuch as the 
air being used by the pneumatic mechanism 
naturally becomes comparatively dry as 
temperatures drop toward the freezing 
point, so that it would seem that such a 
temperature rise would not be needed 
after the air has dropped to a point well 
below freezing. It is also probable that 
leakage around the doors of the housing, 
when exposed to high winds, would have 
some effect on the. temperatures inside 
the housing and we presume that the test 
reported in this paper covers observations 
made in a still atmosphere. 

It is a little difficult to see from the 
illustrations, Figure 3, just how the dump- 
valve piston is held in the closed position 
when the pressure records, Figures 2A, 2B, 
and 2C, indicate full normal pressure in 
the cylinder. Apparently there is no pres- 
sure drop across the control or dump valves 
and without such a drop in pressure the 
illustrations do not explain why the dump 
valve will stay in the closed position. 

While the reclosing time shown in Figure 
2C is approximately 26 cycles, we presume 
that this same mechanism can also be 
used where faster reclosing is required. 
As pointed out earlier in this discussion, 
we feel that the pneumatically trip-free 
mechanism has a definite appeal to many 
operators as it provides the type of opera- 
tion needed for fast opening on either 


straight opening operations or close-open 


operations as well as fast reclosing time. 


L. J. Linde and E. B. Rietz: The mechanism 
linkage where the power unit is not con- 
nected to the closing linkage is typical of 
mechanism designs used very sticcessfully 


by the General Electric Company for the — 


past 20 years. It is quite true that the 
operating conditions with pneumatic mecha- 
nisms for high-speed reclosing are different 
than on previous solenoid and motor mecha- 
nisms, But, the pressure required to move 
a free piston is very low and, therefore, 
there is little energy stored up in this mov- 
ing mass when it strikes the closing-linkage 
roller at part stroke. There is also the 


cushioning effect of the air under the piston, — 


as Mr. Hill suggests, that helps to reduce 
the impact. The best provf of this design 
feature are the 200 mechanisms which 
have been in service for periods of up to 
four years. The majority of these are for 
20-cycle-reclosing high-voltage breakers 
where the breaker completes only approxi- 
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companies for many years. 


mately half of the opening stroke on a 
reclosing operation. 

The cold-temperature tests described in 
the paper show the most adverse tempera- 
ture conditions. With a —40-degree-Fah- 
renheit ambient temperature the heaters 
are energized continuously. For higher 
ambient temperatures the heaters are 
energized only intermittently. This results 
from, the use of housing heaters which con- 
trol \ housing ambient temperatures and 
therefore the operation of the thermostat. 
With high ambient temperatures of 40 to 
50 degrees Fahrenheit the heaters would be 
energized for only short periods of time 
and the temperatures of the compressor 
accessories would never become excessively 
high. 

The cold-room test results that are re- 
corded in the paper were made in a re- 
frigerated room where the cooling was 
accomplished by circulating air with large 
fans. Therefore, these tests simulate out- 
door conditions with moderate winds. 

A comparison of the pressure records of 
Figures 2A, 2B, and 2C indicate cylinder 
pressures of 108 pounds with 120 pounds 
applied to the control valve. Although 
there is some leakage to the control valve 
there is a five- to eight-pound differential 
between the two sides of the dump valve 
so that it is positively biased to the closed 
position during a closing operation. 

The time-travel curves show the mecha- 
nism adjusted for operation on a rated 
30-cycle reclosing breaker. The same 
mechanism with different relaying and a 
slightly higher operating pressure will 
operate in less than 20 cycles reclosing 
time. 


Fusing Practices on 
Distribution Systems—Il 


Discussion of paper 44-97 by John S. Parsons 
and J. M. Wallace, presented at the AIEE sum- 
mer technical meeting, St. Louis, Mo., June 
26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, August section, 
pages 598-600. 


G. Fred Lincks (General Electric Company, 
Pittsfield, Mass.): The authors have pre- 
sented some interesting data on the fusing 
of distribution circuits, above 5 kv in their 
paper. However, it appears to be rather a 
long jump from these data to the conclusions 
they have drawn. 

Figure 1 of the paper shows that about 65 
per cent of the 104 companies reporting are 
fusing with a minimum of one-, two-, and 
three-ampere fuse ratings as against about 
35 per cent of the companies fusing with a 
minimum of five-ampere and higher ratings. 
Without a background of past practices 
this hardly could be interpreted as a present 
trend to higher fusing. Five-ampere mini- 
mum fusing has been practiced by some 
It is not in- 
tended that this discussion advocate either 
high or low fusing but rather that it enter 
again a word of caution to the authors’ 
evident desire to further higher fusing prac- 
tices. Judicious fusing of the distribution 
transformer involves numerous considera- 
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tions pertinent to each particular system. 
These considerations are discussed in the 
article ‘‘Fusing Distribution Transform- 
ers.’ A chart accompanying this article 
and Figure 1 of my discussion of the authors’ 
previous paper’ show definitely that a shift 
in fuse rating does affect the total clearing 
time sufficiently to cause an appreciable 
difference in the length of secondary line on 
which faults will be cleared quickly enough 
to protect the transformer, using the 
American Standard Association time—load 
curve as a guide. 

In the last sentence of the paragraph un- 
der the heading, ‘‘Line Sectionalizing,”’ they 
state, ‘‘This figure (Figure 4) shows that 
63 per cent of the companies consider the 
use of more than three sectionalizing fuses 
in series to be impractical’. Figure 4 does 
show that 25 per cent of the companies are 
connecting one or two fuses in series and 
probably, if asked, would report that this 
practice dates back 15 to 25 years. Line 
sectionalizing with more than one and two 
fuses in series is relatively recent in origin 
dating back about 12 years to the time 
when the more modern fuse links were made 
available.1 Sectionalizing with three or 
more fuses in series requires a slightly more 
detailed study in choosing the correct fuse 
ratings.2, Many operators who have made 
such installations with three to six fuses in 
series report that they have yet to have one 
false operation. With this in mind, Figure 
4 might be interpreted to indicate the prac- 
ticability of connecting three or more fuses 
in series as a means for economically improv- 
ing service continuity, increasing revenue, 
and fostering consumer good will. 

The authors’ conclusion that small re- 
closing breakers or oil circuit reclosers will 
supplant repeating fuses, encourages a fur- 
ther prophesy that eventually all distribu- 
tion circuits will be provided with the auto- 
matic reclosing and resetting protection 
against nonpersistent faults right out to the 
end of the line and to the ends of all of 
the branches. Single element fuse cutouts 
in the main feeder and the branch lines will 
isolate only persistent faults. If the fuse 
links in these cutouts are co-ordinated 
properly with the reclosers or the reclosing 
breaker at the substation so that each re- 
closer or breaker performs its function first, 
the recloser will clear all nonpersistent faults 
and will reset automatically. Such a co- 


ordinated setup will require judicious fusing © 


on the primary of the distribution trans- 
formers in order not to handicap the line 
sectionalizing. Something must and will 
be done to avoid the need for choosing be- 
tween providing proper overcurrent protec- 
tion to the transformer and minimizing 
fuse blowing by lightning. 

Recently a co-ordination study was made 
on an actual 7,200/12,500 volt grounded- 
wye rural circuit. The available co-ordina- 
tion data prepared by the manufacturer 
were used to compare oil circuit reclosers 
having instantaneous, time delay, and 
combined instantaneous and time-delay 
time—-current characteristics in opening the 
circuit. Some favor has been directed to- 
ward the provision of time delay in at least 
some of the openings, while recognizing the 
advantages of the instantaneous opening in 
preventing the burning down of lines. 
However, the comparison just completed 
indicates that the disadvantages of time- 
delayed openings or combination instan- 
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taneous and time-delayed openings at least 
offset the advantages in the more modern 
concept of recloser-fuse co-ordination. 
Therefore they are not the final answer to 
the achievement of reducing the consumer 
minutes outage and the restoration expense 
to the minimum attainable, as is visioned 
in this prophesy. 
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Fault Protection on 
Shipboard A-C Power- 
Distribution Systems 


Discussion and authors’ closure of paper 
44-159 by H. G. Rickover and P. N. Ross, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
pages 1109-20. 


G. H. Welch (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper covers a very interesting 
discussion of the shipboard power-distri- 
bution system requirements and the prob- 
lems involved. During the last several 
years, considerable development work has 
been done to improve the reliability of these 
floating power plants, particularly those on 
naval vessels. On one class of vessels new 
circuit-breaker developments were incor- 
porated which provided a complete selec- 
tivity system. Two main switchboards 
were involved, each fed by a single a-c gen- 
erator, and the boards were interconnected 
by a bus-tie cable having a circuit breaker 
at each end. Feeder breakers were con- 
nected to each switchboard bus. Tests 
demonstrated that a fault on a feeder cir- 
cuit would trip only the feeder breaker and 
not trip the local generator, tie, or remote- 
generator breakers. Faults on the tie cir- 
cuit tripped only the breaker at each end 
of the tie cable. Bus faults tripped only 
the local generator breaker and tie circuit. 
This tripping selectivity was accomplished 
by mechanical time-delay mechanisms inte- 
gral to the breakers. Other developments 
are now in progress which will extend these 
improvements in the future. 

The following comments are offered in 
connection with the subject discussion. 


SELECTIVE TRIPPING OPERATION 


Selective operation of circuit breakers is 
usually more difficult of accomplishment on 
small vessels having a small number of gen- 
erators of low capacity (for example, two 
100-kw units) than on larger vessels involv- 
ing a number of much higher-rated ma- 
chines. This is due to the fact that on the 
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smaller generator systems, the ratio of load 
inrush currents of the larger motors to the 
generator fault current is low as compared 
with that of the higher-capacity generator 
and distribution systems. This makes it 
difficult to arrive at tripping values for gen- 
erator breakers which will provide discrimi- 
nation between load transient currents and 
fault currents, with sufficient margin for 
reliable selectivity. 


DIFFERENTIAL PROTECTION 


Shipboard distribution systems involve 
numerous feeder circuits which are con- 
trolled by circuit breakers compactly ar- 
ranged on switchboard panels. As no me- 
tering is required on these circuits, no cur- 
rent transformers are provided. There- 
fore, the installation of instrument trans- 
formers for use with a differential protection 
scheme would involve a major addition to 
the switchboard, requiring additional space, 
weight, and wiring complexity. 


REVERSE POWER RELAYS 


The use of reverse power relays for gen- 
erators and generator cable fault protection 
would not protect the generator circuit to 
any great extent, but merely isolate it from 
the bus and its associated generators. In 
order to protect the generator completely, 
it would require automatic opening of the 
field circuit. Shipboard systems normally 
use a simple manually operated field switch 
to disconnect the alternator field from the 
exciter. To obtain the full benefits from the 
reverse power protective relays, it would be 
necessary to provide a circuit breaker or con- 
tactor having a trip circuit operated by the 
reverse power relay, in addition to the gen- 
erator breaker tripping feature. 


OPERATING REQUIREMENTS 


The operating conditions for shipboard 
equipment are much more severe than for 
corresponding shore installations. A wide 
range of ambient temperatures and high 
humidity are involved. The equipment 
must be compact and is usually mounted in 
restricted space. Satisfactory operation is 
required under conditions of shock and vi- 
bration and the pitching and rolling of the 
vessel. These factors have a considerable 
bearing upon the design of the equipment. 


Herbert C. Graves, Jr. (I-T-E Circuit 
Breaker Company, Philadelphia, Pa.): It 
has been my privilege and pleasure to be in 
a position to watch the rapid improvement 
in Navy shipboard switcl.gear. No small 
item in this improvement has been the intro- 
duction of radical means for isolation of 
faults. It is the purpose of this discussion 
to outline briefly the background of these 
developments and their application to in- 
dustry. 

Before the United States entered the war, 
battle experience of other navies proved the 
weakness of the electric protective sys- 
tems. Failure of power under such condi- 
tions may cause a serious loss of life and 
equipment. 

The electrical section of the Bureau of 
Ships, under Captain Rickover, began in- 
tensive work on the subject. He requisi- 
tioned the co-operation of engineers of the 
three major circuit-breaker companies as 
an advisory committee to co-operate in 
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finding a solution. This paper is the result 
of years of sustained effort by this group 
under the leadership of Bureau of Ships’ 
personnel. 

An actual system of this general type has 
been proved by the I-T-E Company by test. 
The results were highly gratifying. With 
the system as shown in Figure 1, of the pa- 
per four breakers operate selectively in se- 
ries. The clearing time of any fault wasless 
than four cycles even on the breakers with 
the longest time setting. All fault condi- 
tions with one to four generators cleared 
with no unnecessary loss of load. 

This method of obtaining rapid and se- 
lective clearing of faults offers obvious ad- 
vantages. Outstanding advantages may be 
briefly enumerated as follows: 


1. High speed of clearing fault reduces fire hazard 
at point of fault. 


2. High speed of clearing fault decreases duty on 
the circuit interrupter so that the rupturing ca- 
pacity is less affected by the time interval of the 
protective short-circuit timer. 

3. Cascading of breakers is obtained, conserving 
switchboard space but with a minimum loss of se- 
lectivity. 

4, Backup protection is obtained with very short 
time intervals. 


5. Overload protection, including that of motors 
started across the line, is independent of the timing 
of the short-circuit protector. 


6. Correct functioning is obtained independent of 
the number or location of connected generators. 


The paper presents a new system of pro- 
tection. The devices for performing the 
functions have not yet been perfected. 
Their completion is expected shortly. In 
the meantime, I heartilyrecommend notonly 
a perusal but a study of this paper by those 
of you who are responsible for application of 
protective devices for the isolation of faults. 


R. W. Smith (General Electric Company, 
Philadelphia, Pa.): Captain Rickover and 
Mr. Ross are to be congratulated on the 
preparation and presentation of this excel- 
lent paper. They have given a clear and 
concise description of the basic rules and 
considerations in the design of ships service 
distribution systems. Also included are the 
optimum characteristics of switching and 
protective devices to make these distribu- 
tion systems reliable in the performance of 
their function of supplying electric power 
to vital auxiliaries. Reliability of the power 
supply on a combatant vessel is immeasur- 
ably more important than for a comparable 
land installation, because failure of the elec- 
tric system for evena few minutes during the 
stress of battle may mean the difference 
between victory and defeat. Through Cap- 
tain Rickover’s efforts the ideas and de- 
velopments of the various switchgear manu- 
facturers have been correlated closely into a 
joint endeavor to reach the objectives out- 
lined in this paper in a minimum time. 
Since the beginning of the war many changes 
and improvements in the electric distribu- 
tion systems have been accomplished, not 
only on new construction but also on the 
older ships. Other changes and improve- 
ments are now under way, and still others 
will follow as better devices and methods 
are developed and made available. 

Most of the protective devices developed 
primarily for the Navy also are or can be 
made applicable for use in ordinary power 
generation and distribution systems, and 
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after the war they will undoubtedly be so 


used. Although the details of specific de- 
vices cannot be given now, it is of interest to 
know that the switchgear manufacturers 
have developed and are supplying direct- 
acting overcurrent tripping means for air 
circuit breakers which accomplish many of 
the objectives outlined in the subject paper. 
Some of these devices give only time-delay 
and instantaneous short-circuit protection 
with a time-current.characteristic such as 
shown by curve B of Figure 8 of the paper. 
Others give time-delay overload together 
with time-delay and instantaneous short- 
circuit protection, and these have a time— 
current characteristic very much like the 
ideal characteristic as shown by Figure 9 
of this paper. 

At the present time the switchgear manu- 
facturers are working on improvements in 
these devices with the specific objective of 
simplification of design together with a re- 
duction in the maintenance required. 

It is hoped and expected that with the 
close co-operation of Captain Rickover and 
his associates in the Bureau of Ships, the 
manufacturers can complete present de- 
velopments at an early date and undertake 
still other improvements not yet conceived. 


E. L. Harder (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This paper demonstrates the appli- 
cation to naval-ship systems of the latest 
and best techniques of fault-current calcu- 
lations and co-ordination of tripping de- 
vices. It shows a recognition and, under- 
standing of the basic elements of the problem 
and a sound engineering approach to the 
solution. 

Undoubtedly shore establishments also 
will benefit greatly from the developments 
described by the authors. For example, the 
need for selective tripping of low-voltage 
air circuit breakers is of long standing, and 
the solutions to this problem, borne of neces- 
sity for naval service, undoubtedly will carry 
over into the utility and industrial fields. 

The authors indicate that differential 
protection is widely used for bussesin shore 
service. This applies more particularly to 
higher-voltage systems. On systems of 600 
volts and less, which are comparable to 
shipboard systems, the same urge will be 
found to exist for low-voltage selective air 
circuit breakers as on shipboard. 

It is surprising to note that on shipboard, 


bus faults are among the most common | 


types. In shore practice bus and apparatus 
faults are rare as compared with line and 
cable faults. 


H. G. Rickover and P. N. Ross: The 
authors wish. to express their appreciation 
for the interest shown in their paper and 
for the favorable comments and discussion 
which have been presented. To a very 
large degree the progress and developments 
made in the protection of low-voltage a-c 


power systems, which are reflected in this — 


paper, have been the result of the combined 
efforts of the various switchgear manufac- 
turers working in close co-operation with 
the Bureau of Ships. In this way it was pos- 
sible: 

1, Toestablish the limitations of protective devices 


previously in common use both in the Navy ‘and 
elsewhere. «= 


‘ ‘ 
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2. To establish the basic requirements for an 
adequate fault protective system. 


3. To develop devices capable of meeting these 
requirements. 


It is noteworthy that the principles and 
methods of fault protection presented in the 
paper are adaptable to, and will find appli- 
cation in, the utility and industrial fields. 
It ig hoped that out of the experience 
thereby obtained further improvements will 
be developed which in turn can be applied to 
naval and marine service. 


Improved Selective Tripping 
of Low-Voltage Air 


Circuit Breakers 


Discussion and author's closure of paper 
44-158 by Charles P. West, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, August sec- 
tion, pages 608-10. 


L. C. Peterman (nonmember; Ford, Bacon, 
and Davis, Inc., New York, N. Y.): The 
announcement made in this paper of the new 
selective tripping mechanism for air circuit 
breakers indicates that wenowhave low-volt- 
age direct-tripping devices that will give a 
performance on overloads comparabletothat 
secured with relays, shunt trip and storage 
battery, such as customarily are applied 
only to high-voltage circuits. Further, the 
inherent nature and simplicity of the direct- 
acting trip should give high-speed action 
where that is required, equal to the highest 
speed now available from the relay—shunt- 
trip combination, coupled with great reli- 
ability due to the smaller number of parts 
involved in the tripping action. 

The author does not indicate whether the 
tripping point of the new breakers can be 
adjusted in the field, after leaving the fac- 
tory, or whether each specific rating must 
be built into the tripping mechanism at the 
factory. Unless tripping points can be 
selected in the field, within a reasonable 
range, the subject improvement will have 
limited applications. The present inflexi- 
bility of application of air breakers to chang- 
ing loads is a great handicap. If the im- 
provement mentioned does not eliminate 
this handicap, such an objective should be, 
in the writer’s opinion, next on the list of 
developments planned. 


R. W. Smith (General Electric Company, 
Philadelphia, Pa.): Cascading of low- 
voltage air circuit breakers is a _ well- 
established practice and was quite com- 
pletely discussed in AIEE technical paper 
41-128 by A. E. Anderson and C. H. Black 
at the 1941 summer technical meeting in 
Toronto.! This practice is reviewed by the 
subject paper, and its advantages and dis- 


advantages are clearly restated. 


Not so clear, however, is the discussion 
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relative to the application of cascading 
principles nor the discussion relative to the 
use of definite-time-tripping devices. It 
must be remembered that the use of definite- 
time-tripping devices does not make possible 
the attainment of complete selectivity in 
the tripping of breakers in cascade arrange- 
ment under all short-circuit conditions. 
Any arrangement of breakers cascaded for 
economic reasons basically has breakers 
with instantaneous trips operative at cur- 
rents below the available short-circuit cur- 
rent. 

Also, it must be remembered that as long 
as breakers contain the instantaneous-trip 
feature at 12 to 15 times their rating, com- 
plete selectivity is not possible at short-cir- 
cuit currents beyond these values. 

Definite-time-tripping devices properly 
designed to give more accurate settings 
than present time-delay devices will make 
possible better selectivity between breakers 
for currents below the instantaneous-trip- 
ping values. The use of more accurate 
timing devices would be particularly ad- 
vantageous where fault protection requires 


pickup settings lower than the instantane- 


ous setting. For example such time-delay 
tripping devices could be used on backup 
breakers where high-impedance bus faults 
could occur with a short-circuit current be- 
low the instantaneous setting of the backup 
breakers. 
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L. W. Clark (The Detroit Edison Company» 
Detroit, Mich.): The development of a 
combination instantaneous and definite- 
time-delay tripping device incorporated in 
the design of low-voltage air circuit breakers 
should broaden considerably their applica- 
tion in the industrial field. In present de- 
signs where oil dashpots or thermal devices 
are used for obtaining time delay, it is 
difficult, if not actually impossible, to ad- 
just the settings with any degree of accuracy 
in the attempt to make one breaker selec- 
tive with another. This new tripping de- 
vice definitely should increase the usefulness 
of air circuit breakers, providing it proves to 
be rugged and of low cost, requires a mini- 
mum of maintenance in the field, and has 
accurate and constant timing characteristics. 
Perhaps Mr. West can describe the device, 
indicating how the time delay is obtained 
and give us some supporting evidence as to 
its accuracy and durability in the field. 
During the past few years I believe there 
has been a definite trend toward the use of 
unduly complicated industrial-plant distri- 
bution systems in the attempt to provide 
better continuity of service. There may be 
some few applications where such complica- 
tion has been justified, because of the nature 
of the industrial process, but, by and large, 
the simple scheme with a minimum of 
equipment of rugged design is to be pre- 
ferred. A simple radial distribution system 
incorporating selectivity in breaker settings, 
such as would be possible with this new de- 
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vice, should not only prove adequate for 
most installations, but also actually give 
better service through the years than some 
of the more complex network systems. 
Troubles due to faulted circuits do not 
occur very often in industrial installations, 
and, when they do occur, service can be 
restored much more quickly with the simple 
system than it can with the more compli- 


cated system. One case recently studied in- 


volved a complete industrial network sys- 
tem, whereas, a simple radial system would 
have been cheaper and much easier to 
operate and maintain. A_ short-circuit 
study indicated that a fault in any one of 
several locations might open as many as 
four or five fuses and circuit breakers. In 
these circumstances it would be extremely 
difficult for the plant electrician to locate 
the trouble and restore service. It would 
seem much more desirable to use a simple 
radial system of plant distribution wherever 
possible, and then, when a fault occurs, 
there is no question about its location, and 
the trouble can be quickly located and re- 
paired. The development of this new 
tripping attachment should assist greatly in 
the laying out of such a simple radial sys- 
tem, using either the cascade arrangement 
of breakers where it is desirable to keep 
breaker costs at a minimum, or adequate 
rupturing capacity breakers throughout, 
and providing definite selectivity between 
different breaker locations. 

In this connection is it possible to block 
out the instantaneous feature of the trip if 
it is not needed? Also, is it possible to ad- 
just the time delay to either the 0.2-second 
value or the 0.4-second value, or must a 
definite value be specified at the time of 
purchase? 


Charles P. West: Clark and Peterman 
raise the question as to the type of the time- 
delay device which was described for low- 
voltage air circuit breakers and the means 
for adjustment which are available. The 
time delay is attained by means of a 
mechanical escapement, the time inter- 
val being determined by the number of 
oscillations of the moving element. It is 
sufficiently accurate to obtain time dis- 
crimination between breakers in a cascaded 
arrangement where the time intervals 
would differ by less than one tenth of a 
second. Normal applications would be ex- 
pected to have time differences slightly 
greater than this. Its mechanical durability 
would be co-ordinated with the breaker to 
which it is applied. : 

The time-delay feature can be adjusted. 
It is also possible to block out the instan- 
taneous trip. However, this change is not 
recommended, as breakers must be allowed 
to trip instantaneously if their short-time or 
interrupting ratings are exceeded. If the 
currents are below these values, the -in- 
stantaneous trip does no harm, and, if 
they are higher, it is a necessity. It there- 
fore would appear desirable to retain it. 

The range of trip-current adjustment of 
the breakers to which these time-delay 
tripping devices are applied is the same as 
now commercially available. 


1431 


Load-Calculation Procedure 
for Electric-Panel 
Space Heating 


Discussion of paper 44-154 by B. F. Raber 
and F. W. Hutchinson, presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1085-91. 


G. W. Penney (Westinghouse Electric and 
Manufacturing Company, Hast Pittsburgh, 
Pa.): I believe the authors are to be com- 
plimented for making such extensive calcu- 
lations on the radiant transfer of heat be- 
tween the various surfaces of a room, It is 
instructive to consider a basic equation for 
interchange of heat between surfaces as 
given in equation 1, even if its actual solu- 
tion is so difficult that in the numerical cal- 
culations tabulated values obtained by 
graphical means must be resorted to, How- 
ever, I question if these elaborate calcula- 
tions for interchange by radiation are justi- 
fied, unless the assumptions used in calculat- 
ing the interchange by convection can be 
improved. 

Heat loss by convection usually is repre- 
sented by a constant multiplied by the tem- 
perature difference to approximately the 
1.25 power, or, if equation % is to be used, 
the constant h, should vary as the 0.25 power 
of the temperature difference,’ Equation & 
as given in the paper assumes that the heat 
transfer is proportional to the first power of 
the temperature difference, I suppose this 
is done to simplify the solution of the simul- 
taneous equations. However, in this case, 
I believe, the authors should suggest some 
means for selecting the proper value of h, 
for the particular temperature difference 
obtained, 

The assumption of a given temperature, 
that is, uniform temperature throughout 
the room, is another assumption which I 
believe is very far from the actual condition, 
particularly, in the example chosen where 
the heat is supplied by meane of heated 
ceiling panels. Several experimenters have 
measured temperatures throughout rooms 
and found that the temperature gradient 
from floor to ceiling is almost never negli- 
gible and is particularly high in the case of 
rooms heated by ceiling panels. Randolph 
and Wallace? published tests on a house 
heated by ceiling panels and having walls 
insulated by two-inch-thick bats of balsa 
wood, Figure 9 of their paper gives a 
temperature difference of seven degrees 
between air three inches above the floor 
and three inches below the ceiling, when the 
difference hetween outdoor and indoor 
temperature is 60 degrees Vahrenheit, 
Under these conditions the difference he- 
tween the air three inches below the ceiling 
and the temperature of the ceiling is leas 
than five degrees, In other words, the dif- 
ference in temperature within the room ig 
greater than the difference in temperature 
between the ceiling and air three inches be- 
low the ceiling, and this in a building where 
the heat losses would be much less than the 
case picked by the authors of the present 
paper. 

Houghten, Gutberlet, and Hach* have 
published extensive data on panel-heated 
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rooms, Their test number 18 gives tem- 
peratures in a room heated by ceiling panels 
when the outside air temperature was eight 
degrees Fahrenheit. Under this condition 
the panel in the ceiling was 107 degrees 
Fahrenheit, while the air six inches below 
the ceiling was 84 degrees Fahrenheit, and 
six inches above the floor was 70 degrees 
Fahrenheit. In other words, there was a 
difference of 14 degrees Fahrenheit between 
air six inches above the floor and air six 
inches below the ceiling. When this varia- 
tion in air temperature within the room is 
considered, it will be found that the wall 
temperature varies from floor to ceiling so 
that we can no longer consider a wall as 
having a single temperature. 

Usual calculations made by heating and 
ventilating engineers are for the purpose of 
estimating the over-all heat loss, and these 
calculations can be quite approximate. 
Consequently, the assumptions are very 
approximate in the interest of simplicity, 
In these usual approximate calculations the 
variation in temperature from floor to 
ceiling is neglected, Likewise the expres- 
sion for heat loss through walls is quite ap- 
proximate. However, if we are to attempt 
to calculate the wall and ceiling tempera- 
tures within a room, our assumptions must 
be much more precise, 

When the inaccuracies in the assumptions 
regarding convection are considered, I do 
not believe that the calculations should be 
relied upon to compare heat losses by con- 
vection and radiation to the degree of ac- 
curacy implied in the statement that ‘‘the 
saving due to use of radiant heating” is 
1.6 per cent, I think it would be very in- 
teresting to apply the methods of caleula- 
tion used in this paper to some condition 
for which detailed test results are available 
such as the test given in the paper by 
Houghten, Gutberlet, and Hach, Pos- 
sibly the inaccuracies in the assumptions 
could be compensated for by a proper choice 
of empirical constants in the equations, 
The discussion of the possible means of ad- 
justing these constants would be quite in- 
teresting. 

In theory radiant heating offers many in- 
teresting possibilities, Over ten years ago 
L, W, S&had conducted tests in the Westing- 
house research laboratories which demon- 
strated that comfort conditions could be 
obtained with an air temperature lower 
than 60 degrees Fahrenheit by using heated 
panels in both walls and ceiling. However, 
the large surface of heated panels warmed 
the air to such an extent that this tempera- 
ture difference between walls and air could 
only be obtained by supplying approxi- 
mately ten changes per hour, which is not 
practical or desirable in the home, although 
it may offer an interesting possibility in 
auditoriums and other places where much 
fresh air is required. 

Doctor Mills at the University of Cin- 
cinnati has demonstrated thé possibility of 
securing comfort conditions by the use of 
highly reflecting walls and a relatively 
small radiant source. If the walls could 
have perfect reflectivity, a small heated 
panel could give a high mean radiant tem- 
perature, even though the reflecting areas 
were not warmed, This would be a very 
interesting possibility, if practical colored 
surfaces could be obtained having a high re- 
flectivity for the infrared radiation cor- 
responding to a surface at about 100 degrees 
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Fahrenheit. At present the only available 
surfaces having good reflectivity in this 
range are bright metallic surfaces, and ~ 
most of us do not care to live in rooms with 
all walls, ceiling, floors, and furniture having 
bright metal surfaces. 

A primary object of any heating system 
is to provide comfort conditions in all parts of 
a room. Large areas of single glass nor- 
mally give a low effective temperature near 
the window. Heated panels mounted beléw 
or near the window can be used to compen- 
sate for the cold glass and aid in obtaining 
comfort in all parts of the room. However, 
modern building practice is tending rap- 
idly toward well-insulated walls and double 
glass, and in this case, I believe, the dif- 
ference between radiant heat and a good 
convection system is largely academic. 
Large heated panel surfaces automatically 
heat the air to nearly panel temperature. 
In the case of convection the loss of heat 
through walls is small so that the walls come 
nearly to air temperature. 

In conclusion, I believe that further re- 
finement in the means of calculating heat 
transfer by convection is needed before we 
are in a position to calculate accurately the 
various wall temperatures to be expected 
in a panel-heated room. With modern well- 
insulated houses, very satisfactory comfort 
conditions can be obtained by either a good 
radiation or a good convection heating 
system. In my opinion a choice between 
the two systems is more likely to depend 
on such factors as cost of installation, con- 
venience of operation and control, and the 
particular desires of the individual user. 
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T. F. Peterson (American Steel and Wire 
Company, Cleveland, Ohio): For the past 
few years. I have been conducting in my 
home recreation room some experiments de- 
signed to demonstrate the effectiveness of 
panel heating developed by current flow 
over surface resistors. The work stems from 
some 15 years of development and research 
on semiconducting films or layers used for 
static shielding of cable, elimination of static 
in general, and so forth. For the most part 
these films are made up of electrical insulat- 
ing materials such as rubber, synthetic 
resins, varnishes, fabrics, and the like, which 
contain conducting particles (such as acety- 
lene carbon black) in sufficient amount and 
properly dispersed to yield volume or sur- 
face resistivities of the order of so-called 
semiconductors, Fabrics coated with these 
materials may yield surface resistivities 
from several ohms to millions of ohms per 
square inch, 
One form of heating panel whieh I have 
studied consists of a fabric (either cotton or — 
glass) coated with semiconducting resins 
such as nylon, alkyd, or neoprene, fas- 
tened to a high-thermal-resistance wall 
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board and having fine steel wires contacting 
the resistor coating at intervals of 20 inches 
to 36 inches. The spacing of these parallel 
wires is chosen so that the panel may be 
connected across 110 volts and develop a 
surface temperature between 85 degrees 
and 100 degrees Fahrenheit. The high 
thermal resistance of the backing material 
yields a structure with low effective ther- 
mal, capacity. The semiconducting coating 
insures uniform distribution of heat gene- 
ration. When this latter coating is covered 
with an electrical insulating varnish, paper, 
or the like, having low emissivity, the effi- 
ciency of the panelisimproved. Even with- 
out such coating tests indicate that energy 
consumption as low as 0.15 to 0.20 watt per 
square inch results in the type of panel 
heating normally sought. 

I recognize many of the weaknesses of the 
system such as shock hazards and fire pos- 
sibilities due to poor contact by the wires 
and semiconducting layer, but none of these 
appears insurmountable. Materials are 
available which are not only flameproof, but 
very resistant to oxidation, warping, aging, 
and so forth, and surface coatings may be 
applied to these to provide not only elec- 
trical insulation but low emissivity (high 
reflectivity) toward the center of the room. 

The authors have made a valuable con- 
tribution to the general theory of panel 
heating, and it is hoped that this practical 
design may add to the over-all worth of 
their work. 


F. L. Lawton (Aluminum Company of 
Canada, Ltd., Montreal, Quebec, Canada): 
Having been closely associated with a large- 
scale electric house-heating experiment in 
northern Quebec during the 30’s, in the 
course of which some 60 homes were heated 
by various schemes for the direct applica- 
tion of electric energy, I have been pleased 
to note the three papers just presented. 

The authors are to be congratulated on 
the excellence of their presentation of this 
subject especially timely for the immediate 
postwar period. The Institute’s committee 
on domestic and commercial applications 
has done a fine job in securing this group of 
papers which bring right to the fore the 
possibilities of electric house heating. 

Raber and Hutchinson might have added 
to their analysis of the part panel heating 
will play in the field of electric heating for 
homes by developing the effect of improved 
insulation in walls, floors, and ceilings be- 
yond present practices at very moderate 
cost, thereby decreasing appreciably the 
winter-heating and summer-cooling energy 
requirements. 

Direct application of electricity to house 
heating is approaching a strictly competitive 
position with respect to coal, oil, or gas-fuel 
heating in areas of high fuel cost and low 
rates for domestic electric energy, where, 
for example, abundant hydroelectric power 
is available. For instance, based on aver- 
‘age seasonal efficiencies of conversion, 
13,500 Btu per pound coal at $15 per ton 
and 140,000 Btu per United States gallon 
of fuel oil at 10 cents per gallon compare 
with electric energy at 0.4 cent per kilo- 
watt-hour. In some favorable areas public 
utilities today are finding it satisfactorily 


f -good business to sell domestic energy in 


blocks over 350 kilowatt-hours per month 
at 0.75 to 1.0 cent per kilowatt-hour. 
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It thus will be seen that the margin be- 
tween prices for electric energy and ordi- 
nary heating fuels is relatively narrow in cer- 
tain areas. 

Panel heating, electrothermal space heat- 
ing, and the heat pump offer definite indi- 
cations that this gap may be eliminated 
rapidly in the postwar period. 

Even with the coefficient of performance 
for a heat-pump system as low as 2.0, such 
as would apply in the colder areas of Can- 
ada, electric heating utilizing the heat pump 
can compete strictly on a price basis with 
coal or fuel oil where domestic energy is 
available at low rates. In addition, it has 
advantages of convenience, ease of control, 
and cleanliness which no other fuel can ap- 
proach. 

Those interested will find considerable 
useful information on electric house heating 
secured during 1928-38 from a number of 
installations in the Saguenay area of Que- 
bec and reported in the advance reports and 
Proceedings of the Canadian Electrical As- 
sociation. 

The possibilities for improved comfort 
and cleanliness in the heating and cooling 
of postwar homes offer a real challenge to 
our profession, manufacturers, and utilities 
to provide the necessary low-cost equipment 
and service and thereby develop a business 
which well may play as large a part after 
this war as radio did following the first 
World War. 


Possibilities of Heat Pumps 
for Heating Homes 


Discussion of paper 44-156 by R. U. Berry, 
presented at the AJEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published in AIEE TRANSACTIONS, 
1944, September section, pages 619-22. 


Victor Siegfried (Worcester Polytechnic In- 
stitute, Worcester, Mass.): This paper gives 
a very interesting account of the methods for 
obtaining more effective heating other than 
direct space heating by electricity. Of 
especial interest to me are the fuel-conserva- 
tion implications which may be inferred 
from it. 

With a favorable coefficient of perform- 
ance as described, the use of electricity as 
an activator for a heating plant appears to 
suggest possible over-all economies and con- 
servation of natural fuels where surplus 
electric power is available. It may further 
be found more economical to purchase even 
steam-produced electricity from coal rather 
than to consume high-grade fuels in domestic 
furnaces of relatively low efficiency. It has 
appeared to be little short of criminal, es- 
pecially in the war period, to be consuming 
liquid fuels for domestic heating, and a long- 
range view of uses for oils and gasoline 
cannot but support an extension of that 
same alarm to later periods. Since the 
liquid fuels are predominantly adapted to 
mobile power plants, their use in fixed in- 
stallations certainly should be discouraged. 

The use of the heat pump would seem to 
permit a return to the convenience and 
muss-free advantages of the oil-fired do- 
mestic heating plant without jeopardizing 
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fuel resources thereby. Other advantages 
outlined in the paper with regard to reversi- 
bility for cooling service give this equipment 
attractiveness for an engineer who would 
like to see the same breadth of interest ap- 
plied to engineering of the mechanics of 
living that has been given industrial appli- 
cations. Certainly the reputation of the 
profession would be greatly enhanced in 
the eyes of the nonengineering consumers by 
having fully engineered living facilites de- 
veloped, which are more co-ordinated than 
are present-day devices. 

In addition to the progress in the applica- 
tion of equipment to this problem of heat- 
ing, it seems to me that the industry in gen- 
eral and the electrical-engineering profes- 
sion in particular are challenged to find 
ways in which the equipment can be fur- 
nished and fed with power at prices and rates 
which are attractive. Somewhere in our de- 
velopment of these ideas we must have the 
courage to reduce prices and rates below 
their apparently proper levels in order to 
stimulate the very markets which later will 
justify these ‘introduction prices.” It 
would seem to me that too often the prog- 
ress in such advances is hindered by the 
price angle, even though the engineer can 
foresee a volume-cost value which he 
could have proved if given the chance. 
Who is to take the risk is an unanswerable 
question, but the opportunity is for the 
engineer to be more outspoken in support 
of the newer ideas that may not at the mo- 
ment appear to be economical. The need 
is thus for vision and shrewd judgment on 
the part of the engineer to counteract natu- 
ral conservatism on the part of business 
management. 


C. I. Hall (General Electric Company, 
Schenectady, N. Y.): A review of this paper 
brings to mind a number of intriguing possi- 
bilities in connection with the complete en- 
gineering of the modern home. The de- 
velopment of household utilities so far has 
been along the line of the individual devices 
with practically no co-ordination of their 
various functions. If, however, we look at 
the modern home as a complete engineering 
problem, we are confronted with the various 
uses of energy in the applications listed 
below. 


1. Heating. 

2. Cooling. 

3. Hot water. 

4. Domestic refrigeration. 

5. Quick-freeze cabinets for food storage. 


All of these functions are closely inter- 
related so far as production of the effect is 
concerned, and in a completely engineered 
home there is a possibility that one or more 
of them may be derived as a by-product, 
with possibly a reduction in cost both in 
operation and required apparatus. 

If the major heating of the home can be 
obtained from the central-station system as 
outlined in this paper, then all of the func- 
tions outlined may be performed either di- 
rectly or indirectly from the electrical serv- 
ice. 

One of the important considerations in 
applying such a co-ordination of activities 
is the matter of reliability. Then all of 
the eggs will be in one basket, and serv- 
ice and apparatus failure will be pro- 
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portionately more bothersome. However, 
such advances have been made in the 
maintenance of service of central stations 
that outages of appreciable duration are 
now very rare. Similarly, improvements in 
modern design and manufacturing tech- 
nique have improved greatly the reliability 
of the mechanisms to perform the various 
functions that have been outlined. Such 
improvements, of course, will continue. 

Consideration of the source of heat for 
electric house heating must take into ac- 
count the very serious drop in the water 
table in the Eastern States. The draft 
upon the water reserve has been so great 
that in a number of states it has been neces- 
sary to pass regulations requiring the return 
of process and cooling water to the ground. 
It would appear, therefore, that it would 
be desirable to utilize some other sources of 
heat for the refrigeration cycle, since in gen- 
eral the application of this system will be 
made in larger communities where water 
availability is at a minimum. 


Electrothermal Space Heating 
and Air Conditioning 


Discussion and author's closure of paper 
44-155 by George H. Krueger, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, October 
section, pages 718-22. 


R. R. Herrmann (Northern States Power 
Company, Minneapolis, Minn.): I for one 
am particularly glad to see the investigation 
of house-heating equipment which is now 
going on. Some of the crudest of applica- 
tions of engineering, if we can call it such, 
have in the past been made on house-heating 
furnaces. Engineers have improved indus- 
trial power plants very materially but little 
has been done in a similar manner with 
household furnaces. 

When we speak of off-peak energy or 
off-peak rates, the problem is not as simple 
as it sounds. Care should be taken, as Mr. 
Leatham pointed out, that the off-peak 
load will not become the on-peak. If the 
off-peak business being secured comes on 
in large volumes and at a much more rapid 
pace than the regular business it will not 
take long before it overtakes the increase 
in the ordinary business. 

Perhaps we should take a leaf from our 
fellow utilitarians in the natural-gas busi- 
ness who have what are known as inter- 
tuptible gas rates for industries. When 
necessary, because of the heavy use of gas 
by house-heating customers, gas to these 
interruptible customers is discontinued. 
Perhaps the electrical industry can do some- 
thing similar. 

In the case of a water power which has a 
surplus amount of water which would be 
wasted if not utilized at the time, anything 
which the utility can secure from the sale 
of surplus water is of course just so much 
velvet. I understand that the Winnipeg 
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hydro system is in this position and is able 
to sell a considerable amount of energy to 
the local steam-heating system, which 
energy is used to generate steam. 

I notice that the house described by Mr. 
Krueger requires 35,000 Btu per hour. 
This is slightly over ten kilowatts. Inas- 
much as this service is off-peak it cannot 
be on continuously and some greater 
amount of capacity than ten kilowatts will 
be required; yet 14 kw only is provided. 
It seems that this is not sufficient, or per- 
haps the 35,000 Btu per hour is more than 
necessary. 

There are a few general factors which are 
not favorable toward the house-heating 
load. One of these is the poor annual load 
factor. Sufficient capacity must be pro- 
vided for the coldest day, which, in a 
climate like Minnesota which has about 
8,000 degree days per year, may be 30 
degrees below zero, which means that 
slightly over one per cent of the annual 
amount of energy required will be used 
in the coldest day. Furthermore, there is 
little diversity in this business. When it 
gets cold at one spot in a city it gets cold all 
over so that this contributes again toward 
its undesirability. 

It has always appeared to me that the 
development of a cooling system in con- 
junction with the heating system has the 
best possibilities for a utility. By this 
means the utility has assurance of a load 
in both cold and hot weather. 

In considering heating of houses by means 
of electricity we must remember that this 
isnot new. There are a considerable num- 
ber of houses heated by this means and a 
considerable number of experiments have 
been made. By storing heat in some 
manner which can be released on extremely 
cold days, the annual load factor can be 
increased. In a climate such as Minne- 
sota, however, where subzero weather is 
likely to exist for three or four days in 
succession, it appears that the amount of 
heat which must be stored to take care of 
such long cold weather would have to be 
extremely large. 


S. J. Levine (General Electric Company, 
Bloomfield, N. J.): The system of electric- 
heating equipment proposed in this paper 
is well described and constitutes an ingen- 
ious multipurpose scheme. More exten- 
sive information on operating costs would 
be helpful, particularly as compared with 
other fuels, and on equipment costs as com- 
pared with other equipments. Another in- 
teresting comparison might be made against 
other forms of electric heating and cooling 
equipment as regards first cost and operat- 
ing cost, particularly as regards the thermo 
compressor versus the conventional electric- 
driven vapor compression system. The 
latter has a higher coefficient of performance 
than the thermo compressor and would there- 
fore be more economical in its requirements 
for both electric energy and cooling water. 

The system proposed by the author seems 
rather complicated in relation to small 
homes, although it is recognized that the 
equipment is intended to serve functions 
other than space heating and cooling. In 
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the heat-storage elements, the equipment 


might be simplified by storing the hot 
water at a temperature of 200 to 250. Al- 
though this would require greater storage 
capacity than the high-pressure system 
proposed, the auxiliaries and the thick- 
ness of insulation would be reduced, and it 
is possible that no greater space would be 
required and that a lower first cost might 
be attained. In addition, there is a ques- 
tion whether a high-pressure storage system 
would be permissible under existing codes; 
a low-pressure hot-water system would cer- 
tainly avoid this problem. Also, any prob- 
lems involving corrosion due to oxygen 
would be reduced by operating at a lower 
temperature. 


George H. Krueger: In response to discus- 
sions by R. R. Herrmann and §. J. Levine, 
it is the desire of the author to stimulate 
thought on the expanded possibilities that 
could be made available to the customer by 
the utilities, and at the same time permit the 
utility to control more directly the diversity 
on its system instead of letting the consumer 
be the principal controlling factor. The 
argument was presented in- the past that 
water heaters and ranges would upset the 
balance on the systems, but it has worked 
out that both of these items have stimu- 
lated greater use of electric energy and a 
greater desire by the public to make fuller 
use of the benefits of electric energy. 

The author is mindful of the fact that 
the type of electric heating described in his | 
paper is more applicable in areas where low- 
cost hydro-generated electric energy is 
available, rather than in areas where elec- 
tric energy is generated by fuel-fired plants. 
In the latter case, heat energy is converted 
to electric energy and then reconverted to 
heat energy with all of the conversion losses 
involved. 

Future developments resulting from ex- 
tended tests may dictate a higher capacity 
for the individual installation than was 
originally installed, but the author pre- 
ferred to start with a minimum design 
rather than overdesign at the beginning. 

The idea of building a summer cooling 
load to flatten out the annual load curve, 
in conjunction with a winter heating load, 
has been taken into consideration by the 
use of a water refrigerating system for sum- 
mer cooling purposes. With this type of 
a system, as shown in Figure 1 of the paper 
the full advantage of off-peak interruptible 
service is retained. 

Regarding the code requirements of the 
cities, the author has checked these items 
throughout the Pacific Northwest, and the 
proposed system meets all requirements of 
safety, as well as existing insurance re- 
quirements. 5 iS 

The use of a moderate pressure for the 
system is superior to hot water at low 
pressures and temperature for the reason 
that the rate of heat release and heat 
transfer is very rapid. There is no lag in 
the system due to the movement of large 
quantities of low-temperature hot water. 

During the coming heating season, full 
operating data will be obtained and made 
available to those interested. 
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Voltage Transients in 
Arc-Furnace Circuits 


Discussion and closure of paper 44-99 by the 
AIEE subcommittee on transient voltages in 
arc-furnace circuits of the AIEE committee on 
electrochemistry and electrometallurgy, pre- 
sented at the AIEE summer technical meeting, 
St. Louis, Mo., June 26-30, 1944, and pub- 
lished ip AIEE TRANSACTIONS, 1944, 
August section, pages 563-8. 


E. A. Childerhose (Jackson and Moreland, 
Boston, Mass.): We have been investigating 
overvoltages at a plant using a large number 
of electric arc furnaces varying in size from 
1,000 kva to 10,000 kva.’ The number and 
magnitude of surges closely parallels the 
are-furnace transient curve shown in Figure 
7 of the paper except that the maximum 
voltage does not exceed seven times normal. 

During staged tests using a klydonograph 
for recording surges, it was found that all 
surges were caused by circuit-breaker opera- 
tions. Breaker closings caused a prepon- 
derance of the surges and also the highest 
surges. It was found also that most of the 
surges were on the line side of the breaker. 

These switching surges were quickly dissi- 
pated in the cable feeding this part of the 
plant. No klydonograph evidence was ob- 
tained of their existence a couple of hundred 
feet away from the bus where they were 
occurring. 

Very little of the literature read in connec- 
tion with our study mentioned serious volt- 
age surges on the line side of the breakers. 
All voltage-recovery studies and tests ap- 
pear to have been made of voltages across 
the breaker when interrupting load. It is 
suggested that further studies be made of 
the recovery voltages measuring the voltage 
to ground on each side of the breaker as well 
as voltages across the breaker itself in the 
hope that this will shed further light on volt- 
age conditions existing in the various parts 
of the circuit during the making and break- 
ing of currents. 

Consideration should be given also to the 
possibility of reducing these switching 
surges by switching under load rather than 
no-load conditions as is the present common 
practice. The advantage of reduced voltage 
surges would have to be balanced against the 
disadvantage of increased wear and tear on 
the breaker. 


H. A. Peterson (General Electric Company, 
Schenectady, N. Y.): This report is tangible 
evidence that progress is being made toward 
the goal of understanding the problem of 
and protecting against transient over- 
voltages associated with arc-furnace circuits. 

The summary included in this report is 
brief but significant. One of the most signifi- 
cant facts brought out is that overvoltages 
of greatest magnitude appear to be asso- 
ciated with breaker-opening operations. 
Overvoltages of lesser magnitude are some- 
times encountered during closing. It ap- 
pears that overvoltages occurring during 
the melt-down period and not associated 
with breaker operations are localized pretty 


_ well on the low-voltage winding, or at least 


do not appear to any serious extent at the 
high-voltage terminals of the transformer. 
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There is no reason to think of the switch- 
ing of an arc-furnace transformer as being 
different from the switching of any power 
transformer as far as the circuit itself is 
concerned. The magnitude of switching 
overvoltages associated with arc-furnace 
transformer switching is about the same as 
for general system switching. However, 
there is a fundamental difference between 
these cases from the standpoint of the fre- 
quency of switching. Arc furnaces generally 
are switched many times each day, and con- 
sequently, transient overvoltages are ex- 
perienced much more frequently in the 
neighborhood of the arc-furnace trans- 
former than in the vicinity of most trans- 
formers used for supplying other types of 
loads. Also, because of this frequent opera- 
tion, breakers used with are furnaces are sub- 
jected to unusually severe mechanical duty. 

In view of this frequency of occurrence of 
overvoltages in many arc-furnace installa- 
tions, the question of the need for overvolt- 
age protection arises. Lightning arresters 
afford one means of putting a ceiling on such 
transient overvoltages. To afford best pro- 
tection to the transformer, arresters used for 
this purpose should be installed on the trans- 
former side of the breaker. Voltages in excess 
of about four times normal line-to-neutral 
crest should be eliminated effectively by 
arresters at the arrester location regardless 
of their nature or origin. A study of the re- 
sults shown in Table III of the paper ap- 
pears to substantiate this reasoning. 

If the ‘‘inductive kick’’ voltages accom- 
panying transformer magnetizing-current 
interruption is the chief source of difficulty, 
then shunt capacitors of the proper value 
placed at the transformer terminals theoreti- 
cally should afford an ideal corrective means. 
If the capacitor kilovolt-amperes equal the 
transformer magnetizing kilovolt-amperes, 
no voltages of this type are possible, thus 
affording an ideal solution. However, in 
most installations transformers may operate 
over a range of taps and possibly with sev- 
eral different winding connections, thus 
varying the transformer magnetizing kilo- 
volt-amperes over quite a range. Fortu- 
nately, the capacitor does not lose its effec- 
tiveness at any critical value and, conse- 
quently, is expected to be superior to the 
arrester as a corrective means for this par- 
ticular type of overvoltage. 

In view of these considerations, shunt 
capacitors and arresters located at the high- 
voltage terminals of the are-furnace trans- 
former appear to offer the best overvoltage 
protection at the present time. Such an 
arrangement places a definite ceiling on the 
overvoltages associated with the furnace in- 
stallation. Another possible method of re- 
ducing the switching surge voltages is by the 
use of a breaker of the magneblast type 
which inserts impedance into the arc path 
during interruption in such a way that the 
recovery voltage oscillations are highly 
damped and essentially independent of cir- 
cuit constants. 


J. E. Hobson: The discussion of Mr. Child- 
erhose covering tests made on arc furnaces 
substantiates in several respects data given 
in the paper. In most of the tests made by 
the committee it was found that the major- 
ity of surges appearing on the high side of 
the transformer and the higher magnitude 
surges were associated with circuit-breaker 
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operations. This would tend to indicate 
that the higher surges appearing on the 
transformer’s primary winding come from 
the phenomena of arc interruption in the 
primary breaker rather than from arcing 
phenomena in the furnace. There is ample 
evidence to indicate that high voltages are 
generated by the furnace arc, but most of 
those voltages are dissipated in traveling 
through the transformer and do not appear 
with high magnitudes on the primary. 

I do not believe that Mr. Childerhose has 
drawn a correct inference regarding the loca- 
tion of voltage measurement in most of the 
tests reported in this paper. In practically 
every case the voltages recorded are voltages 
between line and ground rather than across 
the breaker. 

I am glad to have the comments of Mr. 
Peterson and J agree entirely with his views. 
Shunt capacitors have been proved both 
in the field and in the laboratory to be effec- 
tive devices for reducing voltage transients 
appearing at the primary of arc-furnace in- 
stallations. Field tests also have proved 
that Mr. Peterson’s comment regarding size 
of capacitor is correct: over a considerable 
range the capacitor size is relatively unim- 
portant in determining the transient volt- 
ages which can appear. The shunt capacitor 
is relatively more effective than a lightning 
arrester, since all voltages are reduced ma- 
terially instead of establishing a ceiling volt- 
age for them. 

It might be well to emphasize again what 
seems to be the conclusion of most investiga- 
tors: that transient voltages occurring on 
the primary side of arc-furnace installations 
do not differ materially in magnitude from 
usual switching surges occurring on a sys- 
tem, but the frequency of occurrence is 
many times greater. Since some insulation 
associated with the primary circuit is seri- 
ously affected by large numbers of over- 
voltages, arc-furnace circuits do merit some 
special consideration in an attempt to lower 
the magnitude of surges and limit the num- 
ber of surges occurring. 

Through an oversight complete informa- 
tion regarding the test data of plant A, 
referred to in Figures 2, 3, 4, 5, 6, and 7 
and in Tables I, II, III, and IV of the paper 
was not made available to the data group 
responsible for the assembly of the report. 
In view of conditions existing during the 
test and thereby affecting the test results, 
it appears desirable to withdraw the results 
of the test at plant A from further con- 
sideration in the study of the complete 
report. 

The engineer responsible for the tests at 
plant A submitted the following explanation 
for the abnormally high voltage obtained: 

“While we were making these tests, we 
found by a recording device on the low- 
voltage side of the furnace, that we were 
getting an extremely large number of 
surges during one portion of the operation. 
On investigation, we found that these 
surges occurred at a time when there was a 
loose shunt on one of the breakers forming 
the delta connection for the high-voltage 
circuit. At this installation the star-delta 
connections were made by means of circuit 
breakers. 

“We found that, after the connections in 
the delta breaker were secured properly, 
the large number of surges indicated were 
entirely absent, and it is quite possible that 
the very high surge voltages on the high- 
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voltage side indicated independently by 
the klydonograph during this period were 
caused by the same loose connection which 
gave rise to a large number of surges. 

“Since there is some question as to the 
source of these particular high voltages on 
this test, it might be well either to omit 
them altogether from your summary, or 
else to give an explanation for the possi- 
bility of abnormal conditions causing these 
high voltages.” 


Induction Heating— 
Selection of Frequency 


Discussion and author's closure of paper 
44-166 by N. R. Stansel, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, October 
section, pages 755-9. 


T. H. Long (C. G. Conn, Ltd., Elkhart, 
Ind.): There seems to be a minor error in 
the result stated in Figure 5 of the paper 
dealing with the proportion of the total 
heat energy released in Vj. The trouble 
starts with equation 4 in which the frac- 
tion in Bessel functions gives the relation 
between maximum current densities at the 
Points x and a rather than an integration 
of the heating effects to those points. 

The desired relation may be derived by 
setting 


Wa=power input in watts per centi- 
meter of axial length of charge 
Wa-1) =power input in watts per centi- 
meter of axial length of core of 
tadius x=a—p 


_ HH» earner 
ber? A+bei? A ) 


ber (A—1) ber’ (A—1)+ 
bei (A—1) bei’ (A—1) 
ber? A+bei? A 
(2) 
The proportion of the total heat energy re- 
leased in V, then is 
Wa-Wra- = 
A (A a is ly 
Wa A 
ber (A—1) ber’ (A—1)+ 
bei (A—1) bei’ (A—1) 
ber A ber’ A+bei A bei’ A 


(3) 


When A is large this may be approxi- 
mated by 


1———-X 
A 


{mio [((A-D) V2] 
sinh( A+/2) —sin (A+/2) 
~1—e-v2? =0.757 (4) 
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For values of 
A = 2 3 4 5 6 = 
Proportions = 0.94 0.84 0.76 0.76 0.76 0.757 


SECONDARY REACTANCE 


Referring to the quantity defined by 
equation 27, as reactance is confusing, since 
this quantity is related directly to neither 
flux linkages per ampere nor to power factor. 
The complete expression for the reactance 
of the coil and charge should be, following 
equation 29, 


Sx3fN2 a 28 
x=— 2h, —atk,’ ¥'/? | 1—— 5 
X =i E ky— atk,’ | ( =) (5) 


so that evidently equation 27 is a measure 
of the screening effect of the charge on the 
reactive component of flux. It is worth 
noticing that what might be called the in- 
trinsic power factor of the charge is always 
0.707, when the frequency is high, A> 10. 

The ideas of reactance and resistance of 
the charge are tied up with the equivalent 
circuit of the transforming system involved. 
They are very useful as analytical devices, 
but as such they have limitations. A some- 
what more direct analysis avoids these 
limitations but otherwise is not especially 
useful. 


VOLTAGE CONSIDERATIONS 


The effect of the per-turn voltage in de- 
termining the frequency for any particular 
induction-heating job has been touched 
only lightly. Occasionally this will be the 
determining factor in design. For a given 
power input to the charge, and for A > 10 
it can be shown that the voltage due to the 
leakage flux is proportional to f*/* and that 
component of voltage due to flux through 
the charge is proportional to f'/#. If sub- 
scripts a and / refer to charge and leakage re- 
spectively, then 


hf (6) 
and for constant energy input to charge 
Eq=karg*=ksf/* (7) 
Taha =k =k (8) 
var; =kyH?f =hef /?; 
E,=var,/I=hef/*/f-‘/*=kef'/* (9) 


Strrrinc AcTION IN MELTING SERVICE 


In referring to the stirring action as pro- 
portional to the square of the ampere turns, 
no account has been taken of the phase dif- 
ferences between current and field densities 
that are of substantial importance for values 
of the electrical dimension A < 4. 

An expression for the integrated magnetic 
pressure at the axis of the charge in pounds 
per square inch is 


Pressure = 0.695 X 10-$B*Sa/u 


where 


(10) 


B is the air-gap flux density in lines per 
square inch 

pw is a fictitious permeability less than 1 to 
correct for end effect, approximated from 
Nagoaka’s constant 


and 
1 
Sa=1—-—_—__— 
a ber? A+ bei? A 
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bi 
ao 


i 


Having 
values 0.028 0.337 0.737 0.915 0.974 0,992 
For A = 1 2 3 a 5 6 


This means for instance that, if a power 
input be selected so that the magnetic 
pressure at the axis of the charge is one 
pound per square inch when A=2.5 and 
then the frequency and voltage are so varied 
as to keep the power input to the charge 
constant, the magnetic pressure at the axis 
will vary as follows: 


A = | 2 3 4 eS) 6 
Pounds per 
square inch = 1.08 1.03 0.95 0.82 0.67 0.56 


Another consideration worth notice is 
the fact that the stirring varies appreciably 
with the level of the molten metal, being 
less when the metal level is a few inches 
above the top of the coil and increasing as 
the metal level is lowered. 


N. R. Stansel: 
that the shape of the charge is taken into 
account in analyses of the heating effect of 
eddy currents is illustrated by the example 
of a solid plate which is exposed on both 
sides to an alternating magnetic flux, the 
directions of which are parallel to the sides 
of the plate. 
The index ratio of the plate is 
p 
c=one half the thickness of the plate, centi- 
meters 


The statement in the paper — 


The equation for the rate of heat develop- — 


ment in the plate which corresponds to 
equation 3 of the paper for the solid cyl- 
inder is 


(5) (VES 


[G]X1077 watts per cubic centimeter (2) 
sinhV —sin V 
IG] -| coshV-+cos a 


If one half the thickness of a plate ‘is 
equal to the radius of a solid cylinder di- 


vided by 4/2, that is, cm athe numerical 


values of the index ratios of the two shapes 
are the same, that is, A = V and 


$s 
Pom pats i. [G] oy whe (3) 
Pom’ cylinder 2[Fr] v2 
For A=V =3.0 
Pom plat 
= = a) 


Poem’ cylinder 


A comparison of the rates of heat de- 
velopment in a solid cylinder and in a plate 


can be made by taking c= * The variable 


in equations 3 of the paper and 2 of this 
closure can be either resistivity or frequency. 
Taking resistively as a variable—and the 
only variable—in these equations, the com- 
parison on that basis is shown in Figure 1. 
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Figure 1. Comparative rates of heat develop- 
ment in solid cylinders and plates with re- 
sistivity as the variable 


A—Solid cylinder 
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B—Plate 
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Figure 2. Circuit diagram of induction-heat- 
ing coil and load 


Mr. Long’s equation 3 for the proportion 
of the total heat released in volume Vy, is 
correct for the same temperature value at 
all points in the mass of the charge. 

Equation 5, in Mr. Long’s discussion is 
the same as equation 29 in the paper. 

The circuits of the transformer of Figure 1 
of the paper are represented by the diagram 
of Figure 2 of this closure. The secondary 
circuit with resistance 72, inductance Lo, 
and current i: is coupled to the primary 
circuit, which has resistance 7, inductance 
L;, and current 7; by a mutual inductance, 
M. 

The equations of these circuits are 


(n+joLli)itjoMin=e (5) 
(fe+-jwLs)t2+-jwMi, =0 (6) 
w=2nf ¢,=applied voltage 


| Substituting the value of i from equa- 
tion 6 in equation 5 and placing 


w* M2 
eee 
19? -+-w* Lo? 
one reduces these equations to 


[(ra++ kre) +jo(Li— kL) jin =e1 (7) 


Thus the load of the secondary circuit 
is equivalent to a resistance kr. and a nega- 
tive reactance wkZ, placed in the primary 
circuit. 

Generally the index ratio in melting 
service is much higher than the value 4 
noted in Mr. Long’s comments on the 
stirring action. 
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Characteristics of Chlorinated 
Impregnants in D-C 
Paper Capacitors 


Discussion and authors’ closure of paper 44- 
165 by L. J. Berberich, C. V. Fields, and R. E. 
Marbury, presented at the AIEE summer 
technical meeting, St. Louis, Mo., June 26— 
30, 1944, and published in AIEE TRANSAC- 
TIONS, 1944, pages 1173-9. 


F. J. Given and A. J. Christopher (Bell Tele- 
phone Laboratories, Inc., New York, N. Y.): 
This paper is gratifying evidence of the 
growing interest in the specialized problem 
of design of capacitors for operation on d-c 
potentials. There has been a scarcity of in- 
formation on methods of predicting operat- 
ing life under stated conditions of voltage 
and temperature. The present paper serves 
a useful purpose in adding design data. 

The use of chlorinated materials, par- 
ticularly chlorinated diphenyl has been for 
many years a subject of special interest in 
the Bell Telephone Laboratories. At first, 
disappointing results were obtained with it 
caused by its relatively short life at high 
temperatures under the usual potential 
gradients. Research studies in Bell Labora- 
tories, however (reference 9 of the paper) 
diagnosed the trouble, and it is interesting 
that the authors of the present paper found 
the same phenomena and propose the 
same remedy. 

In comparing their results with those in 
our laboratories two points merit attention. 
They report decreasing insulation resistance 
with increasing potential gradient (Figure 
10) on capacitors both with and without in- 
hibitors. This fact together with the com- 
paratively low values of insulation resist- 
ance at the higher potential gradients (500 
to 1,000 volts per mil) suggest the presence 
of impurities in either the paper or impreg- 
nants. According to our experience, the 
presence of small amounts of water or of 
foreign substances soluble in the impregnant 
could account for this behavior. Our 
results with the more common designs 
rated at 600- to 2,000-volt direct current 
show it is possible to obtain commercially 
two to four times the resistance values 
shown in Figure 10 for the uninhibited im- 
pregnant at the higher gradients. Further- 
more, it is also possible to attain substan- 
tially the same high values for capacitors 
using the inhibitor material. In other 
words, the inhibitor can be added without 
producing any appreciable degradation in 
insulation resistance. 

As a result of obtaining high insulation 
resistance at the higher gradients, the heat- 
ing problem mentioned in this paper has 
not been dominant in affecting life perform- 
ance. Accordingly, it has been possible to 
make accelerated life tests at higher than 
rated potentials at high temperatures (85- 
95 degrees centigrade) on actual samples 
of the product. It has not been necessary 
to employ the special test samples described 
in the paper. 


Louis Kahn (Aerovox Corporation, New 
Bedford, Mass.): The authors have pre- 
sented for the first time characteristics of 
capacitors that generally have been known 
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to a few workers in a highly specialized field. 

From an application point of view, it is 
of interest to note that capacitors operated 
at elevated temperatures, above 65 degrees 
centigrade, have a definite life. Also 
characteristics that have been considered 
as constant are shown to be dependent on 
temperature and frequency. Knowledge of 
these factors should enable the application 
engineer to design equipment, using capaci- 
tors, to have a longer service life and greater 
continuity of service. 

The life test stresses used, 1,000 volts per 
mil, are lower than the stresses used hereto- 
fore at room temperatures (Signal Corps 
and Navy capacitor specifications). How- 
ever, operation at 85 degrees centigrade re- 
quires a decrease in dielectric stress. 

In considering the life-test data with 
reference to capacitors, it should be re- 
membered that the capacitance of the test 
samples was approximately 0.25 micro- 
farad. Oh commercial units of higher 
capacitance and voltage rating, the life to 
be expected will be less than the figures 
indicated in the paper, if the same stresses 
and temperatures are used. 

Moreover, the test samples were pur- 
posely made so that the temperature of the 
capacitor section under test was held con- 
stant. On the larger units the case tem- 
perature is not the section temperature nor 
is it the hot-spot temperature, which last is 
the determining factor in the life of the 
capacitor. This is especially important to 
remember on capacitors subjected to alter- 
nating or to high direct voltages. 


L. J. Berberich, C. V. Fields, and R. E. Mar- 
bury: We wish to thank F. J. Givenand A. J. 
Christopher for their interesting comments. 
The excellent fundamental work carried out 
at the Bell Telephone Laboratories has been 
inspiring to all workers in the field of dielec- 
trics. 

Their discussion raises a question as to 
the magnitude of the resistance values re- 
ported in the paper. The 85 degrees 
centigrade values plotted in Figure 10 of 
the paper are approximately five times 
higher than those required by the latest 
American Standards Association specifica- 
tions. These data were determined on a 
group of capacitors taken from regular 
production. It is true that some units can 
be found that have twice the values re- 
ported in the paper. However, we have 
not obtained a longer life in the case of these 
capacitors. Curves C of Figure 12 in the 
paper show that an extremely long life can 
be obtained, despite the fact that-the re- 
sistance is not of a very high order. This 
point bears further investigation. 

Mr, Given and Mr. Christopher point out 
that they have not found it necessary to 
employ an especially constructed test 
sample such as the one described in the 
paper. We agree with them that thermal 
instability is no problem in testing the 
smaller commercial units. The special test 
samples were designed solely for the 
laboratory where all kinds of new impreg- 
nants and stabilizers are investigated. 
This eliminates the additional variable of 
thermal instability in those cases in a com- 
prehensive laboratory investigation where 
materials may be investigated that do not 
always result in a capacitor having high 
resistance. 
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The possibility of thermal instability 
arising in testing the smaller commercial 
units was perhaps overemphasized. How- 
ever, in testing large units, perhaps larger 
than Mr. Given and Mr. Christopher have 
had occasion to test, the special air-circula- 
tion procedure also described in the paper is 
necessary to prevent thermal instability at 
high ambient temperatures and voltage 
stresses. 

Mr. Louis Kahn states that the life to be 
expected from the larger commercial units 
having higher capacitance ratings should be 
less than that for the special 0.25-micro- 
farad unit used in many of our tests. This 
has been recognized by those formulating 
the American Standard Association speci- 
fication, and allowance has been made for 
this fact by derating the larger size units. 


The Copper-Oxide Rectifier 
in Electrochemical Work 


Discussion of paper 44-163 by I. R. Smith, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
October section, pages 739-44. 


E. A. Harty (General Electric Company, 
West Lynn, Mass.): The author’s review 
of the field of application of copper-oxide 
rectifiers to electrochemical work seems to 
parallel our own experience. 

Thousands of low-rate battery chargers 
are in daily use by railway, radio, signal, 
telegraph, and telephone engineers in cir- 
cuits where batteries must be used to main- 
tain continuity of service during periods 
when the power supply fails. Battery charg- 
ing at higher rates has also been quite popu- 
lar and designs are available to charge bat- 
teries up to 300 amperes. Typical examples 
of this type are shown in Figure 1. Elec- 
troplating applications have been very 
numerous and designs have been made to 
cover ranges from a few amperes up to 
120,000. <A typical 2,000-ampere unit is 
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Figure 2. General Electric copper-oxide 

rectifier, type RC-141-F, for electroplating 

and anodizing. Twelve-kilowatt output. Ob- 
lique front view (from left) 


shown in Figure 2, One of our most recent 
developments is a fully automatic system 
to anodize aluminum, The tank rating is 
42 volts at 8,000 amperes and the electric 
system consists of a fully automatic voltage- 
current controlled induction-voltage regu- 
lator, as shown in Figure 3, supplying power 
to a group of ten rectifiers, each rated 42 
volts at 800 amperes. All the operator does 
is load the tank, push a button, and then 
forget the whole thing until a gong calls 


Figure 1. Three General Elec- 
tric copper-oxide battery 
_ chargers for electric truck bat- 
of teries 


Discussions 


Figure 3. General Electric air-cooled induc- 
tion-voltage regulator for automatic-anodizing 
aj __ installation. Oblique front view 


A —Transfer relay 
—Motor-control relay 
Low-voltage relay 

—Regulator motor on-off switch 
-Current adjustment 
Voltage adjustment 
Contact-making voltmeter 
~Voltage-sensitive relay 
~One-hour timer 

Position indicator 

Time adjustment 

Blower 


OUTPUT IN PER CENT 
OF RATED VOLTAGE 


Yo. 12 4° 1.6) SO Orie ale 
YEARS ON TEST. 24 HOURS PER DAY 
Figure 4, Stability of General Electric 
copper-oxide rectifiers 


A—fan-cooled rectifier (room temperature) 

B—Standard natural cooling : 

C—Hot rectifier operating at 150 degrees to 
170 degrees Fahrenheit 


him back to duty. The “build up’”’ proceeds 
at rated direct current and a varying volt- 
age until 40 volts are reached, Automatic 
transfer takes place and constant voltage 
is now held instead of constant current, 
Anodizing proceeds for a presettable time 
of usually 35 minutes. At the end of this 
cycle power is released, the regulator re- 
sets to the starting point in readiness for 
the next cycle, and the warning gong rings, 
thus notifying the operator that it is time 
to unload and reload the tank. 

Finally, it is interesting to note how closely 
typical life tests agree, indicating the ex- 
tremely long life of the ecopper-oxide recti- 
fier as shown in Figure 4, 


‘ 
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Extending the Use of Shunt 
Capacitors by Means of 
Automatic Switching 


Discussion and author's closure of paper 
44-178 by W. H. Cuttino, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo3, June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, September 


section, pages 674-8. 


B. M. Jones and C. N. Clark (Duquesne 
Light Company, Pittsburgh, Pa.): In past 
years the applications of shunt capacitors 
for improvement of voltage on distribution 
circuits have been limited generally to 
those locations where relatively small in- 
creases in voltage were required. In cases 
where a large increase in voltage was needed, 
it was necessary to utilize other methods 
such as step regulators, extending addi- 
tional phase wires, or the use of larger 
conductors. 

The use of automatic switching in con- 
junction with shunt capacitors, as de- 
scribed in Mr. Cuttino’s paper, will permit 
shunt-capacitor installations in cases where 
the uncontrolled capacitor could not have 
been applied previously on account of high 
voltage encountered during the light-load 
period. 

The author’s method of calculating 
voltage drops and rises by combining the 
products of the kilowatt load in amperes 
times the circuit resistance in ohms with 
the kilovar load in amperes times the circuit 
reactance in ohms has been used for a good 
many years by the Duquesne Light 
Company engineers in order to simplify 
calculations and save time in various engi- 
neering studies. For the general run of 
problems of this sort, the accuracy is within 
reasonable limits, even though it is based 
upon an approximate formula for voltage 
regulation. 

Two customers on our system within the 
past 10 years or so have experienced diffi- 
culty, damage, and expense due to the lack 
of automatic switching to take their capaci- 
tors off the line under light-load conditions. 

In one case, a large department store with 
an appreciable power load installed static 
capacitors for power-factor correction, and 
after store hours a considerable portion of 
the motor load was shut down. The re- 
sultant voltage on the remaining loads 
gradually crept up until it was sufficiently 
high to break down the units in the static- 
capacitor bank. This automatically cor- 
rected itself by burning out the ‘‘weak”’ 
capacitor units, one after the other, until 
there was only sufficient static capacitor 
capacity left to bring the light-load voltage 
up to a value which the remaining capacitor 
units could withstand—not an engineering 
solution by any means! Several months 
elapsed before this was discovered, and then 
it is believed the improved type of capaci- 
tor was provided. It is not thought that 
any automatic switching was provided, al- 
though it is understood that instructions 
were issued to switch fuses under certain 
conditions of store operation and motor load. 

In another case, at a small industrial plant 
the shutting down of the motors caused the 
voltage to rise due to the capacity effect 
until about noon or shortly thereafter when 
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‘factor control device. 


practically all of the motors shut down, and 
a fifth harmonic was produced which blew 
the 4-kv fuses on our incoming supply line. 
This was investigated by us and the cus- 
tomer (who did not have the experience 
needed), and it is believed the capacitors 
were connected to certain of the motors 
so that shutting down of the latter took off 


~ the capacitors. 


In 1930 and 1931, the Duquesne Light 
Company made 19 installations of three- 
phase shunt capacitors totaling 1,680 kva 
on four 4-kv distribution. circuits located 
in industrial areas and serving mostly 
power loads. These capacitors originally 
were installed for the purpose of im- 
proving the power factor and releasing 
capacity for other loads. A number of the 
larger customers later installed capacitors 
to reduce their kya demands and take 
advantage of the savings permitted by the 
power-factor clause in the rates. This 
change, combined with restricted growth 
during the depression, made it possible to 
release most of the capacitors for use at 
other locations to improve voltage. By the 
end of 1948 there were a total of 30 instal- 
lations of shunt capacitors on distribution 
circuits with a total capacity of 2,550 kva. 
All of these installations were connected to 
the line 24 hours a day, and in no case was 
the voltage rise large enough to cause exces- 
sive voltage at light-load periods. 

We believe that the development of 
automatic switching equipment for shunt 
capacitors will permit the use of shunt 
capacitors in many cases where they would 
be impractical when uncontrolled. Although 
there are undoubtedly a number of cases 
where the current or kilovar control can be 
applied successfully, it is believed that the 
voltage control will find more general use. 
With the availability of automatic switching 
equipment the choice between automatically 
controlled capacitors and other methods 
will be made, after careful consideration of 
operating advantages and disadvantages 
and the over-all initial and annual costs 
involved in each case. 

The application of capacitors and their 
widespread use as described by Mr. Cuttino 
strikes a responsive chord in one of us (Mr. 
Jones), as he was involved in the installa- 
tion and testing of early static capacitors in 
1922 in a small hydroelectric plant at Three 
Rivers, Mich., near Constantine, Mich. 
This testing and field investigation was 
carried on jointly by R. E. Marbury of the 
Westinghouse Electric and Manufacturing 
Company and Mr. Jones, and there was 
no automatic voltage control used, as this 
was an attended hydroelectric plant where 
switches could be operated manually as 
required, although to the best of his recol- 
lection capacitors were in service continu- 
ously. 


W. C. Bloomquist (General Electric Com- 
pany, Schenectady, N. Y.): The author is 
to be commended for the examples illus- 
trating the step-by-step procedure for 
selecting the size of the capacitor bank 
when atttomatic switching is used. Such 
examples are especially helpful to those 
who do not have an everyday acquaintance 
with capacitor applications. 

This paper makes no reference to a power- 
In many cases the 
choice between a power factor and kilovar 
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master element requires consideration. 
There are application limitations of the 
power-factor control which might have been 
included. 

I would like to point out a big difference 
between the utility and industrial applica- 
tion for the selection of a suitable capacitor 
control to reduce overvoltage. Many of 
the industrial plants require some type of 
single-step control to remove capacitors at 
light load due to high-voltage conditions. 
Offhand, a voltage control would seem to 
be the logical selection, but strange as it 
may seem at first thought, a kilovar (and 
sometimes a current control) and not a 
voltage control is the best selection, and for 
this reason: The voltage variation in the 
industrial plant is made up of the variation 
in the incoming supply source, plus the 
variation within the plant. Since the supply 
voltage may vary independently of the 
load of the industrial plant, the supply 
voltage might be high at the time of maxi- 
mum or high load at the industrial, and 
therefore the capacitors would be switched 
out of service just when they are needed 
most. 

Mention has been made of the method of 
switching capacitors with the motor and the 
problem of overvoltage due to self excita- 
tion, if too large a capacitor is used. In 
addition to this, too large capacitor banks 
at motor terminals may catse excessive 
transient torques resulting in damaged 
couplings and twisted shafts on switching. 
This effect is most pronounced on motors 
with reduced-voltage starters, and the 
reason for it is this: At the moment of 
transfer from reduced voltage to full voltage, 
the motor acts as a generator, due to the 
excitation supplied by the capacitor, and 
the voltage and phase relations may differ 
considerably from the line conditions. 
This also applies to full-voltage starters 
where operation may require the starter 
to be opened and then immediately closed. 

To avoid these excessive transient torques 
and to reduce the motor overvoltage to a 
reasonable value, we have found that a 
sensible application rule to follow is ‘‘ap- 
ply capacitors to the extent of improving 
the full-load motor power factor to ap- 
proximately 95 per cent.” 


W. H. Cuttino: Capacitors have been 
switched automatically in response to a 
power-factor relay as proposed in Mr. 
Bloomquist’s discussion. In such a case 
it is necessary to divide them into very 
fine increments or provide a power-factor 
relay with special features to prevent 
hunting. These special features may con- 
sist of arrangements to reduce the sensi- 
tivity of the relay with reduction in load, 
recalibrate with switching operations or a 
bias which makes it possible to adjust the 
relay to switch the capacitors within cer- 
tain power-factor limits plus a constant 
kilovar spread to prevent hunting. Because 
of the limitations and special features, 
other more generally accepted methods of 
automatic control are usually preferable. 
Current control is simpler and less ex- 
pensive than kilovar control, and less in- 
strument transformers are required. On 
circuits where the power factor remains 
relatively constant with variation in kilo- 
watt loading, current control is often pre- 
ferred for initiating the switching of capaci- 
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tors toreduce kilovar demand. If more than 
one switching step is desired, a separate 
current control is required for each capacitor 
switch. Contrary to Mr. Bloomquist’s 
opinion, practical applications have been 
encountered and installations with separate 
current control for each step have been in 
successful operation for several years. 


Automatic Control and 
Switching Equipment for 
Capacitor Banks and Its 
Application 


Discussion and authors’ closure of paper 
44-173 by T. W. Schroeder and W. C. Bloom- 
quist, presented at the AIEE summer technical 
meeting, St. Louis, Mo., June 26-30, 1944, 
and published in AIEE TRANSACTIONS, 
1944, September section, pages 649-54, 


V. E. Hill (Duquesne Light Company, 
Pittsburgh, Pa.): It is true that static ca- 
pacitors are being used increasingly by 
both utilities and industrial and commer- 
cial establishments for improvement of 
voltage, gaining of additional equipment or 
circuit capacities, and reduction of bills. 
Also, it probably would be desirable to have 
automatic control on many of these appli- 
cations, particularly those made by the 
utilities. However, there are various factors 
involved as brought out in the following dis- 
cussion. 


APPLICATIONS ON THE UTILity System 


The Duquesne Light Company at present 
has only about 80 installations totaling 
2,550 kva of static capacitors connected to 
its four-kilovolt distribution circuits, All 
these are connected permanently (except, 
of course, for maintenance or repairs) and 
are used exclusively for voltage improve- 
ment. 

Since our circuit and substation power 
factors generally run from 90 to 95 per cent, 
it readily will be seen why installations of 
static capacitors have not been made to 
gain system capacity or for general reac- 
tive supply. 

We do have some need for the application 
of more capacitors for voltage control, but 
they have not been installed owing, among 
other things, to the lack of a suitable 
automatic control. By ‘suitable’ we 
mean a compact unit for pole mounting 
that is also fairly economical. If and 
when such a device is made available, we 
probably will install many more capacitors. 
As previously mentioned, the control equip- 
ment desired would be based on voltage- 
sensitive devices as described by the 
authors. Of course, the war situation 
threw this and everything else out of gear. 
We are developing a design of assembled 
equipment for pole mounting, which will be 
available shortly. 


CustoMERS’ INSTALLATIONS 


There are many capacitor installations on 
our customers’ premises. No complete 
accurate data are available, but the known 
installations connected between 1929 and 
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1942 inclusive numbered over 600 with a 
total capatity of approximately 28,000 
kva. These installations vary in size from 
a few kilovolt-amperes up to several hun- 
dred kilovolt-amperes, with a few instal- 
lations exceeding 1,000 kva. 

Probably 90 per cent or more of these 
capacitors are connected permanently and 
are never switched except, of course, for 
trouble or maintenance. Furthermore, 
most of them are directly connected to 
their main busses, although a few are in- 
stalled at or near the ends of the plant cir- 
cuits, primarily to gain circuit capacity 
and only incidently for voltage improve- 
ment, 

The vast majority are installed for power- 
factor improvement and consequent sav- 
ing in rates due to the fact that our billing 
demands are on a straight kilovolt-ampere 
basis. Reactive meters are ratcheted so 
that there is neither a penalty nor a bonus 
for leading power factor. ,As a conse- 
quence of the capacitors being perma- 
nently connected, customers cither are not 
troubled or not greatly concerned with high 
voltages or extra losses during light-load 
periods. Connected directly to the main 
busses, voltages are not normally appreci- 
ably higher during light-load periods, 
Probably most of the capacitors which are 
switched are those associated with lower 
power-factor devices such as welders, in- 
duction motors, and the like. 

It appears as though customers are wary 
of switching capacitors manually when not 
needed because of the possibility of for- 
getting to reconnect them when needed and 
thus reducing their monthly power factors 
and increasing their bills, We recall one 
such case several years ago, in which the 
capacitors gave rise to a resonant condition 
which greatly increased the fifth harmonic 
currents causing fuse trouble and overheat- 
ing during light-load week-end periods. 
The customer was exceedingly reluctant to 
switch these on and off on week ends but 
finally did so, because it was the most ex- 
pedient solution, 

Thus, it appears as though most of our 
customers come under item 4 mentioned by 
Schroeder and Bloomquist, wherein ca- 
pacitors are applied for rate purposes only, 
and voltage rise and losses at light load are 
not a problem, As also mentioned by the 
authors, where it is desired to have the 
capacitors on at heavy loads for rate 
reasons but off at light load to minimize 
voltage rise or losses, the kilovar or power- 
factor master clement will provide the most 
direct solution of the control problem. 


J. G. Holm (Boston Port of Embarka- 
tion, Boston, Mass.): I should like to ask 
the authors of this paper how the automatic 
control and switching equipment they de- 
scribed would perform under intermittent 
loads and frequent operations. Would it 
be suitable for such operation, or would it 
have to be modified? 


W. C. Bloomquist: When the equipment 
must operate repetitively the switching de- 
vice should be a contactor, as it is designed 
for that type of duty. 

If Mr, Holm has reference to welder or 
similar loads of intermittent and frequent 
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operation, then the equipment described in 
this paper should not be applied. In those 
cases lighting flicker is the main problem 
and is taken care of adequately by a series 
capacitor, either as part of the welder unit 
or connected in the welder feeder-supply 
circuit, but in either case the series ca- 
pacitor is not switched. When the series 
capacitor is part of the welder unit it im- 
proves the power factor and reduces the 
kilovolt-amperes drawn from the power 
supply and the voltage drop. When con- 
nected in the welder-supply feeder circuit, 
it neutralizes the reactance—usually the 
largest part of the voltage drop—leaving 
only the resistance component, which 
generally is small in welder-feeder circuits. 
Hither series capacitor application accom- 
plishes the ultimate result of ,improved 
voltage. J 


Progress in Impulse Testing 
of Transformers 


Discussion and author's closure of paper 
44-169 by J. H. Hagenguth, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, pages 
999-1005. 


R. E. Pierce (Ebasco Services Inc., New 
York, N. Y.): The author is to be com- 
plimented for bringing before the Insti- 
tute for discussion certain problems in con- 
nection with the impulse testing of trans- 
formers, as well as for development of a 
new supplementary testing technique having 
promise of more positive fault detection. 
The fundamental question often has been 
discussed but not finally answered, that is, 
whether routine impulse testing of all large 


power transformers is justified or desirable. — 


The reason for the question is the belief on 
the part of some that there may be a possi- 
bility of damaging insulation during the 
impulse test without being able always to 
detect such damage. 

Even though possibilities may exist of 
test failures going undetected with the state 


. 


of the art as it has been to date, it is the © 


opinion of this discusser and his associates, 
based on a considerable experience in appli-. 


cation and use of power transformers, that — 


routine impulse testing of all power trans- 
formers would be desirable. It has been 
our practice to specify carefully and wit- 
ness impulse testing with careful observa- 
tion of all possible indicators of distress for 
failure for the majority of power trans- 
formers purchased. 


It is our further opinion that, if the ar-— 


rangements for impulse testing in the fac- 
tories could be systematized more nearly 


as for other routine tests and the cost of — 


impulse testing thereby reduced, it would 

be justified and desirable ag a routine test 

on all power transformers. ' 
Our experience with impulse testing of 


power transformers has shown that where a — 


transformer has failed during test, failure 
almost always has been caused by faulty 
material or workmanship or lack of adequate 
engineering covering minor assembly and 


connection details, rather than from im- ; 
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proper fundamental design. No instance 
is recalled during the ten years or so since 
impulse testing was begun, where a trans- 
former which has without question passed all 
specified impulse tests, including a steep- 
wave-front test, subsequently has failed in 
service from lightning. The only cases re- 
called of failures in service of transformers 
which have been impulse tested were where 
during the test there was recognized what 
appeared to be some irregularity in the test 
observations but which was not repeated or 
otherwise conclusively demonstrated to be 
negligible. 

It has been our practice to specify a steep- 
wave-front test (1,000 kv per microsecond 
to specified gap flashover) in addition to the 
reduced and full-wave tests, and the 
chopped-wave test, as we have believed 
this more nearly simulates the severe surges 
met with in service which are most likely 
to cause failures. We believe that both the 
steep-wave-front test and the chopped-wave 
test are desirable, because each places the 
most severe stresses for that test on slightly 
different parts of the transformer winding. 

It also has been our practice to specify 
normal-frequency excitation during im- 
pulse tests, not primarily because of the 
stresses created at some points in the wind- 


ing, but because the magnetic oscillograph 


furnished one more possible means of de- 
tecting a failure. It is admitted, however, 
that in many cases it has been found de- 
sirable to omit the normal-frequency ex- 
citation in order to interpret more clearly 
the cathode-ray oscillograms. Serious con- 
sideration well might be given to the omis- 
sion of the normal-frequency excitation 
provision. 

Correct interpretation of impulse-test 
oscillograms and procedures is almost an 
art rather than a science, and we are heartily 
in accord with the emphasis placed by the 
author on the importance of proper relation- 
ship of circuit constants rather than smooth- 
ness of the impulse wave and believe there is 
a real need for more detailed rules in the 
test code covering this and related questions 
of connections in the test setup, such as the 
relative physical location, length, and size 
of leads to voltage dividers, test gaps, trans- 
former under test, and surrounding objects. 

Reference is made by the author to the 
desirability of limiting the stress on any 
winding not being directly tested to 90 per 
cent of its specified full-wave test voltage. 
When possible, would it not be more logical 
to limit the voltage appearing at the ter- 
minals of such other windings to the value 
of the reduced full-wave voltage, namely 60 
to 80 per cent of the specified full wave? 


“E. R. Whitehead (Duquesne Light Com- 
pany, Pittsburgh, Pa.): Mr. Hagenguth has 
given an excellent review of transformer 
impulse-testing technique, and the problems 
of failure detection which he analyzes are 
familiar to all those associated with trans- 
former impulse testing. 

The writer has conducted, supervised, or 
witnessed impulse tests on approximately 
100 power transformers ranging from 100 
kva to 40,000 kva, and on over 3,200 dis- 
tribution transformers ranging from 11/2 
kva to 200 kva. As a result of this experi- 
ence dating from 1933, we have drawn much 
the same conclusion as Mr. Hagenguth; 
namely, that the 60-cycle excitation is 
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generally more of a hindrance than a help 
in failure detection during the test. 

For several years our purchase specifica- 
tions for power transformers have modified 
the standard tests to include a final full 
wave without power and with all power- 
isolating gaps short-circuited to minimize 
the oscillations resulting from their break- 
down. In practice this wave immediately 
followed the full wave with power, since the 
work of short-circuiting these gaps could be 
quickly accomplished. 

Mr. Hagenguth’s new method for failure 
detection is fundamentally sound, and it 
should receive careful consideration. I do 
not believe that the lack of two oscillo- 
graphs should stand in the way of experi- 
mental use of the method, for a single oscillo- 
graph can be switched quickly from one 
source to another for successive impulses. 

Finally, I believe serious consideration 
should be given the proposal to eliminate 
normal-frequency excitation during the im- 
pulse test. 


W. C. Sealey (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): Mr. 
Hagenguth has presented a very timely dis- 
cussion on impulse failures in transformers 
and means for their detection. The 60- 
cycle excitation during impulse testing is for 
the purpose of failure detection. It has 
only a relatively slight effect on the stresses 
produced in the transformer during testing. 

Of the methods of failure detection 60- 
cycle power follow is, in our experience, the 
least valuable of the various methods of 
failure detection, since power follow occurs 
only in very exceptional cases. Sixty-cycle 
excitation during impulse testing has the 
disadvantage of making the test setup more 
complicated, and, what is equally or more 
serious, 60-cycle excitation has the effect of 
reducing the effectiveness of the other 
means of failure detection. Because the 
addition of the excitation transformer has 
the effect of reducing the impedance of 
the transformer to the surge, stiffer coupling 
between the generator and the transformer 
under test is necessary. This stiffer cou- 
pling reduces the effect of any failure in dis- 
torting the applied voltage wave. 

Even more serious, the disturbance caused 
by the isolating gap, which is necessary 
when 60-cycle excitation is used, may mask 
a failure which would be detected, if 60- 
cycle excitation were omitted. It is prob- 
able that 60-cycle excitation masks more 
failures than it detects. 

The hull-gap disturbances shown in 
Figure 11 of the paper can be eliminated 
by the use of a capacitance divider instead 
of a resistance divider. This has been our 
practice in order to eliminate as many of 
the masking effects due to 60-cycle excita- 
tion as possible. We question the use of 
the hull gap for the same reason as we ques- 
tion the use of 60-cycle excitation in that 
it may mask evidence of failure. 

In our experience, we have never had a 
case where failure was indicated by 60-cycle 
power follow that was not indicated also by 
one or more of the other means of failure 
detection. * Consequently, in the interest 
of simplifying tests and as a means of secur- 
ing more accurate detection of failures, 
I agree with the author that serious con- 
sideration should be given to the omission 
of 60-cycle excitation during impulse tests 
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and going further believe 60-cycle excitation 
should be omitted. 

With reference to failure detection by 
means of oscillograms of the neutral current, 
this method shows promise and should be 
thoroughly investigated to determine its 
effectiveness in finding failures not shown 
by other means. Actually failure detec- 
tion by comparing the voltage wave shape 
with the voltage wave shape at applied 
voltage is a very sensitive means of failure 
detection, particularly when 60-cycle ex- 
citation is omitted. Whether the addi- 
tional complexity of adding an additional 
oscillograph is justified must be determined 
from experiment. Any new means of fail- 
ure detection certainly is of interest in 
impulse testing to supplement the means al- 
ready available. 


Virgil F. Christen (Moloney Electric Com- 
pany, St. Louis, Mo.): I, want to say that 
our experience with the surge testing of 
transformers has been very similar to that 
reported by Mr. Hagenguth, although it is 
based on the results of a considerably smaller 
number of tests. 

We find that the use of 60-cycle excita- 
tion with the impulse test considerably com- 
plicates the work of testing and also makes 
it more difficult to detect failure. In no 
case has the 60-cycle power-follow current 
helped us in detecting internal insulation 
failure, and in at least two instances, where 
it was necessary to remove the polarity gaps 
from some 15-ky high-current bushings 
before the test, the bushings flashed over; 
such heavy power current followed that the 
porcelain was damaged and had to be re- 
placed. 

The surge-generator hookup we generally 
use differs somewhat from that shown in 
Figure 1 of Mr. Hagenguth’s paper by the 
fact that we make use of a capacitance 
voltage divider instead of the resistance 
divider in series with a vacuum spark gap 
and also by the fact that we do not use a 
capacitor similar to that shown as C( in 
Figure 1 of Mr. Hagenguth’s paper to help 
in controlling the wave. 

As far as we know, every failure during 
surge test, especially of power transformers, 
has shown up quite plainly on the full-wave 
oscillogram. This probably is attributable 
in part to the fact that we do not use capaci- 
tor C, and, therefore, have a considerably 
looser coupling between the surge generator 
and the transformer under test. But, for 
this same reason we frequently are unable 
to get as smooth a wave as we would like. 

We also are bothered by the operation of 
the lightning arresters which we must use 
(in series with resistances) to prevent flash- 
over of bushing of winding not being tested. 
The action of these lightning arresters fre- 
quently causes dips in the final full wave, 
which look exactly like insulation failures 
and which must be determined definitely 
to be due to the lightning arrester and. not 
to anything else. Sometimes this requires 
repeating a considerable part of the surge 
test without the 60-cycle excitation. 

When we have to use the 60-cycle excita- 
tion together with the impulse test to satisfy 
the requirements of specification we do so, 
but, whenever we are making a surge test 
for our own information only, we always 
omit the 60-cycle power. 

I think it would be well for the manu- 
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facturers and purchasers of transformers 
to have the AIEE Standards committee 
look into this matter again with a view to 
eliminating the 60-cycle excitation during 
surge tests. I think the Standards com- 
mittee should include some rules or instruc- 
tions for averaging out oscillations on the 
back of the 1!/2x40 wave so that, when a 
loose coupling between the surge-generator 
capacity and the transformer under test 
results in a wave which differs somewhat 
from the ideal, a satisfactory way to evalu- 
ate it could be established. 


F, J. Vogel (Illinois Institute of Technology, 
Chicago, Ill.): Mr. Hagenguth’s paper is 
very interesting inasmuch as it describes his 
experience and that of his associates in the 
impulse testing of transformers. It is to be 
expected that different observers with 
equipment of different design will have dif- 
ferent experiences and arrive at different 
conclusions. I think that this is to some de- 
gree the case. 

I believe it generally is agreed that im- 
pulse testing of transformers has been of 
great benefit to the industry. It has set 
definite levels to the strength of apparatus. 
As a result of the testing, weaknesses in the 
design and materials have been found, and 
it is probably impossible to estimate the 
value which this has been to the industry. 

At the time that impulse testing was in- 
augurated, it was believed that impulse 
tests should simulate as nearly as possible 
the worst conditions which would be found 
in service. Because of this the original 
tests as proposed found fairly general ac- 
ceptance pending the results of experi- 
ence. I believe with Mr. Hagenguth that 
further consideration to these tests should 
be given now, but in my opinion it should 
be on the basis of changing them to make 
them simpler and easier to apply. At the 
present time they are complex and some- 
what complicated, both from the standpoint 
of application and the test report. 

Mr. Hagenguth has placed, in my 
opinion, undue emphasis on the difficulty 
of detection of impulse-voltage failure. 
This is not an inconsistent point of view 
since there was some opposition to the use 
of these tests from his associates at the very 
beginning. Theoretically, it is true that 
there is no proof that some failure has not 
occurred on impulse test. On the other 
hand, my own experience has indicated that 
practically no failures should occur that are 
not detected. Experience has shown that 
the cathode-ray oscillograph indicates some 
of the failures. The magnetic oscillograph 
has indicated several failures also. Smoke 
and oil disturbance has existed in nearly 
all cases of failure according to my recollec- 
tion. The amount of smoke and oil dis- 
turbance is increased greatly by the 60- 
cycle excitation. Therefore I would con- 
clude’ that the present methods are satis- 
factory from the detection standpoint. I 
grant, however, that the type of construc- 
tion influences some of these factors, and 
the transformers with which I have been 
familiar have been well ventilated and the 
stresses well balanced. I know that in 
making these statements the objection may 
be raised that I am not progressive and that 
anything to make failures more easily 
found should be done. 

In view of the fact that Mr. Hagenguth 
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has made some proposals in his paper, it 
would be well to see what effects these 
might have with respect to the aforemen- 
tioned problem. Present standards call for 
the smoothest waves possible when impulse 
tests are made. This was based on the 
belief that natural lightning waves would be 
smooth and that superimposed oscillations 
might alter the severity of the applied test. 
It is still my opinion that it is more desir- 
able to make the test as nearly as possible 
a service test and therefore with as smooth 
a wave as possible. Failures at or near 
the line leads, in my experience, never have 
been hard to find. I know that this is not 
in agreement with Mr. Hagenguth’s find- 
ings, but it seems to me that this is a very 
exceptional occurrence. Actually, super- 
imposed oscillations conceivably could re- 
duce the severity of the test and certainly 
would lead to variations of greater magni- 
tude than in the past between different 
laboratories and would not make the test 
any simpler. . 

The omission of the 60-cycle excitation 
also would tend to a reduction in the sever- 
ity of the test and an abandonment of the 
principle that the test should simulate 
service conditions. Suppose we consider 
a core-type 138-kv transformer with a 
value of alpha of 20. If this transformer 
had 60 coils, there might be at least 48 per 
cent of the impulse voltage between the 
first coil sections at the line. If the impulse 
test without 60-cycle excitation were ap- 
plied and was about 750 kv, the stress be- 
tween the coils would be about 3860 kv. 
On the other hand, if the transformer were 
excited at 80,000 volts, the surge stress 
-between coils would be practically 415 kv. 
Conditions would be even worse, if the trans- 
former were excited at 138 kv when the 
coil stress would be about 450 kv. These 
are certainly appreciable increases due to 
the 60-cycle stress. It is of interest that 
one of the first core-type transformers which 
withstood impulse tests was of this type, 
and undoubtedly transformers of this type 
still are being made. Although consider- 
able care is required in the design of such a 
transformer, it is not uneconomical, and 
transformers of this type probably are made 
by many manufacturers up to at least 69 
kv. Besides this factor, however, some 
troubles in tap changers and taps at the 
grounded end have been found by failure 
due to the 60-cycle excitation. It is very 
likely that such failures also would be 
found by an oscillograph at the grounded 
end. So far as I can see, however, the 
result is only the substitution of one com- 
plication for another with the loss of some 
severity in the test. It certainly has not 
simplified greatly the application of the test. 

To sum up, it seems to me that there is 
unnecessary alarm being raised regarding 
the detection of impulse failures, and that 
the alternatives proposed add further com- 
plication or are not likely to be sufficiently 
more sensitive to be worth while. There 
has been a demand for a simpler test pro- 
cedure, and I think that such a procedure 
would be desirable. Proposals for these 
undoubtedly will be forthcoming in the 
future. 


H. H. Wagner (Pennsylvania Transformer 
Company, Pittsburgh, Pa.): In this paper 
the author has made important contribu- 
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tions to the subject of impulse testing. Our 
own experience in commercial impulse tests 
on more than 200 power transformers, of a 
total of almost 1,000,000 kilovolt-amperes, 
confirms some of the author’s conclusions 
which indicate the need for changes in the 
American Standards Association’s C57.2 
test code. 

I would like first to discuss the effect of 
normal frequency excitation. We have 
found in many cases that the wave shape is 
affected by the flashover of the necessary 
series gap used in the impulse-generator 
output circuit for protection of the genera- 
tor, and by the flashover of the arresters or 
gaps used on the terminals not being 
tested. 

Furthermore, we never have found any 
value in the 60-cycle excitation in detecting 
insulation failures, either by magnetic 
oscillograms, or by physical evidence of 
power follow such as noise and smoke. 

In some cases the purchaser has specified 
that a final full-wave oscillogram be taken 
without 60-cycle excitation, in order to ob- 
tain a reliable comparison with the reduced- 
voltage full wave. 

We, therefore, recommend that the test 

code be modified to omit the 60-cycle ex- 
citation on all transformer impulse tests. 
_ With reference to failure detection we too 
have found by means of staged failure tests 
that failures may not be detected when a 
stiff coupling is used in an effort to obtain 
a smooth wave because of the low ratio of 
transformer current to impulse-generator 
current. I would add that especially is 
this true with regard to failures occurring 
between parts of the winding located farther 
than approximately 50 per cent from the 
line. Failures in the line half of the wind- 
ing are usually easy to detect by comparison 
of wave shapes, even with stiff coupling and 
a smooth wave shape, where the failure in- 
volves parts of the winding as small as 1 
per cent or less. 

However, we usually have been able to 
use a fairly loose coupling between genera- 
tor and transformer, giving a wave with 
oscillations but very sensitive to failures. 
We, therefore, suggest that the ASA test- 
code recommendation of a smooth wave be 
eliminated. ; 

We have been investigating possibilities 
of failure detection other than those men- 
tioned in the test code but have not com- 
pleted our tests. It appears possible that 
the author’s suggestion of recording the 
transformer current wave may prove to be 
a useful addition to the use of the voltage- 
wave oscillograms, and this method deserves 
further investigation. It would not be 
necessary to take the voltage and current 
oscillograms simultaneously, as the current 
oscillogram could be taken by applying one 
additional wave immediately after each 
regular full wave, thus requiring the use of 
only one cathode-ray oscillograph. 


{ 


K. B. McEachron (General Electric Com- 
pany, Pittsfield, Mass.): Through the 
years that 60-cycle excitation has been re- 
quired in connection with impulse testing of 
transformers, considerable investigation has 
been made with reference to the matter of 
power follow. The kilovolt-ampere rating 
of the power source, including step-up trans- 
formers, together with the constants of the 
power source circuit already have been 
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given consideration, but it is difficult to 
provide a practical method which will in- 
sure power follow, either across a bushing 
which flashes over or between coils and 
turns, when a failure occurs in a trans- 
former. 

It is believed that this is not unlike 
service, for there seems to be some evidence 
that lightning damage has occurred in un- 
protected transformers and other apparatus 
without power follow. It is well known that 
insulator flashovers occur on transmission 
lines as a result of lightning without power 
follow. In fact in connection with the tests 
made in 1929 and 1930 at Croton Dam, 
Mich., on the line of the Consumers Power 
Company, some study was made of the 
gap spacings required to be sure that power 
follow would take place when gaps in parallel 
with insulator strings were flashed over by 
impulses produced from a 1,500,000-volt 
impulse generator at one end of the trans- 
mission line. These tests demonstrated the 
difficulty involved in setting up conditions 
which would insure power follow in each 
case. 

The impulse tests cannot be regarded as 
being satisfactory unless reliable means of 
detection are used, and apparently the 60- 
cycle excitation method is not sufficiently 
reliable to be depended upon for this pur- 
pose. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
According to the paper a good proportion of 
the lightning failures of transformers in the 
field which have occurred in the past should 
not have occurred, for according to Table I 
power current seldom would follow impulse 
failure in windings and parts. And this 
again raises the point that the power supply 
and the impedance of the power circuit are 
important requirements in impulse testing. 
Regardless of these and other criticisms I 
wish to commend the author for the contri- 
bution he has given us. 

In May 1988 a report entitled ‘‘Use of 
Power Excitation With Impulse Testing” 
was presented to the AIEE transformer sub- 
committee. In it we reviewed typical cases 
where defects in coils and sections would 
have escaped detection had power excita- 
tion been omitted. The experience of the 
Westinghouse Company in impulse test- 
ing transformers—which now totals some 
5,500,000 kva—shows that the full wave gives 
an over-all check of the entire winding and, 
in fact, of other windings of the transformer 
not under direct impulse test. It further 
corroborates that in combination with 
power excitation the full wave provides an 
effective test and method for detecting 
shortcomings in materials and workman- 
ship, and other deficiencies that may 
exist across coils and sections. In par- 
ticular, such test will reach and check the 
adequacy of the insulation deep into parts 
of the winding which otherwise can escape 
attention. Under certain conditions even 
turn-to-turn failures can be detected as the 
result of power-follow current. 

In the event of a failure our procedure is 
as’ follows: From the cathode-ray oscillo- 
grams, the magnetic oscillograms, and other 
observations during the test the character 
and location of the failure can be diagnosed 
closely in many cases before any additional 
tests are made. This presupposes a thor- 
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ough knowledge of impulse-testing tech- 
nique, of transformer and insulation charac- 
teristics, and, in fact, of the unit and design 
under test, though infrequent extraneous 
effects due to the impulse generator or to 
the associated measuring equipment may 
occur. These should be identified and 
cleared; there should be no hesitancy to 
repeat the entire test and to go beyond the 
conventional number of impulse applica- 
tions in cases such as these to clear up all 
reasonable doubts. Repeated full waves 
with power excitation have been an effective 
method to determine the cause of the irregu- 
larities and to localize them when they 
are in the transformer. By repeated waves 
I have reference to 10, or 20, and in some 
cases more, applications. When advis- 
able, other impulses have been applied such 
as full waves without power, chopped, and 
steep-front waves. With one exception— 
in no case where failure was indicated by 
test have we failed to find the failure after 
disassembly of the transformer. In many a 
life test, in which transformers were repeat- 
edly subjected to front-of-wave and full- 
wave life tests well up to their levels and in 
which the transformer performed satisfac- 
torily, disassembly and minute inspection 
confirmed the integrity of the insulation. 
By all this we do not want to imply that 
the present methods, even in the best hands, 
are infallible. To this we may add that 
indeterminate cases may develop in the 
course of time, and, in such an event, dis- 
mantling may be in order. 

In the order of importance we consider 
the full wave a basic test; then the front- 
of-wave, as this simulates conditions result- 
ing from direct strokes; and, third, the 
chopped wave. 

A word on the progress and the benefits 
that have accrued to the industry from 
impulse testing. Here are a few. Since 
1930 there has been a 50 per cent and better 
over-all improvement in the impulse 
strength of transformers. Design has not 
been stereotyped, it has remained dynamic. 
There has been a continual control of 
materials and workmanship. An impulse 
generator in the midst of an assembly aisle 
certainly has a salutary effect. The bene- 
fits also have reached out to the entire sta- 
tion through better and more certain meth- 
ods of co-ordination and protection. 

Lately, attention has been called to 
routine testing. Both in the transformer 
subcommittee and in a present discussion 
representatives of two of the larger opera- 
tors have expressed their favorable view on 
routine impulse testing. We are much 
in sympathy with them. In fact, as early 
as 1939 the Westinghouse Company ini- 
tiated a routine test on distribution trans- 
formers. 

There have been a number of suggestions 
on the ASA test code, C57.2, since the pres- 
ent transformer standards were issued in 
1942. For my part I believe that the test 
code is fundamentally sound but suscep- 
tible to improvements and to further sim- 
plification and clarification. This is a 
matter for study and consideration by the 
AIEE transformer subcommittee. 


Milan Getting, Jr. (Allis-Chalmers Manu- 
facturing Company, Pittsburgh, Pa.): We 
have at our disposal at the present time, five 
different tests for investigating the insula- 
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tion of transformers. Power factor and 
Megger tests reveal the condition of the 
insulation, chiefly with respect to the mois- 
ture content. The remaining three tests: 
applied potential, induced potential, and 
impulse tests actually stress the insulation. 
The fact that we find ourselves today with 
three tests indicates that each one must 
stress the insulation in a different way. 
After approximately ten years of impulse 
testing, the question is being raised whether 
or not it is advisable to continue combining 
two of these tests when impulse testing 
a transformer (excitation of the transformer 
at power frequency and voltage may be 
considered as a form of applied potential 
test). 

The question, it seems to me, may be 
resolved easily by first of all considering 
our objective. We can ask ourselves two 
questions: Are we trying to determine 
whether or not power-follow current occurs 
after impulse breakdown? Or, are we trying 
to demonstrate the ability of a transformer 
to withstand impulses? Tests can be de- 
signed to answer either question. 

When the art of impulse testing was 
first developed, there were a lot of questions 
that needed to be answered all at once. 
Among these, one of the most pertinent 
was: Will power current follow impulse 
breakdowns in a transformer? It was only 
natural once artificial-lightning generators 
were available that this test should be per- 
formed at the most convenient time and 
place where such equipment was available, 
that is, during the final tests of the trans- 
former on the factory test floor. Today we 
have heard many people say, and it is also 
our own experience, that power follow cur- 
rent occurs only in rare cases. Therefore, 
it is of only very minor assistance in the 
detection of impulse breakdowns. On all 
the other occasions when power-follow cur- 
rent does not occur, it is merely a time- 
and labor-consuming nuisance of no value 
to anyone. The only value of combining 
excitation with impulse test lies in opera- 
tional or design data, and this question has 
been answered. 

If, on the other hand, our objective is to 
demonstrate the ability of a transformer to 
withstand impulses, then any step which 
will facilitate or make a more sensitive 
method of detecting impulse breakdowns 
available would seem to be one in the 
right direction. Following this line of 
reasoning, we find ourselves in accord and 
heartily endorsing the proposal made by 
J. H. Hagenguth that excitation be elimi- 
nated, and instead oscillograms of cur- 
rent flowing in the grounded end of the 
winding be taken. The method will have 
to be investigated to see whether it is 
applicable to all sizes of transformers. One 
difficulty that occurs to us at the moment 
is whether sufficient deflection can be ob- 
tained with cathode-ray oscillographs now 
in use for the small currents that flow in 
the windings of the distribution trans- 
formers. A year’s study should develop 
the necessary information to establish a 
satisfactory technique. 


H. C. Stewart and J. E. Holcomb (General 
Electric Company, Pittsfield, Mass.): Dur- 
ing the last seveal years, the distribution 
transformer engineering division of the 
General Electric Company has studied the 
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effect of impulse testing on a great many 
transformers. Disassembly and examina- 
tion after test have shown that layer fail- 
ures occurred which had not altered the 
oscillographic trace or were not indicated 
by the presence of smoke or bubbles. 

As a result of our experience, we believe 
that the present method of failure detection 
may not show turn or layer failures. 

This seems reasonable, since in some in- 
stances it is difficult for smoke or bubbles to 
get out of buried layers with sufficient vel- 
ocity_to be readily noticeable to the ob- 
server. It is also our experience that with 
excitation on the test piece, normal-fre- 
quency current seldom follows. There- 
fore, it is evident that the present procedures 
for fault detection are not entirely satis- 
factory. 

Smaller transformers may require differ- 
ent failure-detection methods than those 
discussed in this paper for large trans- 
formers. The following methods have 
shown promise for use in the impulse testing 
of distribution transformers: 

1. The use of a loosely coupled impulse generator 
much as described in the paper but with a slow 
sweeping speed, since the phenomena out on the 


tail of the wave can indicate more accurately failure 
in layer-wound coils. 


2. Another method involves the observation of 
internal oscillations as an indication of the change 
in impedance occasioned by a fault within the wind- 
ing. To utilize this method, the transformer must 
have a tap at which point an oscillogram can be 
taken, 


3. A modification of the foregoing method involves 
the observation of the oscillations on a winding 
other than the one under test. Such a procedure 
provides even looser coupling and can be expected 
to provide profound changes in wave shape, when 
winding impedances are altered by internal faults 
within any of the transformer windings. 


In conclusion, it is of the utmost impor- 
tance to establish the electrical condition 
of apparatus after the application of an 
impulse test, and considerable work re- 
mains to be done to provide the tools for 
this purpose. 


J. H. Hagenguth: The large number of dis- 
cussions indicate that impulse testing of 
transformers and certain details of the test 
are of importance from various points of 
view. 

With the exception of Mr. Bellaschi and 
Professor Vogel, all discussers are agreed 
that the omission of 60-cycle excitation dur- 
ing the impulse test should be considered 
seriously by the AIEE transformer sub- 
committee. It is particularly gratifying 
that Mr. Pierce and Mr. Whitehead, as 
representatives of the ope:ating group who 
had an exceptionally great experience with 
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0.5 usec Wave Front 


1.5 usec Wave Front 


impulse testing, are in accord with such a 
move. In this connection it is of interest 
that another large purchaser of trans- 
formers has made normal-frequency excita- 
tion an optional requirement to be applied 
at the discretion of the manufacturer. All 
this points definitely to the conclusion that 
the normal-frequency excitation has not 
fulfilled the expectations published! 12 
years ago. I quote, 


“The problem of detecting insulation failure is 
solved, however, by the simultaneous application of 
surge voltage and normal-frequency exciting volt- 
age, so that failure is accompanied by the flow of 
power current” ... ‘‘Experience has shown that 
with the surge and power voltages synchronized in 
this manner, power current will follow in every case 
in which the transformer insulation fails to with- 
stand the surge voltage.” 


Mr. Bellaschi’s explanation of his com- 
pany’s procedure in the event of failure is 
enlightening with respect to this approach 
when he mentions: 


, 


“Repeated full waves with power excitation has 
been an effective method to determine the cause of 
the irregularities and to localize them when they 
are in the transformer.” 


Although Mr. Bellaschi does not express 
clearly how the failure is identified in the 
first place—I presume by cathode-ray oscil- 
logram—it seems that he finds it necessary 
to apply numerous (10 to 20 and more) 
impulse waves before definite proof of 
failure is obtained by 60-cycle follow cur- 
rent. He does not outline the procedure 
to be followed in case failure is indicated 
on the cathode-ray oscillogram, but follow 
current is not established after repeated 
application of the test. 

The 1938 report, ‘“‘Use of Power Excita- 
tion With Impulse Testing” by Mr. Bel- 
laschi does not give at all conclusive evi- 
dence that 60-cycle excitation was needed 
to detect the failures. 

Of the four cases cited, the report men- 
tions in only one case: “This is a case 
where the presence of power excitation 
enabled detecting the failure.” However, 
a comparison of cathode-ray oscillograms 
submitted shows small but definite differ- 
ences in wave shape. In two other cases, 
it is stated: ‘‘Cathode-ray oscillograms 
show insufficient and in fact practically no 
evidence of the internal failure.’ In the 
fourth case, where cathode-ray oscillo- 
grams gave very great differences in wave 
shape, the report states: ‘‘Power excitation 
and the magnetic oscillograph record are 
usful in confirming the failure.” 

This report and Mr.. Bellaschi’s dis- 
cussion, therefore, show that little reliance 
was placed on the cathode-ray oscillogram 
indications of failure. I get the definite 
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impression that 60-cycle excitation is used 
primarily to burn out a fault, once it has 
been detected by other means. As pointed 
out in the paper the exact location of the 
failure in the winding can be found without 
the use of excitation. 

In the discussions, I was impressed with 
the lack of evidence that power-follow cur- 
trent had detected a failure which was not 
also detected by cathode-ray oscillogram. 

Our laboratory experience and a review of 
our commercial impulse testing show that 
60-cycle follow current is to be expected 
across small portions of the winding after 
puncture by impulse, only when unusually 
high 60-cycle stresses exist. 

We have never found follow current after 
puncture due to impulse where the normal 
60-cycle safety factor existed. Two curves 
showing the relation between 60-cycle ex- 
citation required to produce follow current 
and the normal operating stresses used are | 
shown on Figure 1 of this closure. 

Professor Vogel is of the opinion: “That 
undue emphasis has been placed on the 
difficulty of detection of impulse voltage 
failures.’”’ I wonder, if I misinterpret Pro- 
fessor Vogel’s statements which indicate 
that he considers that a transformer has 
failed only when there is a 60-cycle power- 
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'as a deterrent to its omission. 


follow current. Our experience has been 
that 60-cycle follow current occurs in a 
very small percentage of the failures. 

In many cases the difficulty exists in con- 
vineing oneself that a small irregularity in 
wave shape not accompanied by power- 
follow current definitely means a weak spot 
in the insulation structure. In our case, 
when only the smallest wave disturbance 
without power-follow current indicated 
such weak spots, disassembly of the trans- 
former and meticulous examination of the 
insulation always has revealed the failure. 

Furthermore, Professor Vogel in his re- 
marks apparently fails to appreciate that 
the purpose in perfecting impulse testing 
technique was to make it possible to adopt 
impulse testing as a standard test. In 
view of his attitude, I would like to reiter- 
ate the basic purpose of impulse testing. 
The purpose of the impulse test is to insure 
the manufacture of transformers insulated 
throughout to withstand the stresses im- 
posed by certain specified impulse waves. 
This means that every part of the winding 
withstands these stresses. It is not the in- 
tent merely to weed out only those trans- 
formers where power failure occurs on the 
first few lightning applications. 

Professor Vogel also brings up the increase 
in stresses produced by 60-cycle excitation 
This factor 
has been recognized and mentioned in the 
paper. Apparently some amplification 
is needed to show that the presence of 
60-cycle excitation does not contribute 
to increases in maximum coil-to- coil stresses 
in a winding as described by Professor 
Vogel. 

The maximum stresses are produced by 
the chopped wave and are independent of 
normal-frequency excitation. Table I shows 
the results of tests of coil-to-coil voltages on 
a winding having an initial voltage distri- 
bution with an alpha of approximately 20. 
The 60-cycle excitation crest was 23 per 
cent of the impulse-wave crest. The table 
clearly shows that the maximum coil-to-coil 
stresses are independent of normal-fre- 
quency excitation, even for the type of wind- 
ing discussed by Professor Vogel. As a 
matter of fact, the variations in stresses due 
to permissible variations in wave front 
from 0.5 usec to 2.5 usec, are of the order of 
30 per cent to 40 per cent as compared with 
9 per cent to 18 per cent increase due to 
excitation. Whereas the stresses resulting 
after the wave is chopped, which are in- 
dependent of the excitation, are from 20 
per cent to 170 per cent greater than those 
produced by the rising front before the wave 
is chopped, when excitation is applied. 

The fact that transformers have failed 
due to lightning in the field was brought up 
by Mr. Bellaschi as an argument for using 
60-cycle excitation during factory tests, 
implying of course, that only 60-cycle fol- 
low current resulted in discovery of the 
failure in the field. 

It is common knowledge that trans- 
formers are punctured in the field by 
lightning without power-follow current 
which would require taking the trans- 
former out of service. It is frequently 
the repetitive action of lightning strokes 
combined with continuous excitation over 
relatively long periods of time which will 
result in final failure then, of course, de- 
tected by power-follow current. In order 
to assure that failures are detected during 
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the test where only a limited number of 
impulses are applied, the power-follow cur- 
rent is, to say the least, a very undependa- 
ble failure detector. 

This is in accord with Doctor McEach- 
ton’s observations of the power follow on 
transmission lines. From this we can 
deduce that follow current is not a neces- 
sary adjunct to impulse failures even in the 
field. ; 

The power supply and its impedance are, 
of course, of importance. We find that 
the kilovolt-ampere rating of the excita- 
tion equipment used by the General Electric 
Company exceeds the ratings used by the 
Westinghouse Company. 

I believe Mr. Getting has summarized 
very nicely the normal-frequency problem, 
and I hope that in the interest of economy, 
as well as better failure-detection methods, 
normal-frequency excitation will be omitted 
as one of the requirements of the impulse 
test. As a matter of fact this requirement 
is one of the major obstacles to impulse 
testing of all power transformers. We agree 
with Mr. Pierce that a move in that direc- 
tion is desirable, if and when the test can 
be sufficiently simplified to be economical. 
The fact that it is permissible, and often 
necessary, to omit 60-cycle excitation for 
the final full wave clearly shows that the 
excitation is undesirable in many cases. 

The circuit constants, the relative physi- 
cal location of leads, test gaps, voltage 
dividers, and so forth, now are being con- 
sidered by an AIEE committee preparing 
a standard for impulse testing. Although a 
capacitance divider would help a little in 
the matter of gap disturbances, the circuit 
still is subject to disturbances from the gap 
between the transformer and impulse genera- 
tor. Furthermore, the ratio of the resist- 
ance divider can be determined by simple 
means, and is, therefore, preferable from 
the point of view of accuracy. The load 
capacitance, when used, performs the same 
function and is of the same order of magni- 
tude as the inherent effective stray capaci- 
tance to ground of other types of genera- 
tors, and, therefore, its effect on the failure 
detection will be of the same-order. 

The question of the importance of differ- 
ent types of test depends entirely on the 
method of protection employed in the field. 
In those cases where gaps are used for pro- 
tection, the steep-front test, chopped-wave 
test, and full-wave test are of equal im- 
portance to demonstrate the withstand 
volt-time level of the transformer for the 
different types of surges to which it may be 
subjected in the field. In the case of light- 
ning-arrester protection, supplemented by 
effective ground-wire installation a few 
thousand feet out from the station, the 
transformer will be subjected to full waves 
only, and the necessity of a steep-front 
test and even a chopped-wave test is de- 
batable from the point of view of adequacy 
for service conditions, 

As should be expected, the introduction of 
a new method for failure detection meets 
some skepticism. However, this method 
does not complicate the test, requiring either 
one more oscillograph or two additional 
impulse applications for the reduced full 
wave and the full wave. As stated in the 
paper, this method should be given a trial 
in order to find, if it has limitations. For 
distribution transformers a neutral resist- 
ance shunt of a few hundred ohms will give 
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sufficient voltage to register on the cathode- 
ray oscillograph. The methods of detec- 
tion discussed by Mr. Stewart and Mr. 
Holcomb are of interest and may be pref- 
erable for distribution-transformer work. 
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at the AIEE summer technical meeting, St. 
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in AIEE TRANSACTIONS, 1944, October 
section, pages 763-8 and 701-04. 


V. M. Montsinger (General Electric Com- 
pany, Pittsfield, Mass.): The paper, “The 
Design and Operating Characteristics of 
Modern Dry-Type Air-Cooled Transform- 
ers,”’ is interesting and timely, and should 
be of value to the industry in that it gives 
some service tests and operating experience 
on the use of a high-temperature insulation 
in dry-type transformers having tempera- 
tures above 130 degrees centigrade. 

Mr. Satterlee concludes that these insula- 
tions can withstand continuously as much 
as 160 degrees centigrade for long periods of 
time. Generally speaking, there are two 
ways of determining the maximum tempera- 
ture that a new insulation can withstand. 
When possible, both of these methods 
should be used. One method most com- 
monly used is by laboratory aging tests; 
the other method is by operating experience. 
Each method has its advantages and limita- 
tions. Aging tests at different tempera- 
tures and based on physical conditions can 
be made in a reasonable length of time, but 
they sometimes are suspected of indicating 
too short a life for a given temperature 
limit. Operating experience, on the other 
hand, requires a long time, is generally in- 
conclusive, and is likely to be too optimistic 
because of 


1. Lack of a continuous maximum temperature. 


2. Lack of knowledge of the condition of the insu- 
lation after a given period of operation, 


The fact that a transformer is still in 
operation does not prove that the insulation 
has not been injured seriously. Even 
though a transformer stands the high-po- 
tential tests as cited in the paper under 
“Service Tests,’”’ this does not mean neces- 
sarily that its internal insulation has not 
been weakened seriously. This is especially 
true if the tests are made following a load- 
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ing condition. Whether or not a dry-type 
transformer stands the high-potential tests 
depends mostly on the amount of moisture 
in the winding, and there should be no free 
moisture following a 16-hour load period 
when one of the tests cited was made. 

The author states: ‘. . . tests made on 
windings treated with this bond show that 
it will withstand continuous temperatures 
of the order of 160 degrees centigrade for 
long periods of time with but little loss of its 
mechanical cementing properties.’”? In 
terms of life expectancy of a transformer of 
20 to 30 years, the aforementioned ‘‘long 
periods of time’? must have been rather 
brief. 

One very important function of varnish in 
dry-type transformers is to protect the in- 
sulation from moisture. Excessive tempera- 
tures for long periods of time may not re- 
duce seriously the mechanical cementing 
properties of the varnish, but they will 
cause checking and loss of film properties 
of the varnish. This will reduce the dielec- 
tric strength as well as permit absorption 
of moisture which will jeopardize the trans- 
former still further. We should not lose 
sight of the fact that it is far more impor- 
tant to retain the varnish film on dry-type 
coils than on oil-immersed coils, for the 
reason that air which fills the cracks has 
only a fraction of the dielectric strength of 
oil that flows in and fills up the cracks. 

Moisture absorption seldom will be se- 
rious while the transformer is carrying load 
or even while carrying only excitation. 
Heat from core plus draft of cooling air in- 
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duced by core losses generally will keep 
windings reasonably dry. However, the 
operating cycle of many transformers in- 
cludes occasional periods with transformers 
completely disconnected from the line. 
After the insulating varnish of such a trans- 
former has been deteriorated by long pe- 
riods of operation at excessive temperatures, 
moisture absorption during idling periods 
may result in trouble when the transformer 
is re-energized. 

Mr. Satterlee states that, where tempera- 
tures above 130 degrees centigrade may oc- 
cur, the voltage is limited to winding turn- 
to-turn stresses of not over 80 volts. This 
intimates that the danger of breakdown be- 
tween turns or between coils is rather re- 
mote, because of the low normal voltage 
stress. The stresses between turns and 
coils can be many times normal as a result 
of impulses, switching, arcing grounds, and 
so forth. Experience with other types of 
transformers shows that the danger of 
breakdown within the winding is generally 
greater than breakdown from line to line or 
from line to ground. This means that good 
dielectric strength must be maintained from 
turn-to-turn and from coil-to-coil through- 
out the life of the transformer. 

As to the best procedure to follow in set- 
ting up new temperature limits for new in- 
sulations, it no doubt will be necessary to 
employ both service experience and labora- 
tory aging tests. In making laboratory 
tests the life of the class-B insulations can 
be judged fairly well by power factor, insu- 
lation resistance, brittleness or crazing, and 
dielectric strength. While dielectric strength 
is a poor criterion for judging the amount of 
aging of insulation immersed in oil, it is a 
very good criterion for judging the condi- 
tion of insulations in dry-type transformers. 
If the varnish cracks or disappears, the di- 
electric strength decreases to a low value. 
It is suggested that the various laboratories 
conduct aging tests along these lines. The 
results, supplemented by service experi- 
ence, can then be used as a basis for consid- 
ering a new temperature limit or limits for 
these high-temperature insulations. 

I want to congratulate the authors of the 
paper, ““Hot-Spot Temperatures in Dry- 
Type Transformer Windings,”’ on the very 
thorough job they have done in carrying on 
this investigation. These new data will be 
very useful to the industry for many years 
to come. 

I wish to discuss the paper from the 
standpoint of the relationship between hot- 
spot increment (or difference between the 
hot-spot and average winding rise) and the 
air rise. Ordinarily if the vertical temp ra- 
ture gradients of the winding and air are 
straight lines the hot-spot increment should 
be equal to one-half the air rise. 

The tests show that in all cases there is 
some bend-over in the winding vertical tem- 
perature gradient due to conduction of heat 
out through the ends; consequently, the 
hot-spot increment should be somewhat less 
than half the air rise. For the natural-draft 
runs on the inner coils this is true, the hot- 
spot increment being in the order of 40 to 
45 per cent of the air rise. This is logical 
and needs no further explanation. = 

However, when we examine the fan- 
cooled runs we find that the hot-spot incre- 
ment is generally equal to and in some cases 
considerably greater than the total air rise. 
For example: Figure 5 shows that the hot- 
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spot increment for the inner coil is 30 de- 
grees centigrade as against an air rise of 28 
degrees centigrade (given in the seventh 
line, Table I of the paper) and the hot-spot 
increment for the outer coil is 29 degrees 
centigrade as against an air rise of only 22 
degrees centigrade. Offhand, this does not 
appear to be logical. The reason for this is 
not given in the paper, and the principal 
purpose of my discussion is to explain how 
it is possible to obtain a hot-spot increment ~ 
equal to or greater than the air rise. 

This apparently illogical thermal charac- 
teristic of the fan-cooled tests is due to sev- 
eral factors, the more important ones being: 


1. The higher copper-loss densities result in higher 
internal-coil gradients, and for the same average 
rise by resistance the bend-over in the upper 
vertical-coil gradient is greater than in the natural- 
draft heat runs. Compare Figures 4 and 5. This 
reduces the hot-spot more than it reduces the aver- 
age rise. It is not enough however to account for 
the total effect. 


2. The vertical gradient from the bottom end of 
the coil up to the point where the turnover starts 
bends over more in most cases than it does for 
natural-draft cooling. This again reduces the hot 
spot more than it reduces the average rise. 


3. The air rise is, of course, much less for the fan- 
cooled than for the natural-draft rums, and this 
coupled with the increased internal temperature 
gradients produces a greater difference between the 
hot-spot increment and the air rise. 


4. The fact that the foregoing three factors added 
together produce a greater difference in the ratio _ 
of the hot-spot rise and average rise for fan-cooled 
than for natural draft (which means that there is 
a greater difference between the top and bottom 
temperature than for natural cooling with the same 
ayerage rise) creates a further difference in the cop- 
per losses at the bottom and top of the coils. This 
effect is, of course, not very large, but it is a con- 
tributing factor. 


The foregoing factors are illustrated in the 
three sketches, designated as “‘ideal,”’ 
‘natural draft,’? and “fan ‘cooled.”” Two 
significant points will be noted in comparing . 
the “‘ideal’’ with the ‘‘natural-draft” figure: 


1. There is a difference between the internal-wind- 
ing rise and average winding rise throughout the 
length of the ‘‘natural-draft’’ coil stack. 


2. The temperature gradient in the “natural-draft” 
stack bends over near the top. 


The same two points may be noted in the 
figure for ‘“‘fan cooled” except that the con- 
ditions are accentuated. 


C. P. Xenis (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): Mr. 
Satterlee’s paper clearly summarizes his ex- 
tensive investigation, supported by tests, 
of temperatures reached at various points of 
dry-type air-cooled transformers as well as 
hottest spot temperatures. He shows that 
with proper design each part of the assembly 
will not exceed the temperatures it can with- 
stand safely. The insulation at points 
where the temperature of 130 degrees centi- 
grade is exceeded is at windings where turn- 
to-turn stresses do not exceed 80 volts. 
The service tests and favorable operating 
experience quoted by the author justify the 
increasing popularity of the dry-type air- 
cooled transformer. 

The first dry-type air-cooled transformer 
with: class-B insulation manufactured by 
the Westinghouse Electric and Manufactur- 
ing Company was completed in December 
1936 and installed on the distribution system 
of the Consolidated Edison Company of 
New York, Inc., in March 1938. It hasbeen ~ 
in operation ever since. This unit is a three- 
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phase 13-kv 500-kva transformer installed in 
a transformer vault at grade level with a 
large louvered door facing the street. The 
only maintenance required was the removal 
of dust from the windings, busses, insulators, 
and other parts of the unit in July 1940, 
utilizing a vacuum cleaner for the purpose. 
No other cleaning operation or repair of any 
kind has been necessary to date. 

Three single-phase 13-kv 167-kva dry- 
type air-cooled transformers were put in 
operation in September 1941, and 12 100- 
kva 13-kv dry-type air-cooled transformers 
in December 1942. We also purchased and 


_ installed on our system on November 18, 


1943, a dry-type air-cooled transformer 
completely enclosed in a metal tank for 
operation as a submersible unit in a.street 
manhole. The operation of all these trans- 
formers has been trouble-free, and no main- 
tenance of any type has been necessary to 
date. 

We have a strong preference for tank- 
enclosed dry-type air-cooled transformers, 
because they permit the operation of this 
type of equipment in street manholes where 
water is frequently present, and also because 
they exclude moisture, dust, and so forth, 
from the windings on indoor installations. 

The dry-type air-cooled transformer with 
type-B insulation as compared to conven- 
tional oil-filled equipment possesses features 
which are of considerable interest to utilities 
operating electric distribution systems. In 
case of electrical failure, the amount of or- 
ganic insulation which can be consumed by 
the are at the fault is relatively small; 
hence the probability of generating large 
quantities of explosive gases is minimized. 
Further, in the case of open-type trans- 
formers, the gases and heat generated by 
the fault are released immediately to the 
atmosphere, whereas in liquid-filled equip- 
ment such faults frequently generate pres- 
sures which rupture the tank and cause 
other damage. 

Dry-type air-cooled transformers manu- 
factured to date generate more noise than 
corresponding liquid-filled transformers. 
This is a serious objection when the equip- 
ment is to be installed in residential areas, 
and it is hoped that Mr. Satterlee and 
other transformer design engineers also 
will obtain a happy solution to this problem. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Dry-type power transformers have been a 
subject of considerable discussion in the 
AIEE transformer subcommittee. From 
the two papers presented at the AIEE sum- 


_ mer technical meeting the thermal-distri- 


bution characteristics for such apparatus 
become well established, both papers ar- 
riving at substantially the same conclusion. 
The paper by Mr. Satterlee proceeds fur- 
ther into the practical problems of design, 
the application of insulating materials, and 
field experience. Because of the increas- 
ingly wide field experience, the paper should 
be of particular interest to the user. This is 
only natural when some 1,000,000 kva of 
dry-type power transformers of the design, 
construction, and insulating materials de- 
scribed in the paper have been in service, 
“some as long as seven years. It is also well 
to point out that at no other period have 


transformers in industry been so fully 


loaded and overloaded as in the past three 
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or four years, and this type of transformer 
certainly has had this service, too. We 
therefore are dealing with apparatus that is 
becoming more and more seasoned by years 
of intense and successful field experience. 
In view of all this, it is to be expected that 
the question of standardization should come 
to the fore. This is a matter that has been 
debated in the transformer subcommittee 
for several months. The paper therefore 
should provide the basis for progress in such 
standardization work and is of particular 
interest to the transformer committee. 


There are already established precedents 
in standards for temperatures appreciably 
in excess of 180 degrees centigrade. Class-B- 
insulation standards recognize such prac- 
tices. For instance, American Standard 
C-35.1, 1948, (AIEE Standard 11), which 
covers rotating electrical machinery on loco- 
motives and rail cars, recognizes tempera- 
ture rises by resistances of 120 degrees 
centigrade for the armature part and 130 
degrees centigrade for the field. In this 
Standard, the limits of observable tempera- 
tures recommended for service (normal val- 
ues in Table I) are 145 degrees centigrade 
for the armature and 155 degrees centigrade 
for the field. To these must be added the 
hot-spot allowance for this class of appara- 
tus—at least ten degrees centigrade, and the 
sum gives the hottest-spot temperatures. 


W. C. Sealey (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): The 
authors of the paper, ‘‘Hot-Spot Tempera- 
tures in Dry-Type Transformer Windings,”’ 
have presented considerable factual data on 
temperatures in dry-type transformers. 
The variety of dry-type transformers is 
great and extends from small sizes to large 
sizes. It is obvious that with a wide varia- 
tion in size and type of construction there 
likewise will be a wide variation in electrical 
characteristics, including the correction for 
hot-spot-temperature rise. 

An analysis of the reasons for the hot-spot 
correction is informative and provides a 
proper base for any rules which are proposed 
for the hot-spot correction of dry-type 
transformers. 

In dry-type transformers the hot-spot cor- 
rection is due to two principal causes: 


1. The rise in air temperature as the air flows 
through the ducts, causing the top of the coil to be 
hotter than the bottom of the coil. 


2. The radial gradient between strands of the con- 
ductor which causes a difference in temperature be- 
tween adjacent strands of conductor. 


The effect of temperature rise of the air 
in increasing the hot-spot correction can be 
reduced by insuring equal distribution of 
air in the ducts and by supplying a large 
quantity of air, so that its temperature rise 
through the duct will be small. 


The hot-spot correction because of the 
radial gradient between adjacent strands 
can be reduced by reducing the number of 
strands through which the heat must pass 
in order to be transmitted to the air stream. 
If every individual piece of copper is ex- 
posed to the air duct the effect of the radial 
gradient on hot-spot correction is negligible. 

A minor agent in hot-spot correction is 
the end effect which causes the end of the 
coil stack to be cooled better than the body 
of the coil stack as a result of conduction of 
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the heat at the end. In most cases this is not 
a major factor in the hot-spot correction. 

Because of these fundamental factors, the 
hot-spot correction is a matter of design and, 
consequently, as shown by the data of the 
authors, no universal correction or universal 
factor which is generally applicable is pos- 
sible. However, any standard which is set 
up should make provision to encourage the 
use of designs with low hot-spot correction 
in cases where such a design is economical. 
For class-B insulation a statement that the 
hot-spot-temperature rise should not be 
more than 20 degrees above the average 
limiting temperature would be a means of 
taking care of this factor and would per- 
mit the retention of the present 80 degrees 
centigrade rise by resistance for class-B in- 
sulation in the present American Stand- 
ards. 


F. W. Bush (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): As shown by 
the papers by Stewart and Whitman and 
by Satterlee, there is a wide variation in 
hot-spot corrections to be applied to the 
average temperature rise by resistance to 
obtain the hot-spot copper temperature in 
dry-type transformers. This wide varia- 
tion exists whether the correction is stated 
as a fixed amount in degrees centigrade or as 
atatio. When expressed in degrees centi- 
grade, it varies from 13.1 to 42.6 degrees. 
When expressed as a ratio it varies from 1.19 
to 1.56. This wide variation is to be ex- 
pected because of the wide variation in the 
physical sizes and designs of dry-type trans- 
formers. 

These two papers show very clearly the 
need for more precise definition of limiting 
hot-spot temperatures than is contained in 
the present American Standards. In order 
to conform to past practice a retention of 
55 degrees centigrade rise by resistance for 
class-A insulation, and 80 degrees centi- 
grade rise by resistance for class-B insula- 
tion is desirable. The limiting hot-spot tem- 
perature for the transformers could be ten de- 
grees higher than the limiting rise by resist- 
ance for class-A insulation, and 20 degrees 
higher than the limiting rise by resistance 
for class-B insulation. This would permit 
the engineer who wishes to design for low 
hot-spot corrections to do so, and at the 
same time would still protect the user by 
limiting the hot-spot temperature rise. It 
would also have the advantage of keeping 
the same temperature rise by resistance 
standards as existed in the past. 


W. W. Satterlee: Mr. Montsinger states: 
“The fact that a transformer is still in opera- 
tion does not prove that the insulation has 
not been seriously injured.’? What one de- 
sires is that the transformers continue in 
operation. The facts are, as cited by Mr. 
Xenis, and as stated by the author, that 
many of these dry-type transformers have 
been in continuous operation for more than 
seven years. Nearly 2,000 transformers 
have operated continuously for periods of 
one to over seven years without a single 
winding failure occurring as the result of 
hottest-spot temperatures, an accumulation 
of dirt, or absorption of moisture by the 
insulation. The author cites several tests 
made on actual transformers lasting over 
two years which were conducted under 
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extreme conditions of temperature and 
moisture. No winding failures occurred, 
and little or no deterioration of the insula- 
tion resulted. It should be recognized that 
seven years operation may represent approxi- 
mately one third of the expected average life 
of any transformer. 

The author recognizes that under tran- 
sient conditions turn-to-turn stressesmay ex- 
ceed normal voltage stresses. However, no 
operating difficulties have been experienced. 
Surge tests made on actual transformers 
have demonstrated the sufficiency of the 
insulation. While these transformers are de- 
signed normally for indoor operation, they 
may be satisfactorily protected against 
lightning surges. 


H. C. Stewart and L. C. Whitman: The 
discussion by Mr. Montsinger clearly illus- 
trates the reasons for the deviation of the 
measured hot-spot increments from the 
theoretical value of one-half the air rise in 
the ducts that was previously proposed. It 
is especially important to recognize the 
fact that fan cooling will not by itself lower 
hot spots if the full rise by resistance is 
maintained. 

Mr. Sealey suggests that hot-spot incre- 
ments be reduced by reducing the number 
of strands through which the heat must 
pass in order to be transmitted to the air 
stream. It is difficult to foresee much im- 
provement on inner windings by the use of 
additional ducts. For example, in Figure 
12 of our paper we see that the maximum ra- 
dial gradient (hottest to coolest strand) is 
only about 1.5 degrees centigrade for a four- 
strand winding operating at 72.9 degrees 
centigrade average rise and cooled by natu- 
tal draft. Also, practically all this drop 
occurs only one strand in from the outside. 
If all the radial gradients were eliminated in 
such a winding cooled by natural draft, 
this would only lower the hot spot in a 75- 
degree-centigrade-rise 30!/2-inch-long wind- 
ing, from 30.5 to 29 degrees centigrade. 
In the case of a fan-cooled winding, we see 
that the maximum radial gradient for a 
67.8 degrees centigrade average rise is eight 
degrees centigrade (see Figure 10 of the 
paper), with six degrees centigrade of this 
rise occurring one strand from the outside. 
Hence, a duct every two strands would re- 
duce the radial gradient only two degrees 
centigrade. For a 70-degree-centigrade 
80!/,-inch-long winding operated with a 530- 
feet-per-minute air velocity, this would 
reduce the hot-spot increment from 29.5 to 
27.5 degrees centigrade. 

The suggestion of a larger amount of air 
through the ducts to reduce the air rise and 
thereby reduce the hot-spot increment 
works only to a limited degree, as shown by 
comparing hot-spot increments for air ve- 
locity of 490 and 1,515 feet per minute. The 
quantity of air through the ducts is approxi- 
mately three times as much in the latter 
case, but the hot-spot increment is reduced 
only about ten per cent (see Table III). 

Increasing the duct width on natural- 
draft units also accomplishes only a minor 
teduction in hot-spot increment. The au- 
thors’ tests indicated that, while changing 
from a one-half-inch duct to a one-inch duct 
reduced the air rise to about 65 per cent of 
its original value, the hot-spot increment 
was changed less than ten per cent. 
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Mr. Satterlee’s paper, ‘‘The Design and 
Operating Characteristics of Modern Dry- 
Type Air-Cooled Transformers,’’ also calls 
attention to tests made on a model winding, 
in which only about a 25 per cent decrease 
in hot-spot increment was noted in going 
from one-half-inch to one-inch air duct (see 
his Figure 5, and note that 1.0 must be sub- 
tracted from his ordinates to give hot-spot- 
increment ratios). 

From this information, we must conclude 
that only minor reductions in hot-spot in- 
crements can be accomplished by Mr. Seal- 
ey’s suggestions. Possibly, structures can 
be designed to reduce further these hot-spot 
increments, but it has not been demon- 
strated by published tests that any such 
structures have been designed or built. This 
being the case, it would seem reasonable to 
recognize the high hot spots that exist in 
normal air-cooled transformer windings and 
co-ordinate the allowable rise by resistance 
with the demonstrated hot-spot increments. 

Mr. Bush has emphasized the wide varia- 
tions in size, type of construction, and 
method of cooling, that are encountered in 
dry-type air-cooled transformers. The sub- 
ject paper deals with transformers cooled 
by vertical and horizontal air ducts. The 
hot-spot increment has been found to vary 
considerably with the vertical height of the 
coils and so in general with the transformer 
kilovolt-ampere size. As noted in the pa- 
per, there was no measurable effect whether 
the coils were in open air or enclosed in a 
metal shell, provided there was adequate 
ventilation at top and bottom. The paper 
does not cover the very small dry-type 
units that are mainly cooled by heat con- 
duction to the case rather than air ducts, 
and rules covering such designs conceivably 
would be different. 

Since hot-spot temperatures are not meas- 
urable on production units, it would seem 
that retention of the present rise by resist- 
ance limits as suggested by Mr. Bush will 
allow hot-spot temperatures in excess of 
present standards. 

It is the opinion of the authors that the 
present standards of hot-spot temperatures 
should be adhered to until such time as in- 
formation is available to prove that class-B 
insulations are suitable for hot-spot tem- 
peratures in excess of 130 degrees centigrade. 


High-Voltage Compressed- 
Gas Power Transformers 


Discussion and author's closure of paper 
44-170 by Henry M. Hobart, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, September 
section, pages 690-2. 


Jerome J. Taylor (The Detroit Edison Com- 
pany, Detroit, Mich.): Mr. Hobart’s ideas 
regarding compressed-gas insulation for 
high-voltage cables and transformers have 
wide scope, are stated aggressively and in- 
terestingly, and raise dozens of stimulating 
questions. 

The present paper incorporates two major 
proposals, which are very different in appli- 
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cation and effects. One relates to the 
merits of compressed-gas insulation, while 
the other advocates use of power frequen- 
cies in the relatively high range of 600—-1,200 
cycles per second. The author seems to 
infer that the two must be considered con- 
currently, mainly on the assumption that 
large increases in core losses, per unit vol- 
ume, would result unavoidably in damag- 
ingly high oil temperatures. This assump- 
tion seems open to question, since very high 
heat-transfer coefficients can be obtained 
between iron and oil. The actual oil tem- 
perature thus becomes a function of rate of 
circulation and design of heat exchanger, 
and can be reduced to almost any desired 
figure. The advantages claimed for 600- 
1,200-cycle operation of high-pres-ure trans- 
formers are therefore applicable to con- 
ventional oil-insulated units, and the two 
proposals can be considered separately. 
This is helpful because it simplifies analyses 
of them. 

In regard to insulation, the author has 
focused attention on dielectric strength of 
compressed gases ‘‘in the clear,” rather than 
on the more practical design problem of 
providing safe creepage distances over solid 
insulators. This point seems important as 
applied to his cable designs, which contem- 
plate the alignment of three conductors in- 
side a small steel pipe, by means of solid 
spacers. As applied to transformers, the 
author speaks as though nearly all solid 
and fibrous insulation would become un- 
necessary in compressed-gas units. It is 
not clear what items could be eliminated 
by going from oil to gas, because solid 
materials are needed for support, bracing 
and conducting-particle barriers in con- 
junction with any fluid insulation. : 

The high-frequency proposal is very 
interesting, the more so because the elec- 
tronics people are rapidly unfreezing many 
of the traditional frequency restraints, and 
because expanding uses show as clearly as 
ever that no single ‘‘style’’ of electricity has 
a monopoly of desirable qualities. Offhand, 
however, 600-1,200-cycle frequencies ap- 
pear better adapted to transformers and 
(as the author mentions) welders, than to 
switchgear and long transmission lines. 
If this is true, large amounts of frequency 
conversion equipment would be required, 
and an inclusive cost comparison becomes 
complex, even with all technical factors 
known. 

Mr. Hobart’s system is perhaps in some- 
what the same situation as frequency modu- 
lation and high-voltage d-c power trans- 
mission have been. If this analogy is 
strong enough, his system should be tried 
on an initially moderate scale and operating 
experience accumulated. 


Arthur A. Bolsterli (Moloney Electric Com- 
pany, St. Louis, Mo.): Mr. Hobart deserves’ 
a great deal of credit for his bold approach 
to the subject of compressed-gas power 
transformers. At a time when compressed 
air is successfully competing with oil in the 
field of circuit breakers, Mr. Hobart’s pro- 
posals are in line with the present trend and 
deserve careful scrutiny and analysis. 
Technologically at least, the stage would 
seem to be set for an advance in the direction 
in which Mr. Hobart points. During the 
last year or so a dry-type transformer of 
the subway type, which is hermetically 
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Figure 1. Breakdown voltage (rms) between 


needle points with a spacing of 40 millimeters 

and along a leakage path between sharp edges 

spaced 50 millimeters apart, in function of the 
gas pressure 


Alternating voltage, 50 cycles 

1, 4—Pure gas path in air 

5—WNitrogen 

2, 6—Carbon dioxide 

3, 5, 6—Breakdown along porcelain tube 
4—Breakdown along bakelized paper tube 


sealed in its tank, has made its appearance. 
It, too, uses internal forced blast. Ob- 
viously, this is the forerunner of Mr.Ho- 
bart’s transformer from which it differs in 
that the internal pressure is not appre- 
ciably higher than atmospheric. 

As to specific points in Mr. Hobart’s 
paper, the working temperatures which he 
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KILOGRAMS PER SQUARE CENTIMETER 
Figure 2. Flashover voltage (peak) in com- 
pressed air along a steatite insulator with con- 
centric metal conductor connected to one 
electrode, in function of the pressure 


1—Alternating voltage, 50 cycles 

29—Fifty per. cent flashover impulse voltage, 

wave 1/59 microsecond, conductor connected 
to positive pole 

3—As for 2 but with conductor connected 
to negative pole 

The curves show the ineffectiveness of in- 

creasing the pressure in order to raise the 

flashover voltage, in the case of surface dis- 

charges both for alternating and impulse 

voltages 
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envisages for core and windings seem, at 
first sight, rather high. We know that in the 
so called dry-type transformer with class 
B insulation we cannot let the copper reach 
temperatures at which the insulating var- 
nish begins to deteriorate, because we de- 
pend on this varnish for moisture protection 
and turn insulation. In compressed gas, 
this limitation, however, does not hold. 
The gas takes the place of the solid im- 
pregnant. The glass covering on the wire 
serves as the spacer of matrix and can now 
be worked to its true temperature limit. 
Considerably higher maximum tempera- 
ture than heretofore thought permissible 
is therefore technically feasible. Economi- 
cally, the valuation of capitalized losses 
will, however, set definite limits to the 
densities permissible in core and copper, 
and these may or may not permit the 
full utilization of such high temperature 
limits as are advocated in the paper. 

In connection with the turn insulation 
mentioned, the following facts should be 
kept in mind. In a reasonably uniform 
field the breakdown strength increases 
fairly close to proportional to gas pressure. 
However, when solid matter and gas are in 
such intimate association as, for example, 
in paper or glass fabrics or the glass cover- 
ing of wire, the increase in electric strength 
is much slower. For dry paper, for ex- 
ample, the breakdown strength at ten 
times atmospheric pressure (air) is some- 
what less than three times that at atmos- 
pheric pressure. Similar relations hold for 
glass fabrics and the glass covering of wire. 
It is obvious that the designer of the com- 
pressed-gas transformer must adapt his 
design strictly to the peculiarities of the 
new medium, for which the rules are differ- 
ent from and perhaps more complicated than 
those he has become accustomed to for oil. 

Take, for example, the subject of creep- 
age. Figure 1, which is taken from the 
September/October, 1948, issue of Brown- 
Boveri Review, shows a comparison of 
breakdown strength versus air pressure for 
a point gap and a creepage path issuing 
from sharp-edge electrodes over porcelain 
and bakelite. Note that within the range 
of pressures shown, the breakdown strength 
for creepage shows a peak and then de- 
creases in spite of increasing pressure. 
Figures 2 and 8 (from the same source) 
further illustrate the fact that uniform 
benefit is not always obtained from an 
increase in pressure. Figure 2 refers to a 
typical bushing arrangement. Figure 3 
illustrates how a material improvement in 
flashover versus pressure performance was 
obtained by a clever modification of the cap 
in the case of a conventional supporting 
insulator. These examples are shown 
merely to point out that the different ele- 
ments making up the design must receive 
detailed attention and that the choice of 
optimum gas pressure is a matter of re- 
search from more than one angle. 

To obtain the best conditions for cooling, 
the heat from losses should be transferred 
to the tank with the least possible tempera- 
ture drop. For forced blast inside the 
tank, as proposed by Mr. Hobart, this 
transfer should offer no difficulties. It is 
interesting to note that the “watts per 
square inch per degree centigrade” increase 
as the eight-tenth power of gas pressure, 
for forced convection, which is quite an 
improvement over the one-half power which 
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holds for natural convection. For dissi- 
pation from tank surface to the ambient 
air, the same methods and rules apply as 
for the conventional transformer. 

Mr. Hobart proposes the use of sulphur 
dioxide. It would be interesting to know 
more about its comparative properties for 
insulating and cooling. As far as heat 
transfer under forced convection is con- 
cerned, the following comparison may be 
of interest. If one assumes the gas passing 
through ducts at a given velocity in feet 
per second, regardless of the nature of the 
gas, it would seem from accepted relations 
(which however have never been experi- 
mentally proved for high pressures) that 
there is little difference, in the heat transfer 
coefficient, between air, helium, and sul- 
phur dioxide. For hydrogen it is about 
40 per cent to 50 per cent higher. There 
would be, of course, considerable difference 
in the amount of power required to force 
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Figure 3. Flashover gradients (peak kilovolts 

per centimeter) of porcelain supporting in- 

sulators in compressed air-in function of the 
pressure 


Older design of smooth supporting insulator 
on right. New design with penetrating elec- 
trode on left 
1, 2—Flashover gradient for alternating volt- 
age (50 cycles) 

3, 4—Gradient for 50 per cent flashover im- 
pulse voltage, positive wave, !/s9 microsecond 


these gases through the ducts at equal ve- 
locities, the advantage being on the side of 
the lighter gases such as helium and hy- 
drogen. From this point of view sulphur 
dioxide, being considerably heavier than 
air, would not seem particularly advan- 
tageous. 

There still is an almost unlimited scope 
for research on the dielectric and thermal 
behavior of gases under pressure. Tests of 
this nature, when made on a scale com- 
parable with large-scale application, are 
extremely laborious and costly and require 
equipment which has seldom been avail- 
able in the past. Today many of our uni- 
versities and industrial laboratoris are well 
equipped to explore this field and we may 
well look forward to a real advance in the 
knowledge of these phenomena which have 
fascinated physicists and electrical engi- 
neers for some 50 years. 
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H. Weichsel (Wagner Electric Corporation, 
St. Louis, Mo.): It is always a very coura- 
geous undertaking to advocate methods dia- 
metrically opposed to those which have been 
standard for many years. Nevertheless, be- 
cause certain designs are accepted practice, 
it does not necessarily follow that no further 
improvements in this particular line of de- 
signs are possible or even advisable. It is a 
queer historical fact that many engineering 
developments start out with certain rela- 
tions, later developments accept relations 
just the opposite to those used first, and 
finally the designs return to the direction 
used in the original attempts. It only has to 
be remembered that the a-c system first 
made use of frequencies materially higher 
than used at present, then the tendency 
swtng to frequencies as low as 16 cycles be- 
fore going to the present 60 cycles. If his- 
tory repeats itself, Mr. Hobart’s suggestion 
of frequencies much higher than the present 
60 cycles will be used in the future. Un- 
doubtedly, before this day can arrive, a lot 


of work, theoretical as well as experimental,” 


must be done. 

Mr. Hobart not only suggests a con- 
siderable increase in frequency but also 
recommends the use of gas under high 
pressure as a cooling and insulating means. 
On first thought, Mr. Hobart’s sugges- 
tions appear to reach into an entirely new 
field but upon second thought it is realized 
that this field has already been invaded 
in one or more forms. For instance, large 
rotary machines operating in a hydrogen 
atmosphere are an example of gas-cooled 
units. I clearly remember the days when 
this step was advocated and the average 
engineer looked at it with great doubt and 
suspicion, but machines operated in 
hydrogen have proved their value because 
of the excellent thermal characteristics of 
this gas. Static capacitors operating in a 
chamber filled with nitrogen under heavy 
pressure are now, and have been for many 
years, in successful operation in the United 
States as well as abroad and form a good 
example of apparatus operating in high- 
gas pressure. These examples show that 
practical experience has been gained in 
connection with some of the problems aris- 
ing in connection with Mr. Hobart’s sug- 
gestion. There are a large number of other 
problems connected with his suggestion to 
which, at present, no definite answers are 
available. For instance, the very high 
operating temperatures advocated present 
many problems in connection with insulat- 
ing materials and their applications. Many 
new mechanical problems will arise due to 
the large expansion of parts subjected to 
the high temperatures. 

Another field which must be studied care- 
fully is the behavior of gases under high 
pressure when subjected to surges. Little 
work, if any, has been done in this direction. 
If my recollection serves me correctly, 
several years ago some investigator did 
some work along these lines which, however, 
did not give very encouraging results. 

Other engineering problems enter into 
the final solution of the main problem. 
One of these problems is the feasibility of 
high-frequency motors. This field during 
the last few years also has been partly 
invaded in connection with motor applica- 
tions for airplanes. In addition to these 
many unsolved or partly unsolved engineer- 
ing problems, we are confronted by the 
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everlasting, dominating factor of economy 
but the solution to this problem cannot be 
approached until more about the engi- 
neering possibilities is known. 

At this stage of the art, we only can 
thank Mr. Hobart for this audacious ap- 
proach to this matter which, it is hoped, 
will stimulate further investigation along 
the lines the author suggests. Only by this 
kind of an attitude is real progress possible. 
It is hoped that one day Mr. Hobart’s work 
will form the cornerstone for a new era. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): In the second 
paragraph of the paper and elsewhere, the 
author talks about transmitting large 
amounts of power over overhead-transmis- 
sion lines at frequencies as high as 600 to 
1,200 cycles per second. Even if the trans- 
mission-line voltages are much higher than 
now used, it is difficult to, see how the 
author’s proposal would make it feasible to 
transmit very much power through the 
greatly increased reactances which would 
obtain with frequencies of 600 to 1,200 
cycles. Nowadays we have plenty of diffi- 
culty taking care of 15, 20, or 30 per cent 
voltage drop due to the reactance of 60- 
cycle lines and multiplying these reactances 
by 10 or 20 seems appalling. 

Another problem would be the matter of 
increased insulation and greater spacings 
required for higher voltages than the 
present general limit of 230 or 287 kv. 


H. H. Skilling (Stanford University, Stan- 
ford University, Calif.): The question of 
increased reactance of transmission lines 
naturally arises in connection with Mr. 
Hobart’s suggestion of higher power fre- 
quency. In general, reactance being pro- 
portional to frequency, low frequencies have 
been thought of as desirable for transmis- 
sion. 

However, an increased frequency of 
transmission has been mentioned!:?:3 as a 
possible means of providing good stability 
and voltage regulation for a power line. 
It is one of several methods that can be used 
to balance capacitive reactance against 
inductive reactance, thereby providing 
good transmission conditions. If, as Mr. 
Hobart predicts, a frequency substantially 
greater than 60 cycles becomes desirable 
because of its advantages in transformers 
and other terminal equipment, it will be 
found that there can be definite advantages 
in transmission, also. The frequency to 
be used should be selected with these factors 
in mind. 

In 19363 it was suggested that the in- 
sulating properties of compressed air and 
other gases required study with a view to 
their use in electric-power transmission. 
This research has been undertaken by a 
number of investigators, with results that 
are finding considerable application in 
engineering practice. Mr. Hobart gives 
information regarding dielectric properties 
of certain gases, and the bibliographies of 
references 4, 5, 6, and particularly 7 refer 
to most of the literature on the ea 
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W. C. Sealey (The Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis.): The 
author has expressed his thoughts well on 
the development of a compressed-gas power 
transformer. Transformers such as he de- 
scribes can be built. An experimental trans- 
former of this type was described by Mr. 
Stafford of our Pittsburgh works in a paper 
presented before the Compressed Air Insti- 
tutein 1942. This experimental transformer 
is also described in the November 14, 1942, 
issue of the Electrical World. The sample 
transformer was rated 50 kva, 2,400 volts, 
60 cycles, and was designed for operation on 
150 pounds per square inch gas pressure. 
This transformer was tested and success- 
fully passed the tests applying to a standard 
dry-type transformer including heat run. 

The principal advantage of this unit 
was the elimination of oil while providing 
a sealed-tight construction which would not 
be affected by moisture, dirt, and so forth. 

The principal disadvantages of such a 
unit are the necessity of maintaining the 
high pressure and the increased cost of con- 
struction, especially the cost of the tank to 
provide for the high pressure, 


Wayne J. Morrill (Electric Motors and 


Specialties Company, Fort Wayne, Ind.):' 


Mr. Hobart’s very radical suggestion of 
changing our standard distribution fre- 
quency from 60 cycles to 600 is at the least 
stimulating. Undoubtedly, there are many 
reasons why such a move should not be 
made but if, in order to allow free play of 
our imagination, those reasons be ignored, 
the possibilities in connection with small 
motors are very interesting. 

As long as we are contemplating such an 
important change in our distribution sys- 
tem, we might as well go the whole way 
and carry polyphase 600-cycle power 
directly to the residences, thus in one swoop 
simplifying and reducing the cost of all the 
many small motors that are used in the 
home. 


With the use of polyphase 600-cycle : 


power would come the following advantages 
in connection with small motors: 


1. Motors weighing about one half to one fifth as 
much as the present motors of equal speed and horse- 
power. ; 


2. High-speed motors of about one tenth the 
weight of present slow-speed” motors of equal 
horsepower. 


3. Motors free from switching devices such as are 
needed for starting high-torque single-phase motors. 


4. The possibility of commutatorless motors 
operating at speeds as high as 34,500 rpm for two- 
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pole motors and 18,500 rpm for four-pole motors. 
This might bring greater quietness to vacuum 
cleaners and it would certainly bring increased 
service-free life to such machines. 


5. The single-phase hum of the present household 
motors would be eliminated by the use of poly- 
phase power, although the higher line frequency 
might still make itself apparent in the noise from the 
motor. In any event, it is probable that 600-cycle 
polyphase motors could be made very satisfactory 
from a noise point of view. 


\\ 

Henry M. Hobart: The contributions which 
have been made to the discussion of my 
paper, entitled “High-Voltage Compressed- 
Gas Power Transformers,” are so predomi- 
nantly characterized by valuable, construc- 
tive proposals, that the author is disposed to 
express to the discussers his appreciation of 
their good opinions and also to extend his 
thanks for the many excellent suggestions 
and counsels, and only briefly to touch on a 
few points which ought to be straightened 
out. 

In the paper, the author explained that 
his task has been chiefly an attempt to 
devise a system of power tratismission em- 
bodying compressed-gas transformers and 
in utilizing in this system various ideas' of 
brilliant pioneers of this and past eras. At 
the time of the conception of some of these 
ideas, various necessary links in our scien- 
tific and engineering knowledge still were 
lacking, so that the author’s contribution 
has been largely of a co-ordinating nature, 
in which he has endeavoured to so utilize 
the old ideas and the new knowledge as 
best to provide the desired result. 

The contributions to this discussion in- 
clude a considerable amount of new and 
pertinent material and also warnings and 
counsel regarding possible difficulties still 
remaining to be surmounted. So far as it 
still lies within the author’s power, he 
proposes thankfully to accept and profit 
by these further data and good counsel, but 
he could wish that many others, in labora- 
tories and elsewhere, would be disposed to 
work actively upon the still outstanding 
tasks required for successfully completing 
and demonstrating the system. 

The author’s text has been misunder- 
stood by Mr. Halperin (and possibly by 
others) namely, in concluding that it is pro- 
posed by the author to employ higher fre- 
quencies, for instance, 600 cycles, with 
overhead high-voltage power transmission 
lines. The author is quite aware that at 
600 cycles, (1) the telephone interference 
factor would be hopelessly great and (2) 
that the corona loss at the desired high 
voltages would be so great as to be utterly 
prohibitive. A careful reading of the 
very first paragraph of the paper will show 
that the author’s project relates exclusively 
to a system in which overhead conductors 
spaced many feet apart are replaced by 
conductors spaced only several inches 
apart, and enclosed in a metal pipe-line 
filled with compressed gas. Conductors 
so located will not occasion any interference 
in communications systems, whatever the 
_ periodicity. 

Mr. Taylor states that in oil trans- 
formers a sufficiently high speed of circula- 
tion of the oil would permit keeping down 
the temperature of the oil below its sludging 
point. However, it is the author’s opinion 
that the power required for such high-speed 
circulation would too seriously impair the 
transformer’s efficiency. ~ Furthermore, as 
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stated in the discussion of Table II, the 
breakdown strength of the oil, both for 
sinusoidal stresses and impulse stresses, is 
much below that of suitable gases suff- 
ciently compressed. 

The author especially welcomes Mr. 
Taylor’s statement to the effect that ‘“‘the 
electronics people are rapidly unfreezing 
many of the traditional frequency re- 
straints.” Not only in welding applica- 
tions, but also in many other electrical- 
engineering applications, the great savings 
in cost made possible by using transformers 
of much higher frequencies (such as 600 
cycles), will effect important reductions in 
the total capital outlay for the applica- 
tions. As one example, there is the case 
of main-line railway electrification in 
which, today, there is an almost complete 
lack of interest because of a belief that 
nonelectric systems have proved their 
superiority. The author is in agreement 
with some electric-railway specialists, that 
one of the most valuable electrification 
systems is to supply, let us say, 3,000 volts, 
from rectifier substations. The  trans- 
formers required in such rectifier substa- 
tions represent a very large item in the 
total substation cost, but they just as well 
could be for 600 cycles instead of for 60 
cycles (and their cost then would be only 
one seventh as much) if only the trans- 
mission lines provided 600 cycles. Due to 
gradual improvements, the cost and weight 
of modern d-c railway motors for the loco- 
motives would be out of all proportion less 
than in the old days when main-line railway 
electrification was an active subject. The 
aggregate of the savings which could be 
made under these modern conditions leads 
to a much better economic showing for 
railway electrification versus the rival non- 
electric propulsion systems than could 
have been made prior to their availability. 

Similar great reductions in cost could be 
effected by the substitution of 600-cycle 
transformers in place of 60-cycle trans- 
formers in such cases as the enormous recti- 
fier installations employed in the produc- 
tion of aluminum and magnesium. 

This is not an occasion justifying enlarg- 
ing further on this subject of the many ad- 
vantages of higher frequency in various 
other electrical-engineering applications, 
except briefly to state that not high- 
petiodicity transformers alone, but also 
many kinds of high-frequency generators 
and motors as well as reactors and capaci- 
tors, may be built with much less weight, 
lower cost, and better characteristics than 
are attainable with 60-cycle designs. 

The other contributions to the discussion, 
not as yet specifically mentioned in this 
closure, nevertheless are appreciated and 
valued by the author. In his opinion, they 
are so clearly expressed as to very effec- 
tively carry their own helpful messages, 
which will be very useful to others and to 
the author when continuing the work on 
this project. One of these contributors 
is Mr. Bolsterli, and the material which he 
makes available, together with his inter- 
esting comments and advice, will be de- 
cidedly helpful. It was in 1932 (12 years 
ago), that the author was privileged to 
study an excellent and convincing article 
by Mr. Bolsterli, in which was pointed out 
the superiority over oil of compressed gases 
for insulation and heat-transfer in trans- 
formers and capacitors. Had it not been 
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for his study of that article, the author is of 
the opinion that the present paper never 
would have been written. It is encourag- 
ing to the author to find that Mr. Bolsterli 
is still on the job. 

In conclusion, the author is most eager 
to re-emphasize the fact that in his work 
on these very extensive subjects, his own all- 
too-meager knowledge and experience have 
been checked and greatly supplemented by 
the collaboration of many specialists in 
matters coming within their respective 
fields of experience but he has realized that 
it is incumbent on himself alone to bear the 
responsibility and to press forward with 
this task to the extent that circumstances 
may permit. However, the abilities and 
experience of these ‘‘silent partners,’ 
afford, in his opinion, ample guarantees 
that the system is sound and of great im- 
portance to the electrical industry. With 
the added interest evinced by these helpful 
contributions, the author will strive to 
obtain practical experimental results with 
the least possible delay and, in this further 
work, he believes that he will continue to 
have a reasonable amount of counsel from 
his many and very generous specialist 
collaborators. 

It would seem that there now has been 
accumulated plenty of material to justify 
curtailing discussion and actually doing 
some of these things along the lines de- 
scribed in his paper, or else in still better 
ways which others may devise. The cost 
of the production, transmission, and appli- 
cation of electric power thereby may be 
greatly decreased with benefit to the electric 
light and power industry and to commercial 
and residential consumers. 


Economics of Trolley- 
Coach Operation 


Discussion and author's closure of paper 44-96 
by G. M. Woods, presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, August section, 
pages 578-81. 


F. VonVoigtlander (Faraday Electric Cor- 
poration, Adrian, Mich.): The author’s 
paper is of great interest to all concerned 
with urban public transportation. The 
popular acceptance of the trolley coach is a 
matter of record throughout the country, 
brought about largely by the swift, silent, 
odorless, and economical performance of 
these vehicles. Operators are trained easily 
if they have had previous experience in 
handling steerable vehicles, and equipment 
availability of from 95 to 98 per cent is 
quite ordinary. 

The author makes the statement that it 
can be assumed that, for equal standards of 
convenience and excellence, shops, car 
houses, garages, and similar items will be 
about the same, regardless of the type of 
vehicle selected. The writer’s experience 
would indicate that here again the trolley 
coach has a considerable advantage over the 
gas bus. Maintenance facilities required 
will be found to be approximately propor- 
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tional to one minus the availability factor. 
Service facilities can be cut to an even 
greater proportion, as there is no refueling 
to be done, and there are no crankcases or 
radiators to fill on the trolley coach, though 
greasing, washing, and cleaning would be 
about the same. In the wintertime there is 
no concern about difficult engine starting or 
freezing of radiators, so that the trolley 
coaches ¢an just as well be parked outside in 
the yards, thereby eliminating storage 
facilities. In fact, the only significant dis- 
advantage of the trolley coach is its neces- 
sary confinement to electric overhead 
facilities. 


In a situation where the electric trolley 
coach is being considered to replace gasoline 
or Diesel-electric busses the cost of pro- 
viding electrical facilities is of great im- 
portance. Substations for the conversion 
of a-c power to d-c power for trolley- 
coach operation become an important part 
of the cost of these facilities. In the outer 
fringes of the system, the loads may be 
light, but voltages must be made adequate 
for the starting of at least one vehicle at 
the end of the line. Providing for such 
minimum voltages is often a problem. The 
development of small fully automatic 
rectifier stations has helped, but, consider- 
ing the fact that the modern trolley coach 
is powered with a series-type motor, it would 
appear to the writer that the direct applica- 
tion of alternating current to the propulsion 
of the coach should be given really serious 
attention. The trolley-coach system then 
could be fed from the distribution network, 
with transformers located where required. 
Since 600 volts direct current has met with 
universal favor in the light-traction field, it 
would seem that the desired range for a-c 
operation would be between 750 and 2,300 
volts single phase. Recent developments in 
switchgear and contactors should make the 
direct use of 2,300 volts entirely feasible. 


The use of alternating current for pro- 
pulsion also would permit the use of tapped 
autotransformers for motor control which 
would be of some advantage during the 
period of the year when heat is not required 
for the vehicles. Power costs could be re- 
duced somewhat thereby and _ over-all 
efficiency increased. Construction of trolley 
coaches for 2,300-volt operation might re- 
quire some increases in insulation of the 
vehicle’s electric apparatus, as leakage to 
ground must be held to very low limits to 
protect against even the remote possibility 
of an unsafe potential developing between 
vehicle and ground. This requirement has 
been solved very effectively for the 600-volt 
d-c vehicles, and it does not seem that 
2,300-volt a-c operation should present any 
serious problems here. The whole matter 
of power conversion could be eliminated, 
and proper voltages could be provided 
much more readily through the flexibility 
of alternating current by the use of regu- 
lators or tapped transformers connected 
to the distribution network. 


G.M. Woods: The idea of operating transit 
vehicles by alternating current has in- 
trigued a number of engineers. The opera- 
tion of a-c trolley coaches particularly has 
received considerable study. In addition to 
the hazard of high-voltage leakage, as men- 
tioned by Mr. VonVoigtlander, other con- 
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siderations have precluded the develop- 
ment of a-c trolley-coach equipment so far. 

Most central-station power supply is at 
60 cycles. At the present state of the art a 
60-cycle traction motor with the necessary 
associated apparatus would be impractical 
because of weight and cost. Successful 25- 
cycle traction motors have been built in 
quantity, but such motors of suitable size 
and characteristics for trolley coaches will 
weigh more and be more expensive than a 
suitable d-c motor. To obtain 25-cycle 
power from the usual 60-cycle power supply 
requires frequency-changing apparatus com- 
parable to the conventional a-c-d-c sub- 
station, 

The a-c trolley coach would take power 
from only a single phase, thus unbalancing 
the generator load or requiring phase 
balancing or single-phase generation. To 
realize any distribution economy, the 
alternating trolley voltage would have to 
exceed the practicable motor, voltage, and 
this would dictate the use of a transformer 
on the coach. The provision of suitable 
space for an adequate transformer would be 
difficult. 

Since the use of alternating current for 
propulsion of trolley coaches would add 
weight, cost, and maintenance expense to 
the vehicle itself; increase the possibility of 
leakage; and in most cases require fre- 
quency conversion; there seems at this 
time to be little promise for this application. 
The use of ignitrons simplifies the a-c—d-c 
conversion system, improves the efficiency, 
and reduces both installation cost and 
operating expenses. 


A Resonant-Cavity Method 


for Measuring Dielectric 
Properties at Ultrahigh 
Frequencies 


Discussion and authors’ closure of paper 
44-161 by C. N. Works, T. W. Dakin, and 
F, W. Boggs, presented at the AIEE summer 
technical meeting, St. Louis, Mo., June 
26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1092-8. 


C. V. Larrick (General Electric Company, 
Schenectady, N. Y.): In the measure- 
ment of low-loss dielectric materials in 
the range covered by the authors, one of the 
problems is the reduction of metallic losses 
in the conductors of the measuring circuit. 
In those methods where a section of coaxial 
line is filled with the dielectric, the sample, 
in addition to being long, must be of rather 
large cross section to reduce the ratio of 
metallic to dielectric loss. As the frequency 
is increased into the long microwave range, 
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the dielectric losses increase more rapidly 
than the metallic losses. However, at the 
same time, relatively small diameter lines 
are used, so that the problem of metallic 
losses remains. It would appear that the 
arrangement of the authors will give less 
metallic loss than a resonant line arrange- 
ment of the same diameter. The purpose of 
this discussion is to calculate the magnitude 
of the improvement. Thus, consider the 
arrangement of the authors in its simplest 
form: namely, a short-circuited coaxial- 
line section of electrical length 6] termi- 
nated in a capacitor, which contains the di- 
electric (Figure 1). The input conductance 
of the line if the end plate is neglected is 


ad sin 261 
= 1 
Cr anal ay ) 


where 


yo = surge admittance of the line 
al = total attenuation in the line 


The susceptance of the line, which is also 
that of the capacitor, is 


B=ypo cot Bl 
The conductance of the capacitor is 
G=vypo cot Bl tan 6 


where tan 6= dissipation factor = G/B. 
The ratio of the two conductances is 


G _tané 1/, sin 261 
fas al sin 26] 
1 
( t 261 ) 


At 6l/=45 degrees this expression has a 
maximum of value: 


£) _ 2.45 tan 5 
Gr death an 


In the case of coaxial lines, the. combination 
which occurs is a quarter wave length of 
empty line, followed by a dielectric sample 
a quarter wave length long (Figure 2). The 
surge admittance of the empty line is 
yo, and the attenuation constant is a as be- 
fore. Then if the end plate is neglected, the 
conductance of the empty line as seen from 
the junction with the dielectric is yoo(d/4). 
The metallic conductance of the line con- 
taining the sample as seen from the same 
point is ya~ve’(\/4). Hence, the total 
metallic conductance is 


Gu=ne; (14+-ve’) 


The attenuation constant produced by the 
dielectric is 


3.15 
ct Pea Ve tan 6 


from which the dielectric conductance is 
Ga=0.788y tan 6 

The ratio of the two couductances is 
Ga 3.15+/@ tan 5 
Gu ad te) | 


If we compare the ratios of dielectric to 
metallic effects for the two methods 


(G/iGr mae ae ds 
Cl adeas 0 79( 1+) 


(Ga/Gm) 
=1.27 for e’ =2.5 ae 
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Thus, for most materials, the arrangement 
of the authors gives a slight reduction in me- 
tallic losses at all frequencies. Also, the 
losses in the end plate touching the sample 
will be less in the method of the authors 
than in the resonant line since the currents 
flowing will be smaller. 


Robert F. Field (General Radio Company, 
Cathbridge, Mass.): The authors of this 
paper have shown great skill in combining 
the simplicity of operation of the suscept- 
ance-variation method of measuring the 
electrical properties of dielectrics with the 
low losses of the resonant-cavity method. 
Their use of micrometer-controlled elec- 
trodes and flat disk samples entails, how- 
ever, the necessity of determining accu- 
rately the fringing at the outer edge of the 
electrodes and of accepting Hartshorn’s 
double-measurement method of eliminating 
the radial resistance of foil electrodes. 

The assumption that fringing is inde- 
pendent of the dielectric constant of the 
sample, while not strictly correct, is usually 
valid within the experimental error of the 
measurements, providing the sample is no 
larger than the electrodes. Sets of measure- 
ments with the susceptance-variation cir- 
cuit, in which the thickness of samples of 
the same material is varied over a wide 
range, have yielded values of dielectric 
constant identical within one per cent, just 
as do the data given in this paper. Scott } 
also proved this to be so in developing his 
formulas for the fringing capacitance. 

The values of dissipation factor obtained 
by the authors for quartz and polystyrene 
show that Hartshorn’s method of correcting 
the radial resistance by measuring the 
sample both with and without foil electrodes 
is still valid at 200 megacycles. Some doubt 
has been expressed on this point, because 
this series resistance varies as the 3/, power 
of the frequency, and at times the correc- 
tion at 100 megacycles has been larger than 
the true value. Since, however, this type 
of error is minimized when all surfaces are 
plane and parallel, the consistency of the 
reported results may be taken as indicating 
very good machining of both electrodes and 
samples. 
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William A. Yager (nonmember; Bell Tele- 
phone Laboratories, Inc., Murray Hill, N.J.): 
The method described by the authors for 
measuring the dielectric properties of insula- 
ting materialsin the 100- to1,000-megacycles 
range is sound and practical but not new in 
principle. The same principle of a lumped 
capacitance tuned by a distributed induct- 
ance in the form of a coaxial transmission 
line was employed by D. L. Hollaway? in 
the construction of his Dielectrometer, an 
instrument for measuring conductances and 
dielectric properties at 100 megacycles. 
The Dielectrometer is a single re-entrant 
cavity in which the loss tangent is deter- 
mined either by frequency or susceptance 
variation, the detuning in the latter case 
being accomplished by means of a vernier 
micrometer capacitor projecting into the 
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head of the re-entrant post. The author’s 
equipment, on the other hand, is a double 
re-entrant cavity in which the loss tangent 
is determined by a combination of fre- 
quency and susceptance variation, detun- 
ing being accomplished by varying the elec- 
trode separation of the re-entrant posts, 
which is a critical adjustment and requires 
the use of a differential-screw drive. The 
Dielectrometer relies on sliding contacts 
which the authors have eliminated by 
means of a sylphon bellows. The circuit Q 
of both instruments appears to be of the 
same order of magnitude. 


A true evaluation of the relative merits 
and ease of operation of the two instru- 
ments could be made only by one who has 
made measurements with both. The writer 
prefers detuning by means of a vernier ca- 
pacitor, and the use of a differential-screw 
drive is somewhat questionable to him. 
However, the symmetry of design, the elimi- 
nation of sliding contacts, and the reduc- 
tion in the electrical-field distortion in the 
vicinity of the dielectric sample are ad- 
vantageous features of the author’s design 
which become more and more important as 
the frequency increases. 


In a recent paper, C. R. Englund de- 
scribed a method and equipment for dielec- 
tric constant and power-factor measure- 
ments at centimeter wave lengths. The 
coaxial test specimen is positioned at the 
quarter wave point of a half-wave-length 
coaxial tuned cavity terminated at one end 
by a fixed short and’ at the other end by a 
sliding coin-silver plunger provided with 
contact fingers to insure intimate contact 
with the inner and outer conductors. The 
loss tangent of the dielectric test specimen 
is determined by detuning the resonant line 
length with and without the test specimen. 
The dielectric constant is obtained by the 
line shortening necessary to restore reso- 
nance on the introduction of the test speci- 
men, 


Extensive dielectric measurements have 
been made on low-loss materials in the 
writer’s laboratory at 1,300 megacycles by 
this method with an accuracy of +0.00005 
for power factor and one per cent for dielec- 
tric constant. The test specimens'are co- 
axial cylinders 0.640 inch outside diameter 
by 0.173 inch inside diameter, varying in 
length from one-quarter to one inch, depend- 
ing upon the dielectric constant of the ma- 
terial. Test specimens of this size can be 
readily molded or machined, but the prepa- 
ration of ceramic or glass specimens is of 
course more difficult. It is believed that 
this method should be practical down to 
frequencies of the order of 500-600 mega- 
cycles. At lower frequencies the test speci- 
men becomes somewhat cumbersome, 
and the type circuit described by the au- 
thors becomes more practical. A careful 
consideration of all the factors involved prob- 
ably would show that the practicability of 
one method increases as that of the other 
decreases in the frequency range from 100 
to 1,000 megacycles. 


Englund’s method has the following ad- 
vantages which become more important 
considerations as the frequency becomes 
higher: 


1. The circuit has greater symmetry, 


2. The field distribution in the vicinity of the test 
specimen is more uniform. 
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3. As a consequence of (2) the edge correction is 
negligible. 


4. The detuning process is less critical. 


On the other hand, the computations by the 
author’s method are less time consuming, 
the geometry of the test specimen is simpler, 
and sliding contacts are avoided. However, 
sliding contacts on the Englund instrument 
have not been found to be particularly 
troublesome if reasonable precautions are 
exercised in regard to cleanliness and han- 
dling. 

In conclusion, it is felt that the type of 
equipment described by the authors has a 
definite place and is a worthy contribution 
in the field of dielectric measurements. The 
authors are to be complimented for the 
careful consideration given to the many 
theoretical and design details so essential 
for accurate and reliable measurements. 
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Karl Zimmermann (Federal Telephone and 
Radio Corporation, Newark, N. J.): The 
ultrahigh-frequency measurement of the 
dielectric constant and the power factor of 
solid dielectrics, particularly low-loss ma-— 
terials, is considerably simplified by the 
resonant-cavity method described in this 
paper. Although the coaxial transmission 
line is available for liquid dielectrics, the 
difficulties encountered in sample prepara- 
tion makes it impractical, in many cases, for 
solid dielectrics. There is also a decided ad- 
vantage in a test method that does not re- 
quire perfectly faced and smooth samples. 
Samples from production runs can be rap- 
idly tested and the results returned in time 
to obtain control. 

The apparatus, although precision made, 
is compact and sturdy. The required 
lengths for 50 to 1,000 megacycles are con- 
venient. Considerable difficulty is elimi- 
nated by the absence of leads and electrodes 
that have to be attached to the sample. 

The authors are to be congratulated upon 
their application of the resonant cavity to 
the technique of ultrahigh-frequency meas- 
urement of dielectric properties. 


T. W. Dakinand C.N. Works: Mr. Field’s 
experimental results in the measurement of 
dielectric constant using the susceptance 
variation circuit substantiates the authors’ 
contention that within the limits of accuracy 


of the measurements fringing is independent 


of the dielectric constant of the sample. 
The paper by Scott and Curtis of the Nat- 
ional Bureau of Standards, as Mr. Field 
points out, supports thisclaim. The Ameri- 
can Society for Testing Materials has ac- 
cepted the susceptance-variation method 
for measuring the dielectric constant and 
power factor of materials. 

The use of foil electrodes on the sample is 
standard practice with the susceptance- 
variation circuit at frequencies below 100 
megacycles. With this resonant-cavity 
method at frequencies of about 500 mega- 
cycles, the need for the use of foil is de- 
creased if the surfaces of the sample are 
reasonably parallel. Foil is needed only 
where the most accurate possible results are 
desired. Although the authors have as- 
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sumed that Hartshorn’s double-measure- 
ment method for elimination of the resist- 
ance of the foil electrodes is valid, the cor- 
rection, especially at the higher frequencies, 
is often within the limits of accuracy of the 
method and a second measurement is not 
necessary except when the ultimate pos- 
sible accuracy is desired. 

As Mr. Field points out, our electrodes 
were plane and parallel to a considerable de- 
gree of accuracy because they were lapped 
together ard held accurately parallel for all 
positions of the upper electrode by the dif- 
ferential-screw assembly. The faces of the 
sample were also parallel in most cases since 
materials which were readily machinable 
were faced in a lathe. Materials such as 
glass and quartz came to us in sheet form 
and it was found that their surfaces were 
parallel. 

In reply to Doctor Yager’s comments, the 
authors wish to thank him for pointing out 
the important reference, the paper by Mr. 
D. L. Hollaway, in which paper Mr. Holla- 
way describesaresonant-cavity “‘Dielectrom- 
eter.”’ The authors at the time of writing 
this present paper were, unfortunately, not 
aware of Mr. Hollaway’s paper which was 
published in a journal which does not re- 
ceive very wide circulation. 

Although the resonant cavity described 
in the authors’ paper embodies the same 
principle of a re-entrant coaxial cylinder, 
which was used by Mr. Hollaway, there are 
many important differences between the 
two instruments, some of which differences 
Doctor Yager noted in his comments. 

The frequency at which Mr. Hollaway 
used his Dielectrometer was at the lowest 
part of the region for which the present cavi- 
ties were designed. The use of an auxiliary 
micrometer capacitor to detune from reso- 
nance at thehigher frequenciesin which these 
cavities are used is certainly open to ques- 
tion. The inductance in such an auxiliary 
capacitorcertainly would haveanappreciable 
effect for which a correction would have to be 
made. Mr. Hollaway also used a diode de- 
tector and this is much more troublesome 
than a crystal attached to a probe at these 
higher frequencies. A considerable part of 
Mr. Hollaway’s paper is devoted to consid- 
ering the errors and correcting for the errors 
in his diode voltmeter. No difficulty at all 
was encountered with the very simple crys- 
tal detectors attached to a galvanometer or 
microammeter. 

Although the differential-screw assembly 
used in this apparatus to move the electrode 
has proved satisfactory, the expense of ma- 
chining it has led the authors on more recent 
designs of these cavities to use a commer- 
cially made precision micrometer head in- 
stead. The use of a reduction-drive device 
to turn the micrometer, together with a 
large dial mounted on top, has been found to 
permit sensitive enough tuning to determine 
the Q of the empty cavity by susceptance 
variation in the main electrode. 

Doctor Englund’s method of measure- 
ment, which Doctor Yager referred to, was 
used by him at 1,300 megacycles and is ap- 
plicable at the higher end of the range for 
which these cavities can be used readily. 
Its applicability and sensitivity decreases as 
the wave length increases, however, since 
the sample, unless it is increased in length 
as the wave length is increased, will occupy 
a decreasing fraction of the field in the co- 
axial line. Itisalso more difficult to prepare 
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a sample to fit well in a coaxial tube. This 
is especially true of ceramics and certain 
plastics. Because of the ease of preparing 
the samples and the extremely simple cal- 
culations involved, the authors feel that the 
resonant-cavity method as it has been de- 
scribed here is especially suited to the fre- 
quency range of 100 to 1,000 megacycles. 
Other methods might be preferable at the 
lower and higher ends of this region. 

In regard to the question of metallic losses 
in the cavity, raised by Mr. Larrick, it 
should be noted that in all the methods 
given by the authors for determining tan 6, 
the dissipation factor of the cavity alone is 
separated from the dissipation factor of the 
cavity plus the sample so that metallic 
losses in the walls of the cavity do not af- 
fect the accuracy of tan 6 of the dielectric 
sample. However, it is desirable to keep the 
metallic losses as low as possible in order to 
keep the Q as high as possible. A high Q is 
desirable so that low-loss materials may be 
measured with reasonable accuracy. Many 
low-loss materials have a Q of ‘several thou- 
sand or more at these frequencies, and if the 
measuring device had a Q of only several 
hundred the additional loss due to the pres- 
ence of such materials could not be detected. 
A measured Q of over 3,000 has been ob- 
tained from some of these cavities and this 
value might be increased by the use of more 
sensitive detectors. 

As pointed out by Mr. Zimmermann, this 
method, because of the ease of preparing the 
sample, the speed of measurement, and the 
simplicity of the calculations, is well suited 
to the production control of dielectric ma- 
terials. 

This apparatus could also be used con- 
veniently to measure the attenuation of co- 
axial cable. 


Development of 
Excitron-Type Rectifier 


Discussion and author's closure of paper 44-78 
by H. Winograd, presented at the AIEE 
North Eastern District technical meeting, 
Boston, Mass., April 19-20, 1944, and the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, pages 
969-78. The first discussion was presented 
at St. Louis; the second at Boston. 


J. H. Cox (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): I am most pleased that Mr. Wino- 
grad’s paper points out the basic superiority 
of the single-anode tube over multianode 
construction, even in the large-size units. 
This makes unanimous agreement on that 
point among the builders of mercury-are 
rectifiers in America. I have thought for a 
long time that the early rectifier engineers 
were misled by the fact that most electric 
apparatus became more attractive as the 
size of units was increased and continued 
to struggle for more anodes in larger units 
even though it was recognized that an 
increase in size of unit increased losses. 
Of course, a balance must be struck be- 
tween efficiency and the complication of 
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multiplicity of parts. However, Mr. Wino- 
grad has demonstrated that, even with the 
continuous-excitation principle, by better 
engineering of details and of auxiliary ap- 
paratus the complication can be minimized ’ 
to a point where the sacrifice demanded by 
single-anode construction is well justified by 
the efficiency gain and the simplification of 
the main arc carrying features. 


In any given type of arc rectifier, the 
losses go up with increase in size, so even 
with single-anode construction the current 
per anode should not be increased indefi- 
nitely. At the present time, we are build- 
ing ignitron tubes, six of which have a 
nominal rated load current of 5,000 amperes 
at 600 volts. However, this size is most 
attractive for large installations requiring a 
large number of anodes. It is doubtful if 
larger tubes will be desirable until some fur- 
ther basically superior principle is devel- 
oped. 


Mr. Winograd reports that his designs 
B and C failed to perform satisfactorily. 
These designs had no solid baffle between 
cathode and anode. Tanberg and others 
at the Westinghouse Research Laboratories 
found that the cathode spot of an are in a 
vacuum emits a high-velocity highly ion- 
ized jet of vapor. We have found invari- 
ably that if this jet is permitted to impinge 
on the anode, the arc-back probability is 
greatly increased. I believe that this effect 
is the compelling reason for a baffle between 
cathode and anode rather than the effect 
of radiated heat from the anode increasing 
the vapor pressure, although the latter has 
some effect. 


The use of inverse current as a criterion 
of rectifier arc-back quality has long been 
considered and, although it is admittedly 
imperfect, I am glad that Mr. Winograd 
has used this system in extensive tests. As 
he pointed out, the measurement of inverse 
current in high-current rectifiers is very 
difficult and the values given in the paper 
are probably considerably in error due to the 
indefinite value of back current in the di- 
verter rectifier and the influence of the 
measuring equipment on the back current 
of the rectifier, under test. The relative 
values, however, could be quite useful. 


I want to emphasize the fact that all are- 
back causes may not be influenced by in- 
verse current, although this may well be 
the predominant type. There is consider- 
able data to show that, while a large portion 
of arc-backs occurs at transition, many also 
occur later in the inverse-voltage period and 
it does not seem certain that many of these 
later arc-backs are due to so-called ‘‘mechani- 
eal’’ causes. Illustrative of the difficulty of 
determining the causes of arc-back is a recent 
experience in which it was finally established 
that about 90 per cent of the arc-backs of a 
satisfactory group of rectifiers was caused 
by the splashing of mercury drops when 
liquid mercury returned to the vacuum 
chamber from the vacuum connection, 
which was inadequately baffled. Until the 
real cause was established, the picture was 
quite confused. Although other methods 
yield valuable information, I do not believe 
that we have arrived yet at a point where 
we have a complete substitute for a reason- 
ably long-time load test to determine the 
quality of a rectifier; the final determina- 
tion of its quality being dependent upon 
field experience. 
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Various uses are made of grids in recti- 
fiers and these uses have influence on the 
grid design and the losses involved. At 
voltages up to 900 the grid in an ignitron is 
used primarily for deionization and thus the 
design of the grid is determined by the re- 
quirements to reduce arc-back frequency to 
a satisfactorily low level. In the excitron, 
even at low voltages, the grid must also be 
adequate for phase control of voltage. To 
provide adequate phase control at high 
loads, a tighter grid is necessary than would 
be needed for deionization alone. This, of 
course, means some increase in arc-drop 
voltage. 

A continuous-current are of the order of 
one to three amperes may be quite stable by 
itself in a usual rectifier tube. However, ina 
single-anode rectifier, a large pulsating cur- 
rent to the main anode is superimposed on 
the excitation current. At the end of the 
main-anode conducting period the tank is 
filled with highly ionized gas and momen- 
tarily the excitation anode can be supplied 
with the required electron current from the 
gas space while it is being deionized. This 
tends to permit the cathode spot to dis- 
appear and for a given main-anode current 
the excitation current must be increased 
from the minimum to avoid extinction. 
Mr. Winograd mentions an excitation cur- 
rent of seven to eight amperes. Is this ade- 
quate for any more than normal full load? 
On railway service where overloads as high 
as 200 per cent above rated full load are 
often required, must the excitation current 
be further increased? Also, is the excitron 
left extinguished and in need of restarting by 
a bus or feeder short circuit? 


C. C. Herskind (General Electric Com- 
pany, Schenectady, N. Y.): Mr. Winograd 
is to be complimented on the thorough and 


’ frank treatment of the construction, mode 


of operation, design problems, and perform- 
ance characteristics of the excitron rectifier 
presented in his paper. The paper provides 
a description of the developmental proced- 
ure typical for mercury-are rectifiers and 
adds further background useful in the cur- 
rent revision of rectifier standards. 

Two basic problems arise in the operation 
of a single-anode rectifier with a éontinuous- 
excitation arc. The first is that of limiting 
the range of the cathode spot to the surface 
of the mercury pool, preventing its estab- 
lishment on the tank wall. Some form of 
insulation between tank wall and cathode is, 
therefore, essential. The other problem is 
the prevention of extinction of the cathode 
spot at the end of the conduction period. 
The high residual ionization in the plasma 
provides a source of electrons for a short 
interval at the end of conduction. This 
electron current does not terminate at the 


_ cathode spot on the surface of the mercury 


pool and if this current is appreciable the 
cathode spot may be extinguished. This 
shunting current which flows to the tank 
wall may be reduced in actual magnitude 
by reducing the area of the part of the tank 
exposed to ionization and not insulated 
from the cathode. This is, therefore, an- 
other reason for insulating the tank wall 
from the cathode. Despite such insulation, 
there is some excitation-are current which 
does not terminate at the cathode spot and 
so the excitation arc must be maintained at a 
current value sufficient to prevent extinction 
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under overload and fault conditions where 
the intensity of ionization is high. 

It would be of interest to know the mini- 
mum excitation current at which an excitron 
may be operated under usual service condi- 
tions without trouble due to cathode spot 
extinction, and also what troubles have 
been experienced in this connection. 

The principal differences between the ig- 
nitron and excitron rectifiers are the excita- 
tion circuit and the cathode insulation 
required in the excitron. The typical firing 
circuit for a six-anode ignitron requires a 
space of approximately two feet by three 
feet by five feet and consumes from 100 to 
400 watts per ignitor. It may be either 
tube-fired or of the magnetic type using 
metallic rectifiers. Phase control is ob- 
tained by varying the saturating current 
in the magnetic-firing circuit or by means of 
a phase-shift transformer. The grids of the 
ignitron are excited from 110-volt source 
through 500-ohm resistors and consume 
very little energy. The firing circuit for an 
excitron uses a simpler d-c excitation system 
but requires a better excitation system for 
controlling the grids inasmuch as the grids 
provide the phase-shift control. The paper 
indicates that the firing circuit required for 
the excitron is comparable with that of the 
ignitron regarding number of components, 
size, and power requirements. With the 
necessity for providing some type of insu- 
lated cathode in the excitron tank, there does 
not seem to be any appreciable advantage 
of one type over the other. 

The conclusion that the presence of an ex- 
citation arc during the inverse period does 
not affect the rectifier capacity as deter- 
mined by are-back to any appreciable ex- 
tent is supported by tests on ignitrons. A 
standard ignitron tank has been operated 
with the igniter firing twice during the cycle, 
once at the start of conduction and a second 
time 180 degrees later, during the inverse 
period. The ignitor current was approxi- 
mately 40-amperes crest and of 15-degrees 
duration, and its presence did not reduce 
the rectifier capacity as limited by arc-back. 
Observations of grid currents in a standard 
ignitron have shown that ionization exists 
throughout the inverse period. 

The desirability of measuring the inverse 
current in mercury-arc rectifiers has been 
recognized, but little work has been done 
because of difficulties in obtaining absolute 
measurements. Mr. Winograd’s data con- 
firm these conclusions. The method which 
he describes appears to provide a means of 
comparison but, while useful in checking 
progress during the development of a par- 
ticular design, is not suitable for determin- 
ing relative capabilities of designs which 
differ markedly. 

In describing the inverse voltage immedi- 
ately following conduction two suggestions 
are offered. First, the definition of the ini- 
tial inverse voltage as the voltage obtained 
at the first instant during the inverse period, 
assuming the rectifier circuit to contain 
inductance only with no distributed ca- 
pacity. This is the value usually calculated 
and the one shown in Figure 11 of Mr. Wino- 
grad’s paper. Since actual rectifiers have 
distributed capacity in the various parts of 
the anode circuit, a high-frequency tran- 
sient voltage may appear following current 
zero in the same manner as in the circuit 
breaker. This voltage is superimposed on 
the initial inverse voltage and the term “‘re- 
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covery voltage’? has been applied to it in 
the circuit-breaker studies. It is also sug- 
gested that the comparison of the initial 
inverse voltage obtained on different cir- 
cuits would be facilitated by expressing the 
initial inverse voltage in terms of the theo- 
retical direct voltage instead of the crest 
value of the anode to neutral voltage. 


H. Winograd: Mr. Cox agrees that the 
baffle has the dual function of shielding 
the anode against the mercury vapor from 
the cathode and shielding the cathode 
against the heat of radiation from the anode, 
but believes the former is the more impor- 
tant function. Since the two functions are 
concurrent and interrelated their relative 
importance is a matter of conjecture. The 
tests on designs B and C, Figure 15 of the 
paper, indicate that the effect of heat ra- 
diation from the anode to the cathode is 
by no means negligible. 

I readily agree with Mr. Cox and Mr. 
Herskind in regard to the limitations of the 
inverse-current test method. As I have 
stated in the paper, this method can be 
used only for purposes of comparison and 
is not a substitute for extended load runs. 
However, in spite of its limitations, this test 
method is very useful for evaluating and 
predicting the effects of design changes and 
of different operating conditions on the are- 
back performance ofarectifier. Theparticu- 
lar usefulness of this method in the de- 
velopment of rectifiers is that quantitative 
factors of comparison are obtainable from 
relatively short load tests, which is not pos- 
sible with the accelerated-load test method, 
except for the count of the occasional 
arc-backs. 

Mr. Cox questions whether the inverse 
current is the only cause of arc-backs. At 
high direct voltages, the peak inverse volt- 
age on an anode may be a greater cause of 
arc-backs than the inverse current. There 
are undoubtedly other causes of arc-backs 
of an “‘accidental”’ or ‘‘mechanical’”’ nature. 
However, it has been observed by most in- 
vestigators that in the medium and lower 
ranges of direct voltages the majority of 
arc-backs occur at the conclusion of the 
firing period and the inverse current is be- 
lieved to be the chief cause. The splashing 
of the mercury from the vacuum connection 
toward the anode, mentioned by Mr. Cox, 
might have accounted for many of the arc- 
backs that occurred later in the inverse- 
voltage period. ; 

Mr. Cox and Mr. Herskind have raised a 
question in regard to the stability of the ex- 
citation are at the conclusion of the firing 
period of an anode during overloads or short 
circuits. Artificial are-back tests were made 
on excitron units in which the other anodes 
carried high forward current without losing 
their excitation arcs. Artificial arc-through 
tests were made recently on an excitron in an 
inverter circuit in which the anode carried 
high forward current without extinction of 
the excitation arc. These tests indicate that 
the excitation arc is stable at high forward- 
load currents. The excitation current dur- 
ing these tests was about eight amperes. 

Mr. Herskind’s comparison of the igni- 
tron and excitron designs and their excita- 
tion circuits overlooks important factors 
which influenced the decision to develop the 
excitron. In the excitron, a continuous arc 
is maintained at the cathode by means of a 
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graphite excitation anode, and this arc is 
unaffected by the position of the excitation 
anode, the mercury level in the cathode, or 
by turbulence of the mercury. In an igni- 
tron, the arc at the cathode is started during 
each cycle. An ignitor of special material 
has to be immersed in the mercury to the 
correct depth. Its operation may be in- 
fluenced by turbulence or impurities on the 
surface of the mercury, and deposition of 
metal vapor makes it inoperative. The igni- 
tron is subject to occasional failures to start 
the are at the cathode, called ‘‘misfires.”’ 
The limited reliability of the ignitor is indi- 
cated by the fact that sealed-off ignitrons 
are provided with two or three ignitors and 
a holding anode. 

While the excitron requires two addi- 
tional seals for the cooling coil, the igni- 
tron has a rather complicated adjustable 
seal for the ignitor, to permit external ad- 
justment of its position in the mercury. 

The excitation circuit of the excitron is 
considerably simpler than that of the igni- 
tron as can be seen by comparing Figure 5 
of the paper with any of the published ig- 
nitor firing circuits. The d-c excitation 
power for the excitron can be obtained from 
any available supply and is practically unaf- 
fected by single-phase system disturbances 
because it is supplied from a three-phase 
source. The ignitor must be supplied with 
a peaked current of proper wave shape with 
the correct phase relation to the voltage of 
the main anode. 

I have compared the various points of 
the two types of single-anode rectifiers to 
indicate that the development of the ex- 
citron was motivated by a desire for sim- 
plification. I have no intention of minimiz- 
ing the accomplishment of the engineers who 
developed the ignitron. They have used 
considerable ingenuity in overcoming handi- 
caps and their success is attested by the 
successful operation of a large number of 
ignitron units. 


Lighting Required for 
Commercial-Aiirline Aircraft 


Discussion of paper 44-91 by W. A. Petrasek, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
August section, pages 593-8. 


P. H. Greenlee (nonmember; first lieuten- 
ant, United States Army Air Corps, Wright 
Field, Dayton, Ohio): 


PosiTIon LIGHTS 


The system of position lights used by the 
military services is essentially the same as 
that shown in Figure 1 of the paper, except 
that in many military aircraft the candle- 
power of the tail light is somewhat lower 
than that used by commercial aircraft. 
Passing lights have been used by both com- 


mercial and military aircraft and are still . 


used in training types of military aircraft. 
These passing lights increase the visibility of 
the airplane when viewed from straight 
ahead. The light is a small red spotlight 
mounted in the leading edge of the left 
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wing and is intended chiefly for use along 
the airways or in areas of heavy trafhe. 
More adequate wing-tip lights would per- 
mit complete elimination of passing lights. 

More recent types of military aircraft 
have the wing-tip light mounted within a 
plastic inclosure, which is streamlined into 
the wing tip. This eliminates the protru- 
sion of the wing-tip light. 

The Army Air Forces now are flashing 
position lights on certain types of training 
and cargo aircraft; however, no added 
lights have been standardized by military 
services, although in some cases certain 
lights have been added by local organiza- 
tions. 


LANDING LIGHTS 


Both leading-edge type and retractable 
landing lights have been used by the 
military service. The Army Air Forces 
prefer the leading-edge type, because less 
trouble has been experienced with that 
type than with the retractable type largely 
because of its simplicity. Although actual 
lamp changing takes longer, the total main- 
tenance is less with the leading-edge type 
of installation. Improvements in retract- 
able-lamp assemblies undoubtedly will 
change this situation. One other considera- 
tion in favor of leading-edge installation is 
its lighter weight. 

The Army Air Forces’ practice is to in- 
stall two landing lights on two-pilot air- 


’ planes, and:a single lamp on the left wing 


of the single-pilot airplane. A small number 
of Army Air Forces aircraft have had the 
landing light mounted in the wheel well. 
The meager experience on this installation 
indicates that satisfactory operation is ob- 
tained. 


TAXIING LIGHTS 


The Army Air Forces now are beginning 
to use separate taxiing lamps on some air- 
planes. In these initial installations a 50- 
watt all-glass lamp 4!/> inches in diameter is 
used. This lamp has a beam candlepower 
of 5,000, a horizontal spread of 40 degrees, 
and a vertical spread of five degrees. Ini- 
tial experiments indicate that airplanes can 
be taxied reasonably well with this lamp. 
The number of lamps installed is deter- 
mined by the size and span of the airplanes. 

Double-filament landing lights are under 
consideration; however, the aiming of the 
taxiing beam will, of necessity, be dependent 
upon the aiming of landing beam, and it is 
probable that when the landing beam is 
aimed correctly the taxiing beam will not 
be aimed correctly in all cases. In any case 
the experience of the Army Air Forces indi- 
cates that the wattage should be consider- 
ably lower than that of a landing lamp, be- 
cause, when an airplane is taxiing, the gen- 
erators may not be charging and the high 
wattage of the landing lamp imposes a 
heavy drain on the battery. In addition an 
airplane can be taxied with much less light 
than is required for landing. 


CaBIN LIGHTING 


Basically, cabin lighting in military air- 
craft is intended to provide general area 
illumination. Individual crew positions 
are provided with small flexible spotlights 
or floodlights with red filters to meet the 
needs of the individual position. These 
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lights are designed to meet the military 
needs and usually are provided with dim- 
ming rheostats. 

Cabin lighting of military aircraft can be 
regarded as entirely utilitarian. The at- 
tractiveness and eye appeal desirable in 
commercial airplanes need not be carried to 
so high a degree of development in military 
aircraft. 


re 


CocKpit LIGHTING 


As Mr. Petrasek has mentioned, military 
aircraft have used very widely, the ultra- 
violet-fluorescent system of instrument 
lighting. Some difficulties have been en- 
countered through the malplacement of the 
ultraviolet sources. Considerable interest 
is being shown in the military services in an 
indirect lighting system using red light. 
This system of course is somewhat more 
complicated than the ultraviolet, but some 
of the problems in the malplacement of the 
fixtures can be eliminated. A small incan- 
descent cockpit lamp for general use in 
the cockpit is installed in each airplane. 
This lamp can be adjusted to either a small 
spot of light or a wide beam; it is con- 
trolled by a rheostat, and a red filter is 
provided. 


InpDIcATOR LIGHTS 


Another serious problem in aircraft light- 
ing is that of indicator or warning lights. 
The problem is to design the light so that it 
will be bright enough to give a positive sig- 
nal in bright sunlight and still provide a 
means of dimming for night operation to 
avoid blinding the pilot. The Army Air 
Forces have used two dimming devices to 
obtain this result. One is a small hinged 
cap with a small hole in it so that the cap 
can be turned over the lens during night 
operations; the other is a rotating cap with 
two disks resembling a salt-shaker top. 

One of the newer type indicator lights in- 
cludes a built-in test switch so that the 
pilot can check readily to see if the bulb is 
burned out. 


GENERAL 


Mr. Petrasek has stated very clearly 
many of the problems pertaining to present- 
day aircraft lighting. Generally speaking, 
the needs of military aircraft are almost 
identical with those of commercial aircraft 
with the possible exception that cabin light- 
ing in military aircraft may be regarded 
from a‘purely functional viewpoint. 


Gaseous-Discharge Lamps 
for Airplane Lighting — 
Service 


j 


Discussion and author's closure of paper 44- 
136 by E. W. Beggs, presented at the AIEE 
summer technical meeting, St. Louis, Mo., 
June 26-30, 1944, and published in AIEE 
TRANSACTIONS, 1944, October section, 
pages 760-2. ~S Ny 


J. T. Gove (Los Angeles, Calif.): Fluorescent 
lamps now are used for instrument lighting 
only on Army aircraft and on Naval aircraft 
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of older design and not on all military air- 
craft as implied in this paper. On Naval 
aircraft of new design, red indirect lighting 
is used for instrument panels, and red light- 
ing also is used for general cockpit illumina- 
tion and for chart-board illumination. The 
reason given for the changes to red lighting 
is that it is a means for providing better dark 
adaptation of pilots’ eyes. Whether red 
lighting or fluoroescent lighting best accom- 
plishes this purpose is apparently a contro- 
versial issue. 

It is believed that fluorescent lamps op- 
erating directly from a 24-volt d-c system are 
to be preferred over the types operating 
from a 110-volt 400-cycle system. The pri- 
mary reason for this preference is that the 
110-volt lamp requires the installation of an 
inverter on an airplane having a 24-volt d-c 
system, which means highly undesirable 
additional weight. 

Fluorescent lamps operating directly 
from 24-volt d-c systems have been tested 
and found satisfactory and now are installed 
on several Army aircraft. To the best of 
our knowledge, these systems are perform- 
ing satisfactorily. 


W. H. McCandless (major, United States 
Army Air Corps, Wright Field, Dayton, 
Ohio): As Mr. Beggs indicates, fluorescent 
lamps have been used on military aircraft 
for ultraviolet instrument lighting with 
tather good experience regarding starting 
and output. After starting at low tempera- 
tures the ultraviolet output is low but is still 
_high enough to make the instrument char- 
acteristics visible. This apparently is caused 
by the ultraviolet output of the argon arc. 
In a few minutes the ultraviolet output rises 
to nearly normal, probably because of the 
fact that the inclosing fixture allows the tube 
to come up to nearly normal temperature. 
Tubular fluorescent lamps have been used as 
a source of visible lighting for the navigator’s 
work table in a few airplanes but were re- 
placed by incandescent lamp fixtures, be- 
cause the application required a lamp which 
could be dimmed by arheostat. Other than 
this the Army Air Forces has had no experi- 
ence with fluorescent lamps in the cabin. 

By far the great majority of fluorescent 
lamps now in service in military aircraft are 
the 28-volt d-c RP12-bulb type. The ex- 
perience with the initial low ultraviolet out- 
put at low temperatures and subsequent in- 
crease of output is about the same with these 
lamps as with tubular fluorescent lamps. 

The Army Air Forces has had practically 
no experience with glow lamps on aircraft, 
but they do appear to offer good possibilities 
as indicator lamps on airplanes using 115- 
volt or higher electrical systems. 


E. W. Beggs: The Army experience re- 
ported by Major McCandless confirms 
our understanding that low temperatures 
are not a serious handicap for small 
fluorescent lamps used in instrument light- 
ing because of the enclosing fixtures 
used. For cabin lighting, which is the 
Principal use considered in the paper, an 
enclosing fixture, therefore, should provide 
adequate protection if, needed against 
low light output with low ambient tem- 
peratures. 


In reply to Mr. Gove, the 24-28-volt 
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direct current would be rather inefficient for 
general lighting service with fluorescent 
lamps. The arc stream must be somewhat 
elongated or the electrode losses become too 
high in proportion to the total wattage con- 
sumed in the lamp. This consideration re- 
quires higher voltages and also favors 400- 
cycle alternating current. The low-voltage 
direct current is suitable for instrument 
lighting, because the total wattage required 
is small and consequently the absolute losses 
are negligible. 


Aircraft-Engine Torque 
Instruments 


Discussion and authors’ closure of paper 


44-138 by F. W. Godsey, Jr., and B. F. 


Langer, presented at the AIEE summer 
technical meeting, St. Louis, Mo., June 
26-30, 1944, and published in AIEE 


TRANSACTIONS, 1944, September section, 
pages 686-90. 


J. A. Townsend (engineering division, 
Wright Field, Dayton, Ohio): The electric 
torque instrument of whatever type appears 
to be at a disadvantage in its present 
state of development, because of inherent 
installation, calibration, and maintenance 
difficulties, at least for use on production 
airplanes. While the hydraulic torque 
instrument is also susceptible to improve- 
ments, particularly in low-temperature 
operation and in overcoming torsional vibra- 
tion with resulting erratic indications of the 
pointer, continued development would ap- 
pear to have more promise of stuiccess than 
with an electric type. 

Hydraulic torque instruments have been 
reduced in weight and cost and are easier 
to calibrate for production engines than an 
electric type, as described in the paper, 
where a careful and laborious calibration 
on each separate engine apparently would be 
necessary. It is understood that in many 
cases hydraulic torque instruments now in 
use can be used to calibrate the dynamom- 
eter stand equipment. In other words, 
more consistent and dependable horsepower 
values may be obtained with the hydraulic 
torque instrument than with the dyna- 
mometer. 


F. W. Godsey, Jr., and B. F. Langer: Mr. 
Townsend’s unfavorable criticism of electric 
torque instruments as compared with hy- 
draulic torque instruments ignores several 
of the facts of the case. The most obvious 
one is that the hydraulic torque instrument 
can be applied only to engines having the 
planetary type of gear reduction. No one 
yet has devised a hydraulic torquemeter for 
use on engines with spur gear reductions. 
Such engines comprise a considerable per- 
centage of those now built for aircraft use. 

As far as ease of calibration is concerned, 
the advantage is with the electric type and 
not the hydraulic type. The Magnetic- 
Coupled Torquemeter can be calibrated 
statically with the engine not running, and 
in many cases not even present. The cali- 
bration of the hydraulic torque instrument 
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requires that the oil pump be operated to 
supply oil pressure to the hydraulic system. 

The electric torque instrument is com- 
paratively new and requires further re- 
finement to improve its accuracy and de- 
pendability, but the writers believe that the 
inherent advantages are in its favor. The 
problems which remain in its development 
are ones which require only refinement of 
design, whereas, the difficulties experienced 
with the hydraulic torque instrument are of 
a more fundamental nature. 


Transient Performance of 
Induction Motors 


Discussion and authors’ closure of paper 
44-175 by F. J. Maginniss and N. R. Schultz, 
presented at the AIEE summer technical meet- 
ing, St. Louis, Mo., June 26-30, 1944, and 


published in AIEE TRANSACTIONS, 1944, 
September section, pages 641-6. 


C. Concordia (General Electric Company, 
Schenectady, N. Y.): This paper presents 
data of considerable interest not only in 
connection with performance during jogging 
and plugging, as mentioned by the authors, 
but also for other applications. For example, 
electric-power-system load characteristics 
during transient voltage disturbances are of 
importance in determining system behavior. 
Since induction motors may form an appre- 
ciable part of the system load, it becomes of 
interest to know the response of stich motors 
to sudden changes in terminal voltage as 
given, for example, in Figures 4 to 7 of the 
paper. Another case mentioned briefly in 
the paper is that of two motors on the same 
shaft. In this case it may be possible in 
transferring from the larger to the smaller 
motor to close the line switch on the smaller 
motor, when it is running considerably above 
its synchronous speed. The case of pole 
changing in a single motor is similar, but the 
two-motor case is emphasized here because 
the drive shaft for the small motor may be 
smaller than that for the large motor, and 
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Figure 1. Decrement factors as functions of 
rotor speed (real parts of roots) 
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thus the shaft torques may be more signifi- 
cant. 

A glance at Figures 8 and 9 of the paper 
reveals that maximum torque is obtained 
with the motor at standstill (run 90, Figure 
8) and that the torque oscillation appar- 
ently is increasing. Actually of course the 
torque oscillations eventually will decrease 
but will have a component with a very small 
decrement. As a partial explanation of this 
phenomenon Figures 1 and 2 may be of 
interest. These figures show the decrement 
factors and natural frequencies of an induc- 
tion motor having constants almost iden- 
tical with those of the machine studied by 
the authors plotted against rotor speed. 
Figure 1 of this discussion shows that at 
standstill there are two decrement factors 
corresponding to two time constants: one 
time constant given by the ratio of the sum 
of the stator and rotor leakage reactances 
to the sum of the stator and rotor resistances, 
the other given by the ratio of the magnetiz- 
ing reactance plus the parulleled stator and 
rotor leakage reactances to the paralleled 
stator and rotor. These expressions are ex- 
act for the case considered but approximate 
in general. The first time constant is the 
only one apparent (as a d-c time constant) 
in an oscillogram of transient current. The 
second is apparent only in the decrement of 
the flux and, since it is very long, accounts 
for the very slowly decaying torque at stand- 
still. Figure 1, shows that, if the rotor turns 
at even a low speed (in either direction), the 
long (flux) time constant decreases rapidly, 
so that one would expect the transient 
torques to decay more rapidly, when the 
motor isrunning. Atthe same time the d-c 
(current) time constant is increasing until 
at about 12 per cent the two time constants 
are equal. They are equal because the sta- 
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tor and rotor resistances and leakage react- 
ances are equal. In general, with the motor 
running there is a stator d-c time constant 
equal approximately to the ratio of the 
transient reactance (short-circuit or stand- 
still reactance) to the stator resistance and a 
corresponding rotor d-c time constant 
approximately equal to the ratio of the 
transient reactance to the rotor resistance. 
The difference between the apparent time 
constants at standstill and full speed has, 
of course, been known for a long time; the 
calculations reported here were made in 
order to show the continuity of the charac- 
teristics as functions of speed and to deter- 
mine the lowest speed at which the full- 
speed concepts may be used. 

Figure 2 of this discussion shows that, al- 
though we have referred to the time con- 
stants as d-c time constants, this concept is 
also only approximate. Actually, if the 
motor is running at above about 20 per cent 
speed, there are two natural frequencies: 
one very nearly equal to rotor speed and the 
other extremely small. The stator current 
has a d-c component which decays with the 
stator d-c time constant and a _ speed- 
frequency component which decays with the 
rotor d-c time constant. Similarly the 
rotor current has d-c and speed-frequency 
components which decay with the rotor and 
stator d-c time constants, respectively. At 
very low speeds, however, both components 
are of exactly one-half-speed frequency in 
the present case. 


G. Angst (General Electric Company, West 
Lynn, Mass.): The results presented in this 
paper must be of particular interest to the 
application engineer. Through them a 
deeper insight has been gained into the ac- 
tual performance of polyphase induction 
motors on many industrial applications. 
For instance motors operating punch 
presses, rapid reversing motors for drilling 
and tapping, certain motors for tire-making 
machines required to perform many jogging 
operations in rapid succession, and loom 
motors, to name only a few, belong to this 
class. 

In punch-press applications the steepness 
of the slope of the speed-torque curve of the 
driving motor near synchronous speed for 
years has been a controversial subject. It 
appears, as a result of this paper, of little 
consequence in many cases whether a high- 
slip or a low-slip motor is selected, because 
the initial rate of change of transient torque 
is zero at the instant when the punch hits 
the work piece, regardless of the slope of the 
steady-state speed-torque curve. The 
amount of rotor resistance may influence 
the duration and the peak values of the 
transient torques and currents, and more 
data is required to evaluate its importance. 
In jogging and reversing applications of a 
severe nature a better knowledge of the mag- 
nitude of the transient currents enables the 
engineer to arrive nearer the optimum motor 
design for the job at hand. 

It is hoped that the authors will widen the 
scope of their investigation to include the 
effect of changes in motor-design constants 
on transient torques, currents, and speeds. 
A beginning in this direction has been made 
as shown in Figure 15 of the paper. It is 
interesting to note that the transient torques 
of the motor with high-rotor resistance 
are about twice as severe as in the motor 
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with low-rotor resistance. On the other 
hand the authors have pointed out that low- 
resistance motors in general tend to accen- 
tuate transient phenomena, particularly if 
trapped rotor flux is present, ‘Clearly an 
extension of the study along the direction 
just outlined is desirable. 

There is one factor not specifically men- 
tioned in the paper which very likely affects 
torque transients to a considerable degree. 
This is what is commonly called stray-load 
loss. It is well known that the true steady- 
state speed-torque curve differs appreciably 
from the curve based on the equivalent 
circuit, particularly on small motors, ‘This 
differential torque is due to stray-load loss 
and may be considered as a load on the 
motor. Per unit it is proportional to between 
the 1.5th and second power of the speed and 
proportional to the second power of the rotor 
current. During braking and generator ac- 
tion it is additive, and during normal mo- 
tor operation it is subtractive, In a typical 
rapid-reversing motor this additional torque, 
at full speed backward, is of the same order 
of magnitude as the torque determined from 
the equivalent circuit. It is believed that 
the influence of stray-load loss on torque 
transients cannot be neglected, if a true 
picture of the phenomena is to be obtained. 


F. J. Maginniss and N. R. Schultz: The 
authors wish to thank Mr. Concordia and 
Mr. Angst for their interesting comments. 

In reply to Mr. Angst’s discussion, the 
authors hope to undertake further investi- 
gations of motor transients. Such investi- 
gations logically would include the effect of 
various machine parameters, as well as stray- 
load loss on transient performance. 


The Nature of Vibration 
in Electric Machinery 


Discussion and author's closure of paper 
44-177 by Troy D. Graybeal, presented at the 
AIEE summer technical meeting, St. Louis, 
Mo., June 26-30, 1944, and published in 
AIEE TRANSACTIONS, 1944, October 
section, pages 712-18. 


Quentin Graham (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): It may be noted that there is 
one source of electromagnetic force that 
Professor Graybeal has not emphasized. 
If the center of the rotor travels in a small 
circle around the center of the stator, such 
as would occur with a bent shaft, there isa 
point of minimum air gap which travels at 
rotor speed. As this coincides with the 
maximum magnetic field at twice slip fre- 
quency, the characteristic beat wave is ac- 
counted for without the necessity of a sec- 
ond harmonic in the mechanical force wave. 
The test shown in Figure 3 of the paper is, 
of course, evidence that a second harmonic 
mechanical force did occtif in the tested 
motor, which would be accounted for by 
keyways or other dissymmetries. How- 
ever, it is my belief that in many cases a 
bent shaft alone is sufficient cause. This 
does not mean, necessarily, a permanent 


AIEE TRANSACTIONS 


- 


distortion of the shaft, but rather a bending 
within the elastic limit as a result of the 
centrifugal force of a slightly unbalanced 
weight accentuated by the increased mag- 
netic pull on the side having the minimum 
air gap. I should like to ask the author 
whether he has experience that may confirm 
or disprove this point of view. 


C. G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Professor Graybeal has presented a com- 
mendable analysis of a particular problem. 
It may be, however, that he underestimates 
the importance of dynamic balance, since he 
states that ‘“‘components of vibration having 
frequencies which are multiples of the rota- 
tional speed cannot be reduced appreciably” 
by improving the dynamic balance. Some 
experimental evidence to the contrary has 
been observed by the writer. 

During the course of a noise investiga- 
tion, a rubber-mounted single-phase 60- 
cycle 1,725-rpm motor was mounted on a 
sheet-steel panel. The rubber mounting 
effectively isolated the normal 120-cycle 
torque pulsation, so that there was no aud- 
ible 120-cycle hum emanating from the 
panel. When a small weight of modeling 
clay was placed on the shaft extension, a 
distinct low-frequency audible hum was 
detected. By means ofa noise analyzer it 
was determined that the domiant frequency 
was 150 cycles, or the fifth harmonic of the 
rotational frequency. This 150-cycle hum 
could be obtained or eliminated simply by 
applying or removing the weight on the 
shaft extension. While the 150-cycle com- 
ponent was the principal one, an additional 
component of approximately 1,000 cycles 
accompanied it; the 1,000-cycle component 
also could be reproduced or eliminated at will 
by the addition or removal of the unbalance 
on the shaftextension. Hence, it must be 
concluded that dynamic unbalance some- 
times may set up vibrations which are 
harmonics of the rotational frequency. 

Professor Graybeal’s analysis is for a 
polyphase induction motor. Single-phase 
induction motors frequently have  slip- 
frequency pulsations, and these are one of 
the most annoying sources of noise. Slip- 
frequency modulation of a bearing noise 
causes a noise similar to a cat purring. 
Magnetic noise, too, is often modulated at 
slip frequency; such magnetic noise includes 
the slot-frequency components. 

Professor Graybeal measures natural 
frequencies by striking the object with a 
rubber hammer. Another method of pro- 
viding an exciting force is by means of a 


small d-c motor with flywheel and un- 


balanced weight. The motor is rigidly 
attached to the test member; exciting 
frequency is controlled by motor speed, 
and exciting force is controlled by the size 
of the unbalance weight on the flywheel. 
Vibration is picked up by means of suit- 
able pickups. This method provides a con- 
tinuous exciting force. It has been found 


- most useful in vibration studies on aircraft 


generators, for example. 

It is to be hoped that Professor Gray- 
beal will extend the scope of his investiga- 
tion to the study of slip-frequency pulsa- 
tions in single-phase induction motors. 


Troy D. Graybeal: The atithor is grateful 
to Quentin Graham and C. G. Veinott for 
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their comments and discussion. It is im- 
possible in a short paper such as this to cover 
every known aspect of vibration in electric 
machinery. Comments which bring out 
points in addition to those covered in the 
paper are most welcome. 

As mentioned by Mr. Graham, a bent- 
shaft or an off-center rotor would result in 
an electromagnetic driving force in addi- 
tion to those mentioned in the paper. 
This particular type of dissymmetry would 
produce a component of vibration having.a 
frequency twice the slip frequency of the 
motor, since the minimum air gap would 
coincide with the magnetic field twice during 
each revolution of motor slip. If this 
component of vibration were present to- 
gether with one of comparable magnitude 
due to the mechanical unbalance, the resul- 
tant vibration would be of the form: 


V=A sin 47 Nt+B sin 47 st 


where A and B are the maximum amplitudes 
of the two corresponding components, JN is 
the speed of rotation, and sis the slip, both 
measured in the same units, such as revolu- 
tions per second. This equation is plotted 
in Figure 1 of this discussion with A =B, 
N=59 revolutions per second, and s=2 
revolutions per second. The ‘character’ 
of the vibration is quite different from that 
displayed by the oscillograms of the paper, 
as the wave is periodically displaced, rather 
than modulated, by the slip-frequency com- 
ponent. Because of nonlinearities in the 
final vibrational response in an actual 
machine, some modulation might take place, 
but the main effect is a periodic displace- 
ment of the wave. If the distortion of the 
shaft is a varying proposition within the 
elastic limit of the shaft, the coefficient B 
would be a variable, and the low-frequency 
component would appear and disappear 
alternately if the rate of flexure were low. 
If rapid, the rate of flexure would no doubt 
adjust itself to coincide with one of the 
natural resonant frequencies of the shaft 
and rotor assembly. This phenomenon, 
of course, is that usually referred to by the 
name of “‘critical speeds’’ and is covered in 
the paper. 

Mr. Veinott points out that slip-frequency 
modulation is a very annoying type of 


Figure 1. Slip-freauency vibration of an 
electric motor 
vibration in single-phase motors. Such 


compenents can be detected in almost every 
single-phase machine. The practical an- 
swer has been to keep these components of 
vibration to a low enough level so they will 
not be serious. The factors discussed in 
the paper in connection with three-phase 
machines also would apply to single-phase 
machines. But this does not provide the 
whole answer. There are other factors 
which are of perhaps even greater impor- 
tance. These have been associated in a 
general way with the elliptic nature of the 
revolving magnetic field inherent in a single- 
phase motor. While this general associa- 
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tion is probably correct, it needs consider- 
able investigation to explain the mechanism 
of just how the slip-frequency modulation 
of the resultant machine vibration takes 
place. 

The question raised by Mr. Veinott re- 
garding the statement in the paper ‘‘com- 
ponents of vibration having frequencies 
which are multiples of the rotational speed 

.”” , actually boils down to the meaning or 
thought the author wished to convey. The 
author has found among certain groups an 
“fdea fixe’’ to the effect that the matter of 
dynamic balance is the whole story as far 
as excessive vibration in electric machinery 
is concerned. It was to these groups that 
this statement was directed in the hope that 
it might explode this belief and make way 
for a realization that there are other factors 
that frequently must be considered on a par 
with the matter of proper balance. As 
worded, the statement does perhaps need 
additional © explanation. The author is 
aware that harmonic components of vibra- 
tion sometimes decrease very greatly in 
amplitude with an improvement of dynamic 
balance. These cases, however, are in the 
minority as far as the author’s experience 
is concerned. This leads to the belief that 
in such cases there are agencies in addition 
to dynamic unbalance that give rise to the 
harmonic components of vibration, but 
that they arise in such a manner as to be 
accentuated by a condition of dynamic un- 
balance. Thus there would be present more 
than one agency acting cumulatively to pro- 
duce the resultant vibration. In such 
cases, the vibration could be reduced by at- 
tention to any of the responsible agencies 
provided they could be isolated. But to 
isolate these different agencies may not 
be an easy matter. If it is found, as in the 
case outlined, that improvement in balance 
will reduce the component of vibration to a 
negligible value, then of course that is the 
practical answer to the particular problem. 


Design Considerations for 


D-C Aircraft Generators 


Discussion and author's closure of paper 
44-241 by J. D. Miner, Jr., presented at the 
AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANS- 
ACTIONS, 1944, volume63,pages 1234-40. 


J. E. Mulheim (nonmember; Westinghouse 
Electric and Manufacturing Company, 
Lima, Ohio.): Calculated frequency-ampli- 
tude curves such as that shown in Figure 10 
of Mr. Miner’s paper serve several useful 
purposes. Qualitatively, they indicate the 
critical frequencies of the generator struc- 
ture at which any appreciable excitation will 
produce destructive amplitudes of the vari- 
ous structural components. Quantitatively, 
in regions other than those where the struc- 
ture is resonant, they can be expected to 
give reasonable estimates of the forces act- 
ing on the different members when used in 
conjunction with engine-vibration curves. 
Their principal disadvantage is that they 
are not applicable in the three regions of 
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resonance because the effects of damping 
are not considered, The calculations re- 
quired to incorporate the effects of damping 
are very arduous. However, it is possible to 
determine the more or less exact shape of 
such curvesby an electrical-analogy method,? 
The constants used in these calculations 
were for an early model of the ’-1 generator; 
they are representative of similar generators 
of like size and design, With a given mass 
and inertial distribution, the first eritical 
frequency is primarily a function of the stiff- 
ness of the mounting flange and engine rear 
cover. Similarly, the second and third 
critical frequencies are, primarily, functions 
of the commutator end bracket and arma- 
ture stiffness, respectively. The stiffness of 
the armature is difficult to measure cone 
sistently since it is influenced by the com- 
mutator, shaft, punchings, conductors, 
varnish, insulation, and so forth, The stiff- 
ness of the armature wag estimated for the 
purposes of these calculations. 
Experimental evidence has been obtained 
which verifies the first two critical frequen. 
cies; they are substantially those predicted 
in the curves, The maximum operating 
speed of the test equipment, 60,000 cycles 
per minute, was not great enough to reach 
the third critical frequency; readings ob-« 
tained at 60,000 cycles per minute indicated 
that it was being approached and would be 


at about 55,000 cycles per minute, This dif- 


ference between calculated and measurede 


frequency is probably representative of the 
variations in armature stiffness due to the 
factors mentioned above, 

The curves indicate that there are definite 
possibilities of exciting the last two critical 
frequencies as well as the first, Under such 
conditions, the deflection of the commutator 
end bracket can be much greater with less 
excitation than at the first eritical frequeney, 
Most engine-vibration studies have not ing 
cluded measurement at these higher fre- 
quencies, yet recent flight studies on genera. 
tors indicate that excitation at these higher 
frequencies can result in very high accelera- 
tions.* 
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J. D. Miner, Jr.: Mr, Mulheim’s discussion 
shows that the day of trial-and-error design 
of generators is passing rapidly, Experi- 
mental work now in progress should make it 
possible to predict the loads which will 
occur in the critical members of generator 
structures at various frequencies and excit- 
ing amplitudes and to check the fatigue en- 
durance of these members when used on 
various engines by comparing aks 
tests of generator components with test 
readings or engine amplitudes, 

One of the most widely used combinations 
of generator and engine is the ?-1 generator 
on the Pratt and Whitney R 1830 engine. 
Reference to Figure 4 of Mr, Tyler's paper 
“hircraft Fngine Accessory Vibration’? 
shows that the R 1830 engine has « vingle- 
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amplitude excitation of 0.006 inch at 2,500 
rpm, corresponding to a two-and-one-half 
order frequency of 6,200 cycles per minute. 
Reference to Figure 10 of the paper shows 
how narrowly this engine frequency imisses 
the first generator-mounting-pad critical 
frequency oceurring just below 8,000 cycles 
per minute, Worse yet, the full military 
climb rating for the engine occurs at about 
2,500 rpm, or at a two-and-one-half order 
frequency of 6,250 cycles per minute, A 
slight increase in generator mass, such as 
might be required to obtain a lower mini- 
mum operating speed, would be likely to re- 
sult in exact coincidence of generator and 
engine critical frequencies at the full-power 
rating of the engine, 

Little can be done to raise the generator 
critical frequency so long as present mount- 
ing standards must be maintained, Even if 
the generator designer can avoid any altera- 
tion in a successful generator design, it is 
quite possible that a change in the engine or 
in the propeller may result iv coincidence of 
critical frequencies and an epidemic of gen- 
erator failures, 

One promising development now under- 
going preliminary tests consists of a tuned 
vibration damper. A simple experimental 
model has shown an ability to reduce vibra- 
tion amplitudes to 40 per cent of the value 
obtained without damping. A refined de- 
sign of this vibration damper is expected to 
weigh approximately one pound, 


Carbon-Pile Voltage 
Regulators for Aircraft 


Discdssion and author's closure of paper 44-184 
by W. G. Neild, presented at the AIEE Los 
Angeles technical meeting, Los Angeles, 
Colif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
November section, pages 839-43. 


Ernest B. Evans (nonmember; Lockheed 
Aireraft Corporation, Burbank, Calif,); 
In addition to the applications for voltage 
regulators discussed by Mr, Neild, one other 
may be of interest, 

In one instance it was found possible to 
drive a separately excited d-c motor at sub- 
stantially constant speed at all loads, The 
motor generator set used for supply was 
controlled by a voltage regulator, and the 
terminal yoltage was caused to rise with load 
by connecting a shunt in the negative line 
and connecting the equalizer coil across it, 
The voltage rise was adjusted to equal 
substantially the J2 drop in the motor arma- 
ture, The motor speed was therefore 
substantially constant at all loads, 

Moreover the motor speed was found to 
be adjustable over a wide range by con» 
necting various numbers of battery cells in 
series with the voltage coil on the regulator, 
By this method the voltage applied to the 
motor armature was readily adjustable, and 
no other adjustment was necessary to main- 
tain the proper voltage rise with load, 


W.G, Neild; The application deseribed by 
Mr, vans is another example of the many 
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novel and useful applications to which 


carbon-pile regulators may be applied, 

Mr. Evans states in the last paragraph 

of his discussion: 
“Moreover the motor speed was found to be ad-~ 
justed over a wide range by connecting various 
numbers of battery cells in series with the voltage 
coil on the regulator, By this method the voltage 
applied to the motor armature was readily adjust- 
able, and no other adjustment was necessary to 
maintain the proper voltage rise with load,” 

It should be pointed out that by rewinding 
the voltage coil with fewer turns of larger 
size wire the regulated voltage can be 
lowered to any minimum value desired, 
Inserting resistance in series with the coil 
would cause the regulated voltage to in- 
crease, In this way the coil could be wound 
so that the regulated voltage would be the 
minimum required and could be raised to 
any value by a manual rheostat, thus giving 
a smooth even adjustment, and the batteries 
could be eliminated, If the Eelipse model 
1042 is the regulator referred to, this could 
be accomplished simply by replacing the 
32-ohm fixed resistor with an adjustable 
rheostat, and it would not be necessary to 
rewind the voltage coil, The desired value 
of regulated voltage could be obtained 
readily by adjustment of this rheostat. 


A 40-Kva 400-Cycle 
Aircraft Alternator 


Discussion and authors’ closure of paper 
44-190 by H. E. Keneipp and C. G. Veinott, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29= 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November section, 
pages 816-21. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): The alter- 
nator deseribed by the authors is representa- 
tive of current design trends as regards 


electric generating equipment for aircraft. 


While the machine has the lowest weight per 
unit output, approximately 2,8 pounds per 
kilowatt, of any generators or alternators 


so far developed for use in aireraft, it does 


not represent the ultimate attainable, 

However, it is believed that the afore- 
mentioned weight is amazingly low when 
the overload requirements imposed on the 
design are considered and the conservative 
mechanical design which has restlted in a 
truly rugged piece of electric equipment. 

The extent to which the rotor will have 
to withstand torsional vibration when driven 
by a constant-speed drive is not known. 
However, tests of the alternator while being 
driven direetly by a step-up gearbox at- 
tached to a nine-cylinder aireraft engine 


indicate that the design adequately pro- 


vides for this consideration, 

Since the alternator was denied 
synchronous speed of 6,000 rpm, it is ques- 
tionable whether it ever will be successfully 


driven directly attached to an auxiliary en- 


gine, It is believed that a satisfactory solu- 
tion is possible if it is driven through a gear- 
box and a coupling device capable of damp- 
ing out torsional vibration, However, such 
4 solution probably would be hiceesukshnee 
heavy, 
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The cooling problem was one of the most 
difficult of all those encountered in the de- 
sign of the alternator. Limitations on 
weight and size of the alternator, together 
with the restrictions imposed on the amount 
of cooling air to be made available for cool- 
ing the alternator, are but mildly indicative 
of the magnitude of the problem. It is be- 
lieved that a great amount of work remains 
to he done in the field of blast cooling air- 
craft electric equipment. Not only should 
the work be done, but the science of blast 
cooling should be firmly established, and 
suitable literature is needed for reference in 
connection with the design of new electric 
equipment. A very important part of this 
work would consist of evaluating the ad- 
vantages to be gained from blast cooling of 
electric equipment, compared with the dis- 
advantages to the aircraft due to increased 
drag. Certainly a great amount of informa- 
tion is needed in order to make possible the 
best solution to any problem concerning 
blast cooling of electric equipment. 

The performance curves shown in Figure 
13 of the paper are indicative of the excel- 
lent results obtained by the designers of the 
alternator. The authors of the paper have 
done a commendable job in relating the 
history of the development of a 40-kva 400- 
cycle aircraft alternator. 


W. L. Berry and J. P. Dallas (Hughes 
Aircraft Company, Culver City, Calif.): 
Arbitrary figures have been used in Table I 
of the paper which are incorrect. (They 
seem to have been so chosen as to favor 
greatly the 208/120-volt three-phase sys- 
tem.) The following comments are offered 
with the purpose of correcting the errors in 
Table I. 

1. The alternator weight is listed as 
80 pounds in Table I and 85 pounds in the 
first paragraph of the conclusions, but 
actually weighed 90 pounds when delivered. 

2. A 30-kw 120-volt d-c generator 
weighed 79 pounds and two 15-kw units 
have a total weight of 106 pounds. How- 
ever, 120 pounds is shown for this gen- 
erator in Table I. 

8. If all of the factors are considered, 


it is probable that the weight for remote- 


mounting and driving an 80-pound machine 
will exceed considerably the 15 pounds 
listed in Table I. This additional weight 


is eliminated when two main engine- 


mounted 15-kw generators are used. 

4. An unidentified constant-speed drive 
is listed in Table I at 90 pounds, but at 
present the only delivered unit weighs 100 
pounds and requires a five-inch oil cooler 
weighing an estimated ten pounds, with an 
additional eight pounds of oil making a 
total weight of 118 pounds. 

5. The very fact that an oil cooler is 
required with the constant-speed drive in- 
dicates considerable power loss resulting in 
higher fuel consumption. Ifa generally ac- 


cepted figure of one-half pound of fuel per 


horsepower per hour is used, and a constant- 
speed drive efficiency of 85 per cent is as- 
sumed, the additional fuel for constant- 
speed drive based on full load for ten hours 
or 50 per cent load for 20 hours amounts to 
35 pounds per drive. 

' 6. In Table I it is not apparent why 120 
pounds is shown in the d-c column and 100 
pounds in the a-c column for the weight of 
28-volt power components. There is good 
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reason for having six kilowatts of direct 
current available on the a-c airplane to 
satisfy the solenoid, relay, clutch, and con- 
trol-circuit loads, but it is possible and de- 
sirable to put all these loads on the 120- 
volt d-c system. 

7. The requirement of Table I for two 
12-kva single-phase 400-cycle power sources 
in addition to the 120-volt d-c system seems 
unjustifiable. An eight-engine airplane 
21/, times the weight of the one mentioned 
in this paper having an a-c autopilot and 
a-c instruments requires only three in- 
verters of three-fourths kilovolt-ampere 
for total a-c power and standby require- 
ments. 

8. In view of the foregoing Table I 
should be revised as indicated in Table I of 
this discussion. 

For further comparison of a-c and d-c 
electric systems refer to AIEE technical 
paper 44-238, “‘Higher-Voltage D-C Air- 
craft Electric Systems.’ ! 


. Conclusion. A saving of 660 pounds 
should justify the use of 120 volt direct 
current in preference to 208/120-volt alter- 
nating current. These figures show the 
a-c system to be twice as heavy as the 
equivalent d-c system. In fact why is al- 
ternating current proposed for aircraft 
electric power? 
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S. R. Bergman (General Electric Com- 
pany, Lynn, Mass.): Personally, I am very 
much interested in this paper pertaining toa 
three-phase alternator rated 40 kva, power 
factor 75 per cent, 400 cycles, 6,000 rpm, 
because we have designed and built machines 


of the same rating. I would, therefore, like 


to make the following comments: 

The most important consideration in all 
parts going into an airplane is weight. I 
am rather disappointed in the weight of 
85 pounds, quoted in the paper, since from 
our experience it can be made 10 to 12 
pounds lighter. 

The authors have not commented on the 
ability of their alternator to supply un- 
balanced loads. While the majority of 
loads will be balanced, it is probable that 
certain single-phase loads will be present on 
the system. While these loads normally 
will be distributed on the three phases, due 
to their intermittent and variable nature, 
some unbalance will exist. It would be 
interesting if the authors would give some 
information on the degree of unbalanced 
load which this alternator can supply with- 
out dangerous overheating. 

Concerning the mechanical features, I 
note that both the exciter and the revolving 
field are mounted on a single shaft. Fora 
machine of this size, I think it is better to 
have a detachable exciter driven through a 
quill shaft; then, whatever vibrations there 
exist in the main generator are to a large 
extent eliminated from the commutator of 
the exciter which is important for obtaining 
long brush wear. Another advantage of 
such a construction lies in the fact that the 
exciter can be replaced easily if out of order, 
and any part of the machine can more read- 
ily be repaired. 
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Table | 
208/120-Volt 
400-Cycle 
120-Volt 3-Phase 
Components D-C System System 
LN CoO OR Rt OL vise alt ate tarees ales LOGF AN clea 90 
2. Voltage regulator........ WD ceroretretrs 6 
3. Main -_ generator 
breaker or switch........ Lh saree 6 
4. Drive shaft and 
POUL EE ee eel sails Wo -9 oe cue eee ons 30 
5. (a). Constant-speed 
GEV NK DER oat A att eek iad ata 100 
(Dy, ORL epolers ns aeptieada. cietiieuc bite 10 
oon Weigelt Of Oe Mocs Aelia saree tie 8 
6. Total items 1-5.....,... ps (7 ER ee 250 


8. Additional fuel for 
constant-speed drive 
based on a full load 
for ten hours or 50 
per cent load for 20 


hours (wounitsonly).............0. 70 
9. Two 28-volt 6-kw d-c 
POWEN SOULCES Waifs citie-e ve rnisiemebiornions 100 


10. Two 4/4-kva_ single- 
phase 400-cycle power 


sources at 17 pounds.... 34 
11, Foursetsofsynchro- 

WIZING |, CONET OS; s'a c/a sictaleeletsta iw ialerntalh 40 
12, Weight of main-power 

WIKIA yal ys ovwua-n sera aletera BB AS5) retire 65 


13. Total weight exclud- 
ing utilization equip- 
ment and wiring........ 609 1,275 


The comparison between the polyphase 
system and the 120-volt d-c system is in- 
teresting but not conclusive in showing the 
a-c system to be lighter. The difference 
shown is so small that it could easily be 
thrown the other way by refinements in de- 
sign. More important, however, is the 
character of the utilization apparatus and 
the control and protective equipment, the 
weight of which has not been evaluated. 

Furthermore, in the a-c system, we meet 
some very difficult problems, such as that 
of running a number of alternators in mul- 
tiple, as well as the problem of distributing 
the current equally between the generators. 
This leads to a complicated control system 
of not inconsiderable weight. In the d-c 
system these problems already are solved. 
D-c motors also have better torque char- 
acteristics than induction motors and can 
be made as series, compound, or shunt mo- 
tors for different applications. The poly- 
phase motor does not possess these good 
torque characteristics and suffers accord- 
ingly. 

I have discussed at some length the com- 
parison between the polyphase system and 
the 120-volt d-c system, because I believe 
personally that, if the polyphase system 
should not materialize, then we can always 
fall back on the 120-volt d-c system. One 
of the main factors which originally forced 
consideration of alternating current for 
certain high-altitude aircraft was the 
question of commutation and brush wear 
at high altitude on d-c generators and 
motors. In recent years this problem has 
received a great deal of attention, and much 
progress has been and is being made to- 
ward a satisfactory solution. 


H. E. Keneipp and C. G. Veinott: The 
authors wish to thank Major Barden for his 
constructive comments on our paper. His 
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comments as to auxiliary engines are 
probably meant to imply that it is doubtful 
that 6,000-rpm auxiliary engines ever will be 
built. If such an engine were built, there is 
no reason why this alternator could not be 
direct-driven by it. Regarding cooling, 
Major Barden is right, and considerable 
attention was paid to this problem. 

Berry and Dallas have confined their 
discussion to the relative merits of alternat- 
ing versus direct current. This was a sub- 
ordinate issue in the paper which mainly 
deals with a description of a 400-cycle al- 
ternator for a-c aircraft systems. The 
authors had no intention of trying to settle 
the relative merits of these two systems, 
and the introductory comments were in- 
tended only to show some of the reasons why 
this alternator came to be developed. It 
was stated that the figures given in Table I 
of the paper were developed by a group of 
engineers and not by the authors of the 
paper. As pointed out in the paper, the 
figures in Table I were presented before 
the Dayton Section of AIEE by the group 
of engineers listed. Prior to the meeting, 
however, the table had been developed by a 
larger representation of engineers. These 
individuals included engineers experienced 
with all three systems and the data in 
Table I are, in the authors’ opinions, more 
accurate than the revised figures given by 
Berry and Dallas. 

It must be pointed out also that the 
weights given in these tables do not neces- 
sarily refer to specific apparatus which is 
now available, but represent weights which 
a group of machine designers believed could 
be met to build apparatus to the specifica- 
tions outlined for this study. It is interest- 
ing to note that, whereas Berry and Dallas 
believe that a weight of 90 pounds is neces- 
sary, S. R. Bergman thinks that it can be 
done for 73 to 75 pounds. The machine 
described in the paper actually weighed 85 
pounds, and its weight can be reduced by 
redesign. 

The weights given by Berry and Dallas 
for 15-kw and 380-kw d-c machines are in- 
teresting, but we doubt very much that 
they will develop these ratings under the 
conditions outlined for Table I: that is, 
3,000-rpm minimum operating speed, and 
50 per cent overload capacity for five min- 
utes. A 15-kw engine-mounted 3,000-rpm 
d-c generator with an overload capacity of 
50 per cent for five minutes weighing only 
53 pounds would be better than any now 
available. As to the weights of the con- 
stant-speed drive, the figure given was based 
on combined judgment as to what is ex- 
pected to be achieved and took into con- 
sideration more than one proposed drive. 
Higher efficiency of the alternator as com- 
pared to the d-c generator at least will com- 
pensate partially for the losses in the con- 
stant-speed drive although the d-c gen- 
erator would have a higher efficiency than 
the combination of alternator and drive. 

In answer to Berry’s and Dallas’ ques- 
tion, the weight of a motor generator with 
an a-c driving motor is less than the same 
set with a d-c driving motor, which explains 
the difference in weight in line 9 of Table I, 
Berry and Dallas question the amount of 
400-cycle power required on this airplane. 
The amount of power required is specified 
by the Army Air Forces for a military air- 
plane and would not be used in a commercial 
airplane such as described by Mr. Berry. 
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Consequently, the amount of power was a 
matter of specification by the Army, and 
not judgment by the engineers who pre- 
pared the table, 

Doctor Bergman is to be thanked for his 
comments. Obviously he and Berry and 
Dallas do not agree as to the weights of a 
40-kva alternator. As pointed out in the 
paper, we too believe that the alternator 
can be built for less than the weight given 
in the paper which was an actual weight, 
However, we did not wish to duplicate the 
unfortunate experiences of early aircraft 
generators which were all originally built 
too light, thereby sacrificing strength in 
order to reduce weight at the expense of 
reliability. In this connection, we are quite 
surprised to see Doctor Bergman advocate 
spindle-drive when so much difficulty has 
been experienced in the field with broken 
spindles on d-c aircraft generators. His 
comments on the separate exciter are in- 
teresting, particularly since our first pre- 
liminary design utilized a separate exciter, 
but, after further study, this design was 
abandoned in favor of the integral construe- 
tion reported in the paper, primarily be- 
cause it was believed that a single two- 
bearing unit was more rugged, more reliable, 
and inherently lighter in weight, than a two- 
machine construction. 

Doctor Bergman asked for information on 
the degree of unbalanced load which this 
alternator can supply without dangerous 
overheating. This subject could well form 
the basis of an AIEFE paper in itself. A 
number of unbalanced load tests have been 
taken on this alternator, and every indica- 
tion is that this alternator will withstand 
the same per cent unbalance as a conven- 
tional 60-cycle machine, 

The authors agree 100 per cent with 
Doctor Bergman that the comparison be- 
tween the polyphase system and the 120- 
volt d-c system is not conclusive, because it 
was not intended to be so. The final con- 
clusion of the engineers who prepared this 
table agrees remarkably well with Doctor 
Bergman's comments, namely, that it prob- 
ably would be the utilization equipment 
which would determine the better system. 
This still leaves the problem as to which is 
the better of the two systems, a question 
which must be determined by careful en- 
gineering analysis of the use for which the 
airplane is intended, the equipment used on 
it, the type of mission for which it is in- 
tended, and numerous other factors, 


Blast-Tube Cooling for 
Aircraft Generators 


Discussion and author's closure of paper 44-84 
by Cyril G. Veinott, presented at the AIEE 
North Eastern District meeting, Boston, Mass., 
April 19-20, 1944, and at the AIEE Los 
Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
July section, pages 520-5, this discussion 
presented at the Los Angeles technical meet- 
ing. 


G. G. Setterlund (nonmember) and R. R. 
Miille (Westinghouse Electric and Manufac- 
turing Company, Lima, Ohio): Mr, Veinott 
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Figure 1. Generator blast-cooling pressure 
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generator blast-tube inlet 
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is to be congratulated for developing a simple 
means of handling this vital subject. There 
is a great need for more specific information 
on blast tubes for cooling aircraft generators. 
This need was first emphasized when the 
early development of high-altitude brushes 
was delayed because such information was 
not available. 

Our early chamber tests of altitude treat- 
ments of aircraft-generator brushes were 
taken at the specified ten inches of water 
total air pressure across the generator. 
Satisfactory performance in the chamber was 
not duplicated on flight tests. Investiga- 
tion then revealed that, instead of ten inches 
of water total pressure across the generator, 
there was only about four to six inehes of 
water total pressure at slow flying speed. 
Chamber tests at six inches then were made 
and the results compared favorably with the 
flight tests. Six inches pressure aeross the 
generator was then adopted as the standard 
for chamber tests, 

These chamber tests had been taken in the 
altitude chamber at the United States 
Bureau of Standards at Washington, D. C. 
Altitude conditions could not be duplicated 
exactly in this chamber, When the high- 
altitude chamber was installed at Lima, 
equipment for duplicating altitude eondi- 
tions was provided, ‘The first objective was | 
correlation of the chamber-test data with | 
flight-test data taken by United States 
Army Air Forces. 


be a 


, 


BLA 


TOTAL HEAD—INCHES OF WATER 


(9) 05 1,0 15 20. , 25 
VELOCITY HEAD = INCHES OF WATER 
Figure 2 : 


AIEE TRANSACTIONS — 
' 


Piunivg 


Oene-3 


LLL 


GY} 
S89 


LA 


SS 


Y 
l= 


Figure 3. Orifice for generator-blast-cooling 
pressure measurements 


« SSS8 Z Sr 
YZ G4 
262 AY 
AY AY 
m2 A 
y Z Srl a 
yn 
y an 
Q 


Orifice Equivalent Generator Resistance 
BUT cae als enecicisied nele es 2 
SMP fae kilos esas hiaees 8 


A—Orifice pressure-drop transmitter 
B—Standard generator connector—pressure 
transmitters connected to terminals 

C—Removable orifice 
D—Accessory-compartment pressure transmitter 
E—Aiir inlet 


In order to obtain varied correlation data, 
sample generators were supplied from 
Wright Field so that generators A, B, and C 
(letters correspond to generators described 
in Mr. Veinott’s paper) could be tested in 
the chamber and the results compared with 
flight tests. With six inches of water total 
pressure across the generators the results 
obtained from generators A and B agreed 
quite well with flight tests, but generator C 
ran much cooler than on flight tests. The 
large difference in pressure drop in the blast 
tube for different values of air flow was then 
recognized. When an allowance was made 
for this in a manner similar to that in Mr. 
Veinott’s paper, the chamber-test results 
agreed very closely with flight-test results. 

The flight pressure for each type of gen- 
erator then was calculated from the blast- 
tube characteristics obtained from flight 
tests and used for chamber tests. The 
standards used for our chamber testing agree 
very well with curve 3 of Mr. Veinott’s 
paper. Test results obtained check flight- 
test results very well. 

This clearly points out the need for more 
complete blast-tube characteristics when 
designing and testing aircraft generators. 
We urge that the recommendation in Mr. 
Veinott’s paper regarding specifications for 
blast tubes be followed. With definite 
specifications for the blast-tube character- 
istics, both the air-frame manufacturer and 
the generator manufacturer would know 
definitely what is required. The generator 
designer could use this information to ob- 
tain the maximum output with the ventila- 
tion available. Tests could be made with 
the ventilation that would be obtained on 
‘the airplane, and flight performance could be 
predicted by tests in chambers which are 
capable of duplicating the altitude condi- 
tions. This would help prevent misapplica- 
tion of generators and obtain more reliable 
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electric systems. We suggest that the blast- 
tube characteristics of present airplanes, 
and especially of experimental airplanes, be 
obtained and made available to generator 
manufacturers so they could take full ad- 
vantage of the ventilation available and 
avoid overheated and burned-out genera- 
tors. 


Harvey J. Finison (Wright Field, Dayton, 
Ohio): Mr. Veinott succeeds in greatly 
simplifying many of the usual concepts of 
blast cooling. By the use of electrical ana- 
logue he adds to a better understanding of 
the problems of blast cooling, especially for 
the electrical engineer. Judicious design of 
blast-cooling installations should make pos- 
sible an increase in pressure available for 
cooling of aircraft generators. This will also 
be evident as the minimum operating speeds 
of military aircraft continue to increase. 
Material saving in weight for a given gen- 
erator capacity or, more probably, consider- 
able increase in capacity for a given weight 
will be a direct result. 

It is possible that the paper somewhat 
overemphasizes the importance of the re- 
sistance of the blast tube itself in limiting 
the pressure available at the generator inlet. 
In most iustallations the pressure is limited 
a far greater amount because of the loca- 
tion of the blast-tube inlet in such a man- 
ner as to receive only a small part of the 
total pressure available because of the veloc- 
ity of the airplane. 

The result of flight measurements on one 
airplane which has the generator blast-tube 
inlet connected to the intercooler duct is 
shown by Figure 1. For the most unfavor- 
able conditions with the oil-cooler and inter- 
cooler flaps open, it may be noted that of a 
78 per cent loss in bencen pressure the 
resistance of the generator blast tube itself 
accounted for only five per cent loss. Un- 
fortunately, examples such as this are fairly 
typical. In order to improve such an in- 
stallation, long blast tubes leading to a 
higher pressure area might be necessary. 
Then the tube resistance may become the 
limiting consideration. 

While closed-end and open-end measure- 
ments on the blast tube may be satisfactory 
for defining blast-tube characteristics, the 
aircraft designer should not be required to 
obtain a specific closed-end pressure. For 
generator A, Figure 2, either blast-tube 
installation 1 or 2 would be satisfactory. 
Installation 1 will be far better for any 
generator of lower resistance. Yet this 
installation would be excluded by the speci- 
fication proposed by Mr. Veinott because of 
lower closed-end pressure. A more suitable 
specification would be as follows: 


The blast-tube shall be designed to deliver for any 
conditions of flight a total pressure head at the 
entrance to the generator of at least eight inches of 
water when connected to a generator or equivalent 
device having an air resistance of 8, and at least 
five inches of water when connected to a generator 
having an air resistance of 2. Air resistance of the 
generator is defined as the ratio of total head to 
velocity head. 


The use.of the pitot tube as a measuring 
device in blast-cooling tests presents some 
problems of installation and may be of 
questionable accuracy especially where only 
a short straightening section preceded by 
curves can be used. The pitot tube has 
been used successfully in flight measure- 
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ments on a number of airplanes, but on 
others even the insertion of the short section 
proposed by Mr. Veinott would be impos- 
sible. A more satisfactory method would 
be to replace the generator with a measuring 
device such as shown by Figure 3. Elec- 
trical pressure transmitters could be used 
to eliminate the need for running tubing to 
the cockpit for pressure indicators. Measur- 
ing instruments would be connected at the 
voltage-regulator base which is normally 
in an accessible position. This method of 
course is applicable only where the particular 
generator removed is not essential to local 
flight. 


C. G. Veinott: Setterlund and Miille have 
described very well the situation and the 
need which prompted the investigation 
and analysis reported in this paper. A 
prime object was to dispel some of the 
mysteries surrounding the mechanics of how 
blast cooling worked and to establish a com- 
mon. viewpoint and a common language for 
discussion of the subject. Such groundwork 
as this is absolutely necessary in order to 
permit an accurate interchange of informa- 
tion between the air-frame builders, the 
procuring agencies, and the accessory manu- 
facturers, and such interchange of informa- 
tion is generally necessary before really use- 
ful specifications can be written. Some of 
this groundwork even now is bearing fruit 
in new standards which are being worked 
up by an Society of Automotive Engineers 
committee. Setterlund and Miille are to 
be thanked for pointing out some of the dif- 
ficulties met when there was no such general 
understanding of the subject. 

Mr. Finison is probably right in his point 
that the paper appears to overemphasize the 
importance of the resistance of the blast 
tube. However, as he recognizes, the paper 
aims mainly to set the form of the specifica- 
tions rather than to set quantitative values, 
and the importance of tube resistance is 
probably better brought out by slight over- 
emphasis. However, if one refers to Figure 
4 of the paper, it may be well to point out 
that curve 3 commonly was felt to represent 
the blast-tube characteristics of one four- 
engine airplane, and that is the curve now 
being used by Setterlund and Miille for 
altitude-chamber testing. Curve 4 of 
Figure 4 was sketched in arbitrarily to show 
the effect of a tube having less closed-end 
pressure and less resistance; curiously 
enough, later flight tests on a different four- 
engine airplane showed the characteristics 
of its blast tube to agree surprisingly well 
with curve 4. 

Mr. Finison suggests defining in the speci- 
fications only a part of the pressure-volume 
curve of the blast tube in order to allow 
greater latitude to the air-frame designers. 
In principle, I must most certainly agree 
with him in allowing as much latitude as 
possible to the air-frame builders. However, 
use of open- and closed-end pressures results 
in a specification which is simpler to write 
andtouse; untilsufficient data can be taken 
to establish whether or not it will impose a 
hardship on air-frame builders, this simpler 
form of specification should be considered 
as a possibility. 

Mr. Finison proposes the use of two stand- 
ard calibrated orifices to measure two points 
on the pressure-volume curve. It is neces- 
sary to measure only two points, any two 
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points, to establish the entire pressure—- 
volume curve. By far the simplest and 
easiest point to measure on this curve is the 
closed-end pressure, which does not require 
the measurement of air volume. A large 
orifice, as proposed by Mr. Finison, prob- 
ably would be a more accurate way of meas- 
uring a second point on the pressure-volume 
curve. Or the dummy generator might 
have a straight section of pipe with air 
straighteners and a pitot static tube near its 
exit. Theadvantagesof open-end andclosed- 
end readings should not be overlooked, even 
if only a part of the pressure-volume curve 
is made a part of the specification. 


Functional Design of Aircraft 
Electric Actuator 
Equipment 


Discussion of paper 44-201 by C. E. Gagnier 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November sec- 
tion, pages 813-15. 


Ernest B. Evans (nonmember; Lockheed 
Aircraft Corporation, Burbank, Calif.): 
Mr. Gagnier has ably treated the factors in- 
volved in the design of aircraft electric ac- 
tuators. Much might be gained by the in- 
terchange of ideas and information regard- 
ing design details. Gear train arrangements 
which allow maximum manufacturing tol- 
erances, and production methods by 
which semiskilled personnel may hold those 
tolerances are especially to be sought. The 
same may be said of clutch-brake design. 
In one actuator of recent design it was 
found possible to improve the magnetic cir- 
cuit and reduce the accumulation of toler- 
ances, and yet simplify production and 
testing of the actuators by combining a 
steel coil housing, a brake face, and a guide 
sleeve into one part. The coefficient of fric- 
tion between the clutch faces was increased 
considerably by radial rather than annular 
grinding of the driving face. 


Design Considerations of 


~400-Cycle Aircraft Motors 


Discussion of paper 44-210 by M. B. Sawyer, 
Sr., presented at the AIEE Los Angeles 
technical meeting, Los Angeles, Calif., 
August 29-September 1, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
December section, pages 877-9. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): This paper 
presents a very clear-cut picture of the re- 
quirements which have to be met, not only by 
the airplane designer, but by the accessory 
designer as well. It is the responsibility of 
the accessory designer to meet these require- 
ments to the greatest degree. Likewise, it 
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is the responsibility of the airplane designer 
to select accessory equipment which meets 
these requirements to the greatest degree. 

The comparison of the performance of a 
given motor on 60-cycle power with that 
of the same motor on 400-cycle power ac- 
counts for the very considerable weight 
saving which is possible with high-fre- 
quency power. Even though certain com- 
promises have to be made in the design of a 
motor to operate on 400-cycle power, we 
still have the advantage of a more powerful 
motor for the same weight or a motor of the 
same power for much less weight than is 
possible using 60-cycle power. 

In order to retain the fundamental ad- 
vantages of the squirrel-cage induction mo- 
tor, it is unlikely that such devices as a 
centrifugal switch will be resorted to in 
order to attain the best combination of 
starting torque, full-load torque, power 
factor, and so forth. 

However, it is quite probable that these 
motors will be used with centrifugal clutches 
in order to take advantage of desirable 
running characteristics obtained with mo- 
tors having poor starting torque. 

It is believed that the weight saving re- 
sulting from the use of high-speed motors 
driving through gear reductions has been 
clearly established and the practice will be 
seen to increase, especially in the applica- 
tion of induction motors to aircraft. 


A New High-Frequency 
Capacitor 


Discussion and author's closure of paper 
44-209 by W. M. Allison and N. E. Beverly, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, December section, 
pages 915-16. 


S. W. Zimmerman (General Electric Com- 
pany, Pittsfield, Mass.): In introducing a 
capacitor for specific application to high- 
frequency problems, the authors undoubt- 
edly are helping to focus attention on the 
limitations of standard designs of compo- 
nents when applied to high-frequency prob- 
lems. Problems of high-frequency by-pass 
encountered in many places, particularly in 
tadio-noise suppression, require lower im- 
pedance devices than offered by standard 
ratings and constructions. 

An early solution of high-frequency by- 
pass capacitor design in early cathode-ray 
oscillograph measuring technique,!? as well 
as in communication problems, was a four- 
terminal network (Figure 1 of this discussion) 
which enabled the designer to eliminate the 
inductance and radio-frequency resistance 
of the leads or bushing to the active part of 
the capacitor. In general, however, for the 
range of frequencies considered in this paper, 
this design is inadequate and more satisfac- 
tory characteristics can be obtained from an 
exposed foil roll with double tap straps such 
as shown in Figure 2, the axis of the roll 
beiag vertical in this case. This design be- 
comes a three-terminal network in certain 
installations where the outer foil is solidly 
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Figure 1. Capacitor design for minimum 
inductance 
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Figure 2. A design for low inductance and 
higher capacitance 


fastened to ground. Such a design has 
enabled the designer to provide more ca- 
pacitance and thus obtain lower impedances 
at the lower frequencies without sacrificing 
high-frequency performance. 

The Hypass construction shown in 
Figures 1 and 2 of the paper is a reasonable 
compromise between these two designs but 
introduces two factors which may or may 


* not be considered desirable from the design 


standpoint. First, the foil is required to 
carry power current, and second, the ef- 
fective length of ground lead changes with 
frequency. The first of these factors re- 
sults in heating the foil and directly raising 
the temperature of the dielectric. The 
second of these factors results in a change of 
effective capacitance with frequency, due to 
a change in current distribution as higher 
frequencies are applied. This mechanism 


is consistent with the authors’ remarks in the - 


second paragraph under the heading ‘‘Per- 
formance.” 


Figure 3. Through-stud “‘pyranol’’ capacitor, 

rated 0.55 microfarad, 0.100 ampere, 250 
volts maximum (alternating current or direct 
current), for radio-noise suppression 
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Figure 4. Comparative characteristics of con- 
ventional and special capacitor designs 


Curve A—Through-stud type 0.55 microfarad 
Curve B—Hypass 0.1 microfarad 
Curves C and D—Conventional designs 


There has been available for some time a 
through stud-type capacitor which has been 
designed for efficient radio-noise filtering 
over the frequency range of 1.5 to 20 mega- 
cycles and which is also effective at the 
higher frequencies. This unit shown in 
Figure 3 of this discussion consists of a 
through study having a body diameter of 
5/1, inch, around which is wound the ca- 
pacitor foils and dielectric. Foils are stag- 
gered so that an edge of one foil is exposed 
at each end of the winding. The case of the 
unit is connected to one foil and is grounded 
through a two-hole mounting bracket. In 
this design the foil itself carries only radio- 
frequency current so dielectric heating 
due to JR loss in the foil is avoided. This 

unit having nominal capacitance of 0.55 
microfarad is rated 250 volts alternating 
current or direct current and will carry 100 
amperes continuously with adequate termi- 
nal connections. A characteristic attenua- 
tion curve for this unit is plotted, together 
with the information contained in the 
authors’ paper, as Figure 4..A considera- 
tion of these curves will show the regions in 
which each of these units is most effective. 


The through-stud-type capacitor is avail- 
able as a component suitable for radio-noise 
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suppression and other by-pass applications 
where frequencies in the region of 1 to 30 
megacycles or higher require special con- 
sideration. Aircraft applications have fa- 
vored this capacitor because of reduction in 
weight in comparison to conventional filters 
of like current rating. 


REFERENCES 
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2. SurRcr Propacation, T. F. Wall. Engineering 
(London, England), volume 153, April 17, 1942, 
page 301. 


R. J. Colin (lieutenant, United States Army, 
Wright Field, Dayton, Ohio): The radio- 
noise suppression field has always needed a 
capacitor which would actually have ca- 
pacity reactance at frequencies as high as 
50 megacycles. 

The subject paper is, to my knowledge, 
the first to describe such a noninductive- 
type capacitor. If these capacitors per- 
form as well as claimed by the subject 
paper, they will be quite useful for noise- 
suppression work. 


W. M. Allison: The Hypass construction is 
not a compromise between the two types of 
construction indicated by Mr. Zimmerman 
as Figure 1 and Figure 2. The Hypass is 
unique in that resonance effects are entirely 
absent due to the distribution of the con- 
stants of the device, whereas the designs 
cited by Mr. Zimmerman would all show 
resonance characteristics, say, below 30 
megacycles for capacities greater than 0.25 
microfarad. In the Hypass construction 
there is no evidence of resonance at least as 
high as 40 megacycles for capacities in this 
range. 

The Hypass type of construction can be 
made so that the foil carries only a small 
fraction of the power current, thus removing 
the first of Mr. Zimmerman’s undesirable 
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Figure 5. 0.14-microfarad feed-through type, 
100 amperes, 250 volts, alternating current or 
direct current 


design factors. We cannot see how the 
second of Mr. Zimmerman’s undesirable 
factors will cause any difficulty in the use of 
Hypass capacitors. 

We also make a through-stud, also called 
feed-through-type, capacitor which, while 
not a Hypass, offers effective attenuation 
over the range of 1 to 40 megacycles as 
shown in Figure 5. This capacitor is rated 
at 100 amperes, 250 volts alternating current 
or direct current. By means of this de- 
sign, the series inductance is reduced to a 
low value. There is still, however, suffi- 
cient inductance to resonate with the ca- 
pacity. 

The capacitor shown by Mr. Zimmerman 
in his discussion owes its characteristics 
partly to the electrical design and partly 
to the fact that his use of polar dielectrics 
causes the capacity to drop off with fre- 
quency in this range. Thus the resonance 
is broader than would obtain with the non- 
polar dielectrics used in the embodiments of 
the Hypass shown. 
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Alternating Versus Direct 
Current for Aiircraft- 
Radio Power Supply 


Discussion and author’s closure of paper 
44-180 by D. E. Fritz and C. K. Hooper, pre- 
sented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1227-33. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): This paper 
should be of considerable value to the 
aircraft electrical engineers and radio engi- 
neers in determining the effects of power 
supply on the weight of radio equipment. 
The advantages and disadvantages of both 
a-c and d-c power have been listed very 
carefully and are of quite general interest. 

However, it is believed that the radio (or 
for that matter, all electronic) loads do not 
constitute a sufficiently large proportion of 
total electric load to warrant a choice of 
electric power system based on the require- 
ments of optimum performance—weight 
characteristics of this type of equipment. 
There will always be airplanes for which 
each of the present-day standard systems of 
6, 12, or 24 volts direct current is best 
suited when all factors have been considered. 

It is believed to be equally true that from 
now on there will be airplanes for which 
115 volts or 230/115 velts direct current or 
208/120-volt 400-cycle three-phase electric 
systems will provide the lowest weight of 
over-all electric installations. 

This leads to the conclusion that factors 
such as aircraft weight, range, and total 
electric generating capacity can be combined 
into a simple formula, the solution of which is 
the optimum voltage for the aircraft under 
consideration. A comparison of the weights 
of wire of generating equipment for d-c and 
a-c systems indicates that the optimum volt- 
age for an a-c system is approximately 
twice that for a d-c system to do the same 
job. Reference is made to Table I of AIEE 
technical paper 44-190! in which it is shown 
that the weights of wiring and generating 
equipment for the 120-volt d-c and the 
208/120-volt a-c systems for the same job 
are essentially equal. Thus, it is necessary 
to consider other factors in order to arrive 
at a choice between direct current and alter- 
nating current. Once this has been done 
the optimum voltage then can be deter- 
mined by considering the factors previously 
indicated. 
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D. E. Fritz: The authors thank Major 
Barden for his discussion of their paper, and 
we believe he has brought up several interest- 
ing points. Major Barden is of the opinion 
that the radio and electronic equipment on 
any given airplane do not constitute a large 
enough proportion of the total electric load 
to be a prime consideration in determining 
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the type of electric system for the airplane. 
The authors agree with Major Barden in 
this matter but believe that the problem is 
more complex than evidenced by Major 
Barden’s discussion. Very few large air- 
planes have but a single electric system. 
Almost all of the large military airplanes 
have equipment that must be operated 
from alternating current, even though the 
main electric system is 27.5 volts direct 
current. There has been a tendency for air- 
craft electrical engineers to compare the 
aircraft electric system to a public-utilities 
power system. However, it would be better 
possibly to compare the aircraft electric 
system with the electric system for a manu- 
facturing plant, where both a-c and d-c 
power are available, in order to provide for 
the special applications that will not utilize 
alternating current efficiently. Since both 
a-c and d-c power are available on most large 
airplanes, the type of power supply chosen 
for the radio equipment should be that 
which will result in the best factors of weight, 
reliability, and so forth. For large aircraft 
this will not result in the addition of a 
separate electric system to operate the elec- 
tronic equipment, but will merely mean that 
the radio will be operated from the power 
most adaptable to its requirements. 

In many cases alternating current may be 
used to great advantage, even though sepa- 
rate alternators need be provided on air- 
planes having a d-c system. The alternat- 
ing current could be provided from combina- 
tion a-c and d-c generators, as mentioned 
in the paper. 

The choice of voltage does not greatly in- 
fluence the radio equipment, if some means 
of conversion equipment is used to obtain 
the high-voltage plate-supply power. Un- 
less electronic tubes are developed that will 
operate on the low direct voltages of d-c 
aircraft systems, some sort of conversion 
means will be necessary. 


Radio-Noise Elimination 
in Military Aircraft 


Discussion of paper 44-213 by G. Weinstein, 
H. H. Howell, G. P. Lowe, and B. J. Winter, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November section, 
pages 793-5. 


S. W. Zimmerman (General Electric Com- 
pany, Pittsfield, Mass.): The authors have 
done a splendid analytical job in the prob- 
lem of radio-noise treatment in aircraft. 
This subject brings into play all the imagi- 
nation and resourcefulness of the engineer. 

In evaluating the effectiveness of noise- 
elimination means the authors consider re- 
ceiver and source filtering as well as com- 
promise filtering. The choice of method and 
degree to which suppression must be carried 
is a function of the design, materials, and 
workmanship used in an airplane and its 
electric as well as communication equipment. 

Innumerable noise problems crop up in 
such a complex structure, and aside from 
atmospheric discharges these usually fall 
into one or more of the following funda- 
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mental classifications resulting in unwanted 
coupling between noisy and quiet circuits: 

Capacitive Coupling. Electrostatic ca-_ 
pacitance between noisy and quiet circuits 
permits radio-frequency currents to flow in 
the quiet circuit. This type of unwanted 
coupling may be reduced by more and better 
shielding. 

Inductive Coupling. Electromagnetic 
flux in one current path may induce current 
in any loop, and therefore will usually induce 
voltage in any other adjacent electric circuit. 
Electromagnetic shielding is difficult at low 
frequencies but becomes somewhat easier 
to apply at the higher frequencies. Isolat- 
ing incompatible circuits may be an effec- 
tive (but perhaps in many cases unpractical) 
method of handling this problem. 

Conductive Coupling. Where radio fre- 
quencies find a common path in noisy and 
quiet circuits, as frequently happens in 
ground circuits where the structural mem- 
bers are used, a simple 7Z drop becomes a 
voltage source in circuits required to be 
noise-free. These sources are generally 
very difficult to locate and require a fair 
amount of imagination to treat. 

Infinite variations of the foregoing factors 
in combination will be found in structures 
of normal complexity. Treatment requires 
putting the right impedance in the right 
place. In some cases it is necessary to 
strive for high radio-frequency impedance, 
say, in an unwanted induced-current loop; 
and in other places the objective may be a 
low or almost zero impedance to function as 
a radio-frequency short circuit. In particu- 
larly bad cases both elements may be re- 
quired simultaneously to decouple portions 
of circuits and provide low-impedance paths 
simultaneously as in a radio-noise filter. 

While ideally a designer should be able to 
predict accurately the behavior of his prod- 
uct, it is not surprising that in the present 
state of the art, arbitrary considerations 
govern the acceptance of many designs even 
though complete radio-frequency character- 
istics of most of the circuit elements are 
known. It is the unknown factors that 
furnish the real problems. Many times 
these unknown factors turn out to be simple 
transmission-line phenomena. Standard de- 
signs of filters! as well as through-stud radio- 
noise-suppression capacitors have been de- 
veloped to meet definite needs for aircraft. 

The discussion of calibrated-receiver 
versus noise-meter technique has always 
provoked much discussion. The noise 
meter has been accepted as a satisfactory 
standard for many years. Because of its 
unavailability up to recent times and be- 
cause of the greater availability (and after 
all the final threshold requirements) of the 
receivers, a natural direct technique using 
only the receiver was evolved. Much could 
be accomplished with a signal generator as 
standard and an output-meter-equipped re- 
ceiver of reasonable sensitivity to act as a 
detector that can be calibrated suitably. 
We find, however, that three types of error 
enter into measurements made with either 
the standard noise meter (the writer’s ex- 
perience has been mainly with the Ferris 
32A) or with calibrated receivers. These 
errors (or incompatibilities) may be de- 
scribed as follows: 

1. Frequency. The microvolt sensitivity of the 
usual circuits changes with frequency. This is 


taken care of in noise meters by employing a ¢ali- 
bration which is a function of frequency. 


AIEE TRANSACTIONS 


¥ 


2. Amplitude. At different frequencies the 
scale form of the output meter may vary somewhat, 
because of the characteristics of the associated cir- 
cuits, so that, while one noise level may be correct 
and calibrated for, other values of voltage may be 
considerably in error. 


3. Wave Form. The response of a noise meter 
(or receiver) may be much different on steep front 
than on sine waves. 


Tm general, the authors and the writer 
probably agree that particularly on con- 
ducted noise tests the availability of a good 
standard signal generator is reassuring and 
is basic for any technique employed in 
tadio-noise problems in the present state 
of the art, even though other than sinusoidal 
calibration might be desirable. The same 
situation seems to exist in regard to radi- 
ated tests, since the authors’ Figure 6 indi- 
cates that some differences may be expected 
between results obtained using the two 
calibration means. 
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E. L. Newell (Western Union Telegraph 
Company, New York, N. Y.): It is interest- 
ing to note that in the reduction of inter- 
ference from telegraph equipment to radio 
receivers the Western Union Telegraph 
Company uses a compromise system almost 
identical with that mentioned in the paper. 
Radio-noise voltages at each source are 
limited to about 1,000 microvolts by suitable 
spark killers and filters. Additional filters 
are inserted in the wiring as required to 
prevent the residual noise from reaching the 
receivers either by direct propagation along 
the wires or by radiation from the wires. 


Design of an Ignition System 


for an 18-Cylinder 
Aircraft Engine 


Discussion of paper 44-189 by J. R. Harkness, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1321-7. 


Alexander C. Wall (nonmember; P. R. 
Mallory and Company, Inc., Indianapo- 
lis, Ind.): It is very encouraging to see 
a paper on the subject of ignition-system 
design. There appears to have been a 
great lack of technical publication on the 
vital and complicated subject of magneto 
design, especially for the severe duty ap- 
plication to aircraft. It is a rather well- 
established fact that the primary factor 
in causing engine failure and expense in the 
servicing of airplanes in general is due by a 
very wide margin to the ignition system. 
It certainly seems that this subject, there- 
fore, should receive considerable attention 
from a technical-design-improvement stand- 
point. 

Mr. Harkness’ paper has presented very 
excellently, I believe, a brief summary of a 
rather complicated problem. 

To our knowledge, Mr. Harkness’ tabula- 
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tion of the various energyrequirements which 
must be met in the design of the magneto 
magnetic cireuitrepresents the firsttime that 
this information has been published, and it 
summarizes these requirements very well. 
Mr. Harkness states quite correctly that 
the external magnetomotive force of the 
magnet depends on the minimum flux den- 
sity to which the magnet is ever subjected 
and that in this magneto this occurs when 
the magnet cell is removed from the mag- 
neto. This is probably due to a fortuitous 
combination of leakage paths which shield 
the magnet from the direct and opposing 
magnetomotive force of the primary-coil 
current. In many magneto designs this isa 
larger force than maximum air-gap reluc- 
tance. Asa matter of fact, ifa magnetowith 
a freshly magnetized magnet is assembled 
and rotated rapidly, since the magnet has 
not received its primary-current stabiliza- 
tion and consequently has higher flux, the 
first flux reversal may be considerably larger 
than succeeding reversals and may thus 
knock the magnet down further than would 
be necessary were gradual stabilization used. 
Depending upon the relation of leakage re- 
luctances, it may be desirable to use a mag- 
net having a larger length to cross-sectional- 
area ratio than the magnets shown in the 
magneto in Mr. Harkness’ paper. 


Field Determination of 
Current- Transformer 


Errors by the Secondary- 
Voltage Method 


Discussion and authors’ closure of paper 
44-214 by E. C. Goodale and J. |. Holbeck, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, December section, 
pages 879-82. 


Otto A. Knopp (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): The authors 
of this paper have shown that they possess 
a clear understanding of the physical phe- 
nomena involved in the operation of a 
bushing-type current transformer, and they 
have developed quite an ingenious method 
for determining in the field the ratio and 
phase-angle errors of such transformers. 
The title of the paper does not limit the 
scope of the article to bushing-type current 
transformers nor does the text. The last 
paragraph of the conclusions states that the 
authors want to apply their method “‘pri- 
marily to determine the phase-angle errors 
and ratio-correction factors of installed cur- 
rent transformers for metering purposes.” 
This, however, is not possible with the 
authors’ method in the case of the average 


form-wound current transformer because of . 


the following: 


1. With the authors’ method it is necessary to 
know the actual number of secondary turns, and 
this number is not disclosed by the manufacturer 
and cannot be calculated because of the variety of 
fractional-turn compensations used by the manu- 
facturers. 


2. The appreciable leakage flux in these form- 
wound metering transformers is another unknown 
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factor affecting the test results when the authors’ 
method is used. 


3. Current leakage may occur between secondary 
turns because of a short circuit or a partial short 
circuit between secondary turns. 


If the authors’ method were limited to 
bushing-type current transformers, two of 
these objections could be disregarded. 
Number 2 would be eliminated entirely, as 
the leakage flux is extremely small and 
usually is neglected even for precision re- 
sults. Number 1 also would not be so 
serious as otherwise, since with modern 
multirange bushing-type current transform- 
ers turn compensation is not used. Never- 
theless, there may be older-type single- 
range bushing transformers which have been 
compensated, and there is also the possi- 
bility that a turn error may have occurred in 
the winding of old or new transformers. It 
appears desirable, therefore, that an elec- 
trical turnscounting method be used to aug- 
ment the authors’ test method. 

Although the authors’ method has limita- 
tions, being applicable primarily to bushing- 
type current transformers, it is a valuable 
contribution in the effort to produce a field 
test method. The writer would like to see 
this work continued and efforts made to 
simplify the present instrumentation. It is 
hoped that this brief discussion of some of 
the practical factors to be considered will be 
found helpful. 


A. C. Schwager (Pacific Electric Manu- 
facturing Corporation, San Francisco, 
Calif.): In the past few years, the subject 
of calculation of current-transformer errors 
has been given considerable attention. 
Very little, however, has been done toward 
improving test methods for determining 
the performance of actual transformers, 
particularly those already in service. Mr. 
Goodale and Mr. Holbeck have developed 
a method, ideally suited for field testing, 
which promises to find a wide application. 

Whereas in the past it has been considered 
necessary to energize the primary of a trans- 
former and to determine ratio and phase- 
angle errors by means of standard trans- 
formers, the authors have shown that these 
errors can be measured accurately by ener- 
gizing the secondary winding and without 
the use of standard transformers. The 
method has the added advantage that the 
errors can be determined even at overloads 
without requiring too large a power supply. 
In the authors’ case, a 120-volt source is 
sufficient. If the same load range would 
have to be covered by energizing the pri- 
mary, a 220-volt source very likely would be 
inadequate. It appears that for determining 
the transformer performance at highest over- 
currents, the method described constitutes 
the only practical solution. 

It would be interesting to know if the 
authors have'made a field test on transform- 
ers energizing the primary and, if so, what 
difficulties were encountered. 

In plotting the test data, the authors 
make use of the components of the admit- 
tance vector of the secondary winding from 
which the errors can be most readily de- 
termined. 

Due to its simplicity, this field method of 
determining current-transformer errors is 
likely to become generally accepted, and the 
authors are to be congratulated for this im- 
portant contribution to the art. 
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C. A. Woods, Jr. (Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa.): A rather novel method of 
measuring the magnetizing and loss com- 
ponents of cwurrent-transformer exciting 
currents is presented by the authors of this 
paper. As indicated, the quantities meas- 
ured and their use in the calculation of 
ratio-correction factors and phase angles 
of bushing-type current transformers have 
been covered in several previous investi- 
gations of overcurrent performance in con- 
nection with protective relaying applica- 
tions. Since the purpose of the test methods 
described is to make field measurements for 
use in determination of the metering accu- 
racy of the transformer, any refinements in 
the test procedure which improve the 
accuracy of the results are very desirable. 

It would have been of considerable addi- 
tional interest, if the accuracy of the results 
obtained by this method were compared to 
those obtained on the same unit by one of 
the conventional methods of measurement 
with primary and secondary currents flow- 
ing, such as the Silsbee set method. How- 
ever, the errors for the example given for the 
100:5 ratio of the 115-kv bushing trans- 
former energizing the 0.8-ohm secondary 
burden exceeds the range of the commercial 
Silsbee set. A ratio-correction factor of 
1.1185 and a phase angle of plus four de- 
grees 31!/. minutes is to be expected of an 
ordinary uncompensated bushing trans- 
former under the conditions outlined, but 
such a transformer normally is not consid- 
ered suitable for metering service. Likewise, 
with such large errors and the test method 
used the number of significant figures given 
in the aforementioned calculated results 
hardly appear to be justified, since the 
accuracy of commercial “nul’’ methods of 
testing is on the order of =0.1 per cent in 
ratio and +6 minutes in phase angle. 

The authors well might have indicated the 
need for some precaution relative to the 
wave shape of the voltage source used for 
the excitation tests. Preferably the excita- 
tion source should be a good sine wave, but, 
if voltmeter number 2 is a high-resistance 
rectox instrument (reading average values 
in rms terms), reasonably good results will 
be obtained in exciting current measure- 
ments even with considerable distortion in 
the excitation voltage wave. Emphasis 
should be placed also on the fact that the 
method proposed is based on the assump- 
tion that the number of secondary turns dic- 
tated by the transformer design are known 
and that they are the actual turns on the 
transformer under test. 

A very desirable testing method for ob- 
taining the magnetizing and loss components 
of current-transformer secondary exciting 
currents with open-circuited primary has 
been given. It should prove useful not only 
for field testing but also for laboratory test- 
ing. Its accuracy is dependent upon the 
accuracy and calibrations of the test instru- 
ments and the care used in determination 
_ of the test circuit constants and taking of 

teadings. There is ample justification for 
neglecting the equivalent secondary leakage 
reactance of bushing current transformers 
and using the excitation characteristics to 
determine performance for relaying applica- 
tions. For such applications the determina- 
tion of excitation characteristics with am- 
meter, voltmeter, and wattmeter measure- 
ments with corrections for losses in the 
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transformer secondary winding and the in- 
struments is usually sufficiently accurate. 
However, for metering applications the 
open-circuit excitation method may be of 
questionable accuracy. Everything con- 
sidered, it would appear quite possible that 
the over-all method would not be suffi- 
ciently accurate for checking ratio-correction 
factors and phase angles of cuerrnt trans- 
formers having metering accuracy classifica- 
tions in accordance with American Standard 
Association ‘“‘Standards for Instrument 
Transformers.’’ For such purposes one of 
the ‘‘nul’’ methods involving measurements 
with primary and secondary currents flow- 
ing would be desired, unless it can be shown 
that the accuracy obtained with the secon- 
dary-voltage method compares favorably 
with that of the “nul’’ methods. 


E. C. Goodale and J. I. Holbeck: The 
discussions by Mr. Schwager, Mr. Knopp, 
and Mr. Woods are all notable contribu- 
tions relative to current-transformer test 
methods. 

In those cases where wound-type current 
transformers have not been available due to 
war conditions, it has been necessary to re- 
sort to bushing-type current transformers 
for metering purposes on high-voltage cir- 
cuits. Then it became necessary to have 
accuracy curves for the bushing current 
transformers so used. This in turn made it 
desirable to develop a simple field method 
for determining the transformer errors. 

It is not intended that this test method 
should be used to replace the Silsbee test set 
but rather to supplement it, especially in 
those cases where the transformer ratio 
errors are outside the range of application of 
the Silsbee set. For relay application, errors 
at high overloads can be determined from an 
ordinary 120-volt test source by the second- 
ary-voltage method. However, the limita- 
tions of this method are recognized as this 
method has its definite field of application, 
namely: 


1. Bushing current transformers of known turn 
ratio with special emphasis on multiratio trans- 
formers. 


2. Wound-type current transformers of known 
turn ratio which have not been compensated. 


The method was used further in calibrat- 
ing bushing-type current transformers for 
use with station metering. Obviously the 
use of uncompensated low-ratio bushing- 
type current transformers for billing meters 
would not be permissible from an ASA 
accuracy standpoint, as the error curves 
would not be flat enough to allow for their 
compensation under varying loads by meter- 
magnet and lag-coil adjustment only. 

In the case of relay applications the 
method is particularly useful when there is a 
large phase shift as is true on installations 
having long secondary leads. 

It is true that accuracy tolerances of less 
than 0.1 per cent in ratio and less than four 
minutes in phase angle are not easily ob- 
tainable by this or any of the present meth- 
ods of testing. Final values in the example 
described in the paper were carried out to 
four decimal places, whereas three would be 
sufficient. It may be stated that the prac- 
tical limit of accuracy, using field-testing in- 
struments of one per cent accuracy limits 
should be within 0.2 per cent in ratio and 
seven minutes in phase angle. However, by 
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using a regulated voltage of pure sine wave, 
instruments having accuracy limits within 
one-fourth per cent, and with exact measure- 
ments of the test burdens a finer degree of 
accuracy may be expected. 

The diagram of test equipment and con- 
nections in Figure 1 may be simplified by re- 
placing the wattmeter with a combination 
single-phase wattmeter—varmeter and a suit- 
able watt-var selector switch. Then the 
potential-type phase-angle meter may be 
eliminated. 

A further simplification, which does, how- 
ever, sacrifice a certain amount of accuracy, 
can be accomplished by eliminating the 
phase shifter, compensating burden, 50—-50- 
volt transformer and phase-angle detector. 
This may be done by applying the test volt- 
age at the secondary terminals of the current 
transformer. Under this condition the volt- 
age E,, applied to the wattmeter current coil 
and current-transformer secondary winding 
in series is slightly higher than the back 
electromotive force or voltage, Z;, induced 
in the secondary winding. This difference 
may be neglected without too serious an 
error, estimated within two per cent, if the 
voltage E, or E; is kept within ten volts, 
when testing a bushing current transformer 
on the 200-5 ampere ratio. The impedance 
of the wattmeter current coil should be kept 
as low as possible without sacrificing reading 
accuracy. One method is to use two watt- 
meters, a low range (relatively high imped- 
ance) meter for low values of excitation, 
and a five- or ten-ampere (low-impedance) 
instrument for the higher values. In this 


way the impedance drop caused by passing 


test current through the wattmeter current 
coil is kept to a minimum, resulting in 
greater accuracy. 

These approximate methods are stressed 
here, as it is believed that in a great many 
cases the equipment will not be available for 
the complete tests, and much useful data 
which otherwise would not be available may 
be obtained in this way. 


Tests of 230-Kv High- 
Speed Reclosing 
Oil Circuit Breaker 


Discussion and author's closure of paper 44- 
192 by A. C. Schwager, presented at the 
AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 


1944, and published in AIEE TRANSAC- - 
TIONS, 1944, November section, pages 784—. 
8. ; 


R. A. Larner (Texas Electric Service Com- 


pany, Fort Worth, Texas): It is ra ey 
to note that very good reclosing perf ce 


at 230 kv has been obtained using ordinary 


expulsion contacts similar to those tested 


previously on lower voltages. After several 


years’ experience, the writer was convinced © 


that this contact was good,.but it had not 
been evident that the performance would be 
quite so good at higher voltages as data pre- 
sented by Mr. Schwager show quite con- 
clusively. 

It has been suggested previously that it 
would be well to lessen the time of circuit- 
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breaker closing or reclosing to a value that 
would be commensurate with recent de- 
velopments of three to five cycle opening 
time. Data indicate that the breaker de- 
scribed has sufficiently short time to meet 
any ordinary requirements of the industry 
at present. 

Considerable data are presented showing 
effects of different opening speeds in feet 
per second. These speeds seem relatively 
high in comparison to a great many tests of 
older breakers, made on a Texas system, 
using a time-travel instrument. This per- 
haps indicates a necessary trend toward 
higher-contact travel speeds which in turn 
likely will mean the use of better grades of 
steel along with lighter metals or materials 
in the operator and connecting linkage of oil 
circuit breakers. In this particular breaker 
some very interesting linkage is used in the 
operating mechanism. It appears, also, 
that the now well-known bevel link is used 
between the horizontal and vertical shafts. 
If the writer may be permitted to make a 
suggestion, it would be that papers on oil- 
circuit-breaker tests should include com- 
plete time-travel diagrams showing tripping 
and reclosing characteristics. 


T. M. Blakeslee (Department of Water and 
Power, Los Angeles, Calif.): This discus- 
sion deals primarily with the subject of 
charging-current interruption, as the system 
of the Department of Water and Power does 
not include single-pole-reclosing breakers. 
The idea of single-pole reclosing is, however, 
attracting considerable attention, and the 
author is to be complimented on the effec- 
tive demonstration he has made of a high- 
voltage high-speed device for this applica- 
tion. 

In connection with the interruption of 
charging currents, which Mr. Schwager 
points out is the severest duty that can be 
imposed upon circuit breakers, the point 
made in the paper regarding the desirability 
of a very low dielectric-recovery rate is an 
interesting observation. In other words if 
one, in trying to build a breaker that will 
not restrike, does not fully succeed, he may 
be worse off than if he never made the effort. 
For if he falls short of his goal, the result 
may be delayed restrikes which, as Mr. 


‘Schwager indicates, are the type of restrikes 


that produce harmful voltages. 

The author concludes that resistors across 
the breaker contacts produce no improve- 
ment in performance on the interruption of 
charging current. Recent tests made by 
the Department of Water and Power on the 
interruption of 138-kv cable charging cur- 
rents have indicated a considerable reduc- 
tion in overvoltages by the use of resistors. 
The resistors do not eliminate restrikes, 
although they tend to do so, but, because 
the gap voltage is reduced, the resulting 
overvoltages due to restrikes are materially 


reduced, 


In this connection, it is noted that Mr. 
Schwager reports more arcing with resistors 


- than without, and I should like to ask him 


to elaborate on this point. With resistors 
in the breaker there are two sets of contacts 
to part, the main contacts and the contacts 
which finally disconnect the circuit, and arc- 
ing can occur on each set of these contacts. 


Also, what are the dead-time character- 


istics of the breaker with the resistors in- 
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stalled; that is, how long are the resistors 
in the circuit on the opening stroke? 

The Department of Water and Power has 
had this problem of charging-current inter- 
ruption for some time. A 90-mile section 
of the 287.5-kv Boulder Dam transmission 
line requires 34,000 kva for energization at 
full voltage. The system now has three 138- 
ky underground-cable circuits, two of which 
require 19,000 kva each, and the other 9,000 
kva for energization. Many tests have 
been made on switching these circuits, and 
one of the significant and impressive obser- 
vations on the performance of breakers 
working on the principle of self-extinction 
of the arc is what some writers refer to as 
“the randomness of the restriking phe- 
nomena.’ This makes testing on actual 
systems somewhat of a problem, as the true 
picture is not likely to be obtained unless a 
very large number of tests are made. 

For example, out of 21 line-dropping tests 
at Boulder Dam, only one resulted in suffi- 
cient overvoltage to cause discharge through 
the line lightning arrester. Out of some 65 
openings on a 138-kv cable circuit, only six 
resulted in sufficient voltage (about three 
times normal) to cause discharge through 
lightning arresters on the cable circuit; one 
of these six operations resulted in failure of 
an arrester. 


W. F. Skeats and E. B. Rietz (General 
Electric Company, Philadelphia, Pa.): 
Though it is not quite clear from the oscillo- 
grams just how the tripping time is deter- 
mined, Mr. Schwager appears to have de- 
veloped a 230-kv interrupter with a safe 
margin under five cycles interrupting time 
at duties of the order of 750,000 kva. It is 
reasoned that, since the effect of increase in 
current is ‘‘so well established’’ by earlier 
tests at 110 kv, it may be assumed safely 
that the interrupting time at the full rating 
of 2,500,000 kva at 230 kv will be no greater 
than in the tests reported in the present 
paper. However, a review of the references 
to the older work indicates that, while in one 
arrangement using six breaks at 110 kv 
there was a reduction in arcing time of one 
tenth of a cycle with increase in current 
from 130,000 kva to 550,000 kva, tests with 
three breaks at 110 kv show an increase in 
arcing time of almost a full half-cycle for a 
similar current increase, and tests on six 
breaks at 230 kv, corresponding to the pres- 
ent arrangement, show a similar increase 
for a change from 500,000 kva to 1,100,000 
kva. 

It appears that the decreased interrupting 
time reported in the present tests is attrib- 
utable to very high mechanical speeds. We 
are assuming that tests not referred to in the 
paper prove that the operating mechanism 
will give the same opening characteristics 
for a three-pole breaker. The rapid exten- 
sion of the are associated with such speeds 
often results in severe chamber pressures. 
Apparently these cause no damage at the 
relatively low currents in the present tests, 
but we question what assurance there is 
that such pressures will not become exces- 
sive at the full interrupting rating of the 
breaker, particularly in view of the increased 
are durations which earlier tests appear to 
indicate. 

In the second operation of the reclosing 
test for which the oscillogram is shown in 
Figure 5, Mr. Schwager states that the arc- 
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ing time was only one-half cycle. Yet for 
21/2 cycles before clearing there is a disturb- 
ance in the record of voltage across the con- 
tacts. Could Mr. Schwager tell us just how 
this disturbance arose? 

On charging-current interruptions, the 
performance seems satisfactory. However, 
it should be pointed out that the voltages of 
41/. times normal which Mr. Schwager re- 
fers to as having been experienced with other 
interrupters did not occur on a circuit with 
the neutral solidly grounded. Under this 
condition reference 6 of the paper shows the 
voltage on either side of the breaker to have 
been limited to the very reasonable value of 
2.3 times normal. 

A stored-energy type of operating mecha- 
nism seems to be required for such high- 
speed reclosing of high-voltage breakers. 
Factory tests with a standard pneumatic 
operating mechanism such as used for 115- 
to 230-ky breakers indicate that 20-cycle 
reclosing is practical on modern 230-kv 
breakers with reasonable modifications of 
the moving-contact parts to reduce their 
weight. 


W. M. Leeds (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The observations made in this paper 
on the interruption of line-charging current 
are of considerable interest, confirming 
theoretical predictions that repeated re- 
strikes with current-zero intervals of less 
than one-quarter cycle produce no over- 
voltage. The possibility of overvoltage 
building up cumulatively to hazardous 
values apparently is avoided by a circuit 
breaker which operates with not more than 
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161-kv multiflow deion grid for 
3,500,000 kva 


Tripping of breaker releases main crossarm A, 
allowing springs B to move operating rod C 
down and rotate contact arm D, drawing pres- 
sure-generating arc. Simultaneously, contact 
E pulls away from intermediate contact F, 
drawing main arc. Pressure from upper 
chamber drives oil through channels G to 
multiflow inlets H, deionizing arc in orifices I, 
and sending arc products out vents J 


Figure 1. 
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one restrike having a current-zero interval 
exceeding one-quarter cycle. 

The author states that an amount of oil 
sufficient for multiple interruptions is pro- 
vided in the expulsion chamber, indicating 
that all of the gases may not have time to 


escape before reclosure. Residual gases not 
only displace oil needed for effective arc’ 
rupture but invite excessive prestriking of 
the arc during the closing operation. It is 
not clear why adequate interrupting ability 
on normal-duty cycles should be considered 
sufficient assurance of satisfactory perform- 
ance on high-speed reclosing, unless actual 
tests are made at the higher short-circuit 
currents where the gas generation is a 
maximum, 

The use of multibreak contacts operated 
at very high mechanical speeds has been 
shown to be effective in cutting down the 
arcing time to the point where breaker inter- 
rupting times of five or even three cycles are 
possible. However, it may be of interest to 
point out that comparable results have been 
obtained with cireuit breakers of much sim- 
pler mechanical design. For instance, large 
numbers of short-circuit tests have been 
made in the high-power laboratory (where, 
by the way, repeated testing is performed 
more conveniently than on a power system) 
on a 72-inch-diameter-breaker pole unit 
equipped with a standard eight-inch com- 
pressed-air mechanism adjusted for high- 
speed reclosing. Instead of a multibreak- 
contact assembly, one interrupting unit only 
was mounted on each breaker terminal, the 
contacts being of the 161-ky multiflow deion 
grid type, shown in Figure 1 of this discus- 
sion. It will be noted that a pressure 
generating are is drawn simultaneously 
with the opening of the main break which 
takes place at the speed of the breaker lift 
rod, averaging 13 feet per second. 

Operating on a 20-cycle-reclosing duty 
cycle, this breaker was tested on short- 
circuit currents up to as high as 11,000 
amperes at 88 kv to ground, corresponding 
to a three-phase fault of 2,900,000 kva. 
The oscillogram of Figure 2 of this discus- 
sion for this highest power test shows that 
the two interruptions took place promptly 
with only 1.5 and 1.7 cycles of arcing, re- 
spectively, and with very low are-energy 
dissipation. 

It has been demonstrated, therefore, that 
circuit breakers equipped with only two 
interrupters per pole and operating at rea- 
sonable speeds, when properly designed, can 
perform the functions of high-speed inter- 
ruption and fast reclosure without the 
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Figure 2. 161-kv 
multiflow grids 


mechanical complication or high-contact 
velocities of the multibreak device described 
in this paper. > 


E. W. Boehne (General Electric Company, 
Philadelphia, Pa.): Mr. Schwager has pre- 
sented some very interesting tests and con- 
clusions which will bear a little further con- 
sideration, particularly with respect to the 
features which bring about the successful 
interruption of line-charging kilovolt-am- 
peres. It is an established fact that the 
higher the speed of contact separation, the 
less is the possibility of restriking during 
line-charging interruptions. The same 
breaker, however, is required to interrupt 
light inductive-load currents as well as the 
small magnetizing current of associated 
transformers. Here an excessive contact 
speed encourages the ‘‘off-current-zero”’ 
interruption of the small inductive current. 
It has been shown! when an interrupter 
produces a shear ‘‘off-current-zero”’ inter- 
ruption of a purely inductive current, at an 
interval prior to the normal current zero 
equal to the period of the natural frequency 
of the circuit, that a voltage surge of 7.25 
times normal voltage crest is produced on 
the inductive equipment. Excessive con- 
tact speed encourages this characteristic 
which is augmented further in the presence 
of circuits having high natural frequency, 
such as occur when the breaker is adjacent 
to a transformer. Hence, contact speed 
usually cannot be dictated by the capacitive 
kilovolt-ampere requirements alone but 
must be based upon the entire spectrum of 
currents both leading and lagging. It 
would complete the picture if Mr. Schwager 
supplemented his paper with such low-cur- 
rent tests at both leading and lagging power 
factors. 

With this fact recognized, and the require- 
ments of interrupting high line-charging 
currents known, it was found expedient 
(reference 6 of subject paper) to retain the 
features which achieved the safe interrup- 
tion of the low inductive currents by not 
increasing the contact speed but instead by 
supplementing the breaker interrupting 
contacts with ohmic resistors. An analy- 
sis, confirmed by test, showed that the over- 
all optimum conditions were created by add- 
ing a total resistance per pole equal to 2.11 
times the capacitive ohms to neutral. This 
value, although optimum, is not critical, and 
resistors approximating this value on either 
side will be found beneficial. Resistors in 
this range held all overvoltages to an ex- 
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ceedingly saf level (reference 6) on a system 
which was not solidly grounded. Breakers 
on grounded systems, if they require resis- 
tors at all, could permit values of resistance 
considerably higher than this value. 

This philosophy applied to the circuit 
described by Table II of Mr. Schwager’s 
paper, indicates a value of resistance per 
pole of 1380,000/105X2.11=2,600 ohms, 
drawing a current of only 45 amperes’per 
phase. The 3,000 ohms per pole (87.5 
amperes) used by Mr. Schwager is in good 
agreement with these values (reference 6). 
It is emphasized in the subject paper, how- 
ever, that the arcing time for these trivial 
resistor currents increases the over-all arcing 
time, for line-dropping tests, by 1.2 cycles. 
The significance of this fact is not clear. 
The conditions of line-charging-current in- 
terruption do not represent any fault condi- 
tion which would hinder rapid reclosure. 
These small currents produce no appreciable 
heating, and, even should they follow the 
power current associated with a line flash- 
over, they should not alter appreciably the 
permissible reclosing time. Mr. Schwager 
has shown no power tests involving the re- 
sistors; hence confirmation in this case is 
not possible. ~ 

Mr. Schwager indicates, with a very 
limited number of tests, that resistors across 
the interrupting elements create no improve- 
ment in performance. This is difficult to 
understand, because the introduction of 
shunt resistors, in addition to assisting the 
interruption of leading currents, decreases 
the rate of rise of recovery voltage on induc- 
tive circuits which, according to all previous 
standards, is an accepted method of reducing 
the circuit severity. An indication of this 
fact is the values given in Table I of the 
paper. Here 66 per cent of the tests shown 
for the higher recovery rates (test 13 and 
26, first opening) showed longer arcing times, 
notwithstanding the fact that the current 
interrupted was more than double that in 
the tests at lower recovery rates. It would 
have been of value to have included tests 
with resistors at higher currents to permit 
this feature of the resistor to be demon- 
strated. 


The conclusion is therefore drawn that | 


resistors in interrupters, designed to per- 
form adequately on the entire spectrum of 
lagging currents, are an asset to the per- 
formance of the same interrupters on large 
capacitive kilovolt-amperes on ungrounded 
systems or systems operating with ground- 
fault néutralizers. Resistors in breakers as 
previously described should prove of assist- 
ance to both capacitive and inductive inter- 
ruptions and should not interfere with the 
modern trends in circuit-breaker develop- 
ment and applications. ; 

The one single-phase-reclosing test shown 


in Table I hardly justifies conclusion 2, 


since the mechanism had only to overcome 
the closing forces for a single pole. 
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1. THe Grometry or Arc INTERRUPTION—II; 
CURRENT-ZERO PHENOMENA, E. W. Boehne, 
AIEE TRANSACTIONS, volume 63, 1944, pages 375- 
87. 


A. C. Schwager: The paper described 
charging-current-interruption tests with and 
without parallel resistances across the are- 
rupturing devices. It was shown that the 
arcing time is longer with resistances than 
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without resistances, and several of the con- 
tributors to the discussion state that such 


_ performance is contrary to that experienced 


with other rupturing devices. As pointed 
out by Boehne, Skeats, Rietz, and Leeds, 
the short arcing times during interruptions 
without resistances are due to the relatively 
high blade speed used. At a breaker speed 
of 24 feet per second the average arcing 
timeéamounts to 1.2 cycles. 


In answer to Mr. Blakeslee’s question; 
when resistances were used at 24-feet-per- 
second speed they remained in the circuit 
for approximately 1.5 cycles. In other 
words, without the use of resistances the 
charging current is interrupted before the 
instant that the final arc would be drawn in 
case resistances were used. With resist- 
ances, approximately 1.5 cycles of arc is 
present after the blade leaves the auxiliary 
contacts. 


As Mr. Boehne points out, an over-all 
arcing time of three cycles for line-dropping 
tests is not excessive; however, if this same 
line can be dropped without resistances 
across the contacts in less than three cycles 
(actually 1.2 cycles), then it is obvious that 
the resistances would not constitute an im- 
provement. It is not denied however that 
resistances are useful in conjunction with 
other rupturing devices, which without re- 
sistances might have excessively long arcing 
times and numerous restrikes and which 
would produce overvoltages. With the 
advances in high-strength lightweight met- 
als, the attainment of high speed presents no 
unusual problem; its use leaves the expul- 
sion chamber in its original simplicity and 
eliminates the necessity of resistances or 
additional moving parts and contacts. 
Mr. Boehne further points out that high 
breaker speeds are contraindicated for the 
interruption of small inductive currents. 
Actual field installations in conjunction 
with 5,000-kv reactors, however, demon- 
strate that the expulsion-chamber-breaker 
interruption proceeds entirely normally, 
that is, without excessive tank pressures or 
oil throw. Mr. Boehne states that resist- 
ances should be helpful in reducing the arc- 
ing times during heavy current interrup- 
tions, because of the smaller rate of rise of 
recovery voltage produced through them. 
It is possible that the use of resistances 
would reduce the arcing times in tests 13 and 
26 from 1.4 to possibly 1.0 cycles. In con- 
junction with five-cycle breakers such a 
reduction is not necessary. For three-cycle 
breakers, it is felt that other methods of 
reducing further the arcing time should be 
considered before using the hazardous re- 
sistances. Conclusion 2 referred to the 
ability of the expulsion chamber to interrupt 
successive short circuits in quick succession. 
This performance is of practical importance 
in conjunction with single-pole-reclosing 
operation of transmission lines. 


Skeats and Rietz bring out the fact that 
the sloping arcing time-current character- 
istic of the expulsion chamber might not be 
sufficiently established to permit extrapola- 
tions as to performance at full ratings. If 
differences due to random phenomena of 


_approximately one-quarter cycle are disre- 


garded, this characteristic has been estab- 


lished by numerous additional field tests. 


As an example, on an extended test on a 69- 
ky breaker with expulsion chamber the arc- 


‘ing time gradually decreased from two 
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cycles at 212,200 kva to one cycle at a 
maximum of 1,827,500 kva. Withreference 
to the voltage record of Figure 5 of the 
paper, this is disturbed by a high-frequency 
oscillation of the potential transformer 
employed, a fact which becomes particu- 
larly obvious by analyzing the arc-voltage 
record during the first interruption, which 
shows the lightly damped oscillation. As 
can be seen, the oscillation continues for 
several cycles after the interruption and 
therefore cannot represent the actual condi- 
tion. 

Mr. Leeds demonstrates by means of 
figures and oscillograms that fast-charging- 
current and short-circuit-current interrup- 
tions can be accomplished by the use of 
auxiliary contacts. As previously pointed 
out, it is felt that the elimination of any 
auxiliary devices is advantageous from a 
maintenance standpoint, particularly if 
satisfactory performance can be guaranteed 
by a simple expedient as higher blade speed. 

Mr. Larner confirms the fact that by the 
liberal use of high-strength metals, bevel 
links, and other advanced mechanical de- 
signs, higher breaker speeds are easily ob- 
tained. Space limitations precluded the 
inclusion of the valuable time-travel curves 
in conjunction with these tests. 


A Distance Relay With 
Adjustable Phase-Angle 


Discrimination 


Discussion and author's closure of paper 44- 
216 by S. L. Goldsborough, presented at the 
AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANSAC- 
TIONS, 1944, November section, pages 835- 
8. 


L. L. Draper (Department of Water and 
Power, Los Angeles, Calif.): The relay 
element described in this paper is a distinct 
forward step in the protection of long trans- 
mission lines, particularly with respect to 
the convenient adjustments that have been 
provided. 

By shifting the center of the character- 
istic circle away from the origin in the gen- 
eral direction of the line-impedance vector, 
on the resistance-reactance diagram, it is 
possible to reduce greatly the diameter of 
the circle without affecting the element’s 
sensitivity to faults. This reduction in 
diameter, however, makes the element much 
less sensitive to swings and loads. 

If we refer to Figure 5 of the paper, there 

are two questions I would like to ask the 
author: 
1. In swinging the phase angle of the element’s 
characteristic circle away from the line-impedance 
angle, would it not be necessary to allow a greater 
safety factor in setting the cutoff point for line 
faults, because of the more acute angle at which the 
line-impedance vector intersects the characteristic 
circle? 


2. How would the situation at the remote end of 
the line be handled where the load and swing vec- 
tors would approach from the left instead of from 
the right as shown? 


It seems to me that the optimum phase- 
angle adjustment for this element would be 
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the same angle as the line, since this adjust- 
ment would give equal sensitivity to loads 
and swings approaching from either direc- 
tion and would, I believe, allow the most 
accurate adjustment of the cutoff point for 
line faults. 

Although this element has directional 
characteristics, as stated in the paper, it is 
necessary to supervise its operations by a 
conventional directional element so as to 
secure positive discrimination between 
close in-line faults and faults on or back of 
the local bus. 

The maximum swing angle between two 
parts of a system that can be attained with 
the system still recovering stability is a 
somewhat indefinite quantity. I have seen 
automatic oscillograms of swing conditions 
in which one or more cycles have been 
gained and lost between two parts of a sys- 
tem and the system regained stability. It 
is my opinion, therefore, that all major 
transmission-line protection on lines through 
which an unstable condition might exist 
should be equipped with out-of-step block- 
ing, and, if it is felt desirable to separate 
automatically two parts of a system that 
are out of step, this should be accomplished 
at some definite location by relays that 
operate after a predetermined number of 
cycles has been gained and lost. 


E. H. Klemmer (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Distance relays with adjustable 
characteristics as described by Mr. Golds- 
borough will find other applications besides 
those dictated by stability considerations 
between generating stations or systems. 
Other types of applications where such a 
relay might be employed to advantage, 
which come to mind, involve lines with 
tapped-off motor loads (synchronous or in- 
duction), such as pumping stations, mills, 
and electric railways. Here it may be 
difficult to discriminate with ordinary relays 
between remote-end line faults where trip- 
ping is desired and motor-accelerating con- 
ditions where tripping is to be avoided. 
Motor acceleration must be considered not 
only during starting conditions which 
usually involve only one or a few motors at a 
time, but more particularly for the accelera- 
tion following the clearing of an external 
fault when all the motors may be involved. 
This acceleration involves currents com- 
parable to the combined starting current of 
all motors possibly five or six times full load 
and at quite low power factor, depending on 
the motor speed or slip. Hence the acceler- 
ating impedance and its angle may become 
comparable to a long-line remote-end fault. 


A. R. van C. Warrington (General Electric 
Company, Philadelphia, Pa.): This paper 
touches upon the contents of the two original 
papers on the mho relay!? and then shows 
how current bias can be introduced into the 
beam-type impedance relay to obtain the 
mho characteristic described in those papers. 
The author goes on to show that the charac- 
teristic not only can be pushed into the mho 
circle position but also can be pushed farther 
in all directions so as to be entirely clear of 
the origin. The advantage of this is not at 
all clear. Figure 5 purports to show that 
the relay can be made very insensitive to 
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LINE IMPEDANCE 


Figure 1. Circuit for testing relay on suddenly 
applied faults 
Xi+Xe ae 
Set +" =5 =tan™! 78° 
Set RAR, 5 =tan 


Compare steady balance point of relay 
with highest value of ohms that will never 
operate relay when S is closed 


power swings by pushing the characteristic 
over to one side of the system impedance 
vector. The author apparently has over- 
looked the fact that the swing impedance 
can come in from the other end of the power- 
swing locus when the power flow has swung 
to the incoming direction. 

It is very difficult to understand the 
author’s explanation of the operation of his 
relay, because there are apparent errors in 
the text and the diagrams and he does not 
explain what all the mathematical terms 
represent. A very much simpler explana- 
tion is as follows: The ampere-turn equa- 
tion of the unit is [HE—KrlI cos (¢—0@)]= 
[Kol]. Dividing through by J gives the 
impedance equation [Z—Kp cos (¢—6)]= 
[Ko]. This is the equation of a circle on an 
impedance diagram whose radius is Ko and 
whose center is Kz from the origin at an 
angle 6 from the reference vector. Ko 
corresponds to the adjustment of the current 
operating coil Jo, the Zp setting; Kp corre- 
sponds to the Zz setting; @ is controlled by 
the resistor Ry. 

The characteristic of the original bal- 
anced-beam impedance unit was not exactly 
circular, and it is hard to see how the addi- 
tional biasing means could provide any such 
regular circles as those shown in the paper, 
Does the author have any test results corre- 
sponding to the circles shown in Figures 8, 
9 and 10 of the paper? 

In an ordinary impedance relay offset 
currents, such as may be obtained at the 
inception of a fault on a transmission-line 
circuit of X>3R, can cause considerable 
overreaching, that is, liability of the relay to 
trip on faults beyond the setting of the re- 
lay. In the new relay the overreaching 
would appear to be still worse, because the 
increased values of current associated with 
the offset would reduce the restraint as well 
as increase the operating torque. Has the 
author made any tests with faults suddenly 
applied in a highly lagging circuit? The 
illustration shows a simple test circuit which 
tepresents the appearance of a fault on a 
transmission line and can be used to check 
the behavior of the relay. 
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S. L. Goldsborough: In answer to Mr. 
Draper’s question regarding the setting of 
the cutoff point when the axis of the charac- 
teristic circle is shifted away from the line- 
impedance angle, the safety factor, figured 
on the basis of the intersection of the circle 
with the line-impedance vector, would have 
to be greater. However, if the safety factor 
were figured on the minimum distance of the 
line-impedance cutoff point to the circle, it 
would not have to be greater. 

Mr. Draper’s second question brings up 
the question of the response of the relay to 
synchronizing surge vectors which approach 
from the left instead of from the right. An 
inspection of Figure 5 of the paper will reveal 
that relay operation is prevented by the non- 
operation of the directional element whose 
zero torque line is shown leading the JX axis 
by 60 degrees. If the surge vector on the 
left should lead the JX axis by an angle not 
smaller than the angle of lag of the right- 
hand surge vector shown, adequate cutoff 
would be provided by the directional ele- 
ment. However, if the angle of lead of a 
surge vector on the left were considerably 
less, it would, of course, fall on the operating 
side of the directional-element zero torque 
line as shown, but this situation could be 
remedied very easily by energizing the 
directional element with star currents which 
would give a zero torque line leading the 
JX axis by only 30 degrees. 

It is apparent from Mr. Warrington’s 
discussion that he does not appreciate the 
advantage of being able to displace the 
characteristic circle so as to include or not to 
include the origin within the circle. This 
ability to shift the circle at will simply 
means that, in severe cases where the surge 
vectors from both the right and the left 
approach very close to the line ohms, the 
relay characteristic can be made to cover the 
line ohms adequately without including the 
surge-ohm vectors. This can be done in 
two different ways, by using two elements 
with their contacts in series. One way is to 
overlap two small-diameter circles with their 
centers on the line-impedance vector, and 
the other way is to overlap slightly two 
large-diameter circles with their centers ona 
line at approximately 90 degrees to the line- 
impedance vector and on opposite sides of 
the line-ohm vector. 

Evidently Mr. Warrington did not under- 
stand all of the information contained in 
Figure 5, or he would have seen that surge 
ohms which approach from the left are cut 
off by the directional element. Because of 
this, it is permissible to shift the circle to the 
left to avoid the surge vector on the right. 
Of course, if the circle periphery must pass 
through the origin, the circle cannot be 
shifted to the left, since then it would not 
encompass the region on the R axis repre- 
senting close-in arc faults. This difficulty 
is overcome in the relay described by shift- 
ing the circle downward to include the 
proper region on the R axis, as is shown in 
Figure 5. 

Mr. Warrington, in bringing up the point 
that the original impedance unit did not 
have an exactly circular characteristic, is 
confused regarding the phase-angle relation- 
ship of the current force on the front end of 
the beam with respect to the force on the 
rear end of the beam. The original imped- 
ance unit was deliberately made somewhat 
responsive to the phase telation of the 
quantities on the two ends of the beam, and 
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circular characteristic. However, the im- 
pedance unit described is made substantially 


independent of the phase angle between the 


opposing quantities acting on the two ends 
of the beam, and, therefore, the character- 
istic is substantially circular. This point 
was brought out in the paper by the state- 
ment: ‘‘No vector relationship exists be- 
tween the pull on the front end and the pull, 
on the back end of the beam, since the beam 
has substantially no response to the phase 
angle between the forces on the two ends.” 

Evidently Mr. Warrington has not at- 
tempted at all to analyze the action of the 
circuit in Figure 6 on d-c transients but has 
jumped to the conclusion, apparently en- 
gendered by wishful thinking, that response 
of the element would be excessive because of 
the introduction of current on the rear of the 
beam in opposition to the voltage. Mr. 
Warrington has overlooked two very im- 
portant points. In the first place the phase- 
shifting elements, the reactor Xo and the 
resistor R,, constitute a transient shunt. 
The high-angle reactor Xo has a low d-c 
resistance and, therefore, the d-c transient 
is shunted through the reactor and does not 
show up in the resistor R;. Another more 
important effect is that during the transient 
period the current in the resistor R; does not 
have its proper phase relation. The fune- 
tion of the Xo, R; circuit is to lag the current 
in R; 60 degrees from the current Jp. It 
requires time for any phase-shift circuit to 
get going, and, therefore, during the tran- 
sient period the current in R; is not lagged 
the proper amount. This means that dur- 
ing this period the current on the back end 
of the beam is not subtracting directly from 
the voltage, and, therefore, its combination 
with the voltage gives a resultant which is 
larger thanitshould be until the d-e transient 
disappears, The excessive restraint then 
tends to balance the excessive current on 
the front end of the beam since the d-e 
transient is not removed from this coil. 

Actual tests have shown that the response 
of the element to d-c transients is negligible. 
On a 78-degree circuit the balance point 
shifts only four per cent on the maximum 
possible transient. 


D-C Arc Interruption 
for Aircraft 


Discussion and authors’ closure of paper 44+ 
186 by J. S. Quill and L. T. Rader, presented 
at the AIEE Los Angeles technical meeting, 
Los Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANSAC- 
TIONS, 1944, December section, pages 883- 
8. 


Cyril G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Quill and Rader have presented some valu- 
able experimental information which should 
be of appreciable assistance not only to 
builders .of switches but also to users of 
them. While there is no apparent reason 
to doubt the accuracy of their data on are 
interruption and no appafent reason to 
challenge their general qualitative conclu- 
sions, there is reason to discuss their method 
of reproducing altitude conditions. They 
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state that they have reproduced the stand- 
ard National Advisory Committee for 
Aeronautics pressure at altitude but not the 
temperature. Arc-interruption phenomena 
are a function of density of the air, not pres- 
sure alone; hence, the standard NACA air 
density at altitude should have been re- 
produced instead of merely pressure. Since 
temperature is not of itself important, the 
authors were justified in not taking the 
additional trouble to reproduce the standard 
NACA temperatures, but their results 
should have been plotted as a function of 
density altitude, not pressure altitude. 

To illustrate the difference—if the pres- 
sure altitude is 50,000 feet, and if the tem- 
perature of the air is +25 degrees centi- 
grade, the density altitude is 56,600 feet. 
Thus, the data given by the authors for 
50,000 feet really apply for an altitude of 
approximately 57,000 feet. But it must 
also be remembered that the density altitude 
of the switches in an airplane may differ 
appreciably from the pressure altitude, par- 
ticularly if the switches are in a warm ambi- 
ent temperature; and it is the density alti- 
tude which governs the performance of the 
switches. 


J. S. Quill and L. T. Rader: Mr. Veinott 
has correctly stated that a temperature 
correction factor should be applied to the 
conversion of pressure to altitude. How- 
ever, it is obvious that this temperature cor- 
rection is merely a matter of changing the 
altitude co-ordinate and in no way affects 
the accuracy or usefulness of the results. 
It merely makes them conservative. The 
introduction to this paper states that this 
investigation was carried out to obtain pre- 
liminary data on arc-interruption problems 
introduced by the use of higher direct 
voltages. When this work is done in its 
advanced stages, we believe that it will be 
necessary to duplicate actual temperatures 
as well as pressures. We do not subscribe 
to Mr. Veinott’s statement that tempera- 
ture is not of itself important but ultimately 
will test under as near actual conditions as 
possible. Air density has a part to play in 
are interruption, but the temperature of the 
electrodes, especially if the gaps are very 
small, is also important. 

Low temperatures were not used in this 
investigation, because we felt they would 
help are interruption, and we therefore ob- 
tained data with some inherent safety factor 
and made testing much more rapid. The 
comparative data presented are still valid 
and useful. 


Requirements for Low- 


Voltage Aircraft Cable 


Discussion of paper 44-224 by R. E. Hedges, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November sec- 
tion, pages 808-10. 


Joseph H. Jay (nonmember; Air Technical 
Service Command, Wright Field, Day- 
ton, Ohio): The use of ‘any suitable 
material that meets the performance re- 
quirements of the applicable low-voltage 
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aircraft-cable specification is the driving 
factor for the cable manufacturers. R. E. 
Hedges brings forth this point in his 
summary and also covers the majority of 
the requirements as outlined in specification 
A N-J-C-48. However, it should be stressed 
that the use of any suitable material has 
been an incentive to the cable manufactur- 
ers and has given them a wide field to draw 
from to meet aircraft requirements. 

It should be noted that the manufacturers 
of aircraft cable have used a wide assort- 
ment of insulating materials in meeting air- 
craft requirements. The majority of ma- 
terials used seemed to indicate that the in- 
genuity of the manufacturers has been put 
into excellent use, as very few repetitions of 
identical insulating materials have been 
encountered in a wide field of manufacturers. 

The splendid co-operation of the wire 
manufacturers has resulted in a very satis- 
factory aircraft cable, though new require- 
ments are continually encountered, and the 
present requirements as covered by the AN 
specification have been capable of with- 
standing these new environments. To 
insure a satisfactory wire for conditions 
which have not been previously encountered 
has created the changes in requirements and 
appropriate tests are changed or new tests 
inserted in the specification. 


Electric Connections 
on Aircraft 


Discussion and authors’ closure of paper 44- 
222 by F. O. Stebbins and L. A. Taylor, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, December section, 
pages 906-11. 


Jerome H. Ehrich (nonmember; lieuten- 
ant, Air Technical Service Command, 
Wright Field, Dayton, Ohio): This paper 
presents an interesting survey of electric 
connections in common use in aircraft. 
In regard to stripping of wire, a table 
is included, showing allowable broken 
strands per wire and a maximum allowable 
percentage of scraped, swaged or nicked 
strands. The insulation-stripping opera- 
tion should;be accomplished without dam- 
aging or breaking any of the wire strands. 
Setting up of standards for permissible dam- 
age to wire will result in careless wire strip- 
ping. An employee who knows that a 
certain number of strands may be severed or 
damaged in the stripping operation may 
make no special effort to strip a wire with- 
out damage to the wire strands. 

A wire stripper which will strip aircraft 
low-voltage cable fabricated in accordance 
with specification AN-J-C-48a without 
damage to the wire strands is currently in 
the process of standardization. 

With reference to AN connectors, the 
most successful AN connector contact 
tested to date consists of a tubular member 
machined from high-conductivity-copper 
bar stock. The contact is divided into two 
separated cavities. One cavity, the solder 
pot, receives the wire lead. The other is 
the pin cavity, the wall of which is cut into 
several segments, each flexible enough to 


Discussions 


make individual contact with the pin by 
the pressure applied on the forward end of 
the contact by a circumferential spring. 
This construction allows for a low potential 
drop, since there is one line of contact per 
segment on the pin. 

After the standardization of AN connec- 
tors was accomplished, an effort was made 
by aircraft manufacturers to use connectors 
for all possible applications requiring fre- 
quent disconnection. Connector-insert 
arrangements multiplied until at present 
over 200 insert arrangements are available. 

Experience with AN connectors during 
the past four years proves that with proper 
initial wiring of A NV connectors and installa- 
tion used in aircraft, in locations not subject 
to extreme vibration, heat, or splashing rain 
and liquids, A N connectors have been giving 
satisfactory service. 

To date, no phenolic has been developed 
for connector inserts which would enable 
them to withstand the terrific vibration 
encountered on equipment mounted on the 
aircraft engine. For these applications, 
lugs and studs are being used. 

Although AWN connectors are constantly 
being improved by use of superior materials 
and contacts, the trend at present is to- 
wards the use of AN connectors only where 
absolutely necessary. Where heavy cur- 
rents are encountered, lugs and studs are 
being specified and, wherever applicable, 
terminal strips are being utilized for con- 
necting electric circuits. However, there 
is still a definite need for AN connectors 
since they do operate with maximum 
efficiency when the following conditions are 
met: 

(a). Protection should be assured from extreme 
vibrations and high temperatures. (No connectors 


on engine-mounted equipment nor in poorly 
ventilated locations in the airplane-engine section.) 


(b). AN connectors should be sparingly used for 
circuits carrying more than 50 amperes. 


(c). AN connectors should be installed in locations 
where they will not be subjected to dripping oil, 
gas, hydraulic fluid, or rain water. 


E. C. Quackenbush (nonmember; American 
Phenolic Corporation, Chicago, Ill.): One of 
the main features of AN connectors is their 
interchangeability. When the specifications 
were written, it was the desire of the Army 
and Navy engineers to write these specifica- 
tions in such a way that the various manu- 
facturers would have freedom in design, yet 
the performance would meet a certain 
standard, and the products of the various 
manufacturers would be interchangeable. 
This method of writing specifications may 
be open to criticism, but we have all seen 
that it was very wise in this particular case. 
Had the specifications been written to tie 
down all the minute details, there would 
have been no improvement. We are all 
aware of the many improvements added to 
these AN connectors since they were first 
originated. It is only necessary to compare 
the products of various manufacturers to 
see what we mean. This method of writing 
specifications has resulted in both split and 
solid-type shells. The solid-type shells are 
without question more water-, dirt-, arid 
oiltight, as well as vibration-proof and 
trouble-free. The split shells, on the other 
hand, permit wiring in closer quarters and 
have distinct advantages as far as time sav- 
ing in installation is concerned. 


Pressure-tight, moisture-sealed  light- 
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proof, explosion-proof and tiany other 
apecial design features have been added 
without deylation from the original speek 
fieations, Contacts that do not rotate and 
dielectric material with outstanding quali 
ties have been added that ave not inelided 
in the specifications, Again we would say 
that we like the way the specifications are 
written, because tt has brought out all these 
desirable features, However, tt might be 
the time now to review some of these fea: 
tures already mentioned and deelde whieh 
ones nught be included in the specications 
aa requirements, 

Another AN-conneetor feature of tm 
portance ia quantity of available styles and 
sizes, There seems to be confusion among 
some of the users because of the great nut: 
ber of conneetors and connector combina 
tions that are available, In reality the dV 
connector series ia very simple when one 
understands that i ia made up of a small 
group of interchangeable parts, 

Nor instances 


1, There ave only four basle shell styles 
2, There are only 14 shell slges 
i, Phere ave but alk contaet slees 


4, There are, however, 214 Insert assemblies 


These shell styles, shell sizes, contaeta, 
and inserta are so completely iterchangeable 
that the number of possible combinations ts 
in the thousanda, We would like Co point 
out that the shells ean be divided into plugs 
and receplactes, The plig is always ldentl 
fled by the coupling ring and the receptacle 
by the external threads, Soeket or pin 
inserts are interchangeable from phig to 
receptacle, It should be noted here that a 
Plug is stilla plug whether i has socket cou 
tacts or pin contacts, Any variations in 
shells ia Just in the shape or mounting, and 
it will be found that even the various com 
ponent parts that ave used in (he shells are 
interchangeable from assembly 
another, 

The 18 shell alvea not only permit a sav 
ings in apace and weight but allow for the 
moat economical use of the dieleetrle 
material, 

All selections of connectors, of course, 
should originate with the contaets, The 
contact sige is determined by the wire alge 
This in turn is placed in the dleleetrle or 
insert material, and the apace or alge of the 
insert itself ia determined by the voltage 
considerations, With 218 Inserts to choose 
from it is possible to find almost any com 
bination of contact sizes and voltage at 
rangements one needs, 

Another point that might be wine to dis. 
cua is the constant improvement made in 
these connectors by the various manutac 
turers as the war has progressed, The 
specification changes have not kept pace 
with the improvements, Coupling riage 
are now furnished with eross-drilled holes 
for safety wiring, ax one example, Im 
proved die-casting technique has rosulted tn 
more acourate die castings with lose poros 
ity, Gauging and inspeetion methods have 
been improved, and most of the manutac 
turers now inspect all party 100 per cent on 
automatic machinery, This ia particularly 
true of the contact pins and socketa where 
not only is automatic machinery used to 
check these parts dimensionally, but pullout 
pressures are checked on every part that 
goes into a connector, 

Although the entire paper was interesting 


one to 
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to us, we have eonfined our disetiaaton 
strictly to the AN-connector serles, We 
agree that a failure of any part of an electric 
ayatem on the airplane is very serlous, but 
we belleve that 4.V connectors have earned 
for thempelves a place in alveralt 


Yl, O, Stebbing and L, A, Taylors tn eom 
menting on the disetiaaion by Lieutenant 
Jerome TH, Whrich, the writers are in agree 
ment regarding the objective of stripping the 
Insulation without any damage to the wire 
bul, up to the present (ine, have been tn 
able to flnd aueh a requirement ti any 
specification, nor could they obtain any 
wriltendecisionon (iis problem from respon 
alble sourees, Until the standarda noted in 
(his paper were voluntarily set up tn view 
of available commercial wire alrippers, tn 
gufficient attention to proper wire aleippiig 
was noted, With this standard, inapeetors 
have a basin for rejection, and commeretal 
atvipping machines could be used for high 
speed produetion, No taihives have oe 
eurred in teat or serviee that ean be at 
(ributed to (he standard 

It in hoped that information on the 
standard wire atripper whieh will not dam 
age wire Wil be released as soon as posalble, 

Untortinately, exiating AV connectors on 
alvorvalt ave frequently aubjeet to direet tain 
or condensation, Severe corrosion of iwi 
treated aluminum die casthiga, meetlig the 
present apeciiioation, has been notleed on 
thany occasions, The writers belleve that 
some type of protection aliould be required, 
Oil, was, and hydrautie thild on alveratt ave 
also apt lo eome in touch with eonneetors aa 
(hat protection agatiat (hem is desirable 

Mr, ‘Vaylor at one time proposed a eon 
neetor socket in whieh a coll spring of plane 
wire waa vised lo support the sooket, Mile 
could not be dised tn the partleutar appllea 
tion, beeause the phenolle inserta would 
have to be drilled out for the soeket, reautt 
ing in foo Lite spacing and ereepage dine 
(ance between contaeta, Tt was partieularly 
interesting Co learn (wo years alter (hia pro 
posal that (he Japanese were uslig a eoll 
spring support for thelr aookets, 

The weiters would like to eall attention to 
the article, “Save Weight by Adding Wires,"! 
by TH, I, Rempt, Lockheed Alreraft Cor 
poration, ia whieh the advantages of tat 
(wo or more aniall wires In place of one of 
(he large wire appear not only in weight 
waved, Dut alvo in amatler and almpler AN 
connectors and betteraoldered joluta, The 
tine of simall parallel wires would require 
special consideration aw to wire markings, 


Cable Used for Transmitting 
Electric Energy in Airplanes 


Discussion of paper 44-299 by Melville Fy 
Peters, John J, Phillips, Max Kronsteln, and 
Helen Baldwin Jealous presented at the AIEE 
Los Angeles technical meeting, Los Angeles 
Calif., Auguit 29September 1, 1944, an 
published in AIEE TRANSACTIONS, 1944, 
pages 1270-89, 


W, StanwixeHay (Qeneral Hlectric Company, 
Bridgeport, Conn; There are a number 
of items in this paper that ave of duterest to 
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the electrical engineer engaged in the Wane at 
facture of power cables for aleplanes, pate — 


(loularly at Chia (ime when we are at war, 
Heoauae of this war, we are faced with the 


very practioal problem of produeiig miions— 


of feet per week of cable that ts tegen 
needed by the Armed Morees and airer 
manufacturers,  Tecwuse of Chis urgent de» 
mand, we Hust confine ourselves to practieal 
Himilation (hat can be applied at high ape 
ii large quantities, and with @ minim 


defeeta In Che manufacturing eyele and ta 


(he completed cable, 
iy inference, the authors of Chis paper 


attempt to show Chat wire lasulated with a 


wlade brald impregnated with varnish ts 
superior to oa vinyliteslasilated — wire, 
Vinylite ta, of course, a trade name for a 
partiewlar (ype of ayathetio insulation and 
we atgent that the term polyvinyl ehloride 
be used In Chis disetsalon, as, i thin way, we 
do not Timit it to any partlenlar tanita. 
tive, Ourexperience has been that yvarnialt 
ov lacquer used as a binder for glasa tape 
does not actially impregnate the tape but 
merely produces a aurface fil, Again, our 
experience has been that the varnishes sult: 


able for use with glass have relatively poor — 


bending propertio, and (in for this teason 
(hat on flexible leads aueh as ace vised tt alte 
oralt we final our wire not with vartioh bat 
with the beat possible nequers that we are 
able to procure, We have never been able 
to seeure a variiah or lacquer, with one @X« 
coption, that would operate at 280 degrees 
centigrade without deterloration, The exe 
ception that T tention is a very new de» 
velopment and ean be obtained in sieh 
Hinited quantities (hat, at least for (he pres: 
ent, 1 world be entirely iinporsible to 
nianufeeture alveralé cable with this lage 
laboratory produet, Murthermore, 1 has 

heen our experience (hat a glade tape, aa we 

know i, presenta sueh ditleutiies that 1 

cannot be applied to wires having diameters 

as small as 0.084 ineh whieh are ied regi: 

larly in the witlig of our present-day alte 

planes, Although glase itself haa high die 

electric atreng(h, a gla tape Has so many 

intorations that in the presenee of niointure 

the tape asa whole has very poor dieleetrie 

atvength, and so rellanee for dleleetrle 

alrength mit be placed on the laequer or 
variish fini, Of Chia ia euptared, motiture 

in quickly absorbed, and the dleleetrle 

atrength of the tape ta lowered, Tt ia for 
thin reason that we tise Che aynthedle poly: 
vinyl ehloride on allot our present produce 

(ion of lowe voltage alveralt wire, 

We suggeat Chat the authors apeetly the 
(ype of varnish waed on thin wire and alse 
how long the wire operated satiafaetorily at 
YAO degrees eontigrade without apparent 
damage, 

The authors propose a broad eopper 
trip, apparently in Hew of the conventional 
round eonduetor that ia used, 
of my knowledge, such a strip eoutd be 
mace, only solid wire were ised, by 
Magnetwire machine equipment, Ta 
flexible conduetor in used, as ii aetiially iaed 


in all types of alroralt-power wiring an (4 .§ 
40 ee 


we know of only one method, and (ha 

braided type of eonduetor.. Thiw braided 
flat coudietor presents nimeroua prablens, 
the moat difioult of whieh iy that thin type 
of eonduetor could only be manulaetived on 
relatively slow apparatus that would, tn our 


opinion, seriously retard the preduetion— 


program, Possibly che second moat dif 


at 
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cult problem would be the method by which 
we could satisfactorily insulate these strips 
in such a manner that we could insure a 
satisfactory insulation for potentials up to 
300 volts and one that would conform to the 
many physical requirements that aircraft 
demand in their power and lighting systems. 
Also, if we see this picture correctly, a strip 
of thisinature can only be bent in two direc- 
tions. In other words, it simply does not 
have the flexibility that is required in con- 
ventional wiring. 

Is it the authors’ contention that bars 
could be used in lieu of flexible wire where 
cross sections equivalent to American wire 
gauge 22 and 20 are desired? 


Joseph H. Jay (nonmember; Air Tech- 
nical Service Command, Wright Field, 
Dayton, Ohio): The use of high-resist- 
ance cable for aircraft high-voltage igni- 
tion cable on aircraft engines may have its 
merit by decreasing wear by 50 per cent, 
but consideration should be given to the 
additional requirements which should be 
met by the cable for aircraft use. An in- 
crease in wear allowance would be voided if 
other properties of the cable such as dielec- 
tric properties, moisture absorption, tensile 
strength, and resistance to severe environ- 
ments, were ignored. The design of high- 
resistance cable should be such as to con- 
form with standard-size cables in present 
use on aircraft. 

Increase of operating voltage in aircraft 
would aid materially in weight saving by 
the use of aluminum conductors in lieu of 
copper conductors. The present difficulty 
in present-day aircraft is that the majority 
of the electric equipment functions on low 
voltage and the equipment which operates 
on a higher potential consumes low current 
which would not affect an appreciable 
amount of saving in weight by the use of 
aluminum cable for smaller-gauge copper 
cable. 

Operating temperature for the cable with 
the use of nonmetallic material would be de- 
creased considerably, but because of the 
universal application of aircraft under 
severe environments the material used 
would have to be satisfactory under all 
conditions encountered. 

The use of aluminum bars would alleviate 
trouble experienced in connecting aluminum 
conductors to appropriate equipment; how- 
ever, the flexibility feature would be lost 
which is one asset that is badly néeded in 
present-day aircraft to facilitate mainte- 
nance and installation. Another significant 
factor that should be thought of is vulnera- 
bility. The flexibility of electric cable in 
aircraft has aided many aircraft in arriving 
at its home base with a riddled fuselage but 
with the electric system still operating. 
With the use of rigid aluminum bars this 
advantage may be lost. 


Carlos B. Mirick (United States Naval 
Research Laboratory, Washington, D. C.): 
The authors assume the weight of the elec- 
tric-power source in aircraft in terms of 
weight per unit of power. A weight of 6.6 
pounds per kilowatt is assumed for gener- 
ators and an additional 6.6 pounds per kilo- 
watt is assumed as fixed weight of engine. 
The use of quantity Ky in subsequent equa- 
tions implies the establishment of this or 
some similar value. 
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The values chosen by the authors seem 
entirely reasonable for the purpose intended. 
However, the establishment of a weight-to- 
power ratio suitable for practical applica- 
tions is difficult. Not only do engine 
weights per unit of power and fuel rates per 
unit of power vary over a considerable 
range, but also it is not easily decided what 
items should be included in the charge. If 
one adds the weight of fuel and engine ac- 
cessories and supports to that of the engine 
proper, the process can be continued until 
the “‘all-up” weight of the airplane is in- 
volved, in which case the plant weight per 
unit of power becomes the power loading of 
the airplane. 

At the other extreme lies the view that the 
amount of power diverted from the main 
engines to drive electric equipment is rela- 
tively so small that engine weight may be 
neglected entirely. In other words, the 
primary source of electric power is treated 
as being one of infinite power and zero 
weight. At the present time, this second 
view is perhaps more generally acceptable 
than the first. 

It is desired to emphasize the point that 
the establishment of some value of weight 
per unit of power for the power source is 
necessary for any weight-power analysis. 
Also, it may be noted that, once such a value 
is accepted, a size of conductor can be deter- 
mined by means of Kelvin’s law, by sub- 
stituting weight for monetary value. 

On this basis the optimum size of conduc- 
tor appears as 


A =conductor area, circular mils 
K,=weight of one mil-foot of conductor 
K.=resistance of one mil-foot of conductor 
J =current in amperes 
a=slope of the weight-power character- 
istic of the power source 


As in other applications of Kelvin’s law, 
constant current is assumed, and no account 
is taken of heating limits or voltage regula- 
tion. 

The comments expressed herein are the 
opinion of the writer and not necessarily 
those of the Navy Department. 


Elcewic Gun Turrets 
for Aircraft 


Discussion and author's closure of paper 44- 
195 by J. D. Thompson, presented at the 
AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANSAC- 
TIONS, 1944, November section, pages 799— 
802. 


L. A. Zahorsky (General Electric Company, 
Fort Wayne, Ind.): The paper, ‘Electric 
Gun Turrets for Aircraft,” is a well-organ- 
ized and accurate presentation of the opera- 
tion of this type of equipment. 

There is a very interesting item in this 
paper which the author did not stress which 
might be of general interest to discuss. 


_ Discussions 


Figure 2 of the paper gives a typical 
speed-response curve for a turret where a 
variable-voltage divider is used. This 
variable-voltage divider requires the ad- 
dition of a potentiometer to be operated in 
taudem with the original control potentiom- 
eter, thus making the control complicated 
in comparison to the original simple fixed- 
tapped resistors previously used as a voltage 
divider. What are the advantages of this 
variable-voltage divider to offset this ad- 
ditional complication? 

There is a very important condition of 
the system which must be maintained. This 
condition is called compensation or speed 
regulation of the turret motor with a change 
in load. If a voltage divider with two fixed 
taps and a sluing switch to change from one 
tap to the other is used, in conjunction with 
two rheostats on the Amplidyne, the com- 
pensation can be adjusted for both high- 
speed and low-speed operation of the turret. 
When a variable-voltage-divider circuit is 
used, only one rheostat can be used across 
the Amplidyne, as there are no switches 
operated when changing from low-speed to 
high-speed operation. This admits ad- 
justment of the compénsation of the system 
at only one speed of operation. There- 
fore it is a question whether or not this 
compensation can be maintained within 
the same limits over a wide range of speed 
as could be maintained in the original 
voltage-divider circuit with taps. 

The writer mentioned that vibration is 
quite important insofar as it affects genera- 
tor commutation, which is extremely 
critical for smooth turret operation in cor- 
rect compensation. Steps have been taken 
recently to maintain a vibration of less than 
0.0005 inch, as measured by a Davey 
vibrometer with the Amplidyne on a thick 
sponge-rubber pad, which in turn is placed 
on a steel block supported on springs. This 
is considered very low for 8,300 rpm two- 
bearing motor generator sets. 


Harvey J. Finison (Equipment Laboratory, 
Wright Field, Dayton, Ohio): The 175-am- 
pere power consumption referred to by Mr. 
Thompson may be somewhat misleading to 
those concerned with supply of sufficient 
electric power to operate the turret system. 
It should be noted that for the 0.5-horse- 
power drive motor described with an effi- 
ciency of 40 per cent for the over-all drive, 
the current input will be 34 amperes. The 
elevation and azimuth drives thus should 
have a total power drain of not over 68 
amperes average (more exactly rms) over 
the ten-minute period of the drive rating. 

Flight measurements under simulated 
severe combat operation show that the 
current consumption for the two Amplidyne 
units is slightly under 60 amperes. While 
peak power for any one Amplidyne was on 
the order of 70 amperes, there was sufficient 
diversity between even the two Amplidynes 
on a single turret that peaks did not ap- 
proach 100 amperes. For a system of 
several turrets, operating peaks are still 
more diversified, and total current input is 
directly the sum of the average currents for 
the individual Amplidynes. 

Thus, while it may be possible to operate 
a turret under such condition as to obtain 
a peak input of 175 amperes, it is believed 
that actual current consumption for the two 
Amplidyne turrets with associated accessory 
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equipment will not exceed 100 amperes and 
will usually be somewhat less. 


J. D. Thompson: Mr. Zahorsky asks the 
advantages of a voltage feedback ratio con- 
tinuously varied by a potentiometer in tan- 
dem with the control potentiometer, that is, 
operated by the control grips, over the 
formerly conventional method of obtaining 
sluing characteristics by changing taps on a 
fixed resistor. The latter arrangement as- 
sumes-that all target tracking is done in the 
normal speed range and that it never is 
necessary to use sluing speeds for that pur- 
pose. This is fallacious, and with this ar- 
rangement a gunner who found he had to 
shift to the sluing tap in order to keep up 
with his target would lose the target because 
of the jump in turret speed when the change- 
over was made. The most desirable speed- 
control characteristic is one where relatively 
large handle movements are required for a 
given speed change in the region of low 
speeds, with a gradual transition in the 
slope of the curve so that small handle move- 
meuts give large speed changes in high-speed 
regions, as in Figure 2. Presumably, the 
ideal characteristic curve would be one 
which varied in the same proportion as the 
variation in the required angular velocity of 
the turret as the target approached from a 
distance at a constant speed. Then a con- 
stant-control-movement velocity on the part 
of the gunner would keep him on the target. 
This, however, is a variable, depending on 
the target path so that a compromise curve 
must be used. 

Mr. Zahorsky also questions this from the 
standpoint of maintaining proper Ampli- 
dyne compensation required for good speed 
regulation under varying wind load. Ac- 
tually, it has a beneficial effect. As Mr. 
Zahorsky indicates, when sluing is obtained 
by a switch to reduce the feedback ratio, 
it is necessary to reduce the Amplidyne 
compensation at the same time by decreas- 
ing the shunt resistance, as otherwise, at 
low-voltage outputs, there would not be 
sufficient feedback to overcome the previous 
compensation. However, at high-voltage 
outputs, the necessity for the adjustment 
vanishes since there is plenty of feedback 
voltage available, and the fact that it had 
to be made to take care of slow-speed opera- 
tion in the sluing circuits means that the 
Amplidyne is undercompensated at the 
higher sluing speeds. With the con- 
tinuously varying feedback ratio, however, 
it is not possible to operate at a low speed 
in a sluing connection, so that the change in 
compensation adjustment does not have to 
be made. This means that the full com- 
pensation is available at top speeds, so that 
good speed regulation can be maintained 
to higher percentages of top speed than 
possible with the other type of circuit ar- 
rangement, 

Mr. Finison’s comments are correct and 
most appropriate. For completeness how- 
ever, it should be mentioned that the actual 
peak-current figures will vary rather widely, 
depending on the speed of the airplane and 
the location of the turret in it. Also the 
40 per cent efficiency quoted in the paper 
was exclusive of gear efficiency. The ap- 
plication for which these particular Ampli- 
dynes were first designed had a gear effi- 
ciency of about 65 per cent and a windload 
requiring 0.7 horsepower at top speed, 
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corresponding to a 11/s:-minute rating of the 
motors and an Amplidyne input of over 70 
amperes. 


Some Aspects of the 
Application of Induction 
Motors to Aircraft 


Discussion and author's closure of paper 
44-198 by H. J. Braun, presented at the AIEE 
Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
October section, pages 769-72. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): The paper 
under discussion very effectively presents 
most of the aspects of the application of 
induction motors to aircraft. However, in 
addition to the operating conditions and 
performance characteristics involved, there 
is the very important consideration of the 
exact manner in which the motor and the 
driven equipment are combined. 

For example, should the motor be built as 
an integral unit which is attached to the 
driven device, or should every effort be made 
to standardize a line of three-quarter motors 
which could be built into the driven device, 
thus facilitating a design which approaches 
the ultimate in compactness, light weight, 
and reliability? 

Perhaps it would be well at this point to 
define what is meant by a three-quarter 
motor. The usual squirrel-cage induction 
motor consists of four principal parts, that 
is, the rotor, the stator, and the front and 
rear end brackets. The so-called three- 
quarter motor would eliminate the rear 
bracket and would mount directly to the 
driven equipment, making use of a design 
which would eliminate the rear bracket and 
bearing which are required in a motor built 
as an integral unit. 

It is felt that such a design would be of 
sufficient worth from the standpoint of reli- 
ability, simplicity, compactness, and light 
weight, to be of very great interest to the 
aircraft-equipment designer who seeks to 
make his device as reliable, compact, light 
in weight, and simple as he possibly can. 

There have been numerous discussions 
pro and con regarding the three-quarter 
motor with the net result that certain in- 
dividuals still feel that the design has merit 
while the manufacturers feel that its dis- 
advantages far outweigh any possible ad- 
vantages, 

However, a number of applications have 
been developed recently in which only the 
stator and rotor are designed into the driven 
equipment, and an integral motor as such 
does not exist anywhere along the line. It 
is believed that this design is the ultimate 
in the common goal of all designers of air- 
craft equipment, namely, the lightest in 
weight, the most compact, and, last but 
not least, the most reliable equipment which 
can be built. Time alone will show whether 
the many objections which will be raised in 
opposition to this and the three-quarter 
motor design can be overcome. 


Discussions 


The author has discussed the torque= 
speed characteristics of the induction motor — 
and has shown that most applications can 
readily be ‘satisfied using the induction — 
motor driving its load either directly or — 
through a gear train. It is believed that — 
by the use of a suitable variable-ratio 
torque-speed converter in conjunction with 
an induction motor all requirements for 
motion of control surfaces, gun turrets, 
landing gear, and so forth, can satisfactorily 
be accomplished and with all the features of 
ruggedness and reliability for which ine 
duction motors are so well known still being 
retained. 

The author is to be commended for de- 
picting so clearly the problems involved in 
the application of induction motors to air- 
craft and for outlining the performance 
characteristics which are important in such 
applications. 


Cyril G. Veinott (Westinghouse Electrical 
and Manufacturing Company, Lima, Ohio); 
Mr. Braun has done an excellent job in de- 
scribing the characteristics of induction mo- 
tors, comparing them with the more familiar 
d-c series motor. His speed—torque curve 
for a three-phase four-wire motor with one 
line shot away is particularly fascinating. 
Under such conditions a zero-sequence 
voltage would be impressed upon the motor 
and, of course, zero-sequence currents would 
flow through the stator windings. Zero- 
sequence currents flowing through a three- 
phase winding set up a single-phase field 
having three times as many poles as the 
fundamental. Thus it is to be expected 
that the characteristic speed—torque curve 
of a single-phase induction motor will be 
superimposed upon the normal speed- 
torque curve of the motor; this single-phase 
speed-torque will have a synchronous speed 
one-third that of the normal winding. 
Moreover, a single-phase induction motor — 
normally has much more breakdown 

torque as an induction generator than as a 

motor. Examining Mr. Braun’s curve in 

Figure 6 of the paper reveals the character- 

istics just described, except that the curve 

appears to show a synchronous rather than 

induction cusp. Perhaps Mr. Bratin will 

state if he actually found a synchronous 

cusp, or if this is merely a discrepancy in 

plotting up the curve. If this is the cor- 

rect explanation, this single-phase cusp can 

be completely removed by making the pitch 
factor for the third harmonic equal to zero; — 
that is, by using a pitch of ?/; or 14/3. 

The loss in breakdown torque is mainly 
caused by the reduction in positive-se- — 
quence voltage due to opening one line. 
Does Mr. Braun confirm this opinion? — 


H. J. Braun: Major W. A. Barden has 
raised a very controversial issue in his dis- 
cussion: namely, three-quarter motors. 
There are many arguments pro and con on 
this subject. Major Barden has presented 
most of the arguments which favor the 
three-quarter motor. While it was not the 
purpose of this paper to enter into this 
controversy, the most important argument 
against these motors, namely, division of 
responsibility, should be mentioned. This 
division of responsibility comes in at three 
important places in aircraft motors—bear- 
ing fits and location, mounting fits a 


interesting subject. 


tolerances, and cooling, These problems 
are not insurmountable. There is no 
question that, if the demand for sufticient 
quantities of such motors develops, some- 
body will build them. 

Mr. Veinott has questioned the cusp 
which appears in Figure 6. This is a 
single-phase induction-motor cusp of the 
third-harmonic flux. This set of curves was 
taken by test, and, because of the extreme 
heating which occurs while taking this part 
of the speed-torque curves, relatively large 
errors creep in, This cusp should have 
occurred at about 33 per cent of synchronous 
speed, but, because of the speed with which 
measurements had to be taken, this test 
curve shows it at approximately 30 per cent 
of the synchronous speed. Mathematical 
analysis shows that a similar cusp should 
occur in the curve, Figure 6, showing single- 
phase operation. Because of the size of 
the measuring equipment and because of 
the heating that occurs, thissecond cusp was 
not detected. 

When one line is opened, the loss in break- 
down torque can be attributed to the follow- 
ing facts: reduction in positive-sequence 
voltage, the negative torque caused by the 
negative-sequence currents, and the nega- 
tive torque caused by the zero-sequence 
currents. 


One Type of Rotary 
Magnetic Clutch and Its 
Associated Brake Used 
on Aircraft Electric 
Motors 


Discussion and author's closure of paper 44- 
207 by Leo Andrews and Fred Shanely, pre- 


sented at the AIEE Los Angeles technical 


meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, December section, 
pages 893-5. 


H. J. Braun (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
For aircraft use, brakes and brake and clutch 
mechanisms must be light in weight, trou- 
ble-free, and positive in action. Any 
mechanism that does not meet these re- 
quirements is doomed to eventual failure. 

The authors in this paper have opened an 
It is hoped that they 
have attained their objective in instigating 
more research and study on these mecha- 
nisms. No doubt today all manufacturers of 
motors for aircraft use are investigating and 
building a certain number of brake units, 
Many are working with combination clutch 
and brake mechanisms. It is hoped that 
they too will see fit to publish some of their 
engineering data for the benefit of the pro- 
fession, 

In most applications of brakes and brake 
and clutch mechanisms to aircraft motors, 
there are two main objectives: stopping 
the load in a given length of time and hold- 
ing the load. 

Stopping the load in a given length of 
time is the main consideration in most con- 


trol mechanisms where accurate positioning 
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is desired and the actual amount of load is 
small, For this type of operation, a brake 
and clutch unit is usually preferred, The 
clutch makes it unnecessary for the brake 
to stop the armature of the motor, The 
brake therefore may be much smaller than 
if it had to stop the load and the armature, 

The other consideration, holding the 
load, becomes in many cases the main con- 
sideration in actuator and hoist application, 
In a great many of these applications the 
holding torque that must be furnished by 
the brake governs the size of the brake and 
is of such magnitude that the brake will stop 
the load and the armature easily within the 
required time, Thus, it is unnecessary to 
complicate the structure with the addition 
of a clutch, 

In some applications the brake must stop 
an overhauling load as well as provide ade- 
quate holding torque, For stich loads a 
clutch mechanism which removed the 
necessity of stopping the armature definitely 
would aid the brake, 

The final governing fact as to whether a 
brake or a brake and clutch mechanism is to 
be used is weight, A great deal of study 
and research for the particular job is neces» 
sary to determine this, Some of the factors 
that must he considered have been covered 
here. Further additional publications will 
bring out many others which have been une 
covered by extensive experience in the field, 


C. H. Spitler (The Leland Electric Com- 
pany, Dayton, Ohio); Having spent con- 
siderable time on the design and develop. 
ment of magnetic clutches and brakes such 
as the design outlined in this paper, I be- 
lieve the authors should be complimented 
on their excellent presentation of the basic 
principles of operation of such a device, 

There are several items which could be 
considered more minutely, one of these being 
the leakage flux, For instance, on part D, 
generally known as the coil core, Andrews 
and Shanely did not state that part of this 
flux did not cross the air gap between parts 
D directly; but instead, a fair part of this 
could be considered crossing the air gap 
from the upright portion supporting the 
coil to the back of the drive disk and also 
through the hub of the drive disk, Usually 
the shaft extension of the motor engaged 
with the drive disk is considered part of the 
magnetic path, This condition is not taken 
into account during the discussion by the 
authors; however, it could be accepted 
wherever a steel shaft is used, 

The part / is indicated as having a tux 
density of only 44 kilolines per square inch, 
which is a factor worth considering when one 
is interested in weight saving, However, 
this part usually cannot be decreased in 
cross section to accommodate a higher mag» 
netic density because of the mechanical 
requirements which demand a high degree 
of rigidity, 

The air gap between parts 4 and B, drive 
disk and driven disk, is not considered in the 
general analysis, This gap, although small, 
is highly relaetant and should be given due 
consideration, The formulas outlined for 
the force necessary to close these two disks 
allow for the reluctance of this gap, The 


formula 
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Discussions 


and then transposed to 


te (axe 


where #) is the force of the apelng in ita 
initial position with the driven diak againat 
the brake could be improved for greater 
accuracy, Tt ia assumed that the flux 
required to hold these diaka together ia pros 
portional to #y-/\, where -\ ia the frie. 
tional foree to transmit torque, Sinee the 
spring ia acting at one compression atage 
with disks 4 and # separated, it appeara 
that the total foree then would be equal to 
My Fy (additional foree due to inereased 
spring compression when disks are in con. 
tact), This equation would then become 


B y" b+ (Rast Fy) 2X LO 
= 
A 


Such a correction would conform with 
Hooke's law, whieh atatea that within the 
proportional limit of any material, detleos 
tion is proportional to load, 

The foregoing correction alya could be 
earried through into the formula for dla 
engaging time, where 


ya 
ju 
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If VYy=imaximum position of apring come 
pression and Vy esminimum position of 
apring compression, and A laa constant per 
taining to the compression foree to detleet 
the spring a walt length, then: 

Sinee 
Work = force X distance 

total work 


Average force = 
distanee 


“Ny 
Total work = / NAN 
\ 
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Average force = 
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Substituting to formula 
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This method is a more exact procedure, 
although in most cases It will not be neces= 
sary unless the spring is worldng outside is 
elastie limit, 

Other variations of this cluteh might be 
the use of a magnet coll in place of the cork: 
cal spring which would allow manual operie 
tion of the driven device by disconnection of 
current flow through the brake eoil, 

A design of such a unit has been made 
with satisfactory results, although the 
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weight and size may be increased slightly to 
accommodate such construction. 

It also might be well to mention that a 
series-type clutch is not so conducive to 
efficient motor performance as compound- 
type clutch winding, which would allow the 
copper loss and voltage drop across the 
winding to be decreased, resulting in less 
loss and higher voltage across the motor 
proper. Some experimenting is being done 
at the present time to incorporate such 
windings wherever possible in order to im- 
prove unit performance, particularly under 
overload conditions. 


Fred Shanely: It is appreciated very 
much that Mr. Braun has placed additional 
emphasis upon the possible benefits to the 
profession if other manufacturers will pub- 
lish engineering and research data upon this 
or correlated subjects. This is especially 
true, because the practicability, endurance, 
and worthiness in general of such a mecha- 
nism have been amply demonstrated by its 
more than four years’ field service on some 
of our largest and fastest war airplanes. 
Those who have studied, analyzed, and 
applied it have found its potentialities 
virtually unlimited. Of all motors manu- 
factured in the two plants of the company 
95 per cent are built with one or another 
type of clutch-brake mechanism as an in- 
tegral part of them. 

In holding the load, this being quite often 
the major objective in the design of a power 
package, as stated in our paper and reiter- 
ated in Mr. Braun’s discussion, several fac- 
tors may enter into the over-all design that 
make for the control of the size of the brak- 
ing part of the twin unit. For instance, 
there is the ‘‘No-Bak’”’ one-way gear lock, 
developed and used principally by auto- 
motive manufacturers, that can be used to 
hold any part or all of the total load, in the 
latter case entirely eliminating the necessity 
of a brake insofar as holding is concerned. 

Then again a gear (especially a worm or 
lead screw) may be designed with such a 
pitch that it, itself, becomes the major 
holding element. 

To summarize, it is known that the idea 
of braking a load at a point of low inertia, 
namely, between the motor and first gear 
train, is basically sound and valuable. 
Trouble-free operation over a period of 
years has proved the merit of the clutch- 
brake ‘‘twin’’ and will continue to do so, 
refined by experience, in future war and 
postwar applications. 

Finally, when it is borne in mind that a 
small motor acting through a gear train can 
lift more than 400 times its own weight and 
yet have the actuator it is driving braked to 
standstill in 1/5 to 1/2 of a second, the 
weight of the clutch-brake mechanism, 
which is incorporated to make these things 
possible, is rather negligible. 

This is intended to be rather in the form 
of an acknowledgment than a closure, as it 
is felt that. Mr. Spitler’s remarks are very 
timely and appropriate. It is fully realized 
that, because of the press of home-front de- 
velopments, research and calculation refine- 
ments were not carried out to the points 
desired. Mr. Spitler’s last paragraph might 
be touched upon, inasmuch as the use of a 
compound-wound clutch, while conducive 
to better motor performance, tends to com- 
Plicate and add weight to the control sys- 
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tem, over that of a straight series clutch. 
(It must be remembered that by far the 
greater percentage of motors with the in- 
tegral clutch-brake are reversible.) Of 
course, whichever consideration is para- 
mount will determine the final choice of a 
clutch winding. 


An Analysis to Determine 
the Optimum Bussing 
Arrangements and 
Transmission Capabilities 


at Grand Coulee 


Discussion and authors’ closure of paper 
44-215 by B. V. Hoard and G. W. Bills, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1259-64. 


E. W. Knapp (The Shawinigan Water and 
Power Company, Montreal, Quebec, Can- 
ada): There are a number of points per- 
taining to this excellent paper which I be- 
lieve could be discussed to advantage. 
Possibly a record of distances between the 
main 230-kv stations would prove of value 
to those readers not familiar with the area 
under consideration. 

1. What is the power-factor rating of 
the generators at Grand Coulee? Was any 
a-c analyzer study made to determine the 
most suitable power-factor rating, WR? 
characteristics, and  transient-reactance 
characteristics, prior to the purchase of 
these generators? Are there any special 
features pertaining to the design of the 
generators, or was a standard design adopted 
in this case? 

2. What is the range of operating volt- 
age on the high-voltage busses at Grand 
Coulee? 

3. While operating under the normal 
arrangement, is there a tendency to deliver 
a large block of reactive energy to Spokane 
and Midway while only a limited amount of 
reactive energy is delivered over the Coving- 
ton lines? 

4, Is it the intention to construct, in 
the future, one or more 230-kv tie lines 
interconnecting the Spokane and Midway 
stations? 

5. If the station were operating as 
shown in Figure 7, and one of the Midway 
lines were opened on fault, would this tend 
to overload the 115-ky tie lines between 


SPOKANE 
No.4 
A 


No. 3 
A 


Sah ove Man 
lISKV, < : 


66 6 6 ¢ 


Discussions 


MIDWAY 


i} 
Grand Coulee and Spokane and between 
Spokane and Midway? 

6. During the period when only one 
Covington line was in service, with two large 
generators, a fault on the 115-kv system 
resulted in loss of synchronism of this single 
230-kv-line system. Would this also apply 
with one large and one small generator on 
the 230-kv line and 5.75-cycle clearances of 
the 115-kv fault? F 


Ferber R. Schleif (United States Bureau of 
Reclamation, Coulee Dam, Wash.): Some 
of the more practical aspects of the problem 
described by this paper from the Bureau of 
Reclamation’s construction and operating 
standpoint are offered to make the picture 
more complete. : 

The paper states among conclusions that 
an important feature of the interleaved 
bussing arrangements is the ease with which 
a change-over can be made from the normal 
interleaved to an emergency interleaved 
scheme, as no complex switching operations 
are necessary. While this is true, particu- 
larly from the authors’ viewpoint after 
having studied numerous alternatives of 
considerably greater complexity, the best 
solution to this problem still involves some 
interesting problems in switching, many of 
which arise from the wartime necessity for 
providing an adequate operating arrange- 
ment with a minimum of equipment and 
critical material. 

Many engineers will be interested in the 
mechanics of switching. The single-line 
diagram of Figure 1 of this discussion shows 
the physical arrangement of the switchyard 
and connections for normal fully interleaved 
operation. Figure 2 shows the switchyard 
arrangement for an emergency interleaved 
scheme of operation. Theswitching may be 
accomplished in the following sequence: 


Open breaker 28. 

Open disconnect 2 B. 

Close disconnects 7 and 34. 
Close breakers 20, 26, and 30. 
Open disconnect 1 B. 

Open breakers 14, 19, 25, and 29. 
Close breaker 13. 
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The switching is controlled by the follow- 
ing considerations: 


A. Only two of the six 230-kv lines have circuit 
breakers to both busses. 


B. Bus sectionalizing is accomplished only with 
air-break switches, no bus oil circuit breakers being 
provided. 


C. No more than four large generators and three 
230-kv lines may be bussed together during switch- 
ing. 


Figure 1. Normal fully interleaved scheme 
of operation 4 
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igure 2. An emergency interleaved scheme 
of operation 


?. It is undesirable to leave any line connected to 
_ bus section which has no grounded transformer 
yank. 


The paper mentions briefly the auto- 
matic dropping of generation upon occur- 
ence of line faults in order to maintain 
ystem transient stability. The flexibility 
md simplicity of the scheme provided for 
eccomplishing this function will be of in- 
erest. The scheme consists of a series of 
ontrol selector switches, one for each line, 
or selecting which of three generators con- 
ected with the scheme is to be tripped auto- 
natically with operation of a line breaker or 
ombination of line breakers. For safety, 
he scheme is so arranged that the trip-cir- 
uit interconnections may be conveniently 
solated when not in use. : 

Some readers may be confused as to the 
elation between the Government agencies 
ontrolling parts of the system. Grand 
Soulee power plant, of the Columbia Basin 
roject, a reclamation development, was 
onstructed and is operated by the United 
‘tates Bureau of Reclamation. Bonneville 
ower plant, with which navigation of the 
ower Columbia River is connected, was 
yuilt and is operated by the United States 
\rmy Engineers. The transmission system 
s built and operated by the distributing 
nd marketing agency, the Bonneville 
-ower Administration. These component 
arts are operated as one large system. 


3. V. Hoard and G. W. Bills: The discus- 
ion by Mr. Schleif of the Bureau of Rec- 
amation has included several important 
actors concerning actual operations at 
xrand Coulee, which were not fully covered 
n the paper, and we feel it will materially 
dd to the paper’s value. 

_Mr. Knapp’s discussion has brought up a 
umber of interesting points, which will be 
eviewed by correspondingly numbered 
aragraphs in the following. It might be 
nentioned that a geographical map show- 
ag locations and approximate lengths of 
ines between stations was omitted from the 
aper for national-security reasons. 

1. The Grand Coulee generators are 
ated at 100 per cent power factor. In con- 
ection with this rating, consideration was 
iven to the fact that it is very uneconomi- 
al to transmit reactive power to the load 
hrough long transmission lines, such as 
rom Coulee to Covington (Seattle), 183 
niles, and from Coulee to Ross (Portland), 
70 miles. 

Before the first Coulee generator was ob- 
ained, consideration was given by the 
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.moval of a Coulee—Midway line. 


Bureau of Reclamation to the effects of in- 
creased WR?* and reduced transient re- 
actance on improved stability. This is shown 
by the fact that the WR? of the generators 
is 5.5 kw seconds per kilowatt of rated ca- 
pacity, and the transient reactance of the 
generators is 22.5 per cent. However, by 
far the largest single improvement in sta- 
bility is obtained through use of carrier- 
current relays and high-speed three-cycle 
circuit breakers, as compared to eight-cycle 
breakers and sequential clearing of faults. 

2. The 230-kv bus voltage at Grand 
Coulee, as a direct result of the war, oper- 
ates in a range between 240 and 245 kv, ora 
maximum of six per cent above the 230-kv 
equipment rating. During normal opera- 
tion it has been necessary to obtain maxi- 
mum output from both equipment and 
lines. This has included generator over- 
loads up to 120 per cent of rated value, es- 
sentially maximum excitation, the highest 
operable voltage on transmission lines, and 
on the Covington line a loading from 
190,000 to 230,000 kw. 

38. There is no tendency for Coulee to 
deliver excess reactive kilovolt-amperes to 
Spokane and Midway because of high-side 
taps on the Spokane and Midway trans- 
formers. At Spokane there are also two 
85,000-kva synchronous condensers. The 
amount of reactive kilovolt-amperes de- 
livered to Covington from Coulee is, of 
course, limited by the long transmission 
lines and the allowable minimum operating 
voltage at Covington. However, sufficient 
reactive kilovolt-amperes is obtained from 
the other agencies interconnected with the 
Bonneville Power Administration system at 
Covington, together with a 35,000-kva syn- 
chronous condenser installed there. 

4. There are no immediate plans to 
connect Midway and Spokane stations by a 
930-kv line. The transmission capacity in 
these areas seems adequate, as indications 
are that most future load growth will be in 
the Seattle and Portland areas. 

5. In reference to the bussing arrange- 
ment of Figure 7 of the paper, removal of 
a faulted 230-kv Coulee—Midway line, of 
course, would produce some increase in load 
through the 115-kv tie lines between Coulee 
and Spokane, but sufficient transformer ca- 
pacity is available for the increase. How- 
ever, the load flowing out of Midway on the 
115-kv lines, would be decreased by re- 
The 
largest load increase occurs in the remain- 


ing 230-kv Coulee-Midway line, since a- 


majority of the load normally in these two 
lines is transmitted to the Portland (J. D. 
Ross substation) area. — 

6. A reduction in the power normally 
transmitted over the Covington line, 
materially improves the chances of its 
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remaining in synchronism following the oc- 
currence of a fault on another line in the 
vicinity of Covington. With one large and 
one small generator on the Covington line 
and operating at maximum output, a re- 
duction of 35,000 kw occurs in line loading 
as compared to when two large generators 
are operating on the line. This reduction 
in loading would prevent loss of synchro- 
nism, for faults on 115-kv lines in the vi- 
cinity that are cleared in 5.75 cycles. 


New 138-Kv Cable Lines 
in Los Angeles 


Discussion and author's closure of paper 
44-226 by Carroll G. Mansfield, presented at 
the AIEE Los Angeles technical meeting, 
Los Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANS- 
ACTIONS, 1944, pages 1240-9. 


D. M. Farnham (Quebec Hydro Electric 
Commission, Montreal, Quebec, Canada): 
The author is to be complimented on his 
paper, especially for the way he has dealt 
with many of the details not previously 
covered in the various papers we have 
had on high-voltage cable work. 

The duct arrangement is novel, and it 
would be interesting to know what per- 
centage increase in cost of duct-line con- 
struction resulted. With conventional duct 
sections carrying two circuits of 120-kv 
cable we have been unable to notice any 
unbalanced effects. Our practice is to 
carry all pilot and signal cable in an en- 
tirely separate duct line; thus the problem 
of induced voltages does not exist. 

Mr. Mansfield’s treatment of cable move- 
ment due to temperature cycles seems very 
reasonable and quite in line with our ex- 
perience. Where we have lengths up to 
1000 feet and have installed movement 
gauges in the manholes, it would appear that 
approximately the middle third of the 
stretch remains stationary, while the end 
thirds move. The daily movement in the 
manholes is between one-eighth and one- 
quarter inch, while the weekly movement 
runs up to one-half to three-quarters inch. 
Our opinion is that these movements are 
well within safe limits. 

The omission of fireproofing in manholes 
shows a saving of only a very small fraction 
of a per cent on the total job cost. My be- 
lief is that, although fireproofing may be of 
only small use in case of fire, yet it provides 
a protection for the sheaths in manholes 
where accidental damage is most liable. 
The added rigidity and reinforcement is 
well worth while, even if the fireproofing 
value is nil. 

I am very much interested in the author’s 
paragraph on cable vibration. We have 
the same phenomenon and were quite dis- 
turbed about it initially. The author sug- 
gests that it may be due to loose outer 
strands in an electrostatic field. Since our 
cables (oil-filled) are all made up of seg- 
ments rather than strands, this theory 
would not apply, and further we have 
noticed that the points of maximum vibra- - 
tion appear to move from one place to an- 
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other. Our conclusion some time ago was 
that the vibration might be caused by the 
spiral steel core which is terminated outside 
of each joint and may also be free to vibrate 
at bends in the cable. At some locations 
the vibration is audible and noticeable near 
metallic hangers used to support the cable. 

In conclusion, I would like to ask the 
author how he detects a cell leak in a CC- 
type reservoir. 


R. W._ Atkinson (General Cable Corpora- 
tion, Bayonne, N. J.): The design of a 
transmission system for carrying large 
power loads at high voltage requires a good 
deal of careful engineering design. This is 
true, even though the fundamentals already 
have been well covered in the various refer- 
ences cited by Mr. Mansfield. The assem- 
bly of these, showing their application to a 
specific system, is a distinct contribution. 
It is further useful to have these general 
considerations shown in their relation to the 
specific problems of a given system and to 
have a description of the number of new de- 
velopments that are described in this paper. 

The arrangement of the ducts approxi- 
mately around the surface of a cylinder is a 
departure that seems to have considerable 
merit. 

That the major part of the cost of using 
an insulation thickness greater than stand- 
ard is paid for by the increase in current- 
carrying capacity is interesting and signifi- 
cant. It is brought out that this is, in 
part, due to the unusually low thermal con- 
ductivity of the soil. In calculating the 
value of the increased carrying capacity it 
would have been justifiable to take into ac- 
count that the increase in carrying capacity 
affects the cost per kilowatt not only of 
cable and accessories but also of the duct 
system. On this basis, a still greater por- 
tion of the cost of the extra thickness of in- 
sulation is paid for by the increase in cur- 
rent-carrying capacity. 

It is noted that the carrying capacities 
were calculated on the guaranteed values of 
cable dielectric loss and not on the consider- 
ably lower measured values. The choice of 
course is optional with the design engineer, 
but the use of the guaranteed value is not 
classifiable as ultraconservative, because 
the existence of the guarantee is in itself an 
indication that there is a possibility, even 
though it be a very remote one, that the 
guaranteed loss may be encountered at some 
time in factory or field. On the other hand, 
should the losses not exceed the measured 
value, as seems likely on the basis of more 
recent data, the thicker irsulation would 
make possible in the future considerable in- 
crease in power-transmitting capacity by 
an increase of operating voltage. Should 
occasion for this arise later, the thickness of 
insulation used will have been justified many 
times over. 

_ In connection with possible future opera- 
tion at 162 kv, it is to be noted that tests on 
cable and accessories were what would have 
been standard for these if intended for use 
at that voltage. This may be illustrated 
by some of the test data obtained on stop 
and normal joints such as used on two of the 
three circuits described by Mr. Mansfield. 
The scheduled surge tests consisted of ap- 
proximately 25 shots at about 650 ky, fol- 
lowed by a like number of shots at each 
voltage increment of 10 per cent-until fail- 
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ure. A normal joint such as used on the 
line failed on this schedule on the second 
shot at 920 kv after standing 22 shots at 
870 kv. Two normal joints of an earlier 
experimental design, not used on the line, 
failed at 750 kv, one after 13 and the other 
after 23 shots at that voltage. The con- 
denser stop joint did not fail after 30 shots 
at voltages from 980 to 1,000 kv, which was 
the maximum voltage available for the test 
atthat time. These tests may be compared 
with the standard withstand surge-test 
voltage for apparatus bushings which is 
750 kv for 161-kv rating and is 900 kv for 
196-kv rating. 

These particular circuits happen to be 
the highest-rated cable circuits in this 
country. American manufacturers, how- 
ever, have long been in position to furnish 
cables and accessories for operation at 220 
kv or more, if called upon to do so. The 
company with which the writer is associ- 
ated has made and tested cable designed 
for that voltage and about ten years ago 
supplied to a French company two con- 
denser joints for use in testing 220-kv cable 
which was installed in Paris. 


D. M. Simmons and M. H. McGrath (Gen- 
eral Cable Corporation, New York, N. Y.): 
The rating assigned by the author to the 
1,500,000-circular-mil size is 125,000 kva 
for two loaded circuits at 25 degrees centi- 
grade earth ambient temperature and 62.5 
per cent daily loss factor. For the same 
governing conditions, calculation using the 
Edison Electric Institute duct constant 
along with Simmons’ method and a 0.75 per 
cent power factor, gives about a 40 per cent 
higher rating. This is a relatively large 
difference, and, in view of the author’s state- 
ment to the effect that the rating does not 
include any unreasonably large safety fac- 
tor, it may be of interest to review briefly 
some of the more important steps of the 
author’s calculation procedure. In prin- 
ciple at least the method used follows that 
suggested by Atkinson,? Simmons,! Kirke,? 
Halperin,‘ Whitehead and Hutchings,5 and 
others. In other words, the heat-flow path 
from the conductor to earth sink is broken 
up into a series of component parts and the 
thermal resistance of the individual parts 
determined and combined. 

The author’s equation 2, which applies 
to the path from conductor to sheath, is 
accepted generally and requires no com- 
ment. 

While equation 3 is stated at one or two 
points in the text to apply to the heat-flow 
path from sheath surface to duct air, it 
seems obvious from other portions that it is 
the author’s intention to employ this equa- 
tion for the path from sheath surface to the 
inner wall of the duct rather than to duct 
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air. Simmons, on the basis of tests by At- 
kinson, uses an identical expression for this 
component and suggests a surface resistivity 
of 1,200 (watt-centimeter units), this also 
being the value used by the author. Kirke 
employs the same formula but recommends 
a surface-resistivity constant which de- 
creases as the cable loading increases, How- 
ever, for the load used by the author, Kirke’s 
constant would be only about 5.5 per cent 
less than 1,200 and consequently would 
not alter appreciably the over-all result. 
Rosch* has reported experimental results 
on the heat transfer from cable-sheath sur- 
faces to free air and from conduits, with 
cable located within, to free air. By a 
simple combination of Rosch’s recommenda- 
tions for these two cases it is found that the 
thermal resistance from cable surface to 
the inner wall of a 4.5-inch conduit is 0.5 
degree centigrade per watt per foot (or 
33 per cent) greater than that used by the 
author. s 

Halperin also uses the same expression as 
the author along with a surface-resistivity 
constant of 1,200 for cable diameters over 
8.0 inches. In his case Halperin considers 
equation 3 with 1,200 for B to represent the 
thermal resistance from sheath surface to 
the air in a center empty duct. Halperin 
also gives a figure of 550 for B for use in 
finding the thermal resistance from cable 
surface to duct air. Obviously the thermal 
resistance from cable surface to duct wall 
must be between these limits..As the 
greater part of the temperature drop be- 
tween the loaded-duct wall and the center 
empty duct probably occurs in the im- 
mediate vicinity of the loaded duct, it seems 
reasonable, in line with the suggestion made 
originally by Atkinson regarding the rela- 
tionship between the temperature drop to 
a loaded-duct wall and to an adjacent idle 
duct, to assume that Halperin’s figure of 
1,200 also could apply to the wall of the 
loaded duct without introducing any im- 
portant error. j 

The third partial thermal resistance, 
namely that from the inner wall of the duct 
to the outer surface of the concrete envelope 
has been determined experimentally by 
the author to be 1.48 degrees centigrade 
per watt per foot of cable. This is lower 
than the 1.95 figure used by Kirke for 
the same path. However, any comparative 


figures for this term are of little significance | 


unless the details of the duct-bank con- 
struction are taken into account as the re- 
sistivity of the duct material used, duct 
diameter, spacing, and so forth, may alter 
appreciably the thermal resistance of this 
path. 

Equation 4 which is given by the author 
for the heat-flow path from the outer surface 


of the concrete envelope is in reality Ken-- 


nelly’s full equation in a form, believed to 


Table | 
; Duct 
Source Reference Points Soil Condition Constant* — 
Manstields co coameneekenss <% Loaded-duct wall—earth....... Apparent resistivity—110.......... L474 
EEI.. Deena we geese arise 4 Not statedic..) Aetaetaesiienn nie Averages... 0... ssc hid oe 0.82 
Halperin (summer)........ Idle duct—earth... 0)... .c.s0% Pairic:..2. .k cdot ee Pee lrg 
Halperin (winter) /....... Idle duct—earth pekalalapaieh east evens Bait logis d cau kil 1.04 
RADE Hh dee eel ee ton Loaded-duct wall—earth....... AVELA gO. ils ooo se eres ctolel 1.33 
Kirke fot ceten ates cht ie hcee Loaded-duct wall—earth....... POODs ii/6/0 cinco cays pe ae 1.63 
— 


* Degrees centigrade per watt per foot of duct-bank structure for duct bank with six loaded outside ducts. 
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have been originated by the author, which 
is very well adapted to quick and accurate 
slide-rule evaluation in spite of the cut-and- 
try procedure required. This equation 
also can be shown readily to be identical to 
that used by the British (Whitehead and 
Hutchings) for both buried and duct cables. 
In addition the author applies it in exactly 
the same way as the British, namely, by 
using the area of the duct structure to de- 
termine the radius of the equivalent cyl- 
inder. It is particularly gratifying to note 
that the author has not had to depend upon 
using a soil-resistivity constant determined 
by sphere, cylinder, or similar method in the 
cylinder-image type of formula. Instead 
the author has determined an apparent 
resistivity from test results on an experi- 
mental duct bank by means of the same 
equation subsequently used for calcula- 
tions on the new 138-kv line. With this 
value of apparent resistivity and a cor- 
responding measured moisture content the 
author is then able to orient resistivity- 
moisture data taken under other conditions 
so as to obtain a fairly reliable index as to 
the apparent resistivity to be used in equa- 
tion 4 for other moisture contents. For the 
138-ky line the author has used an apparent 
resistivity of approximately 110 (watt- 
centimeter units) as corresponding to six 
per cent moisture content. 

In Table I the duct constant, that is the 
thermal resistance from loaded-duct wall 
to earth, used by the author is compared 
with constants given by others. Judging 
from this table the duct constant used by 
the author cannot be considered too high 
for the relatively poor soil conditions in- 
dicated. It also appears that the EEI con- 
stant for a six-duct bank corresponds to 
very favorable soil conditions. If the au- 
thor’s figure is used as a bench mark it is 
found that the EEI constant corresponds to 
an apparent soil resistivity of approximately 
50 (watt-centimeter units) for a four-foot 
cover and approximately 70 (watt-centi- 
meter units) with a two-foot cover. 

Under the circumstances it would appear 
that the author is fully justified in consider- 
ing that the rating assigned to this cable is 
not overconservative for the soil and other 
conditions met with in Los Angeles. 
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I. T. Faucett (General Cable Corporation, 
New York, N. Y.): Mr. Mansfield has 
made a very fine contribution to the litera- 
ture on oil-filled cable, and the system de- 
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scribed speaks highly for the engineering 
talent responsible for the many unusual de- 
sign features involved. 

I particularly like his method of com- 
puting current-carrying capacity by elimi- 
nating the conventional duct constants and 
substituting the thermal resistance of the 
duct structure and the earth. This method 
permits more flexibility and allows separate 
and specific consideration of the thermal re- 
sistivity of the earth. The variation of 
this thermal resistivity may be very large 
over the cable route at any one period of 
the year because of the different types of 
soil that may be encountered, difference in 
drainage or ground-water level, and dif- 
ference in surface conditions such as street 
paving. Likewise at any one point on the 
cable route the soil resistivity may vary 
over an appreciable range because of change 
in moisture content of soil throughout the 
year associated with amount and distribu- 
tion of rainfall and other climatic condi- 
tions. I know of one case where along a 
seven-mile circuit the variation in soil re- 
sistivity at one time of the year ranged from 
80 to 120 watt-centimenter units, and at 
one location it ranged from 63 to 103 watt- 
centimeter units in a three-month period. 
The effect on current-carrying capacity is 
so great that the thermal resistance of the 
earth should be considered a separate com- 
ponent, as Mr. Mansfield has done. 

Figure 2 of the paper shows a large varia- 
tion in the thermal resistivity of soil as a 
function of moisture content. Several in- 
vestigators have measured resistivity with- 
out measuring the moisture content of the 
soil. Judging from the curve both measure- 
ments are essential in even the simplest 
definition of the thermal properties of the 
soil, and this will be particularly true if 
data obtained at one location are to be ap- 
plied to another. 

I wonder whether Mr. Mansfield has 
made a temperature survey of the system 
to see whether the calculated values have 
been proved in actual operation. 

Mr. Mansfield’s treatment of lead strain 
and sheath life is the latest approach to this 
important subject. Although copper-bear- 
ing lead such as used on the Los Angeles 
cables has been the standard for oil-filled 
cable for almost ten years and has proved 
eminently satisfactory, it may be of interest 
to mention briefly a new ternary alloy com- 
posed of copper-lead and a small percentage 
of tin, which further improves the already 
very good properties of the ordinary copper- 
lead binary alloy, one of these being fatigue 
resistance. The difference in performance 
is brought about by the presence of the tin 
which tends to promote homogeneity in 
chemical composition at the tongue and 
weld regions of theleadsheath. Inasheath 
composed of the conventional copper-bear- 
ing lead or chemical lead there is a distinct 
segregation of copper or copper-rich alloy 
which is concentrated in the tongue and 
weld region and thereby produces certain 
mechanical weaknesses. The addition of a 

mall amount of tin (0.10 per cent) prevents 
this segregation, thus producing a more 
homogeneous structure and one which is 
not locally embrittled by regions abnor- 
mally rich in copper as in the binary lead- 
copper alloy. «The tests have shown that 
the ternary alloy lasts approximately 50 per 
cent longer than the binary alloy when sub- 
jected to a given amplitude of vibration. 
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The designs of the duct run and manholes 
shown by Mr. Mansfield are a departure 
from present practice and reflect the present- 
day trend toward more liberal allowance 
for heat transfer, cable movement, and so 
forth, and along with the other elements 
of the system show orginality of a high 
order. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This paper is 
particularly thorough on matters relating 
to heating, cable ratings, and cable move- 
ment, and should materially aid others in 
designing cable systems. 

As indicated by data in my 1939 and 1942 
AIEE papers on load ratings of cable,}:? 
Mansfield’s values are in some cases more 
conservative than mine. His heating con- 
stant for a, six-duct conduit section is 1.48 
degrees centigrade per watt per foot as 
compared to my value of 1.17, although his 
conduit has relatively much larger total 
cross section. Of course, his fine sand with 
a moisture content of around six per cent 
does not have good heat conductivity. I 
am wondering whether the lines have carried 
sufficient load to make feasible the procure- 
ment of heating test data at a number of 
locations on the route having two lines, 

The author based his load-rating calcula- 
tions on a dielectric power factor of 0.75 per 
cent, although factory tests gave him an 
average value of 0.4 per cent. Experi- 
mental operation of oil-filled cable at 132 kv 
for a net time of 8!/2 years at temperatures 
up to and above 100 degrees centigrade, as 
well as other data, indicates, in my opinion, 
that it would be amply conservative to as- 
sume a power factor of 0.5 per cent. The 
basic ideas of design and installation of oil- 
filled cable lead to stability of the insula- 
tion in service. Based on the author’s 
Figure 4, the use of 0.5 per cent would cause 
an increase of 17,000 kva in the normal 
rating of each circuit. 

He presents very interesting informa- 
tion in Figures 3 and 4 on the effect of in- 
creasing insulation thickness on increasing 
the carrying capacity for two lines. It 
should be noted that this effect decreases as 
the soil heat conductivity improves to the 
more common values in the United States. 
Also, this effect decreases materially if the 
dielectric power factor is assumed as 0.45 or 
0.5 per cent. 

The author assumed a coefficient of 
friction of 0.5 for cable in a fiber duct, 
whereas Farnham and Titus in their 1942 
AIEE paper on the Montreal 120-kv lines? 
give about one-half that value. It would 
be interesting 


(a). To know results of Los Angeles measure- 
ments, made during the installation. 


(b). To learn how measured cable movements line 
up with calculations. 


In the Chicago system, the ducts are mostly 
of precast concrete, and for such ducts the 
coefficient is about 0.5. We found it neces- 
sary to make many measurements and to 
revise our conclusions on cable movement 


a few times before we were contented. Our 


dummy-manhole test data lend support to 
Mansfield’s conclusion not to restrain the 
movement of joints, because such a pro- 
cedure merely transfers the masimum 
sheath strain to near the duct mouth without 
reducing the strain. ‘ 
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I certainly agree with the author that it 
should be many decades before any sheath 
cracks develop in his cable. From only the 
standpoint of allowable cable movement, 
the maximum allowable span length be- 
tween manholes could have been more than 
the selected limit of 710 feet. For an or- 
dinary daily temperature range, my findings 
show that the cable movement does not in- 
crease for span lengths above 300 or 400 
feet. These findings have been corrobo- 
rated by experience with lengths up to 1,000 
feet in Cincinnati and Montreal and by 
data in-Schifreen’s AIEE paper presented 
in June 1944.4 If procedures such as the 
author outlined’ are used for installing and 
precleaning ducts, it becomes feasible to use 
extra-long lengths also from the standpoints 
of pulling forces and of sheath abrasion 
during installation. 

Regarding sheath transients some data 
are given in the 1935 AIEE paper on tran- 
sient voltage on bonded cable sheaths.? 
Some discharge in manholes due to tran- 
sient sheath potentials incidental to switch- 
ing have been noted in some cities for single- 
conductor lines having various schemes 
of bonding to eliminate sheath losses. In 
Chicago we have about 1380 circuit-miles of 
such lines with an average service of about 
12 years, and we have found that these 
transients and the discharges have been 
harmless, except for some small lots of 
equipment which were particularly and un- 
usually subnormal. We have not found it 
necessary to install special electrodes con- 
nected between the sheaths, but they are in- 
expensive, and so this point is of no great 
consequence. 

Usually where two lines are in parallel, 
it seems feasible to allow conductor tem- 
peratures much above the normal tem- 
perature limit of 70 degrees during an emer- 
gency with only one linein service. With an 
emergency temperature limit of 90 or 100 
degrees, the permissible emergency loading 
would be roughly 190,000 kva. 

Experience in Chicago, and elsewhere I 
believ , indicates that no particular risk is 
incurred nowadays in having two oil-filled 
single-conductor lines pass openly through 
common manholes. Fast relaying helps 
in having only small burning in case of a 
failure, and fireproofing over each exposed 
cable and associated joint protects each 
cable from external flame and mechanical 
damage. 

This paper illustrates beautifully the 
multiplicity of problems arising in the de- 
sign and operation of an underground high 
voltage line. 
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G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): Mr. Mansfield de- 
serves the greatest praise for the thorough 
way he has engineered this oil-filled-cable 
installation. His paper describes this in de- 
tail. 

In my opinion, Mr. Mansfield has been 
rather conservative in assigning load-current 
ratings. His method results in a current 
rating of little more than 70 per cent of that 
obtained by the usual methods of calcula- 
tion with standard duct constants. There 
are several reasons for this, and I would 
like to discuss these briefly. 

In making these calculations Mr. Mans- 
field used a dielectric power factor of 0.75 
per cent, which represents the guaranteed 
value. For oil-filled cable it is usual prac- 
tice to assume a dielectric power factor of 
0.5 per cent, since a value higher than this 
has never been measured on removed lengths 
of normal cable after long periods of service. 
This, alone, accounts for a very appreciable 
part of his reduction in carrying capacity. 
However, Figure 4 of his paper would not 
have shown such a wide variation in carry- 
ing capacity as a function of dielectric power 
factor if the other factors to be mentioned 
were not also rather conservative. 

Over the usual range of soil moisture cor- 


tent Mr. Mansfield’s Figure 2 agrees rather 


well with soil-resistivity measurements we 
have made in the past and is also representa- 
tive of values used in the standard British 
formula for buried cable, when expressed 
in terms of net soil resistivity rather than 
absolute values. The net soil resistivity in 
the British formula is two thirds of the true 
absolute value and represents the difference 
between measurements in situ and in the 
laboratory. Mr. Mansfield designates his 
soil resistivity as ‘‘apparent’’ and obviously 
means that it represents the value derived 
from his formula 4. Expressed in these 
terms the general shape of his curve in 
Figure 2 agrees with previous data above a 
moisture content of 5 per cent. Below this, 
his apparent resistivity values are too high, 
and the curve bends up too sharply. 

In making these calculations Mr. Mans- 
field assumed a thermal resistivity for con- 
crete about three times as high as actual 
measurements we have seen. A representa- 
tive thermal resistivity for concrete is 100 
absolute, somewhat lower than the re- 
sistivity of surrounding soil, which is usually 
in the order of 180 absolute. In view of the 
fact that there is a three-inch shell of con- 
crete around the duct bank and a heavy 
layer of concrete in the street pavement, the 
high value of resistivity Mr. Mansfield used 
accounts for some of the reduction in his 
current rating. 

Formula 4 shows that Mr. Mansfield 
used a duct constant corresponding to the 
thermal resistance from loaded-duct wall 
to ambient earth. This represents a 
higher value than the standard duct con- 
stant, and there should be a correspondingly 
lower thermal resistance from cable-sheath 
surface to loaded-duct wall. Mr. Mansfield, 
however, used a sheath-surface resistivity of 
1,200 which actually represents the thermal 
path from sheath surface to ambient air for 
a cable in free air and is the value used with 
standard duct constants. The true re- 
sistivity from sheath to loaded-duct wall 
is less than half this, depending upon cable 
diameter, and is usually in the order of 400 
to 500. 
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Finally, Mr. Mansfield used a loss factét 
of 70 per cent for a daily load factor of 75 
percent. For this load factor the standard 
method assumes a loss factor of 62.5 per 
cent, as determined by analyzing a large 
number of typical daily load curves. 

All of these things added together explain 
the conservative current rating Mr. Mans- 
field obtained. There is, of course, no ob- 
jection to conservative current ratings for 
important power-cable lines. In fact, they’ 
are sometimes very sound practice. How- 
ever, there has been a good deal of ex- 
perience over a long period of years with 
current ratings based on standard methods, 
and they have been proved quite safe and 
well in line with actual copper temperatures 
measured. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Mr. Mansfield’s paper shows an unusually 
careful study of a cable problem in its many 
aspects and will serve as a very useful refer- 
ence to those who contemplate similar 
installations. The duct and manhole lay- 
outs are excellent, and it is refreshing to 
note the practical understanding of the 
sheath problem which has entered into their 
design. 

There has been some confusion, I fear, 
in the carrying-capacity calculations but, 
if so, Mr. Mansfield has made no greater 
errors than have been made by others who 
have reason to be more deeply versed in 
this subject. : 

The formula for soil R,, may be exact, as 
Mr. Mansfield says, ‘‘for heat flow from a 
cylindrical conduit to the ground surface, 
if both are isothermals,” but actually the 
formula is in error as it neglects the down- 
ward flow of heat to the deep isothermal 
region which is usually at a depth of about 
50 feet where the temperature in most cities 
is about 15 degrees centigrade (59 degrees 
Fahrenheit) all the year round. 

Mr. Mansfield seems to be under the im- 
pression that the ambient temperature to be 
used in his calculations, with that formula, 
is that of the ground around the cable, as he 
gives an ambient ‘maximum summer 
ground temperature of 25 degrees centi- 
grade,’”’ which is evidently the temperature 
several feet below the sunbaked streets. 
The formula for soil, Ry, however, gives the 
resistance to-the ground surface, and ac- 
cordingly the pavement summer tem- 
perature must be used. This will be not 
less than 60 degrees centigrade (140 degrees 
Fahrenheit) for several hours daily in Los 


Angeles. Suppose the conductor to be at 
Table Il 

Ratio of Diameters, Correction 

Sheath OD/Duct ID Factor 
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70 degrees centigrade; then the thermal 
flow downward will be over 80 per cent of 
the total flow, and the thermal flow from con- 
ductor to its dual ambient, for a given cop- 
per temperature, will be over five times that 
calculated on the basis of upward heat flow 
alone. 

Another error is ‘in the equation for 
sheath R,,. This equation gives the ther- 
mal; resistance to free air with no nearby 
surfaces. It does not apply to emission 
from a sheath to a duct surface an inch or so 
away. True, it is used in standard carry- 
ing-capacity calculations for cables in ducts 
but not in combination with a true thermal 
resistance from duct to ambient. It is 
there used in combination with a ‘‘duct 
constant”’ which has the physical dimensions 
of a thermal resistance but does not repre- 
sent the actual thermal resistance from any 
one surface to any other. That is why it is 
called a ‘‘duct constant’’ and not the ther- 
mal resistance of a duct. 

It appears that Mr. Mansfield’s total 
Ry, was made up as follows: 


Rm = paper Ry, + sheath Ry, +6(1.43 + 
soil Rin) 


If so, that is not correct, as his sheath Rj, 
will be much too high. Table II of this dis- 
cussion gives, to a fair degree of approxima- 
tion, the correction factors that should be 
applied to his equation 3. In the present 
installation the cable-duct diameter ratio 
is 0.73 which gives a reduction factor of 
0.37. If these two corrections are applied 
to the calculations the effect should be a 
very great increase in carrying capacity, 
but much of this is canceled by Mr. Mans- 
field’s use of 25 degrees centigrade ground 
ambient temperature, as mentioned early in 
this discussion. However the net increase 
in carrying capacity is still very consider- 
able and is my excuse for offering these 
criticisms. 


_C. T. Hatcher (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
Mr. Mansfield has presented a very thor- 
ough discussion of the problems involved 
in planning, designing, and installing a 138- 
kv cable system. In the installation of 
single-conductor 188-kv oil-filled cable, a 
thorough consideration should be given to 
the conduit and manhole design, so that 
adequate clearances exist for the installa- 
tion of the cable and for expansion of the 
cable under loading conditions. These 
items have been thoroughly considered 
by Mr. Mansfield, and it appears that the 
conduit and manhole system allows ade- 
quate space for the installation and opera- 
tion of the cable. 

Since the initial installations of oil-filled 
cable in 1927, both manufacturers and users 
have conducted tests for obtaining data in 
connection with reducing the insulation 
thickness of the oil-filled cables. These 
tests have resulted in allowable insulation- 
thickness reduction on all oil-filled cables, 
and in particular the 188-kv class has been 
reduced from 720 mils to 560 mils. Mr. 
Mansfield states that they selected 650 mils 
as the insulation thickness for the cable so 
as to obtain a substantial factor of safety 
against electrical failure and in addition 
attempts to justify the increased thickness 
on the basis of increased carrying capacity 
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for the lines. The excellent operating rec- 
ord of oil-filled cables does not seem to 
justify the increased insulation thickness so 
as to obtain a factor of safety against elec- 
trical failure, and a study of the electrical 
characteristics of 138-kv oil-filled cable 
purchased by our company does not seem 
to justify the statement in reference to in- 
creased carrying capacity. In 1927, we 
installed approximately 35 miles of single- 
conductor, 600,000-circular-mil 138-kv 
cable insulated with 720 mils of paper. This 
cable was not shipped filled with oil but had 
te be evacuated and filled with oil in the 
field. After nine years of operation, a sec- 
tion of cable was removed and tested. The 
power factor at 70 degrees centigrade was 
found to be 0.543 per cent. During 1940, 
we purchased approximately 100,000 feet 
of single-conductor, 1,250,000-circular-mil, 
138-kv cable with 560 mils of paper. The 
average power factor at 70 degrees centi- 
grade, measured at the factory, was 0.388 
per cent with a maximum of 0.475 per cent 
and a minimum of 0.270 per cent. With 
initial values such as these and the value of 
approximately 0.5 per cent after nine years 
of service, it appears reasonable to assume 
that the actual value of cable operating in 
service will not exceed 0.5 per cent. On 
this basis, it appears that the value of 0.75 
per cent used by Mr. Mansfield is extremely 
pessimistic and that a value of 0.5 per cent 
or less should be used in computing the di- 
electric losses for the cable. If the 0.5 per 
cent value is applied to the curves in Figure 
4 for a six per cent soil moisture, it will be 
noted that only a two per cent increase in 
capacity for 650 mils insulation is obtained. 
The value of 2 per cent would appear to bea 
maximum, and therefore for actual operat- 
ing conditions it does not appear that there 
is any appreciable increase in the carrying 
capacity when various insulation thick- 
nesses are considered for a given conductor 
size. 

Mr. Mansfield states that insulating joints 
and sheath-bonding transformers were used 
to reduce sheath voltages and that it is a 
well-established fact that differences of 
more than 11 volts alternating current be- 
tween cable sheaths and ground may cause 
corrosion under some conditions. We have 
been operating single-conductor cables at 
27 kv, 45 kv, and 132 kv, where insulating 
joints have been used for reducing sheath 
voltages for a great number of years. The 
installations have been designed to operate 
anywhere from 12 volts to ground to 25 
volts to ground. At one location, we have 
an operating condition of 12 volts to ground 
with a soil condition that is as bad as any 
we are aware of. A section of cable was 
removed from this location after approxi- 
mately 16 years of operation and no in- 
dications of a-c electrolysis was found. It 
appears that cable can be operated at a 
higher value than the 11 volts to ground 
without being subjected to a-c electrolysis. 


Carroll G. Mansfield: The discussions sub- 
mitted in connection with this paper indi- 
cate an active interest in the subject of 
transmission-cable installation and raise 
some questions, particularly as to the load 
rating of the lines, which require further 
comment. 

Several discussers have questioned the 
use of the guaranteed dielectric power fac- 
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tor of the cable rather than the actual meas- 
ured value in the load calculations. This 
reflects chiefly a difference in emphasis on 
the two distinct purposes served by such 
calculations. Where the objective is simply 
to estimate the capacity of an existing 
cable of which the characteristics are 
fully known, the actual power factor, of 
course, would be used. But the purpose of 
the studies under discussion was to select 
a conductor size which would give an as- 
sured minimum capacity, with cable to be 
produced by a manufacturer then unknown. 
The analysis leading to conductor selection 
accordingly was based on the possibility 
that the cable obtained might have power 
factors approaching the guaranteed value, 
together with some lingering doubts as to 
power-factor stability over periods of time 
comparable with the life of the cable. The 
present capacity then was added as a modi- 
fication when the actual dielectric power 
factors became known. The extra capacity 
so realized provides for a 50 per cent in- 
crease in the cable power factor, or for a 
substantial reduction in soil moisture dur- 
ing a series of dry years, or for some load 
growth beyond the minimum provided for. 

In this connection, power-factor data 
such as those cited by Mr. Hatcher are 
encouraging but not, in themselves, con- 
clusive. In view of the range of 0.270 to 
0.475 per cent for new cable, the value of 
0.543 per cent found for the single nine- 
year-old sample certainly does not preclude 
the possibility of there being other lengths 
in the older line having power factors of 
0.75 per cent or even higher. The power 
factor of the older sample is 14 per cent and 
100 per cent greater than the maximum and 
minimum for the new cable, and, while part 
of this no doubt is due to poorer technique 
of manufacture and installation, some may 
also represent an increase due to age. The 
accelerated tests mentioned by Mr. Hal- 
perin are somewhat more convincing, be- 
cause of the higher temperatures and 
stresses involved, and, together with the 
available operating experience, justify con- 
siderable optimism as to power-factor 
stability in well-made cable. 

Several discussers feel that the capacity 
given in the paper for a dielectric power 
factor of 0.40 per cent is still overly con- 
servative and attribute this, in part, to the 
use of too high a value for the apparent 
thermal resistivity of the sheath surface, 
(including duct air), to which Mr. Shanklin 
adds the suggestion that too high a resis- 
tivity also may have been assumed for the 
concrete. Actually, the calculations in- 
volve no assumption as to the resistivity of 
concrete, nor do they admit of any piling 
up of errors in these twofactors. Thissitua- 
tion may be clarified by outlining in some- 
what greater detail the procedure followed 
in establishing the resistances of these two 
portions of the thermal path. In the tests 
on the experimental conduit, temperatures 
were measured at the cable sheath and at 
the outer surface of the conduit structure. 
The resistance of the sheath surface and that 
through the fiber duct wall then were cal- 
culated, using B=1,200 as the sheath- 
surface constant, and these were subtracted 
from the effective resistance between sheath 
and conduit surfaces derived from the test 
results. Next, the calculated resistance 
of the fiber wall and the remaining resist- 
ance of the concrete path were adjusted 
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for the differences in duct diameter, fiber 
thickness, and length and cross section of 
the concrete paths, in the experimental and 
proposed conduits, and these corrected 
values then were combined into a single 
resistance representing the conduit struc- 
ture. This use of the sheath-surface con- 
stant is very similar to that followed in the 
standard duct-constant method. The ad- 
justments of fiber and concrete resistances 
are compensating to such an extent that a 
reduction in the value of B to 600 results ina 
negligible change in the total resistance 
between sheath and conduit surfaces. Hence 
if B=1,200 is too high, when interpreted 
as resistivity from cable sheath to inner-duct 
wall, a transfer of a part of the temperature 
rise shown for ‘‘duct air” in Table I of the 
paper to the ‘‘conduit’’ item would be justi- 
fied, but the total rise remains unchanged. 

The table of correction factors quoted 
by Mr. Del Mar to be applied to the sheath 
constant B appears to be based on a very 
reasonable principle, but for a constant duct 
size they give higher values for small cables, 
which is directly contrary to the practice 
followed in using the Insulated Power ‘Cable 
Engineers’ Association duct-constant 
method which uses lower values for small ca- 
bles. Obviously, closer agreement as to 
the meaning and value of this constant is 
required if inconsistent results are to be 
avoided. 

In view of Mr. Shanklin’s statement that- 
“Formula 4 shows that the author used a 
duct constant corresponding to the thermal 
resistance from loaded-duct wall to ambient 
earth,” it seems desirable to emphasize the 
fact that equation 4 applies only to the path 
from the conduit surface to earth. No 
formula is given for the resistance from duct 
wall to conduit surface, which is discussed in 
the paragraph following equation 4. Also 
his statement that the author used a loss 
factor of 70 per cent instead of the custom- 
ary 621!/2 per cent, may be misleading unless 
carefully interpreted. The loss factor used 
was 621/2 per cent, but this was not applied 
directly to the thermal resistances, since 
it was found in the experimental conduit 
tests that the percentages of constant-loss 
temperature rises actually attained in the 
soil and conduit were 70 and 75, respec- 
tively, when the loss factor was 62!/) per 
cent. This difference is usually neglected, 
but it is quite real, nevertheless. 

Mr. Del Mar’s criticism of the formula 
for soil R,, seems to imply the belief that a 
substantial part of the heat released in the 
conduit disappears into the interior of the 
earth, instead of ultimately finding its way 
to the surface. The author is unable to 
accept this view except iu special cases, 
such'as where the heat is carried away by 
moving ground water. The ‘‘deep iso- 
thermal region”’ is simply the region in 
which temperature gradients because of 
heat from the conduit become very small by 
reason of distance. This is precisely the 
condition required in the eccentric thermal 
field on which formula 4 is based and does 
not mean that heat leaving the conduit in a 
downward direction has been neglected. 
This formula is, however, derived for a 
stationary and homogeneous soil and, like 
all formulas, requires appropriate adjust- 
ment when actual conditions differ from 
those assumed in its derivation. Thus the 
effects of important heat absorbers, such as 
large storm drains or water mains or moving 
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ground water, must be taken into account 
in analyzing any tests on conduits near 
which they are present. They should not 
be assumed in line-capacity calculations, 
however, unless known to be present at 
all points along the proposed line at which 
maximum cable temperatures otherwise 
would occur. More common effects are the 
variation of soil texture and moisture with 
depth and such minor factors as the non- 
cylindrical shape of the conduit and tem- 
perature differences around its surface. In 
the present studies these were taken into 
account by deriving the effective soil re- 
sistivity from tests on an experimental con- 
duit under conditions similar, in these re- 
spects, to those on the proposed line. This 
compensation is not perfect but is probably 
sufficiently accurate, and no better method 
is yet available. 

If the time required for heat to pass 
from the cable to the ground surface were 
short compared with the period of daily 
maximum pavement temperature, Mr. Del 
Mar’s suggestion that this maximum pave- 
ment temperature be used as the ambient 
temperature in calculations with formula 4 
would be correct. Fortunately, because of 
the relatively large heat capacity of the soil, 
this time is long in comparison with the 
daily cycle, and the effective ambient tem- 
perature is the average surface temperature 
over a period of time roughly equal to the 
average time required for heat to reach the 
surface along its many paths of varying 
length. This is well represented by the 
ground temperature at a depth at which the 
daily fluctuation becomes negligible. 

In a further effort to identify the source 
of the differences in estimates of line ca- 
pacity, the standard IPCEA duct-constant 
method was used to calculate the sheath 
temperature for a constant loss of 4.08 
watts per foot of cable in the experimental 
conduit, from which data used in calcula- 
tions for the 138-kv line were obtained. 
The calculated sheath-temperature rise over 
earth ambient temperature is 44 degrees 
centigrade. The observed rise was 13 per 
cent greater than this in the corner ducts 
and 25 per cent greater in noncorner ducts. 
This discrepancy would seem to indicate 
quite clearly that the difference in load 
estimates represents a real difference in con- 
ditions rather than an error in calculation. 

Loads on the present lines have not yet 
reached values which would make compari- 
sons of calculated and actual temperatures 
and cable movements of practical value. 

The coefficient of friction of 0.5 used in 
the cable-movement calculations was based 
on the similar value previously given by 
Mr. Halperin and on a few measurements 
of our own, most of which were, however, 
made on groups of single-conductor cables. 
Tests made during installation of the 138- 
ky cable, which was well greased, gave 
values close to the 0.25 reported by Mr. 
Farnham, but itis expected that this will 
increase somewhat as the grease dries out 
or is washed away. If it does not, the 
provisions made for additional movement 
are ample. 

The successful use by Mr. Hatcher and 
his associates of alternating sheath voltages 
approximately double those which Mr. 
Halperin finds to represent the safe limit 
are of course well known, but the reasons 
for this difference are still obscure. In the 
present installation this did not prove to 


Discussions 


“i 
wy 


be a critical factor. The span length wAs 
determined principally by other considera- 
tions, and it was felt that the relatively 
small saving which could be made by omit- 
ting half of the bonding transformers did 
not justify the gamble that corrosion con- 
ditions here would resemble those in New 
York more closely than those in Chicago. 

In reference to the series of questions 
raised by Mr. Farnham: No data are avail- 
able from which a direct comparison of 
actual costs of the conduit used on these 
lines and a conventional rectangular con- 
duit of similar size can be made. The labor 
of placing the ducts is not increased, and 
the volume of concrete required is only 10 
or 12 per cent greater than in a rectangular 
conduit with the same phase and circuit 
spacings. Mr. Farnham gives added ri- 
gidity as one of the benefits resulting from 
the use of fireproofing on the cable bends. 
We considered this feature as likely to be 
definitely harmful because of the tendency 
of the covering to crack at the points of 
maximum stress and so add to the concen- 
tration of sheath strain at that point. 

It is interesting to hear that audible 
vibration of the cables has been observed 
elsewhere. While the segmental conductor 
used in the Montreal cable is undoubtedly 
more solid than the usual stranded type, 
it is not impossible that even these segments 
may have sufficient freedom at some points 
to permit the very small movements re- 
quired by this vibration. The theory that 
this vibration originates in the steel core is 
handicapped by the lack of any means by 
which the exciting force might be applied, 
particularly since this force seems to be of 
electrostatic origin. 

We have had no occasion to locate reser- 
voir cell leaks as yet. Our conclusion from 
a study of the reservoir action, and con- 
firmed by the manufacturer, is that such a 
leak would result in a small abnormal rise 
in the immersion oil level. The effect is 
subject to some qualifications, however, 
and, accurate diagnosis undoubtedly will 
require that the reservoir be disconnected | 
from the system and tested. 


Solderless Terminals 


Discussion and authors’ closure of paper 44- 
220 by F. H. Wells and J. C. Balsbaugh, pre- 
sented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, December section, 

pages 933-8. & 


Donald L. Moran (nonmember; lieuten- 
ant, Air Technical Service Command, 
Wright Field, Dayton, Ohio): Wells and 
Balsbaugh present the background of the 
need for and a description of tests con- 
ducted on a crimp-type solderless terminal. 

This is the only type solderless terminal 
standardized by the Army Air Forces at the 
Present time and is covered by drawing 
AN659. This drawing includes provisions 
for each size of wire specified in specifica- 
tion AN-J-C-48 with two stud sizes for 
each wire size. The Army Air Forces at 
the present time are standardizing a solder- 
less terminal which will incorporate a cast- 
copper body and barrel with threads on* 
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the inside of the barrel. A machined brass 
jam nut is'inserted in the barrel and forces 
a two-piece tapered slotted sleeve serrated 
on the inside diameter to hold the wire in 
position. These will be standardized for 
American Wire Gauge wire sizes 2 to 0000 
inclusive. Another type of solderless ter- 
minal being standardized by the Army Air 
Forces incorporates a copper stamped tongue 
and\'body, a brass nut, and a slotted brass 
sleeve which is tapered on the tongue end 
and threaded on the opposite end for ap- 
plication of the brass nut. The sleeve is 
inserted on the tongue end of the terminal, 
and the tightening of the brass nut on the 
sleeve clamps the wire firmly in the ter- 
minal. This type terminal covers American 
Wire Gauge sizes 2, 0, and 00. Tin plating 
protects this type of terminal from ex- 
cessive corrosion. These two new types of 
terminals are for high-current circuits and 
include the advantage that no special tools 
are required for application. 

Many aircraft manufacturers complain 
that their workers cannot satisfactorily 
apply the solderless-type terminal, because 
some of the wires may be cut when the in- 
sulation is removed. This is true particu- 
larly for small-size wires. The manu- 
facturers who have experienced employees 
still prefer to use the soldered terminal to 
be sure of satisfactory application or use the 
solderless terminal reinforced with a drop 
of solder. This gives a more dependable 
terminal performance although the time of 
application is appreciably increased. 

The paper failed to mention whether these 
solderless terminals were applied with a 
press using an appropriate crimping die, or 
the hand crimping tools similar to those 
used by the services. This would make an 
appreciable difference in the results of tests. 
Because of the uniformity of test results, 
it could be assumed that the crimping press 
was used for application of the terminals. 
Tests by the Army Air Forces of solderless 
terminals using a hand crimping tool show 
an irregular appreciably higher resistance for 
the terminal for similar current flow on the 
same-type terminals. 

The test conditions cited by Wells and 
Balsbaugh are similar to those conducted 
by the Army Air Forces. It is believed 
that the corrosion tests should have in- 
cluded a higher percentage of sodium- 
chloride spray. A 20 per cent solution as 
specified in specification A N-QQ-S-91 seems 
to be satisfactory to assimilate accelerated 
conditions encountered in salt-water areas. 
A humidity-temperature cycling test with 
relative humidity from 95 to 100 per cent 
would increase the extent of corrosion, since 
‘breathing’ of the metal would result. 

In general, however, the test conditions 
and results seem satisfactory to ascertain 
the correctness of the conclusion reached 
by Wells and Balsbaugh. Failure to take 
into consideration the new types of solder- 
less connectors which will be used by the 
Services, the methods of application of the 
solderless terminals not being clear, and 
test conditions being slightly different from 
accelerated service conditions will not affect 
appreciably the results and conclusions 
reached in this technical paper. 


_F.H. Wells and J. C. Balsbaugh: We have 
been very glad to obtain the comments of 
Lieutenant Moran, both because of his 
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experience with the use of solderless connec- 
tors by the services in actual application, 
and also because of his familiarity with the 
test procedures and results of the service 
laboratories. 

With regard to the question of whether 
the solderless terminals on which the tests 
reported were made were prepared by hand 
crimping tools or by a press with crimping 
die, all terminals were prepared using a hand 
tool, with the exception of the test results 
reported in Table I of the paper. These 
were on an assembly of 500 connectors in 
series, as shown in Figures 3 and 4. The 
hand crimping was done by a number of 
laboratory technicians. Admittedly, in the 
preparation of these crimped terminals care 
is taken to be reasonably certain that full 
crimping is obtained. In general, from 
the laboratory point of view, we have 
thought that hand crimping will give quite 
consistent results. 

With regard to the question of percentage 
of sodium chloride in the spray used in the 
tests, at present we are making a very com- 
plete series of tests in which the percentage 
of sodium chloride is varied from four per 
cent through intermediate steps to a maxi- 
mum of 25 per cent (saturated solution). 
While these tests are at present not com- 
plete, the initial results indicate quite 
definitely that the lower percentage of so- 
dium chloride, namely four per cent, gives 
the most severe corrosion conditions. 
These results may seem to be somewhat 
anomalous and quite unexpected. Two 
reasons may be given for these results: 
first, the use of the higher salt concentration 
gives salt deposits which may decrease, to a 
certain extent, the entrance of condensate 
into the terminal; second, and probably 
more important, oxygen concentration in 
the solution and in the spray decreases with 
the increasing salt concentration. The 
latter is very important from the point of 
view of corrosion. 


Altitude Rating of 
Electric Apparatus 


Discussion and author's closure of paper 44- 
228 by Paul Lebenbaum, Jr., presented at the 
AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANSAC- 
TIONS, 1944, December section, pages 955— 
60. 


Harvey J. Finison (Wright Field, Dayton, 
Ohio): Much of the work on which Mr. 
Lebenbaum’s paper is based was carried out 
in 1941 and 1942. At that time much of 
the experience in high-output machines for 
high-altitude operation was still in a forma- 
tive stage. An attempt had been made to 
apply type P-1 200-ampere generators fan- 
cooled and derated to 125 amperes at sea 
level on high-altitude aircraft. The re- 
sults were disastrous. Mr. Lebenbaum’s 
work has been very valuable in formulating 
decisions on methods of cooling which should 
be used for particular applications. 

The installation of numerous high-al- 
titude chambers has made the actual cal- 
culation of an altitude rating less desirable 
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than its determination by tests. However, 
a knowledge of the basic principles of ma- 
chine cooling as given in Mr. Lebenbaum’s 
paper is essential to the understanding of 
those test results and in the design and ap- 
plication of a machine. 

There are a number of cases where self- 
cooled machines designed for low altitude 
are still applied on high-altitude aircraft. 
In most cases the load on the machine is 
sufficiently less than machine rating that 
immediate failure does not occur, but the 
service life is considerably shorter than it 
should be. 

Mr. Lebenbaum has demonstrated that 
for high-altitude operation forced cooling 
from the slip stream is far more effective 
than self-cooling by fan. Of course, fan- 
cooled machines can be designed which will 
cool adequately at altitude, but the weight 
is considerably above an equivalent forced- 
cooled machine. Forced cooling can be 
obtained Only at the expense of airplane 
drag. Where the weight of the machine is 
not limited by other considerations, as is 
the case with main-engine mounted genera- 
tors, the choice between forced and self- 
cooling must be based on relative effect of 
increased weight against increased drag. 

There is considerable need for the estab- 
lishing of some principles that may be fol- 
lowed in evaluating the relative economics 
of forced and self-cooled machines. 


E. R. Summers (General Electric Company, 
Schenectady, N. Y.): Mr. Lebenbaum’s 
paper is based on work done three or four 
years ago before suitable high-altitude 
chambers were available for testing pres- 
sure-ventilated aircraft generators. His 
procedure for calculating high-altitude per- 
formance from sea-level tests was of great 
help in designing the earlier generators. 

Several of nature’s laws have been un- 
favorable to electric apparatus at high al- 
titudes. But one physical relation has 
been in our favor; namely, that the mass flow 
of air through a blast-ventilated generator 
decreases only as the square root of the air 
density. When the type P-1 six-kilowatt 
aircraft generators were initially designed, 
a minimum ventilating-air pressure of about 
ten inches of water was expected. However, 
the rammed air tubes had many bends and 
joints, and in some cases only four to six 
inches of net pressure were available, in- 
stead of ten. These variations in service 
conditions were large compared to the exact- 
ness of the formulas and tests from which the 
generators were designed. The square-root 
relation was helpful, because when the avail- 
able pressure was reduced 50 per cent, the 
mass flow of air was +/0.5 or 71 per cent of 
the full expected value. 

Design calculations were based also on 
only a few degrees increase in air temper- 
ature by adiabatic compression in the duct 
leading to the generator. However, this 
two-inch-diameter duct passed between the 
engine cylinders which, together with other 
losses, caused the air toincreaseas much as 30 
degrees centigrade (from — 55 to— 25 degrees 
centigrade) in some cases before it reached 
the generators. This reduced flow of pre- 
heated ventilating air was disturbing to 
generator designers who had little margin in ~ 
temperature rise for overloads or for erratic 
behavior of carbon brushes. Further at- 
tention should be given by aircraft designers 


1485 


to the more efficient delivery of colder air 
at higher pressure to the generators. 

In an earlier discussion at this meeting, 
Lieutenant Colonel T. B. Holliday em- 
phasized that the weight advantage of a 
blast-cooled generator was sometimes 
largely offset by the extra fuel required to 
drag the ventilating duct. The increased 
weight of engine wall casting and of mount- 
ing flange also must be considered if an over- 
hung generator were made large enough for 
self-ventilation. 

The importance of natural convection 
and radiation should not be overlooked when 
pressure-ventilated machines are being 
tested. I recently saw a high-altitude labo- 
ratory where P-1 generators were tested 
with —50-degree-centigrade ambient tem- 
perature around outside of stator frame. 
Actual aircraft-engine cell conditions may 
be +50-degrees centigrade or more. This 
error of 100 degrees centigrade in ambient 
temperature increased radiation and free 
convection losses by an amount correspond- 
ing to 20 per cent of total generator losses, 
and the hot-spot temperature rise of wind- 
ings would be about 20 per cent too low in 
such a test. This discrepancy might be 
very significant in a closely designed ma- 
chine, 

Mr. Lebenbaum states that axial velocity 
of air flow is more than twice the peripheral 
velocity of rotor on pressure-ventilated 
generators. This is true for the earlier low- 
speed machines, but not for the more re- 
cently designed R-1 nine-kilowatt gener- 
ators which have a top speed of 8,000 in- 
stead of 4,400 rpm. 

Since appropriate altitude chambers are 
now available for testing all sizes of aircraft 
generators at any simulated altitude or tem- 
perature condition, the present trend is to 
obtain high-altitude performance data di- 
rectly from chamber tests, rather than to 
make temperature calculations based on 
sea-level tests only. Such chamber tests 
are an over-all check of all machine parts. 

The question was raised recently as to 
whether the shaft would be twisted off if a 
generator were started suddenly when the 
grease in the bearings was solidified at —60 
degrees centigrade. The altitude chamber 
offers a quick means of checking special 
conditions which cannot be calculated from 
conventional sea-level tests. 


Paul Lebenbaum, Jr.: The author wishes 
to thank Mr. Finison for his comments on 
the application of the theory presented in 
this paper. 

Mr. Summers has mentioned that actual 
temperatures and pressure heads of the cool- 
ing air at the entrance to the generator have 
been found to be quite different from theo- 
retical values. This fact was recognized 
as a possibility in the paper, but the assump- 
tion was made, on the basis of data avail- 
able at the time of writing, that the tem- 
perature rise and pressure loss were neg- 
ligible. As Mr. Summers shows, this as- 
sumption no longer can be made, and the 
temperature of the cooling air, a,, should 
be taken as the actual temperature of the 
cooling air at the entrance to the gen- 
erator and not that of the air external 
to the airplane. The pressure drop in the 
duct work leading to the generator does not 
enter directly into the equations, but it does 
effect the weight flow of the cooling air, W. 
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This fact shows that in altitude-chamber or 
sea-level testing of generators that the duct 
work or its equivalent actually used on the 
installation should be part of the test equip- 
ment. In any case, the weight flow of cool- 
ing air through a blast-cooled generator 
still varies as the square root of the ramming 
head pressure, as Mr. Summers has pointed 
out. 

Mr. Summers also has brought out the 
fact that on newer higher-speed machines 
the definition of a separately or self-venti- 
lated generator based on the ratio of axial 
velocity of the cooling air to the peripheral 
velocity of the rotor no longer holds. This 
statement is correct, and further investiga- 
tion is indicated. For the present it is sug- 
gested that equation 8 of the paper still be 
used for self-ventilated and equation 9 for 
separately ventilated generators. 


Aircraft-Electric- Acéessory- 
Vibration Investigations 


Discussion of paper 44-194 by D. R. Miller, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1283-90. 


R. A. Cole (nonmember) and Wayne D. 
Cannon (Wright Aeronautical Corporation, 
Paterson, N. J.): In presenting the vibration 
problem to designers of electric equipment 
for aircraft, Mr. Miller has made a needed 
contribution. 

Unfortunately, the problem has not been 
well understood, and only a few designs have 
been planned from their inception to endure 
the maximum conditions found in normal 
aircraft service. 

Size and weight considerations for air- 
craft equipment are so stringent that struc- 
tural strength of designs requires the most 
careful attention. 

We applaud Mr. Miller’s efforts to de- 
termine by analysis and laboratory means 
the suitability of a generator design for a 
specific application. This method of test 
is very much more economical than full-scale 
engine tests or flight tests. However, we 
feel that, until laboratory results have been 
verified by considerable service results, the 
sound approach will be physical tests of 
generators on engines for extended runs and 
this work verified by flight test. 

Drawing from our experience of aircraft- 
engine-vibration studies, we offer the fol- 
lowing comments to Mr. Miller’s paper in 
the hope that some additional light can be 
focused on the problem. 

In designing for a specific natural fre- 
quency or range of frequencies, considera- 
tion must be given to the vibration char- 
acteristics of the engine on which the gen- 
erator is mounted. All large modern en- 
gines are supported by rubber springs which 
are calculated to give a low natural fre- 
quency of the power plant. This method 
permits the mass of the power plant to ab- 
sorb the vibratory forces without trans- 
mitting the disturbance into the airplane 
structure. For effective isolation, as Mr. 
Miller points out, the ratio of disturbing 
frequency to natural frequency must be 
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greater than 1.4, so the engine mount is 
usually designed for a natural frequency be- 
tween the idle and warm-up ranges, say 500 
to 900 cycles per minute. The engine 
orders which are always present in a prop- 
erly functioning engine are at crankshaft 
rpm and above, so that there is no danger of 
resonance in the usual operating range of 
1,200 to 3,000 rpm. Propeller orders and 
half-order combustion disturbances may 
excite mount resonance in the lower end 
of the range, particularly on engines with 
low-reduction gear ratios, or under condi- 
tions of severe propeller unbalance. The 
designer of the generator must assume that 
these conditions will occur sometime, even 
though they may not fall within the normal 
operating rpm range. For example, the 
engine may be damaged in a combat area 
and left windmilling in order to deceive the 
enemy; the resulting engine speed usually 
will fall between 1,000 and 1,400 rpm, which 
is low enough for propeller order to excite 
mount resonance. 

Under mount-resonance conditions, en- 
gine amplitudes will be very large, being 
limited usually by snubbing provisions de- 
signed in the rubber springs. The accelera- 
tions however, will be low because the fre- 
quency is low (+0.1 inch amplitude at 600 
cycles per minute or ten cycles per second 
gives an acceleration of 1 g). However, if 
the generator or any of its parts has a 
natural frequency about the same as that of 
the power plant on its mount, trouble must 
be expected. Resonant vibration of the 
engine crankcase structure also may occur, 
but it usually is damped by sufficient fric- 
tion at the bolted surfaces. 

We believe that any empirical figure or 
rule of thumb for natural frequency must 
be used with great caution, since a change 
in engine conditions may put the design in a 
resonance range. For instance, Mr. Miller 
recommends 150 cycles per second (9,000 
cycles per minute) as the minimum flexural 
natural frequency for a generator mounting. 
This figure is satisfactory to avoid the 21/2- 
order whirl resonance which he reports on the 
14-cylinder two-row radial engine used on the 
B-24 airplane. However, in the 18-cylinder 
engines which now are used on many of our 
combat aircraft, the corresponding order is 
31/., and, if this engine whirl peaks above 
2,550 rpm, resonant vibration will occur on a 
150-cycle-per-second generator mounting. 
For 2,800-rpm take-off speed, which is now 
in service use on 18-cylinder engines, the 
mounting frequency would have to be at 
least 175 cycles per second (10,500 cycles 
per minute) to clear a 3!/, order at take-off. 
The possibility of higher-frequency whirls 
must not be overlooked. These modes may 
occur at an order equal to +1 plus any 
multiple of firing frequency of one bank. 
They are usually small and cause trouble 
only when they excite an underdamped ~ 
resonance. ‘ 

Mr. Miller’s curves permit some inter- 
esting observations on the vibration of the 
power plant and its effect on generators and 
other accessories mounted on the engine. 
It is reasonable to assume that the maxi- | 
mum stress in the mounting flange will be 
some direct function of the vibratory ac- 
celeration. Figure 11 of the paper shows 
that the maximum vibratory displacement 
on the generator of a B-17F airplane was = 
0.030 inch, with an acceleration of about 8 g. 
The maximum acceleration in thesame direc- 


AIEE TRANSACTIONS 
pe < 


\ 


tion was about 50 g, or six times the first ac- 
celeration, with only 1/3) as much displace- 
ment —about +0.0015inch. This condition 
occurs, because the acceleration varies di- 
rectly as the first power of the displacement 
and as the square of the frequency, and the 
frequency ratio is about 12 to 1. The ex- 
ample points out the inadequacy of limits on 
vibratory displacement without regard to 
ay itd or acceleration. 

other interesting point in Figure 11 is 
the relatively large longitudinal or thrust- 
wise vibration, which reaches about +0.015 
inch at 60 cycles per second (3,600 cycles per 
minute), and +0.00055 inch at 650 cycles 
per second (39,000 cycles per minute). 
The latter figure corresponds to an accelera- 
tion of nearly 25 g, which is quite severe. 
Any thrustwise vibration arouses interest, 
because there are no thrustwise disturbing 
forces in the engine except for components 
of lateral or vertical forces resulting in 
certain deflections. It is possible that the 
motion of the generator shows a thrust- 
wise component of a whirling mode, since 
the generator is mounted below the thrust- 
wise or crankshaft axis. The resonant fre- 
quencies for both peaks are higher than 
those of the corresponding lateral peaks, 
indicating that the thrustwise resonance on 
the generator is not the same whirl as the 
vertical and lateral but involves a definite 
thrustwise mode. 

For engine-vibration work, we prefer to 
express frequencies in cycles per minute, 
so that orders are obvious when engine 
speeds are given. This information is 
usually necessary for a full understanding 
of the cause of the vibration and often points 
directly to a possible solution. It is also 
very desirable to indicate whether displace- 
ments are expressed as ‘‘plus and minus” or 
“double amplitude.” Both of these terms 
are self-explanatory; they should not be 
confused with ‘‘total amplitude’’ which is 
taken to mean the amplitude of a complex 
wave as distinguished from the amplitudes 
of its harmonic components. 


C. H. Havill (nonmember; Bendix Aviation 
Corporation, Teterboro, N. J.): This paper 
contains data on aircraft generators both 
under translational and torsional vibration. 
The translational vibrations for various en- 
gine and propeller combinations were dis- 
cussed quite thoroughly in ‘‘Aircraft-Engine- 
Accessory Vibration,’”’ by John Tyler ofPratt 
and Whitney Aircraft,! and hence, need no 
further comments on my part except to 
restate that the overlapping frequency spec- 
trums of the various engines have driven the 
accessory manufacturer to use as stiff a con- 
struction as possible, especially for the 
flanges; but in spite of this, the 2.5 order 
and 4.5 order usually are in resonance dur- 
ing some, part of the useful range of engine 
speeds. Further stiffening of the engine 
rear end casting may help raise the period. 
However, the time is fast approaching when 
the accessories will have to be removed 
from the engine to avoid flange failures or 
stud failures. This was discussed in my 
comments on Mr. Tyler’s well-written paper. 

As to torsional vibrations as discussed in 
Mr. Miller’s paper, I agree that a torsional 
dampener is necessary at present in many 
eases and desirable in all cases. However, 
my criticism is that Mr. Miller describes a 
dampener that does not go far enough. I 
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believe that, if a dampener is used, it should 
act at an appreciable radius—not on just 
the radius of the quill which is small. The 
dampener should cause a dampening factor 
of at least 0.4 to 0.5, so that the generator 
can be used on small auxiliary engines, in 
line engines, tandem in-line engines, as well 
as radial engines. For light weight and 
ease of manufacture, we have developed a 
dampener that has been tested over this 
wide range. It consists of rubbing plates 
with asbestos brake lining between. With 
this arrangement, life tests at resonance can 
be run and the maximum deflections of the 
quill kept well within the fatigue strength. 

I believe that if all accessories were driven 
by a properly designed quill and properly 
designed dampener, all quill failures would 
disappear. Incorporating a vibration damp- 
ener in all generators would involve over- 
protection in many cases, but would permit 
universal application of generators on any 
engine, whether it be a conventional radial 
type, tandem in line, or small auxiliary 
engine. Sooner or later, some of these gen- 
erators would appear installed on small 
auxiliary engines or tandem in-line engines 
where a dampener was needed. Eventually 
I hope that the dampener will be used on all 
installations, which is what Mr. Miller has 
stated is desired. 
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Aircraft-Engine- Accessory 
Vibration 


Discussion and author's closure of paper 
44-227 by John Tyler, presented at the 
AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANSAC- 
TIONS, 1944, pages 1334-49. 


E. A. Boniface (nonmember; American 
Airlines, LaGuardia Field, New York, N. 
Y.): There is no denying that the compila- 
tion of vibration spectra for the various 
engine—propeller—accessory combinations 
will provide for more accurate predictions of 
the suitability of accessories from a service- 
life standpoint as affected by periods and 
amplitudes of vibration. This of course will 
assume greater significance with the in- 
creased-horsepower engines under develop- 
ment with their proportionally larger ac- 
cessories. It would, therefore, appear that 
this type of investigation should be con- 
sidered by the industry as a necessary ad- 
dition to the engine-installation specifica- 
tions. 

As air-line operators we have had our 
share of unpleasant associations with the 
problems of fatigue of ‘‘overhung masses’’ 
in the engine rear-section location, and un- 
fortunately it has sometimes been found in 
investigation that the stresses set up at the 
fracture points have been well within the 
fatigue limits, and consequently there ap- 
peared to be no logical explanation for the 
failures. Since the failures were chronic, it 
was not possible to charge them off to iso- 
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lated cases of faulty material. This has led 
to the thought that possibly additional con- 
sideration should be given to amplitudes of 
vibration experienced during starting, es- 
pecially under winter conditions with heavy 
backfiring. The vibration period under 
these conditions is low, but it is conceivable 
that the amplitudes may be sufficient to 
create a fracture nucleus that could develop 
subsequently into an ultimate failure, even 
with moderate vibrational stresses present. 
We should be very interested in receiving 
Mr. Tyler’s comments on this phase of the 
problem. ; 

Mr. Tyler’s point that charts such as 
these be used by the accessory manu- 
facturer certainly should not be considered 
as a suggestion, but more as a ‘‘must,”’ if we 
are to make any logical engineering ad- 
vancements from the present hit-and-miss 
method of accessory selection. Too often, 
development research, such as presented 
in this paper, points out the need for col- 
laboration on the part of the related manu- 
facturers, but fails in its purpose because of 
lack of follow-up. 


C. H. Havill (nonmember; Bendix Avia- 
tion Corporation, Teterboro, N. J.): The 
paper, ‘‘Aircraft-Engine-Accessory Vibra- 
tion,’’ by John Tyler has placed all in one 
place a large amount of statistical data con- 
cerning the translational vibrations of the var- 
ious engine accessories mounted on the rear 
of the engine. These data are extremely 
valuable to Eclipse-Pioneer division of the 
Bendix Corporation in their design of acces- 
sories. Unfortunately, these data pertain 
only to a few types of radial aircraft engines 
and do not take into account some of the 
problems that the accessory manufacturer 
meets when considering that his product must 
“live”? on radial engines of other manu- 
factures as well as on in-line engines. Dur- 
ing this war the tendency has been to expect 
an accessory to be satisfactory on nearly 
all engine—propeller combinations. As en- 
gines are getting larger and natural fre- 
quencies are rising, it is getting more and 
more difficult for a given accessory to ‘‘live’’ 
on all combinations. Mr. Tyler has credit- 
ably pointed this out. 

There is a tendency for nearly everyone 
to assume that the accessory flange on the 
engine studs fail only under resonance con- 
ditions and to neglect the high level of stres- 
ses that are produced by the higher har- 
monics of the various sources of frequencies 
present. It is true that, when pure reso- 
nance occurs, parts fall off in short order, and 
it is also true that resonance stresses are in 
addition to the stresses produced by the 
accelerations caused by the combinations 
of the several frequencies whose vector 
sums reach high values for a miscroscopic 
part of a second and whose resultant am- 
plitudes are extremely small; yet they cause 
high-frequency cracks in steel flanges of ac- 
cessories and do other damage. 

For the remedies suggested by Mr. Tyler 
I believe everyone will agree that the best 
one is to get the secondary accessories (those 
accessories that are not needed to run the 
engine) off the engine. However, until 
that evolution has been accomplished, the 
strengthening up of the engine rear section 
(raising its period) might be of some help in 
a few borderline cases. With the present 
Society of Automotive Engineers flanges the 


1487 


natural periods of the accessory units ean- 
not be raised very much as the present stiff- 
ness of a heavy forged steel flange is about 
as far as practical design can go, since 
natural frequencies change directly as the 
square root of the stiffness, 

The days of having a calculated minimum 
natural period of 9,000 eycles per minute 
(which is reduced to about 4,000 cycles pet 
minute when mounted on the engine because 
of the flexibility of the engine casting) and 
designing for a primary stress of 60 g, are 
over, and there seems to be no good solu- 
tion except to remove the accessories from 
the engine, 

Mr, Tyler has pointed out that the vibra- 
tory stresses in the propeller and in the ae- 
cessory flanges are about the same order of 
magnitude which has been realized by us 
for sometime and probably dates back to 
Newton in that every action has an equal 
and opposite reaction, 

For those who have not put much thought 
on this subject, the “whirl” that Mr, Tyler 
speaks of is a polar vibration where any 
point on the engine (not at the node) de- 
scribes a circle or eclipse with a wavy perim- 
eter, This can he visualized as a num- 
ber of vectors of various lengths rotating 
about a point, and these vectors rotate at 
different speeds representing the various 
orders of vibration, The sudden changes in 
the distance from the center to the erratic 
wavy perimeter give rise to very high shear 
loads at various points in the accessory 
mounting, 

The construction of a single-frequency 
testing machine with nonrotating parts that 
simulates one revolving veetor is a definite 
advance in the art. Of course, intelligent 
testing using the frequeney speetrum of the 
propeller-engine combination must be used; 
otherwise everything can be broken up or 
nothing broken, This machine will elimi- 
nate the primary caleulations for natural 
periods, but, being only a single-frequency 
machine, it cannot give aJl the rotating 
yeetors at one time, However, since the 
means are now available for every accessory 
manufacturer to measure the primary fre- 
quencies, it is well that they should—how- 
ever, the fact that these come within cer- 
tain specifications as tested at single fre- 
quencies will not guarantee no failures in 
flight but will help remove the failures due 
to primary resonance, 

In summary: this paper by Mr, Tyler is 
an excellent presentation of a broad subject 
and points out that, even though good selee- 
tion of propeller-engine combinations with 
selected accessories may provide solutions 
for some of the immediate problems, the 
time is fast approaching wien the over- 


146% 


lapping spectrums of all engines will re- 
quire higher natural frequencies than it is 


possible to attain in the accessories them-. 


selves. The only permanent solution is to 
remove the secondary accessories from the 
engine frame, and the sooner this is done the 
better. A radical change in engine design is 
necessary if there is to be a net saving in 
installation weight. 


D. R. Miller (General Electric Company, 
Schenectady, N. Y.): Mr. Tyler’s paper 
goes a long way in fulfilling the need for 
information in the hands of design engineers 
on the characteristics of the vibration to 
which aireraft accessories are subjected. 
The solution of the accessory-vibration 
problem would he aided further if similar 
papers were written by other investigators 
in the field of aireraft vibration. The mat- 
ter of torsional vibration to which aircraft 
generators are subjected is particularly of 
immediate interest. Information also is 
needed on the characteristics of vibration 
to which other than engine-mounted ac- 
cessories are subjected, Present specifica- 
tions eall for vibration tests up to 50-60 
cycles per second, but much higher vibration 
frequencies are present in aircraft-accessory 
installations. 

It may be possible to reduce failures of en- 
gine-mounted accessories by reducing the 
vibration on the accessory pad by improv- 
ing propeller-damping characteristics. It 
would be interesting to consider the damp- 
ing of propeller vibration which might be 
afforded by partially filling hollow propeller 
blades with fluid or powdered metal or by 
using some other friction device, There is 
also the possibility of reducing the vibration 
magnification of the generator at resonance 
in flexure by the use of a damping device. 

Because of the extent of failures which 
have been encountered on installations of 
accessories on the engines of military air- 
craft, it seems highly desirable that new de- 
signs of the conventional gasoline engine for 
aireraft include an accessory gearbox to be 
installed on the aircraft structure as sug- 
gested by Mr, Tyler. Such a gearbox should 
have a means for isolation of the torsional 
vibration of the engine so as to eliminate the 
need for complicated flexible-drive couplings 
and damping devices on all of the accesso- 
ries, 


John Tyler: Several worth-while com- 
ments and suggestions have been offered in 
the discussions on this paper, 

D, R, Miller points out that torsional- 
vibration problems are becoming increasingly 
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important and that relatively tee data es 
now available on this subject. This ies 
true, but it must be recognized that the con- 


siderable data on this subject which are 


presented in this paper on bending vibra- 
tions have been collected over a period of 
several years. When we have accumulated 
several years of experience on torsional- 
vibration problems, we expect to be in a 
position to draw similar charts for the air- 
craft power-plant torsional-vibration sys- 
tem. 

Mr. Miller also suggests that the use of 
damping to the power-plant vibration sys- 
tem should help in reducing accessory vibra- 
tions. It is suggested that probably at- 
tempts to increase the damping in the ac- 
cessory mounting would be much more fruit- 
ful than attempts to increase the damping 
of the propeller-blade vibration. 

E. A. Boniface points out that unexplain- 
able failures of aircraft-engine accessories 
may be the result of large amplitudes of — 
vibration occurring during starting or back- 


firing, or as a result of some other unusually — 


large excitation. While the author agrees 
that this may be the case in some instances, 
it is believed more likely that these un- 
explainable failures are due to high stresses 
resulting from unknown vibrations at the 
natural frequencies of the accessories. The 
reason for this opinion is that the g’s in- 
volved in the starting, backfiring, and 


similar conditions are on the order of 1 to — 


5, while the g’s resulting from vibration at 
accessory resonance are on the order of 10 
to 100. 

As Doctor Havill points out, more than 
one frequency of vibration may be involved 
in accessory failures. Therefore, while the 
Pratt and Whitney accessory-vibration- 
testing machine as used to date duplicates 


the normal condition where large vibration — 


stresses are produced as a result of excita- 
tion at a single natural frequency of the sys- 
tem, it may be desirable to excite simul- 
taneously the machine at large amplitude 


at more than one frequency to duplicate 
similar conditions occasionally encountered _ 


in service. 
In closing, the author would like to point 


out that the data on aircraft-engine vibra- 


tion presented may be used for many pur- 
poses beyond accessory-vibration problems. 


By converting the whirl amplitudes on the — 
accessory-mounting pads presented in the — 


charts in this paper to whirl amplitudes at 
other points on the engine (assuming the 
whirl to have a node at the engine center of 
gravity), it is possible to analyze the vibra- 
tion characteristics of cowls, exhaust col- 
lectors, short stacks, or any other acne 
attached to the engine, 
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High-Altitude Brush 
Problem 


Discussion and author's closure of paper 44- 
208 by D. Ramadanoff and S. W. Glass, pre- 
sented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November sec- 
tion, pages 825-30. 


E. R. Summers (General Electric Company, 
Schenectady, N. Y.): This paper repre- 
sents a careful attempt to learn more about 
carbon brushes. Electric-apparatus manu- 
facturers welcome such work, because more 
fundamental information is needed. 

Their data for brush friction were ob- 
tained without current flowing. Friction 
varies widely on most brushes as the current 
density is varied. In many cases, the brush 
friction and contact drop change almost con- 
stantly, sometimes by 300 to 500 per cent, 
even though test conditions appear con- 
stant. The specific values of coefficient of 
friction and also the plotted curves in this 
paper imply an exactness and consistency 
of brush performance which do not exist. 

It is stated that adsorbed moisture is 
easily driven off when a collector ring starts 
to turn in an evacuated chamber. The 
film may be stripped off the ring surface 
quickly, but adsorbed moisture is not so 
easily driven out of the pores of a brush. 

The altitude chamber used for machine 
tests has a volume of about two cubic feet. 
With ten changes of air per hour, about 20 
cubic feet of fresh low-pressure air are ad- 
' mitted each hour. The self-ventilated gun- 
turret Amplidynes take in 1,200 cubic feet 
of air per hour. This means that the same 
air passes through an Amplidyne 1,200/20 
or 60 times on the average before being 
pumped out of the chamber described. 
There is some chance for accumulation of 
contamination, but recirculation of air also 
occurs to some extent with self-ventilated 
apparatus in actual service on aircraft. 

The dew point of air entering the test 
chamber is stated to be —70 degrees centi- 
grade. What is the dew point as it leaves 
the chamber? How much leakage is there 
of outside air which may carry several 
thousand times as much moisture per cubic 
foot? The lack of visible frost accumula- 
tion on the —70-degree-centigrade chamber 
walls, does not prove necessarily that all of 
the air entering chamber has this low dew 
point. 


Suppose that air entered chamber at 


—40-degrees centigrade dew point, and 


moisture were condensed out to —70-degrees — 


centigrade dew point. This corresponds to 
0.05 grain condensation per cubic foot of air, 
_ or to only one grain per hour with 20 cubic 
foot of air per hour. It would take 7,000 
hours, or almost a year of continuous opera- 
tion, to condense out one pound of water. 
The condensate in a one-day test with this 
30-degree-centigrade drop in dew point 
would be only one cubic centimeter, which 
would hardly be noticed on the relatively 
large inner surface area of the chamber. 
Yet such small amounts of water are signifi- 
cant in brush tests. 

The —70 degrees centigrade on chamber 
walls by refrigeration is good assurance that 
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low dew point will be maintained within the 
chamber even though the chemical air 
dryer occasionally may operate at higher 
dew points. 

If the alumina dryer does deliver air at 
—70 degrees centigrade dew point, the dew 
point would drop about 15 degrees centi- 
grade lower if the air is expanded thereafter 
from sea-level pressure to 35,000 feet al- 
titude conditions within the test chamber. 


W. E. Campbell and G. T. Kohman (non- 
members; Bell Telephone Laboratories, Inc., 
New York, N. Y.): The authors are to be 
congratulated on their comprehensive attack 
on the problem of carbon-brush wear. Their 
findings on the effects of different gases on 
wear reduction arein good general agreement 
with those obtained in the Bell Telephone 
Laboratories, which used flowing mixtures 
at atmospheric pressure of a given gas with 
nitrogen. There are, however, differences 
which merit some discussion. 

In our studies, dry carbon dioxide was 
found to stop dusting at a concentration 
corresponding to a partial pressure of 38 
centimeters of mercury, whereas the authors 
state that brushes dust in dry carbon dioxide. 
Possibly their studies were carried out at 
partial pressures lower than 38 centimeters. 

In our studies of the effect of oxygen, 
dusting was not stopped until a concentra- 
tion corresponding to a limiting partial 
pressure of 25 centimeters was reached, 
whereas in the present studies the limiting 
oxygen pressure was much lower—varying 
from 1.1 to 9.7 centimeters of mercury for 
brush temperatures ranging from 40 to 
130 degrees centigrade. The origin of the 
condensed water vapor on the commutator 
surface during their tests with oxygen is 
not clear to us from the authors’ explana- 
tion. Presumably enough water was pres- 
ent in the oxygen used to affect the limit- 
ing pressure at different temperatures. 
The higher limiting pressure we obtained 
might be due to a lower water content of 
the oxygen used in our studies. 


W. T. Breckenridge and A. E. Petrie (Bell 
Telephone Laboratories, Inc., New York, 
N. Y.): Data presented in this paper indi- 
cate that brush temperature has a definite 
effect on brush wear, although when Doctor 
Ramadanoff visited our laboratories some 
six months ago, we understood him to say 
that his tests up to that time indicated 
that brush temperature had little if any 
effect. We presume, therefore, that the 
data shown in this paper result from tests 
made during the past six months and thus 
correct his earlier experiments. It is pos- 
sible, however, that when Doctor Ramadan- 
off talked with us he‘was speaking of treated 
brushes, whereas the data shown in this 
paper appear from internal evidence to be 
for untreated ones. Weshould like to know 
therefore whether altitude treatment of 
brushes materially reduces the effect of tem- 
perature, and whether it makes it almost 
negligible up to 170 degrees centigrade. 

In the séction on “Commutator Film,” 
the statement is made that, once the film 
of separation is removed, the rubbing sur- 
faces of the brushes and commutator seize, 
and quick abrasions of both take place. If 
the abrasion takes place on the copper sur- 
face, it would seem as though the resulting 
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roughness would mask the results of the 
test procedure used for showing the oxygen 
pressure required to stop rapid wear at 
various temperatures. In that series of 
tests, the cycle of reducing the oxygen 
pressure and promoting rapid brush wear 
and increasing oxygen pressure and stopping 
brush wear was repeated a number of times. 
Conceivably, the roughness of the commu- 
tator increased as the test proceeded and 
hence may have affected the results. 

In field tests carried on ten years ago in 
which an a-c and a d-c motor both were 
coupled directly to the same load, we found 
that the brushes on the d-c motor wore much 
faster when the a-c motor was driving the 
load than when the d-c motor was driving 
it. In other words, wear appeared to be 
greater when the brushes were not carrying 
current than when they werer It would be 
interesting to hear whether Doctors Ramad- 
anoff and Glass encountered this situation 
during any of their tests. 


Jerome J. Taylor ( Detroit Edison Company, 
Detroit, Mich.): The carbon brush has 
been an indispensable component of much 
electric equipment since the earliest days. 
Some of its behavior has been tempera- 
mental, which is equivalent to saying that 
the underlying principles are complicated 
and incompletely understood. This paper 
and other recent ones!»? add new chapters to 
an interesting history. 

The present paper emphasizes mechani- 
cal phenomena. It is mentioned that the 
rings were stoned as a preliminary to most 
of the runs. Since the surface of a ring or 
commutator is smoother after wearing in 
than when freshly stoned, it seems reason- 
able to ask whether the aforementioned 
technique may have caused abnormal initial 
rates of brush wear. 

A second question is whether ball or roller 
bearings have been considered for current 
collection from slip rings in high-altitude 
service. They could be made of materials 
having conducting and wear-resisting qual- 
ities, such as beryllium-—copper, and it seems 
possible that they would operate satis- 
factorily with little or no lubrication. 


REFERENCES 


1 Carson-BrusH Contact Fivms, C. Van Brunt, 
R. H. Savage, General Electric Review, July and 
August 1944. 


2 Sriwine Contracrs—ELEcTRIcaAL CHARACTERIS- 
tics, R. M. Baker. AIEE Transactions, volume 
55, 1936, January section, pages 94-100. 


Harvey J. Finison (Wright Field, Dayton, 
Ohio): I would like to emphasize the im- 
portance of the high-altitude brush problem 
to the successful combat operation of mili- 
tary aircraft. All of the gun turrets in our 
military aircraft derive their power from a | 
d-c motor in turn supplied by d-c generators. 
These units must operate continuously 
throughout high-altitude missions. Yet 
as recent as January of 1948, our aircraft 
were not equipped with machines with 
brushes capable of lasting throughout a single 
high-altitude mission of duration sufficient 
to bomb Berlin. 

Measurement of generator brushes follow- 
ing each mission was a necessity on fighter 
aircraft operating in the South Pacific. 
After two or three missions, the brushes re- 
quired replacement—a four- to six- hour job 
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on some ships, since removal of the gen- 
erator is necessary. 

Fortunately, before the full seriousness of 
the brush-wear problem was realized, a 
solution to the rapid wear was found by men 
such as Doctors Ramadanoff and Glass, and 
others. The amount of effort expended by 
the brush and machine industries in arriving 
at a solution to the high-altitude brush prob- 
lem deserves highest commendations. 

The paper by Doctors Ramadanoff and 
Glass effectively presents some of the funda- 
mental relationships in the rapid-wear phe- 
nomena and should be useful in giving a bet- 
ter general understanding of the problems. 

While the figures presented on brush life 
attainable with ordinary and high-altitude 
brushes (Table III of the paper) are based 
on altitude-chamber tests, the high-altitude 
test flights conducted by the Army Air 
Forces at Wright and Patterson Fields have 
produced similar results. 


I, E. Ross, Jr. (National Electrical Manu- 
facturers’ Association, New York, N. Y.): 
The papers presented by Doctor Rama- 
danoff and Mr. Summers are capable dis- 
cussions of the problems and testing tech- 
niques involved in developing better elec- 
trical brushes for high altitude. They indi- 
cate a tremendous amount of effort which 
has gone in this project through the last two 
or three years. There isa danger, however, 
that the emphasis on difficulties tends to 
obscure the actual progress which has taken 
place. 

I believe it is heartening to aircraft elec- 
trical engineers, who are responsible for the 
performance of electric equipment, to know 
that the elements for producing good high- 
altitude performance are available. At 
least six companies are capable of doing a 
satisfactory piece of work in applying new 
brush materials to motor application. The 
fact that motors currently available do not 
have improved performance at altitude 
is a result of a tendency on the part of 
designers to underestimate the difficulties 
which altitude can cause. Up to the 
present time the performance of gen- 
erators, inverters, dynamotors, Amplidynes, 
and propeller pitch controls has been im- 
proved manyfold by a good application job 
on the part of motor and brush manu- 
facturers working in conjunction with the 
armed services. 

There is every reason to believe that any 
electrical device using brushes will respond 
just as favorably to a thorough engineering 
application of new techniques and new ma- 
terials. There is no reason why aircraft 
electrical engineers should have to accept 
equipment having short altitude life. 

On the other hand, motor and brush manu- 
facturers are not justified in feeling that a 
problem has been completely solved. A 
brush life of 200 or 300 hours which is avail- 
able today is good, but it is not in any sense 
of the word an objective. Development on 
the brush problem must continue until a 
product is developed which allows electric 
rotating machinery to bere placed on a main- 
tenance schedule consistent with engine 
overhauling practices. 


D. Ramadanoff: The discussion by N. T. 
Breckenridge and A. E. Petrie has brought 
out questions which are of interest in regard 
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to high-altitude and sea-level application of 
brushes. 

We have tested high-altitude brushes in 
dry air at pressures ranging from 1 to 760 
millimeters of mercury and brush tempera- 
tures from 50 to 200 degrees centigrade. 
Long brush life was obtained under all of 
these conditions. Ordinary brushes under 
similar conditions will wear rapidly or dust. 
If the brushes and commutator, however, 
have not been preheated to drive out ab- 
sorbed moisture, the brush and commutator 
temperature will have an effect on the pres- 
sure of dry oxygen at which rapid wear or 
dusting will begin. 

We have never been able to establish ex- 
perimentally that the finish on the com- 
mutator surface had anything to do with 
the rate of brush wear when unprotected 
brushes were tested in the vacuum chambers 
at reduced pressures of dry air. Our ex- 
perience has been that the brushes, as 
well as the commutator, acquired a polish 
immediately after dusting of the brushes 
stopped. 

The observation brought out in this dis- 
cussion, that the brushes of a d-c motor wore 
much faster when the brushes were not 
carrying current, is indeed an interesting 
one. We presume that this observation 
was made under conditions of very low hu- 
midity. Current flow can decrease brush 
wear when sparking occurs, because of high- 
friction brush chatter. Under this con- 
dition we have observed the rate of brush 
wear reduced to one half of the wear rate 
obtained with no current flowing. How- 
ever, if enough brushes were used in parallel 
to make the interruption of the current due 
to brush chatter negligible, current flow had 
no perceptible effect on the rate of brush 
wear. Recently we observed unstable 
operation on a gyromotor in high-altitude 
chambers. When ordinary brushes were 
used, brush wear was not excessive, but the 
instability was due to sparking which in turn 
was caused by chatter induced by high 
friction prior to rapid brush wear. When 
high-altitude brushes were used, the brush 
operation was steady. 

The discussion by W. E. Campbell and 
G. T. Kohman brought out questions which 
are of theoretical and practical importance. 
In our tests with dry carbon dioxide, which 
was used to start dusting or rapid wear of 
the brushes, the pressure was atmospheric. 
Dusting was obtained with or without cur- 
rent flow. The brushes contained about 
50 per cent copper, and brush pressure was 
about eight pounds per square inch. There 
were 24 brushes on this holder operating in 
four tows of six on four Everdur rings. 

Rapid brush wear also was obtained with 
electrographitic brushes on a copper ring 
when the pressure of the dry carbon dioxide 
was 770 millimeters of mercury. This oc- 
curred with or without the flow of current. 
With current flowing a curious cyclic phe- 
nomenon occurred: The operation would 
alternate between a high-friction dusting 
condition and a low-friction nondusting 
condition. When the brushes were dusting, 
the high friction produced a_high-pitch 
squealing noise. Under this condition. the 
brushes were sparking, and the ring surface 
blackened in 15 to 30 seconds. Then the 
friction would drop suddenly to about one 
fifth of its former value, the squealing sound 
disappeared, the brushes no longer were 
sparking, and the rate of brush wear was 
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small. In the next 15 to 80 seconds, ttle 
black film on the commutator would be re- 
moved, accompanied by rapid wear, high 
friction, sparking, and dusting. This cyclic 
phenomenon was self-repeating and self- 
perpetuating, taking approximately one 
minute for each cycle. In this experiment 
four brushes were used as described in the 
paper under ‘‘Vacuum Chambers.” 

We believe that Figure 7 of the paper, 
which shows the oxygen pressure at which 
dusting of brushes begins versus temper- 
ature, has been somewhat confusing, prob- 
ably because of insufficient explanation. 
The purpose of this curve was to show that 
starting with the brushes and commutator 
at room temperature where moisture in the 
air condenses on both the brushes and the 
commutator, the oxygen pressure at which 
dusting would start would become greater 
as the brush and commutator temperatures 
increase with time. 

Curve A in Figure 5 and its counterpart 
in Figure 6 show that rapid brush wear stops 
with an oxygen pressure of 19 centimeters 
of mercury. This value is comparable with 
25 centimeters of mercury obtained at the 
Bell Telephone Laboratories, if we con- 
sider possible differences in brush pressure 
and brush materials. 


The discussion by E. R. Summers has - 


brought out several questions which are of 
general interest and need clarification. 
While specific values of coefficient of fric- 
tion and wear at various pressures of oxygen 
atmosphere have been given for two care- 
fully defined brush grades, in general, 
brushes which are not of the high-altitude 
type have one thing in common: namely, in 
an environment deficient in water vapor 
and oxygen they operate with high friction 
and rapid brush wear. This we believe is 
significant, and it is the intention of this 
paper to emphasize this point. 

In all of the experiments used in preparing 
the data for this paper the brushes were 
heated to 300-350 degrees centigrade and 
the commutator to 185-150 degrees centi- 
grade. Under these conditions, when the 
brushes begin to dust, the adsorbed-moisture 
film on the commutator is quickly removed, 
and there is very little adsorbed moisture 
left on the brush faces to affect the repro- 
ducibility of the measurements which have 
been obtained many times on different oc- 
casions. When the brushes begin to dust, 
the brush-face temperatures are high, much 
higher than indicated by thermocouples 
close to the brush faces, and are sufficiently 
high to drive off adsorbed moisture. 

The importance of continuous flushing 
of an altitude chamber with dry air cannot 
be overemphasized. While it is true that 


.self-ventilated machines will recirculate 


the cooling air several times before the air 
in the chamber is changed completely, we 
have never found that this had any adverse 
effect on rapid brush wear. In all of our 
tests, when machines were tested with or- 
dinary brushes, rapid brush wear was ob- 
served in the matter of minutes, and the 
brushes were worn out in one to five hours. 
In fact, we have obtained equally rapid 
brush wear with brushes that were insufh- 


ciently protected for high-altitude opera- | 


tion. 

In the operation of the altitude chambers 
it has been our observation that whenever 
the dew point of the dry air increased from 
—70 or below to —60 degrees centigrade, 
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there was always visible frost on the walls 
of the chamber. Since the formation of this 
frost, which gives a grayish appearance of 
‘the chamber walls, takes place in a few hours 
the chamber walls have served as a rough 
dew-point indicator of the entering air. 
Dew-point measurements, of course, also 
are made periodically for more accurate 
checkups. 

There is no excuse for building altitude 
chambers with noticeable leakage of room 
air. The altitude chambers described in 
this paper, pumped to a pressure of one 
millimeter of mercury and then sealed off 
from the pumps, will maintain a pressure of 
less than two millimeters of mercury for 24 
hours. To obtain a tight chamber such as 
this, it was necessary to weld all joints with 
a triple weld. 

We have had no experience on the ques- 
tion brought out by J. J. Taylor with regard 
to ball and roller bearings carrying current 
on slip rings at high altitude. We may 
point out, however, that metals unless 
properly lubricated also can wear rapidly 
under high-altitude conditions. 


The Testing of Brushes 
for Life and Performance 


Under Various Altitude 


Conditions 


Discussion of paper 44-230 by C. J. Herman, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, December section, 
pages 929-33. 


Harvey J. Finison (Equipment Laboratory, 
Wright Field, Dayton, Ohio): One of the 
greatest problems in brush wear testing has 
been the selection of test conditions repre- 
sentative of service conditions. Selection 
of test conditions considerably more severe 
than actual operating conditions may re- 
sult in elimination of brushes capable of 
giving excellent service performance, in 
fact, superior to those which may be selected 
on the basis of more severe tests. 

Where test conditions are less severe than 
operating conditions, brushes may be se- 
lected which will give very short service 
life. 

Of chief concern are operating loads and 
duty cycles. While these are more properly 
defined by machine rating, there are many 
cases where performance is specified at one 
value and life at some lower value of load 
more representative of use over a long period 
of service operation. F 

Establishing of ideal commutator condi- 
tion and brush seat is probably essential 
for comparative testing. However, it 
should be recognized that at least in mili- 
tary service such ideal conditions cannot 
be expected where brushes are replaced in 
combat theaters. 

As proposed by Mr. Herman, the testing 
of brush life should be a part of machine 
standards. A subcommittee of the air 
transportation committee is working on the 
preparation of standards for aircraft rotat- 
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ing machines. The methods proposed by 
Mr. Herman can and should be included in 
such standards, 


D. Ramadanoff (National Carbon Com- 
pany, Inc., Cleveland, Ohio): This paper 
gives a complete description of procedures 
which if followed with care will prevent 
many of the pitfalls likely to occur when 
simulating high-altitude conditions in brush 
and machine testing. The author has in- 
deed had wide experience with a large group 
of machines of various types and ratings, 
as well as with brushes of different types 
and manufacture. This experience has 
been carefully included in the test pro- 
cedure. In our laboratory during the early 
testing in the altitude chambers NJ-4 
Amplidynes were used, the test procedure 
for which, in regard to loading, commutator 
tolerances and measurements of rate of 
brush wear had been previously worked out 
by C. J. Herman and J. F. Settle of the 
General Electric Company. 

In regard to tests falling in class 2 and 
possibly class 3 of atmospheric conditions 
within the airplane we wish to introduce a 
word of caution. The atmosphere inside 
the airplane may be sufficiently contami- 
nated to prevent rapid brush wear of or- 
dinary and high-altitude brushes with in- 
sufficient degree of protection. Such has 
been the case in regard to some Amplidynes, 
inverters, dynamotors, and several other 
types of small machines. When these ma- 
chines were tested in our altitude chambers 
with the brushes with which they came 
equipped, the brushes in most instances 
lasted 0.5 to 5 hours at an altitude of 34,000 
feet and an air dew point below —70 de- 
grees centigrade. Our tests at the time were 
referred to as ‘‘too severe’”’ because of the 
lack of complaints of rapid brush wear on 
such machines in actual flights. But later 
the complaints did come, and high-altitude 
brushes had to be provided in a great hurry. 

In a test at Patterson Field on an in- 
verter which operated well inside the cabin 
of a B-24 bomber, the brushes wore out in 
one flight when outside air picked up by a 
scoop was brought to the inverter. All this 
brings to mind the effect on brush life of 
fresh air brought in the airplane through 
holes due to flak. We suggest that after 
the tests in an atmosphere such as in class 2 
or class 3 are completed the degree of al- 
titude protection of the brushes be evalu- 
ated by making at least a short-time test 
asinclass1. Itisseldom that brushes with 
insufficient altitude protection have lasted 
in our high-altitude chambers longer than 
five hours. : 

The author has recommended that the 
brushes be seated ‘“‘100 per cent of brush 
thickness for 50 per cent of the brush width.” 
The importance of this statement can hardly 
be overemphasized. In uncompensated 
machines depending on the brush shift for 
best commutation, the brush thickness is a 
major factor in the satisfactory performance 
of the machine, particularly under high- 
altitude conditions where the contact drop 
is frequently lower. 

In regard to the section on ‘General 
Precautions for High-Altitude Tests,” we 
wish to add that the avoidance of any frost 
in the altitude chamber should be the ul- 
timate goal. If altitude chambers are 
constructed in such a way that the chamber 
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walls provide the refrigerating surface, 
contaminants will be more easily frozen 
out, and thus many inconsistent results 
avoided. With such construction, no clean- 
ing of the chamber walls between tests would 
be necessary except for a thorough blowing 
away of the brush dust with compressed air. 


New Test Chambers for 


Aircraft Electric Apparatus 
With Particular Reference 
to Carbon Brushes 


Discussion and authors’ closure of paper 44- 
231 by E. R. Summers and J. F. Settle, pre- 
sented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1205-12. 


W. C. Kalb (National Carbon Company, 
Inc., Cleveland, Ohio): Mention is made 
in the paper by E. R. Summers and J. F. 
Settle of the rapid brush wear experienced 
on synchronous-converter rings under con- 
ditions of very low humidity. This effect 
was known to most brush manufacturers. 
Therefore, when extremely short brush life 
first was encountered in high-altitude flight, 
it was but natural to assume that this was 
due, at least in part, to the low humidity 
known to prevail at high elevation. Al- 
though the view was held in some quarters 
that other factors were the major cause of 
high-altitude brush failure, the investiga- 
tions made by Doctor Ramadanoff ‘and 
Doctor Glass, as demonstrated at this meet 
ing, provide convincing evidence that low 
humidity and meager oxygen supply are 
the major factors contributing to rapid 
brush wear. 

In laboratory investigation of methods 
of protecting brushes against rapid wear at 
high altitude, the importance of eliminating 
frost-coated surfaces within the altitude 
chamber cannot be overemphasized. Doc- 
tor Ramadanoff has shown that the amount 
of water vapor needed to prevent brush 
dusting is very low. Contact of the warmer 
ambient air in the altitude chamber with 
frost-coated cooling surfaces readily cau 
result in the absorption of sufficient water 
vapor to give favorable indication for meth- 
ods of altitude protection which subsequent 
flight tests prove to be' ineffective. It is 
gratifying to note that in the altitude cham- 
bers described by Summers and Settle pro- 
vision has been made for the prevention of 
frost formation on all surfaces contacted by 
the air which reaches the commutator of the 
machine under test. Precautions taken to 
remove all other contaminating elements 
from the atmosphere are a highly commend- 
able feature of these altitude chambers. 


Fred A. Heddleson (nonmember; Westing- 
house Electric and Manufacturing Com- 
pany, Lima, Ohio): I believe that Mr. 
Summers and Mr. Settle have presented 
much interesting information on altitude 
chambers. Most interesting to me was the 
statement that five to ten complete changes 
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of air per hour were sufficient to prevent 
accumulation of organic vapors. In our 
tests, we usually use a higher rate of change 
of air, more for the purpose of maintaining 
a lower dew point. I should be interested 
to know more about the tests conducted 
from which the value of five to ten was deter- 
mined. 

I should like to question the authors on 
their control of ambient temperatures. 
The ambient temperature at which the al- 
titude chamber is held during tests on pres- 
sure-ventilated machines is dependent upon 
numerous factors. For instance, the posi- 
tion of cowl flaps affects the ambient tem- 
perature of the nacelle, and other factors 
such as the amount of air passing through 
the air coolers and oil coolers will cause the 
nacelle temperatures to vary. 

Accurate duplication of altitude condi- 
tions requires that the ambient temperature 
at which a pressure-ventilated machine runs 
be reproduced as well as the temperature of 
the air entering the machine. On larger 
aircraft more and more use probably will be 
made of available space in the large wings 
for placing electric equipment that will re- 
quire pressure cooling. In a case such as 
this, the ambient temperature required to 
reproduce altitude conditions would be very 
near to the free-air temperature. 

I would like to ask the authors of this 
paper to what extent temperature regula- 
tion might be obtained in the two altitude 
chambers described, and what range of tem- 
peratures might be reproduced? 

Mr. Summers and Mr. Settle have stated 
that: “If cold ambient temperatures are 
desired, the test machine may be surrounded 
by a temporary enclosure into which refrig- 
erated air can be passed.”” From where is 
this refrigerated air obtained, and how is its 
temperature and quantity of flow regulated? 
The volume of air required for larger electric 
machines running at low ambient tempera- 
tures would reach proportions requiring an 
auxiliary refrigeration unit. 

What provisions are available for such 
control of ambient temperatures? 


V. P. Hessler (University of Kansas, Law- 
rence, Kans.): The authors and their asso- 
ciates are to be congratulated on the de- 
velopment and construction of such ade- 
quate and effective equipment for the study 
of sliding contacts. If such a laboratory 
had been available for testing aircraft 
equipment in 1941, it would have been 
worth as much as another aircraft carrier to 
the war effort, but none of us who were con- 
ducting brush tests at that time could foresee 
the enormity of the high-altitude brush prob- 
lem. Precious weeks of development were 
lost while engineers waited for an op- 
portunity to make inadequate tests in al- 
titude chambers designed for other uses. 

The inadequacy of simulated equipment 
for brush testing indicates how little we 
know of the fundamentals of sliding con- 
tacts and commutation. The intensive re- 
search on high-altitude brush wear has re- 
sulted in some important fundamental con- 
tributions concerning the mechanical prop- 
erties of the contact, but very little funda- 
mental information is available concerning 
the electrical properties of the contact. And 
finally knowledge of the manner in which a 
carbon brush aids in commutation is prac- 
tically nonexistent. There is no present 
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measure of the commutating ability of a 
brush other than trying it on a machine, 
and this is conclusive only after long periods 
of operation under varying conditions. 

When the high-altitude brush problem is 
solved or developed to such an extent that 
it no longer carries top priorities, these 
laboratories and the enterprise which de- 
veloped them undoubtedly will be applied to 
these other fundamental aspects of the 
brush problem. The goal is the develop- 
ment of a few grades and holders which can 
be applied to a machine with the same cer- 
tainty of performance that we now expect 
in lubricating the bearings. 


S. I. Pearson and E. F. Hansen (General 
Electric Company, West Lynn, Mass.): 
Prior to the completion of the two large 
chambers described in the paper for testing 
pressure-ventilated machines, high-altitude 
brush testing of such machines, totaling 
several thousand hours of operation, were 
made in a small test chamber having a free 
working space 24 by 24 by 80 inches. The 
air is recirculated, a small vacuum pump 
with automatic control being used to take 
care of a small amount of air leakage. An 
adjustable-speed Roots-type blower inside 
the chamber supplies the air blast for the 
generators. This blower is externally 
driven, having its rotating-shaft seal built 
into the blower unit. This chamber ac- 
comodates six-kilowatt generators driven 
by a shaft passing through the chamber wall 
at speeds up to 5,000 rpm. A vacuum seal 
at the rotating shaft consists of a modified 
bellows-type shaft seal with a steel rotating 
surface riding on impregnated graphite and 
lubricated by low-temperature oil. The 
small amount of oil leakage is prevented 
from entering the chamber by pumping the 
leakage air from the chamber through this 
trap. 

Air in the chamber is refrigerated by 
conventional fin-type evaporator coils and 
by evaporator plates on four walls. Addi- 
tional evaporator coils refrigerate the gener- 
ator air blast preceding and following the 
blower. The air blast into the generator at 
a chamber pressure corresponding to 35,000 
feet altitude can be maintained at a tem- 
perature of —50 degrees centigrade at light 
generator loads and at —35 degrees centi- 
grade with full load on the generator. 
Freon 22 is the refrigerant used in the three- 
stage 22.5-horsepower refrigeration equip- 
ment. 

The chamber has a large multilayered 
glass door which is very advantageous for 
observing generators and slip rings under 
test. Brush sparking is readily observed. 
The rate of brush wear can be observed by 
dial indicators mounted so as to indicate 
the shortening of the brush in thousandths 
of an inch, Electrical leads and thermo- 
couples through the wall of the chamber are 
provided. 

The humidity of the chamber is held at a 
low value by recirculation of air through the 
evaporator coils which operate at a tem- 
perature of from —55 to —65 degrees centi- 
grade. Contamination is held to a minimum 
by washing the chamber walls and blowing 
out ducts after each test. The chamber 
is equipped with heaters which are used to 
dry out the chamber thoroughly before each 
test. All thermal insulation is outside of 
the chamber. 
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The door cannot be opened in the middle 
of a test without first warming up to room 
temperature, because moisture in the room 
air would ‘ice’ the chamber. Warming 
the chamber requires one hour. Refriger- 
ating the chamber to —40 degrees centi- 
grade with no generator load requires 1'/y 
hours. 

By means of careful test procedures using 
this chamber, brush tests made on genef> 
ators so far have correlated well with results 
obtained on actual flight tests, However it 
is realized that actual flight conditions are 
not fully simulated in that fresh clean air 
is not being supplied continually to the gen- 
erator, and there is not adequate control of 
ambient-air temperature. We believe that 
the chambers described for testing pressure- 


ventilated machines represent a real ime. 


provement over the recirculating-air type, 
not only from the flight-similitude stand. 
point but from the standpoint of ease of 
operation and maintenance, 

We agree heartily with the writers, on 
the basis of the results of our tests, that the 
ultimate test of any brush is its operation 
in the electric apparatus in which it is to be 
used. Sea-level tests of high-altitude 
brushes are necessary, since the performance 
(either good or bad) of a brush at high al- 
titude is no indication of its performance 
at sea level, Brush tests of a few hours dura- 
tion very often are not conclusive, because 
changes of commutator surface often are 
gradual, and many hours may elapse before 
there is a noticeable change in brush opera- 
tion. Short tests are apt to furnish op- 
timistic conclusions. 

Brush tests of electric apparatus should 
be made from minimum up to the maximum 
rated speed and from no load up to full rated 
load of the apparatus. The cooling-air and 
ambient-air temperature and  presstire 
should be the same as in actual flight, so 
that the brush and commutator tem- 
peratures in the test chamber correspond to 
brush and commutator temperature in 
actual flight. 


E. R. Summers and J. F. Settle: F. A. 
Heddleson has asked about the number of 
air changes per hour that is needed to pre- 
vent accumulation of organic vapors in an 
altitude chamber that is used for carbon- 
brush tests. Actually, this depends on the 
volume of the chamber compared to the 
ventilation requirementof the machine being 


tested, on how well the paint and insulating — 


varnish are cured, on the type of grease in 
bearings, on whether the test unit is totally 
enclosed or self-ventilated, and so on, 

The five or ten changes per hour mens 
tioned in our paper referred to the chamber 
of Figure 6 of the paper which has been used 
for tests on small totally-enclosed or self- 
ventilated machines only. This chamber 
has a volume of approximately 35 cubie 
feet. A typical self-ventilated one-kilowatt 
motor-generator set takes in approximately 
1,200 cubic feet of air per hour, Ten 
changes of chamber air per hour would cor- 
respond to 350 cubic feet of fresh air ad« 
mitted. The same air would pass through 
the test unit an average of 1200/350 or 


about 3.5 times before being evacuated from — 


the chamber. Several hundred tests thus 
made have correlated well with flight tests. 
When self-ventilated units are installed in, 
aircraft, there is some recirculation of the 
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same air also. The inside surfaces of the 
aforementioned chamber are carefully 
cleaned after cach test to minimize accumu- 
lation of foreign material. 

When pressure-ventilated generators in 
the large chamber of Figure 9 of the paper 
are being tested, the ambient temperature 
can becontrolled through a wide range, The 
effects of the cold-air duct to the generator 
and of the hot air discharged from the latter 
comiionly give an ambient temperature of 
20 to 30 degrees centigrade around the out- 
side of generator frame, If a higher am- 
bient temperature is desired, a heater unit 
can be placed in the chamber or a deflector 
provided to pass part of the hot discharge air 
over the outside of the generator frame, To 
obtain ambient temperatures from about 
+80 to 0 degrees centigrade, part of the re- 
frigerated air is passed through thegenerator, 
and part is throttled direetly into the main 
chamber. The ambient temperature is con- 
trolled by the amount of air throttled and 
by the point of entry, that is, near the gen- 
erator frame or near the exhaust line to 
steam ejectors. 

To obtain lower ambient temperature, a 
small partial enclosure can be placed around 
the test unit and cold air throttled into this 
enclosure. Temperature is controlled by 
rate of air flow and by insulation, if any, on 
the outside of the temporary enclosure, 
With such an arrangement, ~—40 degrees 
centigrade ambient temperature was ob- 
tained readily for voltage-regulator tests, 
without refrigerating several tons of steel in 
the walls of the main chamber. - 

In addition to cooling the blast of air ad- 
mitted into the aircraft generator under- 
going the test, the refrigeration system of 
Figure 8 of the paper has enough surplus ca- 
pacity to control the ambient temperature 
also, or to test simultaneously other auxil- 
jary equipment. By tapping the cold-air 
supply line ahead of the generator, a pres- 
sure of several inches of water is made avail- 
able for distributing this refrigerated air to 
other desired locations within the chamber. 


The evelopment of 
Aircraft Position Lights 


Discussion of paper 44-206 by Jack Vitol 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November sec- 
tion, pages 796-8. 


P. H. Greenlee (nonmember; lieutenant, 
United States Army Air Corps, Wright 
Field, Dayton, Ohio): Present position- 
light practice on military aircraft differs 
slightly from present Civil Aeronautical 
Authority requirements. The majority of 
existing military aircraft are equipped with 
the position-light system in effect by the 
Civil Aeronautical Authority before the ad- 
vent of the flashing lights: that is, one red 
and one green wing-tip light and one white 
tail light. Basic and advanced training 
airplanes are equipped further with a red 
passing light on the leading edge of the left 
wing. These are still being installed in new 
training airplanes. Practically all of the 
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military aircraft of recent production em- 
ploy the standard air-line type of wing-tip 
light; however, many of them are using 
smaller lower-candlepower tail lights, 

Army Air Forces airplanes permanently 
assigned to activities within the continental 
United States, except fighter types, may 
be modified to include a flasher mechanism 
in the position-light circuit at the request 
of the using organization, No more lights 
are installed in this modification, and the 
two wing-tip lights flash simultaneously and 
alternate with the tail light at a rate of 40 
cycles per minute. There is a switching 
arrangement provided to permit the pilot to 
operate the lights momentarily or steadily 
in addition to the flashing cycle, 

A special requirement exists for wing-tip 
position lights on fighter types of airplanes. 
These types of airplanes are not equipped 
with formation lights with a result that 
wing-tip light visibility through an angle of 
180 degrees in lieu of 110 degrees is con- 
sidered necessary, so that the wing-tip 
lights can be used as formation lights. 

At the present time the Army Air Forces 
is studying its position-light problems in 
an effort to determine what further changes 
or improvements should be made. 


AirplaneEngine and Propeller 
Test-Cell Lighting 


Discussion and author's closure of paper 44- 
233 by Davis H. Tuck presented at the AIEE 
Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
pages 1264-70. 


F, C. Somers (nonmember; Scotch Plains, 
N. J.): Mr. Tuck’s paper, in stressing the 
importance of co-ordinating the brightness 
of the control-room and test-cell lighting, 
underlines the fundamental cause of many 
of the existing unsatisfactory lighting in- 
stallations. Many test cells, having good 
lighting in the control room and test cell 
considered separately, have failed under 
conditions requiring the engine to be viewed 
through multipaned glass observation win- 
dows. 

Mr. Tuck, in his sample calculations, as- 
sumes an initial control-room brightness of 
ten foot-lamberts or 21 foot-candles, which 
figure appears entirely reasonable. Based 
on a 25 per cent reflection factor of the 
engine, a minimum of 90 foot-candles is re- 
quired on the engine to match the ten-foot- 
lambert brightness of the control room. 
With these intensities as a goal, Mr. Tuck 
calculates the number, location, and wattage 
of the fixtures required to produce the de- 
sired brightness. Although the calcula- 
tions are excellent, the solution offered has 
many practical disadvantages. 

The initial cost, as well as the operating 


cost, of the large number of lighting fixtures. 


required for a 90-foot-candle intensity in the 
test cell is quite high. Dynamometer-type 
cells usually have a number of obstructions 
such as cooling-air ducts, carburetor-air 
ducts, overhead cranes, and others, which 
make it difficult to concentrate a large num- 
ber of fixtures in the vicinity of the engine. 
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Furthermore, a large number of flush-type 
fixtures interferes with and is apt to reduce 
the effectiveness of the accoustical material 
generally used to line the walls of the cell. 
When mechanics are working on the engine, 
the radiant heat from a concentration of 
lights may become objectionable, especially 
in the summer months. 

It has been the experience of the dis- 
cusser that an initial intensity of 40 foot- 
candles at the engine is quite satisfactory 
for setup and mechanical work. When 
such a test cell was designed, extension lights 
were located on either side of the engine to 
aid in close work. It is interesting to note 
that the illumination provided by the fixed 
lights has been so satisfactory that the 
mechaincs never use the extension lights. 
The use of tail pipes and careful location 
of the engine to keep the exhaust stream as 
far from the observation window as possible, 
minimize the loss of brightness from dirty 
glass, when, the cell is viewed from the con- 
trol room. 

Control rooms are becoming increasingly 
difficult to illuminate. Instrument lay- 


outs are becoming more elaborate and panel , 


boards parallel to the observation window 
are becoming too long to permit a view of 
all instruments from a central point. In 
order to keep all instruments close to the 
operator the trend is to add wings at either 
end of the panel. These wings are at an 
angle to the observation window. No 
difficulty is experienced in obtaining glare- 
less lighting of the panel wings, but it is 
very difficult to prevent ‘“‘veiling glare” 
on the observation window because the 
wing lights often must be located three or 
four feet out from the window. 

The problem is complicated further by 
the fact that any increase in control-room 
brightness must be matched by a correspond- 
ing increase in test-cell brightness, which 
has a number of objections as just outlined. 
This difficulty may be overcome by design- 
ing engine illumination for about 40 foot- 
candles and co-ordinating control-room il- 
lumination by reducing its brightness. By 
this system, when the test cell is in opera- 
tion, all overhead lights in the control room 
are turned off and special lighting is em- 
ployed to illuminate the instruments and 
controls. All glass tube devices, such as 
manometers, are lighted from the rear of 
the panel. The scales for these instruments 
are of special design. The front of the 
scale is made of black opaque plastic, and 
numbers and graduations are cut out. The 
resulting black stencil then is backed with 
a sheet of white translucent material. With 
this type of scale the lighting behind the 
manometer tubes also causes the numbers 
and graduations of its scale to be illumi- 
nated, Small instruments such as pressure 
gauges, ammeters, voltmeters, and so forth 
are equipped with black scales with white 
marking and illuminated either with in- 
dividual lights within the instrument case 
or by exposing a fluorescent scale to an 
ultraviolet source. Recording instruments 
and log sheets also are lighted individually 
from within the case, but because of the 
high reflection from large white paper areas 
the devices are shielded as much as possible 
to minimize glare. 

This type of control-room lighting elimi- 
nates ‘‘veiling glare’? on the observation 
window, makes all details of the test engine 
stand out sharply (because it is very bright 
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compared to the operator’s surroundings), 
assures good illumination of each instru- 
ment, does not require an excessive bright- 
ness in the test cell, and is economical to in- 
stall and operate. 


John R. Immel (nonmember; Wright Aero- 
nautical Corporation, Paterson, N. J.): It 
seems to the writer that the problem pre- 
sented in this paper is one of the most im- 
portant in aircraft engine testing. To 
extract efficient labor from employees, it is 
essential to have harmony in the group, 
and to-have this, it is necessary to make 
working conditions as favorable as possible. 
First among these comes: the ability to see 
what you are working with. 

Under the heading of ‘‘Illumination Re- 
quirements” in the paper there was quoted 
a life of 200 hours for test-cell light bulbs. 
We have had considerably longer life from 
our bulbs. For example, in one group of 
four 20-foot-square test cells we have group 
averages of from 3338 to 666 actual engine- 
running hours, or 1,310 to 2,620 total hours 
life. These bulbs are installed in flush- 
mounted Holophane fixtures and Pyle- 
National spotlights. 

In the paper the first paragraph under 
“Control-Room Calculations’ states that 
the ideal location for the ceiling lights should 
be six inches in front of the front edge of 
the control board. This should be quali- 
fied to bring into the picture the possibility 
of a sloping panel on the control board. 

The method of shock mounting, as men- 
tioned in the paper under ‘‘Mechanical Re- 
quirements,’’ should be investigated more 
thoroughly from the standpoint of a mount 
and assembly with a natural frequency well 
below any operating frequencies to be en- 
countered. For the amplitude of vibra- 
tion is smaller when the engine is operating 
above the natural frequency than when it is 
operating an equal amount below. 

Another item which might bear looking 
into more thoroughly is the heavy-filament 
low-voltage “‘railroad’’ bulbs. 

In the writer’s opinion, the ideal test- 
cell lighting installation would be: 


1. Provide individually illuminated instruments 
with bulbs either behind the instrument face or 
mounted inside the case in front of the instrument 
face. 


2. Two circuits for control-room lighting, one for 
general work in the control room, when no engine 
is in operation, (adequate light), and the other for 
illumination when the engine is in operation (dim 
light). 


3. Two circuits controlling test-cell lights, one 
for setup work (adequate light over entire area of 
the cell) and the other for engine operation only 
(spot or flood the engine setup only). 


Davis H. Tuck: Mr. Somers’ deduction 
that the necessary foot-candles of the engine 
may be reduced by reducing the foot- 
candles of the control-room instruments 
and so forth is correct. However, a reduc- 
tion would not be an equal one for both 
engine and control room because of the dif- 
ferent factors which reduce illumination to 
brightness for the two rooms. He is also 
correct in saying that approximately 40 
foot-candles on the engine for setup work 
is satisfactory. My calculation shows 50 
per cent depreciation after four hours of en- 
gine operation, which would bring the neces- 
sary illumination without this depreciation 
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to 45 foot-candles. I doubt that the oper- 
ators would complain about the heat of 90 
foot-candles. Doctor Luckiesh conducted 
blindfold tests which indicated the minimum 
illumination that barely could be detected 
by a sensation of warmth was 125 foot- 
candles from 100-watt incandescent lamps. 
Contrary to Mr. Somers’ remarks, I have 
found no particular difficulty in locating the 
required number of lights in a test cell from 
either the mechanical or cost standpoint 
(see Figure 12). 

Mr. Immels’ discussion is very interest- 
ing and shows a keen appreciation of the 
problem. His low figure of 333 checks 
fairly well with my 200-hour life of lamp. 
Of course we would expect longer life with 
smaller engines and with good installation 
methods. The reasons for the six-inch di- 
mension for control-room lights are to se- 
cure vertical illumination, to avoid al] direct 
glare, and to keep the light between the 
limits of angles that will cause sheen on the 
window. 

There always will be some engine speed 
that will correspond to the free period of 
the lighting unit. It is best not to have the 
free period correspond to the normal engine 
speed. There are two kinds of vibration 
that must be damped, one that is trans- 
mitted through metal parts and the other 
that is transmitted through the air. 

The low-voltage railroad lamps are not 
available in the wattage sizes required for 
test-cell service. The low-voltage street 
series lamps might become useful by operat- 
ing them in parallel on constant voltage of 
the proper value, instead of in series on con- 
stant current. I will investigate this pos- 
sibility. 

Both Mr. Somers and Mr. Immel suggest 
the use of integral instrument lights. If 
this be done, care must be taken to limit 
the brightness so that it will not be greater 
than that of the engine. 


Basic Considerations in the 
Selection of Generators 
and Batteries for Aircraft 


Discussion and authors’ closure of paper 44- 
204 by L. M. Cobb and H. M. Winters, pre- 
sented at the AIEE Los Angeles technical 
meeting, August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
December section, pages 889-93. 


C. E. Wood (nonmember; captain, United 
States Army, Wright Field, Dayton, Ohio): 
The method in the paper is an excellent 
approach to the problem and is sound in its 
reasoning. However, the ultimate results 
obtained in any such calculation cannot be 
more accurate than the assumptions upon 
which it is based, and in the case of military 
aircraft there cannot be an accurate basis for 
these assumptions. 

This is a result of the unpredictable man- 
ner in which the aircraft are used. Condi- 
tions are different in each theater of opera- 
tion, and it is not known for certain at the 
time designs are in process to which theaters 
the aircratt will be assigned. But, never- 
theless, predictions of operation of the 
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electric apparatus must be made to solv 
the problem as set forth in the paper. 

Assumptions and predictions are opin- 
ions, and in meeting the problem the various 
designers obviously will use their best judg- 
ment, but, more likely than not, no two will 
base their calculations upon the same as- 
sumptions. 

It would be highly desirable to have an 
operating timetable indicating customary 
use of the various pieces of electric equip- 
ment in the aircraft under its various con- 
ditions of flight, but this is not possible as 
all designers must resort to their judgments 
based on all the experience that can be 
gathered. 

This brings out the need for agreement 
between the various designers of electric 
systems for aircraft as to the time of opera- 
tion that will be assigned to each piece of 
equipment for the manner of flight or each 
type of mission to be considered. Such 
agreement should be the result of gathering 
the experience of those who are familiar 
with present operations of similar types of 
aircraft coupled with the intended end use 
of the aircraft design and its electric equip- 
ment. 

The other factor which affects the ac- 
curacy of the load analysis is the estimated 
values of current demand assigned to each 
piece of equipment. It is realized that such 
current values are not always available 
from manufacturers of equipment at the 
time the design of the electric system is 
under consideration and that some of the 
cutrent values may have to be estimated or 
the design figures of the manufacturers used, 
if the equipment has not been tested. Fur- 
thermore, equipment furnished to specifica- 
tions may be supplied by two or more manu- 
facturers, and the current consumption of 
the products of the different manufacturers 
may differ. This problem exists on present 
aircraft and applies to the engine-driven 
generators as well. 

Therefore, when the predicted load on 
any aircraft is matched with generating 
capacity, it is essential that designers should 
not adhere too closely to the line and that a 
reasonable margin be allowed. On military 
aircraft this is especially important because 
of the numerous modifications which these 
aircraft undergo, which in nearly all in- 
stances add electric load. There are other 
factors of design which affect the selection 
of generating capacity, such as provision for 
operation of the aircraft with one or more 
failed generators in the case of multiengine 
aircraft and the provision for fault protec- 
tion. 

The subject paper points out the neces- 
sity for considering the rms value of peak 
loads, and it cannot be said that they should 
not be investigated when the design is being 
considered; however, they take on less im- 
portance as generating capacity is increased 
to allow for the margin in generating ca- 
pacity just mentioned. 

The authors, in their paper, have chosen 
two periods, two minutes and ten minutes, 
for calculating the peak, average, and rms 
values of current. Their method lends it- 
self to calculating these values for any and 
all periods of operation of the equipment, 
and Table I of this discussion,has been pre- 
pared from their Table I to show the dif- 
ferences in these values for each accumulated 
period. For example, the summation of the 
loads at the end of 1.5 minutes gives an 
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Average and Rms Values for Ten-Minute Period 


Time Increment Average 
Total Duration for Load Rms 

Elapsed Peak of Period, Ampere- Accumulated for Value for Period 
Time, Load, Peak Load, AI Minutes Ampere- Period, leanne 
Minutes Amperes Minutes Amperes It Minutes Amperes Iy2 Rms 
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Table Il. Average and Rms Values for Two ._ of: the load is such that the load decreases 


Periods 


Accumu- Average Rms Value 
lated Load for for Period 
Ampere- Period, 
Period Minutes Amperes I? Rms 
RET sictete avers sie AGUIO Heep rathvic, sates» 197.0 


1.5-10.. .427.45... 50.2...21,623.94... 50.4 


average current of 191 amperes, and the rms 
value is 197 amperes. For the ten-minute 
period, the values are 71 and 89 respectively. 

If the period were divided in 1.5- and 8.5- 
minute periods as shown in Table II, the 
average values would be 191 and 650.2 
amperes and the rms values 197 and 50.4 
amperes respectively. The rms value for 
the second period does not reflect the re- 
sidual heat in the generators, if it be assumed 
that the peak for the first period has just 
been removed. The method shown in 
Table I does reflect this condition. Cal- 
culating these values for all time periods of 
all conditions of flight is extremely laborious 
by the usual methods and consumes con- 
siderable engineering time, although it is 
desirable. In lieu of this, it would be 
desirable for all manufacturers of aircraft 
generators to rate them on definite periods 
such as suggested by the authors. 


Harvey J. Finison (Wright Field, Dayton, 
Ohio): Electric-power-system capacity is 
established by three considerations: 


1. Thermal limitations of supply machines. 
2. Maximum steady-state limit of supply machine. 


3. Maximum allowable voltage dip during motor 
starting. 


Mr. Cobb and Mr. Winters have dis- 
cussed effectively methods of establishing 
the thermal capacity requirements by ob- 
taining the rms value of electric loads vary- 
ing over a period of time. For aircraft 
machines the periods under consideration 
will be very short compared with industrial 
practices because of the low-thermal-storage 
capacity of the machines... Maximum pe- 
riods of time will not exceed 20 minutes, 
while the minimum may be the five-second 
period mentioned in the paper. 

The use of the term ‘‘unstable’”’ to de- 
scribe the limit in steady-state capacity may 
cause some confusion in visualizing the 
nature of that limit. As the demands of 
the load increase beyond the limit estab- 
lished by the system current-voltage char- 
acteristic, stable operation at subnormal 
voltages still is obtained, if the character 
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with voltage at a faster rate than does the 
supply characteristic. Collapse of excita- 
tion results only when the current-voltage 
demands of the load are not contained 
within the boundaries defined by the system 
current—voltage characteristic. 

Batteries are a very uneconomical method 
of increasing the steady-state capacity of 
the system even for loads of short duration. 

Depending on operating speed and the 
temperature previously attained, a 200- 
ampere generator usually can be considered 
as capable of delivering 300 amperes for at 
least 30 seconds at full voltage. Batteries 
can deliver current only in response to a 
réduction in voltage. If we consider that 
the lowest permissible voltage limit for a 
short period is 20 volts (or a 28-volt system), 
a 34-ampere-hour aircraft generator can 
deliver only 170 amperes at 80 degrees 
Fahrenheit and 100 amperes at 20 degrees 
Fahrenheit for five seconds. At lower tem- 
peratures and for longer periods the out- 
put is considerably less. Further, if the 
load is of the character of a shunt motor, 
the current demand at the lower voltage 
may be higher—a 120-ampere load at 28 
volts increases to 170 amperes at 20 volts 
for a constant-power load. 

From these considerations it can be seen 
that in order to equal the steady-state cur- 
rent output of a single 200-ampere genera- 
tor, two 34-ampere-hour batteries would 
be required even at the most advantageous 
temperatures. 

The weight of a 200-ampere high-speed 
engine-driven generator with its controls and 
control wiring is approximately 50 pounds, 
whereas two 34-ampere-hour aircraft bat- 
teries with controls weigh 160 pounds. 

Where weight has to be charged to the 
generator prime mover, as for an auxiliary 
power plant, the comparison is not so 
strikingly in favor of generator capacity. 

Considerable work is being carried out in 
establishing transient characteristics of sup- 
ply and load machines and in developing 
methods of calculating voltage dips dur- 
ing transient loads such as occur during 
motor starting. The minimum initial volt- 
age following application of a heavy load is 
determined by the supply-machine char- 
acteristics, character of existing electric 
loads, and character of the load applied. 

Consideration must be given to the mini- 
mum permissible voltage during the selec- 
tion of the supply units. 


L. M. Cobb and H. M. Winters: Mr. 
Finison discusses the addition of batteries to 
increase steady-state capacity of a system. 


Discussions 


The addition of batteries specifically for this 
purpose, even for short periods of time, is 
unquestionably uneconomical from a weight 
standpoint. However, large magnitude 
transient currents of a nature normally oc- 
curring when equipment, such as motors, is 
energized usually endure for only a small 
fraction of a second and may be handled 
conveniently in part by the battery fur- 
nished for engine starting. This can be ac- 
complished with no additional battery ca- 
pacity, providing the current peak does not 
exceed the condition of instability as dic- 
tated by the system volt-ampere character- 
istic. Under overload conditions of this 
nature the generators and battery supply 
current to the load as functions of the sys- 
tem voltage in accordance with their re- 
spective volt-ampere characteristics, 
Captain Wood’s discussion brings forth 
the need for standardization of operating 
times and equipment-unit current require- 
ments in order to obtain reliable basic in- 
formation for analyzing aircraft electric 
loading. It also discusses the diversity of 
current data for a given type of equipment 


b produced by several manufacturers to the 


same specifications. These facts have been 
known and the need for more reliable data 
has been realized, but in its absence it has 
been necessary to use available information 
judiciously with certain assumptions. 

In the past it has been found that the 
assumptions have been made with a fair 
degree of accuracy and that the required 
marginal allowance to compensate for errors 
in the assumptions has been relatively 
small. This is particularly true when load- 
current values have been determined by 
rms calculations, since this method pre- 
supposes pessimistic assumptions about 
conditions of loading. 


A 120-Volt D-C Aircraft 
Electric System 


Discussion and author's closure of paper 44- 
203 by L. M. Cobb, presented at the AIEE 
Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
pages 1327-34. 


S. R. Bergman (deceased; formerly with 
General Electric Company, Lynn, Mass.): 
This article is of particular interest to the 
writer who designed and built the generators 
for the Mars flying boat. It is a valuable 
contribution as it describes the actual perfor- 
mance of a 120-volt d-c system for airplanes. 

This equipment was designed in 1940, and 
since then we have learned a great deal, both 
about the generators and the control. Havy- 
ing recently obtained information from the 
log of this ship, I agree with the author that 
very little trouble can be ascribed to the 
120-volt d-c system. Some trouble with 
the auxiliary generators was encountered, 
and it was found to be caused by faulty 
machining of the auxiliary engines, result- 
ing in a bad line-up of the bearings. Since 
this was corrected, no further difficulties 
have been encountered. 

In comparing the 120-volt d-c system 
with the a-c polyphase system, I want to 
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point out one feature. Because of the 
speed variation of the engine, which is more 
than 2:1, the frequency of the alternators 
also changes 2:1. With a constant-po- 
tential system, this would be unsatisfactory 
for the operation of induction motors; 
hence, it has been found necessary to provide 
a unit which transforms the varying speed 
of the engine into a constant speed of the 
generators. Such devices are based on the 
hydraulic design and represent an ex- 
tremely difficult problem. This constant- 
speed device is quite heavy and is compar- 
able in weight to the alternator with its 
exciter. 

A great deal of discussion has arisen as to 
the relative merits of the 120-volt d-c sys- 
tem as compared with a 208-volt 400-cycle 
three-phase system. The relative weight 
of the two systems depends upon the na- 
ture of the utilization apparatus on the air- 
planes. Airplanes having a preponderance 
of loads requiring alternating current, such 
as radio transmitters, receivers, radar, and 
so forth, are favorable to the application of 
alternating current, since weight saving can 
be shown by elimination of conversion 
equipment. On the other hand, if the load 
is predominantly of the nature of motors 
and the like, the d-c system probably will 
be the lightest. 

Problems of brush wear, commutation in 
rotating machines, and also are interruption 
in switchgear at high altitude will be en- 
countered in designing equipment for 120- 
volt d-c systems. Some work has been 
done along these lines, and the problems do 
not look as formidable as they might appear 
at first. 

I am inclined to believe that a satisfactory 
120-volt d-c system can be developed both 
for medium and high altitudes and that such 
a system would be lighter than the three- 
phase a-c system in many cases. 


R. R. Miille (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Information on 120-volt d-c systems for 
aircraft has been overshadowed somewhat 
by publicity given proposed a-c systems. 
Mr. Cobb’s paper, however, gives the re- 
sults of a 120-volt d-c system in actual 
service, and it is especially important, as it 
is one of the first real trials of this system 
on an airplane. The service results show 
that the 120-volt d-c system is satisfactory. 
As this system becomes more common, the 
development of 120-volt d-c electric air- 
craft equipment no doubt will bring out 
improvements that will give even better 
operating conditions and possible weight 
savings. 

In many papers and discussions on air- 
craft electric systems, the use of 120-volt 
direct current is claimed to be unsatis- 
factory at high altitudes. This has been 
most prevalent among proponents of a-c 
systems, but Mr. Cobb has given a similar 
inference in his conclusions when he states 
that 120-volt d-c systems are practical, pro- 
viding the airplane operates at low or 
medium altitudes. No doubt, he merely 
wanted to limit his conclusions to the al- 
titudes covered by the operation of the 
Mars. There is, however, no evidence that 
the operation need be limited to these al- 
titudes. As test results are being obtained, 
they are beginning to show that these claims 
often are based on erroneous opinions due to 
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lack of proved information. Tests now 
have been made which indicate that 120-volt 
d-c systems will operate satisfactorily at 
higher altitudes. The AITEE paper by W. 
L. Berry and J. P. Dallas! gives results of 
such tests and shows that 120-volt d-c sys- 
tems are practical at all altitudes. It also 
shows that they will effect weight savings 
beyond that of other systems. 

Tests have been taken in our altitude 
chamber at Lima on a 120-volt d-c generator. 
The tests were conducted at altitudes up to 
60,000 feet in steps of 10,000 feet. The 
generator was operated at 120, 160, and 
200 volts at rated load. The testing time 
was one-half hour for each condition. The 
operation was satisfactory under all con- 
ditions except at 200 volts and 60,000 feet 
where the brush temperature became ex- 
cessive and slight sparking showed at the 
brushes. The brushes were the same as 
used on one of our 24-volt aircraft generators 
and have an altitude treatment developed 
by Doctor Elsey and his associates at the 
Westinghouse Research Laboratories. It 
should be explained that altitude tests of 


_ generators in this chamber have been cor- 


related with actual flight tests and found to 
compare very closely, the only difference 
being that the chamber tests are a little 
more severe than actual flights. Con- 
sequently, any equipment passing the cham- 
ber test should operate even better in flight. 

These tests indicate that the commuta- 
tion of 120-volt machines at high altitudes, 
which so often has been referred to as a 
limitation to the use ef 120-volt d-c systems, 
is no more of a problem than at 24 volts, 
which now is being used at high altitudes 
with entire satisfaction. 

The difficulties experienced in the de- 
velopment of a-c systems are focusing at- 
tention to 120-volt d-c systems. This is 
encouraging, as it will tend to equalize the 
development work done on each system, 
thus allowing a fair comparison which will 
assure the use of the more adaptable sys- 
tem to airplanes of the future. 
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L. M. Cobb: The discussion of this paper 
by Mr. Miille reveals the results of some 
laboratory tests made on high-voltage d-c 
equipment under high-altitude conditions. 
The favorable results of these tests supple- 
ment the observed performance records of 
the Mars installation and contribute to the 
disproval of some of the disadvantages 
commonly associated with high-voltage d-c 
systems. 

To clarify the questionable meaning of the 
writer’s conclusion noted in Mr, Mille’s dis- 
cussion, conclusions were based on actual 
operating experience, and it was meant to 
indicate that satisfactory operation could 
normally be expected for altitudes up to 
16,000 feet. However, it was not intended 
to imply that operation at higher altitudes 
would be unsatisfactory. 

In both prepared discussions it is in- 
dicated that efforts are being directed with 
satisfying results toward the solution of 
problems incidental to high-voltage d-c sys- 
tems. This is encouraging, since less at- 
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tention has been given to the developuseit 
of high-voltage d-c equipment than to high- 
voltage a-c equipment because of theoretical 
disadvantages in connection with the use of 
the former at high altitudes. 

Since certain types of loads can be sup- 
plied more economically by alternating 
current and other types of loads are better 
adapted to direct current, it would be of ad- 
vantage to aircraft designers to have high- 
voltage equipment developed to a state Of 
refinement such that it would be possible 
to select the type of system most suitable 
for the loads of a particular airplane design. 


Impedance of 400-Cycle 
Three-Phase Power 


Circuits on Large Aircraft 
and Its Application to 
Fault-Current Calculations 


Discussion ‘and author's closure of paper 44- 
237 by C. K. Chappuis and L. M. Olmsted, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, pages 1213-20. 


L. G. Levoy, Jr. (General Electric Com- 
pany, Schenectady, N. Y.): The authors 
have presented an interesting paper which 
should be of considerable use in calculating 
the performance of three-phase 400-cycle 
a-c power systems in aircraft. : 

The paper is of particular value in estab- 
lishing values of zero-phase sequence re- 
actance which will serve as a check on 
engineering approximations which usually | 
are made for this quantity. 

Fortunately, it usually is not necessary 
to make precise calculations of line react- 
ance to determine fault currents in such 
systems, since they can be evaluated closely 
enough for most purposes by simple cal- 
culations based on the following considera- 
tions: ; 


1, For all small wire sizes (AN’8 and smaller) with 
minimum spacing, the resistance is the predominant 
factor. 


2. For larger wire sizes, the runs are usually suffi- 
ciently short so that their impedance, is small com- 
pared with the machine impedance and small 
errors in the calculated reactance result in negligible 
error in the calculated fault currents. 


In connection with Table VI of the paper, 
it appears that 7, has been calculated by 
subtracting the tabulated values of a-c re- 
sistance of three wires in parallel (based on 
the maximum permissible value of a-c re- 
sistance of a given wire size) from the a-c 
resistance of three wires and ground return 
determined by test. Actual wires normally 
have a resistance which is slightly under the 
maximum permissible value, to allow for 
some tolerance in manufacture. Although 
this difference usually can be neglected, it 
does not seem proper to do so in attempting 
to evaluate r, by this method, since ry 
represents the difference of two relatively 
large quantities. It would be preferable to 
use a value of resistance based on the meas- 
ured resistance of the actual wire sample } 
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used for this purpose. It may be that some 
of the random variations in the 7, column 
of Table VI are due to this influence. 

A negative value of 7,, as shown at one 
point in this table, is impossible, since rj is 
separable from the resistance of the out- 
going conductors. The quantity 7,, which 
was to be evaluated, is evidently so small 
that it has been masked by other factors and 
the’average of this column cannot be con- 
sidered as a reliable guide to its actual value. 
A negative value of x, is permissible, since 
it is not possible to separate x, from the 
reactance of the outgoing conductors. How- 
ever, it should change uniformly, though 
slowly, with wire size. 

The value of d-c resistance given for the 
fuselage is higher than a-c resistance value 
given. This result is inadmissible since 
direct current spreads out in such a manner 
as to follow the current distribution which 
will give minimum resistance. Since al- 
ternating current tends to follow a different 
distribution (that for minimum impedance), 
d-e resistance never can be higher than a-c 
resistance. 

The actual value of d-c resistance given 
appears to be abnormally high for a well- 
bonded aluminum skin and structure, values 
of one tenth this value or less being fre- 
quently observed in aircraft structures. It 
would be of interest to know whether the 
connections for resistance measurements 
were made to primary stress-carrying mem- 
bers or to the skin, how the measurements 
were made, whether or not they include con- 
tact resistance, and the nature of these con- 
tacts. 

The comments regarding the small fac- 
tors mentioned here are offered to help clear 
up any questions which apparent discrep- 
ancies in the measurements may raise in 
the reader’s mind. 


C. K. Chappuis: The design of 400-cycle 
aircraft circuits for certain aircraft was com- 
pleted at Wright Field by the writer and 
Mr. Olmsted. This included voltage regu- 
lation, wire carrying capacity, fault cur- 
rents, fuse co-ordination, and circuit-breaker 
requirements and design. ; 

Because of the rigid co-ordination re- 
quirements, it was determined that we could 
not tolerate appreciable errors in fault- 
current calculations. Since the alternator 
resistance is 0.0232 ohm and the positive, 
negative, and zero-sequence impedances are 
respectively 1.46 ohms, 0.147 ohm, and 0.094 
ohm, it is obvious that additional resistance 
in the circuit would change the impedance 
very slightly, whereas an increase in react- 
ance would increase the impedance as an 
approximately linear function under con- 
ditions in which the fault is located com- 
paratively close to the alternators. This is 
particularly true as these portions of the 
circuit are of the greatest conductivity. 

The point where the fault currents are 
controlled by the terminal voltage or the 
internal voltage of the machine is very 
critical and is affected greatly by the cir- 
cuit constants. Therefore we believe that 
greater, instead of less, accuracy in im- 
pedance values is desirable and that addi- 
tional test work is necessary to determine 
these values with greater accuracy. 

It is believed that the charges as to errors 
in the values of 7, are recognized and can 
be explained. A test program was arranged 
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to determine by use of laboratory instru- 
ments the values of zero-sequence im- 
pedance in an existing large airplane. This 
was necessarily limited in time and scope by 
the urgency of design requirements as de- 
termined by the aircraft design; also by the 
scarcity of suitable test equipment and air- 
craft structures. The objective was to ob- 
tain sufficient data to verify the results of, 
and justify the use of analytical methods 
for obtaining zero-sequence impedance 
values satisfactory for immediate use in 
the design projects. Inasmuch as the 
zero-sequence component is only one of three 
values used to determine ground fault cur- 
rents, it is apparent that small errors can be 
tolerated, as the value of the fault current 
is not a direct function of the zero sequence 
impedance. It is believed that the paper 
under discussion establishes data and meth- 
ods of sufficient accuracy for design of 400- 
cycle a-c aircraft electric systems. How- 
ever, it is desirable that additional test work 
be conducted to determine with greater ac- 
curacy the value of 7, and x, which were ex- 
tended from limited test data by analytical 
methods. Such tests are essential, if cir- 
cuits are to be placed in odd-shaped struc- 
tures. 

It would seem that the discussion by Mr. 
Le voy is inconsistent in that he wants to 
accept comparatively large errors intro- 
duced by suggested. approximations but 
objects to small test errors of which we are 
aware and because of which we haye sug- 
gested additional test work. 

It is agreed that the a-c resistance should 
be slightly higher than the d-c resistance, 
but we are quoting field-test values and 
feel that they are well within the limits of 
errors which can be expected. Either the 
d-c or a-c value can be slightly in error. 

Slight variations in reactance values also 
can be expected under the original test 
conditions. 

The connections for all measurements 
were made by carefully cleaning the wire 
and the aluminum skin near structural mem- 
bers and clamping under high pressure with 
C clamps. Of course, contact resistance is 
included. However, it is considered neg- 
ligible, as other tests indicate that loose- 
contact resistances between copper wire and 
aluminum may be as low as 0.07 ohm where 
no pressure is applied. 


Higher- Voltage D-C 
Aircraft Electric Systems 


Discussion and authors’ closure of paper 
44-238 by W. L. Berry and J. P. Dallas, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November section, 
pages 843-9, 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): The authors 
have presented an excellent case on behalf of 
115-volt d-c electric systems for aircraft. 
It is the purpose of this discussion to point 
out a few considerations which, it is believed, 
are of importance in military aircraft, if not 
in commercial aircraft. 
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In general, the reasoning and the conclu- 
sions reached thereby are difficult if not im- 
possible to contradict. Certainly there can 
be no argument as to the relative weights 
of conductor required for a given system 
operating at 115 volts d-c or 208/120 volts 
a-c current. However, the extra weight of 
wire in the three-phase a-c system makes a 
definite contribution from the standpoint of 
reliability. For example, ina single-wire d-c 
system only one wire need be broken in 
order to lose a given circuit. On the other 
hand, in the case of the three-phase a-c 
system, even in the event of a single circuit 
supplying a load, little trouble is caused by 
the loss of one wire in that circuit and in 
many cases two of the three-phase leads may 
be lost without losing operation of the equip- 
ment involved. This is considered to be a 
definite factor in the reliability of the electric 
system. It may be argued that there is 
less probability of one wire being damaged 
by gunfire or flak than there is in the case of 
three wires. However, each of the three 
wires is smaller in diameter for a given 
power down to the minimum size used than 
the one wire required for the 115-volt d-c 
system. 

It is pointed out that circuit protection 
is complicated threefold in the three-phase 
a-c system over that required for a single- 
wire d-c system. However, the fuses for the 
three-phase system are designed as three- 
phase units so that the actual number of 
parts in this connection is no greater than 
that required for the equivalent single-wire 
d-c system. Furthermore, it can be ex- 
pected that fuses for 120-volt d-c service 
will be considerably more difficult to design 
and produce and probably will be as heavy 
as the three-phase counterpart in the a-c 
system. 

It is difficult to understand why design 
and manufacturing personnel would have 
to be especially trained for the safe opera- 
tion of a-c aircraft systems. It is admitted 
readily that service personnel will have to 
be more carefully selected than in the past, 
but such is already the case with existing 
d-c systems on aircraft. The B-19 is still 
flying with very few difficulties due to the 
a-c electric system. 

Mention is made of a line of three-phase 
208-volt a-c relays being used for 115-volt 
d-c service having ratings up to five-kilo- 
watt continuous duty and 20-kw rupturing 
capacity on this system. These same 
relays, when used on the three-phase 208- 
volt a-c system, have ratings up to 27-kw 
continuous duty and 108-kw rupturing ca- 
pacity. 

In regard to motors, the following com- 
ments are offered. While it is true that 
higher torque may be obtained with less 
weight in a d-c motor than in an a-c motor 
there is little else to recommend the former. 
Certainly, from the standpoint of reliability 
and upkeep required, there can be no com- 
parison between d-c and a-c motors. Act- 
ually the three-phase induction motor repre- 
sents the ultimate in reliability and sim- 
plicity of upkeep. 

The paper raises grave doubts as to the 
practicability of constant-speed drives be- 
cause of their weight and the hazards and 
complications which it is claimed accompany 
the use of such devices. This writer is at a 
loss to understand why the use of a hy- 
draulic transmission which is self-contained 
entails unknown hazards and complications. 


1497 


The heart of the constant-speed drive is no 
more complicated and certainly no less 
reliable than the pump which keeps the air- 
craft engines properly lubricated. 

A question is raised as to the amount of 
synchronizing equipment required to make 
possible parallel operation of alternators. 
Actually, the alternators in question have 
been driven directly connected to aircraft 
engines of 450-horsepower capacity and 
have been connected together indiscrimi- 
nately without attempting to carefully syn- 
chronize the machines. This has been 
done, not once, but many times under con- 
ditions of load and speed differences which 
are unbelievable to any but those who were 
present at the tests. Examples such as this 
would seem to indicate that synchronizing 
equipment is unnecessary. 

Satisfactory parallel operation of alter- 
nators depends on governor control of the 
constant-speed drives. Surprisingly enough, 
that component of the governor which rec- 
ognizes the need for a change in output of a 
given alternator is no more complicated than 
that component of a voltage regulator on a 
d-c system whose function it is to see that 
the d-c generator carries its proper share of 
load current. 

The reactive-load-balance circuit, which 
is also necessary to satisfactorily parallel 
operation of alternators, is simplicity itself 
and the heart of this system is a current 
transformer no bigger than a doughnut. 

The writers of the paper under discussion 
apparently feel that it is better to use six 
units of 15-kilowatt capacity than to use a 
smaller number of more efficient generators 
of greater output having a better ratio of 
output to weight. Not only does the former 
system have the disadvantages pointed out 
but voltage regulators, reverse-current re- 
lays, differential relays, and so forth are 
multiplied in proportion. 

Reference is made to Table I of AIEE 
technical paper number 44-190! which gives 
a very enlightening picture of the compara- 
tive weights of generating and main dis- 
tribution equipment for systems of 120-kw 
capacity using 28-volt direct current, 120- 
volt direct current, and 208/120-volt al- 
ternating current. An examination of this 
table shows that the weight of the overall 
generating equipment for a 208/120-volt a-c 
system is greater than for either of the d-c 
systems. However, when other compo- 
nents of the system are considered, it is seen 
that the a-c system is lighter than the 120- 
volt d-c system by a few pounds and that 
both of these systems are lighter than the 
28-volt d-c system by approximately 400 
pounds. Also, it is interesting to note that 
the weight of main power wiring for the 
208/120-volt a-c system is only ten pounds 
heavier than for the 120-volt d-c system. 

In conclusion, it is conceded that the same 
expenditure of time and money on a 120- 
volt d-c system as has been put into the 
208/120-volt a-c system probably would 
have seen a 120-volt d-c system all set to go 
today. However, the a-c system, for all 
the new equipment which has to be devised, 
is on the verge of actual readiness at this 
moment. 

It is believed that all will agree that at 
the time the active development of the 208/ 
120-volt a-c system was undertaken the 
practicability of high-voltage d-c systems 
for high-altitude work did not seem quite 
so promising as it does at present. Hence, 
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the decision was made to develop the equip- 
ment necessary to produce a wholly reliable 
a-c system for large aircraft and it still re- 
mains to be seen whether one system is more 
practicable than another for very-high-alti- 
tude service. 


REFERENCE 


1. A 40-Kva 400-Cyc_e AIRCRAFT ALTERNATOR, 
H. E. Keneipp, C. G. Veinott, AIEE TRANSACTIONS, 
volume 63, 1944, November section, pages 816-20. 


Harvey J. Finison (Aircraft Laboratory, 
Wright Field, Dayton, Ohio): In addition 
to the factors of reliability and weight as 
determinants of aircraft electrical system de- 
sign, there are other equally important con- 
siderations: 


1. Ease of operation. 


2. Ease of maintenance. 


Boice and Levoy' list a number of additional 
considerations. 

Problems of operation and maintenance 
increase tremendously with the complexity 
of the system. Can any electric-power- 
supply system be simpler than the single- 
wire d-c system with ground return? 

Where extreme importance is associated 
with a particular function, two- or three- 
channel service may be essential. For the 
d-c system, three-channel service can be ob- 
tained by three cables which are not re- 
quired ,to terminate in any particular order 
at either the load or supply end. It would 
appear that similar reliability of service can 
be obtained with only two channels of three- 
phase a-c service consisting of six cables 
which must terminate in exact positions at 
both the supply and load ends. In the 
initial work on a-c systems, it is generally 
agreed that parallel operation of alternators 
is essential to the achievement of a reliable 
and invulnerable system. Present diffi- 
culties with incorrect connections, trouble 
shooting, and lack of understanding of par- 
alleling adjustment procedures by operating 
and maintenance personnel on the d-c sys- 
tem catise some question among those who 
have been associated closely with operations 
in combat theaters as to the advisability of 
an a-c system. 

While there can be little doubt that a 
complex electric system can be operated and 
maintained, the qualifications of personnel 
and the necessary training time are both 
greater. In military service these factors 
have considerable disadvantage. 

There is good reason to believe that bet- 
ter accuracy of load division among the 
generating units can be achieved with 
higher-voltage systems than is being 
achieved on present 30-volt d-c systems. 
Higher equalizing voltages can be used with 
correspondingly less effect from contact 
drops in the equalizing circuit and less sys- 
tem-voltage droop with loss of a generator. 

Problems of stability are probably com- 
parable with both a-c and d-c systems. 
They have been very troublesome on d-c 
systems. We have taken oscillographs of 
30-volt electric systems both in the labora- 
tory and in flight where transfer currents 
among generators oscillated between posi- 
tive and negative values in excess of the 
generator-current rating. Yet, while gen- 
erator relays lasted only a few hours, the 
operation of system-load items still carried 
on in almost a normal manner. While the 
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experience gained may make possible pre- 
vention of instability on the a-c system, if 
it is encountered, it can easily result in 
rendering the entire system inoperative as 
the alternators pull out of synchronism. 

The tremendous impetus which has been 
given to development of 400-cycle three- 
phase a-c systems has caused some difficulty 
in interesting manufacturers in develop- 
ment of low-voltage and high-voltage dec 
equipment. Many point to the history 
of development of electric public utility 
systems and conclude that a similar painful 
process of conversion from direct current to 
alternating current should be avoided by 
immediate adoption of a-c systems. How- 
ever, there is not a direct comparison in that 
the aircraft electric system is an isolated 
plant covering a comparatively small area. 
There are no problems of long transmission 
lines requiring a voltage far higher than the 
maximum possible utilization voltage. 


The maximum measured electrical load - 


on any military airplane in present opera- 
tion does not exceed 25 kw. The estimated 
load on that airplane was 45 kw. If the 
policy of installation of 100 per cent stand- 
by capacity had been followed, based on the 
load estimate, the generating capacity 
would have been 90 kw—to supply an actual 
25-kw load. Aircraft designers should 
study load complements of new aircraft 
carefully, especially for transport and com- 
mercial types, when compared with latest 
operating military aircraft. 

Some’ members of the aircraft industry 
have formulated conclusions on the a-c—d-c 
question similar to these: 


1. Low-voltage d-c systems can be used advan- 
tageously for a number of postwar years due to 


availability of proved equipment and experience _ 


and lack of electrical loads exceeding those of 
present military aircraft. 


2. Equipment manufacturers can develop equip- 
ment for 30-volt d-c systems with full confidence 
that it will not immediately become obsolete. 


3. Higher-voltage d-c and a-c systems and equip- 
ment should both be developed with equal inten- 
sity until there is definite experience to judge their 
relative merits before deciding which has the 
greater advantage for future application. 


REFERENCE 


1. Basic CONSIDERATIONS IN SELECTION OF 


ELpcrric SYSTEMS FOR LARGE AIRCRAFT, W. K. 


Boice, L. G. Levoy, Jr. AIEE TRANSACTIONS, 
volume 63, 1944, June section, pages 279-87. 


W. L. Berry and J. P. Dallas: At the Los 
Angeles technical meeting of the AIEE 


several comments were made to the effect. 


that higher-voltage d-c power transmission 
»may be lighter than a-c for medium- or low- 
power applications, but for military aircraft 
with high-power requirements, such as gun 
turrets, three-phase a-c power is lighter. 
This is not true. The weight for trans- 
mitting ten horsepower 100 feet over a 
single-wire 230-volt d-c system allowing 


five per cent voltage drop is two pounds, - 


however six pounds of cable are required 
with the 208-volt three-phase grounded 
neutral a-c system assuming a power factor 
of 70 per cent. For higher power or longer 
transmission distances, the weight of the 
wiring for alternating current is more than 
3 times that for direct current. For a more 
complete comparison refer to Figures 1, 2, 
and 3. 

There are many factors which must be 


considered in selecting an airplane electric- 
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Figure 1. A\jircraft cable weight for trans- 


mitting three horsepower continuously over 

single-wire grounded-return d-c systems and 

400-cycle three-phase three-wire grounded 

neutral a-c systems operating with a power 
factor of 70 per cent 


system voltage and the result must be a 
compromise. For distances greater than 50 
feet and loads of one horsepower or more, 
230-volt d-c wiring is lighter. Recent ex- 
perimental data prove™that 230-volt d-c 
aircraft switching is not difficult. The 
AIEE paper by J. S. Quill and L. T. Rader 
is an excellent discussion of the d-c switch- 
ing problem.! Equipment is immediately 
available for 115-volt d-c applications, while 
for 230-volt direct current considerable de- 
velopmental work may be required. Diffi- 
culties arise in the design of lighting equip- 
ment when voltage is increased. Hazard 
to personnel is least with 115-volt direct 
current, greater with 230-volt direct cur- 
rent, greater yet with 120-volt 400-cycle 
alternating current, and very serious with 
208-volt 400-cycle alternating current.? 

It was also stated that wiring constitutes 
a rather small percentage of the total weight 
of aircraft electric systems. Weight per- 
centages are misleading, it is the actual dif- 
ference of weight in pounds that counts. 
On a 150,000-pound airplane the higher- 
voltage d-c distribution system may be 200 
to 600 pounds lighter than a comparable 
three-phase a-c system, depending upon the 
degree of electrification. 

Recent tests have demonstrated beyond 
doubt that under certain rare conditions an 
are will reverse direction in weak magnetic 
fields and reduced atmospheric pressure. 
Hundreds of tests were conducted on many 
devices of practical design embodying mag- 
netic-arc suppression without once observy- 
ing arc reversal. A special test contrivance 
proved that conditions of low field intensity 
and small gaps were required for arc re- 
versal. A condition exists where the arc, 
although in a magnetic field, does not appear 
to move in either the normal or reversed 
direction. It is this condition which causes 
erratic or unsatisfactory arc interruption, 
however it is relatively easy to avoid in 
practical designs. — 

In reply to Major Barden’s comment, it 
is not proper to consider the three wires of 
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the a-c system more reliable than the single 
wire of the d-c system. If a three-phase 
motor is designed with the customary air- 
craft margin of safety, it certainly will not 
operate with the loss of one or two of the 
phases. The probability of loss of one of the 
three a-c phases is three times that for the 
loss of the one d-c conductor. For in- 
creased reliability of the d-c system it may 
be desirable to utilize three or more con- 
ductors in parallel. The loss of one of these 
parallel conductors will not seriously affect 
circuit operation. Also, parallel conductors 
frequently result in an over-all saving of 
conductor weight. 

Fuse manufacturers state that the 
weight of a fuse for 120-volt direct current 
is no greater than for 208-volt alternating 
current. A three-phase fuse would be 
nearly three times as heavy as a d-c unit 
and would, of course, have many more com- 
ponents resulting in a device having six 
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Figure 2. Aircraft cable weight for trans- 
mitting ten horsepower continuously over 
single-wire grounded-return d-c systems and 
400-cycle three-phase three-wire grounded- 
neutral a-c systems operating with a power 
factor of 70 per cent 


terminals which require proper intercon- 
nection instead of two terminals. 

There is no doubt that the added com- 
plexity of the a-c system creates a need for 
technically informed personnel for design, 
installation, testing, and maintenance just 
as it does for proper operation. 

The three-phase relays were mentioned 
to show that relays are at present available 
for immediate d-c service up to five-kw 
continuous duty and 20-kw rupturing ca- 
pacity. Relays specifically designed for 
115- or 230-volt direct current can be con- 
siderably lighter than for three-phase al- 
ternating current considering equal power 
ratings. 

For intermittent-duty motors it is likely 
that 1,000-hours brush life will correspond 
to the life of the airplane. For high-output 
or continuous-duty motors, 1,000-hours 
brush life would correspond to a convenient 
inspection and overhaul period. It should 
be noted that for certain motor character- 
istics a-c motors will incorporate slip rings 
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and brushes which have comparable life 
to d-c commutators and brushes. 

The hydraulic transmission is only one 
type of several proposed constant-speed 
drives. One by one these drives are being . 
discarded either because of failure, com- 
plexity, inefficiency, or excessive weight. 
To date there is no constant-speed drive to 
our knowledge which has proved completely 
satisfactory as the result of actual tests. 

It is hoped sincerely that the enormous 
amount of synchronizing equipment such as 
was required for the B-19 three-phase a-c 
electric system can be eliminated as sug- 
gested by Major Barden. 

The tolerances for adequate load sharing 
of d-c generators are exceedingly wide com- 
pared to those for proper synchronization 
of alternators. Major Barden speaks in 
vague terms of the voltage- and speed-sens- 
ing elements of a-c and d-c systems. Such 
comparisons are very confusing and mean 
less than nothing. We will be very sur- 
prised if the entire governor system of any 
a-c system will compare in weight and sim- 
plicity to the six-pound units to be used 
with present d-c equipment. It is the com- 
plete system and not a single component 
thereof which should constitute the basis for 
comparison. 

A wrong impression has been formed; 
the authors were merely indicating that for 
a given requirement, six engine-driven 15-kw 
d-c generators would be more reliable and 
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mitting 20 horsepower continuously over 
single-wire grounded-return d-c systems and 
400-cycle three-phase three-wire grounded 
neutral a-c systems operating with a power . 

factor of 70 per cent 


lighter than two 60-kva alternators driven 
through constant-speed drives by the main 
engines. The 15-kw generators were used 
in the example because they could be di- 
rectly mounted on existing engine drives 
while larger capacity generators equivalent 
to the a-c machines would have required 
remote-drive mechanisms which impose 
large weight penalties. If and when main 
engines are equipped with sufficiently large 
generator drives, additional weight savings 
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and equipment reductions can be effected 
for d-c systems. 
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Vacuum-Tube Radio- 


Frequency Generator— 
Characteristics and Ap- 
plication to Induction- 
Heating Problems 


Discussion and author's closure of paper 
44-236 by T. P. Kinn, presented at the AIEE 
Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
pages 1290-1303. 


J. Elmer Housley (Aluminum Company of 
America, Alcoa, Tenn.): The author’s use of 
power terms in his discussion of the radio- 
frequency circuits makes the article valuable 
to electrical engineers. 

The article is a valuable reference for 
those concerned with the application of a 
commercial radio-frequency generator to 
some particular heating problem. 

The article centers around the tuned cir- 
cuit and methods of coupling to the work 
circuit. A very detailed description of the 
tuning condenser with regard to size and 
dielectric losses is given, but very little is 
said about the associated tube and induc- 
tance. The author says, “the larger the 
capacitor C, the more stored energy and the 
more circulating current in the coil.”” This 
is true, but at high currents the resistance 
and the reflected resistance of the coil enters 
more and more into the circuit to dissipate 
power. In other words, it would seem that 
the kva/kw ratio or Q of the coil would 
be more critical than that of the tuning 
capacitor. 

The author’s discussion of the kva/kw 
ratio should be amplified. In the dis- 
cussion he states: ‘To produce this condi- 
tion, the kva/kw ratio must be kept 
high.” The author does not state clearly 
the condition, nor does he define the kva 
or kw. The kva can be taken to apply 
to the circulating current in the tank cir- 
cuit, but does the kw apply to power 
stored in the L-C circuit, power dissipated 
in the L-C circuit, or power available in 
the work circuit? 

The author’s mathematical examples 
deal with calculation of the work coil and 
should serve well as a reference for those 
faced with this problem, 

It would be advantageous to have in- 
formation on the shielding of these radio- 
frequency generators for the elimination 
of radio interference to aircraft and marine 
services on the fundamental frequencies 
and on broadcast and other services on 
harmonic frequencies. 


” 
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T.P. Kinn: The comments by Mr. Housley 
are well taken. The discussion on kva/ 
kw ratio throughout the paper possibly 
can be better understood, if it is kept in 
mind that, always, reference is being made 
to the “working’ kva/kw ratio of the 
L-C circuit. By this is meant the ratio of 
kva in the circuit to the kw being sup- 
plied by the circuit. This kw is made 
up of the power being supplied to the 
load and the power being dissipated in the 
capacitor and inductance of the circuit. 
The Q or kva/kw ratio of the capacitor 
and inductance is important only in deter- 
mining the power being dissipated in these 
two elements of the circuit. The majority 
of the power lost in the L-C circuit is dissi- 
pated in the inductance, and normal 
design dictates that the Q of the coil be as 
high as possible to keep this loss to a mini-~ 
mum. As pointed out in the paper the 
loss in the L-C circuit goes up as the square 
of current, and therefore the, value of in- 
ductance and capacity is kept at a point 
where this loss will not be excessive (a 
kva/kw ratio of 50 was selected in the 
paper as the desirable design point). 

Shielding of the radio-frequency genera- 
tor and in most cases the work circuit is 
necessary to insure that radiation is kept to 
a minimum. Good engineering practice 
requires that the generator be housed in a 
metal cabinet capable of completely shield- 
ing the radio-frequency circuits. Well 
designed radio-frequency filters are necessary 
to eliminate possible radio-frequency radia- 
tion through the power circuits. The work 
coil and connection leads should be shielded 
as thoroughly as possible to reduce radiation 
from that source. Induction-heating work 
circuits are inherently poor radiators, but 
good engineering practice again dictates 
that every precaution be taken by shielding 
wherever possible. 


Electrical Control in 
Automatic Pilots 


Discussion and authors’ closure of paper 44- 
187 by C. M. Young, E. E. Lynch, and E. R. 
Boynton, presented at the AIEE Los Angeles 
technical meeting, Los Angeles, Calif., 
August 29-September 1, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 
December section, pages 939-43. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): This paper 
has given a very clear-cut understandable 
picture of the components of automatic 
pilots and the functions of each. It points 
out the means by which the deviation 
of an aircraft from its selected course is 
recognized and gives in detail the chain of 
events by which that condition is corrected. 

As the paper shows, not only is flight 
control accomplished automatically by 
means of electric equipment, but many func- 
tions having to do with the proper opera- 
tion of the engines are being controlled in 
the same way as well. Since automatic 
control is finding its way into every phase 
of flight operation, it would seem only 
logical that certain components of these 
systems could be standardized. For in- 
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stance the electric pick-off devices could be 
standardized for the detection of any num- 
ber of conditions requiring corrective action 
in order to insure the optimum perform- 
ance of the aircraft. In the same way the 
amplifiers and servo units could be made 
standard so that any device could be used 
in conjunction with the other devices to re- 
sult in an automatic control system. The 
Army Air Forces already has initiated-a 
program to accomplish this result. 

The automatic pilots described in the 
paper are for use in keeping the aircraft on 
course and for mild maneuvers. However, 
by the use of servo units of sufficient power 
and follow-up mechanisms of sufficient ac- 
curacy a system could be devised whereby 
the aircraft could be flown in all sorts of 
maneuvers simply by the manipulation of a 
device which would send the proper signals 
to the amplifier and thence to the servo 
units which actually move the control sur- 
face. 

Some airplanes of the future will be too 
large to be handled in any other way. There- 
fore, why not use a system of electric pick- 
off devices, amplifiers, and servo units 
which are capable of controlling the flight 
of the airplane in response to automatic 
signals or directions from the human pilot? 

This would involve a slight increase in 
the weight of servo units but would at the 
same time eliminate very bulky and heavy 
control columns. 

It is believed that an a-c electric system 
supplying power to servo units consisting of 
induction motors coupled to control sur- | 
faces through variable-ratio torque/speed 
converters would offer the ultimate in re- 
liability and speed of response. 


C. M. Young, E. E. Lynch, and E. R. Boyn- 
ton: The discussion by Major Barden pre- 
sents some very interesting possibilities in 
the field of automatic control in aircraft. 

The standardization of system compo- 
nents is a worthy objective. As he has 
pointed out, there is a definite trend toward 
automatic engine control, automatic flight 
control, and interconnection between these 
two systems so that standardization of 
components would be beneficial. It is de- 
sirable, however, that this standardiza- 
tion should be made only on components 
which have been well established in the art 
so that the course of future developments 
will not be. jeopardized. 

As the.control circuits are made more 
comprehensive and with the advent of in- 
struments capable of producing a signal 
corresponding to any attitude of the plane 
about each of the three axes, complete 
maneuvering of the plane in any attitude 
will become a reality. 

wIn this system it will be possible to make 
use of the servo units as power-boost units 
so that the human pilot will be able to con- 
trol the airplane manually through the auto- 
pilot servo units with a minimum of fatigue. 
Ultimately, this type of control, particularly 
on very large airplanes, probably will replace — 
completely the conventional cable systems. 
Te achieve complete replacement, however, 
all of the units involved in the servo system 
must be as.reliable as the present direct 
mechanical drive. Once this objective is 
achieved, there should be no difficulty in 
overcoming a pilot’s or passenger’s in~ 
stinctive aversion to this type of control. 
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There is no doubt that the standardiza- 
tion program now being undertaken by 
Wright Field will result in close specifica- 
tions and rigid control of material and 
workmanship. Asa result this should goa 
long way toward increasing the reliability 
of units. The servo design itself probably 
will be increased considerably in reliability 
through the use of squirrel-cage induction 
motors with their inherent ruggedness and 
simplicity of design. Once comparative 
reliability is achieved, completely automatic 
flight will become a reality. 


Electric Automatic Pilots 
for Aircraft 


Discussion of paper 44-179 by P. Halpert 
and O. E. Esval, presented at the AIEE 
Los Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
November section, pages 861-6. 


B. Levine (nonmember; Wright Field, 
Dayton, Ohio): This paper presents an 
excellent description of rate-type control as 
applied to automatic control of aircraft. 
The A-5 automatic pilot, about which the 
discussion presented in this paper was 
centered, was the first electric automatic 
pilot in this country utilizing this principle 
of control. Rate control has been attained 
in the past to a certain extent mechanically, 
or pneumatically; however, satisfactory 
operation is difficult to achieve due to the 
limitations and complexity of this type of 
rate follow-up system. This system is being 
utilized in this country in the type A-4 
automatic pilot. A  three-axis electric 
automatic pilot has been developed and is in 
use in Germany utilizing the rate principle 
of control. In this case, however, rate con- 
trol is achieved through the use of three-rate 
gyroscopes whose signals are blended into 
the basic displacement signal electrically. 

There are both advantages and disad- 
vantages to obtaining precision control 
through a rate system. The principal 
advantage of a system as described in this 
paper is that control is achieved to the same 
degree of accuracy under a wide variation 
in airspeed. This is of considerable help 
in considering the problem of automatic 
landing and take-off wherein the automatic- 
pilot servo system may act as a boost con- 
trol. Some of the problems which are en- 
_ countered in use of a control system of this 
nature are: 


1. . It is difficult to shock mount the gyro controls 
as the vibration of the units introduce a rate kick 
into the control system with resultant erratic 
operation. This means that the controls must be 
bolted solidly to the aircraft structure, thus necessi- 
tating a more rugged and heavier construction. 


2. A very stable power source is required to obtain 
satisfactory operation with fairly close frequency 
and voltage tolerances. Cyclical loading of the 
power supply is apt to cause interference with the 
pilot’s operation, and modulation of the power 
supply between zero cycles and the natural fre- 
quency of the aircraft cannot be tolerated. 


3. Because of the greater preciseness of control 
obtainable through a rate pilot than through the 
conventional displacement pilot, an educational 
program is necessary to educate human pilots in 
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the differences in the type of control obtainable 
from the two systems. 


In large-quantity aircraft production 
tolerances are not held as closely as may 
otherwise be possible. As a result, con- 
siderable control-cable friction variation is 
often present with a consequent decrease in 
tightness of control. This possibly may 
be eliminated to a certain extent through 
the use of position repeat-back-type servo 
units in place of force repeat-back servo 
units. 


Application of Electronics to 
Aircraft Flight Control 


Discussion of paper 44-239 by W. H. Gille 
and R. J. Kutzler, presented at the AIEE Los 
Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
November section, pages 849-53. 


Vincent H. Quayle (nonmember; lieu- 
tenant, United States Army Air Corps, 
Wright Field, Dayton, Ohio): All phases 
of science have made great advances as 
a result of the war, and among them is 
the comparatively new science of elec- 
tronics. Electronics as applied to air- 
craft, excluding radio communication, in- 
cludes turbo-regulator control and the auto- 
matic pilot. 

The heart of any electronic device is the 
vacuum tube. During the past, vacuum 
tubes, used for aircraft radio communica- 
tion, could fail without any serious con- 
sequences other than loss of communica- 
tion. With the application of vacuum tubes 
used to control turbosuperchargers, auto- 
matic pilots, and so forth, the situation is 
completely reversed. Any failures easily 
could result in the loss of a valuable air- 
plane, including its highly trained crew. 

In the interest of safety for all concerned, 
it is imperative that the quality of vacuum 
tubes used in aircraft be improved and 
maintained up to the highest possible stand- 
ard. Many of these tubes are an outgrowth 
of those originally designed for home and 
automobile radios and are given the mini- 
mum of factory tests. Tubes to be used 
in aircraft must be subjected to more rigid 
tests for life, heat, cold, vibration, and al- 
titude. These tests will be necessary to 
give electronic controls the reliability ap- 
proaching that of an equivalent mechani- 
cal system. 


Influence of Electricity on 
Aircraft Instrumentation 


Discussion of paper 44-193 by C. F. Savage, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November section, 
pages 802-05. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): This paper 
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provides an interesting account of the way 
in which instrumentation is accomplished 
electrically in modern aircraft. Although 
instruments operating on electrical princi- 
ples have been developed to meet every 
need that exists, there still is a consider- 
able amount of work which could be done in 
the way of improvements and refinements. 

These improvements and refinements 
well could be in the way of increased accu- 
tacy and rate of response. Possibly both 
could be achieved as a result of improve- 
ments in small precision bearings, greater 
accuracy in machining rotor shafts, lamina- 
tions, and so forth. 

Other fields of development open to in- 
strument engineers might be in reduced size 
and weight of the instruments, improved 
efficiency, and power factor. Great strides 
already have been made in this respect. 

Instruments have been developed for use 
on 208/120-volt three-phase 400-cycle 
systems which are unbelievably small and 
light. Each of the instruments has been in- 
corporated into the two and one quarter- 
inch A Ncase. The 0-250-volt voltmeter and 
the 0-250-ampere ammeter weigh approxi- 
mately three fourths of a pound each. 
The wattmeter having a range of 0-50 kilo- 
watts, and the frequency meter having a 
range of 350-450 cycles per second, each 
shows a weight of less than one pound. 

Each of these instruments has an accu- 
racy of plus or minus two per cent of full- 
scale reading and is capable of withstanding 
vibration and other conditions incident to 
its use in aircraft. 


Instrumentation of 400-Cycle 
Aircraft Electric Systems 


Discussion and authors’ closure of paper 
44-240 by A. J. Corson, A. G. Stimson, 
W. A. Soley, presented at the AIEE Los 
Angeles technical meeting, Los Angeles, 
Calif., August 29-September 1, 1944, and 
published in AIEE TRANSACTIONS, 1944, 
November section, pages 830-5. 


J. E. Rowland (nonmember; Wright Field, 
Dayton, Ohio): The design, character- 
istics, and performance of 400-cycle instru- 
ments have been well covered by the authors 
in their very interesting paper. There is 
little that can be added to their presentation. 
The instruments promise to be an ex- 
cellent solution to the problem of instru- 
mentation of 400-cycle aircraft electric 
systems. In size and weight they are all 
that can be desired. They are small and 
compact and yet the scale can be easily 
read. On the whole, they have satis- 
factorily withstood the laboratory tests, all 
of which are nearly completed at the present 
time. However, the tests have brought out 
the following minor faults: 
A. Accuracy on the minor scale divisions is not 
within two per cent of full scale value. 


obviously can be easily eliminated by a more 
accurate location of these scale divisions. 


B. The self-heating error of the frequency meter 
is appreciable. This instrument must be in opera- 
tion approximately 30 minutes before it will indi- 
cate with maximum accuracy, Although this 
fault is not serious, it should be eliminated, if 
possible, from an instrument of such excellent 
design otherwise. 
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This fault ~ 


C. The instrument cases are not dust-tight or 
moistureproof. It may be difficult to make them 
moistureproof without hermetically sealing them, 
which may not be such a bad idea at that. But, 
at least, by using suitable gaskets, they can be 
made dust-tight. 


The instruments have yet to undergo the 
final and conclusive test. This test means 
subjection to actual operating conditions 
in aircraft. These operating conditions 
are very severe and may be summarized as 
follows: 


A. Temperature. A temperature range of from 
—55 degrees centigrade (—67 degrees Fahrenheit) 
to +70 degrees centigrade (+158 degrees Fahren- 
heit). 

B. Altitude. An altitude pressure range of from 
sea level to 55,000 feet. 


C. Humidity. 
100 per cent. 


D. Dust. Exposure to airborne sand and dust 
particles encountered on deserts. 


E. Vibration. Conditions of linear and torsional 
vibration incident to normal continuous use in 
aircraft. ) 


A relative humidity from 0.5 to 


A. J. Corson, A. G. Stimson, and W. A. 
Soley: Mr. Rowland’s discussion appears 
to be the result of careful analysis based on 
a thorough knowledge of the application of 
400-cycle electric aircraft instruments. 

The self-heating error of the frequency 
meter is due to confining the circuit ele- 
ments to minimum space. The moderate 
temperature rise due to self-heating slightly 
changes the circuit-coristant relationships. 
The error is calibrated out by marking the 
scale after the instrument has been operat- 
ing for some time. Starting cold, the fre- 
quency indication should not change more 
than one cycle due to self-heating after the 
first five minutes of operation. Considering 
the usual warming up period for an airplane, 
the initial self-heating error of the frequency 
meter would seem to be of no consequence 
during flight. 

The instruments can be made dust-tight 
with suitable sealing compounds, but it is 
recognized that hermetic sealing is prefer- 
able for protection against fungus growth 
and other tropical conditions. 


The Gyrosyn Compass 


Discussion and author's closure of paper 
44-181 by O. E. Esval, presented at the 
AIEE Los Angeles technical meeting, Los 
Angeles, Calif., August 29-September 1, 
1944, and published in AIEE TRANS- 
ACTIONS, 1944, November section, pages 
857-60. 


Arthur Wahl (lieutenant, United States 
Army Air Corps, Wright Field, Dayton, 
Ohio): The primary purpose of the 
Gyrosyn compass described in this paper 
is to obtain a stable and accurate indi- 
cation of azimuth under a wide range of 
flying conditions and to have this indication 
as free as possible from the deviations and 
fluctuations inherent in the direct-reading 
magnetic card-type of compass. The 
method of arriving at such an indication by 
using the earth inductor (called flux valve in 
this paper) to sense direction with respect 
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to the earth’s magnetic field at present can 
be divided into two classes: Either the 
earth inductor is allowed to swing pendu- 
lously and is made to slave a horizontal 
axis gyroscope used as the indicator; or the 
earth inductor itself is stabilized in the 
horizontal plane by a vertical axis gyro- 
scope, and its signal of direction is amplified 
through a servo system to give the desired 
indication. The first of these two, which is 
employed in the Gyrosyn compass, has been 
dealt with ably in this paper. The second, 
which is employed in the Gyro Flux Gate 
compass built by Eclipse-Pioneer division of 
Bendix Aviation Corporation, will be de- 
scribed briefly in principle of operation with 
a short comparison of the two systems. 

The earth inductor, which contains a 
permeable-alloy core which begins to satu- 
rate at a low flux density, readily lends itself 
to be the source of the desired compass 
indication, because it can be placed in a re- 
mote location from local magnetic disturb- 
ances inside the aircraft and because it 
does not itself turn in a horizontal plane 
with respect to the aircraft as must the 
needle of a card-indicating type of compass. 
However, when the earth inductor is tilted 
out of the horizontal plane, the vertical 
component of the earth’s field causes it to 
give a false indication of azimuth, and the 
degree of this false indication is a function 
of the angle which the earth inductor makes 
with the horizontal plane. To give the de- 
sired accurate and stable direction indica- 
tions itself, the earth inductor must be 
stabilized in the horizonal plane regardless 
of the attitude of the aircraft. It is then 
sensitive only to the changes in azimuth as 
desired. When the servo mechanism into 
which it feeds has a follow-up rate which 
greatly exceeds any possible rate of turn of 
the aircraft, the system functions as a dead- 
beat azimuth indicator. 

If the earth inductor is pendulously 
mounted, the random pitches, yaws, and 
rolls of the aircraft cause it to swing out of 
the horizontal plane and thereby cause its 
instantaneous signals of direction to be 
false. However these swings generally will 
be about a mean axis which is the desired 
true vertical. The mean of the false direc- 
tion signals then will be the true direction 
signal, so that when the relatively fast- 
swinging earth inductor slaves a device 
such as a horizontal axis gyroscope, which 
cannot follow its instantaneous signals, the 
gyroscope will be slaved to the mean or true 
azimuth direction. 

Both of these systems have advantages 
and disadvantages. Both of them begin 
to give false indication of direction in long- 
persisted turns because they both depend 
upon gravity to define the horizontal plane, 
and in turns the centrifugal acceleration of 
the turn combines with true gravity to give 
a false-gravity direction. (Uncoupling the 
directional gyroscope from the earth in- 
ductor in long turns might not be satis- 
factory, because the turbulence of flying 
may cause the free gyroscope to wander 
and actually to be more in error than it would 
be, if it had remained coupled to the earth 
inductor.) 

At present the pendulously mounted 
earth-inductor system slaving the direc- 
tional gyroscope seems to have the ad- 
vantage of space, weight, and complication 
over the gyro-stabilized earth-inductor 
system, but this advantage is not neces- 


Discussions 


ad 

sarily inherent. The accurate compass Hn 
dicator is being called upon more and more 
to furnish azimuth signals to navigation, 
radio, armament, and photographic equip- 
ment. The loading of these signal sources 
on the directional gyroscope may cause it to 
become sluggish and inaccurate itself, unless 
these signals are produced through an ad- 
ditional servo system; whereas the servo 
unit for the original indication from the 
gyro-stabilized earth inductor system may 
be made powerful enough to operate any 
such combination. Furthermore, the latter 
system lends itself more readily to arbitrary 
mechanical compensation to make the final 
indication right, and this is often necessary 
because magnetic disturbances and inherent 
transmission errors do not often combine to 
make a simple sine or double-sine curve of 
compensation adequate. 

On the other hand the problem of main- 
taining a vertical-axis gyroscope at a remote 
part of the aircraft, where it is subjected to 
severe vibrations and accelerations, and of 
still keeping the unit as small, light, and 
rugged as possible is a difficult one; whereas 
the pendulously mounted earth-inductor 
unit is inherently smaller and more rugged. 
Furthermore, a relatively poor directional 
gyroscope could be slaved by a good earth 
inductor and result in a relatively good com- 
pass system. 

The Gyro Flux Gate compass has been 
in use by the Army Air Forces for some 
time, and its merits and limitations are 
quite well known by this time. The Gyro- 
syn compass is relatively new and is still 
undergoing performance tests by the 
Matériel Command. 


C. F. Fragola (for the author): Lieutenant 
Wahl’s discussion of the paper on the 
Gyrosyn compass is a definite contribu- 
tion to the field of remote-indicating 
compasses, primarily because of his de- 


velopment of the fundamental differences _ 


between two basic methods of achieving 
stabilization. It is expedient that the 
following comments be added for complete- 
ness. 

He has mentioned that the Gyrosyn 
compass might not be satisfactory in long 
turns, because of the turbulence of fly- 
ing, to uncouple the directional gyroscope 
from the earth inductor because the error 
encountered due to free wander of the 
gyroscope might be greater than would have 
resulted had it remained coupled to the 
earth inductor. In practice the normal 
directional gyroscopes do not have drifts 
exceeding 20 degrees an hour, and many 
have much lower drift rates; however, as- 
suming 20 degrees per hour, then in a stand- 
ard-rate 180-degrees-per-minute turn the 
maximum gyro drift would be one third of a 
degree, which is negligible. Mention also is 
made of the possible limitation of using re- 
peaters coupled to the azimuth gyroscope 
to supply azimuth signal to navigation, 
radio, armament, and photographic equip- 
ment. In practice six repeaters have been 
used satisfactorily when electromagnetically 
coupled to the azimuth gyroscope. If too 
many repeaters are mechanically or electro- 
magnetically coupled to the gyroscope, the 
only effect would be that torques would be 
reflected back toit. This might necessitate 
a higher leveling torque, which is undesir- 
able. If the torques reflected to the gyro- 
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scope become excessive in an installation 
where more than six repeaters are used, it is 
always possible to have an amplifier inter- 
posed between the gyro unit and the re- 
peaters, thereby isolating the reflected 
torques. Then in an installation requiring 
less than six no weight burden is imposed. 
Lieutenant Wahl advances the opinion 
that a mechanical compensator seems to be 
adapted more readily to the compass having 
the'earth inductor stabilized by a gyroscope. 
To compare accurately the relative merits 
of a mechanical and permanent-magnet 
compensator it is well to remember that ina 
good compass the major error should be 
attributed to the magnetic deviation which 
exists at the point of location of the inductor 
unit in the aircraft. In the Gyrosyn, be- 
cause the inductor unit has been designed to 
be located remote from most deviations, any 
residual deviation should be of low mag- 
nitude. In an aircraft under the specified 
conditions the magnetic deviation can be 
assumed to be entirely due to hard iron 
(permanent-magnet deviation), the soft iron 
effect (or induced magnetic effect) being 
negligible. If the hard-iron deviation is 
compensated by a permanent-magnet type, 
which in effect simply nullifies the error 
vector due to the hard iron, then this form 
of compensation will remain valid regard- 
less of changes of the earth’s field strength. 
A mechanical type of compensator in effect 
‘compensates for a certain error reading at 
the indicator for a given magnetic deviation. 
This error reading will be dependent on the 
strength of the earth’s field; therefore, if the 
mechanical compensator is set in one field 
strength, it will be in error when used in an- 
other. In practice the magnetic compen- 
sator is far less complicated, more reliable, 
and can be applied in less time. If a com- 
pass system has objectionable fixed trans- 
mission errors, it may be necessary to use a 
mechanical compensator, especially when 
these errors are other than a single-cycle 
curve. In this case complete compensation 
would require a magnetic type in addition 
to the mechanical compensator. 


Brief Survey of Power- 


Supply Developments on 
British Aircraft 


_ Discussion of paper 44-217 by P. W. Carter, 
presented at the AIEE Los Angeles technical 
meeting, Los Angeles, Calif., August 29- 
September 1, 1944, and published in AIEE 
TRANSACTIONS, 1944, November section, 
pages 806-07. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): The paper 
which is the subject of this discussion was 
read with considerable interest and has re- 
sulted in a new appreciation of some of the 
problems faced by the British in using air- 
craft of their own and of American design. 

This discussion will be confined to that 
part of the paper which deals with power 
supplies. It is well known that British 
and American answers to the questions in- 
volved have differed in many respects. 
However, loads now have grown to such an 
extent that it is believed the only satis- 
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factory way of supplying a-c power for loads 
is by means of an engine-driven alternator. 
Such units are under development as have a 
rated output of eight kva, 115 volts, single 
phase, at rotor speeds of 4,000 to 8,000 rpm. 
Physically, the alternator will be very much 
like the present P-1 d-c generator and will 
weigh approximately 45 pounds. 

It is believed that no attempt will be made 
to build a d-c generator into the same hous- 
ing as the above described alternator be- 
cause of the excessive length of such a unit as 
well as the large requirements for d-c power 
on the airplanes for which they are used. 
Further, if the a-c power on a given air- 
plane has been supplied by inverters, one 
or more d-c generators can be replaced by 
alternators with no loss in net d-c power, 
but with appreciable saving in weight and 
gain in efficiency. 

Numerous papers have been presented 
covering various aspects of the a-c power 
system under development in this country, 
so that comments on the system under de- 
velopment by the British would be some- 
what superfluous in this discussion. 

Mr. Carter is to be complimented upon 
his efforts in presenting an interesting 
history of the development of electric gen- 
erating equipment in Great Britian. 


Aircraft Electrical Horizons 


Discussion of paper 44-218 by Frank W. 
Godsey, Jr., William L. Berry, and T. B. 
Holliday, presented at the AIEE Los Angeles 
technical meeting, Los Angeles, Calif., 
August 29-September 1, 1944, and pub- 
lished in AIEE TRANSACTIONS, 1944, 


November section, pages 821-4. 


L. G. Levoy, Jr. (General Electric Company, 
Schenectady, N. Y.): The authors have 
presented an interesting glimpse of the fu- 
ture of aircraft electric systems. In setting 
the goal for electric systems in aircraft, it is 
not desirable to try to perform every func- 
tion electrically, nor should we attempt to 
make the maximum possible use of elec- 
tricity on aircraft. Rather, the goal should 
be to utilize electricity wherever it can per- 
form the required function in a superior 
manner, compared with alternative means 
of accomplishing the same result, consider- 
ing the airplane as a whole. The electrical 
industry must co-operate with all other 
industries in producing the best combina- 
tions of devices, as well as making electrical 
devices as good as possible. 

This paper stresses the necessity for re- 
liable apparatus, and this is certainly one 
of the most fundamental requirements. 
In addition to this, much can be accom- 
plished in the way of increased reliability by 
improved system design. Control systems 
should be arranged to ‘‘fail safe’? where 
possible. Communication of failure among 
systems should be minimized. Duplica- 
tion of important functions can provide the 
increased reliability in cases where this is 
justified. Automatic transfer of power or 
signal channels can be provided as required. 

The statement is made that, ‘‘If a perfect 
circuit breaker were developed, it would be 
designated by an American Wire Gauge 
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number.’’ Such a designation would be 
inadequate since a circuit-breaker rating 
must include such items as voltage rating, 
frequency (if a-c), interrupting ability, and 
many other items not inherent in a wire- 
size designation. A circuit breaker properly 
selected for a given piece of wire in one sys- 
tem may be entirely inadequate for that 
same piece of wire in another system, or at a 
different location in the same system. 

The paper considers only thermal pro- 
tection which aims to allow the apparatus 
to be stressed to limit. All other forms of 
failure protection, fault protection, over- 
speed protection, overvoltage protection, 
and so forth, aim to inactivate that unit at 
once when abnormal conditions are de- 
tected, or at least provide adequate warn- 
ing. 

Hermetically sealed switchgear has the 
many virtues ascribed to it; however, it 
introduces two problems to which the de- 
signer should give special attention. These 
are ease of inspection and maintenance in 
the field. Most contact-making devices 
have to be inspected periodically to insure 
continuous and reliable performance. One 
of the major problems in switchgear arises 
in the closing of a circuit, where under cer- 
tain conditions the contacts have a tend- 
ency to stick or ‘‘weld.’’ This problem is 
substantially independent of altitude and 
frequently governs the design of the switch. 
It is possible that a weight saving can be 
achieved by eliminating individual en- 
closures for each device and enclosing a 
group of devices in a single dust-tight en- 
closuré in some applications where it is 
feasible to group the devices. 

Better cooling of conductors may permit 
use of higher-current densities; however, 
this results in more loss and consequently 
poorer efficiency of the transmission system. 
This in turn results in a greater weight of 
gasoline burned in the engine to supply 
these losses. It is not desirable to push the 
current density beyond the point where the 
weight saving in conductor is more than 
offset by the additional weight of fuel burned. 
In some instances voltage regulation is a 
limiting factor also. 

Wire sizes considerably smaller than A NV- 
20 are of course used in aircraft apparatus. 
It is possible that, with improved wires 
and installation techniques, smaller wire 
sizes for aircraft wiring may be permissible 
in the future. 

In the field of cockpit and instrument 
lighting, radio-active luminous and phos- 
phorescent-luminescent markings have been 
supplemented by fluorescent-luminescent 
markings using ultraviolet light sources 
whose intensity are readily controlled 
either automatically or by the pilot. 
Judicious use of these various types of mark- 
ings are very helpful in solving this most 
difficult lighting problem. 

Prerotation of the wheels of a large air- 
plane offers an additional advantage in 
reducing the stress on the landing gear 
which may result in substantial weight 
savings in some cases and may more than 
offset the weight of the prerotation equip- 
ment. The landing-gear stress is reduced, 
providing the speed matching between the 
periphery of the wheels and the runway is 
sufficiently close that any differential speed 
is eliminated during the interval of grazing 
contact, before very much weight comes on 
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the wheels. This may be difficult to achieve 
consistently in practice. Among the dis- 
advantages of prerotation are: 


1. The problem of maintaining accurate wheel 
balance becomes more acute, 


2. Itincreases slightly the amount of energy which 
must be absorbed in bringing the airplane to rest, 


3. Increased complexity: 


In connection with a-c, d-c, and hy- 
draulic comparisons, the authors have 
pointed out that parallel operation of alter- 
nators is desirable and can be accomplished 
by a suitable speed and torque converter, 
Two other methods appear on the horizon: 


1. The exhaust-gas turboalternator has ideal 
characteristics for parallel operation and high fuel 
economy. Other practical means for partial re- 
covery of waste heat energy now discarded in the 
exhaust gases may appear, 


2. The small auxiliary gas turbine using gasoline 
or other fuel has interesting possibilities, 


In addition to the other advantages 
mentioned, a-c power systems minimize 
certain radio-interference and compass- 
interference problems. 

On the horizon today are many other new 
and improved devices which offer tremen- 
dous fields for the application of electricity in 
aircraft. Among these are simplified and 
improved blind-landing systems, naviga- 
tion, obstacle-detection, and other flying 
aids. The field of electric servomechanisms 
and remote positioning on large aircraft is 
rapidly developing. The marriage of elec- 
tric, electronic, and hydraulic systems pro- 
vides power package units and special con- 
trol features which may find extensive use 
in aircraft. _ Electric- and hydraulic-power 
boost-systems will relieve the overworked 
muscles of pilots and permit them to handle 
the larger airplanes of tomorrow with ease. 
These devices will allow the aircraft de- 
signer more flexibility resulting in improved 
performance of the airplane. 

Thyratron inverters and other electronic 
power and control systems will find their 
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place in aircraft. In large complex air- 
planes, automatic reading and checking of 
instruments with a prearranged program 
will relieve the flight engineer of an onerous 
task. This can best be accomplished by 
electrical means. Lower battery weights 
are on the horizon, and improved system 
design may eventually pave the way for its 
complete elimination in many cases, Co- 
ordinated-system designs will provide im- 
proved reliability of the electric system and 
airplane as a whole, Air conditioning for 
passenger and crew comfort will be improved 
for aircraft. Refrigerating units for use in 
aircraft will be used for transportation of 
special products. Electricity will have an 
important place in these applications, 

As electric systems in aircraft grow more 
complex, operating and service personnel 
must be trained so that there is no ‘mys- 
tery,”” Weare confronted with an enormous 
problem of education which has not kept 
pace with the rapid development. Reli- 
able apparatus must be properly installed, 
properly serviced, and properly operated, 
to produce the reliable results upon which 
public confidence is based. New or im- 
proved educational techniques must go 
hand in hand with our new developments, 
if we are to realize more fully the coveted 
goals of reliability and public confidence. 


W. A. Barden (major, United States Army, 
Wright Field, Dayton, Ohio): Apparently 
the writers of this paper have been gazing 
into a crystal ball, or was it a periscope? 
Nevertheless the result is a stimulating 
paper which should go far in spurring tech- 
nical talent toward the achievement of the 
goals which have been cited. It might be 
well for the chief electrical engineer of every 
organization interested in aviation electric 
equipment to brief his staff for a mission 
such as indicated. 

In comparing the generating equipment 
for 280/115-volt d-c system with that of 
208/120 volt a-c system, it has been pointed 
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out that the coustant-speed drive and genera- 
tor for the alternating current undoubtedly 
would weigh more than for the d-e generator 
of equal rating. However, it must be remem- 
bered that the alternator is rated at a given 
speed which is at least two times the speed at 
which the d-e generator must develop the 
same amount of power, 
on this basis, it is believed that the over-all 
weights of generating equipment will he 
equal, if not actually in favor of the alter- 
nator and its drive, 


Since it is possible to build airplanes so ° 


large that human effort is inadequate to 
control them, the paper points out that 
power boost is needed, This writer feels 
that a better solution would be the use of 
entirely power-operated flight controls, 
leaving supervision to the human or auto- 
matic pilot. The reasons for this are as 
follows: With power boost overcontrol often 
results because of lag inherent in the boost 
system or the use of servomechanisms in 
the boost system which are incapable of 
moving the surfaces in response to the fast- 
est rate required; thus the pilot tries to ac- 
complish a given maneuver, the airplane 
does not respond as desired, and so the pilot 
continues to move the controls in a direc. 
tion necessary to accomplish the desired 
result; before he realizes it, the airplane has 
attained an attitude which exceeds that 
which wag desired, and he has to return the 
controls to a point which will give the 
necessary results, Whereas, if servomecha- 
nisms are used, capable of moving the 
surfaces, in accordance with any rate de- 
sired by the pilot, the largest airplane could 
be handled easily, with no sign of overeon- 
trol, 

Incidentally, one gadget which would be a 
great boon to aircraft eleetric equipment is 
a variable-ratio torque=speed converter 
which could be installed on an induction 
motor in a manner similar to a gearbox, 
Such a device would eliminate the greatest 
handicap of induction motors, that is, the 
inability to attain variable-speed output, — 


When considered . 
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y IGHT is usually pro- 

duced through the proc- 
ess of either incandescence 
(which for this general dis- 
cussion may be taken to in- 
clude combustion) or lumi- 
nescence. Sources brought 
to a glowing temperature of 
incandescence are usually 
accompanied by infrared or 
heat radiation and very little ultraviolet radiation. Those 
that produce light through the process generally charac- 
terized as luminescence are electronic devices that may 
produce a good deal of ultraviolet as well as infrared 
radiation. Generally speaking, incandescent sources pro- 
vide continuous spectra, whereas luminescent sources 
provide line or band spectra. Indications of several 
responses to radiation in the ultraviolet, visible, and 
infrared regions dre set forth in Figure 1. 

Radiation between wave lengths approximately 3,800 
and 7,600 angstroms stimulates the human eye to vision. 
This narrow band of about one octave, out of about 80 
octaves of the electromagnetic spectrum, is adjoined 
immediately by shorter wave lengths in the ultraviolet 
region that are applied in producing fluorescence and for 
photochemical and germicidal purposes. It is adjoined 
immediately by longer wave-length radiation that is 
utilized for drying and heat therapy. 

It perhaps will not be out of place to recall further 
that the response of the human eye to radiation within the 
visible spectrum varies greatly for radiation of different 
wave lengths, attaining to a maximum value near the 
middle of the visible spectrum at about 5,550 angstroms 
with a shift of this maximum toward shorter wave lengths 
as intensity is decreased. The relative luminosity curve 
of normal human vision has been established by the Inter- 
national Commission on Illumination as in Figure 2.1 
These are the accepted data for the visual response of the 
human eye to radiant energy of various wave lengths. 

Electric lamps are available in wide variety, having 
different qualities that fit them for application under 
different circumstances for several distinctive purposes. 
In some respects they may be likened to the instruments 
of an orchestra. Each has its place. All fulfill some 
useful purpose. The range of sounds of the orchestral 
instruments from the deepest ‘“‘Sumph” of the contrabase 
tuba to the shrillest note of the piccolo is of the order of 
seven octaves. The composer calls upon them indi- 
vidually and in any combinations to produce desired 
effects. Electric lamps produce radiation of frequencies 
covering a range of like extent from the longest-wave 
infrared of glowing bodies to the shortest-wave ultraviolet 
radiation. The engineer may draw upon the .resources 


subject of this article. 
incandescent, 
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Recent advances in the field of illumination 

before the war and the probable postwar 

developments and applications furnish the 

Arc, tungsten-filament 

infrared, 

sodium-vapor, and fluorescent lamps are 
discussed in detail. 
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of any one or of a combi- 
nation of types of radiators, 
according to the purposes 
to be served. 

Electric lamps that meet 
more or less successfully the 
requirements for radiation 
throughout the entire optical 
spectrum are commercially 
available. Indeed, many of 
these requirements may be served by alternative devices 
that are competitive and that have different character- 
istics, thus affording the engineer a choice of methods. 
The only lack in the materials of illumination is war- 
begotten and temporary. For practically all forms of 
electric lamps have gone to war. The more essential 
types are still being produced, but the number of types 
has been halved. Development of light sources is con- 
fined to military applications. New developments for 
civilian use wait upon victory. Any account of advances 
in light sources at this time must be lacking in news value. 
The principal American lamp manufacturers perform 
exceedingly well the task of supplying to engineers in- 
formative material concerning their several products. 
Their technical and commercial publications are compre- 
hensive and informative, and they have responded help- 
fully to every request of the author for material for this 
article. 


mercury-vapor, 


Arc Lamps 


This oldest of electric illuminants has an interesting 
and honorable record of service in the earlier years of 
electric street lighting—a service that it has relinquished 
for the most part to a younger generation of illuminants. 
In other directions, however, it has become a lively and 
useful device. As a high-power projection source it is 
particularly valuable. In producing ultraviolet radia- 
tion it is also important. The principal American manu- 
facturer of arc carbons indicates that, as is the case with 
most electric illuminants, the electric arc lamp is under- 
going dynamic development, diverted for the present to 
war purposes, but promising for the postwar period. For 
instance: 


For searchlight work, experimental high-intensity carbons have 
doubled present-day performance, attaining to a brilliance of 2,000 
candles per square millimeter, or better. 


Improvements in carbons, in applicable optics, and in methods of 
operation promise delivery of three times as much light to motion- 
picture screens as is attained commercially today. 


High-purity spectroscopic carbons are finding large use for war 
purposes in rapid checking of critical alloys for impurities. This 
method of analysis is used extensively in the aluminum, brass, and 
copper industries and is understood to be coming into extensive use 
in the steel industry. ; 


The carbon arc in latest development gives a close approach to | 
quality of sunlight in the near ultraviolet region that is most effective 
in photochemical reactions. These arcs are used largely in ac- 
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Figure 1. Some effects of radiant energy 


A—Bactericidal 
B—Vitamin D in sterols 
C—Tanning 
D—Photoprinting 


E—Fluorescence—paints 
F—Panchromatic film 
G—Vision 
H—Penetration of cheek 


celerated weathering or fading tests in the protective coating, 
rubber, and textile industries. They are used also for the irradia- 
tion of milk, tobacco, and pharmaceutical products. 


Tungsten-Filament Incandescent Lamps 


In variety, range of sizes, simplicity, readiness of appli- 
cation, and wide acceptability, incandescent lamps are 
of very great importance in electrical service. American 
achievements in production and use of such lamps are 
pre-eminent. The. relatively low American rates for 
electric energy and the relatively low prices for American 
lamps have made possible notable advances in electric- 
lighting practice. Figure 3 shows the cost of producing 
a stated amount of light with tungsten-filament lamps for 
the year 1943 compared with the cost for the year 1921.4 
The entire rectangle represents the cost of light in 1921. 
The rectangle designated A represents corresponding 
1943 cost. The reduction has been accomplished by 
advance in three elements of cost. Improved lamp effi- 
ciency (B) and lowered rates for energy (C) made the 
major contributions. Lowered lamp prices added con- 
siderably to the accomplishment. The combined result 
is that light which would have cost $10.21 in 1921, cost 
$2.86 in 1943. 


TYPES AND SIZES 


It is said that previous to the war there were some 
9,000. distinctive types or sizes of lamps, including many 
for highly restricted applications. Approximately half 
of these types have been eliminated in the process of war- 
time conservation. Among the commonly used types so 
eliminated have been the 50- and 75-watt lamps and 
certain decorative types of lamps. 

On the other hand, it is said that approximately 200 
new types and sizes of incandescent lamps have been re- 
quired for specialized war service. Lamp manufacturers 
have made a real contribution to the war effort through 


1. The development of these new types of lamps as needed. * 


2. Maintenance in high degree of the quality of their products 
despite deprivation of critical materials that to some of us might have 
seemed essential to the production of satisfactory-quality lamps. 


In Figure 4 a cluster of charts shows for the record the 
approximate quantities of certain types of incandescent 


* Tt is stated that a modern bomber plane uses about 200 electric lamps of various 
shapes and sizes. A battleship requires almost 30,000 lamps. A General Sherman 
tank (M-4) uses 27 lamps, and a full armored division requires about 60,000 lamps. 


1506 


Millar—Development in Light Sources - 


Figure 2. Relative luminosity 1.0 
(International Commission on 9 
Illumination standard) 
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lamps sold during the last prewar year, chosen for this 
purpose as being more representative than the subsequent 
wartime years. Not included in these charts, but of 
importance, were 48,000,000 radio-panel lamps and 
256,000,000 Christmas-tree lamps. 

The smallest lamp made is the so-called “grain-of- 
wheat” lamp, employed in surgical work. This consumes 
0.17 watt and produces about one third of alumen. The 
lamp itself is but 0.079 inch in diameter and 0.343 inch 
long. Manufacturers say that if sold by weight this 
lamp would cost about $7,500 a pound, because it weighs 
only 0.06 gram. 

The largest incandescent lamp made is of 50,000 
watts. It has a bulb 20 inches in diameter and weighs 
about 35 pounds. It produces 1,600,000 lumens or 
about the same amount of light as 1,000 100-watt lamps. 
The filament alone weighs about 1.6 pounds. One has 
the impression that this lamp was constructed somewhat 
as a stunt before the war when materials were not limited. 
It certainly has not entered much into practical use. 

The range of application of the incandescent lamp is 
certainly remarkable. This will be appreciated when 
compared, for example, with the present range of other 
types of light sources. . 


RECENT DEVELOPMENTS 


“Recent” in this connection means recently before the 
war. Among recent developments has been the extension 
of the all-glass sealed-beam lamps, devised originally for 
automotive head-lamp purposes in the. 6- to 8-volt range, 
to make them available for 12- to 16-volt range for trucks 


Figure 3. Lamp 
and energy cost of 
light from 60-watt 
specification- 
quality incandes- 
cent lamps (dollars 
per million lumen- 
hours) 


A—Cost of light, 
1943 
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Keductions since 1921 
B—Through lamp 
efficiency increase... 3,39 
C—Through lowered 
rates for energy... 3.33 
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lamp prices. ..... 63 ees vo) wad : 
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Figure 4, Quantities of certain types of tungsten-filament incandescent lamps produced in the United States in 1941 


and +12- to 24-volt range for aviation work, in which 
sizes have gone up to as much as 600 watts. Smaller 
sealed-beam construction lamps were made available for 
aviation fields, spotlights, flashing signal lamps, and so 
_ forth. 
Concentrated high-intensity illumination for indoor 
use and with hard pressed-glass bulb for outdoor use is 
available in reflector-embodied lamps. 


EFFICIENCY 


Incandescent lamps are rated in terms of lumens per 
total watt input. An analysis of the energy input to a 
60-watt tungsten-filament lamp of modern construction 
is shown in Table I.5 

There has been a steady advance in the efficiency of 
light output of incandescent lamps in recent years. The 


r 7.8-lumen-per-watt 60-watt lamp first introduced had 


become a 13.9-lumen-per-watt lamp. The range of 
efficiencies of modern tungsten-filament lamps is from 


4.5 lumens per watt in the case of three-watt 120-volt 


_ lamps to about 36 lumens per watt in the case’ of the 
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 short-life photoflood lamps. 


Among lamps generally 
employed for illumination purposes the range is approxi- 
mately 9 to 21 lumens per watt. It is probably a fair 


_ estimate that incandescent electric lighting is accom- 
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plished with a light-production efficiency of about 13 
lumens per watt. This is comparable to about 40 lumens 
per watt for fluorescent lamps. Maximum efficiency of 
solar radiation has been estimated at approximately 86 
lumens per watt, corresponding to black-body radiation 
at 6,500 degrees Kelvin.§ 


PERFORMANCE 


The characteristic performance of specification-quality 
lamps* of the usual residence-lighting types is shown in 
Figure 5. The 60-watt lamp, the most widely used size, 
declines about ten per cent in lumens to the end of its 
1,000-hour life and about seven per cent in efficiency. 
Rated lives of other lamps range from 2 hours for photo- 
flood lamps to 3,000 hours in the case of some types in 
which replacement is difficult. The life of incandescent 
lamps, of course, depends upon the filament temperature, 
varying inversely as about the seventh power of the lumens 
per watt. For lamps entering into general lighting 


service, conventional rated lives are 1,000 and 750 hours _ 


for residence types, 750 hours for larger commercial 
lamps, 1,500 hours for sign lamps, and 3,000 hours for 
group-replacement street series lamps. 


ee OU AS Se ee Eee ee ee 
* Specification-quality lamps are products which have been made to comply with the " 


requirements of the Federal Specifications for Incandescent Lamps. 
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The simplicity, interchangeability, and convenience 
of application that characterize incandescent lamps have 
led to a great variety of applications in which it has been 
practicable to embody most of the advances of illuminat- 
ing-engineering knowledge with regard to such qualities 
as direction of dominant components of light, degrees of 
diffusion of light, intensities of light, and limitations of 
brightness of exposed sources. The result has been ex- 
cellent advance in electric-lighting practice. 

The convenience and flexibility of the incandescent 
lamp are illustrated in the two-filament three-light type 
which -has attained such large popularity in portable 
equipment in residence lighting. 

Among disadvantages of the incandescent lamp are 
sensitiveness to voltage fluctuations (a 5 per cent decrease 
in volts causes a 15 per cent reduction in light output); 
the production of an undesirable amount of heat incident 
to the lighting process; and the relatively low efficiency 
of light production—low in comparison with some light 
sources, but high in comparison with lamps of a few years 
ago. 

Favorable qualities of incandescent lamps include prac- 
tically instantaneous starting (accompanied, however, 
by a large short-time inrush of current to the cold fila- 
ment); filament thermal lag that reduces cyclic flicker 
in a-c service to an extent that makes it practically in- 
appreciable under ordinary conditions above 40 cycles 
per second; and close approximation to unity power 
factor. The ready facility with which filament lamps of 
different sizes may be substituted for each other must 
count also as an advantage for incandescent lamps. An 
attractive feature of incandescent lighting is the agreeable 
color of the light. Humans have evolved under sunlight 
and firelight. The daylight period has been the occasion 
for all kinds of activities; the firelight period is associated 
with comfort, safety, repose. The two form extremes of 
radiation that approximate black-body character. In- 
candescent electric lamps confront the human mind and 
the human eye with a light color quality that is agreeable. 


INFRARED LAMPS 


The radiation from 7,800 to 20,000 angstroms is some- 
times called the “near infrared.” The region beyond 
20,000 is called the “far infrared.” Glass is practically 
opaque to radiation of longer wave lengths than 40,000. 
Glass filters having high transmission in the infrared and 
high absorption in the visible have been developed. 
Filaments in drying lamps are operated usually at about 
2,500 degrees Kelvin.? Such filament lamps have been 
used successfully for radiant-energy drying in baking, 
heating, and evaporating moisture, and for softening, 
expanding, or treating materials. Sealed drying lamps 
of 500- and 1,000-watt sizes are equipped with cover 
glass of the kind mentioned. 

Tungsten incandescent lamps have peaks in the infra- 
red as shown in Table II. Wave lengths of the order of 
10,000 to 12,000 angstroms produce maximum penetra- 
tion of aqueous bodies. Lamps provide peak penetration 
at about 11,000 angstroms. 

The use of radiant energy from drying lamps? offers 
opportunity for conserving space and for effecting econo- 
mies with increased production in numerous industrial 

drying operations. In manufacturers’ catalogues drying 
lamps are listed in variety that appears to be quite ade- 
quate to all demands. Technical information regarding 
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“ 
their use is supplied in readily usable form. In the appli? 
cation of these lamps there is opportunity for engineering 
ingenuity. Since the materials and the engineering ability 
are available, this application of light sources rapidly is 
assuming great importance.®!0 Manufacturers’ literature 
on the subject features, not without reason, such expres" 
sions as ““The modern way to bake, dehydrate, or dry’’; 
“faster, cheaper, and easier drying, baking, and heating.” 
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Mercury-Vapor Lamps 


The mercury-vapor arc lamp is a remarkably versatile 
device. Its characteristic radiation lines vary in. in- 
tensity with temperature and pressure throughout a wide 
range. The ultraviolet spectrum lies between 4,000 
and 1,000 angstroms.!! Ultraviolet energy from the sun 
reaches the earth’s surface down to wave lengths 2,900 to 
2,800 angstroms. ‘The mercury-vapor lamp can be made 


Table kk Energy Input to Modern 60-Watt Tungsten-Filament 
: Lamp 
Per Cent 
Rated visible spectrums vieic 5 nieis. sels oigoipiw wi eltei dinia eye io inidhes alpteraln net 7,8 
Gas loss—heat convection and conduction... .....--+.6+¢-es++esseeeucuan 13.5 
End loss—conduction by leads and support wires. .......... ee eeeeeeueeees 1.2 
Filament radiation (an additional 6 per cent bulb and base heat absorption 
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Table II. Wave Length of Peak Radiation of Tungsten Incan- 
descent Lamps 


Color Temperature 


(Degrees Kelvin) 5 Angstroms 
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Table II. Mercury-Vapor Lamps Produced in 1942 


Watts Per Lamp Thousands of Lamps Per Year 


Bactericidal Lamps 


Sun Lamps 
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For Illumination Purposes 
Type H 
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This table does not include high-power therapeutic radiators for use under medical 


direction and in certain industrial processes, of which it is understood that more 
than:5,000 were sold in 1942. 
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Table IV. Light-Producing Efficiencies of Principal Type-H 


Lamps vy 
Lamp Rated Initial Lumens Per Watt at 4 
Watts Lumens Per Watt 70 Per Cent Rated Life 
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Table V. Spectral Characteristics of Some Mercury Lamps 


Relative 4,358 Angstroms 5,461 Angstroms 5,780 Angstroms Continuous Relative 
Ultraviolet (Blue) (Green) (Yellow) (Visible) Infrared 
; (Below 3,800 (7,600-26,000 
Watts Angstroms) Lumens Per Cent Lumens Per Cent Lumens Per Cent Lumens Per Cent Angstroms) 
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to radiate within this region, and also in considerably 
shorter wave lengths and in longer wave lengths. 

Radiation in the region 4,000 to 3,200 angstroms is 
most useful for photochemical effects. That between 
3,000 and 2,400 angstroms is valuable for activation of 
vitamin D in sterols. The region below 2,800 angstroms 
is most effective in destroying microorganisms. All of 
these purposes are served by mercury-vapor lamps. The 
low-pressure lamps, with strong radiation in the 2,537- 
angstrom line are of value for bactericidal purposes. 
The sun lamps, with strong radiation at 2,967 angstroms, 
are effective for erythemal, tanning, and antirachitic 
purposes. Both low- and high-pressure lamps have 
usefulness in the photochemical and _industrial-illumi- 
nation fields. The very high-pressure water-cooled lamp 
is a concentrated source of light, valuable for projection 
purposes. Certain smaller mercury-vapor projection 
lamps have a variety of applications, including bactericide 
and theater lighting. 

A mercury arc in a glass tube produces illumination. 
Line that tube with phosphors, and it becomes a fluo- 
rescent lamp. Replace the tube with fused quartz or 
ultraviolet transmitting glass, and it becomes an ultra- 
violet radiator. Yet it is the same kind of mercury arc! 


Quantities Produced. The approximate quantities of 
certain types of mercury-vapor lamps produced during 
1942, as reported by principal manufacturers are shown 
in Table III. 


' FOR ILLUMINATION PURPOSES 


Light-producing efficiencies of the principal type-H 
lamps are listed in Table IV. ‘These lamps require some 
few minutes for starting and, if the circuit is interrupted, 
will not restart immediately. They are, of course, suitable 
primarily for use in industrial installations. They are 
often used in connection with incandescent lamps of high 
wattage to produce better color value and to insure against 
full outage. Abroad, especially in England, these lamps 
have been used chiefly for street lighting. In cities they 
were thought to complement show-window lighting nicely, 
while in suburbs they illuminated the green foliage pleas- 
ingly. 

Color. The color of mercury arcs is so largely sub- 
jective that attempts to compare it with daylight are 
complicated. Buttolph!? makes graphic comparison of an 
incandescent lamp, a sodium lamp, the Cooper-Hewitt 
lamp, and a high-intensity mercury lamp, by assigning to 
the spectral lines widths such that their areas are propor- 
tional to their relative intensities, and the total line areas 
represent the visible energy necessary to produce equal 
luminosities. Trichromatic sensations are hardly appli- 
cable in the case of these line-spectra sources. However, 
in the high-pressure mercury lamps there is shift away from 
shorter- to longer-wave-length energy, and a continuous 
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background appears in the spectrum, with betterment of 
color quality for most illuminating purposes. Some 
spectral qualities of certain high-pressure mercury lamps 
are cited in Table V.?1 


ACTIVATION OF FLUORESCENT MATERIALS 


The high-pressure mercury-vapor lamps that are 
catalogued as H-3, H-4, and H-5 are of high efficiency and, 
producing 3,660 angstroms radiation, are useful for acti- 
vation of fluorescent materials used in theatrical and decora- 
tive work. They are useful too in many photoprinting 
applications that are dependent upon high intensity of 
near ultraviolet. The H-3 lamp is being used in printing 
the sound track on films. The H-4 lamp in a reflector 
red—purple bulb is much used for exciting fluorescence. 

A phosphor designated 360 B-L is utilized in mercury- 
vapor lamps ranging from 3 to 40 watts. It converts the 
2,537 mercury radiation to energy radiated between 3,000 
and 4,200 angstroms with relatively little radiation in the 
visible spectrum. The 2,537 radiation is substantially 
suppressed. This lamp is useful for activating fluorescent 
materials and in certain photochemical processes. A 
four-watt d-c lamp of the type just mentioned is used for 
illuminating airplane instrument panels. 


HIGH-PRESSURE QUARTZ MERCURY-ARC LAMPS 


Ultraviolet radiation from these sources is relatively 
greater than in the low-pressure lamps, though the line of 
greatest radiation may not be so well adapted for some 
purposes while being better adapted for others. These 
lamps, operating at from 10 to 100 atmospheres with 
quartz inner bulb, have spectra that approach the con- 
tinuous with a line spectrum superimposed. The 1,000- 
watt water-cooled lamp produces about 65,000 lumens 
initially at 65 lumens per watt or, if the auxiliary be taken 
into account, at about 54 lumens per watt. It is employed 
in the laboratory, having a life of only about 50 hours. 

High-pressure quartz mercury arcs are used in various 
photochemical works. They are a preferred source for 
irradiating milk and other foodstuffs. They are employed 
in the synthesis of rubber and the curing of enamel coat- 
ings and patent leather, and find wide application in tests 
of fastness of dyes, purity of paints, and aging of fabrics. 
Such sources are used also in blueprint machines, in photo- 


Table VI. Results of Experiments With Hot-Cathode Germicidal 
Lamps 


In a 4,000-Cubic-Foot Room ; 


Watts Per Lamp Equivalent to Air Changes Per Hour 
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Table VII. Typical Phosphors Used in Fluorescent Lamps 


Exciting Range* Sensitivity Peak Emitted Range Emitted Peak 
Phosphor General Color (Angstroms) (Angstroms) (Angstroms) (Angstroms) 
Galcium tungstate s:.). viaje cine alee vrei 2,200-3,000 33800—7, 000 ine eyteretetiers i - 4,400 
Magnesium Cas AAA ates . .2,200-3,200 3;800=/, 200. 2 ai oacnerunbieiiere nee 4,800 
Zine silicate, . pig's <i swe dees GeOMi ie flo ke esiicdube tile ier 2,200-2,960 4;500-6, 200. c(tremoas'- ree tiated 5,250 
Zinc beryllium silicate 2,200-3,000 4500-75200 oie cekere sean eres 5,950 
Cadmium silicates. (0:2 eas fs e\sitie = Yellow-pink. 2.0... sence ce ees 2,200-3,200 A5300=7,200 o.hi ec creels ive monies 5,950 
Gadmium: borate. .....60 0 bee ene Pisakiraonhnes ra hale ban iecosae sree mi giess 2,200-3,600 . 400075200). \f.. 6 ctl svsearteearhy tare 6,150 
360 BL phosphorf#..............-. Bl S UTA gs cen wetter anit 2 DODO a ele inka.c =a eige Vetieleinia ha niet teteterare sits, aie 5 eles aE 3,200=4, 000420 ari canara 3,600 a 


* 2,200 angstroms is lower limit of measurements. 
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printing apparatus, in the activation of vitamin D in food- 
stuffs and in pharmaceutical preparations. 


Sunlamp. Luckiesh# in “Artificial Sunlight” states 
that in summer on a clear day at noon erythemal energy is 
received at the earth’s surface at about equal parts from 
the sun and from the total sky. At other times the ultra- 
violet from the sky exceeds that from the sun. Sunlight 
spectra extend down to about 2,900 angstroms. Porter’ 
describes sun lamps in terms of erythemal power with 
spectral curves. The most powerful wave length in pro- 
ducing erythema is at 2,967 angstroms. The erythemal 
effectiveness curve from 2,800 to 3,180 angstroms is shown. 

There are five sun lamps having different radiation 
characteristics with the $2 lamp producing about one 
third of the ultraviolet that is produced by the others. 
Irradiation of the body is one way to produce vitamin D. 
Coblentz!5 notes that radiation of 2,540 angstroms does not 
penetrate deeply into the skin. Erythemal effects are 
superficial. On the other hand, radiation of 3,100 and 
longer beyond erythemal dosage does penetrate and may 
produce a blister. In addition to application to the 
human body, experiments in irradiating farm animals and 
poultry have produced successful results, as, for instance, 
in increased production and hatchability of eggs.16 These 
lamps offer an alternative method of prevention and cure 
of rickets. 


BACTERICIDAL LAMPS 


Within the ultraviolet range the region 3,000 to 2,000 
angstroms is considered to have germicidal value. * 
Bactericidal action is said to be at a maximum at approxi- 
mately 2,660 angstroms, decreasing for shorter and longer 
wave lengths, but rising again for radiation below 2,375 
angstroms. This is for the generality of pathogenic bac- 
teria concerning which some information is available. 
There are known exceptions. 

Within this bactericidal range the 2,537-angstrom reso- 
nance line of mercury is excellently placed for effective- 
ness. About half the radiation from low-pressure mercury- 
arc lamps is in this 2,537-angstrom band. These lamps, 
equipped with ultraviolet transmitting glass, therefore are 
an efficient and economical source of bactericidal radia- 
tions. They are available in two types as follows: 


Cold cathode, known to the trade as “‘Sterilamp,? is rated at 15 watts. 
It starts at about 575 volts and operates at about two-thirds that 
value. 


Hot cathode, known to the trade as “‘germicidal lamps,” are available in 
30-, 15-, 8-, and 4-watt sizes. Except for the absence of phosphors 
and the use of ultraviolet transmitting glass, they are similar to 
fluorescent lamps. These lamps decline in efficiency with low 


* Mayer! notes that germicidal effects differ with different bacteria. 3,100 angstroms 
is a lethal radiation wave length for some ,but action in other cases has been observed 
at 2,250 angstroms. 
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# Used for exciting fluorescent chemicals, blueprinting, and so forth. 


temperatures. At freezing, the output is 60 per cent; at 0 degrees 
Fahrenheit it is 30 per cent of normal. 


Certain infections, including common colds, are be- 
lieved to be carried by air-borne bacteria or virus. Energy 
radiated in the stated regions offers a practicable means of 
killing such bacteria. Installed in ventilating ducts, where 
that is feasible, or so placed as to irradiate the upper 
stratum of air in a room where there is fair circulation, 
these ultraviolet radiators offer means of purification of the 
air that is analogous to the purification of drinking water. 

Experiments as to the lethal effectiveness of such ultra- 
violet radiation have been made principally with bacilli 
coli, a rather harmless organism having characteristics 
thought to be similar to those of many pathogenic bac- 
teria. Working with these bacilli coli, experimenters have 
reported achievement by these means of an equivalent of 
air replacement of 4,000 cubic feet per minute per person, 
which is 10 to 15 times the actual air replacement needed 
to keep carbon dioxide down to a satisfactory level. It 
has been reported further that one of these ultraviolet 


radiators in an average-sized duct will kill over 90 per cent _ 


of the bacteria in the air passing through the duct at a rate 
of 500 to 600 cubic feet per minute.1” 

A single such radiator irradiating the upper part of an 
average-sized office is said to be capable of reducing the 
bacteria count as much as could be accomplished by 
opening all of the windows on a breezy day. Other re- 
ports are that one small ultraviolet lamp irradiating about 
3,000 cubic feet of air has a sanitary effect equivalent to 
50 or 100 air changes per hour.!8 

Irradiation of the upper stratum of the air in a room for 
bactericidal purposes is sometimes referred to as “sanitary 


ventilation.”’* The effectiveness of such methods is lower we 


when humidity is higher. : 
In certain experiments with hot-cathode germicidal 
lamps the results shown in Table VI have been observed.?9 
There seems to be no doubt that under properly controlled 
conditions such ultraviolet radiation is effective in killing 
air-borne microorganisms and may be used to supple- 
ment other measures for the prevention of cross infection. 
Experiments thus far are promising and indicate the possi- 


bility of a large and useful application in the near future. — 


In places where there is illness or where there are large 
assemblages of people the applicability seems immediately 


indicated. Hospitals, schools, theaters, passenger carriers, ' 


and the like might benefit. Since it has been estimated 


that an average of 400,000,000 colds a year cost the nation © 
half a billion dollars, the prospect of being able to reduce — 


infection through air purification is very attractive. 


It is interesting to contemplate the valuesthat these 


* A popular article describing successful results of experiments in preventing cross 
infections in cases of measles and colds appeared in the New Republic for December 15, 


1941, under the authorship of Bruce Bliven. It was condensed in the Readers’ Digest 


for January 1942, : * 
cH 
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bactericidal lamps may possess for occupants of heated 
submarines and heated cabins of stratosphere airplanes. 
Regions inhabited by mermaids and gremlins may be pro- 
vided with California climate! 


Sterilization. Ultraviolet radiators are entering into 
use in hospital operating rooms for prevention of cross 
infection and of infection in wounds. It is said that a six- 
to-one reduction in the incidence of wound infections in 
certain types of operations has been shown in records of 
two hospitals. Such lamps for use in operating rooms, 
nurseries, and hospital wards, where they are used under 
medical supervision, are listed by the American Medical 
Association as “‘Accepted.”” However, sources radiating 
appreciable energy of wave lengths shorter than 2,800 
angstroms are not recommended for use by laymen for 
therapeutic purposes. 

Smallest of the ultraviolet lamps is an arc in a quartz 
tube within a container that is about 101/, by 3 inches. 
These are provided for treatment of slow-healing wounds, 
abscesses, ulcers, and so forth. 


Miscellaneous Applications. Sanitizing uses to which 
ultraviolet radiators are being applied include: 


Sterilizing special canners’ sugar 
Hospital bathrooms 
Industrial washrooms 

Water sterilization 


Meat storage places 
Restaurants 
Bakeries 


Conservative Application. In the realm of prophylactic 
and therapeutic practice, as well as in the field of health 
generally, a great deal of conservatism is required from 
engineers. A suggestion as to health benefits attributable 
to ultraviolet radiation is likely to give rise to ill-founded 
and extravagant commercial claims by irresponsible people. 
Much of the experimentation in this field has been car- 
ried on by commercial interests that are desirous of selling 
equipment for this purpose. Engineers know leaders in 
this experimental field and respect them. Others, how- 
ever, may draw from their work far-reaching conclusions 
that are hardly justified. It would appear that there is a 
need for more independent disinterested experimentation 
in ultraviolet applications for prophylactic and therapeutic 
purposes. Indications point to an important and growing 

‘field of usefulness for these sources of radiation. It is 
important that it be developed conservatively. Ultraviolet 
radiators are no panacea for either prevention ‘or cure. 
They are useful devices that may be expected to fill an 
increasingly important place in the future. 


Sodium-Vapor Lamps 


Unlike other lamps, the sodium lamp?! is not at all 
versatile. No matter how it is treated, it sturdily insists 
upon radiating its light at 5,893 angstroms. Before the 
war these lamps were being sold at a rate of about 11,000 
a year. They are used for highway lighting and lighting 
of traffic intersections where a different effect is sought in 
order to keep motorists alert. They have also been used 
for lighting railway yards and airfields. The mono- 
chromatic light should have value wherever high visual 
acuity is involved and where the color characteristic is 
unobjectionable. Since the radiation is at a wave length 
close to that of maximum eye response, the sodium lamp 
is a highly efficient illuminant, the 10,000-lumen lamp 
producing light at about 50 lumens per watt with auxiliary 
loss included. 
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Fluorescent Lamps 


The genealogy of the fluorescent lamp traces back to the 
Cooper-Hewitt mercury-arc lamp®? and the Claude neon 
tube.?? Electrically it is an arc discharge through a low- 
pressure atmosphere of mercury vapor and rare gases. 
The literature of the art records the distinguished develop- 
ment of the mercury-arc lamp into regions of higher and 
higher temperatures and pressures with expanding fields 
of usefulness. It records also the advances in sien lighting, 
including the employment of gases or vapors other than 
neon, to produce the ingenious colorful outdoor displays 
with which we in America are most familiar. In the last 
few years these two illuminants, while continuing to serve 
with increasing effectiveness in their distinctive fields, 
have been developed through the addition of fluorescent 
materials, called phosphors, to afford valuable service in 
the field of general illumination. 

As a result there are now mercury-vapor lamps from 
which but little of the light produced in the characteristic 
mercury-radiation lines of the visual spectrum emerges, but 
from which a relatively large amount of light is radiated 
from the fluorescent materials that are activated by the 
ultraviolet energy of the mercury arc. 


Ballasts. To stabilize the arc some form of ballast is 
required. Probably the simplest form of ballast.is the 
series resistance, as now used in d-c service, but, because 
of its energy consumption and consequent reduction in 
operating efficiency, this arrangement finds little use. The 
most commonly used ballast is an inductive reactance, 
obtained either directly in the form of an iron-core choke 
or indirectly through a high-leakage transformer. Both of 
these arrangements unless modified give operating circuits 
of low power factor. 


Starting. Two methods currently are employed for 
striking the are: 


(a). To provide a special initial ionization of the arc stream. 


(4). To apply an initial voltage higher than operating voltage. 


The first was developed in mercury-vapor-lamp practice; 
the second in operation of gaseous-discharge electric-sign 
tubes. 


Superior Efficiency. The greatest advantage of fluores- 
cent lamps over the generally used incandescent lamps is 
the production of two or three times as much light for the 
same expenditure of watts with less accompanying heat. 
This makes practicable the attainment of the higher levels 
of illumination that production efficiency demands where 
efforts are dependent upon visual ease. And this impor- 
tant objective can be attained without overburdening exist- 
ing wiring systems or with lesser wiring costs in new sys- 
tems. Furthermore it makés available an abundance of 
light without undue elevation of ambient temperatures 
and without handicapping air-conditioning systems. 


Output Maintenance. All fluorescent lamps containing 
mercury depreciate in light output as they operate. The 
rate of depreciation varies for tubes of a given diameter 
with the current density and other factors. 


COLOR OF LIGHT 


Synthetic fluorescent materials have been developed to 
produce light of a great variety of colors. These are mixed 
as desired. The generally reported phosphors as com- 
monly used in fluorescent lamps are listed in Table VII. 
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Figure 5. Performance characteristics of 
specification-quality tungsten-filament in- 
candescent lamps 


PER CENT 


PER CENT 


The most largely used fluorescent lamps are of the types 
designated ‘“‘white” and “daylight,” respectively. The 
white lamp produces light of a color that has found wide 
acceptance in industrial and commercial installations. It 
blends well with natural light. Because of the one-tenth 
elemental mercury radiation, it has a barely perceptible 
yellow-green cast that renders it unsuitable for some color- 
critical purposes. The light of the daylight lamp, second 
in popularity, has a similar characteristic but is stronger 
in the blue and less acceptable for use in places of assem- 
blage. 

A fundamental difference between light of fluorescent 
lamps and either daylight or light of incandescent lamps is 
the presence in the former of the spectral lines of the 
normal mercury discharge and a deficiency in the deep 
red.26 

The color difference is somewhat difficult to depict. 
In Figure 6 a comparison is made between spectrophoto- 
metric curves of 


3,500-degree-Kelvin black-body radiator?6 

300-watt tungsten-filament lamp (2,905 degrees Kelvin)” 
3,500-degree-Kelvin fluorescent lamp% 

Noon sunlight29 


The mercury-line radiation is superimposed upon the 
continuous spectrum of the light from the phosphors. 
The vertical bars around lines representing, respectively, 
wave lengths 4,047, 4,358, 5,461 and 5,780 angstroms are 
adjusted so that the enclosed area upon the spectral curve 
indicates the magnitude of the energy radiated in these 
respective lines. Light of day and that from incandescent 
sources lie close to the locus of black-body radiation. 
The light from fluorescent sources has distinctive charac- 
teristics. The effect of the yellow-green mercury lines is 
to exalt the brilliance of corresponding yellow and green 
pigments to a degree that is not experienced in other light 
of equivalent synthetic ocular value. Red pigments 
generally are dull under fluorescent light. 

A so-called “soft-white” lamp, designed to provide more 
acceptable appearance of meats, foods, complexions, and 
so forth, was made prior to the war but has been elimi- 
nated as a part of war curtailment. Its light contained 
more of the orange and light red elements and emphasized 
less the yellow-green colors. At a loss of about 25 per cent 
in efficiency there was achieved a color of light that for 
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100 WATT A2l,A23 
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many purposes was pleasing. When its manufacture will 
become practicable again, something of the kind may be 
expected to be placed on the market. 

Such information as is available indicates that there is 
no material change in the color of light from fluorescent 
lamps throughout their operating life. 


Cyclic Flicker. In lamps that operate on 60-cycle 
current, the arc is extinguished 120 times a second. 
The visible radiation from the phosphor that produces 
blue light varies almost instantly with the change in acti- 
vation. The light from other phosphors lags a bit but 


follows the variations in activating energy very largely. 


The result, on alternating current, is a pronounced cyclic 
flicker of light modified by a slight color flicker. On 60- 
cycle circuits the relative cyclic flicker expressed in per 
cent deviation from mean light output has been found to be 
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Figure 6. Comparative spectral distributions 
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Table VIII. Relative Cyclic Flicker on 60-Cycle Circuits 
Per Cent Deviation From Mean Light Output 


Relative Cyclic 


Light Source Fluctuation 
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approximately as shown in Table VIII.*?. Uncritical 


observers may ignore such light flicker, especially in in- 
stallations in which the need for refinement in lighting 
results is not very urgent. In critical service, however, it 
requires to be modified to lessen its stroboscopic effects. 

The cyclic light flicker may be reduced to an unobjec- 
tionable level where several lamps are used to illuminate 
the same area if, polyphase service being available, the 
several lamps are connected to different phases, thus off- 
setting the maximum—minimum extremes of light pro- 
duction.* ‘This arrangement, however, leaves the power 
factor unsatisfactorily below unity and in need of correc- 
tion. 


Brightness. The brightness of white and daylight 
fluorescent lamps is close to the acceptable limit of exposure 
in the field of view.. It is so close indeed that in the 
industrial installations where ceilings are of good light 
reflectance and the fluorescent lamps are mounted high 
and cover a large part of the ceiling area, some think it 
acceptable to operate the lamps unshielded. It is the 
consensus of opinion, however, that in other installations the 
lamps should be shielded to reduce their brightness to 
acceptable values. This becomes especially important 
where exacting visual tasks are performed and where the 
lamps may enter into the ordinary field of view. 


Viston Under Fluorescent Lighting. Through experi- 
ments and reasonable deductions, it has been concluded 
that there is no appreciable difference in vision attribu- 
table to the differences in quality of light from, respectively, 


“daylight” fluorescent lamps and _ tungsten-filament 
lamps.*° 
Design. Apparently in several important aspects of 


fluorescent lamp design, there is an optimum above and 
below which less favorable results are obtained. This 
seems to apply to tube dimensions, arc current, activating 
energy, combination of phosphors, and so forth. 


In Critical Installations. Humming noises from auxil- 
iaries and radio interference are aspects of fluorescent- 
lighting equipment that must be guarded against in criti- 
cal installations, as in home-lighting service. 


Types of Fluorescent Lamps. There are available cur- 
rently three forms of fluorescent lamps evolved through the 
lines of descent that have been described. They are, 
respectively, the multiple Jow-voltage hot-cathode lamps; 
the higher-voltage cold-cathode lamps, and the rectified 
low-voltage hot-cathode lamps. Statements in the fore- 
going discussion of “Fluorescent Lamps” are generally 


* For other means of obviating objectionable flicker, see discussion under multiple 
low-voltage hot-cathode lamps. 
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applicable. On the following pages are comments that 
apply only to one or another of the types. 


MULTIPLE LOW-VOLTAGE HOT-CATHODE: 
FLUORESCENT LAMPS 


Some of the electrical features of these lamps are con- 
sidered in the discussion of mercury-vapor lamps. The 
range of these fluorescent lamps for general illumination 
purposes at present is from 15 to 100 watts. The 15- to 
40-watt sizes, inclusive, fit standard lamp holders. The 
larger-size lamps fit into Mogul lamp holders. These 
lamps, however, are not generally interchangeable as to 
size. Because of different lengths, spacings between 
lamp holders are different. There also are four-, six-, and 
eight-watt lamps that fit into miniature lamp holders. . 


Transformers. The 15- and 20-watt lamps that do not 
require higher than line volts for starting are operated 
without transformers. The 30- and 40-watt lamps, re- 
quiring a minimum of 200 volts open circuit for depend- 
able starting, are provided with transformers for operation 
on 120-volt circuits. They may be operated without 
transformers on the 208-volt supply lines that commonly 
are available in both industrial and commercial installa- 
tions. The 100-watt lamp is sometimes operated without 
transformers, the lamps being connected two in series and 
operated with proper ballasts from a 265-volt source that is 
available in many industrial installations. (Phase voltage 
corresponds to a 460-volt four-wire three-phase supply.) 
Special four-lamp ballasts are available for this application. 


Ballasts. Growing out of practice in the operation of 
high-intensity mercury lamps*! has come the operation of a 
pair of lamps on a ballast in which a capacitor is used to 
provide a lead current for one lamp that is out of phase 
with the lagging current of the other lamp.» A compensa- 
tor is placed in this lead lamp circuit to insure adequate 
preheating of the electrodes. Such operation insures both 
satisfactory power factor and adequate reduction of the 
magnitude of light flicker. From the better power factor 
come reduced wiring costs and advantage for generating 
and distributing equipment. From the reduced light 
flicker come diminished stroboscopic effects that otherwise 
would be objectionable in critical installations. This 
type of corrected auxiliary is very generally used. 

The four-lamp ballast for 100-watt lamps previously 
mentioned accomplishes similar power-factor and light- 
flicker corrections. It achieves a small gain in lumens per 
watt of the lamp and its equipment. 


Flicker Correction. In discussion of fluorescent lamps 
in general, the magnitude of cyclic fluctuations of the 
light of fluorescent lamps was compared with that of in- 
candescent lamps. The advantage in light-flicker re- 
duction accomplished through the use of twin lamp 
ballasts is shown in Table VIII. 


Starters. A starter in the circuit of each lamp delays 
for a few seconds the application of voltage while the 
electrodes are being preheated. This delayed start is not 
necessary but is provided in the interest of good perform- 
ance of the lamp. Failure of the lamp usually occurs 
through decline of the emissivity of the electrode. The 
rate of this decline is greatly affected by the number and 
frequency of starts. In the laboratory with one start every 
three hours, a life of well over 3,000 hours is obtained. A 
starterless ballast is practicable but in the present stage of 
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development is not advisable because of impairment of 
lamp life. 

Because the starting current is about double the operat- 
ing current, the ballast of fluorescent lamps will become 
overheated if a deactivated lamp is permitted to remain 
in the circuit. To obviate possible difficulties, a type of 
starter recently put into production includes a thermal 
switch in series with the starter timing switch. When the 
fluorescent lamp fails and the starter makes a few attempts 
to establish the arc, the resultant heat opens the thermal 
switch which remains open until the failed lamp is replaced. 
This eliminates the flow of current through the lamp auxil- 
iary, reducing the watts dissipated at the transformer. 
An extinguished lamp seems a more acceptable signal for 
replacement than does a blinking lamp. And the likeli- 
hood of damage through elevated temperature in the 
ballast is eliminated. These ‘“‘no-blink”’ starters are now 
available for 40- and.100-watt lamps. They are available 
in both the automatic and the manual reset type. 


Efficiency. The optimum operating temperature for 
hot-cathode fluorescent lamps is an ambient of the 100 
to 120 degrees Fahrenheit range. Above and below this 
range the output and the efficiency fall off. Only 25 to 
35 per cent of the total energy dissipated is radiated from 
fluorescent lamps in the infrared region. Amick analyzes 
the 40-watt input as given in Table IX. 

It is evident that in comparison with the gas-filled 

tungsten lamps, in which 60 to 75 per cent of the energy is 
radiated in the infrared region, the light from fluorescent 
lamps is relatively cool light. According to this analysis, 
about 18.5 per cent of the applied watts is converted in 
these fluorescent lamps into light within the visible spec- 
trum. : 
The rating of these lamps as to light-output efficiency is 
customarily based upon the watts delivered to the lamp, 
exclusive of that absorbed in the auxiliaries, which for two 
lamps on a “‘tulamp” ballast is about 17 watts. This 
form of rating is used presumably because the watts dis- 
sipated in the auxiliaries depend upon the type of auxiliary 
used. On this basis the 40-watt white lamp, after the de- 
cline of its initial 100-hour period, produces approxi- 
mately 52 lumens per watt. The manufacturers seem to 
feel that a ten per cent increase is probable in this effi- 
ciency of light production. The depreciation in efficiency 
at 70 per cent of rated life is about 15 per cent. This the 
manufacturers believe that they are on the way to improv- 
ing quite appreciably, perhaps cutting the rate of decline 
almost in half. 

These fluorescent lamps are quite sensitive to changes 
in temperature of ambient. For specimen lamps of sev- 
eral sizes ranging from 15 to 100 watts as produced in 
1941, the variations under reasonable test conditions are 
as vous in Figure 8. Within the usual range of indoor 
temperatures, say 50 to 90 degrees Fahrenheit, variations 
in efficiency are not more than five per cent. 

The sensitiveness of these lamps in this respect is a night- 
mare to photometrists who seek reproducibility of test 
results. With temperature and other conditions well- 
controlled in a laboratory, variability due to changes in 
the ambient temperature is minimized in the case of bare 
lamps. When, however, these lamps are used in any kind 
of housing or in a reflector, the temperature of the ambient 
varies with the type and position of the enclosure. In such 
case it is important to be sure that.the lamp is operated in 
the same position as that in which it will be used and to 
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make photometric measur ements without alteration of 
that position. 


Use of the hot-cathode fluorescent lamps outdoors in 


cold weather is inadvisable unless special precautions are 
taken to avoid starting troubles. 


Applications. ‘The use of fluorescent lighting was 
growing by leaps and bounds until the war put an end 
to its development except for Government and waré 
production purposes. 
tions have been limited chiefly to such uses. Most recent 
experience therefore has been in industrial and Govern- 
ment office-building lighting. When materials and 
manufacturing facilities are released from war service, it 
is probable that the rapid increase of prewar months will 
be resumed and accelerated in industrial and commercial 
lighting fields. a 

Many people also are looking for extensive develop- 
ment of fluorescent lighting in residences. In the utility 
rooms of the home, as the kitchen and laundry, fluorescent 
lamps may be expected to find ready application. It seems 
apparent that in new or reconstructed buildings long 
slender sources can be embodied architecturally to secure 
effects that may be wanted in some cases. High voltages, 
however, are to be avoided. When portable lamps and 
attached lighting fixtures are considered, the large physical 
dimensions of the fluorescent lamps required to secure 
adequate light flux seem likely to intrude as a difficulty. 
Small sources that lend themselves to dainty and graceful 
structures for small rooms are desirable. Circular fluores- 
cent lamps that may become available will approach this 
objective, but it will be difficult to get enough light from 
them to provide general illumination. 

In case these difficulties are overcome, there still will 
remain the question as to the desirability in most cases of 
trying to substitute fluorescent for incandescent lamps in 
the home. 
well done and to serve for satisfactory lighting, it seems 
likely to be more costly than incandescent lighting. It 
will be more complicated, and the acceptability of the 
color of fluorescent light remains to be established. Doubt- 
less when the war is over, light of color that will be more 
pleasing for residence use than is the present “white” 
lamp will be made available. Perhaps the former “soft 
white” will be restored. So long, however, as the radia- 


tion in the characteristic mercury lines produces something — 


like ten per cent of the total illumination, the acceptability 


of fluorescent light for other than utilitarian rooms of the 


home may be questioned. sy 


Prospect as to Types of Fluorescent Lamps. 
has been toward bigger and better fluorescent lamps, but 
the optimum size may already have been reached. As 


with illuminants in general, economical lighting is achieved © 


through standardization upon a few types that can be pro- 
aug in large quantities. 


Table IX. Analysis of 40-Watt Input of Hot-Cathode Fluorescent 
Lamps 3 


Conversion of Energy 
Within the Lamp 


(Watts) (Watts) 
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In the last two years new installa- 


If the fluorescent-lighting equipment is to be — 
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The trend? 4 


As always, there isa demand 


for specialty lamps to meet special requirements. As 
always too, something that is different can be sold merely 
on the ground of difference. Conspicuous among the de- 
sires that have been expressed is that for circular lamps, 
already mentioned. The manufacturers report that they 
can make such lamps when the war is over, but they ap- 
prehend that the cost will be relatively high, and the de- 
mand for them may be less than some people expect. 

It might appear that the production of circular fluores- 
cent lamps is likely to be attended with considerable diffi- 
culty. There will be questions as to the kind of ballasts 
and starters to be used, and as to provision for minimiza- 
tion of radio interference and cyclic flicker, as well as for 
good power factor. The type of lamp holders to be used 
and their location may offer some difficulty. It would 
seem also that the manufacturing process might be more 
complicated in some particulars than for straight-tube 
lamps. On the whole, higher cost and possibly less satis- 
factory performance are to be expected from circular lamps. 


Cooper-Hewitt Rectified Fluorescent Lamps. In the origi- 
nal Cooper-Hewitt mercury-vapor lamp*? a-c operation 
was accomplished by resorting to a rectifying circuit that 
provided a pulsating d-c discharge through the lamp. 
Recently this type of lamp has been equipped with phos- 
phors for production of fluorescent light for industrial in- 
stallations. ‘There are 85-watt lamps rated at 4,000 lu- 
mens, 47 lumens per watt for the lamp alone. These lamps 
are available in two colors, the one called blue-white and 
the other called industrial white. The blue-white lamp 
“emphasizes the cooler end of the spectrum.” The in- 
dustrial white lamp gives a somewhat whiter light. A 
capacitor in the circuit contributes to producing a 90 per 
cent power factor. The maximum over-all length of the 
lamp is 571/, inches. The length of light source is about 52 
inches, The diameter of the luminous part of the tube is 
11/,inches. The lamp has a cathode and a pair of anodes. 
- There is a flow of current through the lamp, first, for a 
half-cycle from one anode and then for the other half- 
cycle from the other anode to the cathode. Starting volt- 
age is approximately 21/, times the normal operating 
voltage. There is a delay in starting for a few seconds in 
order to permit the cathode to attain emitting temperature. 
_A bimetal delay element protects the lamp until the 
cathode attains satisfactory temperature. It is understood 
that manufacture of fixtures for these lamps is suspended 
for the duration. 


HIGH VOLTAGE-COLD-CATHODE FLUORESCENT LAMPS 


The high-voltage cold-cathode fluorescent lamps** are 
the immediate outgrowth of gaseous-discharge sign equip- 
ment developed in recent years as small-diameter tubes, 
filled first with neon and then with mercury or argon or 
helium to produce light of different colors for display pur- 
poses. They have been evolved out of outdoor apenas 
practices. The availability of efficient phosphors for lining 
the long small-diameter tubes employed in sign work made 
it practicable to utilize such tubes in providing general 
illumination. : 


Electrical Features. These tubes are operated upon 
transformers providing secondary voltages up to 15,000, 
sufficient voltage being provided for striking the arc. The 

transformers usually are of 60- to 120-milliampere ca- 
pacity. Relatively large electrodes are used, usually in the 
form of metal cylinders. These operate usually at about 
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150 degrees centigrade. The starting voltage is perhaps 
11/, times the operating voltage. 

There is a drop of about 130 volts per pair of electrodes 
operating at 100 to 120 milliamperes. The current must 
be kept low in order that the watts loss at electrodes may 
not be excessive. Yet for satisfactory efficiencies one 
manufacturer recommends that the 25-millimeter tubes 
should not operate at less than 100 milliamperes, and the 
20-millimeter tubes at not less than 90 milliamperes. 

As the voltage drop at the electrodes of long tubes is no 
greater than that of short tubes, recourse is made to long 
tubes and high voltages where attainment of good effi- 
ciency is sought. Ata given current the voltage drop for a 
tube of large diameter is smaller than for a tube of smaller 
diameter. In the interests of efficiency the diameter of the 
tube is made small in order that the current per unit of 
cross section may approach the optimum. These rela- 
tively high voltages for starting and for operation formerly 
were frowned upon for indoor service. However, subject 
to precautionary restrictions, they are permitted in the 
National Electrical Code, with the result that high-voltage 
cold-cathode fluorescent lighting has entered quite ex- 
tensively into industrial- and commercial-lighting service. 
Whether or not required, it would seem to be desirable to 
install some form of automatic circuit breaker on the 
primary side of the transformer to operate in case the lamp 
circuit be opened. 

The cold-cathode high-voltage lamps start instantly 
without need for preheating devices. 

High-voltage cold-cathode fluorescent lamps generally 
have been assembled in the installation, with total length 
of tubing adapted to the space to be illuminated. ‘Tubes 
lined with fluorescent powders have been welded and 
assembled as required. Often there has been reliance 
on the ceiling as a reflector. This sometimes presents an 
appearance that is an improvement over that of fluorescent 
units having their own reflectors. But it affords less ease 
of cleaning and sacrifices light redirection in most cases. 

These long slender tubes lend themselves readily to a 
wide field of custom construction. With the skill de- 
veloped in sign work the manufacturers may be expected 
to show facility in providing a variety of shapes and sizes 
of tubes for special purposes, including conformity with 
architectural contours. 


Performance. Custom assembly of tubes from various 
sources is subject to variables that make it difficult to arrive 
at typical performance statistics. There has been very 
little standardization of a kind that makes possible precise 
statements as to efficiencies. These may vary through a 
considerable range, being involved with’ extent of trans- 
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former loss, voltage, and current. Best efficiency of light 
production, other things being equal, is found in longer 
lamps. 

Among the most commented-upon installations is that 
of the I-T-E plant in Philadelphia, in which, after a 
period of operation, light was found to be produced at a 
rate of about 266 lumens per foot from tubes operating at 
about 100 milliamperes. The efficiency, including a 
12,000-volt transformer loss, was about 39 lumens per 
watt, An average of about 35 foot-candles of illumination 
was produced, 

Generally speaking, the brightness of these tubes is of 
about the same order as that of 40-watt low-voltage hot- 
cathode Jamps. The light produced per foot is about one 
half, and the projected area of the smaller-diameter tubes 
is less. 

The length of life is dependent somewhat upon the’ 
current density, but in practice has been found to be very 
long—several times that of the life of the low-voltage hot- 
cathode lamps. Whether this long life is or is not an ad- 
vantage ig a question, It reduces maintenance cost, but 
the very lack of maintenance may accelerate the rate of 
decline of useful light output. That decline, aside from 
dust obstruction, as in the case of all mercury-vapor lamps, 
ig something to be considered, It may result after a long 
life in a lumen output reduced to two thirds of initial. 
This will raise a question of an economical “smashing 
point’ before expiration of normal hours life. 


PA Standard Unit. The recently organized Fluorescent 
Lighting Association is engaged in standardizing cold-cath- 
ode units that can be produced in complete form in fac- 
tories and shipped ready tor installation. ‘These include an 
eight-foot Unit, the luminous part of which is about seven 
feet, nine inches, in length. The tubes are 20 or 25 milli- 
meters in diameter, ‘hese standard tubes may be con- 
nected in series on one transformer with power-factor cor- 
rection in any number of tubes from 2 to 12, Twelve of 
these 93-inch tubes will operate on a 12,000-volt trans- 
former, the operating voltage being approximately two 
thirds of the striking voltage. There are other tubes being 
standardized of the following sizes: 


84-inch, known as the seven-foot lamp 
76-inch, known as the six-foot lamp 
52rinch, known as the four-foot lamp 


Some manufacturers are understood to be developing a 
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system of ballast and pairs of cold-cathode lamps utilizing 
the same lengths of lamps as for the series arrangement, 
but perhaps adding an 18-millimeter tube in the 76-inch 
lamp.*4 These will be corrected both as to power factor 
and flicker. The different lengths of lamps will not differ 
much in light output but will differ principally in bright- 
ness. ‘ 


ve 


General Considerations 


ILLUMINATING ENGINEERING 


After the war the engineer will have at his disposal a rich 
assortment of illuminants with which to contribute to the 
efficiency of industry and business, to the safety of traffic, 
to the beauty of decoration, and to the comforts of living. 
Abundant low-cost reliable sources offer favorable op- — 
portunity for accelerated development of the application of 
light. Illuminating engineering practiced as a peaceful 
art is one of those enterprises that offers advantage for 
everybody affected—the engineer, the manufacturer and 
distributor, the supplier of power, and, most important, the 
public. It is therefore a favorable circumstance that so 
many varied and effective sources of light are or will be 
available. 


PROPRIETY IN REPRESENTATIONS 


Some of the effects of radiant energy are not easily as- 
certained or measured. They are involved in recondite 
knowledge that is obscure to the public. The public 
easily may be confused as to these effects and is likely to 
be misled by glib representations having a pseudoscientific - 
appearance. For instance, it is possible to represent al- 
most any different kind of radiation that affects the visual — 
organs as being “easier on the eyes” and to get.a certain 
segment of the public to acquiesce in the assertion and to 
reassert it quite irrespective of the facts. Invisible radia- ‘ 
tion is even more incomprehensible to the public. lta 
shares with real medicines and quack nostrums the in- 
fluence of the faith curve. Ifit be represented to the public 
as a valuable prophylactic or therapeutic agent applied in tC 
certain cases of disease, some part of the public will accept _ 
the statement and feel convinced that its experience has 
confirmed the assertion, quite irrespective of oy fee of eM 
the case. S 

Electric energy converted into radiant energy is sane 
ing immense services to the public. It is likely to -be.more 2 
rather than less serviceable in the future. Strong represen-_ 
tations as to its value and usefulness may be made with full 
propriety and with public benefit. But misrepresen 
tions can only impede its growth in usefulness. Be: iy 


trialists and engineers who have had to forsake Re: 
peace to put down the threat of aggressor nations a 
our way of life. 
they will turn back to the further development « 
sources. Then if care is'not taken, they may fin 
situation confused by misrepresentation in these ma 
that the public does not understand. 


cable to encourage valid significant ieee 
ing light sources in order to afford the public best p 
able guidance. The engineering profession and t 
lighting industry ought to earn and safekeep a high de 


of public confidence in its assertions. Means should be 
found for discriminating between valid reasonable repre- 
sentations and those that mislead. 
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Continuous rows of twin 40-watt fluorescent units illuminate this modern industrial plant to a level of 30 foot-candles. Mounting 
: height is 22 feet and spacing between rows 13 1/2 feet 
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Report of the Board of Directors 


HE BOARD OF DIRECTORS of the 


American Institute of Electrical Engineers 
presents herewith to the membership its 
60th annual report, for the fiscal year ending 
April 30, 1944. A general balance sheet 
showing the condition of the Institute’s 
finances on April 30, 1944, together with 
other detailed financial statements, is in- 
cluded herein. This report contains a 
brief summary of the principal activities of 
the Institute during the year, more detailed 
information having been published from 
month to month in Electrical Engineering. 


BOARD OF DIRECTORS MEETINGS 


The board of directors held four meetings 
during the year, three in New York, N. Y., 
and one in Cleveland, Ohio. Two execu- 
tive committee meetings were held. 

Information regarding many of the more 
important activities of the Institute which 
have been under consideration by the board 
of directors and the committees is published 
each month in the section of Electrical 
Engineering devoted to Institute activities. 


WAR ACTIVITIES 


The Institute has continued to co-operate 
as fully as possible in undertakings connected 
with the war efforts, in accordance with the 
policies previously adopted. 

In the programs of national and District 
meetings, major emphasis has been placed 
upon technical papers closely related to war 
efforts. Many sessions and conferences in 
these meetings have been devoted to such 
topics as substitution of materials, defense 
lighting, electric equipment for military 
aircraft, emergency loading of transmission 
systems, distribution systems in wartime, 
problems of engineering education, and 
technical personnel in wartime. 

Institute committees have prepared many 
guides and reports covering the economical 
application and operation of electrical ap- 
paratus under emergency conditions. 

The extent and variety of types of assistance 
performed by the Institute are shown in a 
chart on page 413 of Electrical Engineering for 
September 1943, under the title, ““AIEE 
Wartime Engineering Activities Outlined.” 


PLACES VISITED BY PRESIDENT FUNK 
Connecticut 
Connecticut Section, New Haven 
Florida 
Florida Section, Jacksonville 
Georgia 
Georgia Section, Atlanta 
Illinois 
Chicago Section 
Urbana Section 


Indiana 


Central Indiana Section, Indianapolis 
Fort Wayne Section 


Kansas 

Wichita Section 

Louisiana 

New Orleans Section 
Maryland 

Maryland Section, Baltimore 
Massachusetts 


Boston Section 
Lynn Section 
Pittsfield Section 
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Springfield Section 

North Eastern District technical meeting, Boston 
Minnesota 

Minnesota Section, Minneapolis 

Missouri 

Kansas City Section 


Nebraska 
Nebraska Section, Omaha 


New York 

Ithaca Section 

New York Section : 
Niagara Frontier Section, Buffalo 
Rochester Section 

Schenectady Section 

Winter technical meeting, New York 
North Carolina 

North Carolina Section, Raleigh 
Ohio 

Cincinnati Section 

Cleveland Section > 
Columbus Section 

Dayton Section 

Mansfield Section 

Toledo Section 

Pennsylvania 


Erie Section 

Lehigh Valley Section, Bethlehem 
Philadelphia Section 

Pittsburgh Section 

Sharon Section 

Rhode Island 


Providence Section 


South Carolina 
South Carolina Section, Columbia 


Tennessee 


Chattanooga 


East Tennessee Section { 5 
Knoxville 
Texas 


Houston Section 

North Texas Section, Dallas 

South Texas Section, San Antonio 

Utah 

Pacific Coast technical meeting, Salt Lake City 
Virginia 

Southern District technical meeting, Roanoke 
Wisconsin 

Madison Section 

Canada 

Montreal Section 


ANNUAL MEETING 


The annual business meeting of the 
Institute was held Tuesday morning, June 
22, 1943. The annual report of the board 
of directors for the fiscal year which ended 
April 30, 1943, was presented in abstract 
by the national secretary. During this 
meeting a token of appreciation, in the form 
of an engraved certificate, was presented 
to National Treasurer W. I. Slichter, in 
recognition of his long and active service to 
the Institute. The occasion was the 25th 
anniversary of his election as an officer of 
AIEE. National Treasurer Slichter gave 
a report on the finances of the Institute. 
The report of the committee of tellers upon 
the election of officers for the year beginning 
August 1, 1943, was presented, and Presi- 
dent-Elect Funk responded to his introduc- 
tion with a brief address, 

An unannounced item of the meeting was 
the introduction of Colonel John Millis 
(A’84, M?’85), senior surviving member 
of the Institute, who responded with ap- 
propriate remarks. Howard Whipple 
Green, director of real-property inventory, 
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city of Cleveland, gave an address on “‘The 
Fact Basis for Community Planning.” 
National prizes for papers presented in 1942. 
were awarded, and the Lamme Medal for 
1942 was presented to Joseph Slepian, 
associate director of research, Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh, Pa. The meeting was concluded 
with the presidential address by H. S. 
Osborne, entitled “Planning for Things to 
Come.” 
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NATIONAL TECHNICAL MEETINGS i 


Three national technical meetings were 
held during the year, and a brief report on 
each follows: 


Summer Technical Meeting. The 59th sum-— 
mer technical meeting was held in Cleveland, 
Ohio, June 21-25, 1943. In addition to 
the annual business meeting and the con- 
ference of officers, delegates, and members, 
there were 26 sessions and conferences with 
approximately 80 technical papers and 
informal conference presentations, At the 
general session, attention was focused on the 
subject “The Engineer’s Relation to Inter- 
American Affairs.” Feature addresses were 
delivered by Major General Julian L. 
Schley, director: of transportation for the 
Office of the Coordinator of Inter-American — 
Affairs, and R. E. Zimmerman, vice- 
president in charge of research and tech- 
nology, United States Steel Corporation. 
A dinner conference was sponsored by the 
AIEE and Cleveland Section, Institute of 
Radio Engineers, at which Raymond Guy, . 
National Broadcasting Company, gave an 
address entitled “Frequency Modulation 
Versus Amplitude Modulation at High — 
Frequencies.” Because of wartime restric- 
tions, only tw. inspection trips, both directly 
associated with technical conferences, were 
held. The registration for the summer 
technical meeting was 1,170. ed 


Pacific Coast Technical Meeting. The 31st ~ 
Pacific Coast technical meeting was held in 
Salt Lake City. Utah, September 2-4, 1943, 
with a registration of approximately 200. 
There were five technical sessions, five 
technical conferences, and a student luncheon 
conference at which N, E. Funk, president, 
AIEE, gave a brief address, and H. H. 
Henline, national secretary, spoke on the 
organization and work of Student Branches. 
There were inspection trips to the United 
States Bureau of Mines and the University — 
of Utah; an organ recital; and a get- 
together dinner, followed by an illustrated 
lecture, “Exploring Your Back Yard,” by 
R. E. Marsell, professor of geology, Uni- 
versity of Utah. ; sy 


Winter Technical Meeting. The 32nd winter 
technical meeting was held in New York, 
January 24-28, 1944, with a program includ- 
ing 14 technical sessions and 12 conferences, 
at which 69 papers were presented. At a 
general session an address was given by 
Willard Chevalier, publisher of Business 
Week and vice-president of McGraw-Hill 
Publishing Company, Inc.,” entitled “The 
Engineer in America’s Business Future.” 
During this session, the Edison Medal was 
presented to Vannevar Bush, president, - 
Carnegie Institution of Washington, D. C., 
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and director of the Office of Scientific Re- 
search and Development. 

There was an inspection trip to the New 
York Navy Yard, under the direction of 
Captain H. G. Rickover, head, electrical 
section, Bureau of Ships, for especially se- 
lected and invited teaching personnel from 
colleges in which Navy Specialized Training 
Programs were being conducted. Captain 
Rickover addressed this group at a closed 
meethig the following day, and at an open 
eyening meeting spoke on “Electricity on 
Shipboard.”” These meetings were spon- 
sored by the AIEE committee on education 
and the training division of the Bureau of 
Naval Personnel. A smoker constituted the 
only entertainment event. The registration 
for the winter technical meeting was 1,658. 

The principal speaker at the joint AIEE- 
IRE evening session was Major General 
Roger B. Colton, Signal Corps, United 
States Army, who discussed ““Enemy Army 
Communications Equipment.’ Supple- 
menting General Colton’s address, there 
was an exhibit of captured enemy equip- 
ment and United States equipment on 
display during the latter half of the ‘meeting 
weck, 


DISTRICT TECHNICAL MEETINGS 


Southern District Technical Meeting. This 
meeting was held in Roanoke, Va., No- 
vember 16-18, 1943, and included four 
technical sessions at which 13 papers were 
presented; a general session with an address 
by President Funk; two evening sessions, 
one of which was a dinner meeting; anda 
student conference with three papers by 
students. At the dinner meeting, Lieutenant 
Colonel M. P. Chadwick, Signal Corps, 
and Captain H. G. Rickover, Bureau of 
Ships, were the speakers. At the other 
evening meeting, E. H. Alexander, General 
Electric Company, Schenectady, N. Y., spoke 
on “Electronics in Industry.” The at- 
tendance at the Southern District meeting 
was 220. 

North Eastern District Technical Meeting. 
At this meeting, held April 19-20, 1944, 
there were seven sessions with 40 technical 
papers and a student session. The 60th 
anniversary of the Institute was observed at 
a special session with addresses by President 


‘Funk and David C. Prince, vice-president, 


General Electric Company. Edward J. 
Foley, of the American Air Lines, postwar 
committee, spoke on “‘The Future of Aero- 
nautics.””’ Following the presidential re- 
ception and get-together dinner, William S. 
Newell, president, Bath Iron Works, gave 
an address entitled ““Some Thoughts on the 
Future.” The attendance at this District 
meeting was 630. 


SECTIONS 


7. Sections Programs. The Sections have 
been generally following a program of 
carrying on a reasonable amount of activity, 
helping with the war effort wherever pos- 
sible, and keeping in mind the educational 
and other values inherent in these activities. 
Considerable effort has been made to retain 
the diversified interest of the older members, 
as well as to attract the new and younger 
members. All Sections have a keen appre- 
ciation of the importance of the continuation 
of the war effort. A great many programs 
haye been devoted to air transportation, 
various phases of instrument manufacture 
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and their application, the theory and appli- 
cation of electronics, communications, con- 
servation of critical materials, production 
clinics, and other subjects connected with 
the war. 


2. Development of Technical Groups. As 
part of the plan to retain the diversified 
interest of members, the Sections committee 
prepared a folder, ‘Technical Groups,” which 
was distributed to all Section officers on 
January 10, 1944, The Section’ committee 
also is. making individual contacts with 
certain Sections where there is a possibility 
of the successful operation of technical 
groups. The possibility of forming groups 
on air transportation, electronics, and in- 
struments and measurements is being 
encouraged in this manner. The value of 
such technical groups is being more generally 
recognized. At the present time, there are 
27 technical groups in active operation, and 
several Sections are considering the ad- 
visability of forming other groups. 


3. Subsections. One of the most valuable 
means of accomplishing the objective of the 
Institute is to provide meeting places at 
which papers on electrical-engineering sub- 
jects can be presented and discussed. Sub- 
section operation provides this opportunity 
in localities distant from the regular Section 
meeting places, especially necessary in these 
times of increasing transportation difficulties. 
Subsection operation is gaining in popu- 
larity since the distribution of the folder, 
‘**Subsections,” in March 1943. The Sec- 
tions committee is individually considering 
the possibilities of 26 locations in the terri- 
tories of these Sections where there are 
possibilities of successful Subsection opera- 
tion. At the present time; there are six 
Subsections in active operation and two 
Subsections in process of being formed. 


4. Section Territory in the United States 
and Canada. Upon the recommendation of 
the Sections committee, the vice-presidents 
of the Southern District 4; the South West 
District 7; and the Memphis, North Texas, 
and Tulsa Sections; the unassigned territory 
in the State of Arkansas was allocated to 
these Sections. These changes completed 
the allocation of all unassigned territory in 
the United States. 

Upon the recommendation of the vice- 
president of Canadian District 10 and the 
officers of the Section, the Midwestern 
Canada Section (formerly Saskatchewan 
Section) was removed from the list of 
operating Sections of the Institute in view of 
the inactivity of this Section due to unusual 
conditions. ; 

A plan is now under consideration for 
allocating seven counties in the states of 


Indiana and Michigan in the territories of 
the Chicago, Fort Wayne, and Michigan 
Sections to the South Bend Section, in order 
to provide the South Bend Section with a 
more balanced territory. 

The assignment of the territory of the 
Maritime Provinces in Canada of New 
Brunswick, Nova Scotia, and Prince Edward 
Island to the Montreal Section is also under 
consideration. 


5. Co-operation With Student Branches. De- 
velopment of Student Branches at the 
colleges and universities has been a source of 
great strength to the Institute. Co-opéra- 
tion of the Sections with the Student Branches 
was urged in a seven-point program sent to 
the officers of all Sections and Branches in a 
joint letter of January 2, 1944, by the com- 
mittee on Student Branches, committee on 
education, and the Sections committee. 


6. Enhancement of the Professional Status 
of the Engineer, A Sections committee letter 
dated April*8, 1944, wa sent to all Sections, 
including the recently published Engineers’ 
Council for Professional Development pam- 
phlet, “Will You Help?” This literature 
presents a plan for effectively bringing the 
ECPD program to the individual engineer 
through the existing local chapters of the 
engineering organizations. 


7. Civic Affairs. The engineer is fre- 
quently criticized for not playing a leading 
part in the social, civic, and political affairs 
in his community. While these problems 
are often considered to be only within the 
sphere of the civil engineer, the electrical 
engineer is also vitally affected and should 
be greatly interested both technically and ‘as 
a citizen. Postwar-planning activities are 
tending to draw the engineer more and more 
into civic affairs of his community. The 
Sections committee letter of March 6, 1944, 
to all Section officers outlined the possible 
methods by which the Sections of the 
Institute may contribute most effectively 
to the civic affairs of their local community. 
Attention was called to the fact that the 
objectives of the Institute are technical in 
nature, and the suggested program of. civic 
affairs is necessarily supplemental to the 
main objectives of the Institute. 


8. Section Pdpers for Publication in ‘*Elec- 
trical Engineeering.” Papers presented at 
meetings of the Institute’s Sections, Sub- 
sections, or technical groups provide an. 
excellent source for articles in the general- 
interest section of ‘Electrical Engineering. 
Publication of desirable papers makes 
available to the entire Institute membership 
much excellent information which otherwise 
would reach only one of its local groups. 
A Sections committee letter dated April 28, 


Table I. Section and Branch Statistics 
For Fiscal Year Ending April 30 
1939 1940 1941 1942 1943 1944 
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Number of Sections.....5.......0022008 Onion? of Oscava halts Waadace tin ate Tiel 73 
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1944, points out the desirability of Section 
officers taking the necessary action to submit 
more of their good local papers both for 
publication in Electrical Engineering and for 
entering national and District prize compe- 
titions. 

9. Use of Identification Cards. Identifica- 
tion cards or badges are now being used by 
some Sections of the Institute in connection 
with Section meetings. A Sections com- 
mittee letter of March*21, 1944, points out 
the advantages in the use of identification 
cards or badges and suggests that a more 
general use of them is desirable at all Section 
and group meetings. 


70. Section Operation and Management. 
Plans have been developed for three clinics, 
with parallel meetings for the Section 
officers and delegates on Section operation 
and management problems at the summer 
technical meeting to be held in St. Louis, 
Mo. Plans also are being made to devote 
a general session of officers, delegates, and 
members in St. Louis to the common 
operating and management problems of all 
Sections. 

A display ‘of Section-meeting notices is 
also planned at the summer technical meet- 
ing in St. Louis. 

A simplified report on Section activities 
is being prepared for distribution to the 
Sections at the close of the season’s activities. 
The information from these reports will be 
consolidated and distributed to the Sections. 
These reports will provide an active analysis 
of major Section activities for the informa- 
tion of new officers at the beginning of their 
term of office and should be an inspiration 
to new Section officers in laying out their 
Section program for the year. 


STUDENT BRANCHES 


The Student Branches have been modify- 
ing their procedures and instituting new 
ideas in order to continue their activities 
under constantly changing conditions due to 
the war. 

In most cases, the Branches have been 
able to continue with somewhat fewer 
meetings, and some of the Branches have 
increased materially their activities and 
membership. Some of the Districts have 
been able to continue their sessions with 
student papers, and nearly all Districts have 
continued the general conferences on student 
activities. 

The directors of the training programs for 
both the Army and the Navy have extended 
their co-operation to the professional ac- 
tivities of the engineering societies which 
have been conducted through the Branches. 
The extent of the actual participation by 
Army and Navy students las varied with 
local conditions and the understanding of 
the commandant in charge. 

A joint committee on student activities 
of the several engineering societies has co- 
operated in presenting the problems of the 
Student Branches to the Army and Navy and 
has urged the close co-operation among the 
Branches of the several societies on each 
campus with each other. 

Committees of the ECPD and Society for 
the Promotion of Engineering Education 
have taken the initiative in promoting the 
solidarity and high standing of the engineer- 
ing profession through the Student Branches 
of the several engineering societies. They 
have been working with the committees on 
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Table II. Statistics of Technical Programs for Last Five Years spy 


For Fiscal Year Ending April 30 
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Student Branches, and it is hoped that 
through the contact with the engineers in 
training much can be accomplished. 

The Sections committee has urged each 
Section to have a committée on student 
activities which would facilitate contacts 
between the Section and neighboring Stu- 
dent Branches. 


EMPLOYMENT CONDITIONS 


At its January meeting, the board of 
directors voted ‘that the president be 
authorized to appoint a committee to study 
broadly the conditions affecting security of 
employment and compensation among elec- 
trical engineers, with special reference to 
problems of collective bargaining; that this 
committee be requested to collaborate with 
a corresponding committee of The American 
Society of Mechanical Engineers if such a 
committee is appointed; that the committee 
be authorized to employ a labor-relations 
adviser, if it considers this advisable; and 
that it be granted an appropriation of 
$1,000.” 


General Committees 


FINANCE COMMITTEE 


A substantial increase in revenue from 
advertising in Electrical Engineering, together 
with additional dues income as a result of a 
steady growth in Institute membership, are 
the principal factors accounting for the ex- 
cess of income over expenditures during the 
past fiscal year, as shown in the detailed 
financial statements which appear on the 
closing pages of this report. 

The continued increase in membership 
has served to offset any loss in dues revenue 
resulting from concessions being made to 
members serving in the Armed Forces and 
merchant marine. As of April 30, 1944, 
inactive membership status has been ar- 
ranged for 1,835 such members, as com- 
pared to a total of 771 on April 30, 1943. 

Expenditures have been in accordance 
with the program of Institute activities called 
for in the budget adopted by the Institute 
board of directors. The favorable condition 
of finances also has permitted inauguration 
of a retirement system for members of the 
headquarters staff through the required 
initial payment ($85,000) estimated to cover. 
the prior service of such persons. In addi- 
tion, a transfer of $40,000 was made to the 
reserve capital fund. 

As shown in the balance sheet and schedule 
1, Institute investments now have a market 
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value almost equal to the purchase price 
after making due allowance for losses in 
securities which developed in less favorable 
years. Approximately 65 per cent of the 
investments for the reserve capital fund is 
now in United States Government bonds. 

The policy followed for many years of 
budgeting Institute expenses within the total 
of anticipated revenue is the main reason for 
the Institute’s healthy financial condition. 
The transfer of excess income to the reserve 
fund should prove to be equally sound policy 
with respect to providing for those years 
when Institute income may be impaired by 
reason of economic developments which 
cannot be foreseen at this time. 


TECHNICAL PROGRAM COMMITTEE 


Technical Meetings. Three national tech- 
nical meetings and two District technical 
meetings were held during the year. The 
total registration at the five meetings was 
3,880, which exceeded the total registration 
of 3,497 for the five meetings of the previous 


year. More technical papers were pre- 


sented and more technical sessions were 
held than at any other time during the past 
five years. The average length of papers 
recommended for Transactions has been 
lowered from the high of 6.28 pages per 
paper to 5.72 pages per paper. Statistics 


of the technical programs for the- last five — 


years are given in Table II. 


Wartime Programs. In accordance with 
the wartime policy adopted by the board of 


directors, preference has been given to 


papers which aid in the war effort. Many 
of the papers dealt with the rating and 
performance of electrical equipment, as 

as the application of capacitors and the 
switching of shunt capacitor banks to get 
the most out of existing apparatus and 
equipment. One of the transportation 


sessions treated the applications of electric 


locomotives and equipment to open- pit 
copper-mining operations, 

A significant feature was the development 
of interest in programs devoted to electric 
equipment for military aircraft and, the 
problems incidental to design and _ per- 
formance at high altitudes. An indication 
of interest in this subject is shown by the 
fact that 19.6 per cent of the papers recom- 


mended for the Transactions were in the a ' _ b 


of air transportation. 


During the winter ohne meeting. two 


important evening sessions were held. In 
a session held jointly with the. Institute of 


Radio Engineers an address was given by oe 
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Major General Roger B. Colton, chief, 
engineering and technical service, Signal 
Corps, United States Army, on ‘“‘Enemy 
Army Communications Equipment.” 
Through the courtesy of the Signal Corps, 
an extensive collection of captured German, 
Japanese, and Italian equipment was dis- 
played. On another evening, an address, 
“Electricity on Shipboard,’ was given by 
Captain H. G. ‘Rickover, head of the elec- 
trical section, Bureau of Ships, United States 
Navy. A special meeting also was held on 
the Navy V-12 Program, which was open 
only to specially selected and invited guests 
of the Navy Department. 


PUBLICATION COMMITTEE 


War problems continued to be given first 
place in the Institute’s principal technical 
publications during the past year, as in the 
previous year. In addition, attention was 
devoted to the postwar period through the 
organization and development of a special 
series of articles to appear in Electrical 
Engineering, beginning with the May 1944 
issue. Publication procedures remained the 
same as in the previous year, no change in 
policy having been adopted. 

In spite of continued restrictions on the 
use of paper, the monthly issues of Electrical 
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General Sessions. The general sessions Engineering carried a substantial number of 


have continued to deal with the broader 
aspects of the profession as related to the 
war effort and its impact on engineering 
work. ‘The general session for the meeting 
in Cleveland was devoted to ‘The Engi- 
neer’s Relation to Inter-American Affairs” 
and “Inter-American Co-operation’ in the 
Development of Standards.’? The general 
session for the winter meeting was on the 
subject of “The Engineer in America’s 
Business Future.” 


Committee Policies. In continuing the 
policy of the previous year, to economize on 
time and travel, only two committee meet- 
ings were held. These were attended by 
76.6 per cent and 73.3 per cent of the com- 
mittee members or duly appointed repre- 
sentatives, as compared with the attendance 
of 56, 50, and '66 per cent for the three 
meetings during the previous year. .Much 
of the committee work necessarily has been 
conducted through correspondence. 

The committee has appointed a sub- 
committee on adequacy of coverage of 
electrical-engineering field by present tech- 
nical committees, with a view toward making 
a study to see that rapidly expanding fields 
are covered adequately. A report and 
recommendations for the organization of new 
technical committees, if necessary, will be 
made later. A joint technical-program— 
sections subcommittee has been appointed in 
co-operation with the chairman of the 
sections committee to handle matters related 
to civic affairs. 


Pa\ 
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general-interest articles and a generous 
proportion of news material. Likewise, the 
monthly Transactions sections of Electrical 
Engineering included most of the year’s ap- 
proved technical papers, leaving only a 
few very long papers to be published with the 
discussions in the two semiannual “‘Supple- 
ments to Electrical Engineering—Transactions 
Section.” The 1943 Transactions volume 
contains all approved 1943 technical papers 
and related discussions. 

Beginning January 1, 1944, an additional 
cut in the use of paper by periodicals was 
ordered by the War Production Board, the 
total reduction for the calendar year 1944 
amounting to 25 per cent under the amount 
used during the calendar year 1942. (For 
1943, the required reduction was ten per cent 
under the 1942 figure.) To effect the 
increased reduction without a serious cur- 
tailment of the amount of technical material 
published, the following changes in format 
of Electrical Engineering were made, beginning 
with the January issue: 


1. The over-all trim size was reduced from 83/4 by 
115/s inches to 81/s by 111/s4inches. The dimensions of 
the type page were kept substantially the same as before, 
and thus in effect simply the page margins were reduced. 
2. The weight of paper stock was reduced from the 
former 50-pound basis to 45-pound basis. 

3. Minor typographical changes were made to adapt 
the type page’to the new trim size and to make the over- 
all dimensions of the type pages the same in the general 
and Transactions sections, 


Advance pamphlets of approved technical 
papers were produced as required by the 
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Table IV. Number of Applications Re- 
ceived From Enrolled Students and From 


All Others 
Year Ending 
April 30 Students All Others Total 
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Table V. Number of Enrolled Students 
as of April 30 
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technical program committee for the na- 
tional and District meetings held during the 
year. In addition, two special pamphlets 
were produced: 


1. “Emergency Overloading of Insulated Power 
Cables,” issued in September 1943 on recommendation 
of the AIEE committee on power transmission and dis- 
tribution. This pamphlet includes nine papers presented 
at the conference on emergency rating of power cables 
held during the 1943 AIEE winter technical meeting, 
New York, N. Y., under sponsorship of the cable working 
group of the committee. 


2. “Ultrashort Electromagnetic Waves.” This is a 
consolidated reprint of six lectures published in Electrical 
Engineering, originally presented as a symposium under 
auspices of the basic science group of the New York 
Section. 


In addition to these special publications, 
a quarterly AIEE Bulletin for Institute 
members in the armed services and the 
merchant marine was published, beginning 
in June 1943. This consists of a four-page 
pamphlet, publication of which was au- 
thorized by the board of directors in January 
1943. To date it has carried primarily 
news material concerning the Institute and 
related activities considered to be of interest 
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to members in the services. Some 2,000 
copies now are being produced and dis- 
tributed. 

Governmental censorship regulations have 
continued in effect as reported last year, 
although regulations have been relaxed in 
some respects. The procedure for exporting 
publications, however, was changed. Under 
former procedure, an export license had to 
be obtained from the Office of Export Con- 
trol of the Board of Economic Warfare for 
each issue of each publication shipped to 
foreign destinations (except Canada). Under 
the new procedure, export licenses no longer 
are required; foreign shipments now are 
subject to the regulation censorship scrutiny, 
but the procedure is facilitated by submitting 
advance proofs to the district postal censor 
in New York. Full co-operation has been 
extended to, and has been received from, 
the Office of Censorship. 


MEMBERSHIP COMMITTEE 


The Institute membership stood at 21,407 
as of April 30, 1944. This compares with a 
membership of 20,161 on April 30 of last 
year. The net increase in membership for 
the past two years amounts to nearly 2,500. 


Several conditions have helped to bring 
about this extremely favorable position. 
The employment of electrical engineers has 
continued at a high level; the Section 
meetings have been well planned for the 
immediate needs; advances in the applica- 
tion of electrical equipment to the war 
effort have made many engineers realize 
the need for keeping abreast of new de- 
velopments. 

It is of interest to note that of the total 
membership on April 30, 1944, there were 
1,835 men being carried in an “‘inactive” 
status because they were in military service 
or were located in foreign countries and 
unable to remit dues at this time. Similarly, 
1,288 members are being carried who owe 
dues for the year ending April 30, 1944. 
The number of persons now enrolled as 
Members for Life totals 1,028. 

The committee herewith acknowledges 
the good response to the chairman’s annual 
letter requesting names of qualified candi- 
dates. This still continues to be the best 
source for new prospects and we are grateful 
to those members who took the time to send 
in names. There are undoubtedly many 
instances of personal contacts which result 


in new members that never come to: our 
attention. This effort is also here acknowl- 
edged. : 

It has been our custom to inchide several!" 
tables to show more conveniently what is 
happening to Institute membership, This (3) 
practice i$ continued again this year on a 
reduced scale which excludes some exhibits — 
no longer deemed useful. 

In Table III it is séen that the gross addi- e 
tions to membership for the past year were a 
2,273, while the deductions were 1,027. 
The net increase in membership was 1,246. 4 

Table IV shows the continuing declinein 
applications from Enrolled Students and a 
continuing substantial upward trend in ~ 
applications from others. This condition is 
likely to continue throughout the war period. 
No direct check can be made between this 
table and the preceding one, because applica- 
tions received are not all acted on before the 
close of the fiscal year. 4 

Table V gives information on the number ae 
of Enrolled Students and new applications 
for student membership from _ students. ae 
While there has been a falling off during the 2 
last two years, the change has not been so 
great as might have been expected. 
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Table VI headed “Record of AIEE 
Membership” is self-explanatory and is 
included purely for historical purposes. 

Table VII listing “Deaths of AIEE Mem- 
bers Reported in Electrical Engineering’ is 
regretfully included. It is our way of 
paying a last humble tribute to those who 
have taken their departure from our ranks. 

In last year’s report we promised the 
membership a booklet concerning the 
Institute. This was completed and a copy 
mailed to each member last fall. It is 
entitled ‘‘Accomplishments of the American 
Institute of Electrical Engineers in the 
Engineering World’? and seems to have 
enjoyed a good reception. We have had 
many requests for additional copies, and it is 
currently being used by the Section member- 
ship committees with good results in interest- 
ing prospects in joining the Institute. 

The Section membership committees have 
continued to function smoothly and effi- 
ciently during the past year and merit our 
unqualified commendation. It is estimated 
that about 1,000 members are engaged in 
this one phase of Institute work. 


BOARD OF EXAMINERS 


The board of examiners held 12 meetings 
during the past year, averaging about 23/, 
hours each and acted upon 4,465 cases, 
divided as shown in table VIII. While 
total number of cases is somewhat smaller 
than last year, because of a decrease in both 
the number of Associate and Enrolled 
Student applications, the number of cases 
for both direct admission and transfer to 
Member and Fellow increased over 28 
per cent. 

During the preceding year a subcommittee 
was appointed to study the constitutional 
requirements for Fellow grade. This com- 
mittee submitted its report. The com- 
mittee on constitution and bylaws also sub- 
mitted a report covering in part the require- 
ments for Fellow. The two reports differed 
to a considerable extent, particularly from 
the viewpoint that the constitution and 
bylaws committee suggested an escape clause 
applying to the five years as Member re- 
quirement. The points at variance are 
still under discussion. 


Table VIII. Applications for Admission 
and Transfer, 1943-1944 


Applications for Admission 


Recommended for grade of Associate. . . .1,461 
Re-elected to the grade of Associate...... 129 
Drotreconimended..........200.00045 1 
1,591 
Recommended for grade of Member,.... 235 
Re-elected to the grade of Member...... 26 
Wotrecommended......5.....0.2-200% 48 
309 
Recommended for grade of Fellow...... 3 
Notrecommended....... esc ssgurin ar ein 1 
eg! 4 
Applications for Transfer 
Recommended for grade of Member..... 364 
Notrecommended for gradeofMember.. 17 
381 
Recommended for grade of Fellow....... 70 
Notrecommended for grade of Fellow.... 1 
71 
Students 
Recommended for enrollment as Students. ........ 2,109 
Becta Re Nett cleke os Syesthspy bie ae a 8 Raaik < sie wie imi vie) ave 4,465 
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COMMITTEE ON CONSTITUTION AND 
BYLAWS 


In keeping with the action of the board of 
directors at its meeting of October 23, 1942, 
section 65 of the bylaws was modified by 
adding to the list of technical committees 
the committee on electronics. Also, section 
68 of the bylaws was modified to include the 
chairman of the Standards committee as 
one of the ex-officio members of the technical 
program committee. 

In keeping with the action of the board of 
directors at its meeting of June 24, 1943, 
section 30 of the bylaws was modified to 
remove the state of North Dakota and all of 
South Dakota except the western portion, 
now in Denver Section territory, from 
District 6, and to include them in District 5. 

Throughout the year, the committee on 
constitution and bylaws has been giving 
consideration to a number of amendments 
to the constitution, but has delayed sub- 
mitting its recommendations in order to 
consider fully certain ideas of the board of 
examiners with reference to the qualifications 
of those applying for the Fellow grade. The 
committee is about ready to make its recom- 
mendations to the board of directors. 

The committee has under consideration 
modifications to sections 30, 31, and 67 of 
the bylaws, and also the matter of modifying 
our constitution and bylaws to provide for 
the organization of Institute Sections in 
territory not on the North American conti- 
nent. The committee expects to report on 
all of these matters before the close of the 
present administrative year. 


COMMITTEE ON PLANNING AND 
CO-ORDINATION 


The committee recommended that the 
president be authorized to appoint a special 
postwar planning committee. 

It recommended the holding of a North- 
eastern District meeting in Buffalo, N. Y., 
in the late spring of 1945, and a Southern 
District meeting in the fall of 1945, the loca- 
tion and dates to be selected later. 

In accordance with a recommendation by 
the joint conference committee, the com- 
mittee on planning and co-ordination recom- 
mended that the Institute appoint a com- 
mittee of three to serve as Institute repre- 
sentatives on a joint committee of representa- 
tives of the engineering societies to study and 
recommend a plan for the organization of the 
engineering profession. 

The committee considered a _ proposal 
referred to it by the board of directors that 
a new Office of vice-president be established 
to represent foreign members and Sections 
(except Canada). Its recommendation was 
that, since the vice-president of District 3 
is charged already with the responsibility 
of representing foreign members, and the 
Sections committee is engaged in contacts 
with foreign groups, the objectives back of 
the proposal be attained, at least during 
the war, by collaboration of the vice- 
president of District 3° and the Sections 
committee. 

A proposal that the Institute establish a 
committee on civic affairs had been referred 
to the cornmitteé by the board of directors 
for study and report. Since the Sections 
committee and the technical program com- 
mittee are interested in this field, the 
committee on planning and co-ordination 
recommended the appointment of a joint 
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subcommittee of those two committees, 
rather than the establishment of a new 
general committee. 

All of these recommendations were ap- 
proved by the board of directors. 


COMMITTEE ON RESEARCH 


Because of limitations resulting from the 
war, the research projects of the Engineering 
Foundation sponsored by AIEE have been 
reduced to a single project, namely, the 
extensive welding-research program spon- 
sored jointly with the American Welding 
Society. Project 74 on insulating oils and 
cable saturants, carried on for several years, 
was terminated at the close of the preceding 
year, as it was a long-term project not 
contributing directly to the solution of 
urgent war problems. The results of this 
research to date have been particularly 
valuable, and it is highly probable that 
this project will be resumed when conditions 
are suitable, 

The committee now is actively considering 
postwar research problems, so that suitable 
projects of general benefit can be initiated 
promptly when conditions are again normal. 
Because of urgency and secrecy require- 
ments, the Engineering Foundation pro- 
cedure has been less suited to the conduct 
of war research than other procedures created 
to meet the emergency conditions: 

The other activity of the committee has 
consisted in the study of proposed legislation 
affecting engineering research and electrical 
engineers. A resolution opposing the pas- 
sage of the Kilgore bill was recommended to 
the board of directors and subsequently 
approved. 


COMMITTEE ON SAFETY 


During the past year, the committee on 
safety held two meetings. At the first, on 
June 22, 1943, during the summer technical 
meeting in Cleveland the committee meeting 
was preceded by an open conference at 
which technical paper 43-44, “Practical 
Accident Prevention in Small Groups,” 
was presented by O. S. Hockaday. Dis- 
cussion emphasized the importance of safety 
being made a definite part of all training 
programs and pointed out the responsibility 
of foremen. 

The second meeting was held January 
26, 1944, at Institute headquarters in 
New York during the winter technical 
meeting. At this meeting, a report on the 
effectiveness of artificial respiration was 
made in technical paper 44-22 presented 
by W. B. Kouwenhoven, entitled “Study of 
Artificial Respiration on Anesthetized Men.” 
At this meeting, the chairman directed 
attention to certain considerations in con- 
nection with the committee’s work, and 
emphasized the importance of its activities 
being carried on in such manner that there 
will be no conflict with, but rather support, 
given to, the work of the many other com- 
mittees and agencies working in the field of 
electrical safety. The committee will seek 
opportunities to give service to the AIEE 
technical committees by directing attention 
to matters on which joint action may be 
appropriate. The committee considers it 
to be incumbent upon it to qualify itself in 
this manner and to concern itself only with 


- such subjects as will lead to its being recog- 


nized as the foremost committee in the 
field of electrical safety from the technical. 
standpoint. 
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A communication was sent from the com- 
mittee at this meeting to the chairman of 
the conference on AIEE co-operation with 
other organizations, conveying the wish of 
the committee on safety to render any service 
in this connection that might be appropriate. 

Continued encouragement and assistance 
will be given by the committee to the Student 
Branches in connection with the holding by 
the Branches of meetings devoted to the 
discussion of safety subjects. "The committee 
also wishes to direct attention to the de- 
sirability of appropriate papers on accident 
prevention in the electrical field or other 
allied subjects being included in the pro- 
grams of District meetings from time to time. 

The committee is studying the need for 
authoritative papers on subjects in or related 
to the field of electrical safety, and contem- 
plates having any such papers as may be 
decided upon prepared as promptly as 
conditions make possible. 

On recommendation of the chairman of 
the committee on safety, the New York 
Section _ participated as a co-operating 
organization in sponsoring the Greater 
New York Safety Conference and was 
represented by W. T. Rogers. 

Members of the committee will represent 
the Institute at the annual meeting of the 
National Fire Protection Association in 
Philadelphia, Pa., May 8 to 11, 1944. 


Standards 


STANDARDS COMMITTEE 


The increased activity level in Standards 
work evidenced during the past few years 
has been maintained fully during the year 
1943-44. This applies not only to the 
completion of projects which have been 
underway for some time, but also to the 
initiation of new undertakings, An interest- 
ing story could be written concerning each 
of these items, but in line with the times 
only a very brief report will be made. 

The technical committees have been very 
active, and the Standards co-ordinating 
committees (created by the late R. E. Hell- 
mund) have proved particularly effective 
aids in Institute standardization work. A 
study of the scopes of the co-ordinating 
committees is now underway, with a view 
toward effecting a clearer delineation of 
their activities. 

Among the new AIEE Standards approved 
during the year were ‘‘Guiding Principles 
for Selection of Reference Values in Elec- 
trical. Standards”? (number 3), ‘“A-C Power 
Circuit Breakers’ (number 19), ‘“‘Capaci- 
tance Potential Devices and Outdoor 
Coupling Capacitors” (nun.ber 31), and a 
revision of the wartime supplement to 
‘Recommended Practice for Electrical In- 
stallations on Shipboard” (number 454A). 

The wartime guides which were sponsored 
last year have continued to be very much 
in demand, and many of them already are 
out of print. 

Projects now in the course of development 
include “General Service Conditions,” 
“Cable Potheads,”’ ““Test Code for Impulse, 
Low-Frequency, and D-C Testing,” ‘“‘Speci- 
fications for Prime-Mover Speed Gover- 
nors,” “Conduction in Stationary Contact 
Surfaces,” and “Standardization of Turbo- 
generator Characteristics.” The  turbo- 
generator work is being carried on jointly 
with the ASME. 
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A comprehensive review is being made of 
the status of all Institute Standards and test 
codes which have recently been or are now 
actively being worked on. ‘‘Basic Principles 
for Rating of Electrical Machinery’’ (14) is 
under review for adoption as a Standard. 
The Standards committee also has en- 
couraged and assisted the various technical 
committees in the preparation of new 
Standards and revision of Standards. 

Copies of all AIEE Standards were sent 
to the Government of China with a letter 
pointing out the co-operative advantages of 
adherence to American Standards. A pro- 
posed Chinese standard of voltages and 
ratings of electric systems and apparatus was 
circulated for review. 

Remarkable strides are being made 
throughout the industry in the development 
of electric equipment for aeronautical pur- 
poses. Interested groups have been advised 
that the Institute stands ready and anxious 
to be of assistance in the preparation of 
Standards for aeronautical electric equip- 
ment, particularly fundamental Standards 
and standard test methods. 

In the field of American Standards Asso- 
ciation standardization, several of the 
sectional committee projects in which 
the Institute has a very live interest, through 
sponsorship or joint sponsorship, have made 
considerable progress, with the Institute’s 
active participation, toward final approval 
as American Standards. Two such instances 
to be noted particularly, which have been 
the centers of considerable controversy, 
are “Lightning Arresters,’ C62, former 
AIEE Standard 28, and ‘‘Line Insulators,” 
C29, former AIEE Standard 41. The 
sectional committee developing ‘‘Graphical 
Symbols,” <32, has also succeeded in 
clearing up conflicts in a small group of 
symbols of considerable use in the power, 
communication, and radio fields. A new 
American Standard for electronic devices 
has just been added to their list. 

The Standards committee has made 
recommendations concerning several new 
members for ASA sectional committees to 
replace Institute representatives no longer 
active and has also appointed new repre- 
sentatives where it seemed advisable. 

Only three committee meetings have 
been held so far this year, and much of the 
work has been handled effectively by 
correspondence. Another meeting is sched- 
uled for May. 


UNITED STATES NATIONAL COMMITTEE OF 
THE INTERNATIONAL ELECTROTECHNICAL 
COMMISSION 


The International Electrotechnical Com- 
mission and its standardization activities 
during the past year have remained in the 
suspended state prevailing since the -begin- 
ning of hostilities in Europe. It is expected 
that this condition will continue until peace 
returns. 

The United States National Committee, 
at its annual meeting in December 1943, 
re-elected the following officers: President, 
E. C. Crittenden; Vice-President, L. F. 
Adams; Vice-President and treasurer, H. S. 
Osborne. 

The United States National Committee 
was honored to have as its guests at its 
annual meeting Percy Good, secretary of 
the British National Committee IEC, and 
director, British Standards Institution; H. 
A. Grant, secretary of the Canadian Na- 
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tional Committee IEC; Colonel W. R. 
McCaffrey, secretary of the Canadian 
Engineering Standards Association; , and 
W. P. Dobson of the Canadian Engineering 
Standards Association. 

There was discussion at the meeting of 
the proposed United Nations standards 
organization. This organization appeared 
likely to meet with the approval of the various 
United Nations for fulfilling the international 
standardization needs ‘of these natidns 
during the wartime period, and until such 
time thereafter as the regular international 
standardization organizations could be re- 
organized and placed on an operating basis. 


Technical Committees 


COMMITTEE ON AUTOMATIC STATIONS 


The committee held two meetings during 
the year, one at the summer technical 
meeting in Cleveland in June 1943, and one 
at the winter technical meeting in New York 
in January 1944, at which the work of the 
committee was discussed. 

At the meeting of the committee held in 
Cleveland, the question of revising AIEE 
Standard 26 (American Standard (37.2), 
‘‘Automatic Stations,” was discussed. The 
revising of this Standard is now in progress 
and is expected to be completed this year. 

Wartime restrictions and pressure of war 
work, to a large extent, has limited the 
amount of new development in automatic- 
station equipment and supervisory control. 
The committee’s work, therefore, has been 
concerned largely with operating features 
of equipments and systems. 

Two subcommittee reports were presented 
at the summer technical meeting in Cleve- 
land: one a report on conductors used for 
supervisory control, and the other a report 
on a-c automatic-reclosing equipment ap- 
plying to stub feeders. 


Co-operation With Other Committees. The 
committee on automatic stations is repre- 
sented on the joint subcommittee on power 
system applications of carrier current and 
the committee on electronics. : 

By initial action of the committee on 
instruments and measurements and in co- 
operation with the committee on automatic 
stations, a joint subcommittee on telemeter- 
ing again has been appointed and is com- 
prised of members of both the committee 
on instruments and measurements and the 
committee on automatic stations. 

The ‘committee has also participated 
jointly with the stations subcommittee of the 
committee on power transmission and dis- 
tribution in preparing a questionnaire to 
be used in surveying the subject of operating 
distribution substations, automatic sub- 
stations, and supervisory controlled ~sub- 
stations. This questionnaire has a bearing 
on postwar activities, and it is felt will be 
of interest to both operating and manu- 
facturers’ engineers. | 


COMMITTEE ON BASIC SCIENCES 


The work of the committee on basic 
sciences has been limited, because of the 
time devoted to the war effort by the 
members themselves and others who nor- 
mally would be active in preparing papers 
for publication. Much fundamental work 
is now in progress all over the country, but 
only a very limited amount is being written 
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for publication. 
to continue. 
Some consideration has been given to the 
holding of a conference on mathematical 
methods and the solution of equations in 
engineering work. After consultation with 
‘members of the committee and other in- 
terested persons, it was decided that this 
activity could not be conducted at the 
present time. It is hoped that such a 
conference can be held some time in the 
future when the press of war work has eased. 


This trend can be expected 


COMMITTEE ON DOMESTIC AND 
COMMERCIAL APPLICATIONS 


The committee has been enlarged to a 
total of 19 members, and three subcom- 
mittees have been formed. 

One subcommittee is working on electrical 
farm applications. It will survey the field 
and make specific recommendations as to 
how and what work might be undertaken 
by the Institute in regard to agricultural 
electrification. A meeting was held in 
Chicago, Ill, last fall, and a report is 
scheduled for presentation at the summer 
technical meeting. 

A second subcommittee is studying domes- 
tic and commercial wiring. Efforts are 
being made to procure technical papers 
related to this problem. 

At the winter technical meeting, a con- 
ference was held dealing with topics under 
the scope of the comimittee. Tentative 
plans for the summer technical meeting call 
for a session or a conference on_ heating 
houses electrically. Plans for the future 
include also a session on wiring of homes and 
commercial establishments and a session 
devoted to household appliances with par- 
ticular emphasis on the influence of their 
load characteristics on electricity supply 
facilities. The committee has noted a 
growing interest. in domestic and com- 
mercial applications. 


COMMITTEE ON ELECTRICAL MACHINERY 


The committee held two meetings during 
the year, one at the summer technical 
meeting in Cleveland, and one at the winter 
technical meeting in New York. Papers 
for national and District meetings were 
considered, and the work of the committee 
and the various subcommittees was reviewed. 


Subcommittee Activities. The synchronous 
machinery subcommittee is doing the final 
editing on the revised test code which has 
been reviewed by the test code co-ordinating 
subcommittee. 

The transformer and induction regulator 
subcommittee completed and presented in 
Cleveland two additional guides, namely, 
“Interim Report on Overloading Dis- 
tribution Transformers” and ‘Interim Re- 
port on Overloading Current-Limiting Re- 
actors.” The subcommittee initiated papers 
on impulse testing, effects of altitude, and 
additional papers on transformer loading. 

The induction machinery and the d-c 
machinery subcommittees sponsored con- 
ference sessions at the winter technical 
meeting in New York on the “‘Measurement 
of Temperature Rise”? and the “‘Relation of 
Hot-Spot Temperatures to Measured Values 
of Temperature Rise.” The induction 
machinery subcommittee will sponsor at 
the summer technical meeting in St. Louis 
a series of conference papers on this same 
‘subject, expected to lead to conclusions with 
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regard to possible revisions in the Standards 
of allowable temperature rise by various 
methods of measurement. 

The insulation resistance subcommittee 
is still working on the test code for measuring 
insulation resistance. 

During the year a new subcommittee on 
industrial control was formed. This com- 
mittee sponsored a conference session at the 
winter technical meeting and has a number 
of papers to be presented at the summer 
technical meeting in St. Louis. 


AIEE Technical Meetings. The committee 
on electrical machinery sponsored three 
technical sessions at the summer technical 
meeting in Cleveland, which included three 
papers on synchronous machinery, three on 
induction machinery, and three on trans- 
formers. At the winter technical meeting 
in New York, two technical sessions and 
three conference sessions were sponsored. 
In the technical sessions there were five 
papers on induction machinery and four on 
transformers. There were two conference 
sessions on the “‘Measurement of Tempera- 
ture Rise of A-C and D-C Machines” and 
one conference session on “Industrial Con- 
trol.” 


Co-operation With Other Committees. The 
committee is represented on the joint 
committce of the Standards committee on 
outdoor cable-terminal potheads, roof bush- 
ings, and floor and wall bushings, the sub- 
committee on temperature measurements of 
the committee on instruments and measure- 
ments, the subcommittee of the Standards 
committee on Standards of ratings of steam- 
turbine generators, and the subcommittee 
of the technical program committee to review 
the scopes of the various technical meetings. 


COMMITTEE ON ELECTROCHEMISTRY AND 
ELECTROMETALLURGY 


The committee held one meeting during 
the year at the winter technical meeting in 
New York. Plans were made for a session 
to be sponsored by the committee at the 
summer technical meeting in St. Louis. 
Reports from two subcommittees were re- 
ceived and discussed. 

The subcommittee on, voltage transients 
in arc-furnace circuits presented a progress 
report which will be submitted officially 
after certain changes requested by the 
members of the subcommittee have been 
made. It is planned to publish this report 
as soon as it has been approved. The 
report contains an excellent summary of a 
considerable number of tests made at 
different furnace installations, and a tabula- 
tion of results obtained has been made by 
the data group of the subcommittee. 

The subcommittee on metallic rectifiers 
reported that considerable progress has 
been made in studying the possibilities of 
standardizing the nomenclature and ,the 
symbols used. The report of Chairman 
M. F. Skinker indicates that a great deal 
more_work should be done in what is a 
relatively new field. 

Preliminary steps now are being taken in 
co-operation with the committee on indus- 
trial power applications and the committee 
on electrénics to form a joint subcommittee 
on the heating of nonmetallic materials by 
radio-frequency power, generally called 
dielectric heating. The organization of this 
subcommittee as yet has not been finally 
determined. 
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COMMITTEE ON ELECTRONICS 


During the year, a subcommittee on X- 
ray tubes was formed. The scope of this 
committee is limited to the consideration of 
X-ray tubes as electronic devices in order to 
avoid conflicts with the committee on 
applications of electricity to therapeutics 
which deals with the medical application 
of X rays. 
undertake to encourage the publication 
of papers on X-ray tubes in the Transactions 
and will sponsor conferences at technical 
meetings. It also will pursue standardiza- 
tion work in its own field. 

The subcommittee on electronic standards 
has appointed a working subcommittee on 
nomenclature and letter and_ graphical 
symbols. This group has underway an 
active program on definitions, the object of 
which is to supplement and revise the 
electronic definitions included inthe Ameri- 
can Standard Definitions of Electrical 
Termusy °* 

Publication continues. to be restricted 
because of the war program, but the com- 
mittee participated in joint sessions at both 
summer and winter technical meetings. 


COMMITTEE ON INDUSTRIAL POWER 
APPLICATIONS 


Throughout the year, the four subcom- 
mittees worked intensively on the prepara- 
tion of a committee report on “Electric 
Power Distribution for Industrial Plants.’ 
Meetings of the co-ordinating committee 
were held in Pittsburgh, Pa., on De- 
cember 15, 1943; at the winter technical 
meeting in New York on January 26, 1944, 
and in Detroit on March 1 and 2, 1944, 
The report will be presented at a conference 
session sponsored by the committee on 
industrial power applications at the summer 
technical meeting in St. Louis in June. 

At the 1943 summer technical meeting 
in Cleveland, the committee sponsored, 
with the committee on electric welding and 
the committee on power transmission and 
distribution, a joint conference session on 
resistance welding and its associated power 
supply. Five conference papers and a 
technical paper were presented on this 
subject. At another session, the com- 
mittee sponsored jointly with the committee 
on electronics the presentation of five papers 
dealing with the applications of electronics 
in industry. For the Pacific Coast technical 
meeting in Salt Lake City, Utah, September 
2 to 4, 1943, the committee furnished two 
papers on the design of contacts and elec- 
tronic control of d-c motors. 

At the winter technical meeting in New 
York, January 24 to 28, 1944, the committee 
sponsored two technical sessions at which 
six technical papers and three conference 
papers were presented. 


COMMITTEE ON INSTRUMENTS AND 
MEASUREMENTS 


The work of the committee has been 
affected materially by war conditions. 
Necessity for secrecy and pressure of war 
work have prevented the publication of a 
number of papers that otherwise would be 
available. Also, the subcommittees have 
made some progress with Standards, but it 
seems wise to postpone putting them into 
final form until the changes caused by the 
war have been evaluated. On the other 
hand, the war has stimulated developments 
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in new instruments, particularly those re- 
quired by aircraft, and some papers on 
these developments have been presented. 

At the summer technical meeting in 
Cleveland, a single paper on the determi- 
nation of the ratio and phase angle of po- 
tential transformers was presented. How- 
ever, at the winter technical meeting, seven 
papers were presented, requiring a session 
and a half. The papers in the morning 
session covered a wide scope, includinz two 
new methods of measurements by means of 
potentiometer circuits and vacuum-tube 
circuits, improvements in instrument con- 
struction and performance due to new per- 
manent-magnet materials and the use of 
the new internal pivot construction, and 
methods of increasing the range and scope 
of power-factor indicators. 

Three papers of considerable interest 
were presented in the afternoon session. 
One paper described a lumped R-C electric 
circuit used to study heat flow in thermal 
circuits. A second paper described a new 
servo system in which a secondary shaft is 
caused to follow accurately a primary shaft 
by means of polarized light whose plane of 
polarization rotates with the primary shaft. 
No load is imposed on the primary shaft. 
A third paper described the application of 
this servo system to a differential analyzer. 
Also, a paper of wide scope describing several 
methods of applying electronic circuits to 
measurements, ‘‘Electronic Devices Applied 
to Metallurgical Research,” by E. V. Potter, 
is to be published in the general-interest 
section of Electrical Engineering. 

At its meeting on November 19, 1943, 
the committee voted to circularize its mem- 
bers requesting suggestions as to means of 
improving the present method of grading 
papers. This was done, and the results 
have been submitted to the technical program 
committee. 

A former subcommittee on telemetering 
was discharged with thanks in 1941 after 
it had completed its assignment of preparing 
the report, ““Telemetering and Supervising 
Control.” Because of recent advances in 
the art of telemetering and supervising 
control and its increasing importance, a new 
subcommittee, the membership of which 
consists of an equal number from the com- 
mittee on instruments and measurements 
and the committee on automatic stations, 
has been appointed. 

The committee on definitions has con- 
tinued to study the C42 “Definitions of 
Electrical Terms,’? and has prepared a 
report in which is included a considerable 
number of suggested changes and additions. 
These have been circularized among the 
committee members and «vhen approved 
will be submitted for the next revision of the 
C42 definitions. 

The subcommittee on master test code for 
resistance measurements is attempting to 
prepare a code covering a limited but defi- 
nite scope. 

The newly appointed subcommittee on 
ultrahigh-frequency measurements finds it 
nearly impossible to obtain papers or to 
make reports because military secrecy is so 
strict. However, when the restrictions are 
removed, there is certain to be a large volume 
of interesting material. 

Two members of the committee are filling 
important places in other engineering 
societies, H. M. Turner as president of the 
IRE for the year 1944, and Everett S. Lee 
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as chairman of the ASME committee on 
industrial instruments and measurements. 
The ASME committee invited representa- 
tives of local societies interested in this field, 
including the members of our committee, 
to its meetings, and our committee recipro- 
cated by inviting members of local industrial- 
control groups to attend our sessions at the 
winter technical meeting. 


COMMITTEE ON PRODUCTION AND 
APPLICATION OF LIGHT 


A conference on wartime influences on 
lighting was held under the sponsorship of 
this committee at the summer technical 
meeting in Cleveland, June 1943. At the 
Pacific Coast technical meeting held in Salt 
Lake City in September, a symposium on 
lighting, embracing four papers, was 
presented. Another conference on lighting, 
relating particularly to progress in light 
sources was held at the winter technical 
meeting in January 1944. 

A meeting of the committeé was held in 
October 1943, at which time it was agreed 
to continue the activities of the subcommittee 
on preferred characteristics of electric power 
for lighting. 

Consideration has been given to the sub- 
ject of recommending adoption of the pro- 
posed new international photometric units, 
and it has been agreed that action on this 
subject should be postponed until conditions 
are more propitious for making the proposed 
change than at present. 


COMMITTEE ON MARINE 
TRANSPORTATION 


The committee on marine transportation 
has been engaged actively during the year 
in reviewing and revising the war emergency 
Standard that was published last year. 
These revisions have resul‘ed from receipt 
of more accurate service information and are 
intended to meet the changing demands for 
conservation of critical materials. This has 
developed into a major task, since it has been 
the committee’s objective to standardize on 
substitute materials that are best fitted for 
the particular marine application, The 
immediate need, however, for substitution 
necessarily has prevented the extensive in- 
vestigations, tests, and reports of service 
experience normally considered desirable 
prior to modification of the Standard. While 
experience may show that some of the sub- 
stitutions are not of the quality exemplified 
by the basic Standard, it is believed that the 
reduction has been minor when compared 
with the immediate need of attaining an 
unprecedented output of ships. The ex- 
tensive use of the committee’s findings is 
best illustrated by the distribution of 3,000 
copies of the war emergency recommenda- 
tions between April 1, 1943, and January 1, 
1944. 

The committee’s activities for the conserva- 
tion of critical’ materials has been assisted 
greatly by a representative from the War 
Production Board who has placed at our 
disposal the results of the Board’s multi- 
tudinous surveys of available material, 
production bottlenecks, and estimated near 
future requirements. The committee appre- 
ciates the excellent co-operation received 
from this representative. 

The vast increase in ship construction, the 
greater use of electric equipment in connec- 
tion with surface and air defense, and the 
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increased use of untrained construction and 


installation personnel have required me- 
ticulous efforts on the part of the subcom- 
mittees in reviewing the wording of each 
section to avoid, as far as possible, mis- 
interpretation by the many users. Investi- 
gations have been conducted relating to the 
construction, application, and methods of 
installation of electric equipment to withstand 
the shocks resulting from torpedo and bomb 
attacks, near misses, and so forth, as én- 
countered on merchant-type vessels. 

Many communications addressed to the 
Institute by ship designers, inspectors, in- 
stallers, and others, concerning marine 
installation methods, materials and equip- 
ment have been acted on by the committee 
or its officers. 


Within the last six months there has bese ss 


a growing demand for incorporating in the 
basic Standard all the war emergency 
Standards that have proved satisfactory and 
will be advantageous for peacetime use. 
This has resulted from the Maritime Com- 
mission’s program to construct “victory 
ships’ which, as the name implies, are de- 
signed for long life and economic operation 
after the war. The subcommittees, there- 
fore, are now engaged along wih other 
activities in reviewing basic Standard 45 to 
accomplish this purpose. 


COMMITTEE ON POWER GENERATION | 


The committee has two major projects, 
one of which will be completed this year. 
A joint subcommittee of this committee and 
ASME has been working actively on the 
preparation of a specification for prime- 
mover speed governors. The final report 
has been prepared and will be forwarded 
to the Standards committee for approval 
this year. 

While the joint committee was appointed 
for the purpose of preparing a recommended — 
specification covering the speed governing 
of all types of prime movers intended to 
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drive electric generators, the specification - 


for the present, is limited in its scope to 
steam-turbine generators of not less _than 
10,000 kw rated capacity. 

During the year, an AIEE group was ap- 
pointed to work in co-operation with 


ASME on the preparation of Standards for 


turbine generators in sizes of 10,000 to 60,000 
kw. The committee on power generation 
is co-operating with the AIEE group on 
this project. In co-operation with the 
Standards committee, a conference was 
sponsored for a general discussion on the 


subject, and the committee assisted in the ~ 


collection of operating data as a basis for the’ 


standardization. 
session at the summer technical meeting in 


It also will sponsor a 


St. Louis at which time an interim report — 


will be presented. 


COMMITTEE ON POWER TRANSMISSION AND 


DISTRIBUTION 


Because of the difficulties of wartime — 


travel, meetings of the committee have been 
kept toa minimum. A meeting of the sub- — 
committee chairmen was held in October 
in New York, at which activities for the year 


were planned. A full meeting of the com-— 


mittee was held at the winter technical 
meeting in New York in January 1944, at 
which there was a large attendance, and 
many subjects of interest were discussed. 


Technical Meetings. 


i j See ir 
ATEE TRANSACTIONS — 
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The committee spon- , 
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sored two sessions at the summer technical 
meeting in Cleveland, one dealing with 
electric transients, and one with wartime 
emergency loading of conductors. This 
session continued work that was begun at 
the previous winter meeting on the same 
general subject. The committee also co- 
operated with other committees in a suc- 
cessful joint conference on resistance welding 
and, its associated power-supply system. 
At the winter technical meeting in New 
York, the committee sponsored three sessions 
dealing with a variety of problems associated 
with transmission and distribution. For 
the summer meeting in St. Louis in June 
1944, the committee is planning two or more 
sessions, one of which will deal with cable 
problems. 


Subcommittee Activities. The distribution 
subcommittee has been at work on an analy- 
sis of the effect of expected postwar loads 
on the design of distribution systems. 

The general systems subcommittee is 
reviewing the problems involved in the 
handling of kilovars on power systems. 
The subcommittee suggested that steps be 
taken to revise the definitions in standard 
C42, applying to the sign of kilovars, so 
that lagging kilovars should be regarded as 
positive. The main committee concurred 
in this suggestion, and the matter has been 
transmitted to the standards committee for 
consideration. 

The stations subcommittee has been study- 
ing the problems connected with the in- 
creased use of air circuit breakers in station 
design. At the present time, it is circulating 
a questionnaire on automatic- and super- 
visory-control substations with a view of 
determining whether or not there is a need 
for greater use of this type of substation. 
The answer to this questionnaire may result 
in a conference session on the subject at the 
winter technica] meeting in 1945. 

The transmission subcommittee, through 
its working group on towers, poles, and 
conductors, sponsored a report on “Emer- 
gency Overloads on Overhead Conductors” 
at the summer meeting in Cleveland. The 
lightning and insulator group is preparing a 
further section to Standard 41, dealing with 
“Suggested Contractual Specifications for 
Insulators.” The subcommittee is also 
preparing a report on “Lightning Resistant 
Transmission Lines.” During the year, 
the nine conference papers presented at 
the winter meeting of 1943, sponsored by the 
cable working group, dealing with “‘Emer- 
gency Overloading of Insulated Power 

' Cables,” were issued in pamphlet form as 
special publication 6. 


COMMITTEE ON PROTECTIVE DEVICES 


Two meetings of the committee were held. 
The discussions dealt with the formulation 
of Standards, papers for technical sessions, 
subcommittee reports, and other means of 
advancing and improving the work of the 
committee and the interests of the Institute. 

Papers sponsored by the committee in- 
cluded nine at the 1943 summer technical 
meeting, four at the 1943 Pacific Coast tech- 
nical meeting, and 15 at the 1944 winter 
technical meeting. 

Future studies will cover the effects of 
switching surges on insulation; apparatus 
and system performance; sensitive protection 
of distribution lines; and effects of wartime 
practices. 

r { 
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The committee has been active in the 
revision of existing and the preparation of 
new Standards. Work on Standard 19, 
““A-C Power Circuit Breakers,” and Stand- 
ard 31, ‘Capacitance Potential Devices and 
Outdoor Coupling Capacitors,” was com- 
pleted. Standards 20, “Low-Voltage Air 
Circuit Breakers”; 21, “Apparatus Bush- 
ings”; 22, ‘Air Switches and Bus Supports’; 
25, “Fuses”; 32, “Neutral Grounding De- 
vices”; and the proposed Standard 24 for 
“Distribution-Type Protector Tubes” are 
being actively carried forward, and it is 
expected they will soon be ready for final 
action and submission to the Standards 
committee. 

The activities of the four subcommittees 
are summarized below. 


Circuit Breakers, Switches, and Fuses. In 
addition to its work on Standards 19, 20, 21, 
22, and 25, this subcommittee revised the 
short-cut method for calculating short- 
circuit currents, and the revision was pub- 
lished in Electrical Engineering for February 
1944. A working group has prepared a first 
draft of a proposed Standard for fast-reclosing 
and short-circuiting devices for distribution 
lines. A second draft is expected soon. 


Lightning Arresters. Standard 28, “Light- 
ning Arresters,’’? was approved by American 
Standards Association and has been desig- 
nated C62. A working group is attempting 
to determine the characteristics of rod gaps 
as lightning-protective devices. The sub- 
committee prepared and presented, at the 
1943 summer technical meeting, a paper on 
‘‘The Use of Lightning Arresters to Help in 
the War Effort.” It is studying surge and 
overvoltage protection of rotating machines. 


Fault-Current-Limiting Devices. A draft 
of a revision of the proposed Standard, 
“Fault-Current-Limiting Devices,” incor- 
porating changes made as a result of sug- 
gestions, has been sent to the subcom- 
mittee members for further study. 

A questionnaire on  system-grounding 
practices is nearly ready to send out to a 
selected list for trial use. If it proves satis- 
factory, it will be sent to the entire com- 
mittee membership. 


Relays. Besides its work on Standard 31, 
the subcommittee arranged for a conference 
on the speed of relaying at the winter tech- 
nical meeting, revised the relay bibliography, 
and made plans for further consideration of 
carrier-current auxiliaries, the application 
and economics of lower current-transformer 
secondary currents, Standards covering in- 
strument transformers, and those phases of 
generator protection which are within the 
scope of the subcommittee. 


Awards 


COMMITTEE ON AWARD OF 
PRIZES 


INSTITUTE 


Four national prizes and six District prizes 
were awarded for papers presented during 
the calendar year 1942 and for the student 
papers presented during the academic year 
ending June 30, 1943. The decrease from 
ten District prize awards reported in the 
year previous to only six District prize 
awards as reported herein is due to the 
effect of the training programs in the various 
colleges, which has resulted in fewer District 
and Branch paper prizes being awarded. 

Several of the technical papers were of a 
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high order, and in several of the classifica- 
tions a choice between leading papers 
worthy of award was very close. The com- 
mittee wishes to congratulate all authors 
for having made such substantial contribu- 
tions to the profession. The committee 
also wishes to acknowledge the aid of the 
technical committees and their reviewers 
in nominating and grading papers, and in 
addition the aid of Mr. M. J. Kelly and 
Mr. B. W. Kendall. 


EDISON MEDAL 


The Edison Medal, awarded by a com- 
mittee composed of 24 members of the 
Institute, was presented for 1943 to Vanne- 
var Bush, president, Carnegie Institution of 
Washington, D. C., “‘for his contribution to 
the advancement of electrical engineering, 
particularly through the development of 
new applications of mathematics to engineer- 
ing problems, and for his eminent service to 
the Nation in guiding the war research 
program.”? The presentation took place 
January 26, 1944, during the winter technica] 
meeting. The medal may be awarded 
annually for ‘‘meritorious achievement in 
electrical science, electrical engineering, or 
the electrical arts.” 


LAMME MEDAL 


The Lamme Medal committee awarded 
the medal for 1943 to Arthur H. Kehoe, 
vice-president, Consolidated Edison Com- 
pany of New York, Inc., ‘for pioneer work 
in the development of a-c networks and 
associated apparatus for power distribution.” 
Arrangements are being made for the pres- 
entation of the medal at the summer tech- 
nical meeting in St. Louis, June 26-30, 
1944. The medal may be awarded an- 


nually to a member of the AIEE “who has‘ 


shown meritorious achievement in the 
development of electrical apparatus or 
machinery,” 


JOHN FRITZ MEDAL 


The. John Fritz Medal board of award, 
composed of representatives of the American 
Society of Civil Engineers, American In- 
stitute of Mining and Metallurgical Engi- 
neers, American Society of Mechanical 
Engineers, and AIEE, awarded the 39th 
medal for 1944 to Charles F. Kettering, 
vice-president in charge of research, General 
Motors Corporation, Dayton, Ohio, “for 
notable achievements in the field of in- 
dustrial research which have contributed 
greatly to the welfare of mankind and of 
the nation.” 


HOOVER MEDAL 


The Hoover Medal was established 
through a trust fund created by a gift from 
Conrad N. Lauer, and is to be awarded 
periodically ‘“‘to a fellow engineer for dis- 
tinguished public service” by a _ board 
representing the national societies of civil, 
mining and metallurgical, mechanical, and 
electrical engineers. The sixth medal, for 
1942, was awarded to Gerard Swope, presi- 
dent, General Electric Company. 


ALFRED NOBLE PRIZE 


This prize, established in 1929, consists 
of a certificate and a cash award from the 
income of a fund contributed by engineers 
and others to perpetuate the name and 
achievements of Alfred Noble, past president 
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of the ASCE, and of the Western Society of 
Engineers. It may be made to a member 
of any of the co-operating societies, ASCE, 
AIME, ASME, AIEE, or WSE, for a 
technical paper of particular merit accepted 
by the publication committee of any of 
these societies, provided the author, at the 
time of such acceptance, is not over 30 
years of age. The award for 1942-43 was 
presented to Benjamin J. Lazan, Sonntag 
Scientific Equipment Corporation, Green- 
wich, Conn., for his paper “Some Me- 
chanical Properties of Plastics and Metals 
Under Sustained Vibrations.” 


Joint Activities 
UNITED ENGINEERING TRUSTEES, INC. 


This organization manages property and 
funds held jointly by the four founder 
societies, including the Engineering Societies 
Building, the Engineering Societies Library, 
and the endowment funds of the Engineering 
Foundation. 

Increases in operating expenses and con- 
tinuing decline in revenue from hall rentals 
produced an excess of expenses over income 
of $11,270.24, and the founder societies 
assumed responsibility for a large part of it. 

The building is reported to be in excellent 
condition and is fully occupied by the 
founder societies and associates. 

An abstract of the annual report of the 
corporation for the year which ended 
September 30, 1943, appeared in’ Electrical 
Engineering for January 1944, pages 36-7. 


ENGINEERING FOUNDATION 


The Engineering Foundation was estab- 
lished in 1914 as a joint organization of the 
four societies, ASCE, AIME, ASME, and 
AIJEE, for ‘‘the furtherance of research in 
science and engineering, and the advance- 
ment in any other manner of the profession 
of engineering and the good of mankind.” 

Each research project supported by it is 
under the sponsorship of one of the founder 
societies. 

One of the research projects sponsored by 
the Institute, insulating oils and cable 
saturants, at the Massachusetts Institute of 
Technology, was suspended as of August 31, 
1943, with the thought that it may be 
desirable to resume the work after the war. 

The comprehensive research program of 
the Welding Research Council is sponsored 
jointly by the Institute and the American 
Welding Society. 

During its fiscal year which ended Sep- 
tember 30, 1943, the foundation supported 
14 projects. For the present year, pro- 
visions were made to continue six projects 
and to initiate one new project. 

An extensive abstract of the annual 
report for 1942-43 appeared in Electrical 
Engineering for January 1944, pages 37-8. 


ENGINEERING SOCIETIES LIBRARY 


The Engineering Societies Library was 
formed by combining the separate libraries 
of the four national societies of civil, mining 
and metallurgical, mechanical, and electrical 
engineers, and preparing a composite card 
catalog. 

Special services rendered by the library 
include: photoprints, searches, abstracts, 
translations, bibliographies, book loans by 
mail. 
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The library has been used éxtensively by 
the Army and the Navy, and has supplied 
much information to members and others 
engaged in war work, such as details of 
manufacturing processes and foreign docks, 
factories, and other installations of military 
significance. 

An abstract of the annual report of the 
library appeared on pages 38-9 of Electrical 
Engineering, January 1944. 


EMPLOYMENT SERVICE 


Operating as an incorporated nonprofit 
organization, the Engineering Societies Per- 
sonnel Service, Inc., assists members of the 
Founder Societies desiring to secure new 
positions and employers searching for 
engineers. NNonmembers may receive such 
assistance when positions available cannot 
be filled by members. 

Offices are operated in New York, N. Y.; 
Boston, Mass.; Detroit, Mich.; Chicago, 
Ill.; and San Francisco, Calif.; with the 
co-operation of the Engineering Societies 
of New England in Boston, the Engineering 
Society of Detroit in that city, the Western 
Society of Engineers in Chicago, and the 
Engineers Club of San Francisco in that 
city. 

The service is supported by the joint 
contributions of the societies and the indi- 
viduals who secure positions. An analysis 
of registration and placement records as 
reported to the national societies is given in 
Table IX. 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 


DEVELOPMENT 


This council, organized in 1932 to engage 
in activities leading toward the enhancement 
of the professional status of the engineer, 
includes three representatives of each of the 
eight participating organizations, which are 
the national societies of civil, electrical, 
mechanical, and mining and metallurgical 
engineers, the Society for the Promotion of 
Engineering Education, the National Council 
of State Boards of Engineering Examiners, 
and the Engineering Institute of Canada. 
Its principal activities have been carried on 
by four committees: student selection and 
guidance, engineering schools, professional 
training, and professional recognition. 

Despite war conditions progress in the 
activities has continued, and attention has 
been given to problems arising from the war. 
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One of the most important accomplish- 
ments was the development and adoption of 
a plan for establishing closer co-operation 
with local groups of engineers. 

A comprehensive report on the annual 
meeting, including the reports of com- 
mittees, was published in Electrical Engineering 
for December 1943, pages 553-7. 


JOINT CONFERENCE COMMITTEE 


This committee, composed of the presi- 
dents, immediate past presidents, and 
secretaries of the Founder Societies and the 
American Institute of Chemical Engineers, 
considered numerous topics of interest to 
the societies. It recommended that each 
of the societies appoint three representatives 
to serve on a joint committee to study and 
make recommendations regarding the most 
desirable form of organization of the engi- 
neering profession. ’ 


RADIO TECHNICAL PLANNING BOARD 


This joint advisory body wil] formulate 
recommendations on. the technical future 
of radio developments for submission to the 
Government, industry, and the public. 

A general plan of organization was ap- 
proved September 15, 1943, and details of 
panel organization were adopted September 
Zoe 

Initial member bodies in addition to the 
AIEE are: Radio Manufacturers Associa- 
tion; Institute of Radio Engineers; American 
Institute of Physics; 


Relay League; F M Broadcasters, Inc.; 


International Association of Chiefs of Police; — 


National Association of Broadcasters; and 
National Independent Broadcasters. The 
board includes one representative of each 
member organization. 

Thirteen technical panels have been 


ne 


American Radio 


organized, covering the fields of spectrum _— 


utilization; frequency allocation; 
frequency generation; standard broadcast- 
ing; very. high-frequency broadcasting; 
television; facsimile; radio communication; 
relay system; radio range, direction, recog- 


nition;, aeronautical radio; industrial, 
scientific, and medical equipment; and 
police emergency services. “ap 
a - 7 _=s 
REPRESENTATIVES 


In addition to representation in the joint 


organizations previously mentioned, the 
Institute is represented in numerous other 
vio, 


a 


a 


me 
AIEE TRANSACTIONS 


high- 


joint~ activities of interest to engineers in 
general. The names of its representatives 
in more than 30 joint committees and na- 
tional organizations were published in the 
September 1943 issue of Electrical Engineering, 
pages 420-1, and in the 1944 Year Book. 


APPRECIATION 


The continuing rapid increase in the 
méinbership and the income of the Institute 
are tangible symbols of the highly effective 
work of the national committees, and the 
District, Section, and Branch officers and 
committees. For their enthusiasm and 
generous contributions of time under adverse 
conditions, the board of directors expresses 
sincere thanks, and appreciation. It also 
thanks the members in general for their keen 
interest in the activities and for their 
splendid support of established policies. 


Respectfully submitted for the board of 
directors. 


H. H. HENLINE 


May 25, 1944 National Secretary 


HASKINS & SELLS 
CERTIFIED PUBLIC ACCOUNTANTS 


1 EAST 44TH STREET 
NEW YORK 


May 18, 1944 
American Institute of Electrical Engineers, 
33 West 39th Street, New York. 


Dear Sirs: 

We have examined the balance sheet of the American Institute of Electrical Engineers, 
and schedule of securities owned, as of April 30, 1944, and the related statements of cash 
receipts and disbursements of operating and restricted funds for the year ended that date, 
have reviewed the accounting procedures of the Institute, and have examined its account- 
ing records and other evidence in support of such financial statement. Our examination 
was made in accordance with: generally accepted auditing standards applicable in the 
circumstances and included all auditing procedures we considered necessary, which pro- 
cedures were applied by tests to the extent we deemed appropriate in view of the system 
of internal control. 

In our opinion, the accompanying balance sheet, schedule of securities owned, and 
statements of cash receipts and disbursements fairly present, respectively, the financial 
condition of, and securities owned by, the Institute as of April 30, 1944, and its recorded 
cash receipts and cash disbursements for the year ended that date, in conformity with 
generally accepted accounting principles and practices:applied on a basis consistent with 
that of the preceding year. 

Yours truly, 


(Signed) HASKINS & SELLS 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


Exhibit A 


ASSETS 


(Incorporated in New York) 
Balance Sheet, April 30, 1944 


LIABILITIES 
Property Fund Assets: Praperty Wands Mewerwe yeasts tae Wie ’e epic abtasataath,¥ leinles hse sina tataseus ieee $545,872.72 
h interest i hysical ti f United Restricted Fund Reserves: 
ene Truncee eee | lite ae PRERCUVO) Ca ital ih teeny cinta is tacetalaharteeiacelaicrnseia pyorstersiciereie: sive $328,329.58 
Land, buildings, and equipment (less depreciation and Life Membership fund.......-..ssee eee aeee fetes eee ees 7,873.98 
JT TE er $379,812.45 International Electrical Congress of St. Louis Library 
Funded depreciation and renewal reserve............++ 118,636.03 ep Be Oo ah a Meare east eee gees cf frien 
Perea Ge ro eo licis, Coisisislg tes cies caccinesn $498,448.48 Mailloux fund... .. 6... e se eevee eens e eens eee eens 1,104.34 
Equipment: oral Restricted LuMd TEservesin «vias Veraein wie eel abe" heim dese miaolee 347,351.28 
Library—volumes and fixtures—estimated value........ 36,366.37 Operating Fund Reserves, Liabilities, Etc.; 
Office furniture and fixtures (less reserve for deprecia- Accounts payable........ ¥ abetcreteretedye’s A ORE eee $ 12,763.58 
REC NME (079 E823 )roict ayujetetin aie (nin |als, ovo) Wia"s" hafs°aix's aieainl Alas 0! 7,528.52 Wefan qacomie= : 
Onell GGG CCS Sridoricn oe BAS He oo 3En GGue Has Onnrda Soleo Dues received Im AdVaNCe Wt leiseie sis cie.o vs dines apeth, alae 5,427.45 
Investment, less reserve, $415.73—Schedule 1............ 528.00 nteancentcessadtducw advanced! by vapphcantrer 
PmereOerships e <rteleriy til «apresaraysustesaeaetele alter sistetnserstae kt 835.65 
Sea DLODSLTY TUNG ASSETS fee ae alain inn a Snleiee ole as to Sie olu eb aie nine $545,872.72 Sisbicriptions to: publications téceivedtin ativances* «© i. 9,621.86 
: ; Miscellaneous (including unallocated receipts).......... 808.91 
mcs 2H ed Assets: Operating fund»reservesii.cs oss cess vase Meeeterasie irie asters 62,890.59 
Securities—at cost, less reserve, $13,088.92 (quoted | 
market value, $323,441.37)—Schedule 1........+..+- $315,225.29 Total operating fund reserves, liabilities, etc..........00-0eeeeeeee 92,348.04 ° 
MeasMICEXMIDIt CG) cy ecwieeae ewes s eee Neen MCSE NG at y 32,009.57 
Accrued interest receivable...... 6... .e eee eee erence eens 116.42 
Total restricted fund assets.......4.0..0secceeneeceenees ACCC 347,351.28 
Operating Fund Assets: 
Cash (not including $1,079.42 for Federal taxes withheld 
from employees) (Exhibit B)......... 0... ere cree es $ 53,749.13 
_ Accounts receivable: 
Members—for dues (less reserve, $8,000.00)..........5. 8,619.68 
Js bo DOO, SES AR RO UIea DD OCE SA OED DLE DOnEtD CBT aE 3,255.40 
LD ne AT CG OTS-5 ABR GO Eg OE EESAIO BO DIC On Thacseieay Arr once 2,225.42 
peered interest receivable. vi... sce cecnesiesddepeetnee 4,159.60 
Inventories: 
LEA APY OTN TCR | ON AIOEASERS Oe CIAL DEERE CE OTA RG 993.25 
1D oy CTR DATTA COREA BORE eB CLIC DESPA OS ECE 55391.95) 
Work in process (May issue of Electrical Engineering, etc.) . . 4,611.89 
Text and cover paper...... Ca braFast ara aceveli te cca emain Aa LaNe, © 718710. * 
Badges............2+-3 Aa Ketaraiatetads Ores dear eooreoeeleie oes a yeas 1,554.62 
Miotalioperating fund assets. cia. 's eee nee cienne dielr a sisice a nla sissies 92,348.04 
“RAT aah ARGO SEN RARE Onn tear ROR TOR GEESE DDE rr Are $985,572.04 Meatalra eta wis casa mic Meta ee tert aati Galea tei Me hee el '. . $985,572.04 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Cash Receipts and Disbursements of Operating Fund for the Year Ended April 30, 1944 ; 

Exhibit B 

‘] 
Cash on Deposit With The National City Bank of New York, May 1 : 

ssh on Dep Vobe AUN MAW LA Oe SNM AL ete di Ve ee $54,204.19 Total (forward) ..... 6. ee eeeee cess eee ee eres + hove Sa A 
Disbursements (forward)......--+cseeeeeereeeees fel $ 10,235.06 

Receipts: Retirement system—AIEE initial payment (see Exhibit 
Dues (including $104,376.00 allocated to Electrical Engi- ‘ C for payment of $10,000.00 from Pension Fund).. ‘ee i 

NETING SUDSCEIPLLOTS) |. pic'> visio sibs en's s\eleteiel ela \e she ele e sieie $230,060.90 Retirement system —ATEE normal contribution.......... patie y “ a 
INAVEXHIBIDG Uatwhlsterese et arastereisaanetalep eb etaralajerelevelale,staleneveeielg 105,077.44 Radio Technical Planning Board ..........+ssees0e-ees ,000. ; 
Transactions BUbSCrAPUONSs js). eis nlvie sips dales slob see aenwds 8,169.19 Traveling expenses: : s 
Electrical Engineering subscriptions.,............--00++00 17,494.55 Geographical Districts: ine , / 
Sle CELSCAL DP SHASONS as v/s ule e sia)e/s d\elejayepforem's|=\0 cy > s Mivinl ae ve 1,532.77 Executive commilttees......+.+2seeereesseereceeees ae 
Miscellaneous publicatiom® (preprints, Standards, Trans- Vice-presidents........ eters ee besten eee nee e eens ,001. 

ACH DNSADACKACLCE) |: phils twit Kiet aeiieTi lars ate!» akormiatbletot sei aie 20,848.34 Branch counselors and chairmen 4,199.13 
Cente, SOS tates his ete a ch sini msm \a/ ay eae e ale aleve ae ah aay aye ple 10,787.90 President’s appropriation. .........+¢seeeeeeee ae hy 1,300.97 
FUSVANCE ACES ies Pe caatiehs terete smaiets ccetehaistcibtetctena vats alereyaloge 14,835.25 Board of directors......... feet e tee eeeee eee e eee eees 5,413.29 
Mesnibetship badges. sisds o.e\scshan/as ojetersra) sala sous ere Wie sears 4,277.95 National nominating committee..........6eseeeeeeees 1,141.11 
AUCADSLOL LOCS nei ietdeve vietertaites ain toa bie eceatctara siapecalo oe #6 alerd 2,691.65 Administrative EXPENSES ye eee ee eee eee eect eee e esse seers 52,617.15 
Interest and dividends on investments of Restricted Geographical Districts— Branch paper prizes..........+++ 168.00 

Capital fund....... anidhaga nein a xiaahid Siders nal akelti tigheciMa i 10,283.26 Institute prizes, national.........0ceees peas vest e ne ees 409.00 
Transfer from: American Co-ordinating Committee on Corrosion....... aie 25.00 

Rigserve: Capitak (ued .vsjs opel iv ly viele wath aypin ee Sere alae 9,500.00 American Standards Association.........0+0s+eee reece 1,500.00 

EqnfedMembership find) o76) hapless, 0;c:0-nssit dinioteiniesurefeleys.ein ies 274.25 United Engineering Trustees, Inc.: 

Miiscelaneuisi cae ecto noe rate sale oa a edes lecdearoValeateuatarecg: pieiists 181.27 Building assessment.........-+++-+0 Aya ta avid areas 17,468.21 

Ss Library assessment... 0.602. sis's oo 0, clases meine isis din eis bale 10,679.35 

optial reseay sth elotaved eieraie a inrelo sb aca) cet Minn ove a yetaT hele o76,0 (0's, Sa ola iehas Ae 436,014.72 Engineers’ Council for Professional Development.........- 1,700.00 
SS Engineering Foundation Project: 

PUGGaleishaeie tt cycle cteraldtiretatirspan' abe. orers\tatnyelcuaerayeis ln eis! vite 's 6; etetatel s fake $490,218.91 Welding: research 60. wic.sicie oie 4's 6o— s ataheleiMiiaererais aa eiene 250.00 

International Committee on [llumination................ 100.00 

Disbursements: John Fritz medalis fo... 64 4 eda ec 5h eiern wie eet annae sol OMe a 50.00 

Publication expense: National Fire Protection Association—Dues.,.....,..-... 60.00 

PLSCITiCa] EE DDUNCS TUTE A tears ale Midst Vote) creceve/e!efcigiate oie: els $100,683.87 Membership badges......+..++ssescsesereeeresereeees 3,460.62 

STL ONG ACCOR Sela Oa A ts | sectile satel safe etes¥ evavchasaveua) eens lelelals bate 8,527.54 heal services nash: ssle/eieltteiin neta 250.00 

WearnBpolet seek viaiosslem tenet Ute ee ane iaaiataiars aie 7,082.38 ‘ Transfer to Reserve Capital fund 40,000.00 

Miscellaneous publications (preprints, Standards, Office furniture and fixtures, and repairs.........-....+. 280.52 

Transactions supplement, etc.)........--ceces eee eae 16,210.07 Miscellaneous iiss «cies di icls-wiai ¢ nie! <leleceta date) etenten iaete eater a iateteTs 436.52 
A Btiiyiterree ts saree talus shel ata -ocoletoraer et lave} =: aiauetera/ahs,c eva idiale 14,237.80 see 
Institute Secdbat PRC MUR DAT RO AE GH LbE pry a Ren go a 38,836.19 Total disbursements........ wie Side Rs Siatite’wrelavelea bie ele t store +e ee $436,469.78 
EIaTOUte LACHES x atap/ crate oisre sy aisi o/alsieveus nl sipia, els eleialtes (oialc ole . 2,649.05 
SETHI ANES SOMMER 35. scs)ire, yoteiate) «nl eis aho bles: aictely viele ee siya 712.00 
Piead quarters, COmMmittee 52)... /olstepeia (elated (oe uo. WlePe le) sya wlnjaincele 58.24 
leet pe calit ps COMMIS cararaseretataserel eyeeaierute wlalsls, dhesn.stelsleiatn’« a 10,492.80 
Staadardsicommaittee 0.50. Warsinele siseie'ne see sje vip wie Vsielee sie 9,517.93 i 
POMSION ENG COMUBILLES jars aie'o) oteislslelartrisicle’»stiele fe sieisie\« ripe 642.47 
plechnical COmmIttees hip alee siapersl arte ete nie alvesal she hotels aye 584.72 Cash on Deposit With The National City Bank of New York, April 30, 
OO 1944 (not including $1,079.42 for Federal taxes withheld from em- 
ROrwara foc sensclrcl heres ahobte tate vive hates ss eeels $210,235.06. . $490,218.91 PLOY COS). eiaigein's as v4.9.8 4.5 aupece el OST ERR Ue eis eta EMR eee vs ostedie LOO gl aoa 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Cash Receipts and Disbursements of Restricted Funds for the Year Ended April 30, 1944 
Exhibit C ; 
Restricted Funds i 
International A 
Electrical % 
Reserve Life Congress of Lamme Total 
Capital Pension Membership __ St. Louis Medal Mailloux Restricted 
Fund Fund Fund Library Fund Fund Fund Funds w 
CORI i A NS SS LI Pa BR eto nS A a ONO CR CORTE IR Su : 
Cash on Deposit With The National City Bank of New York : 

and Various Savings Banks, May 1, 1943................ BAD geal ol iteinis 3 $10,000.00...... $2,715.05......$271.80......$  27.83......$1,087.97......$ 49,390.36 
Receipts: . . 
Enterest ony boas, wena cecv iste ara aletsle hasta aictabnvat vial site sie lciwi sic aAtebavaheterei ae Ris Luesivecees Acasatehaetes $129:78 30h... $130.00...... $262.04 0 coe sik evecare $521.82 
Untetest:om Dank Pabaniced oe awieisicrs ie -'nis = ist iain eae e151 s)<Pv vn vigcvtolotalajersie sd CROC OEE ae ETE ee entrar ERIE imc ma maS Lic sh c rats eyalehm eae? es 16:37-%. eee 55.74 
Liquidating dividends—International Match Realization Co., : 

LAY Hse LSA A Ea OT SIR ae ee ee (eae PC Brees GZ1D.O0 Meehirs ccit-chs/aiciceee WER Pty tcl RMR Be Sate cc Aiea Se ic BORSEHOP Act fap >) 219.00 
Proceeds trom sale\ofsecuritles suis «.ciel> c\ein's.s stale siete le’ mlaereve, dlecete ZEEE SO S86 AE OUSAE AA CEA DARED DAA aacmtoe Hus Ab cs 1,747.96... 5/055 <0 wastes 0 s'c\e1e =) 5) Cn 
Transfer from opérating fund... .j.00.6s0cceqsuctesccvecevts AO DOD OO. ate pes ersinterderceh. ice et eee acdc aidan fe’ ogee tobnte eieaeie evel Ae San Re teane aoe oe oa or eh Oj0OO005 
Transfer from reserve capital fund....... BE. eae PGA SOC OUTED are een CRN Ce COR Ine HE EP TP Nor AGRE PRL Meh ons mic 230 OLD ater avers «sive eels ¢ ne ata OOO 
Teifemme mibershap ce emia eietccie tate: ofss sc aio ais eiietsiatsioprtelsle(aie aeiticieists 16 oslo eles Seine ctoywrats stats ayers ta ater PIN re: By Pate (airisteteioiestieys else ieitte elev eleig we. a elelea aad 217519) 9 

[otal recente mettalelslarciskelels ayerataqarats sole cM) oialater eis visi aie > SE7OVG4.04 Tecra tr eisisis ctereien sie erase $: 386.34...... $130.00... 2... $4,700.00...... $. 16.37... 2. SSS? S,oecmoumy 
ph atal denier nae cppena ake MAL AeY bide a Leesan $105,451.75...... $10,000.00...... $3,101.39...... $401.80...... $4,727.83. .....$1,104.34,.... $124,787.11 
Disbursements: . 
Rurchase/of securitiese ain. + sitlecethsisiae vie aceidiaiv Me detest tas Bib SBS AGE star Ae ln sets es ee RON. Pina RS 4,372 y 
Retirementisystem—ALBE initial payment (see Exhibit:B 0 a i TEREST ero /2:00 teeter eee eB 69,957.46 a 

for payment of $75,000.00 from operating fund)..............2.ese005 Sierieap. ibys $10; 000200 Wl iisenscereetee aaah eee 00 * 
Wrtaneteraita® IO reine hath npiiaer bec oh l sisal 9» cirte Wi Mheretdas et at Sate mene terete ieee aichdsjolF ee a ea bios Jy 

Operating fund 0.) c ies aie ani <daRtoc dept aio diac oeaacnn CF SUDUUR an toemee orice ac Si 24 2S eric ph 77495 

Teemeic de eae ya wena Te dh Ta oA ane a eee 2:690,008.5 rex nea cures yt Mc ate Cd nO ie ea $a ie yt a mp i, 
Lamme gold medals, replicas, and engrossing certificates......... 0... see eee ecee eee e eee eect nee e tebe eee ttt eben eee + 1355.83... <3 conte a "355.83. a 

Total disbursements.............. OBES amano rs hot th $ 77,775.46...... $10,000.00...... $3274. 25s oe Nate $4,727.83... 4. ...25ss Joes sen a 
Balance on Deposit With The National City Bank of New j ai i ye Tie 
Mork and Various Savings Banke, April 50, 1944....,...,.§ 27,676.29. 004 coiesienn este. $2,827.14...... $401\s02) 00. soe Aen Vs $1,104.34......$ 32,009.57 
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Vi Securities Owned, April 30, 1944 
Schedule 1 : ’ 
Restricted Funds . 
Principal Apogat A$ AAR Property 
of Bonds or International Fund 
Number of Reserve Life Electrical Lamme Total (Equipment 
Shares of Capital Membership Congress Medal Restricted Replace 
Stock Fund Fund Library Fund Fund Fund ments) 


Railroad Bonds: 
_ Baltimore & Ohio, Pittsburgh, Lake Erie & West Virginia 


PEE Gene LIST Noe ae tht ep Sele ad ake mb eee nler $10,000.00 ..... DO, AD OOD mee. .saltaeaterte bases siais\ (cls afc. s 2'sieielalers matory aierbtiohers $ 6,450.00 
Chicago & Erie Railroad Company 5% first mortgage, due 

OO on Se eM 2 2: RE SS Bote nth wore Aen 1,000.00 ..... Del GOeO Oats rsrem ame ekts em anak se cAmee nike atAbenieks 1,105.00 
New York Central Railroad Company 4% series A consoli- 

RIERCECT SACS.) OG LIOR, sercies ie wis) <i0 u's, smiley wielimpeadiei nidjarereial 10,000.00 ..... TENE ON erty tee sie Pedals oldie ein tlereid's, vis je Gla, biers kid’ «sls n'y 6,100.00 
Oregon-Washington Railroad & Navigation Company 4% 

ERP eG! iced Bei cc okie Badu eto adsheab ANOOMOD Rete Ges cee ae bee ha eee ee ecuclcicee st $4,372.00..... 4,372.00 
St. Louis-San Francisco Railway Company 5% prior lien 

mortgage series B, due 1950 (certificates of deposit).......... 6,000.00*..... ADT BOB Ga vrarsleaisiaie es oikcalsis'e,ofG ws rataraleos. ai\9: Siu: wsalttolae. c's tial 5,497.50* 

SNE SERA UESCASCUR OSE e gp tc p's) ss pian sss 3) sift emst unio aig as Shoe tie wich e afeloudpeigun oth Gam hye BOLD AAO iare ara. pieversinyaictacstola sie nrieioYaere accCarena ets $4,372.00..... $ 23,524.50 


Public Utility Bonds: 
New York & Queens Electric Light & Power Company 31/2% 
first and consolidated mortgage, due 1965............00000- 10,000.00 ..... STL OGOIO0: «|, cite we Haeccsiv es elo da de tad ciiecvetlats $ 11,000.00 


Bond and Real Estate Mortgage: 
Fidelity Union Title and Mortgage Guaranty Company first 
mortgage certificates (on property 75-79 Prospect Street, 


East Orange, N. J.) 4%, due 1944.0... 00.00 ccc ceceeeveee 14,132.00f..... BASRA Oa Ao ore cee eee EEO cae ee AL ee chee cok $ 13,188.27t..... $943.73t 
United States Government Bonds: 
Treasury Savings bonds series D, due July 1, 1949............ , 10,000.00 ..... BBA OAAROO Breas Zs ies. wisi; d pidvrera eote aie wlnieclinraswia)a/e hats clsvwubtaratetainte $ 7,644.00 
Treasury Savings bonds series D, due January 1, 1950.......... 10,000.00 ..... RL OOL Wratvastsisia'sis'e 5's \b\> ra sinin oftiaemanbiae ids Avec e als seer ate 7,500.00 
irensuryenonds 2%, duc 1950/48... kee esc cs gece es tncesees 7700000) 2... </5 PROMS OLS Ae ER cs 2's ssaiel ona rate bUghpharaheiotetthe ieleesy am evetertinle Cie) eta te 78,130.94 
‘ereagury bonds 21/27; due 1968/63 ; .... 22.00 si- sec eescenes 20,000.00 ..... 15,000.00 ..... SS/QOO CO Rs lamented eta: dares saceraraia telat lace 20,000.00 
Treasury bonds 21/2%, due.1972/67.........ccsceewe ev enenen 6,300.00 ..... TOMO AMD rc cthNcta pet wie] e1k. ih ahem Npaj ks Og am aan ate ofalers 3/2 ahePat 6,300.00 
Defense bonds series F, due June 1, 1953...........00ccereeee 34,000.00 ..... 25,160.00 25,160.00 
Defense bonds series G, 21/2%, due December 1, 1954......... 18,000.00 ..... 18,000.00 18,000.00 
War Savings Bonds series G, 21/2%, due September 1, 1955.... 40,000.00 ..... 40,000.00 40,000.00 
otal United/States Government bonds,......nceccercccpereccvcveesceces $192,534.94 ..... $5,000.00..... SF 2OOLGO Joi elaterelehteiaisier ers nt $202,734.94 
Capital Stocks: 
PRRE DNC CATT) COIMPADY ss aes anaes sic. ose ide’ visls ocieiv els eee say 60 shares ..... Bae eS Oral bere favatelaiviate cc stale olore, acetate ete /ylgnaiacacetwiwcple ane tyoceiRi c,h $ 4,988.40 
American Telephone & Telegraph Company..............+.+ 30 shares ..... Pee LOS aeta e PaC cata oss or Cran, «> Whe Tal wiv: Sia TACWiats in ss! oreoysatave Sikeimiate alee 4,897.95 
Atchison, Topeka & Sante Fe Ry. Company—Preferred........ 150 shares ..... aera OREN release ead ws tre ia.e pie aereik cobra hh he Sayers eine pe yaa ae 13,035.46 
Pipaeanetdisom COMpany a). s saeco val soleil we as vneiev shee eciee 200 shares ..... GU) ZT UREN OA Thy 533 ois/4sn SE al elses Lolth cB lermtR (pone 8) woe etapa se epyae eee 4,927.50 
Commonwealth Edison Company........ Sieh < skh The nj ae Ne 200 shares ..... POOR aiere Crakiaisla a ant eed alates Chala ste yaip fel awl wiarabas apes as 7,580.68 
Consclidated Natural Gas Company.............000seeee eens 11 shares ..... Bae MMVII sian ao Sibheietaiptacatale saare|ki ga bfa-a'etsinle Sisialate aia Ste: 221.92 
astmenyWwodak. Company .¢,0- nice cies vitlee cic¥ee sce es seattle 35 shares ..... Ps LOB i Me ear tari a fa.sto'e wretu Gio, arn tle aralede Ciao) o/nsarelsinin le ieatotacetosene 4,768.23 
E. I. du Pont de Nemours & Company...........0.--00eeeee 40 shares ..... OD Sre OME MEST oiler ha oie eanoteieseta, eye Mim ele tnGr cian crab iole arcteteisid ointle 6,398.20 
Reemenaldilectric COMPANY cu). ise wen se a ete Slaves elne oe 130 shares ..... ANG SUS Oeeitars car\olclass diemeeeanerie ¢ oleriierumcel sie /¢, elaleistel ores etoeiets 4,463.80 
Seeneral Motors Corporation.:..03..ccscssecveciesusecvcncs 100 shares ..... DOSE MEN stare inch, © Alvin eaisievsleic len tafer sachets loteia mie cree eyi severe ats 4,235.53 
International Harvester Company..........0ceee ee eeeneeee ( etOO'Shares sige. SLOAONS Caper aves stein sicre noes cereusten etelaoE em etnisine auptntelechleaine 5,030.50 
International Match Realization Co., Ltd. voting trust certifi- 
cates for capital shares of International Match Corporation... 6 shares*..... Demet Ne Walvis As hier watala eidlary ve wish wera geals eccln: Ainfiaietabe/ sien. 9s 1,875.15* 
Sears Roebuck & Company............... Sie Soe ne TO 100 shares ..... GS OTA Te Ie cs viatotsjacaeesie navel sia uauruiwia s eimeend ele mane sae pce 6,014.97 
Standard Oil Company of New Jersey...........:00e2epeeeee 110 shares ..... CeO P IY OF NERS AMIE CAE SBS CE EERE pC OE DAD SILO OBOE EG 4,569.86 
Union Carbide & Carbon Corporation..........000 eee e eee 70 shares ..... ASE SED Mahal Creigia; cers eluse viniaisicaa stale Dieiare eis syeure el lereiere reais eles 4,358.35 
Biter ac Ailes tOCKB: rstaeesisesie shavatst ate! aiei foehnt ga ovelah.\sw'o 00's ate py e/ eh sigPaie isis eral Simp nis SRF SCG OOM soe aera ciiuials ste eictecatsiaie/einielaisteye tities aie since atolain fe $ 77,866 50 
BEND AU ras oy cie ic recs oop lcvefes vids otaanl St nasTaasis ala eitsT ta Ei suc niale aihoisate,sinie i ale dere ae $313,742.21 ..... $5,000.00..... $5,200.00..... $4,372.00..... $328,314.21 ..... $943.73 
_ Less reserves for securities considered to be of doubtful value: 
sheserve in full for securities designated *.....¢c..ssineprescuiculiantverstnes Ps Ta Om may ahs ee ta cve ieceie lore cial latin lores taieve pie ol fri anata le catiay Sis aC euabe $ 7,372.65 
fReserve of approximately 40% for securities designated f.............50-+0005 RECTAN dines emits Whe Meanin a sta tay ani apn Rccaeninla, taieies tie rare ae a, ainda SAV LOL hy ata $415.73 
‘ Lee ect a ine ee a 
SEUStAN Wars, aie'e)s = o,acs nists Fs Sete acta SE EAR riche RIG CU TR Comer eC IOk Sai OS 8-92 att etait layer yetaarals Se Vale faaalne Pieter wig atetarabe lates sistas haved $ 13,088.92... $415.73 
Motali Securities, Less\Reserve, oo... ccs wacnc cnisiens esas ceepleesce viele ee $3005653,29) wis $5,000.00. .... $5,200,00..... $4,372.00..... $315,225. 290 eres $528.00 
. 
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Officers and Committees for 944-45 


Officers 


President 


East Pittsburgh, Pa. 
(Term expires July 37, 1945) 


CHARLES A. POWEL 


Junior Past Presidents 


New York, N. Y 
(Term expires July 31, 1945) 

Philadelphia, Pa. 
(Term expires July 31, 1946) 


HAROLD S. OSBORNE 


NEVIN E, FUNK 


Vice-Presidents 
District 
2 W. E. WICKENDEN Cleveland, Ohio 
4 CLAIRE W. RICKER New Orleans, La. 
6 L. A. BINGHAM Boulder, Colo, 
8 J. M. GAYLORD Los Angeles, Calif. 
10 W. J. GILSON Toronto, Ontario 
(Terms expire July 31, 1945) 
ip Rod. HENRY Buffalo, N.Y. 
3 J. F. FAIRMAN New York, N. Y. 
5 M. S. COOVER Ames, Iowa 
7 R. W. WARNER Austin, Tex. 
9 C. B. CARPENTER Portland, Oreg. 
(Terms expire July 37, 1946) 
Directors 
L. R. GAMBLE Spokane, Wash. 
T. G, LeCLAIR Chicago, Ill. 
F. R. MAXWELL, JR. Pensacola, Fla. 
(Terms expire July 31, 1945) 
K. L. HANSEN Milwaukee, Wis. 
W. B. MORTON Philadelphia, Pa. 
W. R, SMITH Newark, N. J. 
(Terms expire July 37, 1946) 
CG. M. LAFFOON East Pittsburgh, Pa. 
Cc. W. MIER Dallas, Tex. 
S. H. MORTENSEN Milwaukee, Wis. 
? (Terms expire July 37, 1947) 
Pp. L. ALGER Schenectady, N. Y- 
M. J. McHENRY Toronto, Ontario 
D. A. QUARLES New York, N. Y. 


(Terms expire July 31, 1948) 


National Treasurer 
W. I. SLICHTER New York, N. Y. 
(Term expires July 31, 1945) 


National Secretary 
H. H. HENLINE New York, N. Y. 
(Term expires July 31, 1945) 


Local Honorary Secretaries 


Austratia—V. J. F. Brain, Department of Public 
Works, Bridge Street, Sydney, N. S. W. 


Brazir—Richard H. Bowles, Sao Paulo Tramway 
Light and Power Company, Sad Paulo 


Enctanp—A. P. M. Fleming, Metropolitan-Vickers 
Electric Company, Trafford Park, Manchester 


France—A. S. Garfield, 45 Bd. Beausejour, Paris, 16E 
Inpia, NortoHern—V, F. Critchley, 11 Bahawalpur 
Road, Lahore, Punjab 


Inpia, SourHern—N, N. Iengar, The Tata Power 
Co. Ltd., Bombay House, Bruce Street, Fort Bombay 


New ZeALANp—P, H. Powell, Canterbury College, 


Christchurch 


Swepen—A. F. Enstrom, Ingeniorsvetenskrapsakade- 
mien, Stockholm 5 


Transvaat, Sourn Arrica—W. Elsdon-Dew, - P. O. 
Box 4563, Johannesburg 
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General Committees 


Executive 


G. A. Powel, ehairman, Westinghouse Elec. & Mfg. Co., 

East 'Pittsburgh, Pa. 
Pp, L. Alger H. S. Osborne 
J. F. Fairman W. I, Slichter 
N. E. Funk W. R. Smith 


Board of Examiners 


H. S. Warren, chairman, 18 Brunswick Road, Montclair, 
N. J. 

Alexander Maxwell, vice-chairman, Edison Electric Insti- 
tute, 420 Lexington Ave., New York, N, Y. 
Farrer, secretary, ATEE, 33 W. 39th St. New 
York 18, N. Y. 
A. E. Knowlton 
R. GC. Roe 

M. F. Skinker 
S, A. Spalding 
I. A. Terry 

H. M. Trueblood 
K. L. Wilkinson 
R. J. Wiseman 


HE, 


P. H. Adams 
P. L. Alger 

R. H. Barclay 
F. E, D’Humy 
E. D, Doyle 

GC. W. Fick 

A. L. Harding 
L. F. Hickernell 


Sidney Withington 


Code of Principles of Professional Conduct 


G. A. Waters, chairman, 6400 pyeieush Ave., St. Louis 14, 
Mo. 

Dugald CG. Jackson, vice-chairman, 5 Mercer Circle, 
Cambridge 38, Mass. 
E. H. Flath 

W. M. Piatt 


Harry Barker 
D. D. Ewing 
W. E. Wickenden 


Constitution and Bylaws 
Mark Eldredge, chairman, 2110 Spencer Road, Silver 
Springs, Md. 

I, M. Stein, vice-chairman, Leeds & Northrup Co., 4901 
Stenton Ave., Philadelphia 44, Pa. 

J. P. Jollyman Reginald L, Jones 


T. G. LeClair 


Edison Medal 


Appointed by the president for term of five years 


K. T. Compton, chairman W. D. Coolidge 


J. M. Thomson 
(Terms expire July 31, 1945) 
J. T. Barron R. E. Doherty J. V. B. Duer 


(Terms expire July 31, 1946) 

D. GC, Prince W. E, Wickenden 
(Terms expire July 31, 1947) 

CG, A, Powel David Sarnoff 
(Terms expire July 31, 1948) 

A, E. Knowlton H. E. Strang 
(Terms expire July 31, 1949) 

Elected by Board of Directors from its own membership for 
term of two years i 
C. M., Laffoon W. R. Smith 
(Terms expire July 31, 1945) 

M. S. Coover S. H. Mortensen 
(Terms expire July 31, 1946) 


F. D, Newbury 
C. R. Freehafer 


O. E. Buckley 


Walter J. Gilson 


P. L. Alger 


Ex officio 

C, A, Powel, president 

W. I. Slichter, national treasurer 
H. H. Henline, national secretary 


Finance 


W.R. Smith, chairman, Public Service Electric & Gas Co, 
: 80 Park Place, Newark 1, N. J. 
J. F. Fairman D. A. Quarles 


Charles LeGeyt Fortescue Fellowship 


O, E. Buckley, chairman Ernst Weber 
(Terms expire July 31, 1945) 
H. W. Tenney 

(Terms expire July 31, 1946) 
R. T. Henry 

(Terms expire Fuly 31, 1947) 
C. W. Green, secretary, Bell Telephone Laboratories, 
436 West St., New York 14, N. Y, 


A. R, Stevenson, Jr. 


J. M. Gaylord 


Officers and Committees —1944-45 


i 


s 


Headquarters ee * Be 
T. F. Barton, chairman, General Electric Co., 570 Lex- | A 
ington Ave., New York 22, Ni Yee 


WR, Smith + 
Lamme Medal f ar ee 


CG. L, Dawes Ree bt chairman 
K. B. McEachron 
(Terms expire July 31, 7945) 


H. H. Henline 


Robin Beach O. B. Blackwell CG. M, Laffoon 
(Terms expire July 31, 1946) 

W. A. Del Mar John GC. Parker Philip Sporn 
(Terms expire July 31, 1947) 

Members-for-Life Fund : . 

F. M, Farmer, chairman, 2 East End Ave., New York 21, e 

GC. R. Beardsley R.G. Muir 

E, H, Colpitts F. D. Newbury 

F. F. Fowle W.S. Rodman _ 

N. E. Funk R, W. Sorensen _ 

Membership 


L, F. Howard, chairman, American Tel. & Tel. Co., 
195 Broadway, New York 7, N'Y. 

F. G. Guldi, vice-chairman, Public Service Electric & Gas — 
Co., 80 Park Place, Newark 1, N. J. 
GC. W. LaPierre 
W.J. Lyman 
L. GC, Miller : 


E.G. D. Paterson 


F. S, Bacon 

L, A. Bingham 
Tomlinson Fort 
W. C, Fowler 


J. R. Riley < ps 
District vice-chairmen # 
W. F. Cotter (1) \ Wade H. Taylor (6) ae 
E. P. Yerkes (2) E, B, Robertson (7) 
Richard F, Ham (3) Ralph A. Hopkins (8) 
Stanley Warth (4) J. A. McDonald (9) © 
Ellis J. Arnold (5) Frederick Krug ig pe 
Ex officio a ea 
Chairmen of membership committees 5 of all Sections — Z 

/ 


Planning and Co-ordination 
N. E. Funk, chairman, 1000 Chestnut St., PMRaane fe 


Pa. 
W. R. Smith, vice-chairman, Public Service Blectric & Gas a db 
Co., 80 Park Place, Newark 1,N.J. 
H. H. Henline, secretary, AIEE, 33 W. 39th St, New 
York 18, N.Y. 


G. W. Bower 
F, A, Cowan 
Mark Eldredge 


Prizes, Award of Institute _ a 


F. A. Cowan, chairman, American Tel. & Tel. Co, 195 
Broadway, New York 7, N. 
H, A. Affel, vice-chairman, 463 West St., New Yor 


L. A. Kilgore 
W. A. Lewis 
HH. Race 
xb H. E. Wulfing 


C S. Rich, secretary, 33 W. 39th St., New York 18, 
D. R. Sk 


Publication 


lishing Co., 30 Church St., New York 7, x 
F. A. Lewis, secretary, ATEE, 33 W. 39th St. a 
4 


M. S. Goover 
F. M. Farmer 
H. H. Henline 


Research e 
W. A. Lewis, chairman, Armour Research Foun 
3 35 W. 33rd St, Chicago 
R. H. George, vice-chairman, Engg. Experimen S 
Purdue University, Lafay 
G. T. Harness, secretary, Elec. Engg. Dept., Go 
University, Ne ve 27, 1 
F, M. Clark 
F, M. Farmer 
M, J. Kelly 
F. R. Maxwell, Jr. 
TE. L. Moreland 


vy. f 


_ S. H. Mortensen 


General Committees (continued) | 


Safety 


W. R. Smith, chairman, Public Service Electric & Gas 
Co., 80 Park Place, Newark 1, N. J. 

L. F. Adams, vice-chairman, General Electric Co., Sche- 
nectady 5, N. Y. 

Allan B, Campbell, secretary, Hughes Brothers, 2 Rector 
St., New York 6, N. Y. 


Robin Beach R. L. Lloyd 
M. M. Brandon A. C. Muir 
C. Fi Dalziel Albrecht Naeter 


C. N. Rakestraw 
W. T. Rogers 
H. W. Tenney 
E. E. Turkington 
Wesley Weinerth 


John Grotzinger 
O. S. Hockaday 
L. E. A. Kelso 
F, L. Kemp 
W. B. Kouwenhoven 
H. B. Williams 


Sections 


G, W. Bower, chairman, Public Service Electric & Gas 
Co., 80 Park Place, Newark 1, N. J. 

R. M. Pfalzgraff, vice-chairman, American Viscose Corp., 
Wilmington 99, Del. 

A. GC. Muir, secretary, 1138 Commercial Trust Bldg., 
Philadelphia 2, Pa. 


L. L. Bosch H. P. Heafer 
O. C. Brill V. P. Hessler 
M. S. Coover L. F. Hunt 
W. E. Enns Frederick Krug 
Carl W. Evans E, T. Mahood 
Walter J. Gilson Cc. S. Purnell R. G. Porter 


Ex officio 


Chairmen of Sections 


Standards 


A. C, Monteith, chairman, Westinghouse Elec. & Mfg. 
Co,, East Pittsburgh, Pa. 

W. P. Dobson, vice-chairman, Hydro-Elec. Power Com- 
mission Laboratory, 8 Strachan Ave., Toronto, Ont. 

H. E. Farrer, secretary, AIEE, 33 W. 39th St., New 
York 18, N, Y. 


R. C. Bergvall Reginald L. Jones 
45 E. Clem Alexander Maxwell 
E. C. oo S. H. Mortensen 
C. M. Gil J. R. North 
Rv. Henry ; E. B. Paxton 
T. B. Holliday Gordon Thompson H., S. Phelps 
Ex officio 


Chairmen of working and co-ordinating committees of 

* the Standards committee 

Chairmen of AIEE technical committees 

Chairmen of AIEE delegates on other standardizing 
bodies or sole representatives thereon 

President, U. S. National Committee of the Interna- 
tional Electrotechnical Commission 


Student Branches 


E. W. O’Brien, chairman, Southern Power & Industry, 
1020 Grant Building, Atlanta, Ga. 
R. G. Warner, vice-chairman, 7 Alden Ave., New Haven 


15, Conn. 
L. A. Bingham A. G. Ennis 
M. M. Cory Everett S. Lee 
H. L. Davis, Jr. E, M, Strong H. C, Madsen 
Ex officio 


Student Branch counselors 


Technical Program 


F. A. Cowan, chasrman, American Tel. & Tel. Co., 195 
Broadway, New York 7, N. Y. 
H. W. Bibber, vice-chairman, Union College, Sehenecs 


tady, N. Y. 

C. S. Rich, secretary, AIEE, 33 W. 39th St., New York 
PBN. Y, 

P. L. Alger C. P, Potter 
M. D. Hooven A. W. Rauth 


Frank Thornton, Jr. 

T. A. Worcester 
Ex officio 
Nevin E. Funk, chairman, committee on planning and 

co-ordination ‘ 
W. R. Smith, chairman, committee on safety © 
A. C. Monteith, chairman, Standards committee 
Chairmen of all technical committees 


‘Transfers 


M. J. McHenry, chairman, Hydro-Electric Power Com- 
mission, 620 University Ave., Toronto, Ontario 

‘K. H. Frampton, secretary, Hydro-Elec. Power Com- 
mission, Toronto 2, Ont. 


E. A, Crellin J. W. Lingary 
Arthur L, Jones K. B. McEachron 
A. E. Knowlton M. S, Oldaéte I. T. Monseth 
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Technical Committees 


Electric Machinery 


L. A. Kilgore, chairman, Westinghouse Elec. & Mfg. Co., 
East Pittsburgh, Pa. 

J. F. Calvert, vice-chairman, Northwestern Technological 
Institute, Evanston, Ill. 


E. H. Alexander H. H. Kerr 
Sterling Beckwith C, E, Kilbourne 
Theodore Braaten C. M, Laffoon 
F. S. Brown T. C, Lloyd 
B. M. Cain R. C. Moore 
A. M. deBellis T. H. Morgan 
G. T. Harness M. 8, Oldacre 
F. E. Harrell F. D. Phillips 
C. B. Hathaway C, P. Potter 
J. K. Hodnette L. M. Robertson 
R. A. Hopkins M. L, Schmidt 
W. R. Hough W. C. Sealey 
E. K. Kane H. D. Sill 
F, P. Kasper B. Van Ness, Jr. 


C. G. Veinott 


Subcommittee Chairmen 


E. H. Alexander, Industrial Control 

Sterling Beckwith, Synchronous Machinery 

F. S, Brown, Transformer 

W. R. Hough, D-C Machinery 

A. M. deBellis, Insulation Resistance 

C, E. Kilbourne, Co-ordinating Committee on Test 
Codes 

T. C. Lloyd, Induction Motor 


Air Transportation 


D. R. Shoults, chairmen, General Electric Co., Schenec- 


; tady 5, N. Y. 
J. W. Allen J. D. Miner, Jr. 
W. L. Berry J. R. North 
C. J. Breitwieser O. F. Olsen 
Harold R. Brown W. A. Petrasek 
F, Felix H. F. Rempt 
Fred Foulon R. A. Rugge 


R. W. Gemmell 
R. M. Heintz 


Raymond A. Smith 
K. R. Smythe 


T. B. Holliday A. F. Trumbull 
John Maxian, Jr. F. H. Walker 
F. R. Maxwell, Jr. F. O. Wisman 


Automatic Stations 


J. A. Elzi, chairman, Commonwealth & Southern Corp., 
Jackson, Mich. 

G. S. Whitlow, vice-chairman, Union Electric Co. of 
Missouri, 315 N. 12th Blvd., St. Louis, Mo, 

G. S. Lunge, secretary, General Electric Co., Schenec- 


tady 5, N. Y. 
F. F. Ambuhl J. A. Parrott 
G. W. Bean Perry Peterson 
L. R. Gamble Cc. F. Publow 
E, E, George M. E, Reagan 
R. M. S. Goo J. A. Vivian 
B. E. Hagy G. S$. Whitlow 
M. S. Merritt E. A, Williams, Jr, 


C, E. Winegartner 


Basic Sciences 


J. G. Brainerd, chairman, Moore School of Electrical 
Engineering, University of Pennsylvania, Philadelphia, 
Pa. 

K,. W. Miller, vice-chairman, Room ie 72 W. Adams 
» Chicago 90, Ill. 

Jods ‘Tebo, secretary, 463 West St., ne York 14, N. Y. 


R. W. Ager W. A. Lewis 
L. A. Bingham F. C. Lindvall 
Charles Concordia Brian O’Brien 
H. L, Curtis * G. W, Penny 
L. O. Grondahl Walther Richter 
C. R. Hanna M. F. Skinker 
H. L, Hazen James J. Smith 
N. S. Hibshman F. G. Tappan 


Jesse E. Hobson 
M, J. Kelly 


Q 


. S. Timoshenko 
Ernst Weber 


Officers and Committees—1944—-45 


Communication 


H. A. Affel, chairman, Bell Tel. Laboratories, Inc., 463 
West St., New York 14, N. Y. 

I. S. Coggeshall, vice-chairman, Western Union Telegraph 
Co,, 60 Hudson St., New York 13, N. Y. 

John Davidson, Jr., secretary, 463 West St., New York 14, 


N. Y. 
A. L. Albert S. B. Ingram 
H. H. Beverage C. B. Jolliffe 
H. M. Bollinger I. J. Kaar 
J. D. Booth L. R. Mapes 
F, B. Bramhall Ralph G. McCurdy 
J. L. Callahan Cc. W. Mier 
C. B. Carpenter H. H. Nance 
John L. Clarke H. H. Newell 
J. B. Coleman L. G. Pacent 
F, A, Cowan J. G. Patterson 
Harold Dangerfield Haraden Pratt 
H. J. Dible J. B. Russell 


H. CG, Dillingham 
L. J. Dunnewold 
H. E. Ellithorn 


Arthur Bessey Smith 
Rothwell E. Smith 
W. B. Stephenson 


E, B. Fowler T. DeWitt Talmage 
D. G. Geiger H. M. Turner 
E. E. George William Comings White 
C, C. Grimes E. P. Yerkes 


F. C, Young 
* 


Domestic and Commercial Applications 


M. K. Brody, chairman, McCall’s Test Rooms, 444 Madi- 
son Ave., New York 22, N. Y. 
W. F. Ogden, vice-chairman, Edison General Electric 


Appliance Co., Inc., 5600 W. Taylor St., Chicago 44, 


Ill. 


C. W. Evans, secretary, Electrical South, 1020 Grant 


L. F, Adams 

G, W. Alder 

R. U. Berry 

D. K. Blake 

M. M. Brandon 
A. C. Bredahl 
W. B. Buchanan 
H, R, Cummins 
L. R. Gamble 


Subcommittee Chairmen 


Bldg., Atlanta, Ga. 
R. R. Herrmann 
C. H. Leatham 

F. W. Linder 

L. W. McCullough 
H. E. Metz 

H. P. Seelye 

G. C. Tenney 
Gordon Thompson 
Wesley Weinerth 


W. B. Buchanan, Electrical Hazards to Farm Animals 
H. R. Cummins, Laboratory Projects 


C. H. Leatham, Farm Applications 
W. F. Ogden, Load Characteristics 
Wesley Weinerth, Wiring 


Industrial Power Applications 


John Grotzinger, chairman, Goodyear Tire & Rubber Co., 


Akron, Ohio 


Herbert Speight, vice-chairman, Westinghouse Elec. & 
Mfg. Co., 40 Wall St., New York 5, N. Y. 
L. A. Umansky, secretary, General Electric Co., Sche- 


F. S. Bacon, Jr. 
E. L. Bailey 

D. L. Beeman 

D. E. Bivins, Jr. 
E. T. Carlson 
Lemore W. Clark 
F. W. Cramer 

D. D. Douglass 
A. B. Emrick 

K. K. Falk 

J. S. Gault 

F. E. Harrell 
Sasha Headman 
K. W. John 
Royce E. Johnson 


Education 


H. W. Bibber, chairman, Union College, Schenectady, 
N 


P. L. Alger 

A. L. Albert 

L, A. Bingham 
M. S. Coover 
G. F. Corcoran 
E. E. Dreese 
W. L. Everitt 
Ss. a Henderson 


A. R, Zimmer 


nectady 5, N. Y. 
A. E. Knowlton 
M. J. McHenry 
A. GC. Muir 

JJ Orr, 

L. C. Peterman 
Ralph Randall 
F. O. Schnure 
Hugh L. Smith 
T. D. Thomas 

E, E, Turkington 
John M. Webb 
Cc. CG, Whipple 
W. E. Wickenden 
R.T. Woodruff 
R. H. Wright 


J. A. Northcott, Jr. 
R. G. Porter 
Claire W. Ricker 
H. H. Skilling 
R. W. Sorensen 
J. G. Tarboux 
B. R. Teare, Jr. 
G. B. Thomas 

C. E. Tucker 

C, E, Tuites 

R. W. Warner 
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Electric Welding 


Lemore W. Clark, chairman, Detroit Edison Company, 

Detroit, Mich. 
G. W. Garman, vice-chairman and secretary, General Elec- 
tric Co,, Schenectady 5, N. Y. 


e 


G. A. Adams W. F. Hess 
E. M. Callender J. H. Lampe 
G. M. Chute, Jr. G. G. Landis 
Cc. N. Clark GC. I. McGuffie 
W. E. Crawford R. G. McMaster 
G. H. Fett C, L, Pfeiffer 
C. J. Firth W. Spraragen 
K. L. Hansen E, H. Vedder 
C. E. Heitman, Jr. M. Zucker 


Electrochemistry and Electrometallurgy 


J. E. Housley, chairman, Aluminum Company of America, 
Alcoa, Tenn, 

M. F. Skinker, vice-chairman, Federal Telephone & Radio 
Corp., 1000 Passaic Ave., East Newark, N. J. 

W. C. Kalb, secretary, National Carbon Co., Inc., P. O. 
Box 6087, Cleveland 1, Ohio 


J. V. Alfriend, Jr. W. B. Kouwenhoven 


F. T. Chesnut D. H. Levy 
L. H. Fletemeyer R. M. Pfalzgraff 
J. G. Ford T. R, Rhea 


Walter J. Gilson 

W. E. Gutzwiller 

J. E. Hobson 

J. B. Hodtum 

Subcommittee Chairmen 

M. F, Skinker, Dry Plate Rectifiers 

E. R. Whitehead, Voltage Transients in Arc Furnace 
Circuits 


F. O. Schnure 
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South Texas.... Delay 2357050 oo AB ee AS ihe ae oe OME mMiodal ir iie:s: ce, eats 1411 Transit Tower, San Antonio, Tex. ; 
Spokane FE don cer sere CP colsopp ak ssl }srrey UMOLIRRE ES TORI alts ee W. E. Mathews...... W. 208 Euclid, Spokane 13, Wash. 
Springheld 5.0" its. 's= LP Une: 2922200612 Digna us Paongated say acy W. S. Scheering. ..... Western Massachusetts Elec. Co., 73 State St., Springfield 2 ‘Mass. 
PV DACTISe yes. fie airaicte a5 a) <p" Dy Ang. 127720 1 Pl 260s ao Jor Wa ICO se pera at are C. E. von Sothen..... General Electric Co., 113 S. Salina St., Syracuse: N. Y. 4 
SLE AO ae eet ete inteta ets ole Poeajines 15, 207 87.502. Wa Manor.aeees oe W. M. Campbell. .... 2145 Central Grove Ave., Toledo, Ohio aT See 
SEOFOMLO Pe dies ace ais siaveec,s 10...Sept. 30, 03 381....A. W. Murdock. .....; ole Moone ss s.arapprerern Dunlop Wire & Rubber Goods Ltd., 870 Queen St. E., Toronto, Canada ’ t 
DUCE: Ob pent eit EES Hie OChe 61,237 TO avn citlsi Ay NORDELR ele ites E. F. Patterson.......414 National Bank of Tulsa‘Bldg., Tulsa 3, Okla. thn rae ; 
Tox baxsan sie tasters rere neieac = 5...Nov. 25, °02 S755 TE. AsiReid-ccutesicume nt P. F. Schwarzlose.... . 212 Elec. Engg. Lab., University of Illinois, Urbana, III. 
SEAN yatta wists Ma ors Bo ei Ore iara Ded 7iemace hoe eb bachiaant sammy ie J. A. McDonald...... General Elec. Co., P.O. Box 779, Salt Lake City 9, Utah 
Vancouver ee eh avy sey cee LO Auig 22; 78 1c, LOU els Ws Stacey ata e cassia: WEL: Elec ley: etter 1418 Marine Bldg., Vancouver, B. C., Canada ‘sc 
Virginia. ..........-++., Ae dVeay 1972280.) 147, nn pAuL POrbes sie ais AG Rawls san eniee Virginia Elec. & Pwr. Co., Richmond, Va. f 
Washington. .......---.. BertNpire 95 OS acta | U0 Mrhas Werke Dietepeme sealers H. M. Bollinger. ..... Chesapeake & Potomac Tel. CGo.,1111N.CapitolSt., Washington2, De 
West Virginia Rodectotone ala Ditka Aprn 9) AO tame too tae Lan Wes ROUSH one, E. B. Ellerbe . Box 911, Charleston 23, W. Va. 
Wichita tee a. ete tos ns 7...Sept. 16, ?37.... 74....E. H. Stephens....... H. E. Hartman.. . Kansas Gas & Elec. Con 201 N. Market St., Wichita 1, Kansas ; 
eae Sapyea teehee 1...Feb. 18, ?20 65....V. F. P. Sepavich..... R. M. Peirce American Steel & Wire coe Electrical Gable Works, Woreestent 
otal Sections......... 73 18,415 
Local Subsections : 2 F 
sabato (Minnesota Section) 22. SER OR Ae Oe ee Hi Carpenter .3 005. R. H. Holmes syoicc 5 Minnesota Pwr. & Lt. Co., Duluth, Minn. 
eaumont (Houston Section) Saronic ying en ae ethane L. H. Matthes........G. W. Morgan....... P. O. Box 2951, Beaumont, Tex. a 
Bae Oe eager day SSE in, BP en eee De He Davis eye Vee M.G; Loole tie sae P. O. Box 42, wen Yard, Charleston, S. C, aD 
oe ee as FC OEE ON OUD Stacie Tee rae set Pome te. W. R. Neumann.,....Montana Power Co., Gteat Falls, Mont. 
ie Sr LW Sane ted yes po Mb tices sr tears Fens % i e: ackett Na jeaucr Ke Ree Kenightss2 ses ative Canadian Westieshouse Co. Ltd., Hamilton, Ont., Canada 
Raat Falls wie pai haces Sa. Rua od Asean ee ee sei ewiatotes PE SSD Ace. aces acts 107 Armstrong PIl., Peoria, Ill. eet 
Abadi Niel a Bras orb iene ree : c ODES Iran wie etme F. A. Anderson soreness 1021—90th St. Nigsara Falls, N. Y. 
brie emcees ee oes santas Tale SRigeta ge eae Ballard.........J. H. Simpson........ National Research Council, Ottawa, Ont., Canada “= 
ie cata aa areas Soir aati ye oie “0 fala ca valet at Ets Schuette reat. Barber-Colman Co., Rockford: Il. Sie 
Wilmington (Philadelphia Section) CT CORN 72 aa e me 4 one. ) E. A. McGinty...... 1314 29th St., Sacre 16, Calif. 
Z a (Columb a a ay “tas hoe yg pees? Oe aay ea, Henry Evans......... Delaware Pwr. & Lt. Co., 600 Market St. RS Wilmingtén, D 
ancaville (Coltunbus/Section)'s 25 0. veusiiy see. seis oon a) okt euddersy. cctyoe J. G. Tankovich...... Line Material Co., Zanesville, Ohio ia 
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Student Branches of the Institute 
j Counselor 
Name and Location District ~ (Member of Faculty) Chairman Secretary 
reimmniey Of, Akron, ‘Ohi0.% 0. coe welds cee visee ewe eee stv eves Direotra eiaa ree A. J. B. Fairburn 
Alabama Polytechnic Inst., Auburn, Ala... 0.2.0.0... ccc. cence eee Drcragects miele triage Me Pa ey eu shy iio ate Sema eae ce SeatcyePenuells cre werscssteyervacie eters E. A. Daily 
Alabama, Univ. of, University, PME 8 Sed iol. COM eee Ren wre By aerate ors Wiles Ry aan: siecteeretueahenee ult aie Oil 2s Pires ciate, seas ay Angel Saurez 
Alberta, Univ. of, Edmonton, Alberta, Gan..........000.0ce cess ee Orrin Geen os Re Pe Pollips cet e- etme CinGay Carlsontyastests) «vei cf eee wae W. D. Stothert 
Aman, OL, LUCSON; ALIZaccic es viiee Circ vee vensdaedvcvecsiecs Bey aonerietemistacs RGR Glavk: tne Ne aude ienepetaee Sait. Pootes § yu eqenetuien ees Herbert Jacobs 
Arkansas, Univ. a PCa Ha ig SESS ee "Ula ey age aNo fakes oe Wav motelznersstAunntns tutrcrie aes IWS Glasehumnls 7 aisercieatettarvere rate J. M. Strabala 
British Columbia, Univ. of, Vancouver, Can..............000e000 LOR cakercttiah worn WB Coulthard’: «act. 20 cosas BY AMES Ellis, Sod teccpeaehetes rarauaaees A. J. Roper 
BrookiynitPoly. Inst. of, Brooklyn, N. Y..6...cc cect cwamedevcese Bers ace hee A. B. Giordano 
UN Sd) eae hy Mere Mente oie ee fol creel -tais eo eyale vinck.niolelavare ie steyeichesh a STM pias asain vie hae Gee.nenene Sebastian Ribiero............... R. S, Norton 
RMT VIRION) at APS Cie RIO me Etta oA severed ay ol boa saa ah slePeve Sreierei ole v's le Wietcre a.c ale wsia  v eciavs cating oe.ede A. E. Ruppel 
mmawaeenae., Providence, Ri TL... so... cusses setaeueenseveaees AS ne RON Womipkinsg . on asavisteceee + WE. imp AlnN. cic. npiciretce vets D. C. Taylor 
DaCMURNU DEY: | LE WISDULE) PA. . sind winlepe nse dcle esa ritenies see cceces Daisies saan KouBh MackKichan:-.. titsyse ne chert ates: Milleriis:. cts. .es)cie sp lets eee R. M. Lauman 
Reiemedsts Of Lech:, Pasadena, ‘Calif... ... 6... cc ewe e vers acecdne Cae ee Faves taxstadt, 5°. 2. teiinyy ctsi< Gharles Davia’: nrcnspin catia ene M. H. Moore 
Mterreeony, Of, Berkeley, Calif... in cee evs cea wad naveeececees Brahe 3% ae eh PUR RAMIONOD. «sac Set poets «> « RO Samer 5 he k mist w icriatine ose Se R. H. Delano 
mromremrmeuinat: Of Lech. Pittsburgh; Passa. sccuaendsncevancccwese Lv vees caveats Ge Re Patterson .acisaneemtercee + PC Castner ).icenascdsn ab ates Ed. Thurston 
‘Case School of Applied Science, Cleveland, Ohio. .............04. Mesiieaetcte a ofghe a Py, ROOVOR f.5 aspirin es 3's - G. H Galloway fo. tet Gesntedes Robert Yonovitz 
‘Catholic Univ. of America, Washington, D. C............-.200005 Bisa Miccs ehrcucreace T. J. MacKavanagh............ Pe Ji BAvereein en soonest ys H. H. Benson, Jr. 
iueimoan, Univ. of, Cincinnati, Ohio... ........0.eeees ieee Diya aynes cas ooigreted ASIC. Slerwehy id sno vp inencreaies GEE. Robinson kirk ete te,s shot teers J. S. Nader 
Marason College of Tech., Potsdam, N. Y...2..-ccceuncicerscees LA ESE ASAE APR POWETS oon aasrein caret ts se David Waieh sn. ctein tree at. eareee Donald Baker 
Mlemson Agi. College, Clemson, S1C...0.. cee veces ne nee cy PMG Sek Dad, Pinigley.s ier. esas eens: § 2G? Maine a0 ha howls Seis alee H. N. Koolage, Jr. 
‘Colorado State Col. of A. & M. Arts, Fort Collins, Colo........... Garis AoA aioe a aperc Aira SEM eae et Glen: Powers cio fic eure Ralph Green 
Ropmtacoy Catv, of, Boulder, Colo... 2... 02ccerencecceevesbecces CAO ec boas ED, 35: Palmers sereictoscas eater meeps ae GUD Dotyanitece ois ous cvcssesuatac tees R. J. McCoy 
Booman branrly,, New York, Ni Yee. es nis cea cee sie vines vaccls ap eens Bethe cere sia ¢ Week, Taal herria tin ie a creversarin is craic Ba Wo PROSE bY fr? i ars dice nus Mba J. Van Zweden 
mlonmecticut, Univ. of, Storrs, Conn........2....cuse cece esccenes pest o> eau Po EL. Nelsonctir nite tem sine niece Bred Winn. eiicirn s-achisteselataiie ln A. E. Anderson 
Beuperiomion, New York, Nv Ys... eee eens tceeene dances Siete its Pesos E. E. Shelton 
IS rt aC Teeter, Wete nein teeth a Viet Rv a v's deel lare Walate e cpels aids wtshew mekeled sehb sineree epee ge sleet Norman ‘Ailsterm;.) ¢,, as 26 <i civet G. E. Dombrowski 
MRM RUNNER RMT en ev cri ayers RIC rd a oa arayet cane Wie ake nv socal mri RGA A plein witha yp here- oie ra rb n. cele Mee Pate. Coughlin trys vucisery «scx wraps S. Meyers 
Rem MEY RTHACA, IN, Yes tcc s:e cee cekT aes sie ersaleacesaueeens je ae oie ver Fie i Be GbOse oie arts chet. hy nr ge ees RO}. Sinclar Serer, abe sy eid cvs, 0 xlqu, onto C. F. DeSieno 
Melawarestmiv. of Newark, Del... cc cscccr cw reneereesseberter Birch tee Seniesa AON ORT dy sbcls< incite Lammn ee Wm. Schuster ‘ 
Semremminnof, Denver, COO... 06. cess ces ceieceesteccceces CPx tee emicrta Kiet MACCIain yen km sje mkt ote inne « Maynard: Thompson............- Walter Magnuson 
emt POL, DGMGIts MICK, , 1 ese cc us ene e ected ececds Bah eiAptidn heath Fi. Ch Warner, tecce ena rarer ‘Hamas Stewarts. sas sts ou ee Meee J. Battocletti 
iereueantiaot Lech... Philadelphia, Pa.....:.ssessersessecececdevs PT RS RA AE Pt OAM ers vee rneiereicae caterer ote Paul Beroza2 2.05. ccigl ene ae eee D. E. Thomas 
Boeemetrar nt urbam, Ni Cn ee cclecieis ef ecco ae eleles Beg niger ae Nc eens ete: 18 Fa Fal ra bom craters IWR MicNitarr ant sis icis)e\sixinieiatel= ste R. M. Dunaiski 
Baomaameniy. of, Gainesville, Flac. io. s0c-+50.cine ce cect eesececlds eat Cina cite PME Meer Ea tls. ora tiaiensse ateise ister ciateet © LESSIG SOU Davetnyssre cia le ©. < stakes O. R. Gano 
George Washington Univ., Washington, D. C..............0++004: Doh, evatatees’s ba Me RS AST a iietans etc alee ain ade Ag FT Baran. aciyeiaes tenes George Conrad 
Becorerduschoo) of Léch., Atlanta, Gascss...cccccsecciecscceersse he iamirintel sre, ELL BOP iggy a2.00 kdase cst © « Re By Mors. ¢ f2)sxlaste ee ait Palak L. S. Apple 
taamoarcwomiy., Cambridge, Mass... ..cev ede eens stare ccieweceee. int SACI oy 28 4) all BY AL C29 25 i Omar ee J. CG. Fisher 
Idaho, Univ. of, Moscow, Idaho............ RIN Aas (ofa tnaiatatecbi cle ate yar aise Maa RORUSOS sclare vlsiarets siete ctu arg et Ream atachiitie ister races ts Gerald Hattrup 
fuonereareor bech., Chicago, Wi. . oo... . cee cece seen ses seese Bpratatuia terse) spies TRAP ELIG PIN eselo ww cle melccuoeeets Ot RAEN. (Ge SOGarG,. cers eye reel wirins Wm. Kneen 
aemormtonay.s Of, Urbana, Llc ee sis se viele wares coecinee oe ecs Be un ay nce mbites s Ee UN CIA werciadietin sbisiaen enim. Robert Nadeaw. 4. jasmin tae stew Fred Grisak 
Rowerotate collece, Amés, lowas. oi eice cee cesses ew esenevace Be deen tect EES EA VW LLB! oon taih ofc nin ahetngn Ceateie sate jpammes) Waxweilet.) tresses saree gee R. R. Ragan 
Womrmumimavn of, Lowa City, Lowa... cc. e usec s cee e tees ce sen eenens Senet enter re ee herevalebcne she wlncs lene e.ark isa ioe re eiesb fa ECA Y «: CORD nis ets, irate baler valapeas H. W. Barnes 
Sjonmetiopiins Univ., Baltimore, Md... ... 2.10202. e reece eens BN Fe nate aru aS NEV eo peuiblenin cesicn es eens skinless GEINESAMEIM Ory rays wre eel clarevstotes ciate ate D. L. Birx 
Kansas State College, Manhattan, Kan.............s0eseeev rence Tis aniglelsidelelewes RE GS ROGAMED  trete2s:sfeiausleie Biaisins oA BS Gy Mayitetehesnme hei cnias an eas James Glenn 
Kansas, Univ. of, Lawrence, Kan............! ests Sep Ayers Pera Tkpcto ate che ike GRAS Richardson sj..si-ia aces aie POMOC VENSON sianiacs clelehicisieleaipiosste R. K. Johnson 
_Kentucky, Univ. of, Lexington, Ky.. Be tpi tsar chy Brinkley Barnett.) 6... cin os eee os R. L. Hucaby 
Peeememnnileve,: aston, Pa. '.), ycvaie vie cles vase nslomes + osu anne Dig Metisse se eye Morland King........- Rotate ais Robert Brauburger.:.......0.20+5 Norman Edwards 
Bterannmioniy,., Dethilehem) Pa... c)..c0ecug eee nea se easle cing oe ache OP AES care ara CGN BUCHNECKE cif civiereldiv ewe ar Donald Mamumne ayy .sjf anova ea Charles Downes 
Mgiiaiena State Univ., Baton Rouge, La 
Louisville, Univ. of, Teouteyatlcs By eatetak ins atts ACTS GO PON Oe SE 
ar O, OCOMO, NCrs.).) 0/05 ays « s oield od bene oe se taleiaiie ss. OR COREA Wheaten Ch@prae yy tatal zee s. oxi visouay slater D. E. Davis 
iveaniiattan College, New York, N.Y......d..nccsevsessercctvace 28 S.cio0 aces RiP VV etlicretataara init ssa: aia. yes aia are RTE SBLOWIEEN, sera chattels ayeraiarey laters D. G. O’Connor 
Mfarquette Wniv., Milwaukee, Wis.c:.......200cscccceccsdletereee Sit erated 2 << NSS el Do. ee errors ee heon Kirghmayer..< cise sie virisie G. F. Risley 
ianwand,, Univ. of, College Park, Md). .i.. 5c) ee we aen ee tie eves PARE het AI Wisi ils) ROC RUS Ma cee, s) 0 eyaielaivertiatarsve Vista SO GUID ere eieeiet cin, siaueeece atavenesees teas A. H. Ballard 
Masse mnst,,of Dech., Cambridge, Mass... 0... cee ences cen eeennee Ae a OS Saa Pee FMV RS. re eralala eres alata ae wraraeysss George: Lawrences «.p..<5 is cnet’ Robert Fauvre 
Michigan Col. of Min. & Tech., Houghton, Mich...............-. Diver bees G. W. Swenson... Pe DD awsone shes opin we ioe sare P. Belopavlovich 
Michigan State Col., E. Lansing, Mich.......i0tse.cececvteewees Sr Aye letersi a M. M. Cory onntAlleni: (cigar cielae os tsstarse stra John McKeehan 
Miengan, Univ. of; Ann Arbor, Mich..«..c...eyseeeeeeeccceeess Di arlene J. S. Gault Wi Bs Nliddle tom side eahets setae iavars E. A. Hanysz 
Milwaukee Sch. of Engg., Milwaukee, Wis...2.......000eeeeeeees PRA is Gis ae E. L. Wiedner ES Gdp hip ean oncdde caorc G. E. Skorup 
‘Minnesota, Univ. of, Minneapolis, Minn...../......00eeeeeeeeees Duncen at aaee Jigie ASSET Ra aa Gdaicrdee Mle Gs Andersontsreis science): stryke V. W. Beck 
Mississippi State Col., State College, Miss...........0.000eeeecees Avat ais efor tau Talat TARE SOM. Yi cscs Maho cyeks ayers eilere pi tate senna satmerntat enacted lan raya wUrdatetarhe J. E. King, Jr. 
Missouri Sch. of Wines Son Met ROMay Monee syle cists ities siegeiaiaiprecsts « 17 SORE DOUINO Pep bdp hiram <<.) secret scasess7« EAH OHES tire tia ytiaye cee are a sie late tate R. Paulter 
“Missouri, Univ. of, Columbia, Mo Le eh otarateer riartevsrerateraiesteinintetetstae] of Ul Sica bay etal IVER VV ein DaCh «cine cites tees olaless RabertsROneyis iia: m sisiajese)e saree Koho Ozone 
Dentana eaterCollerey BOZEMAN. NIOMts ltrjeicytare:acelaras is elelee, ala d next HOB As tact REED AVY MNS CHUL Bis stv sAt atic Ua Aveta Howard Ellsworth.........-++y5> Rod Auclair 
Nebraska, Univ. of, Lincoln, Neb..............+++ RNa cats fpTaver's (oP diev's Glas eicis: Mara ayerecs OEE EIGISOINS: sie dnvalerere le Sie \eesre ese paca WW GLEN ive aicirs cate Siete ee oe F. K. Ishii 
mevacha, wWnly..Of) Reno, Nevadan...i.s isis scleaur os arscinveeis #006 ale eye Di Sealaeivecucyotane Go Gears sis nic cued eee sele atari Lie Wine RAGHHter sits (cisjs ia cals tniere’ viola cele J. R. Baker 
Newark Col. of Engg., NewarkeN. Joos sc cece eee cnceeewat we Susie ied he APNE COLY Wo et clus hlass, sfhiccaiererenn Robert Sugarman,........ RE ek Fred Bender 
New Hampshire, Univ. of, Durham N. re Retiree shar euct eat tetalintas bis Sea rat cates ahene ae Val NREL snc neces ooo cIbearineo Rochandich ole yin. ice s)sieereies wisaierere A. G. Yeaton 
New Mexico State Col., State College, N. Nes SHER COR EDS core ans Dicvela Be iserelersiese ING, PASI ROUIAS ere cst as 0 eleis ttcots teed Mack! Burlesorininleeinjawsiefetleirialeter Paul Russell 
New Mexico, Univ. of, ‘Albuquerque, INES aistoe/pi ab niprer eave aaah ahs {eee eer AiRia) Ned arora rattan araVe ais st ing emt = POUR Gy LOV din wiekoaiarria Units telety eteeta S. H. Gold 
New York, Col. of the City of, New York.........-...4 RT aTete shea Fein ht ate ae Harry Baum 
(May Division)... 3.0.6. e666 Solomon Feldman:........-...-: Marvin Sleven 
(Evening Division)..............% 
‘New York Univ., New York 
MRED MNO NISL.) hs\nravs. oie easscarst cinta seotanetetstd siploralstaratbioateshiainiy/y ce ou/aiei be (sleleis qjetsjslals)s\nja) 4\¢m\2)2/e\¥iajo, (slats een. t30,0, 01%, vietwial a epale A. H. Morgenstein. 22.0... 00005 G. A. Karron 
(Evening Division): .. 0.0... c0et eee ees Rarer Donald) Maclaness ira sara. ale «lele ciel Andrew Painter 
North Carolina State Col., Raleigh, N. C..............+4- See tae CP re ay LS RSCOVED wnfera le ccsibye visjelsiy cnet Jeni rtollandens: tharctasriov saith’ J. S. Hunter 
_ North Dakota State Col., Fargo) NEO eas tetente tons aap elelaielorr aoe Bardens Ro oa H. S. Rush 
‘North Dakota, Univ. of, Gand Parkes Na sehct, ccctuintejeleavairnneysvevieke BS igesie its vaie sel COWEN fo} aneee Fiber a 1 HELO or PRE PI non CAAA TODO r Gein orn Herbert Frey 
Northeastern Univ., Boston, Mass........ eG POnten tar ie ayeinia afeyenaetera icy Nis}otor MOE Meyda a 4 a dicate wee A. P. Sieklucki 
Northwestern nies Evanston, Ill...... 5 PRAY Ve ORES xia leia cisistefenisianeis alate JS 8 Eh ie cena ghd Bo saie denies G. Gauer 
PDC OM IO miy. INOrthifeld:, V bisn rasa sid ese avelhiet @ecvee wells, Wayne - EAC GDODCED wie cleloie: sta pals iacxutcievas pao Allen steepeivets ere staytntnte meer Pate W. Flint — 
Notre Dame, Univ. of, Notre Dame, Ind ayiecchaltctes Sees ee iJe Ae Northcott, j.2ci0c. Rca ale Gan Glnartectinteyvadeis cca aa toaecnt sarees R. J. Martina 
‘Ohio Northern Univ., Ada, Ohio...... BAROr Peet LD SiS MM OALSON enesaleiise ecemiacerewisiesteeys Ralph Walters..... APE tonnes H. A. Ault 
‘Ohio State Univ., Columbus, Ohio... .. 5. sce e eee ee Deb Gch sa SEM ERIE She haide Ohyt RIV ANAS Sy al. nine Wie le ig eis nie ee = John Birch,..... eli qreteiahiats ...».,Robert Bergmann 
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Counselor 
Name and Location District (Member of Faculty) Chairman 
‘Ohio Errata vn ter eseaie s CONG UE a ie oi sate at a ayal sisal aap ol eRe ieve e sriece lala ie DE rar Woe vaste ne ACinn 8 ofan oh ais lala ye ote fareryTetntats . Thomas Raymond 
Oklahoma: A. *& M. Gol, Stillwater, Okla....,.0. 65. 0c ste e tenes Tira ne A. Naeter 
Oklahoma; Univ, of; Norman; Okla... 0 ee eee eee ee ees VEE bee sere RA | Church. steer cierstetntatone alte Wm. Kerth....... Gone ooo ao Robert Clark 
Oregon State Col.; Corvallis, Oreg.. 2. i. suse ees eet ser cere res Oh RE. itty Ay Tg pAlbertinshaceras pep eeiacseveyn adele We We Shipleyiie eu sieirerevartereketeete L. A. Long 
Pennsylvania State Col., State College, Pa.........-.--e eee renee es PS Vain et toni Pi Xe Ri cea kh aiintaet terete tats sone M. J. Borteck ts Gre cue onion M. P. Haden 
Pennsylvania, Univ. of, Philadelphia, Pa... . Dh aa) Come cis S. Ra Warren) Stas tec aaiesrg ce els B, Ba Bycer girth oe esnead aoe W. W. 
Pittsburgh; Univ. of, Pittsburgh, Paw... 0. ccc clan n opal e eee eens Vt ohe Ot iiae Ry Ci Gorhamiiy Als ka semen Richard. Plaisted; 30)... sce soe Wm. Finch 
PortosRicoy Univ..of, Mayaguez, P. Rass o 0 o.ce ee ails e dine Vine ae ate Be hiv area ps tere M. Wiewall, Jr. 
Prats institute, Brooklyn: No YG 65 este oe ce ea aia saad aiene es 3 Kcelwerehenin las 1). FL Wight. oA inh anmlae eertelet George: Mortawn ase analy scans P. C. Treuenfels. 
Proceton Unive je rinceron, No Jiu: ol icles oles ie nein ate sia wie pie wanna hes Pro aeiet ate. Wi Gs Johnson issn stave eivinil tece es RR. GisMillsieasstente oe mat steiatsterah ale G. R. Compton. 
Purdue Wainves Leatayette, Lind sci.) .\sjc ois(e ajo «ie.e)ejere)oe\n pieilres witie.a\e le Ey eenot HO GneE Ry BoMiarshalls 2 crogtelyitesncecte M.'R, Pagharulo. cs dudeas oes L. R. Sjoblom 
Rensselaer Polys Unst..4 UrOys Ne sYnsisicts siufeinistelel so Weleieidiarnvels'e sie nein Aen Oeics a iho, E53 D; Broadwelliet sg aeiew Beastie Ghun Boos Ren el |« v\<iceyebae eater A. H. Shaw 
Rhode Island State Col., Kingston, R. I... 2.0... e eee eee eee Tee ace es cra ics ont tn atelabebehd pia ace Pane deere ire Donald Campbell E 
Ricevinst tute Houston, Mekas isis oi ins a elaine a einlals siesie g,e7e!s «she 0s TA RaH ER NS anise GPE S Wischmeyer ys isicngelt ste’ «cits H., Mi Rich sia. sn onate So iaietsre une W. H. Newmam 
Rose Poly. Inst.,. Terre, Haute, Todi. ci. eee sie eteemieiee lee hee Ler hi metted OC GQUG>Knipmeyentssteenteteis ay ete B.. Vonderschmitt. 0). storage ays te eyes Gene Landes 
Rutgers Uniy.,, New Brunswick, No Jes.) 2 ey tew ee cee ees Bier eels x« FE Potter sage te locaen emer M: ‘Taubenglagen:... 2 snnseice ete Wm, Blauvelt 
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Mexaes Unity. Ot AOD, LOSAS. bys lemniiy calm e sieine « «je'e> Ae eleae pie os ff Fyre a) Au, Wi. Strato. 2h sdb Qe. wesc ee L.' Gy Singleton. arises sie cane R. G. Dales 
Tivite QOL ai tts OOOO yINEASS. Lit ar oe Wasik larslsteyeie 8 e400. cya 4/6 ea Sik mnie Liste talent tesukate™ 2 AS Hi Howells 2. ne cristina Wim. Rorbesvieemutecr sci: are ae John Morse 
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Number of Enrolled Students November 1, 1944—3,318 y = 2 
Pees 
° ° e ° e tC ae 
Geographical District Executive Committees ay a4 
es: 
om ; Chairman Secretary Chairman, District Committee on : 
istrict (Vice-President, AIEE) (District Secretary) Student Activities ‘4 
1 North Eastern....... R. T. Henry, 303 Electric Bldg., Buffalo, N. Y..... Victor Siegfried, American Steel & Wire (Coss empaths G. Porter, Northeastern University, Boston nee y 
2 Middle Eastern W. E. Wickend Gace SchaolorApplicas Het aceasr Cable Works, Worcester, Mass. Mass. ? ity, ’ 
pipet 7B} nden, Case School of Applied Sci-....H. R. Vaugh i . - \ 1g 
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abies York, Inc., 4 Irving Place, New York 3, N. Y. 40 yaa Nae oe mane & Mfg. Co.,....D. H. Wright, Pratt Institute, Brooklyn, N. Y. : 
4 Listaneiann Sel aice Cc. W. Ri iversi a FT Ge } ‘>, 
outhern aN icker, Tulane University, New Orleans,.. . ae J eae Jr., 317 Baronne St., New Or-....W. O. Leffell, University of Tennessee, Knox- 
R eans : . r 
5 Great Lakes; (03. 3.) M. S. Coover, Iowa State College, Ames, Iowa....N. C. Booty, Public Utility Engg. & Service can Wen MGchivas : Ss Coll e Ea e 
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ou es R. W. Warner, University of Texas, ye oeaiae Friedsam, 3612 Bonnie Road, Austin,....M. C. Hughes, A. & M. College of Texas, ¥ 
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nt. University Ave., Toronto, Ont. 


* District 3 includes all foreign countries except Canada. 


Each District executive committee includes also the chairmen and secretari ions wi 
: aries of all Secti ithi istri 
; j hin the District, 
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1. Technical Subjects 


Accessory Vibration, Aircraft-Engine. Tyler.......... 
Ses a, eee ne 1334-49; disc, 1487 
Recemory-Vibration Investigations, Aircraft-Electric-, 
BREN c xtaleinitin co do -egeswicte start os 1283-90; disc. 1486 
Action on Reversing of Thyratron Motor Control, In- 
verter. Palmer, Leigh.......... 175-84; disc. 494 
Actuator Equipment, Functional Design of Aircraft 
Electric. Gagnier............ 813-15; disc. 1464 
Adjustable Phase-Angle Discrimination, A Distance Re- 
lay With. Goldsborough........ 835-8; disc. 1471 
Advances in Aircraft Tachometer Design, Recent. Bal- 
MRIS phe g's piece Cin ateinih => > 646-8; disc. 1421 
Aid Design, Fundamentals of Hearing-. Penn... .744-9 
Aids to Quality Control in the Manufacture of Aircraft 
(Senerators. Potter..520.°..... 525-9; disc. 1358 
Air Circuit Breaker for 15,000-Volt Services, A Magnetic- 
Type. Linde, Wyman........... 140-4; disc. 453 
Air Circuit Breaker for Steel-Mill Service, A 500,000- 
Kva 7.5-Kv. Dickinson......... 242-5; disc. 450 
Air Circuit Breakers, Improved Selective Tripping of 
Low-Voltage. West..........608-10; disc. 1431 
Air Conditioning, Electrothermal Space Heating and. 
ERIE WV ulinini\sa's s!eibie ees e's, a0 718-22; disc. 1434 
Air-Cooled Transformers, Design and Operating Char- 
acteristics of Modern Dry-Type. Satterlee....... 
oo. oo SotteieoGse os ono eee 701-04; disc. 1445 
Air or Conduit, Current Rating of Cables as Affected by 
Mutual Heatingin. (IPCEA Committee Report).. 
Beales cishe ne opatbic’n's - 354-65; disc. 424, 1352 
(Air Transportation) A New High-Frequency Capaci- 
tor. Allison, Beverly........... 915-16; disc, 1464 
(Air Transportation) A Unique Moving-Magnet Ratio 
Instrument. Sias, Fisk......... 634-6; disc. 1420 
(Air Transportation) Altitude Rating of Electric Ap- 
paratus. Lebenbaum.......... 955-60; disc. 1485 
(Air Transportation) Analysis of High-Frequency Igni- 
tion Circuits. Robinson..,............+-- 916-19 
(Air Transportation) Auxiliary-Power-Plant Require- 
SME RONG on tea yon hine acne Sees re ess 682-4 
(Air Transportation) Considerations in Seryomecha- 
nism Design. Herwald............00e0eess 871-6 
(Air Transportation) Electric Circuits and the Magnetic 
Wompass.- Burt, Beck... 2 cee ase cues 24-6 
(Air Transportation) Electrical Control in Automatic 
Pilots. Young, Lynch, Boynton, 939-43; disc. 1500 
(Air Transportation) Electrically Heated Clothing. 


NEIRISE Ga Say ca ules pas 3° 8 a CAV Bie ais vie e7elnn 1304-13 
(Air Transportation) Electrically Operated Gyroscopic 
Prrapriments, | KOONCE. 24 vel eects senso heleln « 735-8 
(Air Transportation) High-Altitude Brush Problem. 
Ramadanoff, Glass............ 825-30; disc, 1489 
(Air Transportation) Historical Development of Electric 
Konnectors, Neifing:.... 05. 05+ 0; cess ce els 925-8 
(Air Transportation) Magnesyn Remote Indication. 
(CUDLGL Lio AEBS ORIN CRS UE OUC A OsDoM 679-82 


(Air Transportation) Potential Breakdown of Small Gaps 
‘Under Simulated High-Altitude Conditions. De- 


OAS aa SSG ee i se 109-12; disc. 456 
(Air Transportation) Solderless Terminals, Wells, 
LOR OS OR GAC SOI SE ea 933-8; disc. 1484 
(Air Transportation) Solenoid-Operated Control Valves. 
Peek), Wisegarvers -. 0. sass th omens mecca 911-14 

(Air Transportation) The Gyrosyn Compass. Esval.... 
Beg aie Se aeadiia chat cic 857-60; disc. 1502 


(Air Transportation) The Scientific Basis for the New 
British System of Cockpit Lighting. Calvert..869-70 
(Air Transportation) The Testing of Brushes for Life and 
Performance Under Various Altitude Conditions. 


mE rote ais isola 94 teint iki backer at 929~33; disc. 1491 
(Air Transportation) Very High-F requency Radio-Noise 
Bimimation:, Owens ikea dele she a? 949-54 
Aircraft—a British View, A-C Supplies for Services in 
* Large. Earnshaw, Shearer.............- 1314-20 
Aircraft, A-C Contactors for. Russell, Charbonneau. . 
=] JARS BIRT ORCC DS rt 613- 16; disc. 1364 


Aircraft iAtieebator, A 40-Kva 400-Cycle. Keneipp, 
Veinott. ©). a). Sass areleaie PL Ac ak 816-21; disc. 1460 
Aircraft and Its Application to Fault-Current Calcula- 
tions, Impedance of 400-Cycle Three-Phase Power 
Circuits on Large. Chappuis, Olmsted.......... 


r TEC PR CEE co err cat ant S 1213-20; disc. 1496 
eceale Applications, Solenoid-Operated Hydraulic 
Walvestor. Goepfrich. . 2... sepsis eens 866-8 


Aircraft, Basic Considerations in Selection of Electric 
Systems for Large. Boice, Levoy..279-87; disc. 478 
Aircraft, Basic Considerations in the Selection of Gen- 
erators and Batteries for, Cobb, Winters........ 
PURE AVC ny im alsa) srorchae’ a(t Geet 889-93; disc. 1494 


1944, VoLUME 63 


_ Aircraft-Electric-Accessory-Vibration 


- Aircraft Fuel Tanks, Totalizing Contents of. 


INDEX 


Aircraft, Brief Survey of Power-Supply Developments on 
British. “Garter cacasct sh ate 806-07; disc. 1503 
Aircraft Cable, A-C and D-C Short-Circuit Tests on. 
Cunningham, Davidson......... 961-9; disc. 1359 
Airctaft Cable, Requirements for Low-Voltage. Hedges. 
Rte o 6 Wake wis) nog Eiath cle aco yinser as 808-10; disc, 1473 
Acriraft, Carbon- Pile Voltage Regulators for. Neild. 
Saha claiete we Grier ete eae lace i 839-43; disc. 1460 
Aircraft Differential-Voltage Cutout, An. Walley..... 
REO ae ieee Te MOREE oltre itis hac 632-4; disc. 1365 
Aircraft, Dimensional Studies of Lightweight Motors for. 
PAGRULG raha e \oltae ep en ecahe os /wiataelpists ie 698-701 
Aircraft, D-C Arc Interruption for, Quill, Rader...... 
A GIO ot Se eke 1S ite aCe ROR oct 883-8; disc. 1472 
Investigations. 
Millers. qpienirsleon ieee «ms 1283-90; disc. 1486 
Aircraft Electric Actuator Equipment, Functional De- 
Sign of. Gagnier. fi a seco 813-15; disc. 1464 
Aircraft Electric Apparatus With Particular Reference to 
Carbon Brushes, New Test Chambers for. Sum- 
THOM SOME ss citeret ee sini cree stem 1205-12; disc, 1491 
Aircraft, Electric Automatic Pilots for. Halpert, Esval.. 


bale aiaieth dr wuretaperaseietd'p nips oie /aleirta Sis 861-6; disc, 1501 
Aircraft, Electric Connections on. Stebbins, Taylor.... 
Mase aeea So  citen Sutera’ 906-11; disc. 1473 
Aircraft Electric-Equipment Maintenance, Airline. 
Petrancle wre tracts ohn nie algieraisicubaeriie es aware 900-05 
Aircraft, Electric Gun Turrets for. Thompson........ 
Daa NAS Hane ath, 8, sete ie 799-802; disc, 1475 


Aircraft Electric Motors, One Type of Rotary Magnetic 
Clutch and Its Associated Brake Used on. An- 
drews, Shanelyiia2 2. 0). ee ee ne 893-5; disc. 1477 

Aircraft Electric Motors, Requirements for. Siefkin. 


Aircraft Electric-Supply Systems, Present D-C. Ander- 
son, Crary, Schultz. ..........-- 265-72; disc. 484 
Aircraft Electric System, A 120-Volt D-C. Cobb...... 
RARE cre  emat te Via: b en aev tiveyere. east 1327-34; disc. 1495 
Aircraft Electric Systems as a Function of Altitude, 
Corona in. Wilson............. 189-94; disc. 457 
Aircraft Electric Systems, Differential Generator Con- 
trol Relay for D-C. Crever............... 589-93 
Aircraft Electric Systems, Higher-Voltage D-C, Berry, 
LOE ETE SADR ELIA TOTO. 843-9; disc. 1497 
Aircraft Blectae Systems, RarGiimentadon a 400-Cycle. 
Corson, Stimson, Soley.......... 830-5; disc. 1501 
Aircraft, Electric-Wiring Installations in British, Horn. 
Si SEIEOS pyar CHEE Shs REEL RIES Ra CET Pa 896-900 

Alrecaft Electrical Horizons. TW Gedtey, Berry, Holliday. . 
Fiolelats nislarats Rais etetatpaera tala stein ee 821-4; disc. 1503 
Aircraft, Electrically Driven Gyroscopes for. Witherow, 
FA AMISER Mate ot aie ste Wahine tain As) oval elael aos eleven 204-08 
Aircraft Electricity, Plastics in. Cooper........ 1220-6 
Aircraft-Engine-Accessory Vibration. Tyler.......... 
RIE SPs hart aleha ae a mis 1334-49; disc. 1487 
Aircraft Engine, Design of an Ignition System for an 18- 
Cylinder. Harkness........... 1321-7; disc, 1467 
Aircraft-Engine Torque Instruments. Godsey, Langer. . 
Hea cee 2) Feige eee Sera 686-90; disc, 1457 
Aircraft Flight Control, Application of Electronics to. 
GillessKoutzler i's snc weiter .....849-53; disc. 1501 
Macin- 
tyne s/s seireiseratci=(o< totereaketetaras = 663-5; disc. 1419 
Aircraft Fuses Must Protect. Lebens. .581-5; disc. 1368 
Aircraft Generators, Aids to Quality Control in the 
Manufacture of. Potter..... «+++ 525-9; disc, 1358 
Aircraft Generators, Blast-Tube Cooling for. Veinott. . 
Mel a\si} Kal a\ol tin va leseisteinerapent cath it] ace a! 520-5; disc, 1463 
Aircraft Generators, Design Considerations for D-C. 
VENDOR ees cies eds ire ttoe ia tehatatateys ot ats 1234-40; disc, 1459 
Aircraft Generators, Testing. Keneipp......... 105-09 
Aircraft Gyroscopes, Damping Cylinders for. 
Wilner astrtecs eno inten sip ania ds eininie vlna a 979-85 
Aircraft Instrumentation, Influence of Electricity on. 
ISaVare'n tenement te set ats 802-05; disc. 1501 
Aircraft Instuments to Meet War Service, Design Con- 
siderations in. Savage, Whittenton.............. 
Rraneteivicratin MauayapeinversRree eleiote naman 992-8; disc. 1419 
Aircraft Insulation, Effect of Altitude on Electric Break- 
down and Flashover of. Berberich, Moses, Stiles, 
Vieinottan teat cite thin saita titers 345-54; disc. 458 
Aircraft Inverters Supplying Large Single-Phase Loads, 
A Unit for Balancing the Voltages of Three-Phase. 


Win Diane uatisarmunprentein eyeieiai stele 532-3; disc. 1358 
Aircraft, Lighting Required for Commercial-Airline. 
REirAasely, itis utciaccis ste shotetee eae 593-8; disc. 1456 
Aircraft Motors, Design Considerations of 400-Cycle. 
Sawyer... 6-2. sees sees en eee 877-9; disc. 1464 
Aircraft Motors, Inherent Overheating Protection of 
de Cle SWeinOtey ara sak. nis teld «lee em sro eines ni 920-5 
Aireraft Motors, Problems in Applying Protectors to 
Sikectric.  Buellh-oaiare seit dlasiputa leah ates inte 1250-8 


Aircraft, Paralleling and Regulation of 24-28-Volt D-C 
Generators in Multiengine. Siegal, DeCourcey.. 
ALOMAR icp O26 Sb fe ue ep ob Deane ne 854-7 


Technical-Subject Index 


Aircraft, Peak Voltages With D-C Arc Interruption for. 
Phillips, Mitchel iiiiiisdeucscane sites imate aaa 944-9 
Aircraft Position Lights, The Development of. Vitol... 
Nix shd ale GYayasese eee a teen az eeahet ore 796-8; disc. 1493 
Aircraft, Radio-Noise Elimination in Military. Wein- 
stein, Howell, Lowe, Winter...... 793-5; disc. 1466 
Aircraft-Radio Power Supply, Alternating Versus Direct 
Current for. Fritz, Hooper. ...1227—33; disc. 1466 


Aircraft Signal Systems. Rugge......... 3-5; disc. 455 
Aircraft, Some Aspects of the Application of Induction 

Motors:to. Braun)? sues 769-72; disc. 1476 
Aircraft Storage-Battery Design, Rupp............. 


Fi EWA IRE SS Tee IE 773-7; disc. 1381 
Aircraft Structures, Electric-Circuit Burning-Clear and 


Damage Phenomena on. Foust, Hutton.......... 
SER OO RR Re rar Ye 198-204; disc. 457 
Aircraft Systems, Electric-Circuit Fault-Protective 


Principles as Applied to D-C, Kaufmann........ 
Rr PS Gatien Lure UN AOI a nA 333-44; disc. 482 


Aircraft Tachometer Design, Recent Advances in. Bal- 
Nard, stalls. ceils s.r Unies 646-8; disc. 1421 
Airline Aircraft Electric-Equipment Maintenance. 
Petiasele i cciv's's Miaatt ae 5 ae a Lo 900-05 
Airline Aircraft, Lighting Required for Commercial. 
Petrasek. ysis Gielen 593-8; disc. 1456 
Airplane Engine and Propeller Test-Cell Lighting. 
TCR Aig foie a cote ele Nears ae roe 1264-70; disc. 1493 
Airplane-Engine Ignition Systems, Battery Booster Coil 
for; PVALVING |. o3:siye es cea eee 672-3; disc. 138 
Airplane Lighting Service, Gaseous-Discharge Lamps for. 
| ot aE ae pee eT Lie 1a ete 760-2; disc. 1456 
Airplanes, Cables Used for Transmitting Electric Energy 
in. Peters, Phillips, Kronstein, Jealous.......... 

Rate a(G7a bralwiale'a vis pete sttonie 1270-82; disc, 1474 


levs'o on Design Trends of Electrical Instruments, In- 
fluence of Improved Magnetic. Wilson, Whitten- 


ROHS Niesilesia cumine oa eae aticeet 100-04; dise. 461 
A-C and D-C Short Circuit Tests on Aircraft Cable. 
Cunningham, Davidson......... 961-9; disc. 1359 


A-C and D-C Starters by Means of Fuses and Circuit 
Breakers, The Degree of Short-Circuit Protection 
Afforded Small Low-Voltage. Jones............ 
genet bra ataverc trae i ikbe atereahecefa, eietate 611-12; disc. 1408 

A-C Contactors for Aircraft. Russell, Charbonneau. . 

kis evebe taselp h vidiecs eid eu ena 613-16; disc. 1364 

A-C Generators With Suddenly Applied Loads, Regula- 
tion of, Harder, Cheek........ -310-18; disc. 490 

A-C Potentiometer, A Multiplied-Deflection. ‘Maniball 

. 77-80; disc, 460 

A-C Pare mreiacn Syateunst Fault Protection on 
Shipboard. Rickover, Ross. ...1109-20; disc, 1429 

A-C Supplies for Services in Large Aircraft—a British 


View. Earnshaw, Shearer............ «. 1314-20 
Alternating Currents, An Instrument for the Measure- 
ment of Large.) Richter. <i 30. sco waka eae 38-40 


* Alternating Versus Direct Current for Aircraft-Radio 


Power Supply. Fritz, Hooper. .1227—33; disc. 1466 
Alternator, A 40-Kva 400-Cycle Aircraft. Keneipp, 
Wein Otters aie istaisl oh teesitiawe stata cree 816-21; disc. 1460 
Altitude Brush Problem, High-. Ramadanoff, Glass... 


Biklshwed am aia Mies Pr ateeese Ce ieraiea gis 825-30; disc. 1489 
Altitude Conditions, Potential Breakdown of Small Gaps 
Under Simulated High-. DeLerno.............. 
aiWatere Mia oats [a alan eipterniens ate eee 109-12; disc. 456 
Altitude Conditions, The Testing of Brushes for Life and 
Performance Under Various. Herman,...... 
Soret taaia at Stora tn tacatd etcetera iatate 929-33; disc. 1491 
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